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CELL BIOLOGY

Cell Biology is one of the core courses in Life Sciences being offered as an optional for
undergraduate students at Indira Gandhi National Open University. While preparing this
course, we have ke:pt in mind that students joining our B.Sc. programme must have awd.iﬂd
science sub_pecls i.e. Physics, Chemistry and Biology upto 10+2 level.

In recent }'Hrs Cell Biology has made remarkable advances that have contributed to
understanding of all biological and medical sciences.

In this course, the structure of procaryotic and eucaryotic cells, molecular and
supramolecular organisation of cell components, chemical composition and organisation of
the cells, cellular metabolism, bioenergetics etc. have been described. The entire course is
divided into four blocks, cach block containing five units.

Block 1 explains how cells were first formed from the simple molecules and what was the
outcome of division and growth of pre-existing cells. It is considered that their potential for
diversity of size, shape and function has allowed evolution to proceed in many directions. A
wide range of tools and techniques used to study cells are also explained in this block With
the help of radioactive isotopes, antibodies and tissue culture techniques it was found that
architecture of a cell is very complex. A short account of chemical structure of the lipids,
proteins and nucleic acids will be helpful to understand the structure-function correlation in
_the next blocks (Blocks 2 and 3).

Cells are able to m_ninr:nin their internal environment by keeping the normal constituents
constant (homeostasis). The structure of cell membrane enclosing the cell, serves as a
selective barrier for various transport processes, e.g.' diffusion, osmosis etc. is explained in
Block 2. The soructure, specificity and regulation of enzyme activity which catalyses the
biochemical reaction necessary for the maintenance of life are also described in this block.

The enzymatically mediated metabolic pathways by which large molecules of food are
broken down or built from precursors are described in Block 3. This block also deals with
the synthesis of proteins, which, though appears simple, is a very complex mechanism. For
the synthesis of proteins, DN A, the hereditary material in the cells, is transcribed into RIMNA
which is further translated into proteins (DNA — RINA — protein). It will be interesting to -
MDWMWdiffcrmtmummdsmpmkudupmdcmmﬂyurmgsdbyﬁRNﬁma
ribosome to form a polypeptide chain, which is crucial for the synl:hems and funcrion of
prufbams.

Block 4 explains the mechanisms by which cells communicate with each other. You will
also study various types of differentiated plant and animal cells, and how the cells aggregate
to form different tissues in this Block. Processes of cell division, i.c. mitosis and meiosis in

plmtandmdmﬂswhchmufﬁmﬂmmlunpoﬂmfmmwﬁmﬂdﬂvdmnmm
also described here.

Broad Objectives
The broad objectives bftl'.n‘s course are to enable you to:

= describe the origin of cells, evolution of eucaryotes from procaryotes and their
. distinguishing characters,

= explain the printiples of various tools’ and techniques involved in the study of the cell’s
ultrastructure and chemical composition,

= describe the supramolecular organisation of the cell and various rnmnbrann,mnqun
processes,

= explain the specificity and mechanism of action of enzymes, their regulation and control,

» describe pathways of the breakdown of metabolism viz. glycolysis, gluconeogenesis
eic., -

* deseribe the tfanscriptional and translational processes of the cell and their differences,

=  distinguizh different phases of cell cycle, mitosis and meiosis,

- :ﬂsnngumh the salient features of cell division in plants and compare it with those found
in animals,

= list the general classification of differentiated plnnt and animal cell types and special
features of plant cells in comparison with anifal cells.

UGZY-BY-0b/3
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BILLOCK 1 INTRODUCTION TO CELL
BIOLOGY

The first block of this Course is a brief description of the evolution of cell, i.e.. how cells
evolved during the passage of time from small precursor molecules to their present state, A
short account of various tools and techniques used for studying the cell, the ultrastructure of
cell, -its chemieal composition and the structure of macromolecules is also given. The block
contains five units.

‘The first unit deals with the evolution of the present day cell from its components which are
the building blocks for larger structures and then goes on to describe how this unit of life has
become a bulidmg block for dll living organisms. With the invention of microscope, it
became possible to observe cells of plants and animals. By the 19th century, the cell theory
became an accepted fact for understanding the organisation of living systems. Modern cell
biology makes use nf_thf. methods and principles from diverse fields like bigtechnology.
‘biochemistry, biophysics and molecular genetics. This gives an interdisciplinary approach to
the study of forms and functions at the'cellular level. B

A wide range of microscopic techniques available for studying cells are dealt with in the
second unit. Living cells can be seen by using phase-contrast light microscope, while fixed
_dead cells can be studied under an unaided light microscope after staining with various dyes.

The transmission electron microscope(TEM), (with much higher resolving power as
compared to light microscope) shows the arrangement of cell membranes which can be
visualised by freeze-fracture electron microscopy, while the scanning election microscope
(SEM) reveals the cell surface in three dimensions. Radioisotopes and antibodies are tools
for detecting and localising specific molecules in the cell. Cell culture and cinemicrography
are also described in this unit.

+*
The third unit deals with the structural organisation of the cell, distinction berween
procaryotic and eucaryotic cells and also berween plant and animal cells. The procaryotic
cells are small and simple, consistirrg of ill-defined nucleus, while eucaryotic cells are
characterised py the presence of well defined nucleus and many membranous compartments.
The cytoplasm around the nucleus includes a number of organelles with specific structure
and function: endoplasmic reticulum. mitochondria, Golgi complex, ribosomes, centriole,
microfilaments and microtubules. Chloroplast and rigid cell wall, the important
characteristics of plant cell. are absent in animal cells.

A proper understanding of the cell ispossible if we understand the correlation between the
structure i.e., the chemical composition of the various cell organelles and their functions.
Unit 4 gives an account of the structiire of simple organic molecules like sugars, amino
acids. nucleotides and fatty acids. Common methods used for determining the concentration
of macromolecules as well as methods for their isolation are deseribed in this unit.

The last unit of the block describes the formation of macromolecules viz. proteins. nucleic
acids, carbohydrates and lipids from s:mple molecules, such as amino acids. nucleotides,
simple sugars and fatty acids. Various typcs of chemical bonds, which are grouped under
covalent and non-covalent bonds are involved in the formation of macromolecules. Different
levels of strugtural organisation of a protein, i.e., primary, secondary, tertiary and quaternary
which finally lead to the formation of the natural shape of protein molecules are described.
Elucidation of the structure and composition of DMA and its differences with RNA was a  *
significant step tow  ds the understanding of genetic material.

Objectives

Adter reading this block you will be able to:
= cxplain the evolution of the céll from simple molecules to the first cell, from

procaryotes to eucaryotes and distinguish between a procaryote and a eucaryote,
between a plant cell and an animal cell,

= cxplain the principle, working and use af.light and electron microscopes, use of
radioisotopes and antibodies for localising specific molecules in a c:e.ll and suggest the
uses of cell culture and cinemicrography.

UGZY-BY-05/5



e identify the main organelles, viz. nucleus, endoplasmic reticulum, lysosome and Golgi
apparatus in a eucaryotic cell in light and electron micrographs and describe their
structure and function,

¢ describe methods of separating macromolecules on the basis of size, charge and snluballty
as well as monitoring of the purification processes,

e distinguish the primary, secondary, tertiary and quaternary structure of a protein and
differentiate between DNA and RNA.

Study Guide

Before you begin the study of this block, we would like to advise you how best to study it.
The first unit of this block deals mainly with the evolution of the cell and it also tells about
structure of cell organelles, macromolecules and a few cytochemical techniques. These
concepts are elaboratzd in the following units of this block i.e. Units 2, 3, 4 and 5. So we
suggest that if you find a certain concept difficult, proceed to Unit 2, 3 and 4 etc. for further
clarification. (We have given references of further units in Unit 1 wherever appropriate).

We have given figures and tables in our units to further clarify and concretise the concepts.
Some remarks are given in the margin (i.e. the space left on the sides of the pages) for some
more involved ideas and terms that you must have studied upto 10+2 level. These also
reinforce the concepts given in the text.

We have also given many self-assessment questions (SAQs) and terminal questions in each
unit to help you to grasp the ideas better. SAQs have been placed within the text after each
major concept. The terminal questions are given at the end of each unit. Space is provided
for answering SAQs and terminal questions. The answers of SAQs and terminal questions
are given at the end of each unit, But you should solve the questions first and look for the
answers later otherwise the purpose of placement of SAQs and terminal questions will be
defeated.

We have explained difficult terms in the glossary given at the end of the block. While
studying the unit, you may find some words difficult, for which you must consult a
dictionary. Finally, if you are interested to know more about some aspects, you may refer to
the books given as reference material. These books will be available in the library at your
Study Centre. '

UGZY-BY-05/%



UNIT1 INTRODUCTION TO THE CELL

Structure

1.1 Introduction
Ohbjectives
1.2 History of Cell Biology -
1.3 Evolution of the Cell
From Molecules o the First Cell
Procaryotic Structure and Diversity
. Evolution of Photosynthesis and Aerobic Respiration

1.4 Procaryotes to Bucaryotes

Animal and Plant Cells

1.5 Summary
1.6. Terminal Questions

1.7 Answers

1.1 INTRODUCTION

This is the first unit of the block “Introduction to Cell Biology™. In this unit you will study
about the evolution of the cell that involves two processes:

i) Occurrence of genetic variations which are passed on from one generation to another;
“and

ii) Selection of those genetic changes whmh are useful for the survival and propagation of
the organism.

Discovery of the cell as a structural unit of life was possible with the development of the
microscope. It is interesting to learn as to how the present day cell evolved from smaller
components and then became a building block for larger structures. You will study that
molecules which werc capable of self-replication and carrying genetic information were
evolved first. These molecules then got enclosed in a membrane, to give rise to the first
ancestral cell which could propagate its own self. The development of mechanisms for
photosynthesis and respiration in the early cells led to the evolution of procaryotes (e.g.
bacteria) first and then to eucaryotes (higher animals and plants). Although the basic
structure of plant and animals cells is similar, they differ in certain aspects such as the
absence of large vacuoles and cell wall in animal cell. You will study about the differences
between plant and animal cells in this unit.

It would be easier to understand this unit if you know the basic principles of biochemistry.
Objectives

After studying this unit, you will be able to:

outline the stages in the evolution of the cell from simple molecules,

list the distinctive features of organelles of procaryotic and eucaryotic cell,
compare a plant cell with an animal cell,

state the importance of chloroplast and muaqchum:hin.

1.2 I-HSTDRY OF CELL BIOLOGY

Scientific knowledge grows with the development of new tools andtochmquursmdymg
various physical and biological processes. This is true also of the origin of the concept of
cell as a basic unit of life, By 1800 A.D., pood microscopes were developed and
consequently plants and anifmals were found to be made up of small units, later known as
‘cells’. However, it was only in 1838, that the cell theory was proposed. According to this
theory, the cell i$ both the structural and the functional unit of all living organisms. Cell
theory gave a great impetus to study of the cell. It was established that the cell is a mass of

UGZY-BY-0b/7



Introduction to Cell Bislugy protoplasm limited by a cell membrany and possessing a nucleus. Anather imporant
ohservation was that cells come only from pre-cxisting cells as a result of cell division.
Dietails of cell division were soon worked out. It became apparent thal mitosis is the
formation of nuclear filaments (chromosomes) and their equal division between the daughter
cells. [t was also observed that organisms generally develop from the fusion of two sex
cells, the spermatozoon (male sex cell) and ovum (female sex cell). Tn 1892, eytology (cylo
= cell, logos = study) was established as a separate branch of biclogy. Study of cells with,
electron microscope gave a new dimension to the study of cell. Detailed morphological
studies of the cell helped to relate the structure with function of cellular organelles.

Interaction between various branches of scientific enquiry leads to their overall growth. The
interaction between cytology and genetics on one hand and between physiology and
hiochemistry on the other gave rise to a more comprehensive discipline. Cell Biology. which
embaodies all that should be known about the cell (Fig. 1.1},

Anatomy [

| Biotechnology

Cell Biology Biochemistry i

Evolution {violaxanoms

I[muehspmunial Biology

Fig. L1: Relationship between Cell Biology and gther binlogical disciplines.

For example, whendn 18635 Mendel put forward the fundamental laws of heredity. the
eytological changes that ocour during meiosis resulting in the formation of sex cells, were

. not known. Hence the distribution of factors, later on called as ‘genes’. could not be
understood as propased by Mendel. With the understanding of the pmcesses that take place
in meiosis, the importance of Mendel's work became evident. Consequently, the
chromosome theory of heredity was finally established and penes were assigned definite
places called loci, on the chromosomes. Later. sex determination was related to some
special chromosomes, A biochemical analysis of various components of cell made a great
impact on the understanding of the cellular function. Although the nucleic acids were
isolated in 1869, their basic role in heredity and protein synthesis was realised only in 1950
and even later. Cell organelles like mitochondria were isolated by employing certain
techniques about which you will study in detail in Unit 4. The role of mitochondria in

+ cellular respiration was also established. .

' X-ray diffraction and several other physico-chemical methods helped scientists to’
understand the structure and function of the macromolecules in cell, Further studies on the
cell revealed that cell is both a morphological and a physiological unit of the life.

SAQ1
Fill in the blanks.

a) The invention of .......c.cceveevmerensvcensens. G0 be considered as a landmark in the study of cell
biology.
b} Cell theory states that.

C) Hew Cella AR T .. csassmsnssnsnnsmsnsssassas it impsnatnasssminsmsssassnnssasnsnsssansassmassmass sansansans

(1 R — is the type of cell division that results in the equal distribution of
chromosomes in daughter cells.

UGZY-BY-05/8



Introduction ta the Cell

1.3 EVOLUTION OF THE CELL

All the living organisms are made up of cells, A living cell may be defined as a compartment
enclosed by a membrane that consists of several chemical constituents and is capable of
propagating itself by division. Activity of an organism is dependent on the activities of ils
cells, individually and collectively. Basic structures and functions are common in all cells
with certain differences according to their specific needs.

As you have already studied in Unit 12 of the Foundation Course in Science and
Technology, there are two stages in evolution of the cell; chemical evolution and biclogical
evolution. Chemical evolution started with the formation of organic molecules on the earth
which had mo life until then. We call it prebiotic earth. Some of these early molecules
developed the ability of producing an exact copy of their ownself by self-replication. Wi
can mark this event as the origin of life. Later on, during the course of biological evolution,”
molecular aggregates organised and formed the cell which was different from the cell as it
exists today. We shall trace these events which are based partly on speculation and partly on
experimental evidence.

1.3.1 From Molecules to the First Cell

You may recall from Unit 12 of Foundation Course in Science and Technology that the

prebiotic conditions on the earth in all probability were volcanic eruptions, lightning and

heavy rains. There was no trace of free oxygen or an ozone layer in the atmosphere to

absorb ultraviolet radiations from the sun. It is assumed that organic molecules would have

-originated in such climatic conditions. This is described as their abiotic origin. Laboratory

experiments from 1953 onwards prove that organic molecules like amino acids, proteins,

nucleotides, nucleic acids, lipids and ATP can be formed in similar conditions on the earth.

Stanley Miller's experiment described below is one such experiment (Fig, 1.2). It is possible

that such organic molecules similar to those synthesised in Miller's experiment would have

got accumulated at several places in high concentration, giving rise to a kind of liquid soup, Pf,';““ml a w':m]' globuls filled
the prebiotic soup. A spherical pre-life form or protobiont may have been formed in such a :::w:?m“?}:[ﬁ:ﬁ:ﬁu —
soup. being, that ullimately svelved into a

(— Blectroded true life form, ie. culriont.

To vacuum pump ,@ Gases Spark discharge

Stop cocks -
or e Water out
removing sample — Condenser

) +— Water in

Water containing

Boilling water organic compounds

t

Heat

Fig. 1.2 : Apparatus used by Stanley Miller in experiments on the syathesis of organic compounds from abintic

components. In the flask, water is added and the entire apparatus is made free of air. Then hydrogen, methane

dnd ammonja gases are introduced through o valve. When water in the Mask is heated to hailing these gases

circulate clockwise in the Steam. Gases and steam enter the sparking chamber and are subjected to spark

discharges. When the molecules move through the vicinity of water eonled condenser, condensglion OCCUrs
Gaseons soheances continue to circulate in the apparatus until the experiment iz concluded, which takes
vsually a week or s0. Nongaseous substances accumulate in the trap, and are analysed.

Trap

Scientists have three different speculations about the composition of a protobiont Some
consider it as an aggregate of sicctrically charged molecules with water around them acting
as a boundary and s is called as coacervate model (Fig. 1.3}, This model was proposed

UGZY-BY-05/9



Introdociion (o Cell Biology

Polymerisation : The process of
linking together of many simple
units (e.g. aming acids) to form
larger andd more complex molecules
[e.g. proteins) is known as polym-
erisation wid the prodict is called as
polymer,

Cozcervate is a fluid filled droplet
formed in dilute agueous solutions,
whise boundary develops as o filin
of bound water molecules.

Genetic Information © Information
related with the ways in which
characteristics are passed on from
parents 1o offspring,

Metabolic Pathways : Processes by
which food 15 bailt up into living
matter or by which living mater is

broken down into simple substamees.

UGZY-BY-05/10

by Alexander Oparin. Sidney Fox proposed another model for protobiont formation called
protenoid microsphere model. According to this model when water free mixtures of amino
acids are heated at high temperature, they polymerise to form protein-like molecules, called
proteinoids. These can persist only if cooled quickly. According to a third model called as
the lipid bilayer model of Richard Goldacre, an abiotically synthesised phospholipid
bilayer was formed around a central space containing organic molecules. All such models
are without any experimental or theoretical evidence. However, the supporters of each
muodel try to explain how some life-processes ]Lka osmosis and budding, can be carried out
by such protobionts.

Water molecules,

Hydration layer (diffuse)
Simple coacervates

Fig. 1.3 : Coacervate model of protobiont. Water molecules become tightly bound to an elecirically charged
molecule to form simple coacervate droplets. Attraclions between the electrically charged systems may lead
to the fusion of two or more simple concervates to form complex coacervate.

The origin of a true I.it’t.fcrrm. eubiont from a protobiont involves the acquisition of three
major features:

1) assembly of phospholipids and proteins into a eell membrane forms the boundary of the
cell,

2} development of protein-directed metabolic pathways to utilise the organic molecules for
energy nesds, and

3) formation of nucleic acid molecules that are not only capable of self-replication but are
also capable of storing genetic information for the synthesis of proteins.

Since we have no definite idea of the structure of a protobiont, it is difficult to speculate the
manner in which a eubiont evolved from a protobiont. All the same, it is certain that a
eubiont comparable to the simplest living cell today must have originated first.

It is quite likely that the formation of a boundary membrane would have taken place before
the acquisition of a genetic information systern and metabolic pathways, A separation of the
cell interior from the outside, would permit sufficient interaction of molecules inside the
cell,

Let us sum up in & tabular form what we have learnt so far regarding the evolution of cell.

Table 1,1: The Origin of the Cell
First Multicellular Crganisms

*
Post Cellalar First Eucaryote 0.9 10" years ago
LS
Biokogical First Procaryote 3.5 and 3.0 = 107 years ago
Evolution ;I
Meizbolic  Plasma Gienetic information
pathways mambrane aysiem
Pre Cellular Prateins, Mucieic acids
lipids, polyenccharides, ATP
Chemical Amino acids, nucheolides, sugars
Evolution V
Prebingic Molecules, Ammonia. Electic
Methane, Water. Formaldehyde e, dizclarge, UV,

4.6 % 10 years ago (solar system)



V4
Introduction i the Cell
SAQ 2
a) Which stage of evolution is characterised by the organisation molecular
aggregates.

b) Give the name of three protobiont models.

1.3.2 Procaryotic Structure and Diversity

The first organisms which did not have well defined nucleus, called procaryotes,

(pro = earlier, caryon = nucleus) were probably anaerobic and heterotrophic. It is believed  Amaerobic: Conditions in which
that at that time there was no free oxygen available in the atmosphere, and the autotrophs axygen is absent. reactions that
had a complex metabolism to prepare their own food. You can observe the difference 08 asC 28 112 amanem nf clly o0 oy

g : pipt cells thag function in the absence of
between autotrophism and heterotrophism in Fig. 1.4, oxygen,

Autobroph: An organism that can
prepare its food on its own

Heterotroph: An organises that

Preformed organic cannot prepare its food on its own,
_compounds supply ¢ from CO,

C,HNand§of—— H from H,0

cellular chemicals 2

t=—N from NOJ,
and § from SO

animal cell

Fig. 14 : Sources of few main elements from which all chemicals are synthesised in sutotrophie and
heterotrophic organisms.

We will now discuss different types of procaryotes and their evolutionary miatiansﬁip o
draw an outline of organic evolution.

The "group of procaryotes’ is known as Monera. This group includes eubacteria,
archacbacteria, green bacteria, purple bacteria, virus, prochlorophyta, cyanophyta and
mycoplasma. Here we will describe the structure of two procaryotes viz, bacteria and virus,

Bacteria: Bacteria have a protective covering called ‘cell wall’. Beneath this, there is a
plasma membrane which encloses protoplasm of the bacterium containing various types of
RNA, DNA, proteins and organic molecules. In bacteria, DNA molecule and ENZYMEs
involved in oxidation of food are found associated with the plasma membrane (Fig. 1.5).

Bacteria, though simple in their structure, are the most abundant of all the life forms on earth
today. This is due to their rapid rate of multiplication and the ability to adapt to any nutrient
and environment.

¥iruses: Viruses are on the borderline of life between non-living and the living organisms.
They have some characteristics of a living organism such as the ability to reproduce while
some of non-living objects, like the absence of metabolic processes and ability to crystallise.

Wiruses are very simple organisms with a circular nucleic acid molecule .[DNA. or RNA)
surrounded by a protein coat (Fig, 1.6).

Viruses ai¢ organismg which live only as parasites a'.d can reproduce themselves only in a
host cell such as bacteria, animals or plants at the expense of the metabolic machinery of the
host cell. UGZY-BY-05/11
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Fig. 1.5 ; Structure of a bacterium, The bacterial cell is enclosed by a cell wall, which Is further surrounded
by capsule. Infolding of plasma membrane forms mesosomes. The nuclear material is concentrated in a
specific region of the cell called nucleoid. One or mors flagella may be present for locomotion. Small
appendages that are called fimbriae arise from the cyiosol and help the bacterium in getting attached to a
surface,

Fig. 1.6 1 T.. bacteriophage (bacteriophage is a specific type of virus which kills bacteria). Six tail fibres and
collar whiskers are shown in the diagram.

The earlier living organisms must have existed independently, must have had their own
metabolic machinery and capability of reproduction. It is, therefore, certain, that viruses are
not in the direct line of evolution of life from non-living matter, because they are all
parasites and have no metabolic machinery of their own. They are probably degenerated
forms of life whose origin is a mystery. :



1.3.3 Evolution of Photosynthesis and Aerobic Respiration Intrtaction o the (et

It is assumed that the earlier form of the bacteria utilised H,S for the preparation of f.md z’:;!:h':zl?rﬂprzlﬂiur.:-. .

The following reaction shows this process which li; it oo Wt i in
light energy higher plams.,

CO,+H;S Basteriochlaraphyl Sugar {C{:I;}; + Sulphur (5)

Since this reaction takes place in the presence of sunlight, it is callad as photosynthesis, In
this type of photosynthesis H.S is used. Fig. 1.7 shows different types of metabolic

pathways in bacteria,
(Red algae)
Mitochondria Chioroplasts
|
'EUCARYOTES . i
PROCARYOTES I S
[Blue-gnwn algac
Green Filamentou | rossor | Gliding
bacteria PHOTOSYNTHESIS bacteria
Purple nonsulfur | | LossoF
bacteria - [ Y [PHOTOSYNTHESIS

[o; RESPIRATION E; RESPIRATION

Puri:ie sulfur
bacteria

| CALWIN

H.O PHOTOSYNTHESIS
Y el 3

/—“""/

tl .5 PHOTOSYNTHESIS

Green sulfur
bactenia

Ancestral
heterptrophic
bacteria

Fig. 1.7 : An evolutionary tree showing possible ways by which anaerobic and autotrophic bacterla
{photosynthesisers) developed from the early anacroble and heterophic bactoria, Likewise, aerobic form of
bacteria also developed Independently. Photosynthesis was retained in somé forms of bacteria whersas, it
was lost i others,

Later, a more efficient photosynthetic system evolved in which H ,0 instead of H, § was
used as an electron donor, This led to therelease of free oxygen {G ). This is the usual form
af photegenthesis with which you are familiar,

CO,+H,O -+ Solar energy . Sugar (CH,0), + 0,

Chlorophyll :
The photosynthesis which takes place by utilising water, helped in the evolution of
autotrophic mode of nutrition and release of free oxygen in the atmosphere. The release of
free oxygen made possible a far more efficient method of getting energy from glucose by
respiration, The free oxygen got converted into ozone (O,) in the presence of ltraviolet

radiation and formed an ozone layer in the upper atmosphere, The formation of this layer UGZY-BY-05/13



Introduction to Cell Biology prevented the incoming ultraviolet rays which otherwise could have broken down the
proteins, nucleic acids ete. Thus, the formation of ozone layer made existence of various

forms of life on earth possible,

Gliycolysis: A pathway for glucose
catabolism that does not requine
cxygen,

The free O, generated by photosynthesis was perhaps more like a poison to anacrobic
bacteria initially, But some bacteria soon developed a metabolic system in which oxygen
was used for theroxidation of food {respiration). This was a much more efficient system for
the release of energy from organic molecules, compared with the carlier system of
respiration, thatis glycolysis. Some of these aerobic bacteria lost the ability of H,S
photosynthesis and became perhaps the ancestor of another class of organisms, that used the
mitochondria for respiration. In mitochondria, the energy released by respiration is stored in
the form of ATP molecules for further use.

SAQ3

Arrange the following structures and processes in the order in which they are believed to
have evalved.

a) acrobic respiration

b} polymers

c) photosynthesis

d) organic monomers

¢) acquistion of intracellular organelles.

1.4 PROCARYOTES TO EUCARYOTES

Procaryotes are the simple, unicellular organisms which do not have well defined nucleus,
whereas eucaryotes are the complex. multicellular organisms with well defined nucleus.
Procaryotes were originated about three and a half billion years ago, whereas eucaryotes
originated about one and a half billion years ago. Thus, it appears that eucaryotes evolved
later than the procaryates. But in bio¢hemical details the procaryotes and eucaryotes are
very similar. Therefore, we can say that they have a commeon origin.

Eucaryotes, like procaryotes, have the same biochemical pathways for respiration both
anaerobic and aerobic and for photosynthesis, The eucaryotes not only attained larger size
and complex structure but also developed into multicellular organisms. Earlier each form of
cell which was thought as an autonomous and self-sufficient unit, gradually became
dependent on each other in larger organisms leading to division of labour within organisms,
This type of cooperation between cells eventually led to the development of higher forms of
life as they exist today.

Procaryotes and eucaryotes are compared in Table 1.2.
Tahble 1,2 ; Comparison of Procaryetic and Eucaryotic Cell
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Procaryote (Monera) Eucaryote

Differences

Organisms Monera, evhacteria, archaehactena, Plants, animals. protists and
cyanohacteria | = cyanophyta = fungi
Blue-preen hacteria. purple bacteria).

Mucleus Absent Presem

Chromosomes Single Mubiple

DNA Circular moleculs naked {(auclesid) Long DMNA chaimn bousd by

lisiones

Cell Division Binary Fission Mitosis 0f mcinsis

Organells Mone except ribosomas, Plasmalemma Mitochnnedrin, chioraplasi
1 perhaps infelded as mesosoime in {im plants anlyl, Golgh hodies
green hacieria and coneemrically yansnmes, cndoplea
infiddled in cyanobacteria. reticulum, vic,

Cell wall Feplicoglycans, Ahsent in mycoplasma Cellulase (in planis anly ).

Ahsnd o Ay



Exocylosis and Absent Present Intreduction te the Cell
Endocyiosis

Cytoskeleton Absent Present, cony#ed of protein
! filaments.
Compariments Absent Present due to membrane sysiem
in cells
Cellular =~ Mainly unicellular Mainly multicellular with
Organisation differentiation
Metabalism Anacrobic or aerobic Aerobic
Cell size 1-10 pm Hnearly 10-100 pem Hinesely

Similarities : Procaryoies and eucaryotes have many kinds of molecules in common such as DNA, ribosomal
machinery. ensymes, varios similar metabalic pathwoys and membranes of similar asganisation.

SAQ4
a) Mame the organelle common to both procaryotes and eucaryotes.

b) Twulmgures are given below. Identify the procaryotic and eucaryolic cell and give one
important feature of identification.

¢) State one important difference between eucaryotic and procaryotic DNA

1L4.1 Eucaryotic Cell Organelles

A eucaryotic cell has excessive foldings of intracellular membrane as compared 1o
procaryotic cell. The eucaryotic cell has a number of organelles such as endoplasmic
reticulum, Golgi apparatus, nucleus, mitochondria etc. Organelles have the same relation 1o
a cell, as organs have with an organism. The endoplasmic reticulwm is a complex system
of membranous sacs, chambers, and wbular canals, It is the site for synthesis aof proteins,
The Golgi apparatus (or complex) which is a stack of flattened sacs sorts out and processes
proteins, besides, it helps in secretion. Membranes also cnclose lysosomes, the organelles
that contain enzymes necessary for degrading foreign materials thereby help in defence
mechanisms. Likewise, membranes surround peroxisomes (microbodies) in which highly
reactive hydrogen peroxide is synthesised and degraded. Peroxisomes are also the sites
where a variety of biochemical reactions cause conversion of lipids into proteins and vice-a-
versa. In planis, the membranes surround large liquid filled vacuoles. The remaining
cytoplasm which is not bound by these organelles is referred 1o as the cytosol, A derailed
account of these organelles is given in Unit 3.

The extensive intracellular membrane system of a eucaryotic cell is much larger in size than
a procaryotic cell. It provides enough surface area for the exclimge of materials and other
impartant cellular reactions which take place on the membrane surface.
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It is assumed that membranous organelles have been formed by infolding of plasma
membrane through a process called endocytosis (Fig. 1.8). In endocytosis portions of cell,
membrane along with the contents of the external medium invaginate and pinch off in the
form of cytoplasmic vesicles. Exocytosis is just a reverse process.

Mobile cell
Cytoplasm surface

Fig. LB : Showing evolution of the earliest membrancus organelle, the lysosomes.

a)  Endocytosis was the possible mechanism for ingestion of food to prevent damage to internal cell
components. Endocytotic pockets were located on the outer surface of the cell.

b}  Inlater stapes of evoluthon, food was packaged in the membranous vesicles formed atthe cell surface
 which also induced the digestive enzymes. The food was digested outside the cell in specialised
enchosures.

¢} [In the last stages of evolation, the digestive enzymes were packaged in lysssomes located internally
and food was digested by the fusion of lysosome and phagosome vesicies, 3 physiokogical process, well
known in the present day cell.
All eucaryotic cells have a cytoskeleton made up of a network of protein filaments (Fig.
1.9). This network gives the cell its shape, capacity to move and ability to ransport
organelies from one part of a cell to ancther. These protein filaments are similar in all
eucaryotes, The important protein filaments are actin and myosin in muscles and twbuolin in
microtubules, Actin and myosin are involve. in muscle contraction and in the formation of
microfilaments. Microtubules are hollow and form cilia, flagella, centriole and mitotic
spindle. This kind of cytoskeleton is absent in the procaryotes,

DMA Cyiaplasm

| RO
Attachment point b St
Microtubules
Cleavage furrow — Cleavage flarrow
Microtububes
Cytoplasm DNA

Flaema membrane
Plasma membrane

Fig. 1.9 : For the evolution of eucaryotic cefl, the detachment of DNA from plasma membrane (in
procaryotes DNA Is attached to plasma membrane) is necessary, The orderly separation of replicated DNA
molecules during cell divisiin required system of attachment, Later, in the course of evolution, this system
got detached from the mabile plasma membrane. Presence of microtubules in all eucaryotes indicates that
they appeared early In sucaryotic evolution and were retained in all the later generations. Therefore,
between the points of attachment, a system having tubular apparatos developed.

In procaryotes the DNA molecuie lies freely in the cytoplasm attached to the cell membrane
{ Fig 1.5). In eucaryotes it is enclosed inside the nucleus. This kind of formation of
compartment protects DNA from many chemical changes that occur in the eytoplasm(Fig.
1.10).

The DNA found in eucaryote is not only large (human cells contain DNA thousand times
larger than that in a typical bacteria) but is also packed together with histones into
chromosomes. Histones are the proteins which are basic in nature, found in eucaryotes. They
bind to DMA and wrap it up into compact chromosomes. Histones also-control tie
expression of the characters called gene expression, about which you will study in detail in
Units 12 and 13. Histones are important proteins which have not undergone any change
during evolution and are identical in all plant and animal cells studied so far, Division of the
nucleus by mitosis is another characteristic of the eucaryotes which permits proper and
equal distribution of the genetic material to the daugher cells. Ribosomes which are the
granular structures consisting of RNA and proteins are necessary for protein synthesis.
These are the only orzanelles that are common to both procaryotes and cucaryotes.
However, there are some minor differences between procaryotic and eucaryotic ribosomes.



1.4.2 Mitochondria and Chloroplast Introduction to the Cell

Mitochondria are commonly known as the “power house™ of cells. These are the distinct
organelles of all eucaryotic cells, plants, fungi and some protists. In the cell, mitochondria
are the sites of aerobic respiration. They are enclosed by a double membrane. The inner
mermbrane is thrown into folds which are called as ‘cristas’. Oxidative enzymes are located
on these cristae. Mitochondria contain circular and naked DNA. They reproduce by fission,
like bacteria. In the absence of mitochondria, eucaryotic cells would have to respire
anaercbically and they will have 1o depend on an.inefficient process, like glycolysis for their
energy needs. It is interesting that mitochondria resemble an aerobic and non-photosynthetic
bacterium like Paracoccus. In fact, in one of the eucaryotes like Pleomyxa palustris, there
are no mitochendria. In this organism, in place of mitochondria there are acrobic bacteria
whmhhelwﬁmutgammnmmspmm The association of bacteria with the organism shows
a kind of symbiotic (mutual advantage) relationship, wherein bacteria help the organism in
respiration and in turn bacteria are benefitted by living at the expense of the organism
permanently.

This relationship suggests that mitochondria are procaryotes which have entered the
“eucaryotic” cell as endosymbionts, i.e., they have association inside the cell even.before the
entry of chloroplasts in the cell, In other words, we can say that mitochondria have evoived
earlier than the chloroplasts.,

I.zl:cmmchmdna.dﬂampiam are also distinctive organelles of encaryotic cell. But they
are found only in plant cells. Chloroplasts contain membranes forming a system of thin sacs
or lamgllae stacked on top of each other, These membranes contain the pigment chlorophyll
whosée function is to trap light energy required to make organic molecules particularly
sugars. This process is called photosynthesis. It is werth mentioning that chloroplasts
resemble the present day cyanobacteria in size and structural organisation of chlorophyll
bearing menibranes. Chloroplasts also contain DNA and reproduce by self-replication. In
fact a number of present day eucaryotic cells do contain cyanobacteria in them (Fig. 1.11),

Cytoplasm
(ay

Fig. 1.11 : Evolutlonary origin of mitochondria and other membranous system.
8}  Procaryotic cell with one molecule of DNA (genome) is sssumed to bave undergone genome | which procaryotic cells with a
' duplication. - mobile cell surface would have
b) Multiple coples of genome (DNA) are formed. - mmﬂﬂ
€) . Thert occurs internalisation of plasma membrane and ks differentiation to nuclear, endoplastilc plasma membrane. These

Nﬂﬂl—mwwmmmmqﬁnﬁ,wgmnﬂgm“ infoldings were established in

eriginally enciosed in nuckear envelope was transforred to mitochondria. eucaryatic cells as Internal
d) -During partition bulk of the DNA was retained in the nucleus while some of the DNA was transferred L0 A0¢ Systems independent]
1o mitochondris. comdequently, these remained
without having any relation with
€ Mmmﬁe&mm.mmmmmmmnmwﬂuunﬂaﬁ plasma membrane,
preseat in nucleus whereas a small portion remains in mitochondria, UGZY-BY-05/17



Introduction to Cell Biology It is from this symbiz . relationship that we can trace the origin of eucaryotic forms and
divergence of plant and animal cells (Fig. 1.12).

Chloroplasts X /

0
& ° @

PLANTS FUNGI
Mucleus
EUCARYOTES \__ Mitosis
S Q Meiosis
PHOTOSYNTHESIS | Centrioles

Complex flagella
MOTILITY

PROCARYOTES

RESPIRATION

i
O

Blue-green alage  pCyouibrio  TPeTMOplasma Spicorhter
Grass-green alage paracoccus

Fig. 1.12 ¢ Schematic diagram showing the endosymblont theory regarding origin of organelles in
eucaryotes. The early procaryotlc and anserobic cell eould ingest solid food through mobile cell surface. |
Such a cell might have engulfed respiring procaryotic cells like Paracoctus, leading to the development of 4
symbiotic endosymbionts. The endosymbionts which were dependent on the host for their nutrients and
protection, developed into cell organelles like mitochondria, flagells and chloroplast. These arganelles were
advantageous in respiration, motllity and photosynthesis to host. The symblotic relationships helped to
trace the origin of eucaryolic forms and divergence of planis and animal cells.

1.4.3 Animal and Plant Cells

The internal structural organisation and information related with hereditary characters and
metabolic patitways are similar in all eucaryotic cells whether they are of plants, fungi,
animals or protists. On the other hand plant and animal cells differ in some respects, Cell
wall in plant cells is unique. It provides mechanical support and protection. Besides, the cell
wall helps to balance osmotic pressure of the cell with the surrounding medium. It consists
of a network of cellulose and a gel-like matrix. Plant cells also contain pigment containing
organelles called plastids such as chloroplasts (green colour), chromoplasts (red colour) and
leucoplasts (no colour), Chloroplasts help the plants to synthesise their own food in presence
of sunlight {(autotrophs). Presence of large vacuoles is another important feature which
distinguishes the plant cells fromthe animal cells. Endoplasmic reticulum (ER) plays a
significant role in the formation of vacuoles. Glyoxysomes, the microbodies found in some

" plamt cells, are involved in lipid metabolism. Golgi complexes found in plant cellls are called
as dictyosomes. The animal cells, often contain flagella and cilia for movement, and
centrioles for cell division, On the other hand, these organelles are generally absent in plant
cells. The difference berween plant and animal cells are listed in the Table 1.3 and illustrated
in the Fig. 1.13 for your ready comparison.
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Endoplasmic reticulum
with ribosomes

Endoplasmic reticulum
without ribosomes
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— PLANT CELL

Mitochondrion
— Cell membrane
: —— Cell wall
._. . L - ‘—
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|Fig. 1.13 : Generalised siructure of eucaryotic cell showing the difference between plant cell and animal cell,

Table 1.3 : A Comparison of Animal and Plant Cells

Animal Cell

Plant Cell :

Exterior Structure

Cell wall _Absent Present (cellulose)

cell m:mmm Present Present

Flagella May be present Absent excépt in sperm of a
few species

Interior Structure

Endoplasmic reticulum (ER) Usually present Usually present

Microtubules Present Present

Centrioles Present Absent

Organelles

Mitochondria Present Present

Chloroplast Absent . Presemt

Chromosomes Multiple units, DMNA Multiple units, DNA

associated with protein associated with protein

Ribosomes Present Present

Lysosomes Usuitlly present Equivalent structures called
“spherosomes™

WVacuoles Absent or small Usually a single large vacuole

in mature call
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SAQS

troduction te Cell Biolo, : A
. : = Cook at the following figures and answer the questions:

Carbohydrate

a) Mame the organelles X and Y

¢) Which major process occors in orgarellr.

d) Which majer process ocers in organelle

1.5 SUMMARY

Let us sum up whatever we have said so far.

*  Although there are different species of living organisms, there is a unique master plan
of organisation at the cellular and molecular levels. The rapid processes in the field, of
cell and molecular biology in the present century is due to the development of
microscopes and various physico-chemical methods used to analyse the cell; such as X-
ray diffraction and cell fractionation.

* The evolution of life, from simple to complex, took place in two stages— chemical
evolution and biological evolution. Three possible models for protobiont formition are
UGZY-BY-05/20 coacervate model, proteinoid microsphere model and lipid bilayer model.



s  Protobionts could become eubionts only with the development of self-replicating
genetic system. Scarcity of nutrients favoured the selection of those which could obtain
the nutrient from a precursor. Hence, more complex metabolic pathways such as
glycolysis developed which consequently led to the development of autotrophs.

*  From an evolutionary viewpoint, procaryotes are considered to be the ancestors of
eucaryotes. Procaryotes and eucaryotes resemble as well as differ from one another in
many respects. The complex multicellular eucaryotes like plant and animal cell differ
from each other in’ many respects.

1.6 TERMINAL QUESTIONS

1) How did the primordial cell originate?

2) List two changes in the environment that resulted from evolution of water splitting
_ photosynthesis.

3) Name the organclle(s) responsible for the following function in a eucaryotic cell,
a) Production of ATP by the oxidation of Pood e

B) Protein sYNthesis: ..o essessssssessns SR S PR e e
.€) Secretion:.. eI et e e R e e
d) Synthesis of food in the presence of sunlight: . SN

4) Symbiotic relationships of mitochondria with procaryotic cells helped in tracing the
evolution of eucaryotic cells. Explair it

1.7 ANSWERS
Self-assessment Questions
1} a) Microscope
b) Cell is'the structural and functional unit of organisation
©) The division of pre-existing cells :
d) Mitosis
2) a) Biological evolution
b) Coacervate model, proteinoid microsphere model, lipid bilayer model
3) dbeca
4) a) Ribosomes
b} (i} is eucaryotic cell, and (ii) is procaryotic cell because in (i) nucleus is well defined
with nuclear membrane whereas in (ii) nucleus is not clearly demarcated.
c) Inprocaryots, DNA molecule is circular and naked whereas in eucaryote DNA is long
<hain boutid'by histones. UGZY-BY-05/21
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a) Organelle ‘X" is mitochondria and organelle *Y" is chloroplast

b) (i) is plant cell because of presence of cell wall and chloroplast, and (ii) is animal cell
because of their absence.

c) Respiration.

d}Hwtosp‘rlhcsis,_

Terminal Questions

b

2)

3)

4)

The assemblage of phospholipid molecules to form membrane was the first step for the
formation of primordial cell.

a]ile]u!cuffmemygmina@osplm

b) Autotrophic mode of nutrition

a) Mitochondria

b) Ribosomes

¢) Golgi complex

d) Chloroplast

Mitochondria, the power house of the cell resemble acrobic, nonphotosynthetic bacteria.
It was found that some eucarybtic organisms which lacked mitochondria were in
permanent symbiotic relationship with aerobic bacteria (procaryote) for respiration.
Thus, symbiotic relationship suggested that mltochundm are procaryoles which entered
the eucaryotic cell as endesymbionts.



UNIT 2 HOW CELLS ARE STUDIED ?

Structure

2.1 Introduction
Objectives
2.2 Light Microscopy
Cyinchemistry
Fluorescence Microscopy
Phase Contrast Microscopy
2.3 Electron Microscopy
Transmission Electron Microscopy
Scanning Electron Microscopy
Freeze Fracture Electron Microscopy
24 Radioisotopes, Autoradiography and Antibodies
2.5 Tissue Culture and Cinemicrography
2.5.1 Tissue Culture
: 25.2 Cineinicrography

26 Summary -
2.7 Terminal Questions
28 Answers

2.1 INTRODUCTION

In Unit 1, you learnt about the evolution of the cell and a historical account of the growth of
cell biology. In this Unit, you will study about the various tools and techniques used to study
the cell.

Cells, due to their minute size, cannot be observed by the naked eye. Lenses can magnify
minute ohjects only upto a limited extent. Therefore, many lenses were combined together
to form an instrument known as the microscope (Gr mikros—small, skopein—to see).
Subsequently, many new tools and technigues were invented by cell biologists about which
you will study in detail in this Unit,

We begin the Unit with light microscope (LM). Here, you will know about the difference
between resolving power and magnification and various cytochemical techniques which are
used to study the chemical components and structural organisation of the cell Phase contrast
microscopy: an important technique for viewing the live cells is described. You will also
learn about electron microscopy (EM), the best known method for the study of the
ultrastructure of the cell and an important technique called ‘freeze fracturing’ which is used
to study the internal structure of membrane in the cell.

Use of radicisotopes, antibodies, and fluorescence microscopy for localisation of various
cell components are discussed in this Unit. You will also learn about cell culture and
cinemicrography, the other important technigues used to study live cells.

While going through this unit, it would be useful to recall and apply your knowledge of
clementary chemistry, physics and mathematics, such as radioisotopes, refractive index and
simple mathematical calculations. The study of this Unit assumnes that you are familiar with
the optical laws and principles on which a microscope works.

Objectives
After reading this Unit you should be able to:

e explain the working and usefulness of 4 light microscope and phase contrast
. micrescope, )
+  list the principles and uses of fluorescence microscopy,
+ suggest simple cytochemical methods to locate major cell componenits,
«  explain the principles of transmission and scanning electron microscopy and their
advantages and disadvantages as compared ta light microscopy,
» explain the use of freeze fracture and cell culture techniques,
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Metric measurements of size

1 meter =
(M)

I cm =
Imm =
lpm =
Ilam =

100 centimeser (cmy

10 millimeter (mm)
1000 micrometer (jm}
1000 nanometer (km)
10 Angstrom (A° )
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*  suggest uses of cinemicrography in the study of cell,
+  explain the uses of radicisotopes (with special reference to antoradiography) and
antibodies for localising specific molecule in the cell,

2.2 LIGHT MICROSCOPY (LM)

il

A study of the structure of organisms is an essential requirement of biology. However,
unaided human eye cannot see chjects smaller than 0.1 mm( 100 1) in diameter.
Therefore,various devices were discovered to increase his ability to observe minute
structures, The knowledge of these devices is responsible for understanding strecture and
function of cell (Table 2.1).

Table %1 Some Important Landmarks in the Histery of Light Micrescopy

Mature of Discovery

1655 Small pares described in a section of cork, were named 25 cells by Hoake.

1674 Protozoa was discovered by Lesuwenhoek by the use of a microscope.

18335 Call theory, 1.6,, niscleated cell s the unit of sirucre and function in all plants and animals, was
proposed oy Schieiden and Schwann. o

1881 Use of staining ro-fuyiques was introduced by Cajal and others.

1886 Lenses were made o siudy minute dedails of the structure of cell.

1598 - Grolgi appasatus was seen and® described for the first time by Camillo Golgi by .sl.n;in!ng cells with
silver nitrate,

1932 Phase contrast microscope wits discovered 1o view live cells.

1541

Antibodies coupled to fluorescent dyes were used by Coons to detect cellular antigens.

The earliest microscopes had only one lens ber veen the ohject and the eye and were,
therefore, called simple mimmpe's. The. maxden microscopes, on the other hand have two
lenses, the objective and the eye piece, in a series, (o view an object. These are known as
compound microscopes (Fig. 2.1).

i e
e =l 1)
e ——

Single light ray

(b)

l:‘lt. 2.11a) Light path In a compound microscope. The objective lens is near the specimen and the
observer looks into the eye piece at the upper end of the tube of the microscope. The specimen is beyond the
focal point of the objective lens,

hi A single light ray pattern,



With the help of a compound microscope one can view the objects at a very high How Cells are Studied 7
magnification. However, the important property of a light microscope is not its magnifying

power but its resolving power. Let us now explain the terms magnifying power and

resolving power. The magnifying power of a microscope is its ability to show an enlarged

or magnified view of an object to the eye. The resolving power, on the other hand,

represents the ability of the microscope to show the fine details in the object to the eye (Fig.

2.2)

A fine nylon cloth

O\

{a) (b)
Magnification Resolution with
alone (x 30) magnification

(x 13)

Fig. 2.2 : Magnification alone (a) the details of nylon cloth are not seen. Resolution with magnification (b)
reveals that the cloth is made up of fine fibres.

When two objects are very close together, they may appear as one and when viewed througt Numerical Aperture (NA): A
the microscope they may not appear as two separate objects. However, these two objects car measure of the seselving power of a

be seen as two separate objects or in other words we can say that the two objects are just mm’mmﬂmr:fkb:?u
“resolved if the microscope used is of high resolving power. The linear distance(s) between medium (n) in front of the objective
the two objects that is just resolved by the microscope is given by and the sine of the angle (sin )
; between the outermost ray ﬁuufing
s= 0.6 E-QHHMII 21 the objective and the optical axis,
. NA

(A = wavelength of the light used

NA = numerical aperture of the

objective of the microscope)

The minimum distance ‘s’ is called as the ‘limit of resolution’ of the microscope. Smaller
the value of 's’, higher is said to be the resolving power. The resolving power of a
microscope s on the numerical aperture of its objective. The greater the magnitude of -
NA. the smaller is the value of ‘s’, that is, finer is the detail that can be observed,

To obtain better resolution with microscopes we often use nltraviolet light which has a
smaller A. The electron beams which behave like waves under some circumstances, have
“wavelengths 10° times shorter than visible light. This has led o the development ui:glecwm
microscopes which have extremely high resolving power.

Thus, to increase the resolving power of a microscope or to diminish the distance ‘s’
between the two points to be resolved by the microscope, we often use light which has a
smaller A and th objective whose aperture is large (ses Equation 2.1).

Equation 2.1 shows that to obtain better resolution, light of smaller A should be used e.g.
ultraviolet light and even electron beams which behave like waves under some

circumstances. Electron beams have wavelengths 10° times shorter than visible light, This
hm led to tzs velupmenl of electron microscopes which have extremely high resolving

Using the LM, we can study the cell by virious methods. You will study about three such
methods in the following sub-sections.
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Introduetion to Cell Biology 2.2.1 Cytochemistry

It is well known that certain stains and dyes specifically combine with certain chemical
components of the cell, Cytochemical techniques take advantage of this fact and help in
localisation and identification of various constituents like proteins, nucleic acids, lipids, etc.
within a cell. For this a particular molecule is first immobilized and then identified by its
reaction with a stain. Some molecules are also identified by their physical properties like
absorption of radiation at a particular wavelength. For example, the nucleic acids absorb UV
rays at 260 nm whereas the proteins absorb at 280 nm. You will leam more about the
chemical components of the cell in Units 4 and 5.

The amount of the chemical component present in a cell can be quantified provided the
reaction between the molecule present and the stain is strictly on | 1 basis, as in the case
of Feulgen reaction for DNA described in Table 2.2,

A large number of dyes are in use to stain different chemical components of the cell.
However, the chemical basis for the specificity of many dyes is not known, so only
qualitative information can be obtained. The following table {Table 2.2} lisis some of the
commen tests for the detection of proteins, lipids, nucleic acids and polysaccharides.

Tabke L2+ Some Renctions and Principles of Cytochemical Stains

Substance Reaction or Test Principle
1} Proteins a)  Diazomium reaction Dietects tyrsine, iryptophan and hisidine
(staining with groups in the prodein,
diazomium hydroxide)
bY  Fasr preen Stains histone prodeins,
¢} EBromophenod blue Stains all proteins.
) Lipids ay  Osmium terrogide Stains unssturated fary ackds black.
bl Swdan black B Canses black colour by dissolving in
lipid drapleis.
Hydrolysis: The cleavage of a
melecule inta two or mors Iy Mutleic acids a)  Feulpen reaction Acidl hydrolysis exposes the free
milecules by the addition of a wate aldehyde groups in deoxyribose. The
miolecule. frec abdehyids group is made to react
ings i.e. CH,OH with Schifl"s reagent to produce a
Giychl grocpings L6 "F 2 purple colour. j
CH,OH , _
by Methyl gresn Methyl green stains DNA while
pyronin (MGF) pyronin stains RNA, Both the dyes
combine with phosphoric acid,
4) Polysaccharides Periodic acid Periodic acid oxidises 1, 2 giyeol
Schiff (PAS) groupdngs 1o liberste free wldehyde
reaction groups which are stained purple by
Schiffl*s reagent,
SAQ 1

Schiff’s reagent is used to localise DNA as well as polysaccharides in the cell. But in t
the reactins, its mode of action is same. Explain in about 6-7 lines in the space provide

T R T e P PP R

2.2.2 Fluorescence Microscopy

Certain compounds when exposed to short wavelength radiations. e.g., UV and X-rays,
absorb and emit energy as light of a longer wavelength. This process of emitting light from a
compound is known as fluorescence and is now commonly used in microscopy.
Compounds which naturally emit light exist in most living tissues. For example, the
mitochondria of liver and kidney, collagen and chlorophyll give a strong fluorescence. Such
UGZY-BY-05/26 a type of natural fluorescence is called as autofluorescence. Someiimes fluorescent dyes



like rhodamine, quinacrine etc. called fluorochromes are wsed to stain cell com ponents 1o
preduce secondary fluorescence. Such important dyes are also used in the study of
chromosome behaviour.

The fluorescent microscope is essentially an ordinary optical instrument. It has been
meodified by the incorporation of special filters. These filters allow only the required
wavelength of light to pass and cause fluorescence in the specimen. The most significant
application of fluorescent microscopy is in the field of immuno-fluorescent antibody
labelling technique about which you will study later in this Unit.

2.2.3 Phase Contrast Microscopy

Phase contrast microscope has the resolving power similar to ordinary light MiCToscope.
However, it enables us to observe the cellular organelles in living cell. The working of this
microscope is based on the principle of phase contrast,

To understand phase contrast microscopy you should know that whenever two light waves
interfere with each other, the resultant light wave may have cither greater or lesser
amplitude depending on the phases of the light waves (Fig. 2.3).

It is a known fact that a light wave passing through a transparent object suffers a change in
phase,

The living cells are heterogeneous in their cellular components having different thickness.
Due to this difference, each component has different refractive index. Hence, when a light
wave passes through the cell, a change in phase is produced due to differences of thickness

How Cells are Studied ?
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and refractive indices of cellular components (Fig. 2.4). The phase contrast microscope
exaggerates the small difference between the phases and enables one to distinguish the
adjacent structures,

2.3 ELECTRON MICROSCOPY (EM)

In EM, the object is viewed by a beam of electrons instead of visible light. An electron beam
has a shorter wavelength ( A = 0,004 nm) compared with visible light { 4 = 400 nm),
Therefore, an EM has higher resolving power than LM {Equation Z.1). Till now electron
microscopy is the best available method to study biological ultrastructure (Fig. 2.5).

The resolving power of most modern EMs ranges between 100 pm to 0.1 nm. However,
problems of specimen preparation, and radiation damage limit the resolution of biclogical
objects to about 2 nm, even this is 100 times better than the resolution achieved by the best
LMs. Further, the magnifying power of the EM is upto 200,000 X. The two types of EM are
transmission electron microscope (TEM) and scanning electron microscope (SEM),
about which you will study in the following section.

2.3.1 Transmission Electron Microscopy

The source of illumination in 2 TEM is a tungsten filament that emits electrons. A vacuum is
created to prevent the collision of electrons with anything else except the specimen. The
electron beam is focused by different electromagnetic coils (lenses). First electrons are
collected and focused in an electromagnetic ‘condenser” lens and then they are collected
again by an ‘objective’ lens. The electromagnetic objective lens produces a magnified image
of the object which is received by ‘ocular or projection” lens. The final image is formed
either on a photographic plate or on a phosphorescent screen. The image results from
differential scattering of electrons from molecular constituents of the cell.

If you compare the functioning of a TEM with a LM, you will observe that while there are
many similarities between a LM and a TEM, there are also many differences (Fig. 2.6). The
image formation in a LM depends on the degree of light absorption whereas in a TEM it
depends on electron scattering. The lenses of LMs are glass lenses and focusing is done by
moving them nearer or farther away from the specimen. In TEMs all the lenses are
electromagnetic coi's ana focusing is done by manipulating the amount of current flowing
through the magnetic coils, The final image in a LM is scen by the eve whereas in a TEM it

is formed on a phosphorescent sereen, UGZY-BY-05/27
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Fig. 2.3 : a) When two light waves are passing side by side, through a cell and if they have encountered
the same refractive index and thickness of medium, they will emerge in phuses,
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An EM has the major advantage of increased resolution over a LM. The applications of How Cells are Studisd ?
electron microscope to cell biology are given in table (Table 2.3). Moreover, TEM has its

disadvantages which ansi) the live biological material cannot be observed sinée electron

beams traverse in vacuum, and (i) only very small areas of tissues can be viewed at a time.

Therefore, a LM and a TEM gre complementary 1o each other.

Tahble 2.3
Major Events in the Development of the Electron Micrascopy

1926 Buasch proved tha it was pdssible 1o focus a beam of electrons with a cylindrical mognetic lens,
thus laying the fodndations of electron bptics,

1939 Siemens produced the first commercial transmission ebectron microscope.

1952 Palade, Porter, and Sjostrand developed methods of fixation and thin sectioning 1o ohserve nany
intracellular structures,

1953 Porterind Blum developed the fil@videly sccepted ulramicrotome,

1957 Steere d:-velupad freexe fracture techniques which were later perfecied by Moore and
Muhlethaler.

1965 Firsr commercial scanning electron microscope produced.

1086 de Rosier and Klug described techniques for the reconstruction of thres dimensional stroctures
from electron micrographs,

2.3.2 Scanning Electron Microscopy (SEM)

While TEM is useful to study the intemal structure of the cell, SEM is an important
technique if you wish 1o'examine the surface features of the specimen, Moreover, a
'specimen can be viewed at different angles. The resolving power of a SEM is lower than
that of a TEM since a resolution of only about 3.0 nm can be attained by SEM.

In a SEM, a low energy beam of electrons (primary electrons) strikes the surface of a
specimen. This causes the emission of the secendary electrons from the specimen which are
gathered by a photomultiplier mbe 1o form an image which is built up line by line as in the
case of television. The image formed by SEM has a three-dimensional appearance. Unlike
in a TEM, the electrons in a SEM do not pass through the specimen.

2.3.3 Freeze Fracture Electron Microscopy

Freeze fracture electron mlcmwnpy is a technique to reveal the surface features of
hydrophebic interior of cell membranes. In this technigue, the cellsftissues are first frozen in
liquid freon at = 130°C. The frozen block is cut with a cold knife blade alongwith the planes
of weakness, ran through each cell. Genetally, these planes occur between the two layers of
lipid molecules of the membrane, The plane of fracture at these places exposes the interior
of a plasma membrane (Fig. 2.7).

The newly exposed faces of a plasma membrane, the exoplasmic fracture face (EF) and the
protoplasmic fracture face (PF) are covered with a very thin layer of platinum by dissolving
away the organic material. The freshly fractured membrane may be covered with platinum
and carbon to obtain replicas I{m copies) of the surface and this is observed under a TEM.

This tet:hril.qua demonstrates that intercellular junctions (where cells make contact with each
other) are composed of specialised membrane proteins.

SAQ2
Which microscope (LM, TEM or SEM) will you use in the following cases. Give your
answers in the space provided.

If you want to:

a) observe details of the surface of an insect’s compound eye.

b) examine the patterns of capillaries in a section of skin.

c) examine a kidney cell to look at its cell membrane.

d) identify the type of flagellum of a flagellate organism.
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Fig. 2.7 : Tissue is fractured by using a microfome knife. When the plane of fracture intersects the cell
mmt.hﬂﬂthﬂwhphﬂhﬁlmm‘ﬁwﬁllnp‘rldlﬂmhﬂ' :
membranes: E{M}h!uﬂﬂtwﬂmﬂnﬂiﬂhmmmm"i of the fracture faces that are
produced reveal the location of proteins.

24 RADIOISOTOPES; AUTORADIOGRAPHY AND
ANTIBODIES

Radioisotopes are those forms of an element which exhibit radioactivity and so can be used

as markers or tracers. For this purpose, we first introduce the radioisotope in a molecule in
the cell and then detect the radioactivity with the help of certain device. For example, if we
replace a suitable hydrogen atom of thymiding by *H, we may trace the course of thymidine
in the cell, Since thymidine is a component of DNA but not of RNA, we can be sure that we
are following only DNA metabolism. Similarly, to know the course of protein synthesis we
may use radicactively labelled amino acids. Many of the commonly used radicactive |
isotopes are listed in table (Table 2.4). !

Table 2.4
Some Radioisotopes Freguently Used as Tracers

Isotope Used as a Tracer of

H Virtually any esganic compound
¢ Virally any organic compound
A Salt metabolism, cxchanges scross membranes
up Mucleic acld metabolisem, phospholipid metsbolism
»5 Protein metabolism
b = | Salt metsbolism
iy Salt metabolism, bone deposition
e Heme synthesis

Radioisotopes are used to (a) measure the rates of metabolic tumover of a material within a
cell or tissoe, (b) locate the site of synthesis of molecules, {c) measure the rate of exchange
of materials across cellular membranes, (d) locate a molecule in a cell. Radioisotopes are
widely applied to study also the precursor-product relationship. Many times when a
ndhwﬁvﬂyhhlhdmwﬂﬂisimmuymm molecule is
dmhﬂymwmmhm[pmdmﬁfmnmﬂe,whnnﬂmﬁwmil

" introduced in blood, radicactivity can be detected in liver ferritin and haemoglobin of red

blupd cells. Similarly, radioactivity of P — labelled phosphate can be detected in many
phospholipids.



There are two methods to assay the incorporated radioisotope.

i) The radioactive molecule is introduced in the cell either in-vivo or fn-vitre. The cell
incorporates and metabolises the radioactive molecule and after a certain time interval
radioactivity can be detected and measured with the help of the special instrument
routinely known as counters. The selection of instruments is based on the type and
-energy emitted by the radioactive substance. The most commonly used deteciors are
Geiger Muller counters commonly known as GM counters, solid scintillation,
counters and liquid scintillation counters. GM counters are generally used for
isolopes emitting beta radiations of intermediate or high energy waves. These are
generally used in tracer experiment involving **Na and *P. Liguid scintillation counters
are used for isoSpes emitting low energy beta radiations. These counters are used for
tracing *H and "“C. Solid scintillation counters are most commonly used for isotopes
emitting gamma rays, for example 1.

i} Autoradiography is a modification of the radioactive tracer technigue. In this technigue,
the-radicactivity is detected by a thin film of photographic emulsion containing silver
compounds which is put over a labelled cell or tissue. The rays emitted by radioisotope
from the cell or tissue expose the photographic emulsion like a photographic film which
is developed in a dark room. Silver grains are seen as black dots on parts of the
specimen where radicisotope is accumulated,

Autoradiography reveals the metabolic processes of the cell. For example, by labelling cells
with *H thymidine, it is found that silver grains are localised in nucleus, which shows that
DNA is synthesised in the nucleus (Fig. 2.8). Similarly, by labelling cells with °H uridine,
silver grains are first seen in nucleus and then after some time these grains appear in the
cytoplasm. This clearly demonstrates that RNA, is initially synthesised in the nucleus but
later on migrates to the cytoplasm. .

S

WP

slide or carbon- 5
coated EM grid) Specimen

(Hy-Labelled cells)
(i)
Silver - N
filament :
: . —Specimen
PR e -support
(i) STy
{a) i &

Fig. 2.5 a) The technigue of autoradiography.

Cells containing a suitable radioactive isotope after a time interval are attached to a support (glass slide in
case of light microscopic autoradography). The photographic emulsion (containing silver salts such as
silver bromide) forms a layer over the cells. The regions of cells containing labelled molecules emit
radioactive particles which sensitize the salts of the emlsion. The photographic emulshon is developed. The
T‘:::;,Hd salls are dissolved and washed away. The silver grains show the location of labelled mobecules in
i

b} An actual autoradiograph. The most commonly used tracers are "“C and *H, a5 both are commen
constituents of organic molecules and do not invelve high risk in handling by the sclentists since they emit
very weak beta particles.

Different radioisotopes are used for localising different mactomolecules. As stated earlier,
cells are labelled with *H thymidine for the study of DNA mesabolism, *H uridine to study
RNA metabolism, tritic ‘ed amino acids for examining the synthesis of proteins, tritiated
monosaccharides such as *H-mannose and *H-fucose for examining the synthesis of
polysaccharides, )
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Antibodies

Antibodies are important tools for detecting and localising specific molecules in the cells
due to their high specificity. The first requirement for this is to produce antibadies against a
specific molecule. Suppose you want to produce antibodies against tbulin. the purified
tubulin is first obtained from a given tissue. It is then injecied into an animal such as rabbit
which i response to whulin produces antibodies. Blood sample is collected from the animal
and antibodies are isolated. These antibodies are used to localise the specific molecule in the
cell because they bind only to an antigen. which is a wbulin in this case. Localisation can be
done by two methods: direct and indirect,

In the direct method, antibodies are first labelled with a fluorescent dye-like rhodamine for
light microscopy, or with a high molecular weight, electron dense compound like ferritin for
transmission electron microscopy. Fluoreseent labelled antibodies are allowed to react with
cells so as 1o form specific antigen-antibody complex, The complex is then examined under
a microscope (flucrescent microscope or TEM). The specific molecules will emit light or
become electron.dense due to their binding with labelled antibodies (Fig. 2.9). This method
is used to localise foreign bodics such as viruses, bacterial antigens, ete.

Unlabeled untibody
() apainst whulin {rabhit)

Flutrescent-labelled

anti-aptibody (goat)

{a) (bi

Fig. 2.9 : a) Direct fluorescent labelled antibody technigue,

Tubulin antibedies attach only to microtubules, since they contain tubulin, The Incation of microtuboles in
the cell becomes evident, due to the Muorescence label of the antibody

b} Indirect Nuorescent labefled antibody technigue.

Two types of antibodies are used in this tcchnique. The first one is produced in rabbit, against whubn. 1 s
not labelled with Mluorescent material. The second antibody 15 produced fn goot against the first type of
antibady. The goat antibodies against rahbit antibadies are labelled with a Muarescent dye. The rabhbil
antibodies are sandwiched hetween antigen (lubuling and lahelled antibodies (goat antibody).

Fluorescent-labelled
antibody against tubulin

In the indirect method, two types of antibodies are used. The first antibody against tubulin is
produced in the same way as described above. Howevér, this antibody is not labelled. The
second antibody is produced in another animal (it may be a goat), against the first antibody
(rabbit antibodies), The second antibady binds only to the rabbit antibodies, The second
antibedy is labellea either with fluorescent dye or with ferritin. On reaction, the tubulin
antibody (produced in rabbit) combines with the tubulin on the one hand and with the
antirabbit antibody (produced in goat) on the other,

The advantage of the indirect method over the direct technigue is that only one type of
antibody containing a fluorescent label need be prepared. This one preparation can be used
to light up any cell component that has heen reacted with its homologous antibody.

SAQ 3
What is the advantage of indirect fluorescent labelled antibody technigque over that of direct
method? Give your answer in the space provided.
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25 TISSUE CULTURE AND CINEMICROGRAPHY

Tissue culiure and cinemicrography are two important technigues which have helped greatly
in the advancement of cell and molecular biblogy. Tissue culture helps in maintenance of
‘cells alive outside the living organisms (plants and animals). Cinemicrography helps in
following the events, specially slow events like cell division or cell locomotion. You will
study about these two techniques in detail in the following sub-sections.

2.5.1 Tissue Culture

It is an important technique for maintaining 4 part or piece of animal or plant tissue alive
after their remaoval from the organism. To maintain the living cell outside an organism, the
tissue pieces or cells are kept usually in culture dishes. 1ths necessary to provide an )
environment in which cells can live and multiply over a period of time. Therafore, different
media containing mixture of salts, amino acids, vitamins, growth factors etc. are used for
this purpose. There are some special types of culture media’such as Balanced Salt Solution
(BSS). and Essential Minimal Medium (EMM).

Cultures prepared directly from the tissue of an organism are called primary cultures. For
obtaining the primary cultures, the organ is removed in a sterile atmosphere 50 as'to make it
free from bacteria and other foreign bodies. Then it is cut into small pieces and treated with
trypsin. Trypsin has the property of dissociating cell aggregates into a suspension of single
cells, without affecting their viability. Cultures prepared from cells which were removed
from primary cultures form secondary cultures. Such cells show the properties of the
parent body from which they were obtained: far example, fibroblasts secrete collagen; cells
derived from embryonic skeletal muscle form muscle fibres. These phenomena which
otherwise cannot be studied in intact tissues are easily studied by this technigue.

Some cells show prolonged growth and divide indefinitely in vitro. These cells are called
“variant cells’. Such cells grow or pmpagai.c in a linear order indefinitely to form a cell line.
Some commonly used cell lines are BHK 21 and Human HeLa cells which are derived from
fibroblast of a hamster and epithelial cells of man respectively.

Many of these cell lines were derived from wmor like growth. All these cells are capzsble of
dividing indefinitely in tissue culture and they express at least some of the properties which
are different from the cell of origin. BHK 21 cells, and HeLa cells. are capable of growing in
suspension whereas other cell lines require a solid culture substratum for their growth.

Unlike variant cells, cancer cells divide indefinitely in vive (within the living organism) as
well as in vitrp (in the experimental conditions). They grow rapidly compared to normal
cells in a tissue culture dish,

Tissue culture is an important technique which is used to study the fundamental problems in
cell biology. One of the major advancements in tissue culwre is cloning. A clone isa
populdtion of cells derived from a single parent cell.

BAQ 4
What is the advantage of tissue culture technique? Write your answer in 2-3 lines.

2.5.2 Cinemicrography

Eacrlier it was impassible 1o follow the events within the cell duc to:
i) -non-visibility of cell organelles under a light microscope,

ii) maintenance of cells outside the body, and

iii} slow nature of events, like céll division or cell locomaotion. Tt was not possible earlier to
follow the events within the living cells. The first difficulty was overcome by the
development of phase contrast microscopy and second was removed by the tissue

culture technigue. The third problem was solved with the onset of cinemicrography.
E ; UGZY-BY-05/35



Introduction to Cell Biokgy In cinemicrography the events in or about cells are continuously filmed by a camera
attached to the eye piece of a microscope. The speed of eXposure per unit time can be varied
according to requirement. By an appropriate combination of the speed of exposure and the
speed of viewing the film it is possible to see events that took 1 hour in just 1 min or 5 sec,
This is very useful in making the observation on mitosis, cytokinesis, cell movement etc. On
the contrary, in other cases, fast events can be slowed down for viewing, for example, the
miovement of cilia or flagella.

2.6 SUMMARY

To sum up, this unit dealt with the following:

= Observation of cellular structures is difficult because of their small size and lack of
contrast in their components. These difficulties are overcome by the use of various tools
and techniques such as light microscope and electron microscope. Cytochemistry deals
with the identification and localisation of chemical components of the cell,

*  Fluorescence microscopy is the technique by which components are recognised by the
fluorescence they emit in the visible spectrum. Phase contrast microscopy is used for
the study of living cells which are otherwise transparent to light.

*  Electron microscopy (EM) is the best method for studying biological ultrastructure, The
two types of EM are, ransmission electron microscope (TEM) and scanning electron
microscope (SEM).

*  Freeze fracturing is a technique used to study the structure of membranes
(plasmalemma, nuclear membrane etc.).

*  Radicisotopes are used as tracers, to follow the course of a molecule or its metabolic
pathways. In autoradiography substances labelled with radicisotopes are used. Like
radicisotopes, antibodies are also used for localisation of macromolecules,

»  Tissue culture is an important technique used to study live cells outside the parent body
under suitable conditions.

v Likewise cinemicrography is another technique used to observe the flow of events
within the living eells.

2.7 TERMINAL QUESTIONS

I} How can the resolving power of a micrescope be increased? Give your answer in about
30 words. / . "
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4) What is the difference between primary and secondary cell culiure? How Cells are Studied 7
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78 ANSWERS

Self-assessment Questions
1) In the two reactions (Felugen and PAS), the first step is the exposure of free aldehyde
_ groups of sugars (DNA, polysaccharides). This step is differently achieved in the two
reactions. However the second reaction, that is, reaction of the free aldehyde group with
Schiff's reagent to produce purple colour is common,

2) (a)SEM (b)LM (c) TEM (d) TEM

3) Inindirect fluorescent labelled antibody technique. only oné type of labelled antibody is
required to detect and localise any antigen.

4} Tissue culture technique helps to observe cell/tissue of an organism in a suitable outside
environment.

Terminal Questions

1) Resolving power of a microscope can be increased by using light of shomer
wavelengths or increasing the numerical aperture of the objective lens (see Equation
21 ’

2) Freeze fracturing enables a study of the interior of cell membranes and membrane
function.

3) Radioactive tracers are used to:
a) locate the site of synthesis of various molecules,
b) measure the rate of metabolic turnover of a material within the cell.

4) Primary cultures are obtained directly from an organism and secondary cultures are
obtained from primary culture.
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3.1 INTRODUCTION

In the preceding units, you have learnt about the evolution of cell and the characteristic
features of procaryotic and eucaryotic cells. Besides, you have familiarsed yoursell with
various tools and techniques to study the organisation of the cell. A cell consists of various
cytoplasmic organelles. The present unit deals with the structure-and functions of the
organelles of eucaryotic cell, i.e. endoplasmic reticulum, Golgi apparatus, nucleus,
mitochondria, chloropiast ete. Detailed functions of some of double membraned cell
organelies like nucleus, ribosomes and mitochondria will be discussed later in the course.

In this unit, we shall study the structure and functions of endoplasmic reticulum, lysosomes
and peroxisomes. The processes of endocytosis and exocytosis tend to delete or add o
membrane components, but the surface area of the membrane remains constant through
recycling of membrane components. Plastids are the important components of plant cells
which contain respiratory and coloured pigments. They also act as store house of
macromolecules. Cytoskeletal system of the cell constinues microfilaments and
microtubules congemed with the movement in and around the cell and keeps the cell in
shape.

You have stedied the basic structure of the cell in Units 1 and 2. You also know the basic
differences between animal and plant cell.

Objectives
After studying this unit, you will be able to:

* identify the various organelies of a eucaryotic cell in the light micrographs and electron
micrographs and state their functions,

*  desciibe the structure and function of cilia, flagella, smooth and rough endoplasmic
reticulumn, Golgi apparatus, mitochondria, chloroplast and nueleus, and

= explain recycling of membrane components in a cell with suitable examples.

3.2 ENDOPLASMIC RETICULUM (ER)

Eucaryotic cells have two major compartments— nucleus and cytoplasm. Cytoplasm was
known to have no structure until the discovery of electron microscope. That cytoplasm is
permeated by a membranous network called endoplasmic reticulum (ER), was revealed
only after the introduction of electron microscope. Endoplasmic reticulum is a three
dimensional network of membrane channels which constitutes morte than half of the total
membrane of the cell. ER is a highly folded and convoluted structure and forms a single
continuous sheet enclosing one continuous sac. The interior of the sac is called “cisternal
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space” or “ER lumen”. This is separated from the cytoplasm also called eytosol by a single
membrane which mediates the communication between these two compartments. ER
provides the cell with a compariment for storage of substances to be kept separate from
cytosol. In addition, it has a key role in the biosynthesis of macromolecules,

ER is a double membranous organelle which consists of interconnecting flattened sacs

called cisternae or interconnected tubules or vesicles, Cisternae are temporary storage sites
for nutrients (Fig. 3.1 a).

Plasma
membrans

Cistarnae Muclear
envelope

Lameliar ER

Vesicular ER
Tubular ER

(G

Intercisternal
{lumenal) phasa -

Ribosomes (attached to
hyaloplasmic surface)

Intracisternal

phase

Rough endoplasmic Smooth endoplasmic
reticulum reticulum

[,

Figg. 3.1 = a) Three physical forms of ER, lamellar, vesicular and tubuolar. The lamellar type of ER is in the
form of flattened membramne sacks, the vesicular

type of ER i in the form of vesicles, and tubular tvpe of ER is in the form of tubales.
h} Endoplasmic reficulum shows the continuity of ER types that exisis between adjacent membranes and
cisternae of both rough and smoath ER. Rough ER membranes are characieristically sheet like, whereas

smooth ER membranes are characteristically tubular,

Rough and Smooth Endoplasmic Reticulum (RER and SER) ¢ ER is differentiated into
two regions, granular or rough endoplasmic reticulum (RER) and agranular or smooth
endoplasmic reticulum (SER). These two regions alse differ considerably in shape: rough
ER is organised in stacks of flattened sacs called cisternae and smooth ER consists of a
mesh work of fine tubules (Fig. 3.1 b). In RER, the outer surface in the cytoplasmic site of
the membrane is studded with small particles called ribosomes whereas in SER, the
ribosomes are absent, Ribosomes are the sites of protein synthesis. Thus, it is evident that
RER is more abundant in cells which are actively engaged in synthesis and export of
proteins, for example, pancreatic acinar cells and plasma cells. SER is found in those cells
which are specialised in lipid metabolism and which secrete steroids such as the cells of .

adrenal cortex, the testes and ovary. Smooth ER is also present in liver cells where it helps

in detoxification of drugs and poisons.



ER {both RER and SER) performs many mechanical functions of the cell by providing Funetional Ultrastructure
mechanical support. L ge surface area of ER helps in the exchange of materials across the of the Cell
memb ane by diffusion and active transport. ER. may act 35 a kind of circulatory system for

the distribution of various substances in the cell.

SAQ]

‘Which processes do vou expect to occur in following cells? Write your answer in the
space provided.

i) Acell in which there is an extensive network of RER.

3.3 GOLGI APPARATUS

Camillo Golgi in' 1398 discovered a reticular structure in the cytoplasm of perve cells with
the help of metal impregnation technigiie using silver nitrate for which he received the
Nobel Prize. This structure was named as Golgi apparatus or Golgi complex after him. Golgi
complex is located near the cell nucleus.

Golgi complex is structurally similar in both plant and animal cells, but in plant cells it is
maore evident and is called as dictyosomes which are stack-like or plate-like bodies. Animal
cells contain comparatively inuch smaller number of Golgi apparatus than plant cells.

The Golgi complex consists of (a) stack of flattened sacs or cisternae (b) small rounded
transport vesicles (c) larger vacuoles filled with amorphous or granular material.

The cistemae, which are flattened sac like veésicles of Golgi complex, are arranged in
parallel series and are separated by a space of 20-30 nm. Cisternae are gently curved so that
the Golgi bodies give a bow like appearance (Fig. 3.2). The convex side facing the
endoplasmic reticulum is “forming’ or *proximal’ face, whereas the concave side oriented
towards cell surface is the ‘releasing’ or ‘distal’ face of the complex.

Discharged

vesicle

@ @ : Vesicles fusing
with cis lace

Fig. 3.2 : Golgi apparatus based on the study of electron micrograph, The cisternae exhibit o structure
having two faces Le. forming face (convex) and releasing face (concave). The forming face is penerally
curved and closer to the endoplasmic reticulum and the muclear membrane. The releasing face is concave
shaped and encloses a region containing large secretory vesiches,
UGZY-BY-05/41
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Small vesicles called tran~ition vesicles are frequently seen lying between rough
endoplasmic reticulum and the forming face. 1t is thought that these vesicles are formed
from the ER and migrate to Golgi, where they form new cisternae. which get fused with
existing cisternal membrinle. and thus the growth of the organelle aecurs. New cisternae are
formed at the forming face k» compensate for the loss of secretory vesicles of the releasing
face. The transformation of membrane from one type to another is a step which leads to the
formation of a vesicle. The chemjcal composition of Golgi complex is intermediary between
ER and the plasma membrane.

Golgi apparatus Is compesed of at least three types of sacks which contain different types of
enzymes. The most characieristic enzymes are trunsferases. for example, glycosyl
transferase. Besides this, acid phosphatases and ather lysosomal and oxidative enzymes are
also present.

Golgi apparatus performs many functions in the cell such as processing of the molecules

secreted by the ER, and packaging of thé molecules according 1o their final destination as

shown below:
Endoplasmic reficulum

'L’-l'ﬂgi:nnqﬂu

Secretory granules

W
Plasma membrane
k.
Cell exterior

In plant cells. Golgi apparatus helps in the formation of cell plate and cell wall,

+8AQ 2
Golgi complex is involved in the transport and processing of many substances that are
produced in ER and are discharped outside the cell. How 7 Write your answer in the space
givre below.

Recycling of Plasma Membrane Components

During exocytosis secretory vesicles fuse with plasma membrane, adding to the membrane
surface area. Yet, the surface area of plasma membrane remains constant. This is due 10
recycling of the membrane components. This recycling is carried out by subsequent return
of the internalised membrane components and by removal of excess membrane through
internalisation. For example, plasma membrane of thyroid cells can'bind with ferritin,
endocytosis s induced by addition of thyrotropin to the cells. Immediately after endocytosis.
ferritin appears in lysosomies, and within 30 minutes ir can be detected in cisternae of Geigi
complex (Fig. 3.3).

Likewise, endocytosis results in the imernalisation of plasma membrane, Golgi complete
may reprocess and reuse the membrane components after endocytokis, and use them
secretion, lysosome formatidn or resforation of plasma membrane itself, That is how the
Golgi apparatus functions in recycling of thé membrane components,

S5A03

Acell is very active in secrefory activities, Which organcell do you expect to take this activity
of the cell and why? Give one reason in the space provided.
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3.4 LYSOSOMES AND PEROXISOMES

Lysosomes were first discovered by Christian de Duve. Unlike other srganelles which were
detected by microscope, these were first discovered biochemiclly. Later, electron
microscope and biochemical methods shed me re Light on their «ature and their participation
in cell activities.

T‘hes:. particles were called lysosomes (lysis = d ssolution, .oma = body) due to their
hydrolytic activity. A lysosome is a single membranc bound vesicle that either buds off from -
the releasing face of Gelgi apparatus or arises directly from ER. The lysosomes are rich in
hydrolases, specially acid phosphatase, of about 50 different rypes which digest all the
significant groups of macro molecules. These enzymes are active at pH 5 within the
organelle. The enzymes, which escape from lysosomes, become slow in their action because
the pH of cytoplasm is 7.0, This large pH difference is a device to protect the cell from
digestion. .

Polymorphism in Lysosomes

Polymorphism, i.e. existence of a structure in more than one form, is an important feature of
Iysosomes. Several different forms of lysosomes have been identified within the cell as

primary lysosomes, =~ -+ndary lysosomes, residual bodies and antophagic vacuoles {(Fig.
3.4).

Wm_@ ENDOCYTOSIS

Phagosoma @
Sc.andary
Iysoss Absrption of

s
[ '

EXOCYTOSRIS

mﬁ_‘_

Digestive vacuoie

Aesidusl body
A

Kiultivasicular
Body

Fig. 3.4 : Figure showing the polymorphism of lysosomes. Primary lysosmes containing digestive eneymes
fuse witly the phagasome te form secondary lysasome. Dlgestion products are rebeased Ty expeytasis.
Primary lysosame may fuse with some organelies like mitochundria to form antophagic vacuele. Incomplele
digestion of foreign substanees form residual hodies.

Primary lysosomes: These are newly formed organelles. They are believed to be derived
from the maturing face of Golg complex whose digestive enzymes have not yel taken parl
in hydrolysis.

Secondary lysosomies are formed Trom fusion of primary lysosomes with the vesicles
containing variety of substrates Known as *phagosome’. After fusion, their membrane
undergoes a change and enzymes are activated so that the substrate is digested. Afer
activation they may continue hydrolysis repsatedly. The secondary lysosomes which fuse
with vesicles containing extraceflular substrare brought into the cell by endocylosis are
known as heterophagic lysosomes or heterophagosome whereas lysosomes fusing with
vesicles containing particles isolated from cell's own cytoplasm like mitochondria.
microbodies, and fragments of endoplasmic reticulum are kinown as antophagic vacuoles.
During pathological conditions or during cell growth, autodigestion of cellular organelles s
a normal event.

Residual bodies: Incomplete digestion of foreign substances leads to the formation of
residual bodies. Residual bodies are huge, irregular in shape and are electron dense. In some



cells they remain for a 18ng time and play a role in the aging process. In-some other cells, Functional Ultrastructure
the content of the residual bodies leave the cell by exocytosis. of the Cell

Lysosomes are responsible for the intracellular digestion of a variety of substances such as
food molecules, disease causing organisms, etc. This process is called heterophagy.
Lysosomes are also responsible for digestion of cell’s own cytoplasmic constituents, This
process is called autophagy. It is important that lysosomes do not rupture and release
their contents inside living cells as they would start digesting the cell and cell will die.

SAQ4
Which form of lysosomes are found in abundance during pathological conditions and why?

Giive your answer in about 30 words.

Endocyiosis and Exocytosis
Endocytosis is the process by which substances are brought into the cell from outside by
formation of membrane bound vesicles. These extra cellular substances are enclosed in a
_ small portion of plasma membrane which invaginates and pinches off to form an

iniracellular vesicle. The intake of fluids by formation of vesicles is called as pinocytosis
{pinein = drink). Pinocytosis is induced by the presence of appropriate concentrations of
inducer molecules which can be proteins, amino acids or certain fons in the medium
surrounding the cell (Fig. 3.5a). The ingestion of large particles by formation of larger
vesicles is known as phagocytosis (phagein = to eat) (Fig. 3.5 b). The process of
phagocytosis is associated with heterophagic activity of the lysosomes such as the
destruction of wom blood cells in the liver, spleen and bone marrow. Exocytosis is the
reverse sequence where the membranous intracellular vesicle fuses with plasma membrane
and releases its content to the extracellular surroundings. The best understood form of
exocytosis is secretion by the cell. As you have studied earlier, Golgi apparatus plays an
important role in the formation of cytoplasmic intracellular vesicles, The membrane of these
vesicles is incorporated into plasma membrane and the vesicle’s contents are discharged to
the exterior.

Inducer, :

:‘nﬂlic:ula;‘ Plasma mambrane
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= with food vacuole
(Y

Fig. 3.5 : a) Stnges of pinocytosis. 1-2 binding of inducer molecules to plasma membrane, 3-5 Invagination
of the membrane, 6-8 detachment from plasma membrane and fragmentation into smatler vesicles.
b) Different stages of phagocytosis, In the presence of food e.g. ciliates shown in fig (i) the cell forms
pseadopodia (1i) which entrap the prey in vacuole (iii) the fusion of primary lysasomes with thesg vacooles
is followed by digestion of prey (ivk 3
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Energy transducing: There are
different sources of encrgy like
radiant enerpy. chemical compounds
eic, Whatever be the sowrce, il must
be converted into 3 useful form. ie.
adenosine iriphosphate (AT This
transformation is called as energy
transformation. ’

Energy currency {ATP) : The free’
enetpy derived from the osidation of
Tolsrulfs and from light s
wransformed mio o special form
before it is used For movement.
active transpan and hiosymthesis
eic. This special carrier of free
energy is ATP,
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Microbodies: Peroxisomes and glyoxysomes are microbodies farmed from ER which
superficially resemble the lysosomes. Peroxisomes are spherical bodies limited by a single
membrane, The centre of peroxisomes is accupied by a fine granular core called ‘nuclecid”,

Peroxisomes contain.oxidising enzymes which are synthesised by ribosomes. These

.enzymes are uric acid oxidase, D-amino acid oxidase, hydroxy] acid oxidase which produce

hydragen peroxide on oxidation, while peroxisomal caialamf."[h& enzyme found in
lysosomes, destroys hydrogen peroxide, Since hydrogen peroxide is toxic 1o the cell,
catalase plays a protective role by breaking down hydrogen peroxide. Hence, peroxisomes
play an important role.in detoxification, In green plants, PETOXISOMEs CArFy OUl 3 Process
called photorespiration,

Glyoxysomes are a form of peroxisome which contain enzymes like isocitrate lyase. and
malate synthetase which are specific to gloxylate cycle. They also have several Krebs cycle
enzymes about which you will study later. Glyoxysomes aré the essential components of
plant cell.

3.5 MITOCHONDRIA, CHLOROPLAST AND NUCLEUS

Mitochondria, chloropiast and nucleus are important organelles of the cell. All these
organelles share a common characteristic, i.e., they are enclosed with double membrines.
Mitochondria ‘ure the main energy transducing organelles in animal cells. In plant cells this:
function is performed by chloroplasts. Both these organelles have structural similarities,

Nucleus is the “central and commanding™ organelle of the cell. It is an important
distinguishing feature of procaryatic and cucaryotic cell.

You will study abeut the structure and function of mitochendria, chloroplast and nucleus in
the following sub-sections.

3.5.1 Mitochondria

Mitochondria, earlier called bioblasts, are found in the cytoplasm of eucaryotic cells and are
characterised by specific morphological. biochemical and functional properties.
Mitochondria (mito—thread, chondrion— granules) are generally rod shaped elongated
structures. They are cammonly known.as the ™ power house™ of the cell, as they are the sites
of ATP (energy currency) production in the cell. Mitochondria are considered (o be capable
of movement, changing in both shape and position within the cell,

A mitochondrion consists of two membranes {outer and inner) and two compartmenits (outer
and inner’). The outer three layered membrané and is separated by a space of 6-8 nm from
the inner membrane. The inner mefnbrane has'a number of infoldings which are called
cristae or mitochondrial crests (Fig. 3.6). Cristag vary in number and shape, Generally
they lie parallel to one another, or are stacked on top.of each other forming incomplete
compartments as in liver cells, The number of cristae depends on metabolic activity of the
cell. Mitochondria themselves are often found concentrated in region of high metabolic
activity such cells of cardiac muscles, flight muscles of insect and bird etc.

The fluid filled space between the outer and inner membrane is called the intermemhrane
space, The space surrounded by inner membrane is called mitochondrial matrix. It is
dense and is made-up of proteinaceous material. The matrix is penerally homogeneous but
sometimes, may contain a fine filamentous material or small danse granules which are the
sites for binding of Mg** and Ca’* ions. Matrix is continuous within the mitochondria as the
cristae do not divide the inner chamber into separate sections. Matrix contains ribosomes,
RNA and one or more molecules of circular DMNA; an important characteristicof
mitochondria. It is because of the presence of DNA, RNA and ribosomes that mitochondria
are self replicating and can synthesise some of their own proteins and membrane material.

The enzymes involved in TCA cycle and fatty acid oxidation are found in the matrix,
Oxidution and reduction seactions are specifically associated with the inner membrane of.
mitochondria which brings about the conversion of ADP 1w ATP.



Chuter chamber
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Fig. 16 + Three-dimensional disgram of 3 mitochandrion (longitudinal section), The cristae are the folds of
the inner membrane. Cn their mutris side they have the F, particles. The inset shows an F, particle with the
esael pieve and stalk,

Cristac appeur 1o be covered with mushroom-like particles, called as F, particles,
elementary particles or oxysomes. These particles are small stalked sphere-like stfuctures
containing an enzyme, ATPase. tit is involved in oxidative phosphorylation. You will
study abou this in more derail in Block 3, F, panicles cannot be seen in the intact
mitochondria as they are an integral part of the inner membrane.

Since the inner membrane of the mitochondria is the site of ATP pi'odun:ticm in the cell,
greater the number of cristae, the larger the surface area for ATP production,

" The structure of mitochondria changes according to the physiological activity eccurring in
the organelle, If the external ADP content is low or the respiratory chain is inhibited, the
mitochondria are seen in orthodox state or inactive state. In this state. matrix occupies a
larger area of the mitochondria and cnnn'cquently the outer chamber becomes small.

5

However, if ADP is added 1o the medium, there is a sadden contraction of the inner
compariment. Fhis is called the condensed state, i.e. when mitochondria are actively
involved in phosphorylation and electron transport, In the condensed state, the cristae are
maore randomly distributed and the intermembrane space remains greatly enlarged.

3.5.2 Chloroplast

Plastids are the organelles found in plant cells only. Like mitochondria they are bounded by
two membranes. Plastids self replicate as they contain their own genetic material, i.e. DNA.
RNA and ribosomes. There are many, types of plastids such as chloroplasts, chromoplasts
and lencoplasts depending on the colour pigment they contain.

Chloroplasts, that are mainly found in the cells of leaves of green plants and the most
common ones are biologically important plastids. Chloroplasts are limited by a smooth outer
membrane which regulates the transport of materials between the cytoplasm and the interior
of the organelle. The inner membrane runs parallel to the outer membrane and is provided
with-extensive foldings. The inner membrane gives rise 1o a series of internal parallel
membraneous sheets called lumellae, Lamellae-are suspended in a fluid-like matrix called
stioma. Stroma contains aboul 50% of soluble protein. ribosomes, DNA and the machinery
for protein synthesis (Fig. 3.7,

Mosit of the lamellac in the chloroplasts are organised 1o form sae like structures called
thylakoeids, They are Munened vesicles arranged ax a membranous network within the
stroma. Thylakoids may be stacked like a pile of coins forming the “grana’,

A tﬂ!ica] chloraplast has begween 40-60 grana and each granum may have 2-100 small,
Natened thylakoids. When thylakoids are unstacked they are called stroma. Fifty per cent UGZY-BY-05/47



Inirducion be Call Blcisgy +f the total chloroplast proteins and the various components involved in the main steps of

photosynthesis are present in thylakoids (Fig. 3.7).

Thylakoids
Stroma
Granum

Stroma

Membiranes
Inmer

Ouster

Granum

Lamellas

[ b)
Fig- 3.7 :al  Structure of chloroplast. The inner membrane of a chloroplast is fused to form stacks called
thylakeids within which photesynihesis takes place. Thylakoids are stacked on fap of each ather in columns
called prana.

b} Cross-sectinn of o chlornplast showing the arrangement of Eimellae and grawa.

The pigments. chlorophyll, carotenoids and plastiquinone are present in the thylakoid
mermbranes involved in photosynthesis, Chlorophyll is the green coloured pigment present
in chloroplasts. The function of chiorophyll is 1o trap the light energy required for the
‘ormation of two products: ATP and NADPH essential for the reactions involved in CO,-
assimilation. Chromoplasts are the plastids that synthesise and store the coloured pigments
like curotenocids, Caratenoids, which include carolene and xanthophyll, are responsible for
the yellow, orange or red colouration in plants. They also act as the precursor of vitamin A
in animal tissues, Leucoplasts are colourless plastids which act as storage organclles and are
classified on the basis of the material stored, e.g. amyloplasts store carbohydrne in the form
of starch.

Some Relationships between Mitochondria and Chloroplast

a)  Both, mitochondria and chloroplast originate and develop in the same way. They are
formed by fission of pre-existing organelles, as for example, proplastids develop to
form the mature chloroplast.

by Both are semiautonomous organelles as bath contain DNA, RNA and ribosomes, All
- whese components are required for protein synthesis, Mitochondrial DNA (mtDNA)
present in matrix is circular in.shape, DNA of chloroplast is much bigger than milNA,
Though ribosomes are also present, but the genetic information of the chloroplass
UGZY-BY-05/48 limire,



¢} The symbiont hypothesis suggests that there are many similarities between procaryotes Functional Ultrastructure
and mitochendria and chioroplasts, e.g. the presence of DNA and ribosomes. It was of the Cell
thought that mitochondria and chloroplasts may have been procaryotic intracellular
parasites which in course of time established symbiotic relationship with eucaryotic
cells.

3.5.3 Nucleus

Mucleus is the dominant organelle controlling all the activities of the evcaryotic cell. As you
have studied in Unit 1, the procaryotes have nuclear regions in the eytoplasm as opposed to
cucaryotes, that have a prominent well defined nueleus. Some cells have more than one
nucleus, as for exaniple, rat liver cells have 2-3 nuclei per cell. There are variations in the
size and shape of the nucleus. However, some cells lack nucleus at maturity such as RECs
and sieve tube cells (transport cells in vascular plants).

Mucleus was considered o have a single membrane till the use of electron microscope.
Under EM, nucleus is found to be composed of two membranes known as “nuclear
envelope”. The outer and inner membranes are separated by a narrow space called the
perinuclear space. The outer membrane remains in contact with endoplasmic reticulum and
the inner membrane surrounds the nuclear contents. At certain places, the nuclear envelope
is interrupted by the presence of small structures culled “pores”. The pores are enclosed by
circular structures called annuli. The pores and annuli together constitute the pore complex
{Fig. 3.8). Both the membranes of the envelope are in continuity around these pores, The
pores help in the exchange of material between nucleoplasm {nuclear fluid) and cytoplasm.
Without these pores RNA could not leave the nucleus. The nuclear envelope is a dynamic
structure. It is not just » physical barrier but regulates the passage of ions and small
molecules. During a cell division, the nuclear envelope disappears and reappears during
nuclear reorganisation.

Mucleoplasm contains a number of structures like nucleolus, chromatin and chromatin
network (chromosomes), The nucleolus is a spherical structure which is not separated from
the rest of the nucleoplasm by a membrane. It is produced from and s associated with a
specific nucleolar organising region (NOR) on a chromosome. In the nucleolus the rRNA is
synthesised and the ribosomal subunits, rRNA and proteins are partially assembled, The
nucleoli are larger and more numerous in cells that are actively involved in protein
synthesis.

During the resting stage of the cell, the chromosomes are uncoiled in a loose, indistinct
network called “chromatin®. Chromosome contains DNA, RNA and protein. The types of
protein present are histones and non-histones (see Unit 1). '
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SAQS
a) In the cells of at mtesnc a lot of energy is required for the transport of materials from the
lunch of the intestione into the cells. Which organelle do you think would be very much
concontrated in these cells and why? Write your answer in the space provided.

b) Muclear membrane is interropted by nuclear porcs at several places. What is their
Signiticance? Write your answer in the space given below.

3.6 CYTOSKELETAL SYSTEM

Eucaryotic cells have distinct shapes and i high degree of internal organisation. Moreover,
they are capable of changing their shape. of repositioning their internal organelles and in
many cases. of migrating from one place to another. These properties of shape. internal
organisation and movement depend on complex networks of protein filamenis in the
Cytoplasm that serve as the “hone and muscle” of the eucaryotic cell. which constitutes the
cylpskeletal system of the cell. Cyroskeleton maintains the cell shape and helps in the cell
MoVEments. : i

You will study abowt the structure and function off veniriole, cilia and flagella, microwbules
and microfilaments, the basic elemeénts of cytoskeleton in this section.

Centrioles and Basal Bodies: Centrioles are usually found near the cell nucleus and occur
in pairs, Mine sets of identical riplets of microtubules arranged in o radial manner is an
important characteristic of centrigle (Fig. 3.9). Basal bodies are structurally similar io
cenirioles but they produce cilia and flagella unlike centrioles. :

Cilia and Flagella

Cilia and Magela are the locomator organelles that helps o propel a cell owards or away
from the materials surrounding the cell. Cilia are generally shorter in size and are more in
number than flagella. Flagella usually occur alone or in small groups. The structure of
flagella and cilia dre similar, Each contains a circle of nine pairs of microtubules with two
single-microtubules in the centre called as axoneme. Proteins unite the microtubules with
axoneme and with each other (Fig. 3.9).

Microtubuie
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Fig. 39 : a) Dingram of centrivle: A centriole has nine sets of identical triplets, each triplet consists of 3
mibcrotubules, one complete (a) and twa incomplete (b, ¢) and the triplets are arranged parallel 1o one
another and In cruss-section appear (o be arranged like the vanes on a pinwheel. There is no membrane
surrounding the centriole. Strunds of materisl extend inwards from each *a’ tubule and join together at the
central hub, These strands, when seen in‘Cross-section, give the centritles the appearance of a *cartwheel”.
b Piagram of a cilbum or Magellum seen in cross-section. Cilia and Nagella contain the *9+1" arrangement
of microtubules. Mine double microtubules surround the central sheath of two singlet microtubules, One
microtubule of each doublet of a subfibreis composed of 13 protofilaments. The B subfibre Is Incomplete
consisting of 11 protefilaments. Radial spokes from each subfibre A extend (o the ceniral sheath, Adjscent
doublets are joined by interdoublet links extending from each A subfiber are two arms an “outer’ arm and
an *inner' arm which contain a protein dynein that can break down ATP,

Microtubules and Microfilaments

Tubales are the modt prominent structural filaments, They are long, hollow cylinders which
are polymers of protein tubulin, They help to maintain the cell shape and are important for
intracel lular movement, Microtubules form dynamic structures such as ssters and spindles
{related o cell division) and complex organelles such as centrioles, basal bodies, cilia and
flagelta, During cell division, the microtubules radiate out from the cell centre which is
microtubule organising centre and is located near the nucleus. These microtubules are the
agter and spindles which play an imponant part in equal distribution of the chromosomes to
the new cells,

Microfilaments are found in close proximity of microtubules and form a network close o
the cell membrane. They are, made-up of actin and are in continuity with the network of the
cytosol. They are the smallest of the cytoplasmic filamentous structure. They perform some
cytoskeletal and contractile function and help in cellular motion,

In addition to microtubules and microfilaments, a number of cells contain a cytoskeletal
component consisting of filaments of an intermediate size which help in anchormee and

Plasma membrane
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3.7 SUMMARY

In this unit you have studied that:

The cells have various dynamic cytoplasmic structures which®ave specific functions to
perform. These cytoplasmic organelles have single or double membranous structure.
Mitochondria, nueleus and plastids are double membranous while Golgi hcpdles ‘and
lysosomes have a single surrounding membrane,

The endeplasmic reticulum is double membranous cell organelle. There are two types
of ER: RER and SER. RER is well developed in cells which are actively engaged in
protein synthesis whereas SER is well developed in those cells which are actively
involved in lipid synthesis.

The Guolgi complex (dictyosome in plants) is located between ER and plasma
membrane, Each dictyosome has two faces having a proximal face near the nuclear
membrane and a distal face which yields secretory vesicles.

Lysosomes have a digestive function both in plant and animal cells. They contain
hydrolases which bring about digestion of the biological substances. Lysosomes exhibit
polymorphism which means occurrence of lysosomes in different forms: primary
lysosomes, secondary lysogomes, autophagic vacuoles and residual bodies.

Endocytosis is the process of taking in solid and liquid food by phagocytosis and
pinocytosis respectively. Exocytosis is the opposite process through which inside
content of cell is removed outside cell.

Mitochondria, the power house of the cell are cylindrical structures having outer.and
inner membranes, Inner membrane is folded into a number of cristae which expose F,
particles upon hydrolysis of membrane. Mitochondrial matrix contains DNA, ribosomes
and all the enzymes which take part in Tri Carboxylic Acid cycle (TCA),

Plastids are of various types: chloroplasis, amyloplasts, and leucoplasts. Chloroplasts
are most abundant and are present in all green plants. Chloroplasts contain a matrix
substance called stroma in which number of lamellae or thylakoids are suspended. The
stacked thylakoids constitute grana.

Mucleus is a double membranous structure. Outer membrane or envelope remains in
continuation with ER whereas inner membrane encloses nucleoplasm. In nucleoplasm,
the clwomatin network is embedded. The nucleus contains DNA, RNA and proteins
which are both acidic and basic.

Centriole, cilia, flagella, microtubules and microfilaments constitute the cytoskeletal
system. Centriole is present mostly in animal cells. The cross-section of centriole
reveals nine triplets of microtubules. Each triplet having 2 cofplete (A and B) and |
incomplete (C) rings. In the centre there is no microtubule, thus exhibiting 9+0 pattern.
Centrioles take part in cell division. Cilia and flagella have similar structure but they
differ in having centrioles with 9+2 pattern, 9 microtubules are in the form of doublets
{A and B) and the central 2 microtubules. The A and B rings have dynein arm. Cilia = -
more in number and smaller in size than flagella. Both help in locomotion,

3.8 TERMINAL QUESTIONS

1} How do peroxisomes play a role in detoxification? Write your answer in 3-4 lines.

. . o B RTTIIITITT NI e
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2) Why are mitochondria and chloroplasts considered as semiautonomous organelles?
Write vour answer in about 35-40 words,




3)  Write two important differences between structural organisation of centriole and cilia or
flagella.

3.9 ANSWERS

Self-assessment Questions
I} i) Protein synthesis
i) Lipid metabolism
2) This is due to location of Golgi complex between the ER and plasma membrane,
3) Golgi complex, as it plays an important role in secretion.

4) Autophagic vacuole, because during pathological conditions, autodigestion of cellular
organelles, mostly mitechondria takes place to generate energy.

5)  a) Mitochondria, because these generate energy (ATP) in the cell.
b} The pores help in the exchange of material between nucleoplasm and cytoplasm.

Terminal Questions

I} The enzyme catalase present in peroxisomes breaks down H,0,, a toxic substance into a
non-toxic substance and thereby plays an important role in detoxification. :

2} DNA, the hereditary material, and ribosomes, the machinery for protein synthesis are
present in mitochondria and chloroplasts, hence they are considered as semiautonomous
organellzs.

3) i} In centriole the microtubules have ‘9+0" organisation whereas in cilia/flagella, the

microtubules have "9+2' organisation.
ii) In centriole, 9 microtubules are in the form of triplets whereas in cilia/flagella, 9
microtubules are'in the form of doublets.
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UNIT 4 MOLECULES OF THE CELL

Structure

4.1 Introdiction
Ohbjectives

4.2 Types of Molecules Present in a Cell
Water

Basic Organic Molecubes
4.3 Isolation and Detection of Macromolecules
Muonitoring the Purification Procedure
Specific Activity
4.4 Methods of Separation
Separation Based on Molecular Size
Separation Based on Solubdlity
Separation Based on Chasge,
Separation Based on Molecular Affinity

4.5 Summary
4.6 Terminal Questions
4,7  Answers

4.1: INTRODUCTION

So far you have leamt about the structure of the cell and the various techniques by which the
cell structure is studied. You have also learmt about the function of various cellular
organelles, A proper understanding of cell is possible only when we correlate the structure
with chemical composition and functions of various cellular organelles. This unit will deal
with the simple molecules and methods of isolating large molecules whereas the next unit
will deal with the structure of large molecules, the macromolecules, present in a cell.

We begin with the description of various molécules present in a cell. Water is the most :
abundant of the cell molecules, The concept of its ionisation with reference 10 hydrogen 1on
concentration is discussed first. The structure of simple organic molecules like sugars.
amino acids, nucleotides and lipids have been discussed along with the common methads
used for their isolation and determination of concentration of macromalecules.

It is assumed that you are familiar with logarithms, capillary action. and radioactive
isotopes, before studying this unit.

Objectives

After studying this unit, you will be able to:

list different types of molecules and their munbers. present in a cell,
state the properties of water, define and calculate pH, )
describe briefly the structure of monomeric sugars, amino acids, nucleotides and fany

acids,

= state the methods used for determination of concentration of macromolecules present in
a cell, ] :

* calculate the specific activity/concentration of a macromolecule in a biological fluid.
and

#»  suggest methods for separating macromalecules on the basis of their size, charge.
solubility and malecular affinity.

4.2 TYPES OF MOLECULES PRESENT IN A CELL

Cells in different tissues of an organism vary in their structure and funciion. Consequently,
cells are of many types, such as muscle cells, blood cells. nerve cells in animals and

_ meristematic cells and vascular cells in plants. Yet all the cells show considerable

uniformify in their basic biochemical make-up. In other words, the chemical components of
various types of cells are very similar and it is only the arrangement of components that
causes a great difersity among cells. and conseguently among tissues and organisms. Cells



contain various simple as well as complex molecules. Table 4.1 gives molecular
composition of a cell. Let us now study some of these molecules briefly.

Table 4.1
Mudecular Composition of @ Cell

Por cent of tdal miass

Number of types of
Type of mokecules Bucteriul cell Mammaliun cell mobevubes in o bacterivm
Woaser (H Oy : T T I
Maovrmmolecules [protens) 15 4 J0u0
RMA 6 1.1 MK
DA ] 125 |
Sugars and precurson ki 20 2UHa
Lipids and precursors ¥ i A0
Amino ucids and precursers had — LI
Nucleotides and precursors Ld -—_ 200
Inerpunic ivns _ilil.t Ma
Mgt Cat PO 3 | I 20
Cither small molecules
like vitanmins) ; 02 3 Al
4.2.1 Water

Water is the must abundant of all the molecules in a living cell and is absolulely necessary
For life (Table 4.1) It is difficult o imagine the existence of any torm of ife in which water
cun be replaced by any other molecule. Unigueness of water lies in its (i) structure,

(11) capacity as an excellent sobvent, (iii) role as a medivm in which all biechemical
reuctlions GCour.

Chemical reactions in the body are very sensitive to changes in the pH as mogt chemical
reactions of life occur at neutral pH. Blood and most of the body fluids have pH values
about 7.4 except for the stomach contents which have o pH value about 2.0, pH of a solution
is measured in terms of its hydrogen ion {H*) concentration, which indicaes whether a
solution is acidie or basic,

The uniyue properties of water are due o it molecular structure. In water two hydrogen
atoms are covalently held to an oxygen atom and hence' dissociation of hydrogen would be
very difficult. Conseguently, pure water exhibits very fintle ionisation. (See Fig. 3.1 and 3.2
of Unit 3, Block 1 of Ecology Course.) : :

lonisation of Water

In pure water, for every 350 million undissocinted waler molecules one molecule dissociates
inte one hydrogen ion (H") and one Wydroxylion (OH").

H,O === H* + OH"

The eyuilibrium constant berween the dissociated and undissociated molecules may be
represented as follows:

H*] [OH7) '
HoT =K wn Bq. 4l

K“‘= equilibrium dissociation constant. ;
. i ' - 5
H.OH and H,O in brackets indicate molar cmuentrunu;:é_
The molar concentration of water in one liter of water is 1000/18=55.5, so that Equation 4.]
becomes

55.5 x K_=[H" ] [OH"]
or
Kw =1H"| JOH"| . Eq. 42

Molecules ol in.
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Ome mobe of a substance means.
6.023 3 10°* miolecules of that
substance; mole is thus o guantity
like a dozen 2ol one mobe of
hydrogen weighs 21 g and 1 male of
waler weighs 18 g.

~log = =log [H"] = log[OH"]
“log 16" =—log 107 - lag 10F
14 =7+7
=14,

UGZY-BY-05/56

where K'v is the ionié pioduct of water and is estimated as
=1.0x 10" at25°C.

Since the concentration of both H* and OH- is exactly equal. the concentration of each ion in
pure water will be ’

[H*] = [0OH] = 1 » 107 moles/litre

The pH scale is based on jonic product of water (Kw,

Taking logarithm of the quantities we get,

~log Kw= -log [H*] ~log [OH-] e Eq. 4.3

Since —tog Kw at 25°C is 14, the Equation 4.3 may be simplified as [H*] + [OH] =14,

pH

Acidity or basicity of a solution can be calculated in terms of its hydrogen ion concentration.
Concentration of hydrogen_ions in a solution is gencrally represented in terms of pH. pH*is
defined as the negative logarithm of hydrogen 1on concentration The concept of pH is very
useful in understanding the change in hydrogen ion concentration in and around the cellular
environment.

Let us see how we can calculate pH from hydrogen ion concentration. For example, a
hydrogen ion concentration of 107 moles/litre means

pH =~ log [H']

=—log [107]

7.0.

It is important to note that pH can vary only between 00 and 14, and 7.0 is the neutral pH.
Table 4.2 gives the pH scale along with the pH of some common substances. You will learn
about the importance of pH in all biachemical reactions in further units of this course.,

Table 4.2
The pH Scale
H* OH
Concentration pH Concentration Example
(M} (M)
1.0 ] o 1 M HCI
1 I 100 Gastric juice
1o rJ e Lemon juice
Acids 10 3 o Vinegar
/o 4 1o Tomate juice
o 5 o Black coffes
10 & ]U'.' Riin waler
Netural 1n? 7 107 Pure waler
i 3 10 Sea water
o 9 102 Baking sodn
o 10 1+ Alkaline deser: ponds
Bases o 11 L Liguid soap
o 12 L Household ammania
{ri Lime water)
10 13 1!
0o+ 14 1.0 I M MaOH
SAQ 1

Calculate the pH of an aqueous solution in which 0.5 em® (ml) of di lute hydrochloric acid
has been added to 1dm’® of pure water. Assume that this dilute hydrochloric acid has the
concemration of 2 mole/dm® and is completely fonised in solution.




4.2.2 Basic Organic Molecules
In a living system, a large number of organic molecules are present. Diversity of organic

molecules is due to the property of the carbon atom which in association with itself and with

other atoms forms an unlimited number of compounds with-different properties. Four major
classes of organic compounds found in biological systems are: carbohydrates, proteins,
nucleic acids and lipids. In this unit you will smd]rabmhthcmunumers Dfﬂ:uenmnpnunm
in detail’

Monomers of Carbohydrajes: Before you study at length about monomers of
carbohydrates, you would like to know what carbohydrates are. Carbohydrates form the
most abundant class of organic compounds, They are the compounds containing carbon,
hydrogen and oxygen. The hydrogen and oxygen in these compounds are generally present
in the ratio of two to one atom asin watef,

Carbohydrates can be divided into classes based on the size of the molecules,
Monosaccharides, the basic units of carbohydrates are simple sugars having the general
formula C H, O where n can vary from three to eight. Depending on the number of carbon

Molecules of the Call

Monomer: The basic subunit from-
which, by repetition polymers are
made, For example, amino acids arc
the monomers of proteins, glucose is
the monomer of glycogen.

C,H,, 0, means that any monosac-

atoms, they are called as trioses (C,), tetroses (C,), pentoses (C.), hexoses (C,) and so on. charide molecule contains equal
Disaccharides consist of two monosaccharide units joined together. Oligosaccharides :::vm;;‘bc::ufna:idc atoms and -

include the sugars with up to 10 monosaccharide units. Polysaccharides are also made of
monosaccharides joined together but may contain thousands of units.

HO'CH; JHOMCH;
H=C =0 H _J!.,_ Ol o HO'TH,
H—'C —0OH H—'C—OH | _H | |
| a H i .
OH—C—H | _—= OH—C—H O T @ \ dl-l H .
: N o |\%_J//\“*' N
H— ? — OH H—C—0H @ . S l oH
-u—'!I:—-—DH-‘ H—‘? |!t OH l% ll:l:m (l.'li H
H—C—OH H—C—OH Cllocose o i Eractase
1!| |t1 (Pyranose form)
Clucose Glucose
{open chain fonm) {15 — bridge form)
Itl—f:z H-—"C—0
1 i HO'TH, u
H—'C —OH H—C—OH I/O\c
H—T—0OH | —= H—C—0OH b=—/]—
|
H—C —OH H_—~'4.]','_| _L o [\&
H = e OH H—'"C—0OH
! I O @
H H
Ribose Ribase l_hm form) 2-Deaxyribose
open chain form) (1.4 = bridge farm}
-

Fig. 4.1 : Struciure of some monosaccharides. Monosaccharides in solutions exist in equilibrium as either
an open form or a ring form. The ring form is predominant and it explains many chemical properties
which are not explained by the open structure, Among hexose sugars ghucose and galactose are aldoses and
fructose is a ketose sugar, Pentoses are also aldoses. Fructose oceurs in a furanose (4 carbon atom ring)
form in sucrose but in pyranose form in free solutbon.

Glucose, fructose, galactose, ribose afd deoxyribose are examples of monosaccharides (Fig,

4.1}, Sucrose, lactose and maltose are examples of disaccharides. The table sugar or sucrose
is composed of glucose and fructose, whereas milk sugar or lactose is composed of glucose
and galaciose, It is interesting to note that the milk sugar lactose can be digested by the

Aldoses are the monosaccharides
which have aldehyde group in the 1
position — Glucose and galactose
are aldoses. Kesoses are

charides which have a ketose' group
in the 2 position. Fructose is a
ketose,

Pyranose is six membered ring
wherens furanose is a five mem-

~bewdring.  |JGZ Y-BY-05/57



Introduction ts Cell Bilogy

UGZY-BY-05/58

enzymes produced in the intestine of children but in several groups of adults this enzyme is
missing. The deficiency of enzyme causes intolerance of lactose and hence of milk. It is
found that the percentage of lactose intolerance is more in adult populations which have not
used milk and dairy produocts in childhood than those who have used them. Starch, cellulose
and glycogen (all composed of glucose) are examples of polysaccharides about which you
will study more in Unit 5

5AQ 2

Tick mark (true) the correct satement.

Glucose and galactose differ from each other in their
a) Chemical formula [ 1

b) Struciural formula il

¢) Both [ 1

d) None [ ]

Monomers of Proteins: Proteins are complex, diverse and high molecular weight polymers,
found in the cell. The monomeric units of proteins are amino acids.

Amino acids join each other in a specific manner to form an unbranched, linear polymer
kmwnas;ld}l‘pcptllﬂﬁ. Thuusa:ldsufproMmmatmpmsentm a body are made-up of only
20 different naturally occurring amino acids (Figure 4.2). Amino acids are fmportant not
only in the synthesis of proteins but also in general metabolism.

* Tn each amino acid, the alpha carbon atom is attached to a carboxyl group, an amino group

and a side chain. Preserice of both a positively and a negatively charged group in the same
molecule of an amind acid is known as a * zwitterion™ (German: Zwitter= hybrid, both). The
variation in the different amino acids is due to presence of side chain (R) attached to the
alpha carbon atom. On the basis of the side chains, i.¢., polar, non-polar, uncharged polar,
positively or negatively charged polar groups, amine acids are classified into four groups
(Fig. 4.2).

Monomers of Nuﬂm: Acids

The nucleic acids are large complex polymers like proteins. There are two types of nucleic
acids, ribonucleic acid (RMA) and deoxyribonu-"eic acid (DMNA) found within the cell. They
are made-up of four types of nucleotides. Each nucleatide is made of a sugar, & phosphate
and a fitrogenous base (Table 4.3). There are only 2 kinds of sugars in nucleotides: ribose
and 2-deoxyribose (Fig. 4.3). There are five types of nitrogenous bases: cytosine, thymine,
uracil, adenine and guaning. The nucleotides are joined together by a specific linkage

(3" = 5' phosphodiester linkage) to form a linear, unbranched chain of polynucleotides.
Table 4.3 gives the components and names of some nucleic acids.

Table 4.3
Nomenclature of nucleosides and noclentides
Base + Supar = Nucleaside
Nucleoside + th.phm = Mucleptide

Base g Nuclenside Nucleotide
Purines (Fu)
- Adenine (A) Adenosiee (rA) Adenylic acid or adenosine monophosphate
; [AMF)
Deoxyadenosims (dA) mmy'adtﬂyﬁc acid or m;'mlm
. (dAMF)
Guanine () Guanosine (ri3) Guamylic acid or guanosine monophosphate
(BGMP)
Deoxyguanosine (dG) Deoxypuanylic acid or denxyguancsine
monophosphate (dGMEF)
Pyrimidines (Py)
Cytosine (c) - Cytidine (rC) Cytidylic acid or cytidine monophosphate
e (CMP)
Decxycytidine (dC) Denxyeytidylic acid urdm;.::yddm
. monophosphate (dCMP)
Thymine (T} “Thymbdine (dT), Thymidylic acid or thymidine monophasphate
(TMP)
Uracil {11} Urlding (L) Uridylic acid or uridine monophosghate (UMF)

. mmmmqrpmum.rmmmHmwmm;qrpymmmmm;m n =idine.
¢ Each nucleotide has two nomes.
* °r srands for ribose and ‘" stands for dearyribaze.



H

H

E-—-%-—-coﬂu —_— @—t!: —C00"

) (-H."'

MH; NHi
() '
Uncharged Positively charged
Nonpolar R group polar R group polar R group (Basic)
Alanine Glyeine H Lysine g.__'
] % S——
EE‘H*-'{ —£00 EE‘-CUD HiN-~CH:CH:~CH:~CH, : coo
INH, "NH; 'NH,
Wali Serine ini
aline C{{J . Ir.I Arginine i
_EHIC=c00 HO—CH. {C~COO |[H;N=C-NH~-CH:~CH:~CH: -r.::-coo'
CH- "N H; “NH; “]E[HI ‘NHI
Leucine Threonine ' Histidine H
CH - .
W | . HC==C~-CH,+C—C00
CH-CH4C~C00 CH,~CH}(-Cco0 g i
s n d 1 HN* NH FNH;
CH: NH; H {NH, b o
- H
Isoleucine Cysteine
H H
!
CH,-CH:~CH4C-CO0 HS—CH4C-CO0" L
T i i  Negatively charged
; polar R group (Acidic)
Proline H. Aspartic acid
N | H
'}
id C-CH;--(IE[.‘—COO'
H | .
I o Mn
Phenylalanine Glutamic |

“C—CH:~CH. 4%
rd

2]

Tryptophan H

I
W?CH; (-C00
N"'{_H o NH,

“~C~CH:~CH;1

at pH 6.0—7.0

Methionine

!
[ Hi-S-CH,~CH.4C-COO

()

'Fig. 4.2 1) Structure of a typical amine acid. The central or alpha carbon atom-af esch amino acid is
vovalently bonded to four groups ie., hydrogen atom, an amino group, an ackd (or carboxyl) group and a

side ¢hain called an R group.

) Structure of twenty amino acids.

Monomers of Lipids

Lipids are heteropenous groups of compounds usually formed by a combination of a fatty
acid with glycerol. Fatty acids are the claracteristic components of lipids present in both
animal and vegetable fats such as ghee, coconut oil and mustard oil. Fatty acids are long
linear chain organic compounds containing 4-24 carbon atoms. Nearly all fatty acids in
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BASE-SUGAR
LINKAGE

The base in lnked to
tha same carbon (1)
used in sugar-sugar
bonds.

]
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Fig. 4.3 : Components of necleic acids. ;

) Bases. The parent compounids of the two classes of nitrogenous bases are the helerocyclic compounds,
pyrimidine and purine. Pyrimidine is a 6-membered ring with nitrogen atoms at 1 and 3 position and
puring is a fused ring sysiem of nine atoms with nitrogen atoms at 1,3,7 and 9 positions. Cytesine, thymine
and wracil are three pyrimidine bases. Adenine and goanine are two purine bases,

b} Sugars. Two types of pentose sugars are present in nocleic acids, D-ribose in ribosuclelc acid (RNA) and
2- deoxy - D-ribose in deoxyriboneceic acid (DNA). Both sugsrs occur in their furanose forms In
nucledtide. Note the position of H and OH at carbon atom 2 in ribose and deoxyribase sugars.

) Phosphates. Phosphate group is attached to the hydrexyl group of carbon atom 5 of pentose sugar in a
single nucieotide. Presence of this phosphate group makes a nucleotide negatively charged.

d) Nuocleoside. The pentose is joined to the base by ~N- glycosyl bond which is formed between carbon atom
1 of the pentose and nitrogen atom 1 of pyrimidine or nitrogen Stom 9 of purine.s

¢} Nucleotide. Esterification of phosphate proup with carbon atom 5 of the pentose in & nocigpside gives
rise to a nocleatide, the subunit of nucleic acids.



nature have an even number of carbon atoms, but those with 16 and 18 carbon atoms are
most abundant in oil. Fatty acids have a single carboxyl group and a long, non-polar
hydrocarbon chain. The presence of non-polar chain makes lipids insoluble in polar solvents
such as water, The long hydrocarbon chain imay be fully saturated with carbon-atoms Jjoined
by single covalent bonds or it may be unsaturated with double bonds between carbon atoms.
The classification of fatty acids is shown below,

Fatty ?‘.EH.'I
Satwruled Unsmurnted
(Animal futs ure rich in (Vegemble fats are rich
dturated acids) in unsaturated scids)
Modis-unsnturated Poly-unsaturated

(huving one double boad)  (having more than one doutsle bond)

Apart from mono and poly-unsuturated fatty acids, a third class of unsaturated fatty acids is
prostaglandins (PG). These were first discovered in seminal plasma and are physiologically
very important. Cyclisation of central earbon chain of poly-unsaturated fauty acids forms a
cyclopentane ring at one end of the molecule {Fig 4.4)

Fig. 4.4 : Pristalandin E, (PGE, ). Variations in the substituent groups attached to the rings give rise to
different types in each series of prostaglandins designated as AR, etc. For example, PGE, has a keto group
in position 9.

Table 4.4 gives the source, structural formulae and names of some r. aturally occurring fatty
acids,

Table 4.4
Some naturally sccarring fatty acids

Saturated fatty acids (C H,  COOH)
Mumber of carbon ] >
atams in chagn Formula Common npme Source
12 CH,-(CH,),,- COOH Lauric acid Cinnaman,
y coconut o
14 CH,<CH,) , - COOH Myristic acid Pulm kemel,
coconut oil
1] CH,-(CH,),, - COOH Palmitic acid Common in all
animal and plant fats
I8 CH,-[CH,),,. - CODH Stearic acid and maost abundant
in animal fats
Unsatwrated fatty acids
Mo. of carbon
utoms in chain Formula Common nume Source
1% CH,-(CH, ), - CH = CHICH,), - COOH  Oleic acid Found in nearly.
One double bond all fars
& CHHCH,), - CH = CH-CH,-CH= Linedeic ucid* Seed wils like
CH-(CH,}, - COOH peanat, soyabean
Two double bonds
I IL'.'H,-(.".I-J,—-CI'ImE'H-EH‘-CH-CH—C‘H,- Linolenic acid® Found frequently
CH=CH-(CH,),-COOH with linoleke acid but
Three dochle bomls particularly in linseed
ail i
20 CH,-{CHE}J-CHICH-CHECH Arachidonic acid® - Particularly in
=CH-CH -CH = CH-CH,-CH . peanut ol

= CHICH,}, -COOH
Four double bonds

* These are called cssential Fatty acids, bevaiuse they cunnot be produced in the body in aleguate smeunt and
lence they mus be provided in dies.

Molecubes of the Cell
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Which organic molecules would you expect to be releaseo the h i i
i pec ydrolysis of a protein and a

4.3 ISOLATION AND DETECTION OF
MACROMOLECULES

Propertics of any macromolecule can be siudied easily if it is in & pure form. For this we
need 1o extract the macromolecules From cells, This is a difficult process because
macramolecules oceur in 3 mixture with other cytoplasmic extraneous malter and are
susceptible to destruction and damage during exiraction procedure. Therefore. to keep the
macroimolecules itact. the extraction should be done carefully. Purification requires
constant monitaring. o ensure that aligr every purification step the concentration of desired
madromolecule increases an © thal ol earreous matier decreascs.

43.1 Monitoring the Purification Procedure
There are several methods [0 ensure recovery of macromolecules during purification.

UV Absorption ; Measurement of UV absorption with a spectrophotometer is useful in
monitaring the purification of nucleic acids or proteing, Nucleic acids have the maximum
- ahsorbance at 260 nm (wavelength) and the proteins at 280 nm. A higher absorbance al a
particular wavelength indicates a larger quantity of the specific macromolecule.

Catalytic activity is dv_:l'lr:d ars e Catalytic Activity: [t can be messured 1o monitor-the purification of eneymes, For example.
comversion of 1 micr mabe - e L Fh . . . s o 5

subtene intopresduct in | minule the ENZYIMC ATINSC. “h"'l? ﬁymhn:m:‘ea urea s mﬂ_mmn:d in this way. Afier cach

ey known conditions. puritication siep. a sample is taken and treated as follows,
Arginase

Arginie  +  waler urca 4 osnithine

Urea 4+ gobour Reagem acid reagien Rl coslomngsl
{ Thivsemicarbnsiie (e, H PO, coanples
+ Diaveryl monn oxim + H.500)

The colour intensity is estimated at 520 am in 2 colorimeter. The amount of urea formed
indicates the amount of arginase present.

Ligand Binding : Itis a uselul way 1o monitor mactomelecules thai have specific binding
sites for other molecules, Hoemoglobin and starch purification can he measured in this
TTHANNET. '
Mulecule + ligind ——Mualecule-lignued comples — Cuantiny ol comples i measurd
For example.
Haemoglohin + [}‘.—-{hymnnmglnhi_n—liml color intensity memsared by colormmener
(R Culowr) M 5TR 4
Starch + indine——Stasch A luse-indine comples
“{Blue coloury e wolesimactey i G nm

Bl codour imeasity il by

Radioactive isotopes: Iw.opes with  Isotope Tracers: They cun also be used 1o ussay the purification of macromglecules, This

Ao ymel e [Pl TR ST technique i% more suited for monitoring a newly synthesised macromalecule.
ipnising fadiation, imporant a5 - )

tracers in hiclogy. First an appropriate precursor of the molecule with a radiouctive isptope is incorporated in
the macromelecule while it is being synthesised: for example, “H-thymidine for DNA and "1
for thyroxine. The macromolecule. thus. hecomes rdioactive and can be traced doe io the
incorporated isotope. Finally. the level of radicactivity may be determined in the exiract
with the help of instruments such as Gieger-Muller counter or Scintillation counter.

4.3.2 Specific Activity

Specific activity measures e purity of the macromolecule in s mixture, Specific activity is
defined as the activity per unit mass, Let us take an exampic 10 illustrate the concept, 13
cell extraet is estimated to contain 10 "units” of enzyme arginase and 30 myg of proein then
the specific activity of arginase is 101 units/50 mg ar 0.2 unitsfmg protein. Aler a
purification step, the extract contains 5 ‘units” of the eneyme and 10 mg of provein. and
therefore. the specific activity of cniyme is 5 unitsf 1 mg or 0.5 units/mg protem.

UGZY-BY-05/E2 I this example we find that during the pro sess of purification 5 umits of cnevine activity and



40 mg of protein are lost but specific activity has increased from 0.2 units/mg protein to 0.5
unitsfmg protein. This clearly indicates thut a higher proportion of contaminant (non-
arginase) proteins are removed,

44 METH{}ﬁS 'DF SEPAR&TIDN

Macromolecules can be separated from a mixed molecular population based on the
differences in their size, solubility eleciric charge and specific binding affinity for other
molecules using a variety of technigues.

4.4.1

Several methods are used o separate mavromolecules depending on their size. Proteins can
be separated from small molecules and fons by dialysis through a semipermeable
membrane, Depending upon the pore size (ditferent membranes have different pore sizes),
muolecules of certain size can pass through a membrane, When the osmotic |imssure
responsible for passage of maolecules through a semipermeable membrane is not sufficient,
mechanical pressure is applied to force the molecules through. This process is known as
ultrafiltration.

Separation Based on Molecular Size

Centrifugation

I is o technigue used for separation of particles like cellular organelles and macromolecules
by rotation in a centrifuge. Separation of macromolecules is achieved by centrifugation at a
very high speed, e, uliracentrilugation ot 80,000 revolution per minute, A mixture
conining particles and macromolecules is applied on the top of a salt solution in a

Fiai—1Sample
Ha) 1
Stabilifing
T Sucrome
gradient
CENTRIFUGATION
b Slow-Sedimenting
coOmponeal
East-Scdimenting
] component
|
FRACTIONATION
1€}

T

v A 3w &

Fig. 4 5 : Thy fractienation of prateias hy ulirncentrifugution en suerese density gradient.

ab The sampls bas Been layered sa i of the centrifuge tuse cwarakning the mnlhms gradient of sucrose,
which ia: l.tl;q.t.h sk rElren Lewarils the battom,

L T Pl Beia Zews arolviluged amd separated into twe components whlch sevliment I:IFﬂ'nrtrll rall\.
el A hole g butn seade 3 the bottom of the plistic centrifuge tube to collect different fractions drop by
drage, Figure sndss tha the fractinn 1 {Tabe 3 is already collected and fraction 2 “Tube 7 1 is being
collevied. ln ot ver fukgs oply Buffer sefution withuut any protein fraction has been collected,

Mulecules of the Cell

Supernatant: floating above). The ©
ligguid above solid maner in the
battom of a wbe, beaker eic,

Density gradient: A solution of
differem density gradation uswully
wied in cenrifugaion e sepanse
differem kinds of vells, purticles, or
macromobecules. ;

Svedbery Unit: The unit of )
sedimeniution equal 1o 10" secinds,
The number of § units of 2 molecabe
or particls ina given centrifugal

field is relatest 1o the weight, shape
and density of the molecule or
partiche.
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_ eentrifuge tube and is subjected o centrifugation. The density gradient in the solution is

created by adding the-concentrated and highly soluble materials, for example, sucrose for
protein and ceasium chloride for nucleic acids, This gradient helps in the formation and
stabilisation of distinet bands of different molecular fractions which sediment at different
rates, These bands can be individually collected (Fig. 4.5), The sedimentation rate depends
on the size, shape and molecular weight of the components and is called as sedimentation
coefficient. It is represented by Svedberg unit or 5 value.

Column Chromatography )

This chromatographic method is used for separating molecules on the basis of size
differences (i.e. molecular weight). This technigue is also popularly known as maolecular
exclusion technique or gel filtration. In this technique, a sample containing a mixture of
molecules is loaded over a sieve like column packed with porous beads of specific size. The
flow of molecule is retarded due to weak interactions such as van der Waals forces and
hydrogen bonding with the medium. The Sephadex is an inert stable and rewsable highly
hydrated polysaccharide in the form of beads, Through this column, molecules move
according to their molecular weight, Larger molecules are excluded first as they do not enter
the beads of the gel and are localised in the solution in between the beads. Small molecules
are trapped in the beads, hence they are'eluted much later (Fig. 4.6).
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valame of Muid passed through column
(elution velume)

{e)

Fig. 46 : a) Column chromatography by molecular exclision technigque wsing sephadex column. (i) Gilass
column packed with gel particles and overlaid with sample containing molecules of various sizes (small an
large dots). (=i} Molecoles with molecular weights in exces of (he gel exclusion limit percolate between
the gel particles, whereas smaller molecules may enter the gef phase. (iv-v) As a resull, molecules reach th
bottom of the column in order of decreasing size.

b) Schematic drawing of column chromatography,

¢) The eluthon pattern’ as it is read on a UV spectrophotomiter indicating the presence of proteins in
various fractions.

SAQ4

In the following table molecular weights of some proteins are given. Observe the data and
number the sequence (like 1,2,3 ete) in which the following proteins would be eluted from
Sephadex gel column. Sephadex G-200 is the generally used gei for this range of proteins.
{Hint: Heavy moleoular weight compounds are eluted first.)

Nunber Protein Mol weight
Cytochrome C 13,370
Aldolase 149,100
Haemoglobm 64,500
Myosin 524,800
Catalase 221,600



SDS Polyacrylamide Gel Electrophoresis Molecules of the Cell
Polyacrylamide gel electrophoresis is a technique to separate the molecules on the basis of

their total charge. Such molecules when placed between two electrodes in polyacrylamide

g€l medinm migrate to the oppositely charged electrodes. For example, in SDS

polyacrylamide gel electrophoresis, a protein molecule is treated with high concentration of

SDS (Sodium Dodecyl Sulfate) which dissociates the polymer into negatively charged

monomers by breaking the non-covalent bonds. The amount of SDS bound and hehce the

negative charge on each monomer i5 in proportion to thie size of the monomer.

Consequently, in an electric fiéld a larger protein molecule moves faster than a small protein

molecule towards the am:leurth:pnsmve]:.ruhargedalmtmda {F'g.t'i'?}

prodein with 2
subunits, A and B
jn-rml by a disulfide g[..]. subaimit |

‘POLYACRYLAMIDE GEL ELECTROPHORESIS

t2 2 - [T

HEATED ‘Hl'lT'.I-I SD&AND MERCAH‘OBTHANDL

L | S—]
o) ? G
j ct-rpd ¥ps slahof polyscrylamide gel

Fig. 4.7 : SDS-Polyacrylamide gel electrophoresis.

a) A polymeric proteln consisting of four monomers ks treated with SDS.

h) Each monomer ks bonnd with SDS.

c) When allowed to move in an electrical field, the large monomers move fister towards the anode
(positively charged electrode) as they have more SDS bound to them.,

4.4.2 Separation Based on Solubility

Mmmlqcules can be separated and purified on the basis of their solubility which depends
on pH, ionic strength, dielectric properties of the solvent and temperature,

As you have leamt in previpus section, chromatography is‘a technique of molécular,
separation in which molecules migrate between a mobile {s-::llﬁhlr.} and ‘a statibnary {:num.xj
phase. The separation of molecules in a mixture depends ipon lf:mr«refln.twe solubilities in
the two phases and their binding strength with either of the phases.

Paper Chromatography is the commonly used technique to separate small molecules like
SUEars, amino acids, etc. A mixture of molecules is applied as a spot to a sheetof adsorbent
paper, such as a filter paper. A solution containing a mixture of two solvents, sach as water
and alcohol is allowed to flow through the paper by capillary action. Different molecules
move at different rates depending on their solubility in the solvent. The separated molecules
can be seen on paper (Fig. 4.8). '

Paper — T'Solm
flow
CHtiple o~ Sepharated
at origin ;r
~L [ |= | A ™
(a) (b Aer (d})

Flg. 4.8 : Paper chromatography. The sample Is applied to a paper strip and allowed to dry (a). When the
puper is dipped in the solvent (1), the solvent rises up due to capillary action (c). Different components
mauve according fo their relative solubality in the selvent (d).
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Isoelectric Precipitation: For each protein molecule there is a pH at which it has no net
electric charge and hence does not move in an electric field (Fig. 4.9). This is known as its
isoelectric pH. At this pH, the protein molecule is least soluble and forms a sharp band,
when a mixture of proteins in a fixed gradient is subjected to electric field. Different
proteins have different isoclectric pH values.

@ ®

ot at lowpH
af + the protein
is positively
- 5F ‘l’ charged
E - HHELN —
i @ i@
=+ R +
z oL
- at high \pH §
v!i 9 T the protein
1o __:.:_ Lis negatively
= charged

Fig. 4.9 : Principle of isochectric precipitation and isoelectric focusing. At low pH, the protein is positively
charged because excess H* jons uncharge the carboxyl group (CO0O°) to form COOH and, therefore, the
amino groups (NH,*} give the prolein a net positive charge. Similarly at high pH, the protein acquires a
negative charge due to uncharged NH, group and negatively charged carboxyl groups { COO- ). At its
isoelectric point, the negative and positive charges are equal thus the protein has no net charge.

Salt Fractionation sechnique is based on the fact that in{.Ia solution different proteins
precipitate at different concentrations of certain salts such as ammonium sulphate.
Therefore, the concentration of ammaonium sulphate in a‘solution containing protein is
gradually increased to precipitate differem proteins. '

4.4.3 Separation Based on Charge

Electrophcresis is the process of separation of molecules whose net charge depends upon
the pH of the surrounding medium. Biological molecules having a net charge, move in an
electric field. A negatively charged molecule moves towards anode and the positively
charged one towards cathode. This is known as electrophoresis. A mixture of *
macromolecules is applied 1o a supporting mediung such as paper or polyacrylamide gel, and
an electric current is passed through the medium. Molecules separate out after an

_apprupriaze time and are detected with the help of sepecific staining reagents (Fig, 4.10).

iy I
mpﬁv]ejct-mudmnhwlﬁ
: i A p |

high voltage
—_—
stain to show ﬂ .ﬂ

| sepérated ¥ S

T /

Sample . positively
molecules A have 3 lower elecrophortic r::lp:du
mobility than molecules B at this pH

Fig. 4.10 : A sample of protein molecules is applied in the centre of the supporting medium like paper,
cellulose acetate, polyacrylamide gel ete. On application of electric currenl, positively charged molecules
maove lmf;htm while negatively charged molecules move towards anade. Neutral melecules do
nol mdve at

Isoelectric focusing is another type of electrophoresis carricd out in a pH gradient created in
a column by mixing different buffers. A protein mixture is applied 1o a polyacrylamide gel
having a pH gradient and subjected to an electric iweld. Each protein moves in the pH
gradient till it arrives at its own isoclectric pHhand stays on there forming a sharp band. The
bands can be further separated, and the band containing a protein is dissolved in the
appropriate buffer solution (Fip. 4.9).



4.44 Separation Based on Molecular Affinity

Malecubes of the Czh

Based on molecular affinity, macromolecules can be separated by ion-exchange
chromatography and affinity chromatography.

lon-exchange Chromatography
lon-exchange chromatography is based on the difference between the macromolecules with
respect to their size and electric charges at a given pH. A chromatography column consists
-0 a long column of synthetic resin comprising electrically charged molecules. Diethyl
amino ethyl cellulose (DEAE-Cellulose) is positively charged (anion-cxchahger) and
carboxymethyl cellulose {CM-Cellulose or CMC) is a negatively charged (cation-
exchanger) resin, at pH 7.0. When a protein mixture is passed through a DEAE column, the
negatively charged molecules bind strongly and positively charged and uncharged molecules
are eluted out (Fig. 4.11). Similarly by using CMC, positively charged protein molecules

can be purified,

macramalecules
im buiier

@y colump——-d

rEsin —

-(a)

@ meleaules with pusitive charge
(=7} molecules with weak pegetive chasge

“H i
luting baffer Y,

starting buffer
alone %,

negatively charged

= s I -. H
maobecubes mick LY * a0 : : charged i
1o resin i * . Ty
L + By Ta* teead
+ =
-t * 1-";‘ - -
S Bpumd.

L 1 5 LR, chafged
f L malecule
Tree
sluted molecules _/a positively
emnergs here ) charged
L moleculs

ih) e}
A mneotml molecules l[rn e change)
[=] molecules with strong negative charge

Fig. 4.11 : a) A sample is layered on a positively churged resin (resins are organic compounds
" ds prepared or
syuﬂl!sls_ed by polymerisation of specific compounds such as cellubose). {

b} Negatively charged mobecules stick to the DEAF— cellulose resin and mmﬂywh newtral

miolecules are eluted out,

©) Tu get the negatively charged protein vut of the cilumn, acidic buffer (H*) is added which binds to
negatively charged molecules and helps In their elution from the column,
di Principle of ion-exchange chromatography.

Affinity Chromatography

Affinity Chromatography

is another powerful means of purifying proteins. This technique -

utilises the high affinity of many proteins for specific chemical groups. It is like ion

Mixiure of - ——
Proteing or .“7. l
other L™ A
malecul
Sl ﬁ ’ Specific '
. ’ ligand-protein ™
interaction A Prote;
I oiein desorbed
;fmme + b a@u-lulim of
Particle l :I'c.' b n
st .
Ligand c, “
L] P ¥
Eluent containing
"’.\ species to be
other molecules i e
| eluted i
(a) (b} ()

g 1L Principle of alfinity ciromstography,
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exchange chromatography but based on covalent bonding by appropriate chemical reaction
between insoluble material [quysamhmde—agumé beads) and specific ligand {su:::h ag an
antibody molecule or a substrate of the enzyme). When & mixture of molecules is passed
through suclitype of affinity column, those with high affinity for the ligand are retained
whmu&m move out: The molecules attached tuﬂmlngmﬂmdlmmmdm:dduwd
out by change in pH of the eluting solution (Fig. 4.12). Various biclogical molecules such as
enzyme, mptnt molecules are purified from their complex mixture by using this method.

SAQS
Protein Ahas a molecular weight 80,000 while protein B has 50,000 Protein A has a net
charge-3 at pH 7 and 0 at pH 6 Protein B has net charge-3 both at pH 7 and pH 6, What

of the folloing methods may be used to separate these proleins? Give reasons for the
preferred method.

a) Centrifugation

b) lon-exchange chromatography
¢) Paper chromatography

d) Affinity chromatography

e) Sephadex gel filtration

4.5  SUMMARY

In this unit you have studied the

+  Chemical composition of a cell in order to better understand the structure and function
of the cell and its components.

. hm“nmpmmnyafwm the simplest and most abundant of cell molecules, and the
method t6 calculate the ionic produtt.of water (Kw)/and hydrogen ion concentration

H

. g:rul::mreofﬂle basic moleculas found in a cell, Le. monosaccharides, amino acids,
nucleotides and simple lipids,

+  Quantity of macromolecules in a sample can be estimated by various methods like UV
absorption, camlyuc activity, ligand binding and use of isotopic tracers.

+  Macromolecules can be separated on the basis of their molecular size, solubility etc. b
different techniques such as centrifugation, chromatography. electrophoresis and

4.6 TERMINAL QUESTIONS

1) Ionisation of a base produces OH- and not H* ions. Why then does addition of a base
such as KOH change the pH of a solution?

2j. Calculate the pH of an agueoys solution in which 1.5 cm’ of calciunrtiydroxide
Ca (QH), has been added to 2 dm® of pure water, Calcium hydroxide has the
concentration 3 moles/dm? and is completely iohised in solution.

3) Whatis the difference between a saturated and an unsaturated fatty acid?

4) A cell extract contains 40 mg of proteirand 200 units of an enzyme., In one experiment,
aftet-gel filtration, a particular fraction contains 3 mg of proteins and 120 units of
ENZYMIE. Inﬂmmdupmm«mafmm-mmuguhmmmgmphy.mﬁmim
contains 20 mg of protein and 180 units of enzyme, which of the twoemethods is to be
preferred for purification ?



4.7 ANSWERS

Self-assessment Questions

1)

2)
3

4)

3)

i) Since HCl is completely ionised, the concentration of H* jons ( in HCI) will be the
same as the concentration of HCl, that is, 2 moles/dm®.

ii) Since 0.5 cm® of the HCI is added to 1 dm® (1000 cm®) of water, the concentration
of H* ions will become [H*] = 0.5/1000 x 2 mol/dm?® = 10? mol/dm".
So pH = -log (107}

=3

iii) We have ignored the negligible contribution of 107 moles/dm® from ionisation of
Waler,

b} :

By hydrolysis of protein and polysaccharide, amino acids and monosaccharides are

released respectively.

The sequence in which proteins would be eluted from a Sephadex gel column is:

Mumber Proteln Mol welght
1 Myosin 5,24,800
Catalase 221,600
Aldolase 1,49, 100
Haemioglobin 64,500

& | W |

5 Cytochrome C 13370 |

Method a), b) and e) can be used to separate these proteins. Centrifugation (a) can work
betause proteins have different molecular masses. Ion-exchange chromatography (b)
can work at pH 6 when charges are different and not at pH 7 when the charges are
same. Sephadex gel filtration (&) can work because proteins have different molecular
weights, Sephadex gel filtration is preferred in such a case because other two methods
are more time consuming, costly and less efficient.

Paper chromatography (c) cannot work because in this problem nothing regarding
solubility is given. Affinity chromatography (d) cannot work because affinity of protein
for any ligand is not mentioned.

Terminal Questions

1)

2)

3

4}

The OH" ions produced by ionisation of a base react with free H* ions present in a
solution. The decrease in the concentration of H* ions is seen as an increase in pH.

KOH—— K*+ OH-
OH" + H*——>H0

Ca(OH), =——= Ca™ + 20H"
This equation implies that 1 mol of Ca{OH), ionises to give 2 mol of OH". So [OH"]
from 1 dm? of 3 mol of Ca (OH]}, is 6 mol.
Since 1.5 cm® of Ca(OH, ) has been added to 2 dm® of pure water, the concentration of
OH will become
[OH"] = 1.5/2000 % 6 = 4.5~ 10~ mol
p OH = —log (4.5 = 10,
=3-log4s
=3 -0.6532
=234
pH =14-p0OH
=14 =234
= 11.66

In saturated fatty acids carbon atoms are joined by single covalent bonds. In unsaturated
fatty acids at least one double bond is present between the two carbon atoms.,

Since specific activity measures the purity of an enzyme, we must calculate the specific
activity. Specific activity in cell extract (before purification)

= 200 units/40 mg

= 5 units mg"
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Introduction to Cell Blology Specific activity after gel filtration
= 120 units/3 mg
= 40 units mg"
Specific activity after ion-exchange chromatography
= 180 units/20mg
=9 units mg"'

We see that specific activity has increased 8 times in case of gel filtraticn and about 2 times
after ion-exchange chromatography. Hence gel filtration is the preferred method although
the absolute enzyme activity recovered after ion-eaxchange chromotography more than that
recovered after gel filtration.
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UNIT 5 MACROMOLECULES OF THE
CELL

Structure

5.1 Introduction
CHjectives
3.2 Types of Bonds
5.3 Proteins
54 MNucleic Acids
Deonyribo Mucles: Avid (DMA)
Riterse Mucleic Acid (RNA)
5.5 Carbohydrates
5.6 Lipids
Simple Lipids
Cungpound Lipids
Lierived Ligds

3.7 Summary
5.8 Terminal Questions
5.9 Answers

3.1 INTRODUCTION

In Unit 4, you have leamnt about the small basic molecules present in a cell-like water,
amino acids, nucleotides, sugars and fatty acids and also about various techniques used for
the isolation and purification of macromolecules,

In this unit you will study about large molecules present in various life forms rapging from
bacteria to man. These macromolecules namely proteins, nucleic acids, lipids and
carbohydrates have a common molecular organisation in different forms of life. These
macromolecules of life are constantly in a state of flux. Here, you will study the various
types of bonds and non-bonded interactions which help to unite the basic molecules 1o form
these macromolecules and give them a structure and shape.

In the previous unit, you have studied about amino acids, which are the basic structural unit
of proteins. Here, information is provided about how these molecules play a key role in all
biological processes, and how polypeptides chains fold upon themselves and produce the
specific three-dimensional structure of proteins. Proteins play an important role in carrying
information from cytoplasm to nucleus, for example some promotors and repressor are
proteins in nature. Proteins also mediate a wide range of other functions, such as mechanical
support, transport and storage, coordinated movemnents, excitability, immune protection, and
the control of growth and differentiation. The other important informational molecules in the
cell are the nucleic acids which store, transmit and carry out the genetic information from
one generation 10 the next. We will also discuss here about the structure and general
properties of carbohydrates and lipids which are also called “non-informational molecules”,
Carbohydrates are the immediate source of energy, whereas lipids store energy and are the
essential components of membrane structure,

Before you 20 in details of this unit, ir is important that you must have studied Unit 4
carefully, You should also ref resh your memory about the structure of an atom,

Objectives
After you have studied this unit you should be able to:

explain different types of bonds. that hold atoms and molecules together,

identify the primary, secondagy, tertiary and quaternary structures of a protein,

distinguish between the structures of DNA and RMA,

define polyscccharides, mucoplysaccharides, glycoproteins, profeoglyeins,

glycosaminoglycans, and

e list important lipids and the site of their occurrence. UGZY-BY-05/71
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kit |
I;l'lpole: A molecule cammying

- positive and negative charges
spatially separated at opposite ends
of the structure.
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52 TYPES OF BONDS

Macromolecules are held together by different types of chemical bonds. On the basis of
energy required or released to break during bond formation or breakage, these bonds have
been classified into two types, i.e., strong and weak bonds (Table 5.1). Strong bonds
preserve the structure of macromolecules and require greater amount of energy to break,
Covalent bonds are strong type of bonds (see Fig. 5.1(a)). Glycosidic, peptide, and
nucleotide bonds are examples of covalent bonds. These are formed by sharing of electrons
between two electronegative atoms. As you will proceed, you will study in detail about
glycosidic, peptide and nucleotide bonds in Sections 5.3, 5.4 and 5.5. Hence, our main
emphasis in this section will be on weak bonds. Weak honds, called non covalent bonds
help to carry the information and require much less energy to break. Weak bonds include
hydrogen bonds, hydrophobic bonds, ionic bonds, and ~an der Waals forces (Table 5.1).

Table 3.1
Energies released/consumed during bond breakage/formation

Types of Bond Bond energy
kilojoules/mole

STRONG BONDS

Covalent bonds

Single bonds O-H 462
H-H 436
5-58 426
C-H 415
cC-0 356
c-C 347
C-N 292

Double bonds c=0 ™
C=C &02

WEAK BONDS

Tonic Bonds Mall 408

{In the absence

af water) Mal 304

Hydrogen Bonds 33- 175

Hydrophobic Bonds

(van der Waals attractions) i3

HJ‘I’W[I bonding is very common in biological systems: Hydrogen bonding is very

important in maintaining three-dimensional structure of nucleic acids, protein moleculas =
specially of water (Fig 5.1b). In the absence of hydrogen bonding, water would have toon in
the gascous state at room temperature and this would have made the existence of life
impossible (Fig 5.1 ¢).

Non-polar molecules or groups tend to hold themselves mﬁnﬂmr in the interior, when in

‘water due to repulsion for water. These interactions are called hydrophobic interactions

(hydro=water, phobia= repulsion). Dispersed oil droplets coming together in water to form a
single large oil drop is-a familiar example of hydrophobic interaction (Fig. 5.1 d).

Ionic or electrostatic bonds are formed by transfer of electrons betwesn oppositely charged
atoms, e.g., between Na* and Cl-. Jonic bonds are very strong (like covalent bond) in the
absence of water, However, they are guite weak (like hydrogen bond) in the presence of
water (Fig. 5.1 e). Jonic bonds are very important in binding of enzyme and substrate.

When two atoms are not too far, i.e. distance between a pair of atoms is not more than one
angstrom (1°A) they tend to intetact due to the instantaneous dipoles induced, The
fluctuating electrical charges set up between the nuclei and the electrons create a weak ionic
interaction. This type of attraction is known as van der Waals force (Fig. 5.1 f). van der
Waals forces break down easily when exposed to heat, because the strength of this bond is
slightly more than the average molecufar thermal energy at room temperature,
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Fig. 5.1 : Different types of bomds,

a) Covalent bonds
Covakent bonds are strongest bonds formed by sharing of one or more electron pairs by the atoms. A water
molecule consists of two hydrogen atoms and one oxygen atom joined by covalent bonds. The & and &
indicate & slight positive and ncgative charpes on the molecules which is due to shifting of electrons to the
more positively charged nuclens of oxygen
b} Hydrogen bonds Y
For the formation of hydrogen bond a hydrogen atom is shared by two electronegative stoms, for example,
the bond between an oxygen and nitrogen aloms and between two nitrogen atoms. Such bonds are
predominantly found in proteins and noacleic acids.
<) Hydrogen bonds in water
Due to weak electricnl charges, the water molecules are joined by hydrogen bonds transiently.
d) Hydrophobic bonds
A weal interacting force between water repelling, nonpolar residues and molecules, such as between fatly
acid chains of membrane phospholipid or between aromatic bases in DNA.
&) lonic bonds
These bands are very strosg in the absence of waler. The force of attraction between the twe charges, (<)
and i-)is F = C Where D= dielectric constant {1 for vacuum, 80 for water), r= distance between two
maolecules, q, ur& q, are the charges. lonic bands hecome weak in presence of water.

I} van der Waals force

A non specific, weak chemibcal interaction resulting from atirsctive forces produeced two atoms or groups of
atoms when they come near each other.
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Secondary structure: The local
stracture of a polypeptide or nucleic
acid chain arising from chemical
bonding between the neighbouring
resichues to produce forms such as
stem and loop of transfer RNA and
ix helix or beta sheet configuration
in pofypeptides.

1z = hielix is a major secondary
stmucture in polypeptides. characier-
ised by regulasly repeated hyrdrogen
bonding between C=0and N -H
groups in the chain,
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SAQ1

Why do ionic bonds become weak in the presence of water 7

5.3 PROTEINS

Proteins are nitrogenous compounds of high molecular weight. These are the major building
material of cells and take part in controlling different activities of living systems. Proteins
are made-up of amino acids that are covalently linked with each other by peptide bonds. The
number of amino acids in a peptide chain varies, Simple proteins consist of only amino
acids, whersas complex proteins have other substances like lipids and carbohydrates also.

Proteins are classified into seven types on the basis of their biclogical functions (Table 5.2).

Table 5.2

Classification of Proteins according to Biological Functions

Class Example Functions
i)  Enzymes Ribonuclease, Trypsin Help in catalysing chemical reactions
m living cells
ii}  Transport proteins Haemoglobin, Serum albamin, Involveg in the transport of molecubes

iii} Mutrient and storage
propeins

) Contractile or
meatile proteing

vl Strucrsral proteing

vi) Defence proseins

wii} Repulatosy proteins

Myoglohin, —Lipaprotein
Gliadin (wheat), Ovalbumin
(egg), Casein (milk), Fermitin
Actin, Myosin, Tubulin, Dynem

Keratin, Fibroin, Collagen,
Elastin, Proteoglyeans
Antibodies, Fibrinogen,
Thrombin, Dotulinus todin,
Diphtheria toxin, Snake venoms
Ricin

Insulin, Growth hormone,
Corticotropin, Repressoes

and ions across the membranes

Provide the essential components by
storing them in-the bady

Coordinale movemens gmhl a8
movements of chromosomes in mitasis

Essential components of various cells
and tigsues

Help in protection against harmiul
apents such as bacteria and virus

Control of growth and differentiation

The polypeptides which form proteins after being synthesised on nbosomes in linear ¢hxins
are biologically inactive. But within a few seconds afier their synthesis, the folding of
polypeptide chain occurs in specific forms to give functionally active proteins which have
many levels of organisation. These levels are expressed as primaty, secondary, tertiary and
quaternary structures. The primary structure of a protein refers o the number, type, and
position of the individual amino acids in a polypeptide chain., A peptide bond is a covalent
bond between the carboxyl group of one amino acid and the amino group of the adjoining
amino acid. One molecule of water is removed in the formation of one peptide bond. A
polypeptide chain thus will have only one free amino{-N or -NH,) terminzl and one free
carboxyl (-C or -COOH) terminal (Fig. 5.2 a).

Secondary structure of a protein is determined entirely by the primary structure. The J
secondary structure is formed by the folding of a polypeptide chain. The folded chain is held
together by hydrogen and disulphide bonds, Hydrogen-bonding interactions between peptide
bonds are responsible for regular folding pattern like c-helix and [ sheets. In an o-helix
such as in o-keratin fibres and myoglobin the chain itself tams regularly to make a rigid
cylinder. The tightly coiled polypeptide main chain forms the inner part of the rod, and the
side chains extend outward in a helical array. The helix is stabilised by hydrogen bonds
between residue one and five of the amino acids (Fig. 5.2 b, i & ii). Number of amino acid
residues per turn comes to 3.6. Ina B sheet such as in silk fibroin and parts of
immunoglobulin, the polypeptide chain itself folds back and forth, Tn [ pleated sheet, all



peptide linkages participate in the formation of hydrogen bonds to provide stability, Many
bety sheets are slightly twisted, which are known as beta tums. The same polypeptide may
form c-helix as well as [ sheets (Fig. 5.2 b, iii & iv).

Tertiary structure of the protein is the characteristic overall shape assumed by arrangemnent
and interrelationship of helical and non-helical regions of a polypeptide chain(s), It is the
final folding of the chain inyolving non-covalent interactions between the distantly located
residues. Functional regions of a protein are called domains such as the active site of an
enzyme (Fig. 5.2 c).

Quaternary structure of a protein is made by the association of two or more polypeptide
chains or subunits that fit together in a specific arrangement by non-covalent interactions—
the stabilising force for such interactions. For example, haemoglobin molecule is formed by
the association of two o polypeptide chains and two [ chains (Fig. 5.2 d).

H O H O H D H O H O H O O
L (| | O | I
HN-C-C-N-C-C=-N-C-C-N-C-C=-N-C-C-N-C=C-N-C—C-
R T N T A I N Y R [ O
R, HR HR HR HR HR HR
Loud

be

(b} i

| Hooc
NH,

Macromolecules of the Cell

f pleated sheet is almost fully
exlended rather than being tightly
coiled as in o helix, It is called p
because it was their second
strecture. The o belix being the
firsg,

Tertiary structure: The thes
dimensional folding of a polypep-
tide or polynucleotide chain brought
about by interactions among side
Eroups or other residues at some
distance from one another in the
primary structure of the molecule,

Quaternary structure: Specific
assemblies in & protein composed of
two or more polypeptide chains that
have different properties in the
protein molecubes than they would
as individual chains,
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Flg. 5.2 : Different levels of protein structure

&) Primary structure. Amino achds in the chain are linked together by peptide bonds to form linear
polypeptide chains with the removal of water molecule.

b) Secondary structure. In o-hellx, the R groups of amino acids are directed radially away from the axis of
helix. Every peptide bond s hydrogen bonded to a neighbour. Though the direction of helix can be right
handed as well as left handed, right handed alpha hefices are common. f-pleated arrangement of
polypeptide are common and are present in many fibrous and most globuler proteins.

¢} Tertlary structure. Myoglobin molecule has eight helical segments, The spaces between loops of the chain
are filled with R groups (not shown here).

d) Quaternary structure. The haemoglobin molecule consists of four polypeptide chains: two alpha globia
and two beta globin chains, With esch chain an oxygen binding heme group is sttached.

Changes in pH or heating of protein molecules breaks protein polymers into monomers. The
degradation results from loss of tertiary and secondary structure of monomers which leads to
the loss of biological activity of the proteins. This disruption of native structure is termed as
denaturation. Proteins regain their original strueture when they return to their normal
surroundings.

Diversity of protein molecules is due-te-the number, kinds and sequence of amino acids in a
polypeptide chain. Change in amino acid sequence disrupts the structure of a protein, which
thereby causes functional abnormality. For example, the change of even one amino acid
residue in a chain of 146 residues of haemoglobin chain may bring ‘about morphological and
clinical changes in man causing the disease sickle cell anemia in which the capacity of red
blood cells for oxygen uptake is ifmpaired (Fig 5.3).

1 2 3 4 5 3] 7 146
HbA  Val-His~Leu—Thr- Pro-[GJ- Glu~Lys — — =~

Val - His — Leu — Thr - Pro —[Val}- Glu - Lys — ——~

HbC val—His-Lau—Thr—Pm-@-Gm-Lys--—.._

Macromolecules of the Call

Heme Group

Resldue: The main part of a
malecule that is left afier & small
group has been removed in binding
the molecule 1o another molecules,
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53+4) In normal haemoglobin of an adult (HbA), the sbah amino acid in the beta chain from the
:hWBMMhhmpfﬂuﬂdhﬂlmbﬂhﬂmmumm

valing, but the remaining 145 amino acids are unchanged. )
b} Normal red blood cells () are discoidal in shape; these-cells during low oxygen concentration

become sickle shaped (i) sickfing of red blood cells causes the disease, known as sickle cell anagmia,

SAQ2

Write the structture of tetrapepnde derived from glutamic acid, lysine asparagirte and
serine indioating the pepptide bond clearly in the give space (see Section 4.2 of Unit
stuctures of amino acids).

5.4 NUCLEIC ACIDS

Nucleic acids are the geretic material in living organisms. Genetic information contained in
each cell is encoded as polynucleatide in the form of nucleotide sequence. Information in
the form of base pairing interactions of the nucleic acids is passed on from one generation (0
the next, There are two types of nucleic acids: deoxyribose nucleic acid (DNA) and ribose
nucleic acid (RNA). In Unit 4, you have already studied about the monomers of nucleic
acids, the pucleotides. We shall now discuss about the structure of nucleic acids in more

detail.



54.1 Deoxyribo Nucleic Acid (DNA)

Macromolecules of the Cell

DMNA is a basic molecule found in the cells. In 1953 Warson and Crick of Cambridge
University proposed a molecular model for DNA for which they ‘Were awarded the Nobel
Prize in. 1962. They based their model on the observation of X-ray diffraction studies and on
chemical analysis. The total quantity of DNA in eucaryetic cells is much higher than in

procaryotic cells (see Unit 1),

Froo 30H OH H +
Nuclegtice 1
at end of
growing chain
? M Adenine
“OeP=0

: -
—X
Ghanine
= O—p=0 ﬁ
rjr : NI\ e
ez
! N-’J\N.-'H

H

Thymine (in DNA)
o i ¥ = CH,

ne B O Uracil (in ANA)
k > Y=H

i Ribose (in ANA)
-{J-—.F=g X =0H

F Dieoxyribuse {in DMA)
X=H

(b

WMF :
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Antiparallel: Alignment of the two
DMA strands in a helix with their

¥.5' phosphodiester linkages in
opposite directions.

UGZY-BY-05/80

Fig. 54 :u) A fincleoside triphosphate. (Base 1) aligns itsell 1o base 1 correctly. DNA polymerase enzyme
links it to 3 end and releases two phosphate groups s pyrophosphates (PPi).

b) A: single nucleic acid chain showing the nucleotides. X=H in DNA (deoxyribose) and X=0H in RNA
(Ribose), Y=CH, in DNA (Thymine) and ¥=H in RNA {Uracil).

) Molecular structure of DNA showing the pentose sugar (5)-phosphate(p) backbone of polynucleotide
chaln. The two strands are complementary and antiparallel in nature, By cofivention the base sequence in
single sirand of DNA is written from 5° end on left to 3° end on the right, or a p (for phosphate) Is prefixed
for free 5* making fts - phosphoryl end. ,

.d) DNA double helix showing major and minor grooves and some other molecular dimensions, The ribbous
indicate phosphate deoxyribase backbones. Horizontal lines represent the base palring. P=phosphete

group, S=sugar.
The 5’ carbon of the deoxyribose sugar of one nucleotide is joined to 3’ carbon of

‘deoxyribose sugar of the next nucleotide by a phosphodiester bond known as nucleotide

bond or bridge (Fig 5.4 b). Phosphate group of the nucleotide can form an ester bond with
both, the 3° and 5' -OH group of a pentose sugar and, therefore, the bond is known as
phosphodiester bond.

'A nucleic acid chain has one free 5' phosphoryl end and one free 3' hydroxyl end. The back-

bone of DNA is highly polar due to the presence of phosphate group which is acidic at the
PH of the cell.

DNA molecule has two chains or strands which are known to be antiparallel as their 5'-3'
polarity runs in opposite directions. Structure of a DNA molecule is helical and ladder-like,
with steps made up of bases and the two sides (backbones) made up of sugar and phosphate
residues (Fig. 5.4¢). Nitrogenous bases of the two strands in a molecule are connected with
each other by hydrogen bonds, which stabilise the DNA molecule.

The base pairing is one of the most fundamental concepts of DNA structure and function
and always occurs between a purine and pyrimidine due to the geometry of the double



helical structure (see below). Adenine (A) forms hydrogen bonds only with thymine (T); and Macromolecules of the Celk
guanine (G) only with ¢ytosine (C). This is called as complementary base pairing. Three

hydrogen bonds are formed between G and C (G=C) but only two between A and T (A=T).

The GC pairing is, therefore, chemically more stable than AT pairing.

S5A03
If one strand of double helix of DNA has a base sequence of 5-ATCGAACGT-3, what

would be the base sequence of the complementay DNA strand?
(Hint: Complementary base pairing A-T and G-C)

DNA, The Double Helix

The two strands of the DNA form a helical structure, known as the double helix; It is ‘E‘*"“’"_‘"::“ Physical configura-
important to mention here that DNA exists in five forms, i.e. A,.B,C, D and E. Of these, B ;mﬂaﬁm :’;g; A
form is the most common about which we will discuss in detail here. It is a right handed '

helix and most commonly found in living system. The other forms have only minor

differences. The spatial relationship between the two strands of the helix forms a major

groove or wide groove and a minor groove or narrow groove (Fig. 5.4.d).

Each complete tum of helix is 3.4 nm long and contains 10 base pairs (bp). Therefore, the
consecutive base pairs arc (.34 nm (3.4/10) apart and are inclined at 36" in relation to each
other. The helix has a constant dismeter of about 2 nm, hence, the dimensions of each base
pair must be constant, Each base pair contains one two-ringed purine (1.2 nm long) and one
single-ringed pyrimidine (0.8 nm long) so as o keep the dimensions of each base pair
constant. A base pair formed by two purine bases or by two pyrimidine bases will, therefore,
distort the helical structure,

DMNA structure fulfils the basic requirement of the genetic material that means it-must be
copied accurately with every cell division. The accurate copying of DNA, i.e. DNA )
replication, is due to the complementary nature of the bases in the two strands of DNA: A
pairing with T, and G pairing with C.

Complexes of DNA and Protein (Nucleosomes)
DMA in chromosomes is always associated with proteins and it coils on the protein to give
rise to a highly compact tertiary structure.

A chromosome, which is a thread-like structure found in nucleus, consists of chromatin.
Chromatin network contains about 60 per cent protein, 35 per cent DNA and 5 per cent
RMNA. On suitable treatment, chromatin can be seen under the electron microscope in its
expanded form. It appears as “beads on a string” (Fig. 5.5) and these are known as
nucleasomes. The “bead" or the nucleosome core is ellipsoidal in shape with a diameter of
I 1 nm, height of 6 nm and circumference of about 34 nm.

On biochemical analysis, a nucleosome is found to contain two molecules of each of the
histores, H2A, H2B, H3 2nd H4 forming an octomeric protein disc, one molecule of histone
H1 and a DNA sirand of dbout 200 base pair long (Fig. 5.3).

DMA fragment of 140 base pairs is wrapped like a ribbon around the histone octamer. It is
because this much length of DNA (67nm) may not be squashed (pressed) inside the small
protein disc. Sensitivity of DNA to enzymes also supports the idea of DNA being on the
outside of the protein disc of the 200 base pair DNA because the increased surface are of
DNA will provide more space for enzyme reaction. About 140 base pair is sulfitient to
make two wrns sround the protein dise.

The remaining 60 base pair act as a linker or spacer DNA and joins the repeated nucieusome
cores. Histone H1 is associsted with DNA, at tfie entry and exit points of DNA from the
core, It is involved in close packaging of the nucleosomes to form a 30 nm thick chromatin.
fibre.

5.4.2 Ribose Nucleic Acid (RNA) Transeription: Process by which an
RMA molecule is synihesised o 2
DNA templase with the aid of

As you have studied in the previous section, DNA stores the senetic information which is various enzymes.

trunsterred from nucleus to cytoplasm by transcribing w the RNA molecules. These RNA
molecules transtate the information to synthesise proteins. The primary structure of RNA is UGZY-BY-05/81
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‘Translation: Process by which a
pregein s synthesised from aminso
acids according to specifications

enceded 10 Lk i .

Palindrome: A sequence of duplexe®
DA that is the same when the two
atrands are read in wpposite direction
such as Malayalam is a palindromic
waord with the sequence of letlers on
boith sides of ¥ being the same,
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Linker DA, Core Histones

Fig. 5.5 : Chromatin appearing as beads on a string. Each nucleosome bead is connected to its neighboor by
a linker DNA. Beads are rebeased from chromatin by digestion of the linker DNA with micrococcal nuclease

enzymes. Each bead has an octamer histone core around which 146 base pair DNA is wrapped.

comparable to that of DNA: a polynucleotide chain with 5’=3" sugar phosphate backbone.
But it differs from DNA as the pentose sugar in RNA is ribose instead of deoxyribose,
Further, thymine is substituted by uracil in RNA (Table 5.3). All RNAs exist as non-helical
single stranded structure, The molecules are much shorter than DNA and the ratio of purines
and pyrimidines is not 1:1. However, RNA molecules may have complementary
intramolecular regions. The complementary sequences in an RNA strand may fold back
upon itself to form an antiparallel duplex structure known as the hairpin loop. Such
complementary sequences ars palindromic in nature, Palindrome is a stretch of DNA i
which the base sequences read the same from the 3’ or 5 end. In these regions, hydromen
bonds may be formed beiween A and U, and G and C. As in the case of DMA, base pairing
provides stability to the RNA also.

Tahle 5.3 .
Difference beiween DNA and RMNA

Feature DNA RMNA

1} Pentose sugar Deoxyribose Ribose

2) Mitrogenous bae Adenine, Thymine, Cytosine, Guanine Adenine, Uracil, Cytosine, Guanine

3 Ravio of purines 1o One Variable
pyrimnidings
4} Secondary structure Doubde siranded and helical Single siranded and non-helical
5) Role In a ewcaryotic Carries genetic information Synthesis of proteins
cell
6} Localisation Primarily in nucleus: also in Largely in cytoplasm, synthesised in

mitochondria and chloroplast nucleolus

71 Mo, ef nucleotides Comtains much smalker number of

nucleotides, upto & few thousands,

Contains a larger number of nucleatides,
upto a few millions.




. There are three major classes of ribonucleic acids (RNA) which can be distinguished Macromolecules of the Celf
structurally and functionally. These are messenger RNA (mRNA), transfer RNA (IRNA) |
and ribosornal RNA (rRNA). All these types of RNA are synthesised in the nucleus and are

involved in protein synthesis,  *

The mRMNA carries the genetic message, und it is a single stranded polymer, The length of
mRNA depends upon the number of polypeptides it codes for,

The IRNA molecule serves as adaptor for the translation of genetic information in the
sequences of mRNA into specific amino scids, The primary structure of tRNA is a single
stranded nucleotide which folds back to align with the complementary regions to form a
secondary structure like a clover leaf. You will study the structure of t(RNA in detail in Units
I3 and 14 with reference to protein synthesis.

The rRNA is a component of ribosome. The ribosome has a nucleoprotein structure and is
the site for protein synthesis.

A comparison of ‘three kinds of RNA® is made in Table 5.4, You will sudy about all these
types of RMAs in detail in Units 13 and 14,

Table 5.4
Comparison among three kinds of RNA

Property Ribusomal Messenger Transfer
RMA RMNA RNA
Sedimentation 5-7, 14, 24 B
coefficient (5 units)
Mumber of nucleotides 1 205508 Q- 1 2000 T5-E5
Bolecular weight 51,0 = IO* S00000 25,000
Unusual bases sl wmount of small amount of large amount of
methylaied bases unuswal bases unusual bases
Percemage of ot about 8 upte sbout 5 abour 15-20
cellular RNA
Site of symbesis nugienlus g lealus nuclenlus
Role serves s lemplate CWTEes penetic acts 15 adaptor for
fior synthesis of infermation from specific aming acid
ribusomal proteins chromosomal DMNA atachment ond transfer
1o cytoplusmic 1o mBNA templae,
ribosomes where it
participas in protein
synthesis,
SA0Q 4
Which of the following ststements (i-iv) apply to
a) DNA only
b) RMA only

c) Both DNA and RNA

Write your answer () in the space provided.

[ Hint: If a particular ststement applies to DNA only then the answer will be (a) and it to
RMNA only then the answer will be (b) and if to both DNA and RNA. then the answer will be
3]

Statements

i) Found maily in the nucleus.

ii) Polynucleotide chin in which sugar is ribose.

iti) Contais equal number of purine and pyrimidine bases.

iv) Contains linked nucleotides.
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5.5 CARBOHYDRATES

Carbohydrates, composed of carbon, hydrogen and oxygen, are the main source of cellular
encrgy and are important structural components of cell walls and intercellular materials.
Carbohydrates are classified into monosaccharides, disaccharides and polysaccharides
according to the number of monomers they contain, You have studied in detail about
monosaccharides and disaccharides in Unit 4, so we will discuss about the structure and
function of polysaccharides in this wnit.

Polysaccharides have the general formula (CH,,O,) . They are polymers formed by
condensation of large number of monomers such as glucose, froctose, etc. Major functions
of polysaccharides are concerned with food storage and maintenance of cellular structure. In
eucaryotes two structural polysaccharides are cellulose and chitin. Cellulose is found in
plant cell wall, as well as in many algae and fungi. Chitin forms the exo-skeleton of many
animals like arthropods (e.g. insects), many other invertebrates and also in many plants, e.g.
fungi (Table 5.5).

Table 5.5
Some Maturally Occurring Polysaccharides
Distribution Name Chemical composition Biological role
PLANTS Cellulose homopolymer of glocose,  the main structural component
i unbranched z of plant cell walls
Amylose homopolymer of glucose,  food store @ a component of
unbranched starch
Amylopectin hpmopolymer of glucose,  food store @ a component of
unbranched starch
ANIMALS Glycogen homopolymer of glucose,  food store, mainly in muscles
more branched than and liver
amylopectin
Chitin unbranched non-glucose  forms horny exo-skeleton
; homopolymer of acetyl in arthropods
glucosamine and
glucuronic acid
Chondroitin complex heteropolymer of  structural component of cartilage
Sulphate galaciosamine .

You have already learnt the structure of some common monosaccharides in Unit 4. Each
monomeric unit is linked to the other by a glycosidic bond. The bond may be between
carbon atom 1 of one monosaccharide and carbon atom 4 or 6 of the other monosaccharide.
These may be a- or B-glycosidic bonds depending on the position of hydroxyl group at
carbon atom -1. Amylose, cellulose and glycogen are all polymers of glucose molecules but
differ in the way they are joined together (Fig. 5.6). Unlike mono and disaccharides (sugars),
the polysaccharides are relatively insoluble in water and are therefare not sweet in taste,
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Fig. 5.6 : a) The 1-4 glycosidic bond betweer two glucose molecules showing a part of amylose molecule.
by The 1-4 glycosidic bond between two glucose molecules showing a part of o cellulose molecule,

€} The 1-4 and 1-6 glycosidic bonds between glucose molecules which give rise to branched molecules of
glycogen and amylopectin. Glycoge:i is highly branched, the ratio of 1,4 to 1,6 bonds being from 12 to 18,
while amylopectin is less branched,

SAQS
Which carbon atoms of glucose are most commonly involved in glycosidic bond formation?
Write vour answer in 2-3 lines.

Complex Polysaccharides

In some of the hexoses, the hydroxyl group is replaced by amino, acetylamino, carboxyl or
sulphate groups to form derivatives of monosaccharides (Fig. 5.7). These derivatives of
monosaccharides combine together to form complex polysaccharides. Complex
polysaccharides are important in molecular organisation, They are often found in
combination with proteins or lipids. ' i

oM HLOH

wHOH
A—p
4 1l
HOLE0 M=
' OH

0 - glucouranic acid IO = gluccss 4 — sulphale

e ot d "
Fig. 5.7 : Derivatives of*monosaccharides. The replacement of —OH group of D-ghicose by ~NH, (amina)
group forms D-glucosamine (a); by -NHCOCH , (acetylamine) groups forms N-acetyle D-glucosamine (b
by-COOH (carboxyligroup forms D-glucouronie acid (c); and by 050, H sulphate group, forms D-glucose

4-sulphate (d). UGZY-BY-05/85
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Glycosaminoglycans, Proteoglycans and glycoproteins are examples of complex
polysaccharides. Glycosaminoglycans are built up of repeating disaccharides units,

generally composed of an amino sugar (gither glucosamine or galactosamine) and a uronic
acid (e.g. glucouronic acid), Glycosaminoglycans were formerly called

mucopolysaccharides. Hyaluronic acid, chondroitin sulphate and heparin are a few examples .
of this class, Numerous glycosaminoglycan molecules in combination with small amounts o
protein form proteoglycans, formerly known as mucoprotein,

The glycoproteins, on the other ham:l,xare. protein moelecules with a few short or long
carbohydrate side chains. It may be noted that proteoglycans are mainly glycans whereas
glycoproteins are mainly proteins.

56 LIPIDS

Lipids are major structural components of the cells, and are a class of chemically diverse
compounds with a common property. They are all insoluble in polar solvents such as water
but are soluble in non-polar organic solvents such as ether and alcohol. This is because
lipids contain hydrocarbon chains which are non-polar and hydrophobic. Since they contain
fatty acids (about which you have studied in detail in Section 4.2 of Unit 4) with a free
carboxyl end, they can undergo-saponification (soap formation). Some of the commonly
known lipids are classified in three groups (Table 5.6).

Table 5.6
Classification of Lipids

Lipid group Class name Cellular location
of compounds

Fatly acids* Faity acids Cytosol, mitechondria, glyoxysome
of faity seeds

Simple lipids Meutral fats Fat storage in cytoplasm

(Esters of fatty acids (Triacylglycerals)

with alchools)

Compound lipids Phospholipids Membranes

(Simple lipids

containing other Sphingolipids Membranes

groups) in addition

to fauy acids) Glycolipids Membranes.

Derived lipids Steroids Membranes

Terpenss Plant eytosol and chloroplast

(Essential oils, carstenoinds)

«  Fatty acids as such are not lipids but they are the essential components of lipads.

5.6.1 Simple Lipids

You have already studied the structure of fatty acids in Section 4.2 of Unit 4. Simple lipids
are triacylglycerols, which are formed by the combination of three fatty acid molecules  with
a glycerol molecule (Fig. 5.8a). Triacylglycerols are non-polar, hydrophobic molecules and
since they do not contain any charged groups, they are named as neutral fats. When
oxidised, these fats produce energy more than twice of that given by carbohydrates or -
proteins. : :

In simple triacylglycerols such as tristearate glycerol or tripalmityl glycerol all the three
fatty acid molecules (R, R,, R,) are of one type (Fig. 5.8 b). But in mixed triacylglycerols
such as 1,2 distearopalmitin, more than one type of fatty acid molecules are joined to the
same glycerol molecule (Fig. 5.8 ¢).

Most of the neutral fats, such as those in butter and olive oil are mixmres of simple and
mixed triacylglycerols. Neutral fats containing only saturated fatty acids are solids at room
temperature. Fats with largely unsaturated fanty acids like oleic and linoleic acid etc. remain
liquid at room temperature and are known as oils, Cils are converted into fats by
hydrogenation of the double bonds. Thiat is how the vegetable ghee is produced. Oils. such
as groundnut oil which contain unsaturated fatty acids are easily oxidised because of the
presence of a large number of double bonds and hence they are spoiled easily. Saturated fats
have betier keeping quality.
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Glycerol Fatty Acid Triglyceride
. 7
9 @ .. § 'g-o-tc.y,
CiyH; OH HO-C-R, CaH,OC-R, %-G-D-??H 9
; CH,-0-C—
ﬁ' ri:l} L) WIS Bi
-3H,0
CpHOH + HO-C-R, 2 CpH, OC-R,,
i % g
CaH,OH  HO-C:R, CigH, OC-R, P 'CH-0-C-CyHy
(a) cn“uu"c'ﬂ'EH ﬁ
Fig. 5.8 - a) Structure of a triacylglycerol (R, R, and B, are fatty acid side chains). Hﬂ g g C“'Hm
b} Simple triscylglyoerels (Tristearin Lo simbegin | bod .
) Mixed triscylglycerol (1-2 distearcpalmitinl, ) (E‘-}

5.6.2 Compound Lipids
Amphipathic: Molecules that have

TIhESt‘ .are I!|.'|E lipids which_.-l:rre rn:::lrlzr.mied ut: gl‘}'celfh !:ftw.ndds' pi'l.usphoru: nr:i;i and a both Bydrophilic and hydraphobs
nitrogenous cumpu.ur?d such as choline, serine. ethanolamine ete. ngqr types of compound o

lipids are phospholipids. ghycolipids, and sphingolipids. In phospholipids, one fﬂtt_y acid

molecule ina tnacylglycerol is substituted by a phosphoric acid molecule, Thus, all

phospholipids have a hydrophobic tail consisting of two fatty acid chains and a hydrophilic

head made up of negatively charged phosphoric acid residue (Fig. 5.9 a). Consequently, they

are amphipathic in nature as they have both hydrophobic and hydrophilic region in the same

molecule. They are the mujor constituents of the cell membrane.
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groups of glycerol. Phospharic acid is esterified to third hydroxyl groap of glycerol.

b) Different types of phosphoglycerides.

The most abundant phospholipids are phosphatidylethanclamine (cephalin),
phosphatidylcholine (lecithin), phosphatidylserine and phosphatidylinositol (Fig. 5.9 b).
Sphingolipids and glycolipids are also amphipathic molecules ad are main constituents of
cell membranes, These are the main components of brain and nervops tissues.

5.6.3 Derived Lipids .

Derived lipids contain no fatty acids. Therefore, they cannot be converted into soaps {non-
saponifiable). These include steroids and terpenes.

ﬁn:ll the steroids have parent nucleus called as cyclopentancperhydrophenantherene ring
(Fig. 5.10). This structure is composed of four rings A,B,C and D which are fused with each
other. A, B and C rings constitute phenanthrene ring and to them the cyclopentane ring D is
attached.

B

Fig. 5.10 : a) Cyclopentanoperhydrophenantherent nucleus with mombered carbon atoms. Three |
rings (A.B and C) and a terminal cyclopentane ting (D) form the basic structure of steroid.
h}Chqulmﬂ.Thehrdrnx;.-lpuphpularmﬂreﬂnllhennlmlehnm—pohrlnmm.

The most important members of steroids are cholesterol, bile acids and sex hormones.

Cholesterol is only found in animal tissues and is the parent compound which produces
ergosterol, a precursor for the Wim of vitamin D (Fig. 5.10).

Terpenes arc synthesised by polymerisation of the five carbon unif called isoprene unit.
These units are bound in head to tail organisation. Terpenes include certain fat soluble
vitamins like Vitamin A, E, K, plant pigments like carotencids, chlorophyll and certain cb-
enzymes {coenzyme Q, ubiguinone). Terpenes are major components of the essential oils.
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Inn this unit. you have studied:

*  Types of chemical bonds and formation of macromolecules,

Structure of proteins which are formed from amine acids bonded together by covalent
peptide bonds. Proteins have four levels of structural organisation i.e. primary,
secondary, tertiary and quarternary structures. Proteins are of major importance in the
living systern as they are the major cellular components and are involved in several vital
functions such us enzyme formation and transport of substance ¢,

+  Mucleic acids, the genetic material, are the linear polymers of nucleotides.
Deoxyribonucleic acid {DNA) consists of two complementary strands joined by
hydrogen bonds and is coiled to form a double helical structure. Ribonucleic acid
(RMA) is a single stranded structure having a ribose sugar and nitrogenous base uracil
in place of thymine.

=  Polysaccharides may be branched or unbranched chains formed by monosaccharides
joined together by glycosidic linkages. The most important storage polysaccharides are
starch in plunts and glycogen in animals. Cellulose is the main component of plant cell
wall. Chitin forms the exo-skeleton in most invertebrates,

*  Lipids are water-insoluble componenis of cells. Neutral fats are simple lipids and serve
as storage fats. Phospholipids, sphingolipids and glycolipids are structural elements of
mermbranes and are amphipathic in nature,

¢ Scx hormones and cholesterol, are some examples of steroids, which are non-
sapenifiahle lipids. Terpenes are major components of essential oil and chlorophyil.

5.8 TERMINAL QUESTIONS

I} Why is the tertiary structure of a protein lost on heating to 80° whereas the primary

structure remains unchanged? Give ygur answer in 3:4 lines.

o

FerbRsEEEEEEERREEREERT RS ALY

1)+ a) How many nucleosomes would be formed by 4 % 10° bp long DNA and w&y‘i‘

i

L

b} -How many molecules each of histones H1,H2A, H2B, H3 and H4 would be
required to form the nucleosomes for the above DINA?

In a fragment of DNA double helix there are 60 pyrimidine bases and 20 adenine bases.
Caleulate the number of each of the following in the fragment giving reasons.
a) Thymine bases

UGZY-BY-05/89



4) Cellulose, amylose, amylopectin and glycogen are all polymers of only one
miﬂu.mgiumﬁmhmvduﬂmydiﬂ::rfmmeachudmlnﬂmhmmre
andﬁmpelﬁes?ﬁiwfwrem.

5) " Write the structural formula of dipalmitinstearic glycerol in the given space.
(Hint: See the structures of palmitic acid and stearic acid in Section 4.2 of Unit 4.)

5.9 ANSWERS

Self-assessment Questions
1) lonic bonds become weak in the presence of water because water molecules prevent the
interaction between ions by increasing the distance of separation between charged

molecules.
2) 0O H 0O H 0O H
noi (T T
HN—CH — C—N — CH — C_TN_ CH — {:TN— CH — COOH
: | T I T |
.'f'..‘l-l2 (Peptide CH, (Peptide CH, (Peptide CH,OH
¥ bond1) | bond2) | bond3)  (Ser)
- CH, CH, H,N—C=0
| I (Aspn)
COOH CH,
(Glu) |
:31":
NH,
(Lys)

3) ¥-TAGCTTGCA-5

&) i) a
ii) b
iii) a
iv) c

5) Carbon atom 1 and 4 or carbon atom 1 and 6 of glucose are most often involved in
glycosidic bond formation,

Terminal Questions
1) The tertiary structure of proteins is stabilised by weak hydrogen bonds which break at
807, whereas the primary structure is stabilised by covalent bonds which are oo strong



- a) ZxIW.uzmmmmMDNAmmMomuucm
b) 2x 10° of H1 and 4 x 10° each of H2A, H2B, H3, and H4.
3) a) 20. By the base pair rule of A-T and G-C.

b) 120. As there are 60 pyrimidine bases, there must be 60 purine bases that is 120 (60
+60) bases altogether.

c) 40. As pyrimidine bases (T+C) are 60, and thymine bases are 20, so cytosine bases
are 40 (650-20),

d) 120. As the total number of bases is 120,
e) 60. As otal number of bases is 120, the number of base pair must be half.
4) Thiaisductu{i}bmnchedmmbmnlndammm(ﬁ)uqmufdﬂﬂemlmgﬂﬂ
(iii) 1-4 or 1-6 glycosidic bond and (iv) different types { o or B ) of glucose molecules,
0

5) C,— 0 — C — (CH), — CH,
I plamitic acid
| 0 residues
| I
Gh—o0— €= wm,— oy
| 0 stearic acid
| I residue

CH, — 0— € — (CHy, — CH,
{The order of famy acid residues may differ.)

GLOSSARY

affinity chromatography: a technigue for separating macromolecules based on the
biological affinity of the molecule for a matrix bound ligand.

autophagy: digestion of cellular material by the cell's own enzymes; part of normal
regeneration and tum over of eucaryotic cellular components,

autoradiography: determining the location of radicactive tracers introduced into cell by
exposure of photographic emulsions placed in contact with the cells.

basal body: an organelle located at the base of cilia and believed to be involved in the
organisation of ciliary microtubules. J

cell culture: a population of cells grown in vitro.

centromere : the primary construction of a chromosome to which the spmdl: fibers remain
attached.

chloroplasts: membranous organelles of plant cells containing r.'lllmnphyl.l wherein
photosynthesis occurs,

cilia (sing: cilium}: locomotor organelles located at the cell surface.

cisterna (pl. cisternae): a flartened membranous sac filled with fluid.

codon: a sequence of three nucleotides of messenger RNA that codes for an amino acid or
for chain termination.

complementary base pairing : hydrogen bond formation between a particular purine and a
particular pyrimidine in nucleic acids, for example, guanine and cytosine and adenine and
thymine.

core particle: result of pantial digestion of a nuclcosome leaving the histone octamer and
146 base pair of DNA.

covalent bond : bond between atoms formed by sharing of electrons.

cristae: infoldings of the mitochondrial inner membrane and the site of enzymes of
oxidative phosphorylation and electron transport.

cytoskeleton: an intracellular framework composed of filaments and microtubules,

Macromolecules of the Cell
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cytosol: the fluid portion of the cytoplasm in which the organclles are suspended.
deoxyribonucleic acid (DNA) : the genetic material of all cells and many viruses,

dictyosome: a stack of cisternae that forms part of the Golgi apparatus. In plant cells, the
term is often used for the entire Golgi apparatus.

endocytosis: intake of solutes or particles by a cell by enclosing them in an infolding of the-
plasma membrane.

exocytosis: a mode of transport of substances out of the cell by enclosure in a vesicle. fusion
of the vesicle with the plasma membrane and subsequent expulsion of the vesicle's contents.

ferritin: an iron-rich protein found in the liver, spleen and bone-marrow.

flagella (sing flagellum): locomotor organelles ultra structurally similar to cilia but usually
longer and present in smaller numbers per cell.

fluorescent antibody technique: detection of selected antigens in cells by staining with
specific antibody that has been conjugated with a fluorescent dve.

GERL: Golgi associated endoplasmic reticulum involved in the production of lysosomes.

hairpin loops: a folded region of single-stranded DNA or RMA formed by the pairing of
two neighbouring complementary stretches of bases.

helix : a spira] structure having a repeating pattern described by two simultaneous
operations—rotation and translation. It is the natural conformation of many biological
polymers.

heterophagy : the process of forming a heterophagic vacucle.

histone: a protein component of the chromoseme having a high content of basic amino
acids, Eight histones comprise the core of a nucleosome.

hydrephaobic bond : the associations formed;by hydrophobic groups when surrounded by
water. L

in vitro (Latin-“in glass™) : experiments carried out with isolated cells, tissues or cell free
extracts. y

in vivo (Latin-*in life*): experiments carried out using the intact organism.

lipid: class of organic compounds that are poorly soluble or insoluble in water but soluble in
nonaqueous solvents such as ether or acetone.

Iysosomes: intracellular organelles that contain a large variety of hydrolytic enzymes.

macromolecules: molecules having molecular weights in the range of few thousand to
hundreds of millions of molecular weight units.

microbody: a membrane bounded cytoplasmic organelle with varied enzyme content and
functions e.g. peroxisomes and glyokysomes.

neutral fats : glycerides, fatty acid esters of glycerol, a major storage form of fats.
nucleic acid : polymer of nucleotides in dn unbranched chain, DNA and RNA.

nucleoid : a region in the cytosol of procaryotic cells that contains nuclear material but is
not segregated by membranes.

nucleoside: molecule containing a purine or pyrimidine linked to a pentose sugar.

nucleosomes: spherical particles seen along decondensed chromatin, each nucleosome is
composed of eight histones around which there are nearly two tums of DNA.

. nucleotide: a phosphorylated nucleoside.

organelle: a subcellular component, a discrete structural differentiation of the cell
containing particular enzymes and performing particular functions for the whole cell: e.g.
mitochondria, ribosome, elc.

peptidoglycan: macromolecule formed from both protein and carbohydrate parts, abundant
in the cell walls of bacteria.

-phmwmmnfmnﬂmmhwhichhrgemmuﬂfpuﬁcuMmamﬁame
whole cells are enclosed in endocytic vesicles.

phosphudiester linkage: a covalent linkage involving esterification to phosphoric acid.



phospholipids: lipids tha contain charged, hydrophilic phosphate groups; primary Macromolecules of the Cell
components of cell membranes,

phutorespiration: uptake of oxygen and release of carbon dioxide by photosynthetic cells
o wirele plants in the ligh

pinucyviosis: endocyiosis of small molecules in an agueous medium.
plasti : cucaryotic cell arganelle that stores pigments or carbohydrates,

pelynucleotide: a linvur sequence of nuclectides in which the sugar of one nucleotide js
linked through a phosphate group to the sugar on the adjacent nueleotide.

procaryotes: orzanisms such as bacteria, blue green algae and mycoplasmas in which the
nucleus is not separaed fom the cytoplasm by membranes.

purine: parent compound of the nitrogen containing bases adenine and guanine
pyrimidine: parent compound of the nitrogen containing bases cytosine, thymine and uracil,

radioactive isotope: Holope with an unstable nucteus that emits electrons (undergo heta
decay ) and are used a5 labels or tmcers in biclogy,

residual bodies: secondary Iysosomes containing undigested residues, membrone fragments
and whaorls,

ribonucleic acid (BNA R nuclec avids that function in transeription and translation. The
genetic material of certain viruses,

rough ER(RER): portion of the endoplasmic reticulum bearing ribosomes,
smooth ER(SER ): portion of the endoplasmic reticulum devoid of ribosomes,

sterpids: compounds that are derivatives of a tetracyclic structure composed of a
cyclopentane ring fused o 2 substituted phenantherne nuclews.

stroma: unstructured matrix of the chloroplast in which the grana and stroma thylakoids are
suspended,

template: a molecule which contains information from which other molecules can be
synthesised,

thylakoid: o membranous sac present in chloroplusts that may be disc shaped (in the grana)
or elongated, it is the site of reactions of the photosynthesis requiring light and CO,.
Elirncemril’uge: centrifupe capuable of producing rotor speeds up o 100,00. rmp and able 1o
rapidly sediment tiny panticles and macromolecules,

van der Waals force: s weak, sttractive force between atoms, particularly important in
hydrophobic bonding of amino acids in proteins.

wobble: capability of the third base in the IRNA anticodon (53" end) to form a hydrogen bond
with any two or three bases at 3 end of the mRNA codon.

FURTHER READING
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Dear Student,
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pertains to this block.

Enrolment No.

1)

2)

3

4)

3)

QUESTIONNAIRE
LSE-01
Block-1

.Huwmnyhumdidmnud[mmu;umih?

Unit Number

No. of hours

meyhm(mﬂmh}dﬂymuhmﬁh%pemﬁ;m
this block? 4

Assignment Number

Mo. of hours

Inuuiunnwm;ubhwehwcﬁmd4kh¢ufdiﬁmulﬁﬁumwnmghtmmgm
havemmw}rﬁummwenwmmqm;iuummumpm
number in the appropriate columns,

- Types of difficulties

Number Presentation Language Diagram Terms are
is not clear is difficult is not clear not explained

hismﬁhﬁummﬂdmmmiﬁﬂ:mﬂﬂ}s.
In the following table are listed the possible difficulties. Kindly tick ( ¥ ) the type of
MmmumwmmmmmthWums.

Type of difficulty
Unit | SAQ | TQ | Noiclearly | Cannotanswer | Answergiven | Answer
Ne. | No. No. | posed on basis of (at end of given is
information nit) not
given not clear sufficient

Were all the difficult terms included in the glossary, I not, please list in the space
given below,
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BLOCK 2 CELL MEMBRANES AND
ENZYMES

In Block | we had discussed the evolution of cell starting from small precursor molecules to
the present day cell from its components. The study of moedern cell biolagy has become
possible with the use of various wols and technigues described in Block 1. We have tried 1o
develop the understanding of cell by dealing with its structural and functional aspects. We
will continue with the various cellular structures and their functions in this block,

We begin this black with the self-assembly of supramolecular structures. Similar or
dissimilar subunits link non-covalently to form the supramolecular structures, Structures
like collagen, actin and cellulose are formed by the assembly of the identical subunits,
whereas siructures like viruses and ribosomes are formed by the assembly of dissimilar -
subunits. "

Cell membranes are the biological membranes formed by the assembly of lipid, protein and
carbohydrate molecules. Plasma membrane encloses all living cells and is selectively
permeable, meaning that some molecules move through the membrane more readily than
others. Cell membranes are dealt with in Unit 6. The movement of molecules may be
energy-independent, simple diffusion and facilitated diffusion along the concentration gradient
or energy-dependent active transport of the solutes against the concentration gradient,
Facilitated diffusion and active transport of the solutes across the membrane are mediated by
specific transport protein molecules located in the cell membranes. The flow of electrons
along the electron transport chain creates a proton gradient across the membrane. The ATP
synthesis and active trapsport of specific metabolites are driven by the reverse flow of
protons along the concentration gradient. We have discussed transport processes and transport
molecules in Unjts 7 and &,

Metabolic reactions in any organism are catalysed by the biclogical catalysts, i.e, enzymes.
Enzymes are specific profeins which enhance the rate of specific reactions. To maintain the
steady state in the organism. metabolic activities are regulated. Metabolic regulation is
brought about by regulating the enzyme activity. The characteristic of enzymes and
regulation of enzyme activity are discussed in Units 9 and 10. Various technigues to study
biochemical processes have enriched our understanding and made it possible for us to
understand the metabolic processes at all levels of organisation of life foerms. An account of
various techniques is given in Unit 10.

Objectives
Afrer reading this block you should be able to :

e  explain the process of self-assembly of supramolecular structures by taking the
examples of collagen, actin, cellulose, virus and ribosome,

s  describe the structural and molecular organisation of biological membranes and processes
of transport across these membranes,

e ' discuss the role of transport protein molecules in mediating the facilitated diffusion and

ive fransport across the membranes,

e explain the formation of proton gradient across the membrane and its coupling to the
ATP synthesis and active transport of specific metabolites,

e discuss the characteristics of enzymes and regulation of enzyme activity, and

o :describe various biochemical techniques to study the metabolic processes at various

1 levels of prganisation.
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UNIT 6 SUPRAMOLECULAR
STRUCTURES AND CELL
MEMBRANES

Siructure

6.1 Introduction
Ohbjectives

6.2 Self-Assembly

6.3 Self-Assembling Aggregates
Cotlagen
Actin
Celluloss

6.4 Nuocleoprotein Aggregates
Tobacco Mosaie Virns
Ribosome

6.5 Cell Membrane
Molecular Organisation of Cell Membranes
Structural Organisation of Cell Membranes
Membrane Fluidity
Membrane Asymmetry

6.6 Summary

6.7 Terminal Questions

6.8 Answers

6.1 INTRODUCTION

In the previgus Block you have studied how molecules such as amino acids, sugars and
nucleotides make large polymers known as macromolecules. You have also learnt that the
living cell is not only a mixture of macromolecules enclosed within the plasma membrane,
but in the cell, molecules and macromolecules form the supramolecular aggregates.

In this unit we will discuss the formaton of supramolecular structure by the process of self-
assembly. These aggregates are formed as a result of interaction(s) of the component
maolecules which are held together by non-covalent bonds. Assembly and disassembly of
aggregates can be controlled by the low energy levels of these bonds. We will explain the
self-dksembly processes by giving examples of collagen, actin, celiulose, virus and
ribosomes. '

Later in the unit, we will discuss the supramolecular structure of the cell membrane. Cell
membranes are sheet-like enclosed structures with two layers made up of lipids, proteins and
carbohydrates. These structures are non-covalent assemblies that are metabolically stable and
active, Variousmodels proposed to explain the structural organisation of membranes will
also be discussed briefly. The Red Blood Cell (RBC) membrane is taken as a maodel
membrane to explaip the structure of a typical biological membrane

Before you read this unit, you should refresh your memory regarding the structures of various
macromolecules such as proteins, lipids and carbohydrates.

Objectives
After reading this unit you should be able to:

e explain the process of self-assembly of macromolecules into supramolecular structures,
list some characteristics of lipid mixtures that are igportant for the physical state of a
bilayer,

e describe the types of membrane proteins within the lipid bilayer in cell membranes,

explain the location and role of carbohydrates in the lipid bilayer,

o  discuss the nature of the fluid mosaic model of the biological membrane,
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Cell Membranes and
Enzymes

Supramolecular struciures: The
modecularand macromelecular
Smuctares interact among themselves
b organdze o supramolecular
umits, Thess units, in wem are pars
of slructures racognizable in the cell
by elsctron microacope.

Subunit

o

R

Fig 6.1: The binding site of a
single type of subumit
recognises itself and forms a
symmetrical dimer.

Fig 6.2: The single type of
subunits having two binding
sites interact with each other
forming ring and helices.
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6.2 SELF-ASSEMBLY

Similar or dissimilar molecular constituents (monomers) of the cell having mutual binding
affinity can interact among themselves and form supramolecular structures which are
also called aggregates. The aggregates, such as filaments, ribosomes, viruses, eic., are
assembled with the help of large number of non-covalent bonds joining the macromolecuiar
monomers. You have already studied about the non-covalent bonds such as hydrogen bonds,
ydrophobic bonds, ionic bonds and Van der Waals auractions in Unit 5. This process of
formation of aggregates is called self-assembly,

Since the subunits associate through the non-covalent bonds of relatively low energy, both
assembly and disassembly of aggregates can be readily controlled, Disassembly of the
aggregates occurs due to the changes in physicochemical forces such as changes in pH. ionic
compositions of the medium in which they assemble and thermal motions that tend to pull
malecules apart, When the interacting molecular subunits are again exposed 1o suitable
conditions, they reaggregate and regain the original form.

Three dimensional form of the interacting molecular subunits make the interactions specific
3o that one kind of asseinbly process may rule out the other possible combinations. The
concept of self-assembly can be explained with the help of examples in which interacting
components have mutually complementary binding sites.

Let us take an example of a single type of subunit whose binding site is complementary 1o a
region on its own surface, i.e the subunit has one binding site. Association of such types of
subunits leads to the formation of regular aggregate structures. As you can see in the Fig,
6.1, the binding sites of the subunits recognise themselves and form a dimer. A dimer is
formed by the association of two identical subunits only. Many enzymes and some proleins
form such types of dimers, that act as subuni' to form larger saggregate structures.

However, there are other examples where the surfsce of the subunit has more than one
binding sites. In such cases a chain of subunits is formed which may acquire different shapes
due to different orientations of binding sites. These shapes may be of closed ring or the helix
forms (see Fig 6.2).

Thus the supramolecular structures formed from subunits can take the shape of fibres, sheeis
or globular masses depending upon the shapes of individual subunits and the location of their
complementary binding surfaces. For example, the hexagonal association of the subunits can
form a sheet or a tube (Fig 6.3). Formation of such strucwres provides additional stability
because it increases the total number of bonds that can form between the subunits.

He

ohally Packed

bunit Tubular Structure

Fig. 6.3 : The sheei-like and tubular. structures wrmed by the hexagonal packing of the
~ubunits.

S5A0 1

Fill in the blanks with appropriate words

i Mode of the cellular structure are formed by,
i) The suppranelecular structures assemble by ..o,

SO o | i 1o | B =

iii)y Many enzymes are assembled in the form of ...,
iv)  The supramalecular structures can disaggregate due to the changesin_________



Sopramolecular Stroctures and

63 SELF-ASSEMBLING AGGREGATES gt

As you have read above, many large cellular structures are formed by the aggregation of
identical or dissimilar molecules. The supramolecular aggregates like collagen fibres and
actin filaments are formed .as a result of self-assembly of identical protein molecules,
whereas structures like viruses and ribosomes are formed by the assembly of two dissimilar
molecules, i.e. proteins and nucleic acids. Yon will study about these in the following

subsections.

63.1 Collagen

We will first take collagen as an example to describe the principles involved in the formation

of larger aggregates.

Collagen is a fibrous protein found in all animals except protozoa. In all vertebrates, Extracelular matrix is an organized
collagen is a major companent of the extracellular matrix. Thie molecule of collagen also ;:""‘““‘:rm':‘h!“
called as tropocollagen, is about 300 nm long and 1.5 nm thick and consists of three m""‘““ﬂm‘“ﬁ' hs

polypeptide chains known as o-chains. These o-chains are intertwined around each other to the cell wall in plant cells and play a
form a left-handed, triple helical strlurmnemﬂl three residues per turn, This helical structure  fole in cellular contacts and

gives the collagen molecule a rope like appearance (Fig. 6.4). The polypeptides are made of mﬂwmmw
about 1,000 amino acid residues, of which every third molecule is glycine, about one third is
;u'ullmmdhydmxywjnqmd Ii:cmmmng ones are other amino acids, lysine being one

of them. This amino acid composition is unique to collagen. The triple helical structure of

collagen is maintained by the hydrogen bonds between adjoining chains.

Fig 64: Collagen molecule. The three o- chains are wrapped around each other and form a
triple stranded helical rod. Every third residue in the a-chain is glyeine molecule,

So far, only seven genetically different-collagen ai-chains have been identified. Although
more than 100 types of collagen molecules can be assembled from these seven o-chains,
only a few types have been described, which are given in Table 6.1. OF the five major sypes
of collagen molecules, type I, II and 11 are found in the connective tissuc of the vertebrates.
They get assembled into the polymers called collagen fibrils in the extracellular space. These
fibrils further assemble into large bundle as collagen fibres and can be seen in a light
microscope. Collagen moleciles of types IV and V do not form fibrils and fibres.

Table 6.1: Types of collagen and their properiies

Types Distinclive Features Tissue distribution

I Low hydmoxylysine Skin, tendon, bone, ligaments,
I carbobydrate comea, internal ongans {accounls
road fibrile: for 904 of body collagen)

i | High hydmxyiysine Cartilage, interverichral
high carbohydrae dise, notachord, vitreous
usually thinmer (fbrils than type I body af eye

m High hydnoxyproline Skin, blood vessels,
bow hydroaylysine internal argans
low carbohydrate

™ Very high hydroxylysine Basal laminac
high carbohydrate
probably netaing procollagen extension peptides

v High hydroxylysine Widespread (in small
high carbohydrate ArmHanis)
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The precursor forms of collagen c-chains are synthesised on ribosomies and move into ER
lumen. These are called pro c-chains. Each pro c-chain has extra amino acids called
extension peptides which are present at both of its amino and carboxyl terminal ends

(Fig 6.5 a).

Draring the assembly of collagen molecules in the ER lumen, some of the proline and lysine
residues are hydroxylated before the c-chains associate to form iriple stranded molecules
called as procollagen. The hydroxyl group of hydroxyproline residues form interchain
hydrogen bonds which help to stabilize the triple helix. The hydroxyl group of
hydroxylysine residue is important for glycosylation and eross linking of collagen molecules
in the extracellular matrix. The hydroxy| groups of hydroxylysine are glycosylated by the
covalent attachment of paired  sugar residoes  (see Fig 6.5 b). The extension peptides
guide the triple helix formation and are important in packaging of procollagen molecules
with other matrix macromolecules in the cell prior to secretion.

Amino-Terminal Carboxyl Terminal Repaating Glycine Residues

Thres Pro Extension Peplide
o -chains

OH QH ;
Interchain Disulfide Glycosylafion
Bone of Hydroxylysine

a

M — Terminal G - Terminal C=0 tropocoliagen

Fig 6.5: (a) Collagen a—chaing wre synihesised as pro a-chains with exiension peplides that

guide the triple helix formeilon. The earboxyl terminal exiension peplides are linked

covalently by disalphide bonds. 8} A 12 amino acid segment of a pro a—chain showing the

three types of covalen! modifications. Selected proline and Iysine residues are hydeoxylated
and some of the resulling hydroxylysine residues are then Rlzcosylated. (e} The eoliagen
molecules also cafled fropocollagen, after their assembly in the cell are secreted owl in ihe
where they assemble into collagen fibrils. Collagen fibrils are bound by covalent
cross linkages and form collagen fibres,



The procollagen molecules move from ER lumen to Golgi region and are secreted by
exocytosis in the extracellular matrix. The extension peptides of type I, 11 and [T procollagen
melecules are cleaved by enzymes called as procollagen peptidase. in the matrix, thus
converting them into collagen molecules. These molecules assemble to form collagen fibrils
(Fig 6.5 ¢). The fibrils are formed close to the cell surface and it seems likely that the cell
regulates the site and rate of fibril assembly. The side chains of the aminoacids other
than proline, hydroxyproline and glycine are responsible for fibril formation. The collagen
fibrils are strengthened by the formation of cross linking covalent bonds within and between
the constituent collagen molecules and assemble into collagen fibres.

Collagen fibres are intercellular component of connective tissues such as tendons-and
cartilage, They strengthen and help to organize the matrix and give enormous tensile strength
to the tendons.

All the stages in the formation of collagen are essential to the normal development of
connective tissues. Tiadequacy in hydroxylation, cross linking and cleavage processes of
procollagen may resuit in abnormal formation of connective tissues in the extracellular
matrix leading to the fragility of blood vessels, skin and hypermobility of joints etc.

SAQ 2
a)  Draw a dingram of collagen molecule in the space given below

by  What is the role of hydroxyproline and hydroxylysine in the formation of collagen triple
helix?

6.3.2 Actin

In this subsection we will discuss another type of protein called actin to illustrate those
aspects of self-assembly where the protein not only puIymanaes. to form the aggregate but
also interacts and binds with other Iunﬁs of proteins resulting in complex structures.

An:ljln the solid cytoplasmic mlmﬁlmt (thin filament) is found in all eucaryotic animal
cells in high concentration. In the cell it exists in globular form ag well as in fibrous form
called G-actin and F-actin respectively. Thegjﬂhrullr actin subunit pﬂlymgnses to form
micnofilamenits of fibrous actin. These two remain almost in equilibrium in the cw:nplasm
i.e. actin filaments are continuously formed and broken down in the cells. G-actin i is soluble
in weakly ionic solutions. The polymerisation of G-actin into insoluble F-actin is enhanced
if the salt concentration is increased to a level closer to the physiological salt concentration
which iz 0.9%. Each filament of fibrous F-actin consists of two strands of G-actin
monomers, i.e. microfilaments twisted around each other to form a double helix (Fig 6.6 a)

The two strands add to the stability and strength of the assembly, since each subunit can
interact with the subunits in the opposite strand as well as with its neighbours in the same
strand, i.e. four altogether. The fibrous nature of the molecules allow greater surface area for
the contact with other protein molecules (Fig 6.6 b).

Actin serves various cellular functions. The cross linked bundles of actin filaments provide
mechanical support for various cellular structures and extensions. In association with myosin
it forms actomyosin, the contractile System responsible for various cellular movements.

Let us take an example of microvilli to understand the assembly of actin filaments in the
bundle form. Microvilli are the cellular extensions that cover the exposed surfaces of many
types of epithelial cells of various organs such as kidney, intestine, eye etc. The'core af o |
microvillus contains about 40 actin filaments that run in parallel bundle along the length of

Supramolecular Strociures and
Cell Membranes

Actin Filament
(a)

Each subunit makes
enntact with fhur othars,

(b)

Fig 6.6 a):i. Actin Titament is
s helical structure comtaining
double strands of globular
actin  subunits.

b} The globular subunit
makes contact with four other
=tvamnits.
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Myotin exists in both globular
erzyme form as well as fibrous
structural protein. The fibrows
myosin i associabed with sciin in all
muscle cells and probahly in mon-
musche czlis. Myosin from smooth
smesgle and from straited muscle have
‘slightly different propenies,

Fig 6.7: Schemutic diagram of
crosi-linked actin filamenis in
the core of microvilli. The
actin filaments are parallel
and align longitudinally. The
adjacent actin flaments are
Joined - by eross-linking
proteins.

‘DIVIDING CELL
Caoniractile Fing

Fig 6% : a) Contractile ring
in the dividing cell.

b} Stress fibres are the
contractile bundle in the
cytoplasm in the mon-muscle’
cells,

recting are ackdic, branched palymers
of various monasaceharide unils and
coniain many negatively charged
palaciusanic acid residues.
Hemicellubose resembles peztin in ifs
beanclsed pelyssccharide composition
bait it has no net electric charge.
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the microvillus. The adjacent actin filaments are bound together by cross linking protein
molecules, thus making the core of the microvillus rigid. Fimbrin is one of the actin
binding proteins found in cellular extensions. (Fig 6.7).

Actin polymers in association with protein myosin organise themselves into contractile
filamentous polymers, controlled by a number of actin binding protzins. In non-muscle cells
actin and myosin associate in bundle form. During cell division this bundle appears as a
contractile ring just beneath the plasma membrane and leads to the separation of the
daughter cells, This contractile ring is a temporary structure (Fig 6.8 a). Stress fibres are
angther Lype of contractile bundles of actin filament and associated proteins in the cytoplasm
of non- muscle cells. These fibres can be separated from other components and contract if
exposed 1o ATP (Fig 6.8 b).

The contractile system of skeletal muscle cells has two major types of filaments; the thick
filaments that are rod like structures called mynsin and the thin filaments called as fibrous
actin. These filaments are arranged in parallel repeating sets. The contraction produced by the
sliding of an actin filament against myosin is controlled by energy cvele, i.e. ATP
hydrolysis and regulated by Ca?* jons present in the cell (Fig 6.9). Hydrolysis of ATP to
ADF and phosphate provides the chemical energy for the filaments w slide. Contraction is
aceompanied by an increase in Ca®* concentration in the cell.

Confraction by Overlapping of Filaments

Fig 6.9: Overlapping actin and myosin filaments in the contractile system of skeletal muscle.

In smooth muscles the assembly of actin and mybsin filamenis is less ordered than in the
skeletal muscle and the contraction depends upon the concentration of Ca®®, Increased
concentration of Ca®* in the smooth muscles stimulates the ATPase activity, which leads o
the phosphorylation of myosin, Myosin, when posphorylated interacts with actin filaments,
thereby, causing the contraction in the smooth musele. Onee dephosphorylated, mybsin
caunot interact with actin and the muscle relaxes.

SAQ 3
4)  Dhifferentizte between G-actin and F-actin in the given space .

6.3.3 Cellulose

In this subsection we will discuss about the assembly of cellulose, a polysaccharide which is
maost abundant organic compound present on earth, Polysaccharide chains, do not fold into a
globular structure like many polypeptide chains do, but some may spontaneously assemble
into helical or ribbon like structures. In higher plants, for example. callulase (polyglucose)
chains assembles into ribbon like microfibrillar component of the cell wall. The cell wall is
composed of cellulose fibres that are embedded in a matrix of proteins and polysaccharides
and are in abumdance in the higher plamts. The cell wall matrix is a gel-like substance which
is composed of polysaccharides, hemicellulose, pectin and small amount: of proieins.



The celfulese molecule i a linear chain and is composed of several glucose molecules
covalently linked by B1-4 glycosidic bonds. Yo have read about glycosidic bonds in Unit 5,
These bonds give the cellulose molecoles a-ribbon like appearance that is stabilized by
intramolecular hydrogen bonding (Fig 6.10).

Fig 6.10: Two pl-4 linked glucose chains of cellulose. The intermelecular hydregen bonds
creaglink adjacent chains in the microfibril.
About 60-70 cellulose chains having the same polarity are held together tghtly by hydrogen
bends in parallel row, thereby, forming rodlike structures called as micelles. These micelles
are packed into long aggregates called microfibrils, They in wrm are clustered topether as
macrofibrils (see Fig 6.11). Other polysaccharides such as hemicelhulose and pectin within
the matrix crosslink with the cellulose fibrils. The hemicellulose molecules are linked by
hydrogen bonds to the surface of cellulosz fibrils and are crosslinked by pectin molecules
halding the cell wall components together.

Secondary Wall
Inner Layer (Ss)
Secondary Wall
Middle Layer (S3)

Secondary Wall \
Quter Layer (54) \\

Primary Wall

— Mdde
a
« fa

Cytoplasm

L

Fig 6.12 : Schematic disgram showing the primary and secondary layers of cell wall.

The cell wall is built up of a series of layers of cellulose fibrils. As plant cells grow they
deposit new layers of cellulose adjacent to the plasma membrane. As shown in Fig 6.12, the
oldest layers of cellulose are in the primary wall which is the outermost wall. The secondary
cell wall consists of three successive layers: outer layer (5,), middle layer (S,) and inner layer
(), laid down adjacent to the plasma membranes. The cellulose fibrils are oriented in
various ways in cell walls, usially more regular in secondary cell wall: In the primary wall
the microfibrils are oriented transversely to the long axis but become longitudinally arranged

f 14 linkages canse the molecule
t fomm straight chains, The al-4

linkage in polyglucoss molecules
such &s glycogen and starch canse a
twuming of chain, such pelyglucose
midecubes adopt a coiled helical
comformation,

Callulose b:hlecule

Ty

Ceflulose Molacules
within a single Micalle

" Micelles /
-3 =10 nm

Microfibsrils

F

50 nm

Fig 6.11 : The orgamisation
of cellulose molecules in the
plant cell will. The lincar
cellulose molecules assemble
Into micelles, which are
packed into micrefibrils.
Miceolibrils mssociate to form
macrofibrils, which are
embedded in the cell wall
matrix. Cellolose Tibrils are
stabilized by hydrogen
bending.
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during growth of the cell. The synthesis of the cellulose molecules occur in the Golgi
Complex and assembly of the fibrils occurs on the cell surface. As the main structural
component of the plant, cellulose is responsible for the rigidity of the plant body.

SAQ 4
Tml?murk[ ] the correct statements and [x] the wrong statements in the following in the
given space
i) Celllosefibres are formed by the assembly of proteins
i)  Micelles are the fibrils of hemicellulose
iiiy Polysaccharide in the cell wall matrix are linkad by hydrogen bonds
i¥)  Primary cell wall is laid down adjacent to plasma membrane
v)  Inthe secondary cell wall the cellulose fibrils are in three successive layers

64 NUCLEOPROTEIN AGGREGATES

So far we have discussed the supramolecule aggrogates composed by the self-assembly of
similar molecules. Now we will discuss the biological structures assembled from dissimilar
molecules.

Supramolecular structures such as viruses and ribosomes are formed by the assembly of
protein subunits and nucleic acids. Under appropriate conditions, the isolated subunits of
these complex aggregates can spontaneously assemble into the final structure,

6.4.1 Tobacco Mosaic Virus

Viruses are noncellular organisms consisting of DNA or RNA as the genetic material and a
protein coat called capsid. They are metabolically active only when they are in a living cell
Tobacco mosaic viras (TMV) for example, was the first macromolecular aggregate on which
classic experiments and the swdies of self-assembly from its component parts, have been
done: TMV is cylindrical in shape and consists of a single stranded molecule of RNA
forming a helical core. This RNA consists of 6,500 nucleotides. Associated with this helix
are 2,130 identical protein subunits that form the protein coat.

The protein subunits bind non-covalently to cach ather in such a way as to form bilayer
discs consistinig of 34 protein subunits. Each disc is circular and ifteracts with RNA io form
the helical structure. To start the process a disc binds to an initiator region of ENA abow
1000 base foro 3' end. As the RNA molecules is eleven times longer than the virus, the
RNA strand assumes helical shape by the stacking of the proteins and becomes completely
enclosed by the protein coat in the mature virus (Fig 6.13). The mature virus consists of 130
turns of protein subunits with 16.33 subunits per tum.

Capsid
Bacomos Felical
5
0y
—y
2
FNA
Bilayenad
Disg

Fig 6.13 1+ Assembly of tabacco mosaic virus, The RNA molecole assumes a helical shape
due to ils association with bilayered dises of protein subunits.



The dissociated virus subunits recombine to form fully active virus particles under suitable
condition. The assemb]y of protein subunits appears to be influenced by the RNA molecule.

6.4.2 Ribosome

Ribosome is a small sphérical-shaped organelle found in both procaryotic and eucaryotic
cells. Ribosomes are known to control the interaction of various forms of KNAs and
synthesis of proteins. It is composed of two structurally distinet subunits: a larger subunit
and a smaller subunit. Assembly of ribosomal subumits requires sequential addition of
proteins to rRNA molecules. The smaller subunit consists of a single rRNA molecule gnd
21 to 30 protein molecules depending on the organism. These proteins are numbered as
51-530 (S stands for small). The larger subunit contains a large TRNA molecules and one (in
procaryotes) of two (in eucaryotes) small rRNA molecules and 34 to 50 protein molecules
which are numbered as L1-1.50 (L stands for large).

The ribosome that is studied in great details is 708 ribosome of E, Coli. The smaller (308)

subunit of E.Coli ribosome contains 21 different proteins and a single 165 tRNA molecule.
The larger, 508 subunit has 34 different proteins associated with one molecule of 235 fRNA
and one molecule of 55 rRNA.

We will discuss here, the assembly of E.Coli 308 subunit which has been studied in more
detail. Little is known about the assembly of more complex 508 subunit of bacteria or other
eucaryotic ribosomes. However, the principles involved in the assembly of ribosomal units
are the same.

A functional E.Coli 305 subunit can reassemble out of a purified mixture comprising 165
tRMA and 21 proteins which is identical in structure and function to the native 308, Thus all
the information needed for assembly of this ribosomal subunit is contained in the structure
and properties of the component macromolecules themselves. The assembly takes place by
an ordered addition of proteins to 165 rRNA molecule in vitro preparations. Initially only &
out of 21 ribosomal proteins bind non-covalently directly to isolated 168 rRNA molecule.
This binding of such 8 core proteins create binding sites for all other ribosomal proteins
to complete the subunit. The exact nature of other protein binding sites is not known,
However, they may depend on the conformational changes either in rRNA molecule or in
protein subunits (Fig 6.14). The complete ribosome complex with its two subunits is
assembled outside the nucleus in the cytosol. Omission of a single protein resulls in a
functionally defective subunit. Similarly 55 rRNA and 235 tRNA become complexed in an
orderly sequence with the 34 different proteins of 505 subunit.

303 Subunii 165 ANA 21 Proteins

235 RANA

505 Subunit 55 ANA 34 Proteins

Fig 6.14: Self-assembly of two subonits of E.Coli 705 ribosome. The 505 subuonit
haz 235 and 55 rRNAs and 305 subunit has 165 rRNA.

Try the following SAQ to test whether you have understood the self-assembly of
supramolecules.

Supramolecular Structures and
Cell Membranes

UGZY-BY-05/109



Cell Membranes and
Enzymes

Thie erythrocyles dee treated with
hypotonic solstion, Le. a solurlon
having lower osmotic pressure thas
hinod plasma. The erythrocytes swell
and burst and looss ihelr
haemaglobin conteat, This process iz
called haemalysis and the resulling
mernbrane is colbod as red cell ghist
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BAQ 5
Complete the statements in column 1 with those in column 2
Column 1 Column 2
a)  Viruses are the noncellular i) has one tRMNA molecule
ONREIMISH ... vcaescinesioreis
b)  Assembly of TMV involves i) that are active in the living
............. 'DC" ml}"
¢} The smaller subunit of iii)  ordered addition of proteins
MHOS0IME <osssmsmmiianns g to ENA-molecules
d)  Ribosomal assembly iv)  formation of bilayered disc
IVOIVES cerreerieas % of proteins subunits

You have stodied abou the sslf-assembly of the supramolecules. We will now discuss ue
basic structure of a typical membrane of the cell, which is formed as a result of self-
assemnbly of macromolecules, i.c. lipids, proteing and carbohydrates,

6.5 CELL MEMBRANE

The biological membranes are highly organised dynamic stricturss and are the site of
mnu:mrable physiological and biochemical processes/reactions. They consist mainly of

protein and carbohydrate. The basic framework of all the membrancs is a continuous
dnublc layer of lipid molecules in which proteiss are dispersed. The plasma membrane also
called cell membrane, is a highly differentiated structure that encloses every eell. In Unit 3
you hive réad how an elaborate membrane system consisting of nuclear membrane,
endoplasmic reticulum, mitechondria, chloroplasts and the Golgi apparatus has structural a
fanctional continuity. with the plasma membrane,

The plasma membrane separates the internal contenis of a cell from its surroundings. Tt is
selectively permeable and acts as a barrier by maintaining the difference in concentration of
various ions and moleculés between the inside and the uutside of the cell. The plasma
membrane also exchanges material with the extracellular environment by exocytosis and.
endocytosis. Adjacent cells exchange materigl through gap junctions in the cell membrane,
Membranes surrounding specific organelles of the eucaryote cell perform specialized
functions, such as oxidative phosphorylation in the mitochondrion, breakdown of
macromolecules in the lysosome, photosynthesis in chloroplast and so forth,

We will discuss below the molecular and structural organization of the cell membrane along
with the different models proposed to explain its structure.

The structure of plasma membranes has been studied by their isolation and purification from
the cell. Although plasma membranes have been isolated from a variety of cells like liver
cells, muscle cells etc., éxtensive studies on membranes have been carmied out by using
mammalian-RBCs as a model. Plasma membranes are easily obtained by haemolysis of
erythrocyies.

6.5.1 Molecular Organisation of Cell Membranes

All the biological membranes, i.e. plasma membrane and the intermal membrane systems of
eucaryotic cells have a common basic structure. The membrane assembly is composed of
lipids, proteins and carbohydrates. Lipids and proteins are held together by non-covalent
bonds, while carbohydrates occurring in the form of oligosaccharides, are covalently bound o
some-of the proteins and lipids. Various protein molecules are distributed on the surfaces of
the membrane as well as embedded Lo the lipid bilayer forming a mosaic arrangement

(see Fig 6.15)

Although gﬂ the cell membranes have basically the same structure and function, there is
oomaduralﬂe variation in the lipid, protein and carbohydrate ratio among different cell
membranes (Table 6.2} and also between the two layers of the mambrane.



Supramolesular Str
Cell

Carbohydrate Chains

Mon Polar Region
of Membrane Protein

Fig 6.15 : Three dimensional diagram of a sectiom of cell membrane. The proleins are
dispersed in & mosaic arrangement in the lipid bilayer.

Table 62 : Protein, lipid and carbdéhydrate ratio in some membranes

Membrane Protein Lipid LCarbobydrate
Myelin 8 79 1
Plasma membrang
Human erythrocyte 49 43 g
Mouse liver a4 52 4
Amoeba 21 42 4
Halobacterimm
purpic membranc 75 25 1]
Mitochondrial
inmrm"hﬂlh‘m‘lc TG 24 1]
Chlboroplase
_ Spinach lamellas 70 30 0

Cell membranes are asymmetric, dynamic and fluid in nature. Membrane fluidity is
erucial to many of its functions, Most of the lipid and protein molecules are able o mave
about fresly within the membrane.

Let us discuss the macromolecular units of a plasma membrane in details.

Membrane lipids

The major lipid components in the cell membranes are phospholipids, chelesterol and
glycolipids. You have already studied their structure in Unit 5, Cholesterol is specially
abundant in plasma membrane of mammalian cells and is absent from most of the
procaryotic cells. Plant cell membranes have little or no cholestérol but large quantities of
related sterols,

All the membranes regardless of the source have phospholipids, such as
phosphatidylethanolamine, phosphatidylcholing, phosphatidylserine, sphingomyelin, and
phosphatidylinositol about which you have already read in Unit 5.

You may ask, why-all cell membranes are constructed as lipid bilayer. As you have already
studied, all the phospholipids, are amphipathic in nature, i.e. they have a hydrophobic (water
hating) part and a hydrophilic (water loving) part. These amphipathic molecules in an
aqueous solution spontaneously associate in a way that their hydrophilic heads are in water
while the hydrophobic tails remain away from water in contact only with each other or with
any other hydrophobic material sich as oil.
UGZY-BY-05/111



Cell Membrapes and Phospholipids form bilayers in an aqueous solution as their forked hydrophobic tails can fit
Enxymes only in bilayers forming a continuous hydrophobic interior (Fig 6.16). Hydrophobic fatty
acid having the tendency to associate with each other seal the small holes or rips
spontanecusly thereby sealing themselves away from the agueous environment,

Lipid molecules readily exchange places laterally with their neighbours on one side of the
bilayer, but occasionally move from one monolayer to the other (Fig 6.17). This flip-flop
{migration) process across the membrane occurs almost once in a formight, whereas lateral
exchange in the same layer occurs much more frequently, about 107 times per second.

Membrane proteins

As you have read above, the basic structure of all biological membranes is that of a lipid
bilayer. However, their specific functions are carried out largely by proteins. Accordingly,
the functions of the membrane such as transport of malecules across the membrane,
receiving signals from hormones and chemicals, stabilisation of cell shape etc., depend on
the amount and the type of proteins present in it. The proteins are mobile laterally in the
plane of the membrane and diffuse rapidly due to the fluid properties of the lipid bilayer.
They form channels for the movement of ions and small molecules and serve as carrier for
large molecules. Proteins also provide anchorage to the cytoskeletal components and extra
cellular matrix,

Lipid'Bilayer

Py ning

Membrane proteins are also amphipathic. Their hydrophobic regions are held deep in the
interior of the bilayer where they interact with the hydrophobic tails of lipid molecules, The
hydrophilic regions of the protein molecules may be exposed to water on one or both the
sides of the membrane.

Bilayer Arrangement
of Lipid Molecules Based on how easily they may be isolated from the membrane, proteins are classified as
Fig 6.16 : Phospholipid peripheral or extrinsic proteins and integral or intrinsic proteins. Generally,
bilayer formed in the aqueous  the peripheral proteins are exposed only on one side of the bilayer. They do not interact
environment. directly with the hydrophobic core of phosplinlipid bilayer but weakly bound to the
Lateral Diffusian hydrophilic regions of specific integral protein or lipid polar head groups, For example,
— ankyrin, a peripheral protein, is bound to integral protein band 111 of erythrocyte membrane
These peripheral proteins can easily be extracted from the membranes by changing the ionic
4 compaosition-and/or pH of the medium,
' Flip Flop

: ] {rarely The integral proteins are usually globular and most inlegral proteins may extend across the
. I oecurs) bilayer. Their hydrophobic regions are held in the interior of the lipid bilayer and interact
‘f directly with the hydrophobic regions of lipid bilayer. The hydrophilic regions of most
integral proteins are exposed to cytoplasm and to external aqueous phase outside the cell, i.e.

Rotation on both the sides of the membrane. The proteins that extend across the membrane are called

Fig 6.17 : Various types of transmembrane proteins (see Fig. 6.18).

movements of phospholipid

iR R%Pifﬂﬁﬁ
By B4 By (LR
: A8

Fig 6.,18: Different ways in which profeins are associated with (he lipid hilayer.
1) peripheral proteins, 2) integral proteins, 3) transmembrane proteins and
4) proteins linked non-covalently to the other membrane proteins (peripheral
prodeins).

Integral proteins such as immunoglobulin molecules on the plasma membranes and many
harmane receptors can be removed from the membrane only after disruption of the lipid
bilayer by detergents. These proteins are soluble in detergents which disrupt the hydrophobic
associations and destroy the bilayer structure. This shows that the integral proteins are held
in close association with lipid bilayer.
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The polypeptide chains of membrane proteins are arranged mainly as o-helices or f-sheets. Sepramelecular Structures and

Some of the proteins mainly peripheral, are bound non-covalently to the membranes, while
athers are covalently linked to the membrane lipids.

Spectrin, a peripheral protein, Band 111, a transmembrane profein and glycophorin, an integral
protein constitute 60% of the total proteins of human RBC membrane.

Membrane Carbohydrates

Carbohydrates in plasma meémbrane occur as glycoproteins and glycolipids. Most of the
membrane carbohydrates are bound to protein molecules. A single glycoprotein may have
many oligosaccharide side chaing whereas a glycolipid molecule has only one. Glycoproteins
are absent from all procaryotic membranes. Carboliydrate chains of all the cell membranes
are located exclesively on noncytoplasmic surface, i.e. outside of the cell (Fig 6.19). In
plasma membrane, the supar residuss are located at the outer surface (exterior) and are
exposed towards the outer side of the cell. While in the membranes of cellular organelles,
they are exposed towards the [umen of membrane-bounded compartments such as in
mitochondria and chloroplast. They are absent from inner mitochondrial membrane,
chloroplast lamellas and several other intracellular membranes (see Table 6.2).

— Glycoprote:

1 1) A
VoAt

CYTOPLASM

Fig 6.19:  Schemalic diagram of cell membrane showing oligosaccharide side chaing of
Elycoproteins amd plycolipids.

Although the functions of membrane carbohydrates are yet to be established, they seem to be
involved in cell communication and recognition processes. The human ABO blood groups
are characterised by different glycolipids on the surface of ervthrocytes, There is an indication
that structore of glycolipids changes when a cell becomes cancerous. They also help to
stabilise the glycoproteins in the lipid bilayer.

Try the following SAQ and see if you have understood the molecular organisation of the
big' sgical membranes.

SAQ 6
4)  Classify the types of proteins found in cell membrane. Give your answer in the space
provided

Cell Membranes
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by Match the statements given in column | with those of column 2

Column 1 Column 2
a)  Molecular organisation [] it Plant cell membranes have litlle ar no
of the cell membrane cholesterol bt Jarge quantities of related
sterols
k) Membrane proteins [ 1] Inthe internal membranes they are exposed

towards the lumen of membrane found
compartmedts such as in mitochondria.

¢)  Membrane carbohydrates [ ] i) The cell membranes are asymmetrie, dynamic
and fluid in nature

d)  Membrane ipids [ 1| They form channels for the monement of ions

and small molecules and serve as the carmier of
larger molecules

6.5.2 Structural Organisation of Cell Membranes

In the prevsous section you have read about the molecular organisation of the cell
membranes. In this section you will study in short the different models proposed to explam
the structure of plasma m: nbranes.

In 1902, Overton postulated that the plasma membrane is composed of a thin layer of lipid
molecules because only substances soluble in lipid could pass through the plasma membrane
easily. Later an in 1926, Gorter and Grendell described the plasma membrane as a lipid
bilayer. Membrane proteins were accounted for in the later models.

In 1935, James Danielli and Hugh Davson proposed the lipid bilayer model. According w
this model, plasma membrane was composed of a lipid bilayer which was coated on bath the
surfaces by continuous monolayer of hydrated globular protein,

Tn the early 1960s David Robertson propased a madified version of Danielli-Davson model
called the Unit membrane model based on the information obtained by electron
microscopy and functions of membranes, He proposed that the plasma layer was of uniform
thickness.with two outer protein coats and the middle phospholipid layer (Fig 6.200. This
unit ;uembrane mode] was extended to all intracellular membranes as well,

Globular Proteins

Fig 6.20: Threelayered (protein-lipid-protein} unil membrane model propesed by Davion
and Dandelli.

The unit menthrane model could not account for proteins traversing the membrane and their
mobility in the lateral plane of the bilayer.

Jon Singer and Garth Nicolson proposed a modified model of membrane known as fluid
mosaic membrane model in late [960s, according to which, the protein molecules are
distributed in and on the lipid bilayer in a mosai¢ patiern. The Singer-Nicolson model
postulates that lipid bilayer exists in a relatively fluid state, as some of the protein
molecules are embedded in and float in the bilayer, while, other proteins penetrate the milayer



and protrude from one or both of its surfaces. Proteins and lipids in each monolayer can Supramolecular Structures and
move laierally within the plane of lipid bilayer. Lipids rarely flip-flop from one surface to Cell Membranes
other surface across the bilayer. The lateral movements of proteins result in their aggregation

into functional protein assemblies such as the formation of channel for the transport of jons

and molecules.

According to Singer and Nicolson, basic framework of the membrane is same for all the
membranes, but the ratio of lipid, protein and carbohydrate may vary greatly among different
membranes. Predominant forces responsible for the assembly of membrane structures are
ionic, hydrophilic and hydrophobic interactions. Such lipid bilayers form sealed
compartments and reseal themselves when they are iom in the processes of endocytosis or
EXOCYLosis.

We will discuss membrant fluidity in the next subsection, but before we take that up, try the
following SAQ.

SAQ 7

Explain briefly in the space given below, why unit membrane model was not acceptable

6.53 Membrane Fluidity
Stearic acid, a starated fatty acid,

The fluid state of a lipid bilayer depends primarily on the types and amounts of different

hydrocarbon chains of phospholipid molecules and on the cholesterol content. The lipid IS o TRy
bilayer is in more fluid state when the hydrocarbon chains of phospholipids are not long and b melis at 13.49C, and sddition of
loosely packed"Hydrocarbon chains of shorter length interact with each other less often and one double bond lowers the melting
unsaturated hydrocarbons are more loosely packed than saturated chains because of the bends =~ 'empemtare 1o -5°C

produced at double-bond sites. A double bond lowers the melting temperature (see

Fig 6.21 a).

The fluidity of bilayer increases with the increase of temperature. As the temperature
increases the fatty acyl side chains undergo a transition from an ordered or gel like state to a
more fluid or mobile state, This temperature at which the structure undergoes transition from
ordered to disordered state is called the transition temperature.

Cholesterol is another determinant of membrane fluidity. As shown in Fig. 6.21h,
cholesterol prevents the hydrocarbon chains of membrane lipids from binding together, thus
preventing the decrease in fluidity that would otherwise occur at low temperarures.

As the fluidity of the membrane increases, its permeability to water and other small
!wdrnphilic molecules also increases, The latera! movement of integral proteins also
micocumcs with Qukdiny. Cholestrol Malecule

Polar
Head
Groups

JiL

Cholestrol-

Stiffened
Region
ﬂ ﬁ )i -
F

More

Double
Bond Fluid
Reglon

(a)

(b)
Fig 6.21: s) Unsaturated hydrocarbon chains with cis-double bond cause the Muidity of mem-
brames. b} The interaction of cholesterol with two phospholipid miolecules in
the menoclayer.
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One important feature of biological membranes is their asymmetry. The two monolayers of
lipid bilayer are different in composition. For example in human RBC membrane, the
choline containing phospholipids are found mainly in outer lipid layer, whereas
phospholipids that contain a terminal primary amino groups are towards the inner lipid layer
The lipid asymmetry may help to keep the membrane proteins properly oriented in the
bilayer. As you have read earlicr, the membrane proteins are highly asymmetrical as their
association with lipid bilayer is either peripheral or integral. The carbohydrate side chaing of
glycoproteins and glycolipids are found only on the outer half of the bilayer. So the
distribution of different molecules such as mentionéd above contribute to the asymmetry of
Hpu:l bﬂa;.rm of the mcmbram

P s R A S T it i e
Discuss asymmetry in buolam:u’%mmnm

e L —— b b4 et P B B T R
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e B L 1 3 S et o B W TR W L 8 8 8 5 s 0 e et ot R B R EGE 08 6 46 58 B B i

AswenhisvEsaiready sdied aboutthe'freeze fracwrnguectnigue in Unit 2, when the cell
mmﬁn.m isphitsialo ¥ the planesifithe fiydrophobic tails of lipid

6.6 SUMMARY

In this unit you have studied that the:

+ supramolecular structures are formed by the self-assembly of smaller subueits, which
have complementary binding sites. The subunits are linked with each other non-
covalently to form various supramolecular structures of different sizes and shapes,

® the fibres of the proteins, collagen and actin are formed by the assembly of similar
protein molecules. Cellulose chains are formed by the polymerisation of glucose
molecules whereas the structures, such as viruses and ribosomes are formed by the
assembly of dissimilar molecules, i.e, proteins and nucleic acids,

»  cell membranes are formed by the self-assembly of lipids, proteins and carbohydrates,
The basic sructure of the membrane is lipid bilayer formed due to the amphipathic
nature of the lipid molecules in which proteins are dispersed and embedded 1o form
masaic pattern. They are present either in peripheral regions or traverse throughout the
membrane and protrude on both the sides of the bilayer membrane. The carbohydrutes are
linked as oligosaccharide side chains to lipids and proteins on the outer surface of the
bilayer,

@ out of the different models proposed to explain the structure of plasma membrane the
fluid mosaic model is the one that is most widely accepted. The cell membrane is fuid
in nature owing to the presence of double bonds in hydrocarbon tails of lipid molecules
and the interaction of cholesterol with phospholipids. The bilayer is highly
asymmeirical in nature due to the uneven distributions of membrane lipids, proteins and
carbohydrates on the two sides of the layers,

= the cell membrane is selectively permeable to various ions and molecules and various
membrane proteins act as enzymes, and receptors of chemical information. These

UGZY-BY-05/11E proteins also kelp a1 the ransport across the membranes.



67 TERMINAL QUESTIONS

1) Explain briefly the concept of self-assembly.
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Discuss the assembly of bacterial ribosome very briefly.

LTI TS

B T P T P e T

CRLTEEL) T e T T T T T Y

BEEREAERAERRE TS

L LTI R R e T T T

PR

T T T TP PP

SAEAE LIRS RS p by

CLEET

B LT e L RE P

mEnan

e T

FAEAEREREAEIR B

*Membrane carbohydrates contribule to the asymmetry of the biological membranes.*
Justify the statement.
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Comment briefly on the fluid state of the lipid bilayer.
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Discuss the Singer-Nicolson model of the cell membrane.
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68 ANSWERS

Self-assessment Questions

)

i)  Self-assembly

iiy ~MNom-covalent

iii) Dimers

iv)  Physicochemical forces

Enzymes : Regulation and
Control
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4)

7N

8)

b)  The hydroxyl groups of hydroxyproline form interchain hydrogen bonds that
maintain the triple helical structure, The hydroxyl groups of hydroxylysine help in
cross-linking of polypeptide chains of collagen molecules.

@)  G-actin is globular form of the protein actin. It is soluble in weakly ionic
solution. F-actin is the fibrous form of actin formed by the self-assembly of
G-actin. F-actin is insoluble in aqueous solutions.

b)  The actin filament consists of two strands of G-actin monomers which twist
around each other wo form a double helix. The protein molecules of the actin
filament have more extensive contact with each other due to the double helical
strocture of actin filament.

iy x, iyx, @)Y, wmx, vy
2 [H, W®[ivl, [l o[l

)  Peripheral proteins: These are gencrally exposed only on one side of the bilayer
and can be easily extracted from the membranes.

Integral proteins: These proteins generally extend across the bilayer and can be
removed from the membrane only-after total disruption of the bilayer.

by a [ili], b [iv], ¢ [#], d [i)

The unit membrane model wis not accepted because it could not accoant for the proteins
traversing the membrane and their lateral movements in the bilayer.

Asymmetry of bjological membranes is caused by lipid, protein and carbohydrate
‘contents. The two layers of lipids arg different in composition. Proteins are peripheral or
integral. Carbohydrates are attached to the outer layer only.

Terminal Questions

1)

3)

4

Szlf-assembly is the process in which similar or dissimilar molecules associate with the
help of non-covalent bonds to form supramolecular stroctures. The proteins like
collagen and actin are formed by the assembly of similar subunits whereas structures
like viruses and ribosomes are formed by the assembly of dissimilar molecular subunits.

Bacterial ribosomes are formed by the assembly of two subunits together formed by 55
different proteins and 3 different types of rRNA. 21 protein molecules and & single
rRNA form the smaller subunit and 34 protein molecules and two rRNA molecules
form the larger subunit. These two subunits are complementary to each other and unite
to form the ribosomal particles.

In the cell membrane the carbohydrates occur as-oligosaccharide side chains, non-
covalently linked to the proteins and lipids of the outer layer of lipid bilayer. Thus the
complete absence of carbohydrates on the inner layer of lipid bilayer contributes to the
asymmetry of lipid bilayer.

The fluid state of the lipid bilayer 15 because the hydrocarbon chains of lipid molecules
are loosely packed. The hydrocarbon chains of unsaturated lipid molecules are also of
shorter length and more loosely packed. Interactions of cholesterol with phospholipids
in the bilayer contributes towards membrane fluidity,

According to Singer-Nicolson model the lipid bilayer exists in a relatively fluld state
where various proteins:present form a mosaic arrangement. Some of the protein,
melecules are present only on one surface of the membrane whereas some protein.
traverse across both the layers. The carbohydrates occur as oligosaccharide side chaing on
mmmﬂmm,mmmﬂmmmmiﬁmm
all the membrane but their lipid, protein and carbohydrate content ratio may differ.
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71 INTRODUCTION

In the previous unit, you have leamt about self-assernbly of macromolecules imo
supramolecular structures such as collagen, actifl, etc. You have also studied the composition
and various models of cell membrane structure.

In this unit, yoo will study the various membrane transport processes. In fact, every process
which is a characteristic of living organisms such as growth, respiration, excretion,
movement, reproduction, ete., is carried out with the help of menﬁ'ane_ﬁ'anspaﬁ al some
stage. Many processes such as absorption of Jigested food materials by the intestine,
secretion of acids in the stomach, exchange of oxygen and carbon dioxide in the lungs,
formation of ATP in mitochondria and chloroplasts, functions of the kidney and miany other
functions involve membrane transport. Likewise, many of the functional aspects of biology
require a knowledge of transport processes, for example, design of heart-lung machines as
well as the design of many drugs is based on transport processes.

As said above, in this unit you will learn about transpoft processes which take place across
the membrane. The intemmal environment of the cell differs from that of its external
environment by the presence of thin surface membrane called cell or plasma membrane
that controls the entrance and exit of molecules and ions across the cell, The capacity of the
plasma membrane to act as a selective barrier between the cell and the medium is called
permeability.

The rate of movement of a substance across a membrane is calied flux, denoted by *I°. The
flux is controlled by a number of driving forces such as difference in pressure, electrical
potential and concentration. The transport of substances across the cell membrane may be
passive through diffusion or active by active transport. The first law of diffusion as
proposed by Fick states that the flux is directly proportional to both the arca and the
concentration gradient. The miovement of water in response to a solute concentration gradient
is called osmosis.

Sinte the membrane basically has a lipid structure, the substances which are lipid soluble
and small in size can pass easily through the membrane. However, these are not the only
factors that affect the permeability of the membranes. Special devices called ransport
systems ane located in the cell membranes. These transport systems affect the permeability of
the membrane for specific molecules in a very selective manner. This type of transport is
mediated by special transport systems, and therefore, this phenomenon is called mediated
permeability.

In this unif, we will discuss two types of mediated permeability, i.e., facilitated
diffusion and active transport. You will also learn about the shuttle process which
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The net effect of two oppositely

directed unddirectional fuxes is called

Hhae met flux (symbolised as Jp,0).
U I
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helps in the transport of many molecules through the meimbranes. These molecules cannot
pass through the membrane otherwise,

The study of this unit requires that you should have an elementary knowledge of physics,
chemistry and mathematics. You should, for example, know some physical constants,
conversion factors and the know-how to use logarithms for calculation.

Objectives

After reading this unit vou should be ableto

explain transport phenomenon,

describe various symbols used to denote fluxes, driving forces, permeability,
explain the relationship of flux with driving force and permeability,

state and explain Fick's equation,

state the differences and similarities with regard to free diffusion, facilitated diffusion
and active ransport.

7.2 BASIC IDEAS

Movement of a substance from one place to another in a medium or across a membrane is
controlled by certain physical processes, such as, diffusion, permeability and osmosis. To
describe these processes we will use certain terms, such as flux, forces and concentration
gradient. Therefore, first of all we will try to understand these basic ideas.

7.21 Fluxes

Flux is the amount of a substance transferred across a membrane in unit time through a unit
area perpendicular to the direction of movement (Fig. 7.1 a).

Flux is generally denoted by 1. If the flux is in x-direction, then the flux is denoted as Jx

Il

(A
I
! :

¥ L

|

e
_—
if— ]
——}

r‘jy J-out
b

Fig. 7.1 a) Flux. Arrows indicste the direction of Mow of a substance (say water), To find
the flux at & point P, take sround P s unit ares drawn perpendicular to the
direction of flow. Messure the amount of the subsiance passing through this
arca in unit time (say one second),

b) Direction of flux, Flux in the x-direction is wrilten as Jx, in the y-direction as
Iy. Flux of a substance moving inside a compartment is writien as Time
whereas flux outside as J_g.




Amount of substance
Area-x tims

Filux = Equation 7.1

If the amount of the substance is expressed in moles, the area in cm?® and the time in sec,
then the flux may be expressed as J mol cm %1, In this case J denotes the mole of substance
flowing through an area of | cm? in one second.

The unidirectional flux of glucose from outside to inside is represented by J ; glucose
(o= out, i = in)
7.2.2 Forees

The difference in pressure (F), electrical potential (E) and concentration (C) on the two sides
of a membrane are considered 1o be the most important driving forces in the living systems

Flux is directly proportional to the magnitude of the drivipg forces. Mathematically it can be
stated as under.

FaAP+AE+AC Equation 7.2

| I+ is the Mux of any substance x,
A means ‘the difference in” and
& means ‘is proportional o'}

Relationship between forces and fluxes may be defined precisely by the following equation.
ToeeA Y (Jis flux and Y is any driving force)

T=kAaY .Equation 7.3
(k i the constant of proportionality)

SAQ 1
a}  What do you means by j, " ? Give your answer in the space provided

b} Calculate the flux if 5 mole of glucose is passed through an area of 0.1 cm® in 2 seconds
in % direction (Hint ; Use equation 7.1)

7.3 MEMBRANE TRANSPORT FROCESSES

A substance can pass through amembrane by two routes. The first route is mainly used by
lipophilic (lipid-loving) substances. These substances can pass through the membrane by
simple diffusion. The second route is mainly used by lipophobic (lipid-hating) substances.
These substances can pass through the membrane ¢ither by facilitated diffusion or active
transport or the shuttle system. You will study these processes in detail in the following
sub-sections.

7.3.1 Free Diffusion

Diffusion is a spontaneous process that leads to the net movement of a substance from a
region of higher concentration to a region of lower concentration.

For example, if you put a few drops of a very concentrated dye solution (red or blue ink) in
one end of a flat glass bow] containing water, the molecules of the dye will slowly diffuse
uniformly throughout the bowl. You can watch this process by the gradual spread of the
colour throughout water. The process may take several hours or even longer depending on
several factors.

Membrane Transport
Processes

Miverment of substance in a single
direction is a wnidircctional Mux
whereas movemenl in both directions
iz known as bidirectional Mosx,

Concentration : Relative amounts
of solute and solvent in a soluthon, A
soltion in which a large amount of
sofne 15 dissalved in per unit velume
of solvent, it is sald o have 3 high
concentratbon of the solwle.

Solvent : Generally the substance
in & solution that is present in the
Targest quantity. If one substance is 4
Tiguid, i1 is normally comsidered (0 be
the solvent. When waler is present, il
i= taken to be the solvent.
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Salution ; A homog .
mixture of two or more different
substances where one of the
substances is dissolved in the other.

Solite : A subsiance dissobved in 3
salvent.

Concentration Gradient : The
change of the concentration batween
two planes at a unit distance apart.

Diffusion Coefficient: The
walght of a material, in grams,
diffusing across an area of 1 squane
centimetre in | second in & unit
concentration gradient, is known as
diffusivity.

UGZY-BY-06/M22

Diffusion of a solute takes place from a region of higher concentration of the solute to a
region of lower concentration through any water (solvent) medium in almost all living
systems. However, if a *barrier’ is placed between the two regions, the rate of diffusion is
slowed down, The greater is the thickness of the barrier, the lower will be the rate of
diffusion.

Adolph Fick in 1855 developed a quantitative relationship between the diffusive fTux and its
causative agent, the concentration gradient. Fick's first law states that the flux is dircctly
proporticnal to both the area and the concentration gradient acting perpendicular to
that area. In other words,

.Equation 7.4

Where D is the diffusion coefficient of the substance. The substance moves from the
region of higher concentration i.e. C, to the region of lower concentration i.e. C;. Therefore,
C,'will be greater than C, and C, - C; will be negative ; that means AC will be negative.
Hence a negative sign is put before AC, The ratio AC/A X is called the conceniration
gradient.

If the concentration (AC) is expressed in mol em— the distance (A") in cm, and flux J, in
mol em~25~!, then the diffusion coefficient D may be expressed as cm?s™!

Fick ‘s equation gives wseful insights into various strategies by which an organism regulates
the uptake or loss of a particular substance and thereby correlates structure and function. For
a given substance, the diffusion coefficient depends on the nature of the solvent and the
temperature.

Considering diffusion across a membrane whose thickness is not always known, one can, for
convenience, merge the thickness parameter (d) mto the diffusion coefficient (D) in Fick's
first law (Equation 7.4)

Diffusion Rate = J, = 5 % (G~ €,)

orl, =P (C,-C)} ...Equation 7.5
P = Dyd is called the permeability coefTicient of the diffusiff} substance for the
membrane. Since D has the unit cm?fsec, P (=D/d) has the unit of cmysec, which is in fact,
the unit of velocity, Thus, equation 7.5 may be written as

Flux = (Permeability coefficient) ¥ (Concentration difference) ...Equation 7.6

The diffusion rate is the amount of a substance passing through the membrane per unit time
per unit area under the given concentration difference. In the above equation if C, - C, = 1,
then P = Rate. In other words, permeability is the rate at which a substance diffuses down
through a unit area of the membrane concentration gradient unit,

7.3.2 Osmosis: A Special Case of Diffusion

If two selutions of different concentrations are separated by a membrane, then in some cases,
water tends to move through the membrane in the direction of the solution of higher
concentration. This movement of waler is called osmosis. Let us see what the essential
property of the membrane in osmosis is. For osmosis to take place, the membrane should be
permeable to water but not permeable to the solute. Such & membrane is said o be
semipermeable.

Osmosis is the name given to diffusion of solvent through a sermipermeable membrane from
a solvent into a solution, or from a dilute to a more concentrated solution.

Let us take a particular case as shown in Figure 7.2. Compartment B has an agueous -
solution of sucrose and compartment A contains just water?"'me liquids are separated by a
semipermeable membrane which is permeable to water bul not to suerose. Now the question
arises; Is the system in equilibrium? If not, then what happens? In other words does the
system come to equilibrium?

Initially the svstem cannot be in equilibrium, because concentration in compartment B is
higher than in A; remember A has just water. Hence, water tends to flow from A to B, As



water molecules move from A to B, the level of water in B rises and becomes higher than Membrane Transport
the level of water in A. As the water level in B rises, a hydrostatic pressure develops that S pTrT——— .Fr“ﬂclssus
acts against the movement of water. The net movement of water from A to B will stop when p:mm gy ﬂu‘id :mt
the hydrostatic pressure in B is just sufficient to equalise the pressure which was responsible  gue o the weig.  he fluid above
for driving water from A to B. it.

Fig 7.2 : The situation at left is not at equilibrium, water flows from compartment A Lo B.
The sitwation at right i at equilibrium, the osmotic pressure is equalised by the
hydrostatic pressure of wuter colomn (h) in B.

Thergfore, it is clear that water in A exerts a pressure against the membrane due to the
presence of the sucrose solution on the other side of the membrane. Thus pressure can be
measured by the hydrostatic pressure which is applied to the solution side to establish
equilibrium. Thiz pressure is called the osmotic pressure (symbolised as ®) of the
solution. Thus, osmotic pressure of a solution may be defined as the excess pressure which
must be applied to a solution to prevent the passage of water into it when it is separated
from water by a semipermeable membrane. Solutions containing an equal number of
muolecules, irrespective of size, have equal osmotie pressures.

The osmotic pressure of a dilute solution can be calculated from van't Hoffs' equation given
below

=Y =nRT .Equation 7.7

where, T = osmotic pressure of the solution
V = volume of water
n = number of moles of the solute dissolved
R = universal gas constant = .314 Toule K~ mole

T = absolute temperatire
The equation 7.7 can also be written as

n
"=y RT

or® = CRT ...Equation 7.8
where nfV = C, the concentration of the solute in water is expressed in mole/litre.

Osmotic pressure of a solution therefore does not depend on the nature of the solute particles.

It only depends on their dumber which in turn is related to the concentration and nature
of the solute.

After discussing about osmotic pressure, let us now describe the turgor pressure. As you
know, plant cells have rigid walls which protect the cells from extreme swelling and

bursting when the cells are in-a dilute medium. In a dilute medium, cells absorb some water
by osmosis. This osmotic entry of water into the cell builds up hydrostatic pressure within
the cell. Tt is called turgor pressure, and the cell under this condition is said to be turgid.
Because of the extraordinary strength of the cell wall, the cells swell only 1o a certain extent

appreciably and do nof burst even though the turgor pressure may be very large (5 to 15 kg
cm™,

In plants, turger pressure is respansible for maintaining the crispness or rigidity of most soft
tissues, such as leaves, petioles, young stems, etc. When the turgor pressure is lost, these
plant organs become limp and flabby, and the plants are said to wilt. Then normal ability of
the plant cells to maintain a turgor pressure through osmotic absorption of water eliminates
the need for a rigid skeleton to support the soft parts of the plants.
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How a cell will behave when put in a solution depends on its tonicity. But before coming to
the question of what tonicity is, let us first explain the terms: iso-osmotic, hype-osmotic
and hyper-gsmotic. These terms are used to compare the osmotic pressures of twp solutions.
Two solutions having the same osmotic pressure are said to be iso-osmotic to each other,
A solution having a lower osmolic pressure than the other is said to be hypo-osmotic
whereas a solution having higher osmotic pressure than the other is called hyper-osmotic.

If a cell is suspended in a solution, the cell may swell or shrink or may not change its
volume at all. Tonicity of a solution is defined in terms of the response of a cell to that
solution. If the cell swells in a solutien, the external solution s called a hypotonic
medium. If the cell shrinks in a solution, it is a hypertonie medium, If the cell does not
change its volume, the extemnal solution is isotonic. Now, let us take an example to make
it clear to you that two iso-osmotic solutions may have different tonicities for different cells.
For example, 150 mM (millimolar) NaCl is iso-osmotic to 300 mM glyceral solution. i
human red blood corpuscles (RBC) are suspended in a 150 mM NaCl solution, the
corpuscles neither shrink nor swell, Therefore, the salt solution (150 mM MaCl) is isotnic
for the human RBC. On the other hand, if human RBCs are suspended in 300 mM glycerol
solution, they swell up and bufst. This shows that 300 mM glycerol solution is

hypotenic for human RBC. Thus, 150 mM NaCl solution, though, iso-osmotic to 300
mM glycerol solution; is hypotonic with the cell cytoplasm. Let us now see what happens
to rabbit RBCs in these two solutions, Rabbit RBCs neither swell nor shrink in 150 mM
NaCl or in 300 mM glycerol. Thus, both these solutions are isotonic for the rahbit RBCs.

Why is it 507 This can be explained in terms of the permeability of the cell membrane to the
solutes in the external mediam. Human RBC membrane is permeable to glycerol, whereas
rabbit RBC membrane is almost impermeable to it. When human RBC is placed in 300 mM
glyeeral solution, a concentration gradient of glyeerol develops across the RBC membrane.
Since the membrane is permeable to the glycerol, the latter diffuses into the cell and as a
resull the osmotic pressure of the cell cytoplasm increases. The increase in the osmotic
pressure of the cell cytoplasm causes flow of water into the cell and as a result, the cell
swells and eventually bursts. This process of swelling and rupturing of the cell is called cell
Ivsis.

Before you proceed you may attempt the following SAQ to check your understanding about
permeability of the cell membrane,

SAQ 2

Calculate the permeability of the membrane, when the concentration difference across the
membrane is 0.1 moles/itre and the rate of the substance moving across the membrane is
Irmole/om’se:

74 MEDIATED PERMEABILITY

We have seen in section 7.3 that the equation for flux (J,) as derived from Fick's law is as
given below;

J=P(C,-Cy

This equation implies that if a membrane has the same value of P for two different
molecules and if the concentration difference (A C) is also maintained the same for both
types of molecales, then the flux will be the same for both types of molecules. If two

les have a similar size, ehape, structue and fipid solubility, it is expected that the
membrane will have similar permeability values for both the molecules, and therefore, the
flux will be similar for both molecules al a given concentration gradient. But this may not



be true in many cases. For example, two isomers, glucose and galactose, have the same size
and shape and the structures are very similar to each other (Unit 4, section 4.2). The two
molecules have no charge but have similar values of lipid solubility. Yer, glucose is
fransported much faster than galactose by human RBC. This is because the membrane of red
blood corpuscles has much higher specificity for glucose than for galactose,

It is also found that the experimental value of flux is much greater than the predicted value.
That is, a glucose molecule is transported across the RBC membranes much faster than
expected from the simple law of diffusion.

If J, values are calculated for different values of A C and a graph is plotted with I, versus
A C, for predicted and experimental values of permeability, we get the graph as shown in
Figure 7.3.

B-Experimental o

——
\
k!

agd -
B
AC—»

Fig. 7.3: Relationship between flux (J.) and concentration difference (A C) across the
membrane. For predicted value of P of glucose (marked A-predicted) = straight
line is observed. For experimental values of P of glucose (marked B-experimontal)
it is observed that the line is not straight throughout (he concentration range. At
low & C values the linc is straight, but as A C increases the curve deviates from

linearity and hecomes satorated. Any further increase in  AC does nol increase the
fMuax.

You have read that the actual transport of glucose across RBC membranes is different from
that of theoretical transport as predicted by simple diffusion. This implies that glucose
transport across RBC membranes does not obey the simple law of diffusion. Then the
question arises as to what is the mechanism of glucose transport. In the curve asshown in
Figure 7.3, you will observe that after a certain increase of concentration difference, there is
no increase in flux. This is called saturation characteristic of the curve. It shows
that the concentration difference is not the only factor (other than P) which influences the
transport; there may be ancther factor. Fhis factor must have a limited maximum capacity
in increasing the flux. When this limit is reached, the flux cannot be increased by increasing
the concentration difference. You may ask what is this factor? It is assumed that there are a
limited number of specialised molecules located in the membrane that help in
transporting glucose molecules faster across the membrane. These are called transport
molecules. Since a transport molecule can transport a glucose molecule Taster than what
is expected from the P value, the flux is higher than the theoretical value in the low range of
concentration difference i.e., A C. As AC is increased, .nore glucose molecules are available
tor these ransport molecules, and hence the flux increases. At a certain level of A C, it is

possible that all the transport molecules are working at their maximum rate, Once this point
is reached, the increase in glucose concentration will not further increase the flux,

Hence the curve becomes flat. Thus, the theory of transport molecule explains two important
characteristics: first, why the flux is higher than that expected at low A C, and second, why
the flux gets saturated. We have to explain another important characteristic that, why
glucose, and not galactose, is ransported preferentially. It is because a transport molecule is
very specific in recognition to its substrate. This type of transport phenomenon is knowi as
mediated permeakility

Membrane Tronsport
Processes
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Mediated permeability has another important characteristic. It is inhibited by certain
molecules, called transport molecule inhibitors. These inhibitor molecules bind
tightly to the ransport molecules. We will discuss about the inhibitor molecules in detail in
the next unit.

Briefly, the mediated permeability is distinguished from simple diffusion by the following

characteristics :

1} The transport rate (flux) and membrane permeability (P) are grester than that expected
from the law of simple diffusion.

2) The transport rate becomes saturated at higher concentration difference (AC).

3) The transport is mediated by transport molecules located in the membranes, which are
highly specific for the molecule to be transported.

4) The transport rate can be inhibited by inhibitors which bind tightly to the transport
molecules,

There are two main types of mediated permeability: facilitated diffusion and active transport,
I the fé]uw'mg sections, we will describe these two types of mediated permeability.

7.4.1 Facilitated Diffusion

In facilitated diffusion the molecule is transported across the membrane from the higher
concentration side t the lower concentration side, i.e., the driving force is concentration
gradient. In this respect, facilitated diffusion is passive diffusion. But it requires transport
molecules (Fig 7.4). Without the transport malecules, the membrane is practically
impermeable. Hence the facilitated diffusion is a mediated permeability in which the
transport molecules facilitate passive transport of $becific solutes across a membrane from a
higher to lower concentration gradient.

Many mammalian tissues possess facilitated ¢ii7usion system for molecules which they
receive from blood plasma, e.g., sugars, and amino acids. Red blood cells have facilitated
diffusion system to absorb glucose from plasma. The amino acid, phenylalanine is
transported across the epithelial cells of the intestine by this process, Bacterial membrane
also absorbs glucose from the outside medium by facilitated diffusion. In general, cenain
highty water soluble metabolites such as sugars, amino acids and glycerol are transported by
facilitated diffusion.

Thus, we have learnt that there are two types of passive diffusion, one is simple
diffusion which obeys Fick's law, and the other is facilitated diffusion that does not
obey Fick's law. In both the cases, the direction of transport is from the high concentration
to lower concentration side, and, hence no energy is required for these processes. However,
while simple diffusion does not require transport molecules, facilitated diffusion is mediated
by transport molecules.

742 Active Transport

Active transport process is a mediated permeability in which the molecule moves against
the concentration gradient, that is, from the low conceritration side to the high concentration
side. Transport molecules are involved in active transport also because it is a mediated
permeability process. Furthermore, since the molecule is transported against the
concentration gradient, energy must be supplied for active ransport to take place (Fig. 7.4),

As active transport can operate against a concentration gradient, the cells can accumulate
substances from the environment where the concentrations of these substances are extremely
low. Bacteria can remove nutrients almost completely from a culture by active transport.
Even when the concentration of glucose inside the cells of a kidney is ten times more than
the outside environment, the cells take up further glucose. Through this process, kidney cells
reabsorb most of the salts and essentially all the amino acids and sugars in the extra-cellular
fluid, in this case, urine.

Concentration gradients, especially for certain ions, are essential for the proper functioning
of the cells. Active transport processes provide for the creation and maintenance of such
gradients. In red blood cells a1 physiological temperatures, potassium jon (K*) coneentration
inside is 30 times more than that in the outside environment, while sodium ion (Na*)
concentration inside the cell is 6 times less than that outside,
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Fig. 7.4: Schematic diagram of passive transport down an electrochemical gradient and
sctive transporl against an electrochemical gradieni. Whereas passive transpory,
tither by simple diffusion or by facilitated diffusion, occurs spontpnecusly, active
transport reguires an input, of metabolic energy. Although small uncharged
molecules can directly cross the lipid bilayer, the transfer of charged molecules
{including all small fons) occurs at = significant rate omly threugh protein
channels or carriers.

Several examples of cellular functions which operate by active transport can be cited. Muscle
contraction, propagation of nerve impulse, detoxification of blood in kidney, absorption of
metabolites by the intestinal mucosal cells, energy production in mitocheondria and
chloroplasts, flagellar movement in bacteria are some of the examples in which active
transport is involved either directly or indirectly. We will discuss it in the following
sections.

If there is a concentration gradient, molecules or ions must be moved from the low
concentration gide to the high concentration side. This does not happen spontaneously;
energy must be spent for such movement to occur. The amount of energy required depends
on the magnitude of the concentration gradient. The following equation is used to calculate
the amount of energy required for active transport :

S < Where G = amount of energy required to
G= 2303 RT log [+ move one mole of the substance from low
concentration (C,) side to high
concentration (C,) side; R = universal gas
constant = 8,314 T mal' K-'; T = absolute
temperature. ...Equation 7.9

Active transport is commonly known as pump. Active transport of Na* is called a Na*
pump; active fransport of HY is called a proton pump, and so on. Why the word *pump’ is
used will be clear to you by the following analogy. When water is-allowed to flow from a
higher level to a lower level, it flows spontaneously, and, in fact, energy is available from
this process. This energy can be utilised by coupling 4 turbine or some other device to the
flow=of water. But water does not move spontanecusly from a lower level to a higher level.
However, it can be moved by using a pump and, of course, one has to spend some energy to
pump water from a lower to a higher level (Fig. 7.5).

Mow, there is an important question. Where does the energy for active transport come from?
In all living systzms, hydrolysis of ATP is the most common source of energy. However,
the free energy available from a concentration gradient is also used for the active transport.
Hydrolysis of one mole of ATP to ADP and inorganic phosphate (Pi) produces about 8,000
calories of free energy (ATP————> ADP + Pi + 8000 cal.).

In joules this is equal to B,000 % 42 (1L Cal =42 1)
= 33, 600 1.

The energy required for the active transport of Na* and K* in red bloed sells comes from ATP
hydrolysis which is coupled with an enzyme called Ma*/K*- dependent ATPase located in the
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membrane. This enzyme transports both Na* and K* simultaneously in opposite directions
getting the required amount of free energy from the hydrolysis of ATP

| e He H+

H* H+ H+
T H +
H H* H+
Low Concentration High Concentrafion
H+ e H+

H e 1 He i

Fig. 7.5: Active transport of H*, Just fike the ordinary band pump the transport of H* jons
from low concentration to high concentration requires energy. This is called
prolan pump.

In active transport, one important requirement of the membrane is to construct a physical
system which should be located in the membrane and capable of coupling two processes.
These two processes are the energy-yielding process like the ATP hydrolysis and an energy-
requiring process as in the movement of the substance against the concentration gradient. An
appropriate coupling is absolutely necessary to ensure that the free energy liberated from the
energy-yielding reaction can be wilised to run the other metabolic reaction. The make up of
the membrane which allows such coupling in any active transport process s a fascinating
creation of Mature.

7.4.3 Shuttle Processes

# substance, for which the membrane is impermeable and there is no transport molecule
either, iz ransported: by an alternate methed, called shuitle. In this process, the substance is
converted to a second substance which is transporied 1o the other side of the membrane by
facilitated diffusion or active transport. The second substance is then converted back w the
original substance on the other side of the membrane. It can be a simple shuttle involving
anly two-moleceles (X and Y in Fig 7.6) or a complex shuttle invelving many other
miolecules and even mora than one shutile (X, Y and Z in Fig. 7.6)

X
I__L_p.z

F = () /N8

Yd— X

Y—pX
&

hd
Y!——-:;—X £

{A} Simpla Shuttle (B) Complex Shuttle
Fig 7.6 : Schematic diagram of shutile mechanism of membrane transport. The molecole X
ts effectively trapsported from one side o another, although it s Y (in simple

shuttle) or ¥ and £ {in complex shuiticl which are directly tromsporied,

There are mary cases of shuttle processes in living systems Malate-asparatate shuttle across

the inner membran of mitochondria is an example of & comples shuttle system abour which



you will study in detail later. You may like to try the following SAQ to see if you have Membrane Transport
'mderstoad the process of diffusion acrosea membrane Processes

SAQ 3
Put a cross [x] before the statement which is incorrect

Both simple diffusion and facilitated diffusion

a) ane passive diffiusion |
b} transport the solutes down the concentration gradient [ 1
¢)  require no energy E 3
dy  require transport molecules [ 1]

7.5 ELECTRICAL POTENTIAL ACROSS MEMBRANE

In the case of passive diffusion (simple diffusion or facilitated diffusion) of uncharged
mofecules, the driving force is the concentration gradient across the two sides of the
membrane, But if the electrically charged ions such as Na'*, K*, €I, etc., are involved, then
another driving force which is electrical in nature becomes operative, Let us see how this
takes place.

Let us consider two compartments A and B containing equal volumes of 10 mM NaCl, The
compartments are separated by a membrane which is permeable to Na* but not to C17, Since
bath the compartmenis have solutions of equal concentrations, there is & net flux of Na*,
even though Na* ions are moving freely between the compartments. There will, of course, be
no movement of C17 between the compartments because the membrane is impermeable to
CI” (Fig. 7.70.

If we consider the distribution of electncal charges in the two compartments, we see that
there are equal number of positive and negative charges in each compartment. This keeps
each compartment electrically neutal. This is called the state of electrical neutrality and each
system tends to maintain this state. If the state of electrical neutrality is disturbed, then the
system tends to re-establish the state of elecirical newtrality.

Suppose we now increase the concentration of NaCl in the compartment A to 100 mb.
There is now a concentration difference, and hence Na® will start diffusing from A 1o B. This
diffusion may be simple passive diffusion or facilitated diffusion. In any case, it is the
concentration difference which is the driving force. As one Na® pees from A to B, the state of
elecirical neutrality is disturbed in both the chambers. Chamber A has one negative charge
(C17) in excess and Chamber B has one positive charge (Ma*) in excess.

MNaCl= 10 mM NaCl= 10 mM NaCl= 10 mM NaCl= 100 mM
Both are Inftial Concenirations
not Equiibrium Concentrations

(@) (b)

Fig 7.7: Development of elecirical potential across a membrane which is nermeable to Na
and impermeable to C1™,

a) It is an cquilibrium situstion in which C = 0 angd there is no electrical potential
difference (V = 0) between the chambers becanse esch chamber s in a state of
electrical neutrality.

b} It is also am equilibrium situation in which C and ¥V are not zerc, bul equal and
opposite to each other. V has been developed because the state of elecirical
newirality 5 disturbed im the chambers.
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We can, therefore, say that a negative potential has developed in A and a positive potential
has developed in B. Thus, a difference in electricel potential has been developed between the
two chambers. What does this potential difference do? It acts as a new driving force or the
movement of Nat, When the next Na® tries to move from A to B, it will have two driving
forces acting on it, one due to the concentration difference (already existing) that tends to
drive the Na* from A to B, and the second dué to an electrical potential which will alsp drive
the Ma* from B to A, because the excess positive-charge in B repels the Na* and the excess
negative charge in A attracts the Na*. At first, the driving force due to electrical potential
difference, let us call it V, is weaker than the driving force due to concentration difference (A
C), and therefore, more Wa* will go from A to B. However, as more Na* cross from A 1o B,
AC decreases and AV increases. Al one point these two opposing forces will balanee each
other and no more movement of Ma- will take place, although a concentration difference is
still there. Thus, a state of equilibrium - is reached. This type of equilibrium is called
electro-chemical equilibrium, because one driving force is difference in concentration
{A C), which is of chemical nature and the other driving force is of electrical nature. The
electrical potential difference across the membrane is also known as the membrane
potential.

The membrane potential developed under equilibrium conditions is measured by the following
equation '

- 230RT X .
YT g —;:* ...Equation 7.10

called as Nernst equation. Nemst equation gives valuable information on the source of
membrane potential.
Where V= menibrane potential

R = universal gas constant = 8.314' 7 mole™! K-

F = Faraday £ 96, 500 coulombs mole-!

n = ion valency, which is 1 for monovalent ions like K*, C1-, and 2 for divalent

ions like Ca**
T = temperature on kelvin scale. For instance, at 30°C, T = 273 + 30 = 303K

Substituting the above vales for monovalent jons at temperature 303K in the above
equation we get the equation as under

X
- 11§
".f“I = (0060} log X,
Such a potential difference is also called Nernst potential or equilibrium potential.

Try the following SAC) related to development of potential across a semipermeable
membrane.

SAQ 4
Suppose two chambers Aand B are separated by membrane which is permeable to Cl-but
not to K+. Chamber Ais filled with 100 mM KCl and chmber B with 10 mM KCL

a) Do these chambers remain in a state of electrical neutrality before any movement of
the 1ons starts? Give reason.

T T T TR T T e PP L L]
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b0 How can the state of elctrical neutraliy be disturbed when diffusion stats 7
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76 SUMMARY

In this unit we have discussed the following aspects of membrane trampon.pm-cesses:

e Quaniitative measurements of membrane transport indicate the rate of transport of
substances across the cell membranes. Three major quantitative factors are Mux,
driving force and permeability.

e Different processes are responsible for the movement of biologically important
substances across the membrane, e.g., free diffusion, facilitated diffusion, osmosis and
active transport. Diffusion is a process through which atems, ions or maolecules are
dispersed randomly in all directions until these particles are equally distributed in the
available space. The rate of diffusion is directly proportional to the concentration
gradient, and is quantitatively expressed by Fick’s first law.

e Permeability is diffusion through a barrier, i.e., biological membrane. Permeability ofa
mermbrane to a substance is defined as the amount of the substance passing through the
membrane in unit time under unit concentration gradient across the membrane.

e Osmaosis is diffusion of water across a membrane becanse of the difference in
concentrations of water on either side of the membrane. The driving force for water
mavement is the difference in concentrations of solutes on two sides of the membrane,
The driving force is called osmotic pressure.

@ Permeability of biclogical membranes for many substances is altered by transport
molecules which are located in the membranes. This phenomenon is called mediated
permeability.

e There are two [ypes of mediated permcability, one is facilitated diffusion and the other is
active transport. Facilitated diffusion is passive diffusion, because it occurs down the
concentration gradient and hence no energy is required. Mediated permeability controls
many vital functions of living organisms.

e Tons are distributed across & membrane in such a way that an electical potential
difference is developed across the membrane. This is known as a membrane potential.
Under equilibrium condition the membrane potential can be calculated using Mernst
equation. Membrane potential plays vital role in many biological activities such as
muscle contraction and transmission of nerve impulse.

—

7.7 TERMINAL QUESTIONS

1} What would be the osmotic pressure of one molar aluminium chloride in water at 27°C?
Assume 100% ionisation.

) 'I'he molecular weights of urea and sucrose are 60 and 342 respectively, Which one will
diffuse faster in a given solvent and why?
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3) @ Calcutate the values of flux for the concentration differences of TmM, 2mM, 3mM

and 4mM when the permeability of the membrane to the molecule is 1.5 sec!, Plot
a graph with concentration difference in the x-axis and flux in the y-axis.

Jx in sec

1 1 1 1 1
1 2 E] 4

————ACInm M -
b) What type of line do you get in the graph?

7.8 ANSWERS

Self-assessment Questions
Iy a J * means the unidirectional flux of sodium ions in the direction from inside to
outside the cell,

Amount of substance

b Flux :
Area ¥ Time

Equation 7.1

= S aele = 25 mole em2 51

0.lem?® 2 sec
2) Flux = (Permeability) x (Concentration difference)
Flux

Pcrrneabﬂn}a = conc. difference
Flux = 105 mole em 2 5!
0.1 mole
i (AR, et Ll Lo
Cone. difference = 0.1 mole litre- S
= 10-* mole em™?
o 10 mole em-?s-!
Permeability T T
= 10-' ems-!
3 d

4) -a) Yes, each chamber is in a state of electrical neutrality. It is because chamber A
contains K* and C17 in equal concentrations, 100 mM each, chamber B contains K+
and C1 in equal concentrations of 10 mM each.

b} As the diffusion starts, it is only the C1~ that moves from chamber A to chamber
B. Consequently, the concentration of C1~ in chamber A becomes less than 100
mM although the concentration of K+ in A remains at 100 mM. Hence the electrical



Membrane Tramsport

nentrality in A is diswrbed. In chamber B the concentration of C17 becomes more
Processes

than 10 mM, while the concentration of K* remains at 10 mb. So the electrical
neutrality is also disturbed inchamber B.

Terminal Questions
1} AICI, ionises almost completely 1o

AL, ——— = A+ 301

Thus the total concentration of jons is 4 molar

Osmotic pressure © = CRT
= {4 mole litre ") (8.314 JK-' mole") (300 K)
=0576.8 T litre”!

2 Diffusion coefficient increases with the decrease in molecular weight and flux increases
with the increase in diffusion coefficient (Fick's first law). So the urea will diffuse faster
than the sucrose,

3 w J=PAC
P = 1.5 sec!
whitn AC=1mM.J =15x1=15mMs"!
AC=2mM,J, =15%2=3.0mMs"
AC=3mM, I =15x3=45mMs!

AC=4mM,J =1.5x4=060mMs"’

b) The graph is a straight line, i.e., the relationship between flux and concentration
difference is linear,
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UNIT8 TRANSPORT MOLECULES AND
PROTON PUMPS

Structure

8.1  Introduction
Ohjoctives
E2  Transport Molecules
Transport Molecales in Fagiliated Diffusion
Transpan Mobecules in Active Trangpan
Transpart Molecule Inhibisors
B.3  [Ion Gradient and Energy Exchange
&4  Proton Pumps
Froton Pamg in Oxidetive Phospherylation
Frotan Pump in Photosynchesis
Praton Pump in Bacteria
8.5  Summary
8.6 Terminal Questivns

8.7  Answers

8.1 INTRODUCTION

You have already studied about various processes of transport across the membrane such as
diffusion, osmosis and active transport in the previous unit, As you know, a membrane
allows only non-polar and lipid soluble substances to diffuse freely, but it is selectively
permeable to other substances such as ions, sugars, amino acids ete. This selective
permeability of the membrane is mediated by specific membrane proteins called “transport
malecules’

The naturc and types of wansport molecules will be discussed in this unit, Transport
molecules are highly specific and increase the parmeability of the membrine to various
substances. Later in the unit, you will study ahout the ransport molecules which act as
pumps such as sodivm-potassium pumps and proton pumps. Pumips are the transport
melecules which ransport the solute against their concentration gradient, The sodium.-
potassium pump ce-transports two different molecules across the membrane. The protan
pump creates an electrochemical gradient across the membrane and the gradient energy is
coupled to ATP synthesis.

Before you read this unit, please recall the processes involved in transport and the
concentration gradient across the membrane which have been dealt with in Unit 7.

Objectives
After reading this unit you should be shle to:

*  describe the various types of transport molecules such as channels, carriers, ionaphorcs,
bon gates, and their modes of functioning,

o explain the sodium gradient across the membrane for active transport of sugars and
amino acids,

e explain the chemiosmatic theory of coupling,

®  describe the formation of proton gradient cansed by electron ransfer in mitochondria,
chioroplasts and bacteria

82 TRANSPORT MOLECULES

Celis have evalved the means to ransport molecules, macromolecules and even larger
particles across their plasria membrane. You have already read about various transpart



processes such as osmosis, simple diffusion, facilitated diffusion and active transport in Transport Molecules and
Unit-7. Lipid soluble, non-polar substances such as faity acids and gases, diffuse rapidly Proton Pumps
throiigh the lipid bilayer. Polar molecules, such as sugars, amino acids and many cell

metabolites permeate rapidly through the cell membrane in comparizon 1o their slow

diffusion across the artificial lipid bilayers. It is now known that specific ransporting

membrane proteins called transport moiecules, mediate the movements of such solutes

across the cell membranes, making them move faster. Each of these transport molecules

transfers specific molecular species of the solute actoss the membrane. One would like to

know, what these molecules are, how do they function, and why they are specific. We will

discuss these aspects of transport molecules in this section. It is to be noted that this subject

is still under active research, and all the necessary information is not vet known for most of

the transport molbecules,

Maost of the transport molecules are transmembrane proteins and are either one protein
molecule or a part of the larger protein structures that run across the bilayer. These transport
molecules occur in all types of biological membranes and their function are explained by the
three model systems comprising pores, mobile carriers and fixed carriers.

Pore Model : One or more than one protein molecule located in the membrane forms a
channel through which the molecules to be transported are passed. Tons and water molecules
move across the membrane by pore mechanism down their concentration pradient

(Fig. 8.1 a).

Mobile Carrier Model : Transport molecules move within the membrane carrying
molecules from one side of the membrane to the other in the direction of the concentration
gradient. A ransport molecule contains binding sites for binding specific molecules to be
transported (Fig. £.1 b). It is believed that these molecules facilitate the transport of sugars.

Fixed Carrier Model : The transport molecile is not mobile and stretches across the
lipid bilayer. When the molecule to be transported binds to the transport molecule, a
reversible conformationzl change takes place in the transporl molecule. This change occurs
in such a way that the bound molecule reaches the other side of the membrane and is relcased
in the medium (Fig. 8.1).

Solute
Transpaort
molecule.

Membrane

Chlari] LR I

Mohbile carrier model Fixed carrier mode]

Fig. 8.1: Schematic diagram of three different models showing different oF action
of transport molecules,

Recent studies on membrane proteins have shown that flip flop movements of the membrane
proteins across the lipid bilayer is infrequent and does not account for the observed rates of
transport. That is why fixed carrier molecules (transmembrane proteins) are more probable
carrier ransport models.

-Some transport molecules transport only one solute from one side of the membrane to the
other. These transport molecules are known as wniports. In others, the transport of one
kind of solute depends on the simultaneous transport of another kind of solute, When the
flow of the solutes is in the same direction, the transport molecules are known as
symports. If the transport of solutes is in the opposite direction, the transport molecules
are known as antiports. Symports and antiports together farm the co-transport system

ig. 8.2
(Fig. 8.2) UGZY-BY-05/135
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UNIPORT SYMPORT  ANTIPORT

Co-Transport

Fig. 8.2: Schematic diagram of transport melecules functioning as uniport, symport and
antiport systems. Symport and antiport systems are called co=Iransport systems,

As mentioned earlicr, all wansport molecules known so far are proteins. A transport
molecule may conain one subunit (one polypeptide chain) or more subunits, In general, the
structure of the ranspor. jwotein is such that the hydrophobic amine acid side chains are
located mostly on the outer surface of the protein molecule so that it has no difficulty in
getting into or staying within the hydrophobic interior of lipid bilayer, Various experiments
conducted in the past indicate that some of these transport proteins form aqueous channels
which permit solutes of appropriate size and charge to cross the membrane by simple
diffusion. These transport molecules are called channel proteins and function on the basis
of the pore model. Some other transport proteins, known as carrier proteins, an the other
hand specifically bind a solute and undergo reversible changes in their conformation while
transporting the solutes (Fig. 8.3). These transport proteins function on the basis of the
mobile carrier model and fixed carrier model, Some specific amino acids located af a certain
region of these carrier proteins form a specific site which can bind only specific solutes, This
region of the transport protein is generally known as the active site or the binding site.
These binding sites can be blocked by inhibitors. You will read about these later in the unit,
Lipid
hilayer
Solute

o

Carrier
protein

HIGHER———————+ LOWER
concentration | comeentrion
Fig. #.3: Schematic diagram showing the carrier transpart profein which undergoes

conformational changes while iy porting a solute across the membrane. The
selute binds at the sctive site of the carrier protein and is tramsported by
facilitated diffusion along the concentration gradient. After the molecule is
transported the carrier profein resumes its original shape,
A particular amino acid in the binding site. or very close 1o the binding site, may play »
crucial role in determining the specificity of binding. In that case, if that particular amino
acid is removed or replaced by some other aming acid, the binding capacity may be lost, A
defective transport protein of this type may be formed because of genetic disorder, and if this
happens the normal transpen process of a specific metabaolite will be affected Quite a few



mlumuad transport disorders have been detected in human beings. Several such disorders occur Traosport Mmecules and
in batteria through mutation. Proton Pumps

Try the following SAQ to see if you have understood the general nature of the transport
mlecule,

SAQ 1

Differentiate between a channel protein and a carmier protein, Answer briefly in the space
given below

8.2.1 Transport Molecules in Facilitated Diffusion

You have already learnt that facilitated diffusion is mediated by transport molecules; channels
and carriers, which allow specific solutes to mowve across the membrane by passive transport.
The driving force for the transport is the concentration gradient for uncharged molecules and
electrochemical gradient for charged molecules. Simple diffusion of the solutes across the
membrane does not need any type of transport molecule, Some examples of facilitated
diffusion are: transport of glucose across RBC membrane, intestinal epithelia} ceil
membrane, skeletal and cardiac muscle cell membranes and transport of CO, across RBC

membrane. The details of how these transport proteins function at the melécular level are
still unknown.

Let us discuss here one example of a channel protein that ransports €0, across the RBC Dalton is the unit of weight and is
membrane by facilitated diffusion. The protein responsible for this transport is known as approximaiely equal to the weight of
band-III protein (Fig. 8.4). The molecular weight of this protein is about 100,000 daltons ~ ° "70%eA om-

and it contains about 800 amino acids. It has two subunits which are exposed on both sides

of the membrane. From electron microscopic observation, its diameter has been estimated to

pe & nm. Each human RBC contains about one million band-III proteins.

Band 111

M-terminal

Fig. 8.4; Schematic diagram of band-IIl protein in the human RBC membrane. It is still

unkabwn how exactly band-111 protein i arranged in the membrane, bul there i

evidence that It crosses the membrane several times.
As you know the main function of red blood cells is o carry O, from the lungs to tissues
and CO, from tissues 1o the lungs. Inside the RBC, CO, is converted into HCOT, which
remains in the dissolved form, The anion HCO, is at a higher concentration inside the RBC
than outside, when it carries HCO], from the tissues 1o the lungs. While the RBC
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The gates of trafspon proleins opfn
only in response 1o a particular
stimulus such as ; chianges in the
concentration of specific lons, ligand
bdndi cell surface rwq:hum

moves through the lungs, band-TIT protein transports HCOY to the outer medium through its
aqueous channel by opening the “gates” at the ends of the channel. The fransport of each
HCOS ion is coupled with the transport of one chloride ion (CI 7) in the opposite direction.
Thus, it is an antiport system. The transport of C1™ is also passive, because it moves down
the concentration gradient; its concentration is higher outside the RBC than inside, when the
RBC is in the lungs. Thus, the band-III protein creates an aqueous channel of the right size
and charge to allow HCO3 and CI ions to pass down their respective concentration gradients

m potential etc. The gates
remain closed otherwise. across the membrane. The exact nature and function of the pate is not yet certain. It is
proposed that there is a small segment of the protein located at the opening of the channel
which contains positive charge and acts as the 'lid” or "gate’. When an anion (HCO; or CI7)
binds' with the positive charge, the segment is displaced slightly and the ‘gate’ opens. Thus,
it requires higher concentrations of anions (HCC and C17) to open the gate. The anion
hinding site on the segment of band-11I protein is specific for HCO; and CI”, 5o that ather
anions cannot bind with it (Fig. 8.5). Experiments have shown that the anion binding site of
band-ITI protein can either be on the inner cytoplasmic side or outer side of the membrane,
Ao but not on both sides simultaneously.
:::cdmg Anion

Band 111
protein

EXTRACELLULAR SPACE

N

V Valine

L Lactic acid

HYV Hydroxyisovileric acid
Fig. 8.6: Valinomycin
molecule with a K* ion bound

by six oxygen atoms at the
centre of the ring structure,
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Anion
binding
site

Fig. #.5: Schematic diagram of the conformation of band-1I1 protein during the exchange of
ions .acrogs the membrane. When an anion binds at the outer face, the
conformation of the protein changes and the channel opens for the anion Lo move
across and amion binding site is created at the cHoplasmic surface (1-3). This
cawses another anion to bind 'on this site leading fo the formation of eriginal
conformation which is the passage of second anion in the opposite direction. It
recreates the binding site on the outer surface (d4-6).

The other types of transport molecules involved in facilitated diffusion by passive wansport
are ionophores which transport the ions. We will discuss jonophores in the following
text.

Ionophores are small hydrophobic protein molecules which dissolve in the lipid bilayer
and increase the ion permeability of the bilayer, Most of them are synthesised by certain
micro-organisms, such as bactéria and fungi, and are usually released into the surrounding
medium to kill other species of bacteria and fungi. Some of the ionophores are used as
antibiotics. The outside surface of the ionophores is hydrophobic, so that these can easily
stay or move in the membrane environment. Ionophores ase of two types—mobile jon
carriers and channel formers. In both types, the ionophores shield the charge of the ion
from the hydrophobic environment so that it can penetrate the membrane. Since these
transport processes are not energy-dependent the net movement of ion is carried out by
electrochemical gradient.

Valinomycin is an example of a mobile ion carrier ionophore which increases the
permeability of a membrane to K*. It is a ring shaped polymer with six carbonyl groups
(C = 0) in the polar interior of the molecule. The six negatively charged oxygen atoms at
the centre of the ring hold a single K* ion (Fig. 8.6).

The outside surface of valinomycin is hydrophobic because of the side chain of the amino
acid valine. Valinomycin ransports K* down its electrochemical gradient by picking
up a K* on one side of the membrane, diffusing across the bilayer, and releasing K* on the
other side. The transgport of ionophore is tlemperature dependent. It inhibited if the
temperature of membrane is lowered below its freezing point.

Gramicidin is an example of a channel forming ionophore. It is an open-chain peptide of 15
amino acids all of which have hydrophobic side chains. From various cxperiments it appears
that two gramicidin molecules associate to form a transmembrane channel which allows the



monovalent cations to flow down their electrochemical gradients (Fig. 8.7). This channel is
constantly formed and gets broken down, [
[- ons

Lipid bilayer

Gramicidin
molecules

Fig. %.7: Schematic diagram’ of two gramicidin molecules. The molecules are believed to
diffuse and form a dimer in the membrane to form a channel for transport of ions,

Before proceeding further try the following SAQ.

S5A0 2
Tick mark () the correct statements and (x) the incorrect statements in the given space

i} Band-1Il protien transports HCO- along with the syinport of CI |

ii) Gates of the transport molecules open transiently in response to a stimulus

[
iii) Tonophores are hydrophobic, some of then are used as antibiotics [
[

iv) Gramicidin is a channel forming mobile ionophore

Till now, you have studied about the transport molecules in facilitated diffusion. We will
now discuss transport molecules in active transport. You have already read about the process
of active transport in Unit?

8.2.2 Transpert Moiccules in Active Transport

In active transport the solute is transported across the membrane against the concentration
gradient, i.e., from lower concentration region to the higher concentration region. And for
this kind of transport, energy is required. Therefore, the transport molecule for active
transport hias an additional function of coupling the energy source with the transport process.
The source of energy may be direct, i.e., by hydrolysis of ATP, or indirect, i.e., energy
stored in the form of an ion gradient #cross the membrane. Here we will discuss one example
of each type.

Active transport by sodium petassium pump

The best known example in which ATP hydrolysis is the source of energy for active
transport is the sodinm potassium pump (Nat K*pump). It should be bome in mind
that when we use the word *pump’, it implies that the ransport of the solute occurs against
 its concentration gradient. This ransport system pumps Na* out of the cell, and K* into the
‘cell. So it is an antiport system. Since Na* is exchanged for K*, this pump is called
Na*+K* exchange pump. The pump is largely responsible for generating the electrical
potential across the membrane. The transporting molecule for this pump is known as
Na*+K* ATPase, which is an enzyme that hydrolyses ATP in the presence of Na* and K*
to release energy.

Na* K* ATPase is an integral membrane protein that has been isolated and purified.
Integral proteins have been discussed in Unit 6. Electron microscopic examination shows
that it is a globular protein having a diameter of about 10 nm. This indicates that it runs
across whole of the thickness of the membrane. The molecule is probably a tetramer having
two similar, large subunits that are catalytic in nature and two smaller subunits whose
function is not known,

In each red blood cell there are about 5,000 Mat K* ATPase molecules and eash ATPase
molecule can transport 20 Na* ions in one second. For every molecule of ATF hydrolysed,

Transport Moleculgd and
Froton mps
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Cell Membranes and three Na* jons are pumped out and two K* ions are pumped in as shown in Fig. 8.8, It is

Enzymes warth remembering that ATP is hydrolysed only on the inside of the cell, not outside,
3INa*
Higher
s O Lower
m. K" and oubain ®

binding site

mno:::::atiun RRR R RRRRR - mr:cr:;i:ratinn
mﬁu@ ¥uy
E G Dow g

ATP ADP + P, Higher

O

K

Fig.8.8: Schematic diagram of Na'~ K* ATPase actively pumping Na* out and K* into the
cell agminst their concentration gradienis. For every molecule of ATP bydrolysed,
3 Na® ure pumped ont and 2 K* are pumped in the cell.
Active transport by ion gradient .
‘We have mentioned earlier that the energy required for many active transport systems can
also be obtained indirectly from energy stored in the form of jon gradients. Active transport
of some sugars and amino acids into animal cells is driven by the energy obtained from steep
differences in Na* or H* ion concentration across the plasma membrane. All the transport
molecules involved in this process function as co-transport systems: some as SYMpPOrts,
others as antiports. Glucose absorption in the intestinal cells from the lumen ®f the intestine
is a specific example of such a process. The glucose carrier transport molecule located in the
apical membrane of the microvilli of the intestinal epithelial cells binds both glucose and
Na* on different binding sites and transports them inside the cell. Since Na* moves down the
electrochemical gradient, it drags glucose from the lumen to the inside of the cell even
though the glucose concentration inside the cell may be higher than that in the lomen of the
intestine. Na* ion concentration in the intestinal lumen is higher than that in the cell. This
system of glucese uptake is a symport system. The greater the Na+ gradient, the greater is
the active transport of glucose into the cells. To maintain a steep Na* gradient, the Na*-
glucose symport is dependent on gradients generated by Na+ K* pump (Fig. 8.9a).

e

gy

7
W

Intestinal

epithelium
= Mucleus
| Na*K-*
ATPase
Blocd
Facilitated
diffusion of glucose
by transport protein

Fig. 8.9: a) The active transpori of glucose is driven by a No* gradient generated and
maintained by a Na*™™ K* ATPase pump.
bl  Schematiy diagram of ssymmetrical distribution of iransport molecules in
intestinal epithelial cells. The apical membrane of the céll contains a, Na*~
linked glucose transportl sysiem. Glucose is transported oot of (he cell by
Facilitated diffusion. Na*~ K* ATPase in the basal membrane keeps the
internal concentration of Na® low.
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Different types of transport systems are distributed asymmetrically in the plasma membrane
of the epithelial cells (Fig. 8.9b). The Na* linked glucose transport molecules are located on
the lumen side of plasma membrane of intestinal epithelial cells, While Na* K* ATPase
molecules are located on the basal and lateral surfaces of the plasma membrane. This ensures
that the intracellular glucose concentration is greater than that in the blood stream, while the
intracellular Na* concentration remains low as the excess of Na* is pomped out by Na* K*
ATPase. Similar :pechanisms for dissipation of jon gradient are used by various cells o
transport other sugars as well as amino acids.

823 Transport Molecule Inhibitors

There are many compounds that inhibit facilitated diffusion and active transport processes by
binding to the active: sites of the carrier transport molecules. These are called tranisport
molecule inhibitors. They are valuable research tools used to examing the mechanism of -
action of ransport molecules, Many types of compounds can act as transpant molecule
inhibitors, for example, ouabain inhibits the Na*~K* ATPase only if it is present on the
outer side of the cell as it binds to the active site of the transport molecule located on that
segment of Na*~K* ATPase which is exposed to the outer surface of the membrane

(Fig. 8.10).

One important use of inhibitors i 1o estimate the number of transport molecules by using
radioactively labelled inhibitor molecules. For example, one radicactively labelled ouabain
molecule will bind 10 one Na*~ K* ATPase molecule. Some of the transport molecules and
their inhibitor compounds are given in Table B.1..

Table B8.1: Some of the Tramspori Molecules,

Transporlt molecule Inhibitors
and cell iype and their effect
Mt Na*“ K* ATPasc Cuabain inhibits
inmerve cclis Na*~ K* ATPase
ha® fon channeis in amiloride inhibits
frogskin Na* chargied
Glucgse: epithedial cell phiorizin inhibis
from the intestine Mt dependent
glocose wptake
Glocow haman red bload cell phioretin inhibits
e independent
gluenss wptake
SAQ 3

Fill in the blanks with appropriate words

i) MWa’ kK" Atpase funclions as ........... systemn

i} Energy is required for the fransport...............the concentration gradient
1i1) Na' linked glucose ansport i5 ... on NA' K pump

1y [T proteins are responsible for Na' glucose symport

83 ION GRADIENT AND ENERGY EXCHANGE

ATP is the'main source of cellular energy for performing different biological
'muu:mmmmﬁn’tnpn:@ntnlmnaﬁwmmc:iminmﬂnmnfm
ion gradient across the membrane. You have read in the previous section that energy from

ATP hydrolysis is used by Na* K* ATPase to pump Na* and K* ions against their
electrochemical gradients, which furiher generate stecp Na* gradient across the membrane.
The steep electrochemical gradient is ysed for the Na* dependent active transport of sugars

" and amino acids intothe cell. Thus in this process, engrgy stored in the chemical bonds, i.e.,
ATP is transformed into energy stored in the form of an ion gradient. The process of

Transport Molecules and
Proton Pamps
Microvilli 2w ihin finger like
prajections of the platma membrane
increas: the surface ares fior
abaceplive purposes

lnnhﬁwﬂhhhqhhh

Fig. 8.10: Schematic diagram
showing that each Ma*~ K*
ATPase transporlt malecule
binds one ousbain molecule,
The binding site is on the
ouler side of the cell.
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Chemicemotic theory postulates that
an electrochemical proton gradient is
formed across the mitochondriz] inner
pernbeane or the chioroplas
thylakoid membrane during electron
trangport. The energy stored in this

. gradicnt is used io drive ATP
synihesis daring oxidative
phosphorylation in mitnchondria or
photophosphorylation in
chioroplasts,
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converdion of one form of energy into another is known as energy transduction. As you
have already read, the membrane transport system plays an imporiant role in biological
energy transduction,

In an energy transduction process, energy is exchanged between two systems or reactions:
one is the reaction that gives energy, i.e. energy releasing reaction, and the other is the
energy requiring reaction which consumnes the energy produced by the energy releasing
reactions. The coupling of these two reactions is extremely crucial in energy
transduction. In most cases of energy transduction, an intermediate energy exchange system
serves the purpose of coupling the energy releasing process and the energy requiring process.
Generation and dissipation of ion gradients play the role of coupling in many biological
processes. Muscle contraction, transmission of nerve impulse, ATP formation in respiration
and m photosynthesis, flagellar movement in bacteria, are some of the examples. In the
following section we will discuss about the energy transduction systems such as proton
pumps in mitochondrial respiration, chloroplast photosynthesis, and in bacteria,

SAQ 4
In the space given below briefly explain what understand by energy transduction

84 PROTON PUMPS

Although most fon transport systems in plants and animals are driven by Na* pump. Otier
pumps such as Ca®* pump and H* purnp replace Na* pump in many other systems. The
transport of protons across the membrane is ATP-dependent and occurs in many cellular
systems, for example in mitochondria, chloroplasts, lysosomes, mammalian stomach and
certain bacteria. The proton pump, i.e., HY pump was developed in early procaryotes to expel
the H* ions from the cell =0 as to maintain the internal pH.

Respiration in eucaryotic cells takes place in mitochondra whereas in procaryotic cells, such
as bacteria, it occurs in the plasma membrane. During respiration ATEis synthesised by
utilising the energy released by the oxidation of glucoese or other metabolites. In

chloroplasts, light energy is used to drive a series of oxidation-reduction reactions. In certain
steps of these reactions liberated energy is coupled to synthesise ATP, The fundamental
question arises as to how these two reactions, i.e., oxidation and ATP synthesis, are coupled.

The mechanism of coupling puzzled.scientists for a long time. In 1960, Peter Mitchell, a
British biochemist proposed the chemiosmotic theory, according to which energy is
obtained from the oxidation of NA!)_H or glucose or other organic molecules. This energy is
used to transport the H* (proton) to the exterior medium through specific transport molecule
ATPase glso called coupling factor which is located in the mémbrane. The accumulation
of protons outside the membrane results in the formation of a proton gradient across the
membrane such as the inner menibranes in mitochondria and chloroplasts and plasma
membrang in bacteria, This proton gradient across the membrane causes the protons to move
down their concentration gradient through a channel formed by enzyme ATPase molecule
which thus acts as a reversible coupling factor. The free energy is released as HY
passes into the zone of lower H* concentration and is utilised to make ATP from ADP and
phosphate.

The proton gradient has two components: one is a chemical potential caused by. the
concentration difference of protons, i.e., pH difference between the inside and outside of the
membrane, and the other is the electrical poential difference which arises due to the ionic
nature of the proton. Mitchell proposed that the energy required to form AT is dérived from
this electrochemical potential across the membrane formed doe o the proton pump

(Fig. 8.11).



2H*

Fig. 8.11: Principles of chemiosmotic theory. The protons are transiocated from inszide to
outside creating the clectrochemical potential across the membrane. The energy

obtained by the proton flow alomg the conceniration gradient s used for ATP
synthesis.

84.1 Proton Pump in Oxidative Phosphorylation

Oxidative phosphorylation occurs in mitochondria and enables asrobic organisms to capture a
greater amount of free energy for ATP synthesis by the oxidation of orgdnic substances, i.e.,
carbolrydrates, fats and amino acids. This energy is obtained by a mechanism coupled with
electron flow from organic substrates o oxygen along the respiratory chain, i.e., electron
transport chain in the inner mitochondrial membrane. You have already studied the
structure of mitochondria in Block 1. In oxidative phosphorylation the energy releasing
reaction is the oxidation of NADH. In this process NADH is oxidized by liberating protons
(H*) and electrons (e~), while oxygen is reduced to water by accepting protons and electrons.

The reactions can be written in the following way:
NADH + H* ———— NAD* + 2H* +2¢-
/20, 4 2H* + 26 ——— > H,0

The electrbns and protons of NADH do not react directly with oxygen but are carried to
oxygen by many other intermediate compounds step by step from more electronegative
components to more electropositive components resulting in the formation of water. These
compounds are NADH dehydrogenase enzyme system, iron sulphur proteins, i.e.,
flavoproteins, ubiquinone, cytochrome b, cytochrome ¢ and cytochrome a, , a, . The
sequence in which electron transfer occurs through the molecules of electron transport chain
is shown in Fig. 8.12. However, the details of this process are still unclear,

H@H-E}Mmmhydmgumuﬂ iron sulphur prdein A uhh;lﬂmne—ﬂ-r-}
cylﬂchmmﬂs-ﬂﬂi

Fig. B.12: Sequential electron transfer in oxidative phosphorylation.

You are not expected to memorise the names of all these compounds. These electron camiers
are located in the inner membrane enclosing the matrix of the mitochondria. In-the matrix,
pyruvate is oxidized through TCA (Tricarboxylic acid) cycle producing NADH, which is a
substrate for oxidative phosphorylation. You will learn more abqut the processes involved in
oxidative phosphorylation in Block 3.

Accordiae to the chemicsmotic theory, the sequential transfer of electrons through electron
cairiers i sccompanied by the expulsion of H* from the mitochondrial matrix 1o the

‘Electron transport chain 1 A
group of electron transport molecules
that transfer electrons from a donor 1o
an accepior locsied in membranes.
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intermembrane space, i.e., space between two membranes of mitochondria. For every pair of
electrons six H* are transported across the inner membrane. The net effect is the formation of
H* gradient in the intermembrane space due to the oxidation of NADH which is coupled to
the phosphorylation of ADP. The coupling factor involved in ATP synthesis in
mitochondria is F, F; ATPase complex (Fig. 8.13).

MITOCHONDRION

Quter mitochondrial..- ="
membrane il

Inner mitochondria
meéembrane ;

Fig. 8.13: Schematic diagram showing the proton pump in the mitochondrial inser
membrane. The elecirochemical gradient is formed hy the translocation of H*
across the membrane.

8.4.2 Proton Pump in Photosynthesis

In Block 1, you have read about the structure of chloroplasts which absorb light energy for
photosynthesis. The absorption of light by photosynthetic pigment i.e., chlorophyll induces
photosynthetic reactions resulting in the formation of ATP and NADPH which are used for
production of glucose by fixing CO, in the cell. The formation of ATP in this manner is
called photophosphorylation. No ATP formation takes place if the thylakeid sac is raptured,
but other reactions occur norfmally. In photosynthesis electron flow from HyO to NADP in
contrast to the mitochondrial electron transfer process where electrons flow from NADH or
NADPH to oxygen. The absorbed light energy helps water molecules to break down into
protons, electrons and oxygen. The electrons are transfermed by a series of carriers known as
electron transport chain to NADP forming the reduced NADPH molecule. The reactions can
be written as :
Light
Membrane associated
H;0 clectron transporters NADPH
F 1

Ze w22 52e-

el NADP + H*
2H* +50,

The eiectron carriers include plastoquinene, cytochrome, plastocyanin, chlorophyll and iron
sulphur proteing. As in the case of mitachondria, movement of electrons through carriers is
coupled o the pumping of the protons (H*) across the thylakoid membrane. However, unlikr
in mitochondria, in chloroplasts proton is ransported from outside %0 the dnside of the
thylakoid space resulting in an accumulation of profons creating an electrochemical gradient
across the thylakoid membrane (see Fig. 8.14). This electrocnemical potential causes the
protons to move outsids the thylakoid sacs along the concentration gradient: The energy
derived by this process is utilised in ATP synthesis. Thus, light energy is converted inte
chemical energy of proton gradient in plant cell.

As in the case of mitechondria, thylakeid membranes also contain transport molecules,
called CF, CF, ATPase complex, which allow protons to move out of the lumen of
thylakoid to stroma and utilize the energy to couple phosphorylation of ADP to form ATP
{Fig. 8.14).
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e, concentration Thylakoid
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Fig. 8.14: Proton pump in chloroplasis. Movement of electrons is coupled with the
pumping of protons from the exterior to the interior of thylakoid membrans. The
movemen! of protons down their concentration gradient through CF, CF,
complex in the membrane ks associated with ATP synthesis.

5A0) 5
Match the ftems in cohmmn 1 with those in cobunn [1
Column T Column 1T
0 telectronransiestion H,o NADP
) Peter Mitchell [ 1] D teesno
i) Owidative phosphorylation [ 1]
¢ lecttochemical potentia cross the membrane
i) Chloroplasts [ ]
& mi ki
iv) Proton gradient [ ]
" Aerobic organisms hinve oxygen
84.3 Proton Pump in Bacteria . i
Most bacteria are aerobic and synthesise ATP by oxidising nutrient molecule such as :I:E;:‘m"“wﬂ'
glucose, through the process of glycolysis and citric acid cycle. Plasma membrane of the organiews reactions cecer in the
aerobic bacteria consists of a respiratory chain similar to that of the mitochondrial inner absence of oxygen, Certain anaerobic

membrane whﬁemymnismﬂm]ehcmmpwr.lnnmwa. which are anaerobes,  bacteria such as sslmonelln species
energy is derived by glycolysis alone and the final acceptor of electrons are molecules other  ©an cause poisoning in bottled or
than oxygen, such as nitrates, sulphates, sulphites, fumarates or carbonates. As in the case %4 food

of mitochondria and chloroplast, the electron is transferred through carrier molecules such s

cytochromes and iron-sulphur proteins, which are embedded in the plasma membrane of the

zerobic bacteria.

In serobic bacteria such as E.Coli the electron transfer is coupled to the expulsion of proton
10 the outer side of the plasma membrane, thus forming the electrochemical potential across
the membrane. The plasma membrane contains Fy F, - ATP synthetase molecules similar
to those in mitochondria that allow the protons to move down the gradient from outside to

inside the membrane and utilize the energy to synthesise ATP.

In anaerobic bacteria Fy F, — ATPase synthetase molecule works in reverse, ie., it
hydrolyses cytoplasmic ATP produced by glycolysis to generate energy. Since the anasrobic
bazteria lack an electron trunsport chain, the energy released during ATP hydrolysis is
crupled to export of protons from inside the cell through the F, F, - ATPase synthetase,
Fur.ping of proton forms the electrochemical gradient across the plasma membrane of the

This electrochemical gradient is used by mitochondria and bacteria to pump other jons or

molecules against their concentration gradient. In bacteria, due to the absenee of Na* K+
Alease H*antiport systems are used to transport Na* and Ca** out of the cell against a
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Cell Membranes and concentration gradient. Bacteria also use the H* gradient to bring nutrients, such as amino-

Enzymes acids, sugars, etc., inside the cells thraugh H* symport systems (see Fig. 8.15).
a) AEROBIC CONDITIONS' {b) ANAEROBIC CONDITIONS
Respiratory chain

ATP Synthetase

H'|
H+ H-L H+
Lactose Proline Lactose Proline
_<H+' H H*

Lysine Succinate Lysine Succinate
Bacterial
plasma
membrane CYTOPLASM CYTOPLASM

Fig. B8.15: Schematic diagram showing, the formation of electrochemical potential in aerobic
bacteria (a) and anaerobic bacteria (b). This proton gradient canses the amtiport of
Na* and Ca** jong outside gnd symport of sugars and amino acids inside the
bacterial cell. It pumps various nutriemts into the cell and expels Na® oul. The
proton _grldlen‘l: is generated by the respiratory chain.

SAQ 6

Compare the formation of an electrochemical gradient in acrobic between with that in

anaerohic bacteria

With this we conclude our study of the major fumetions of membrane proteins, i.e., transport
across the membranes, If you want to know more details about various aspects of transport
processes, you may read some of the books listed at the end of this block

85 SUMMARY

The presence of specific transport molecules in the biological membranes make them
permeable to different solutes which are otherwise insoluble in lipid bilayer. This
phenomenon is known as mediated permeability. In this unit you have studied that:

« transport molecules are known to be proteins which are either small or large enough to
span the whole thickness of the membrane. Transport molecules may be mobile or fixed
in the membrane. In some cases it is only the specific solute that is transported, while
in other cases the transport of a specific solute is associated with the transport of other
solutes either in the same direction or in the opposite direction.

s Na* K ATPase pumps Na* in one direction in exchange of K* in the other direction
using energy from ATP hydrolysis.

=  transpdrt molecule inhibitors inhibit mediated permeability processes by binding to
transport molecuies. Ouabain inhibits Na*K* ATPase activity.

e electron transfer through electron carriers generates proton pumps in mitochondria,

bacteria and chloroplasts, which are coupled 1o the proton transport across the
me-mbranes resulting in an electrochemical potential,
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s  the movement of H* down the concentration gradient through the coupling factor ATP
synthetase leads to the formation of ATP. In anuerobic bacteria the role of ATP
synthetase is reversed, ie., it hydrolyses ATP to obtain energy

8.6 TERMINAL QUESTIONS

1} Describe briefly the model systems for functioning of transport molecules.

2} Comment on the siatement: [onophores increase the ion permeability in the bilayer.

3} Explain briefly the role of the enzyme Na'K* ATPase as a transport molecule,

4)  Compare the proton pump in mitochondria with that in chloroplasts.

8.7 ANSWERS

Self-assessment Questions

1} Channel proweins form the mjueous channels for the transport of lons and function on the
basis of the pore model, Carrier proteins bind the solutes and undergo reversible changes
while transporting the solute,

2) i) and iii) are correct statements.
3 i) antipor i) against i) dependent iv) carrier v) inhibitors,
4) Energy transduction is the process of conversion of one form of energy into another,

The energy Nows from energy releasing reactions to ensrgy requiring reaction.
Membrane transport plays an impaortant role in coupling these reactions.

3y 1) boiiyd, i) a ivic

Traniport Molecules and
Proton Pumps
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6)

In aerobic bacteria, the electron transfer js coupled to the proton transport across the
plasma membrane, The electrochemical gradient thus formed is responsible for ATP
synthesis. In acrobic bacteria, energy obtained by hydrolysis of ATP is responsible for
the formation of electrochemical gradient across the membrane,

Terminal Questions

L

2)

k]

4)

Transport molecules function on the basis of three model systems. 1) Pore model
transport molecule forms the channel. 2) Carrier model transport molecules move
within the membrane. 3) Fixed molecule model transport molecule runs across the
bilayer and undergoes reversible conformational change.

Tonophores are the protemns that have hydrophobic exierior and dissolve in the lipid

bilayer. They shield the charge of the ion from the hydrophobic environment of the
bilayer so that the ions can easily move across the membrane.

MNa* K* ATPase hydrolyses ATP to obtain energy. The enzyme uses this energy and
acts as a Na* K* pump, pumping Na* out of the cell and K* into the cell against the
concentration gradient.

Electron transfer in mitochondria occurs from NADH to H, whereas in chloroplasts it
takes place from HyO to NADP* In mitochondria, the protons are pumped outside from
the matrix whereas in chloroplast, the protons are pumped into the thylakoid space.
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9.1 INTRODUCTION

You have studied about the structure of cell membranes and the processes of ansport across
these mernbranes in the previous units. Membrane proteins act as transporting molecules.
The other important function of cellular proteins is to act as enzymes and catalyse
biochemical reactions at a rate appropriate to the need of the cell.

In this unit you will study about the nature of enzyn:es and their functional aspects.
Enzymes control the overall metabolic functions of the cell by speeding up the reaction rate.
They do not affect the equilibrium constant and remain unaffected at the end of the reaction.
The reactants bind to a specific site on the surface of enzyme molecule called active site.
Enezymes show specificity for their subsirate as well as for the reactions. Various factors
such as temperature, pH, concentrations of enzymes and subsirate affect the rate of enzyme-
catalysed reactions. Some enzymes require additional factors for their normal activity.
Allosteric enzymes have more than one sctive sites which may be located on the same
subunit or on different subunits. Inhibitors are the substances that reduce the enzyme
activity. Michaelis and Menien derived a mathematical equation (o study ske relationship
between substrate concentration and reaction rate. The curve for enzyme kinetics showing the
relationship between these two is a hyperbola, The kinetics of allosteric enzymes show a
sigmoidal curve. The detection and estimation of enzymes can be dene by using various
technigees which can measure their ability to convert the substraie into products.

Various enzyme-catalysed reactions characterise the metabolism of the cell. Regulation of
these reactions is achieved by altering the enzyme activity. In the next unit you will read

about the regulation of enzyme nmivi;_x;l. Before you read this unit, you should refresh your
memaory about the structure of proteins.

Objectives

A fver reading this unit you should be able wo:

» describe the role of enzymes in lowering the activation energy and in coupled reactions,

e listthe type of enzymes and describe cofactors and discuss the mechanism of enzyme
action,

+ discuss the effects of temperature, pH and enzyme concentration on the rate of enzyme

action UGZY-BY-D5/149
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e Iraw the curve for Michaelis-Menten equation and Lineweaver-Burk plot to show the
o  list the essential features of allos' “ric enzymes, isoenzymes, inhibitors and assay of
enzyme activity,

9.2 CHARACTERISTICS OF ENZYMES

Enzymes act as catalysts and influence the rate of reaction in all the living arganisms. In
fact, essentially all chemical reactions in the living beings are catalysed by enzymes. All the
enzymes known till mow are proteins with a unigque three dimensional structure that provides
an active site for binding the other molecules, i.e. substrates to their surface. Esch enzyme
normally calalyses a few reactions but most often only one type of reaction. They are
required in minute quantity/concentration to convert the substrates into products. The enzyme
remains unaffected at the end of the reaction. The enzymes molecule is much larger than the
molecule of its substrate. The molecular weights of enzymes range from thousands to
millions, whereas the molecular weights of substrates are usually in few hundreds. Some
enzywes are purely proteins, whereas others require non-protein assistant compounds for
their catalytic activity.

921 Activation Energy

All the chemical reactions in a biological system have an energy barrier which prevents
reactions from proceeding in an uncontrolled and spontaneous manner. The input of energy
required to break this energy bairier or to start a reaction is called the activation energy.
For example, a mixture of hydrogen and oxygen will not react with each other until they
receive enough energy from a heat source to achieve the activation energy. 'You may have
noticed that a tin of petrol or kerosene oil kept exposed to air at room temperature, would
not catch fire unless kindled by a spark. This tiny spark is adequate to supply the activation
energy for few molecules to react. The amount of energy released as a result of the ~
conversion of the first few molecules of reactant to product is sufficient to activate other
molecules. Similarly, chemical reactions taking place in living organisms also require
activation energy. In biological systems, enzymes are important components which enhance
the chemical reattions by lowering the activation energy and help the reactions to occur at a
rate appropriate to the needs of the cell. The enzymes speed up the reactions by lowering
activation energy. Enzymes combine with different types of substrates in such a way that
they reduce the amount of energy required for a particular reaction (sce Fig. 9.1). In the
absence of enzymes in your gut, it would take many years instead of few hours for your last
meal to be digested. You will read about the mechanism of enzyme actions in the following
SECliOnS.
Transition suate

M
Activation
SHETEY Y (R e, |
(AE) of
ancatalysed Activation energy
reaction. {AE) of catalysed
s reaction

Initial state

[ncreasing energy

Forward reaction
Fig. 9.1: Lowering of activation energy by an cnzyme. The activation energy (A.E.) Is the
energy barrier which the reactanis overcome as they Peact to form the product. The
intermediate transition state of enzyme subsirute complex lics at the peak of the
aciivation energy barrier.



922 Coupled Reaction

The energy available to the cells is obtained by burning of food stuff. The breakdown of
these food stuffs is carried out by series of reactions, i.e. catabolic reactions in a complex and
controlled way. This energy is utilised by the cell for synthetic processes requiring energy,
i.e. anabolic reactions which are endergonic in nature. Thus the catabolic reactions which are
exergonic in nature and give energy, are coupled to anabolic chemical reactions. This process
of coupling maintains a balance in the living systems.

The coupling of these reactions is an important characteristic of living organism and is
carried out with the help of enzyme-directed reaction pathways. This coupling process can be
understood by examining a simple analogy where an energy releasing catabolic chemical
reaction is represented by stones falling from a hill top (see Fig. 9.2). The kinetic energy of
fulling stones would normally be wasted in the form of heat generated when they hit the
ground (see Fig. 9.2a), A part of this kinetic energy can, however, be trapped and used to
drive a paddle wheel that 1ifts a bucket of water, as shown in Fig. 9.2 b. So we can say thit
the energy producing reaction of a stone falling is directly coupled to the energy requiring
reaction of lifting the bucket of waier. A part of the energy of falling stones is now wsed in
lifting a bucket of water and the stones hit the ground with less velocity. So less energy is
wasted as heat. The potential energy which is stored in the form of a bucker of water can be
used for other purposes such s 1o drive hydraulic machines (Fig. 9.2 ¢).

Enzymes : Specificity and
Mechanism of Action

J@/ I “ P
i o ‘ 7 ‘ﬁ]—""
i Al

(a) kinctic energy transformed into (B} part of the kinetic energy is used to
leat encrgy only. Tift & bucket of water, and a correspondingly
smabler amount is transformed into heat,

Fig. 9.2: Schematic diagram of a mechanical model indicating the coupling of reactions,
Stones falling from the hill top can be compared with the oxidation of food
stuffs {a}. Part of the encrgy of falling stones is conserved in the form of lifted
bucket of water which can be compared to the synthesis of ATP(b). The conserved

energy can be wsed for energy requiring reaction swch as utilisation of ATP during

endergonic reactions (c).

In the living organisms, enzymes play the role of paddle wheels and generate and traprenergy
in the form of high energy phosphate bonds of adenosine triphosphate (ATP). The ATP thus
formed is utilised as a source of energy for many energy-dependent processes and is described
it an energy currency of the cell. ATP is hydrolysed in neutral sgueous solutions
accompanied by release of energy. The first cleavage of ATP to produce ADP and inorganic
phosphate, releases 7.3 K. cals of energy per molecule (see Fig, 9.3)

NH; ADINOSINE TRIPHOSPHATE

|
NZ N\ =N fo
D >
0
Y N i cﬁf Np—o0 N\ 7

ADENINE \\H
O

RIBOSE TRIPHOSPHATE

Fig. 9.3:  Stroctural formula of ATP, The first cleavage indicated by an arrow releases
T3 K. cals of ciergy per maolecule,

(€} The potential Kinetic energy
slored in the elevated bucket of witer
can be used to drive hydroulic machines,
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SAQ 1

State if the following statements are True (T) or False (F).

i} Substrate is the reactant of an engyme catalyvsed reaction .

ii) Enzymes are proteins with an ability to catalyse specific reaction.
iif) All enzyme catalysed reactions produce energy for ATP synthesis -
iv) Exergonic and endergonic reactions are coupled in all living organisms -
v)  All the enzgyme catalysed reaction have higher activation energy .

— e

93 TYPES OF ENZYMES

The enzyme commission of the International Union of Biochemists (IUB) has
classified enzymes into six categories on the basis of their functional specificity. Each
category is further sub-divided into particular groups consisting of number of enzymes
(Table 9.1). Most of the enzymes end as — ase’. The first part of the name usually indicates
the substrate on which the enzyme acts for example amylase enzyme acis on the substrate
amylpse or starch, A few enzymes are still called by their old names, ¢.g., pepsin, trypsin,

chymotrypsin ete.

Table %.1: Classification of Enzymes (IUB system)

No. Enzyme Category Type of reaction

Examples

L. Orxidoreduclises Owidation
reduction
Teaclions

Cidases @ iransfer hydrogen
o oxYgen, &g, cytochrome oxidase

CytHy + 1720, w2 Cn + HyO
rechuend o icfised

cytochrome cytochrome
Dehyedrngenares: transfer hydrogen 1oa
rplecule ather than oxygen. e.g. laciate
dehyclmgenas:

C3Hgl + NAD e CqH 0 + NADH,
Incinge pyTUVaie

This reaction oecurs in liver

following heavy cxercise,

Transler a functinnally

important growup from
one malecule to another

Transamingses | transfer amino group:, -akig
new aming acids from existing ones

. £ ASpATALALE Iransarminase

aspariale + o—ketoglatarate

{aming agid) '] L {carboxylic acid)

glatamatc O akaosae

{arming ackd) {ewrhonylic acid)

This occurs i all cells

Kimages : iransfer ghasphale, wsually

from ATP 1o ansther substance

o4 hexokinase

ATF + glucose —> ADP + glucose-G-phosphate
This reacthon activates glocose prior 1o ils
breakdown in respiration. Phosphosylases which
add incrganic phosphae withow wsing ATP are
also in this catcgory.

R Hydmlases Splil mobecules in two

by the action of waler

All digestive enzymes fall o this
category ; pepsin. rypsin etc.

e amylase

starch, + H.O — starch,_y + maliose



These reactions occar in the gut and transfonn Enzymes : Specificiiy and
Inrge insolible food molecules inte smaller Mechanism of Action
soluble ones which can be absorbed. Similar

reactions also occur in the lysosomes of cells.

Phosphatases which remove phosphate groups
from organic molecules by hydrodysis also fall

in this category.
4. Lynsay Add or remove groups Carbonylases : add OO0,
without nvolving waer &g ritulose diphosphate carboxylase

ribabose diphosphate + CQy = phosphoglyceric acid

This occurs in the stroma of chloroplasts and is
the principal mechanizsm by which atmospheric
COy s tumed into orgamdc material,

Drecarboxyiaces : remove C0,

o8, pyruvate decarboxylase

pyruvic ek - acetaldehyde + OO, released
Irtermediate slep in the conversion of sugars to
cthanol during alcoholic fermentation.

5 lsomiernses Conven one isomer of Mutaser
a compound inlo a e.g. phosphoglecomutase
different isomer by glucose- L-phosphate =t plucose-6-phosphate
redisiributing the atoms This reaction occurs at early steps in the
respiration of sugars,
6. Ligases Link together two Synthetases
malecules at the .. aminoacyl synthetases
the expense of ATP Join amino acids w (RMNA during protein
synthesis.
5A0Q 2

According to the [UB system enzymes are classified into six categories. Name these
categories and give one example for each

94 COFACTORS

Ay vou have read above, all the enzymes are proteinsceous in nature, Most of the enzymes
consist of only polypeptide chains. Some enzymes, however, require an additional chemical
component for carrying out their catalytic function. These constituents are non-protein and
are called cofactors. A complete, catalytically active enzyme together with its cofactor is
called a holoenzyme. The protein part'of the holoenzyme is called apoenzyme. The
cofactors are of three kinds; prosthetic groups, coenzymes and metal ions,

Prosthetic groups are organic compounds and are permanently bound to apoenzymes. For
example, in the enzymes peroxidase and catalase, which catalyse the break down of hydrogen
peroaide to water and oxygen, heme is the prosthetic group and is a permanent part of the
ENZVME"S aclive sife,
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Coenzymes are also organic compounds, but their binding with apoenzyme is transient,
and oceurs only during the catalysis. The same coenzyme molecule may act as cofactor in
different enzyme-catalysed redctions. Apart from helping enzymes in their catalytic activity
these coenzymes also function as transient carrier, i.e. temporary acceptors for specific atoms
or functional groups. Vitamins are essential companents of many coenzymes. For example,
the coenzymes nicotinamide adenine dinucleotide (NAD} and nicotinamide adenine
dinucleotide phosphate (NADP) contain vitamin niacin and are electron carriers. Coenzyme A
{CoA) contains vitamin pantothenie acid and carries (transfers) functional groups sueh as, an
acetyl group,

Metal ions are required by certain enzymes for their catalytic activity. Metal ions such as
Mg, Mn®* or Zn®* bind with specific side chains al active site and at the same fime with
the substrate. The binding of metal jons with the substrate helps 1o break it down into
products. For example, zine is a cofactor for proteolytic enzyme carboxypeptidase. It binds
with side chains of amino acid residues in the active site of the enzyme and with the

¢ -carboxyl group of substrate amino acid. It is here that the peptide bonds of substrate are
broken by the enzyme. Table 9.2 summarises various type of cofactors,

Table 9.2: Some cofactors and their related emzymes

Cofactar Enzyme Reaction
Prosthetic groups
Heme Catalase IH0,—=1H,0 = Oy
Heme Peraxidass ZHOly 2140+ Oy
Coenzymes
Flavin monomucleotide (FMMN) Some delodmpenases Removal of hydrogen atoms
Thizmine pyrophosphate (TPF) Some decarbonybases Removal nrmz
Metal ions
Znt Carboxypepiidase Hydrolwsis of proteins
o Ascorbic acid oxidase Ascorbate b dehydrmmcorbale
Mg Hexndinase Glucose + ATP ---> glucose phosphate
5A0 3

Differentiate between coengymes and prosthetic group. Answer briefly in the space provided-

9.5 MECHANISM OF ENZYME, ACTION

In spite of the exceiient information that has accumulated over the lasi several years on the
physital, chemical and structural aspects of enzymes, much remains 1o be understood about
their mechanism of action, Significant information on the mechanisms by which
ribonuclease, chymeotrypsin, lysozyme and some other enzyme catalysed reaction is,
however, available,

The general mechanism of enzyme action can be viewed as having three stapes. The ENEYTE
first binds to the substrate followed by the formation of enzyme substrate complex (ES)
which finally alters the substrate and forms the product. The events in enzyme catalysed
reaction are represented by the equation,



binding catalysis Release
E+S5¢2 ESet EP——= E+P

where  E is enzyme 5 is substrate

P is product ES is enzyme substrate complex
As you know an enzyme speeds up a reaction by lowering its activation energy. Enzymes
have specific regions on their surface to which the substrate binds and catalysis takes place.
This region is called as the active site of the enzyme. The enzyme recognises and binds the
substrate to its active site and forms an activated enzyme substrate complex. The
enzyme acts upon the specific bonds within the substrate resulting in the formation of the
product. Thus the enzymes lower the energy barrier and allow the organisms to carry out
reactions faster.
A0 enzyme lowers the energy buarrier, Le. activation energy of both the forward and reverse
reactions to the same cxient. It docs not alter a reaction s equilibrium state but merely
increases the speed with which the reaction approaches equilibrinm. Furthermore, since a
catalysi such as, an enzyme is not permanently changed by participation in a reaction, it
comes out exactly as it started, and is ready to catalyse the reaction again. One of the factors
responsible for enzyme action is their specificity about which you will read in the following
subsection.

9.5.1

One of the most significant Teatures of enzymes is their specificity with respect to the nature
of the reaction they catalyse and also in the actual reactant, 1.e. substrate molecule, For
example, proteolytic enzymes catalyse the reactions involving proteins, whereas urease and
succinic dehydrogenase act exclusively on urea and succinate respectively, Enzyme specificity
varies even within a particular group of enzymes. Let us take the example of proteolytic
enzymes. The reaction catalysed by these enzymes is the hydrolysis of peptide bond
{Fig.9.4a). Subtilisin cleaves any peptide bond joining the amino acids of the substrate,
whereas enzyme thrombin catalyses the hydrolysis of peptide bonds only between arginine
and glycine (Fig. 9.4 b). Still some other protealytic enzymes have different degree of
specificity, for example trypsin breaks peptide bonds only on the carboxyl side, i.e. C-
terminal of amino acids lysine and arginine (Fig. 9.4 c). You have read about the N-terminal
and C-terminal of amino acids in Unit 5. The specificity differences are due to the biological
functions of various proteolytic enzymes, Since bacteria use any protein as a source of
carbon and nitrogen, subtilisin enzyme found in them can act upon any type of proteins,
En: . mes trypsin and chymotrypsin have limited specificity as they break down the proteins
into 5 to 20 amino acids long fragments in the mammalian digestive system.

Enzyme Specificity

H O H Proteolytic enzyme H H O
o I i W I
F—N—E-—C—hll-—-G-—G'ﬂ'!" HzO #“‘"';—'-‘IJ—C\ + HgN—I—G—-O
[ | | O
H R, H R H R, R,
Paptide Carboxyl Amino
componant Component
(a)
g Hydrolysis site
e H (8] H o]
= Hydrolysis site | Il | M
0 H O iy e (5 — O N = — G
[ é I | -
naneten hE‘—- C—0C I'H[l'-— — A H « H Ry
H Lo H. i Lysine
[Arginine | [Glyeine) ar
arginine
(b) (<)
Fig. 9.4: a) Proteolytic enzymes carry out hydrolysis of peptide bonds; b} Epecificily of

enzyme thrombing ¢} Specificity of enzyme trypsin.

Enzymes : Specificity and
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Geometrical (cis-trans) isomers

H H
l\
c=c’
' .
HOOC COOH
Maleic acid (cis)

HDGQ Pa

s =ic
H OOH

Fumaric acid (trans)

Fig 9.5: Maleic acid and
fumaric acid are geometrical,
cis-trang isomers.

Active site

Thrombin participates in blood clotting and shows absolute specificity as it splits only a
single.peptide bond infbringgen releasing the fibrin monomer which helps in the formation
of fibrin clot. The least specific group of enzymes is hydrolases enzymes.

Some enzymes exhibit stereospecificity acting exclusively on differen! stereoisomers of the
same compound e.g., the kidney D-amino acid-oxidase acts on D-isomers of amino acids.
However, a small group of enzymes such as racemases catalyse the interconversion of D and
L forms. Some enzymes exhibit geometrical specificity acting only on cis or trans isomers.
Cis and trans isomers are geomelrical isomers and have different arrangement of their
constituent atoms and groups with respect to the double bonds joining the two carbon

atoms. For example, maleic acid and fumaric acid have the same molecular formula but differ
in the arrangement of the group round the C = C bond. As shown in Fig.9.5 Maleic acid,
with both the carboxylic group on the same side, is the cis form of fumaric acid, the trans
isomer in which these groups are on the opposite side,

In view of the specificity exhibited by enzymes in binding of the substrates, Emil Fischefin,
1984 put forward the lock and key hypothesis. According to this hypothesis the
substrate molecules fit into the active sites of the enzymes like a key fits into the lock. This
results in the formation of transient ES-complexes which breaks down into enzyme and
product (Fig 9.6 a). The enzyme substrate complex can be isolated from the enzymes that
work slowly thus giving the direct evidence for the formation of these ES-complexes,

Although the lock and key model accounts for much of the enzyme substrate specificity,
certain observations about enzyme behaviour cannot be explained by this model. For
example, some times compounds other than the actual substrate bind to the enzyme and fail
to form the reaction products. In the 1960°s Daniel Koshland proposed the induced-5it
hypothesis according to which the active site of the enzyme does not initially exist in a
shape complementary to the substrate but is induced by the substrate 1o assume the
complementary shape to bind the substrate molecule. Active site of an enzyme is thus
regarded flexible in nature (see Fig. 9.6 b). However, a flexible active site is not necessary
for all enzyme catalysed reactions as some are adequately explained by the lock and key
maodel.

ES complex
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(a) {b)

Fig. 9.6:a) Lock and key model: the active site of the enzyme is complemeniary in shape to
that of the gubsirale. Subsirate fits in the active site like a key fits in the lock.

b} Induced fit model: the enzyme changes its shape upon binding the substrate. The
active site acquires complementary shape to that of substrate onmly after the
substrate is, bound.

9.5.2 Molecular Basis of Enzyme Action

The molecular basis of enzyme action depends on its three dimensional struciure, The
making-and breaking of chemical bonds by an enzyme in a reaction are preceded by the
formation of an enzyme substrate complex. As you have read earlier, the substrate is bound
to a specific region of enzyme called active site. The properties and positions of side chains
of the enzymes exposed at the active site determine which substrates will bind to it The
specific amino acid side chains at the active site are not necessarily close to each other in the
linear protein chain. Folding of the protein chain, however, brings these groups together.
For instance, negatively charged side chain groups, like those of asparatate and glutamate,
can be forced together, due to the folding of the enzyme protein molecules in spite of their
tendency to repulse each other. This leads to an increase in affinity for the positively charged



groups of the substrate, Similarly, some amino acid side chains forced together as a result of Enzymes : Specificity and
folding of peptide chains, may interact through hydrogen bonding, for example in rypsin a Mechanism of Action
normally non-reactive serine molecule (CH,OH) becomes highly reactive by acquiring two

negative charges (Fig. 9.7).

When an enzyme is denatured, the native three dimensional structore is disrupted. Amino acid

side chains of the active site unfold and separate from the site. This prevents their

participation in a chemical reaction thus inactivating the enzyme. Enryme inactivation is

also caused even when only a functional side group is displaced or substituted in the enzyme.
st

23 }'fn,‘ﬁ,

hydrogen hand
s b

Fig. 9.7: Rearrangemenis of hydrogen bo..d makes serine molecule highly reactive in the
active site of the enzyme.

Although enzymes differ widely in structure, specificity and mode of catalysis, various
meclmnls:mnpenm at the active site of enzymes, each coniributing to the lowering of
‘sctivation energy. These mechanisms can be generalised as follows:

s The binding of reacting molecules with each other brings them in close proximity, thus
increasing the chance of a reaction.

e The substrates are bound o the enzyme in sich a manner that the formation of several
types of lemporary non-covalent bonds between them force a redistribution of charges
within substrates, This redistribution imposes a strain on specific covalent bonds in the
subsirates resulting in the breaking of the bond.

L] Hydmphnb&c amino acids eliminate water molecules from the active site to create a
water free zone 50 that nonpolar groups react more easily.

o Acidic and basic amino acids in the active site of the enzyme transfer the protons to and
from the reactants for catalysis of reaction. This is known as acid-base catalysis.

e Enzymes react with the substrate to form wansient, high energy unstable covalently
linked enzymes substrate-complex which undergoes further reactions to form products.

Aldthough these factors ane believed to contribute to the acceleration of reaction rate by
various enzyme, the exact mechanism involved is yet to be known,

SAQ 4
Complete the following statements with appropriate words

i} The substrate binds on the ............... of the enzyme and forms.....coooeeniain
ii)  Enzymes do not alter the .................. of the reactions

{11 ST acts upon any peptide bond between the amino acids

iv)  Thrombin has .....ooooniininen. specificity
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V) ACCOrding (0 vvvvverreirrrmnnans active site assumes the complementary shape.
after the....coccincnsrensrnnnns is bound

Vi) e of the polypeptide chains bring the side chains together in the active -
site region

Vi) cesevrmsmsrensnarenennre: AMIiN0D acids create a water free zone for.....oeeie, reactants -

viil) Transfer of protons to and from the reactants is ... cataysis -

9.6 FACTORS AFFECTING THE RATE OF ENZYME |
ACTION

Cell Membranes and
Enzymes
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o
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Fig. 9.8: EMMect of
temperalure on the rate of
enzyme calslysed reaclions.
Optimum lemperaiure varies
for different enzymes and
different species.
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Enzymes are capable of enhancing the reaction rate enormously, sometimes'a million times
compared to uncatalysed reactions. The rates of enzyme catalysed reactiond are expressed as
the “turnover number", The urnover number is the number of substrate molecules
transformed into product in unit time by a single enzyme molecule or by single catalytic
site, and depends upon the enzyme concentration. So if the enzyme concentration is known,
the tumover number ean be calculated.

moles of product formed per unit time
moles of enzymes

Tumover number =

Tumover numbers of several enzymes are listed in Table 9.3. The highest turnover number

is of carbonic anhydrase which converts 3.6 % 10° CO, molecules to H,CO, per minute.
Intemational Union of Biochemistry has now recommended a new unit for reaction raies
called Katal (Kat). One Kat is the amount of eazyme that converts onc mole of subsirate into
product per second,

Table 9.3: Turnover Nuwiber of Some Enzymes

Enzyme Turnover Number
Carbonic anhydrmse 16108
Acetylcholinesterase 15x10%

Urcase 10108
Amylase 1.0% 109
Lactic debydrogonase a0=10*
Chymotrypsin 6.0x 0%
Lysozyme JaSy

Rates of enzyme catalysed reactions depend on several factors like temperature, pH,
concentration of enzyme and substrate etc.

9.6.1 Effect of Temperature

Within certain limits temperature influences the enzyme catalysed reactions in the same way
as it affects ordinary uncatalysed chemical reactions. As the temperature increases, the rate of
a chemical reaction increases owing to an increase in the oumber of activated molecules. But
when the temperature rises above a certain limit, it destroys the tertiary structure of the
enzyme causing the loss of its activity. Similarly low temperature, such as freezing
temperatures, generally inactivate the enzyme. It, therefore, follows the rule that for every
enzyme under a given set of conditions, there is a temperature at which the activity of the
enzyme is at its maximum. This is known as optimum temperature (see Fig. 9.8). Most
enzymes arc denatured above 50°C. Optimum temperature for mammals and birds is about
35°- 40°C whereas in plants and in other animals it is between 20°- 35°C, Some procaryoles
and certain fishes found in Antartica region are exceptional in that they are adapted to life in
hot spring and at freezing cold temperatures. They have optimum temperature at over 80°C
and below freezing point respectively.



9.6.2 Effect of pH Enzymes : Specificity and

Mechanism of Action
The hydrogen ion concentration or the pH has a marked influence on the rate of enzyme

reaction. Characteristically, each enzyme has a pH value at which the reaction rate is
optimum usually within the pH range 7.0 + 1.5, This is known as optimum pH at which a
certain enzyme causes a reaction to progress most rapidly. On each side of this pH value the
reaction is decreased and at certain pH values on both sides an enzyme may be inactivated or
even denatured. Therefore, while studying enzymes, buffers are used to keep the enzyme at an
optimum pH.

While majority of enzymes function optimally around neutral pH values, some enzymes like ~Buffersare the combination of
pepsin in stomach has an unusually low optimum pH. This is an adaptation to the acidic mﬂmﬂﬂwﬁﬂ
conditions of stomach which has pH ranging from 1.5 to 2.5 due to the presence of HCl in

: e coisists of & weak acid and its
the gastric juice (see Fig. 9.9). Pancreatic enzymes have their optimum pH in highly conjugaic base or a weak base and its
alkaline range.

(CH,0007) can serve 25 a buffer
when pH of the solution has to be
adjusted around pH L

Rate of reaction

Fig. 9.9: Effect of pH on the rate of enzyme catalysed reactions. Proteolytic enzyme pepsin
has low optimum pH.

963 Effect of Enzyme Concentration

As you know, Enzymes increase the reaction rate through catalysis. Under constant
conditions of temperature, pH and substrate concentration, the velocity of the reaction is
directly proportional to the amount of enzymes present, i.e. the reaction rate is increased
with the increase in enzyme concentration. However, the equilibrium constant for the
reaction is not affected by the presence of enzymes. A chemical reaction in the cell can be
started or stopped by making or destroying a particular enzyme. As you have read, turnover
number is a usefyl parameter to study the effect of enzyme concentration. Before we proceed
further try the following SAQ.

SAQ 5
Match the statements in columnl with those in column 11

Column | Column 1

i} Temperature influences a) Itisactive only in acidic medium
eryme calabysed reaction [ ]

i) Mammals and birds also b)  Enzyme concentration has its affect on
have optimum kemperatune [ 1] reaction raie

iii)  FEnzyme pepsin acts on peptide ¢} Erymes ane mactiveted at freesing
bonds in the stomach E: bempeTAlURSS

ivl  Reactions rate is directly d) It between 35C to 400C
proportional to the amount of
Enzyme [ ]

Enzymes not only speed up the reactions, they also have effect on the kinetics of

the reaction. Substrate concentration plays an important role in enzyme kinetics about
which you will read in the following section .
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9.7 ENZfME KINETICS

The concentration of substrate also influences the rate of enzyme catalysed reaction. At low
substrate concentrations, the number of substrate molecules are too few to occupy all the
active sites of the enzyme molecules, and the initial velocity of the reaction is directly
proportional to the substrate concentration. With the increase in substrate concentration more
and more active sites are occupied by many more molecules of substrate. A stage will finally
be reached when the substrate concentration is high enough to occupy all the active sites of
the enzymes. At this saturation point the maximum velocity of the reaction is attained and is

~called Vmax. This maximal velocity is not affected by further increase in substrate

concentration. The curve ~f the rate of enzyme reaction against substrate concentration shows
the shape of a rectangular hyperbola for enzymes composed of single polypeptide chain with
one active site (see Fig. 9.10). At a particular concentration of substrate where half the
enzyme molecules gre saturated with substrate molecules, the velocity (V) of the reaction is
half the maximal velocity (Vmax/2). This substrate concentration at half the maximal
velocity is termed as Km or Michaelis constant.

Vmu!_-.-._ -y

Reaction velocity (V)
L=

Substrate concentration (5)

Fig. 9.18: Relationship between reaction rate (v) and subsirate comcentration (s). The initial
velociy of the reaction increases with the subsirate conceniration. At high
sobsirate concentration v becomes indepemdent of 5. Michaelis constami Km is
equal to substrate comcentration when reaction rate i half jls maximum value
(Vmax/IZ). All such curves are hyperbola.

In 1913 Leonard Michaelis and Maud Menten proposed a simple yet convincing model to
explain the Kinetics of enzyme reaction. According to this model, enzyme (E) combines
reversibly-with substrate (S} to form the enzyme-substrate complex (ES). The ES
subsequently breaks down to E and to product (P). This is represented by the following
equation ;

K, K,
E+Se=2 ES

K

K, represents the rate constant for the formation of ES. K, and K, represent the rate
constants for the dissociation of ES to E + 5 and E + P respectively.

>E+ P

Soon after the enzyme is mixed with substrate, the concentration of ES builds up and
remains unchanged as long as 5 is in large excess. When the rate of formation of ES is equal
to its breakdown, the ES concentration will be constant and the reaction system is said to be
in a steady state. Putting this mathematically,

K,(E] (S]= K, [ES] + K, [EP]

I WO 1]
K,  [ES]+[EP]

Al any substrate concentration some of the enzyme molecules are in the form of ES while E
represents the free enzyme. Total enzyme molecules are therefore equal to free enzyme
molecules plus enzyme molecules in the substrate complex form, i.e.

E (Towul)=E + ES



The concentration of free enzyme or that of ES as enzyme substrate complex is difficult to Entymes : Specificily and
determine experimentally. Equation 9.2 can, however, be, converted to a more convenient Mechanism of Action
form assuming that

i} atany given substrate concentration, velocity (V) of an enzyme catalysed reaction is
proportional to the concentration of ES, and

ii} maximum velocity attainable by the enzyme at saturating substrate concentrations
{Vmax) is proportional to the total enzyme concentration.

Based on these assumptions, Michaelis-Menten derived the following equation from equation
9.2

~ Vaus [8]
TK, + 8]

s
K

1

K is the Michiclis-Menten constant and is equal to

Az spid earlier, Km can be alse defined as the substrate concentration where enzyme exhibits
half of the maximum reaction velocity, i.e. when S = Km, then ¥V = Vmax/2. This Km is a
measure of the degree of binding or affinity of the enzyme for the substrate, Small values of
Km denote high affinity while larger Km values indicate weak affinity, An enzyme has a
characteristic Km valoe for a given substrate.

As shown in Fig. 9,10, Km value can be determined experimentally by determining the rates
of reaction at various substrate concentrations, using a fixed amount of enzyme. However,

most enzymes do not readily auain maximum velocity and continue to show smail increases Slope= Km

in velocity even at very high substrate concentration. For a more convenient calculation of Vmax g
Km, Lineweaver and Burk introduced a different form of Michaelis-Menten equation by i

taking reciprocal of both sides of the equation 9.3 -

T T O

1
i ] S 1

Vmax
By plotting reciprocal of velocity (1/V) against the reciprocal of substrate concentration (1/8) & 1_,(__1 I
onc gets a sraight line from which Km and Vmax can be easily caleulated (Fig. 9.11) o &
m
SAQ 6 Fig. 9.11: Lineweaver-Burk
Explain briefly the relationship between subsirate concentration and Michaelis constant plot showing the relationship

between reciprocal of readtion
rate (1/V) and reciprocal of
subgtrate concentration (1/5).
The plot is a straight line and
holds true for enzymes
oheying Michaelis-Menten
relationship.

9.8 ALLOSTERIC ENZYMES

Some enzymes may have two functionally different binding sites. One of the site, the active
site, binds the substrate and catalyses the reaction. The other type of site, known as allosteric
or regulatory site binds another molecule which is called effector or modulator. Such
enzymes are known as allosteric enzyimes. These enzymes are oligomeric in nature, i.e..they
have more than one subunil. The active site and allosteric site may be located on the same
sipbunit or on ditferent subunits of the enzyme and the conformational changes caused by
hinding are rapsmitted between subunivs, Effector molecules are of two types; positive
effectors, i.e. activators that enhance enzyme activity and negative effectors or inhibitors
which inhibit enzyme activity. Binding of effectors causes conformational changes in the
allosteric enzymes which influence their catalytic activity {see Fig. 9.12). We can also say
that allosteric enzyme action is regulated by effecior melecules. You will read about ihe
functions of effectors in Unit 10. These effectors molecules can bind at the same allosteric
site or at differant allosteric smes.
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R = Regulatory Subunit

ﬂhw B Substrate dossn't Fit
_,_._...k._.:q.
(a) Inactive Enzyme
o
# Substrate doasn't Fit | ] mﬁ:‘: @ Substrate Fits
T~
ABosteric
Site
Inactive Enzyme (b) Active Enzyme

Fig. 9.12: Schemalic disgram showing the Tunctioning of allosteric emzymes.

Binding of a substrate to one active site may influence subsequent bindings to other active
sites of an enzyme with more than one active sites, This behaviour of enzymes is known as
cooperativity. When binding of the first substrate molecule promates binding of
subsequent substrate molecules, it is called positive cooperativity. Negative
cooperativity is when, after the binding of the first substrate molecule subsequent
subsirate binding occurs less readily. Allosteric enzymes and enzymes that show
cooperativity do not obey Michaelis-Menten Kinetics. Such enzymes which are composed
of maore than one subunit and more than one active site show a sigmoidal curve when
reaction velocity is plotted against subsirate concentration 25 shown in Fig. 9.13.

1 4 enzyme with
activator
mm
-

’.f
; enzyme zlone el
‘_/
s

-

Rate of reaction,
~
N
S

[
i

K
- enzyme with

23] inhibitor

suhgirate concentration

Fig. 9.13: Allosteric enzymes show sigmoidal curve when reaction rate is plotied againsi
subsirate concentration. The effecis of allosteric sctivater and inhibitor are also

shown,
Many allosteric enzymes jon at the beginning of the metabolic sequence pathway and
are inhibited whenever the end product of the reaction pathway accumulates. Such inhibition
is described as the feedback imhibition. Several important metabolic pathways are
regulated by feedback inhibition both in procaryotes and eucaryotes, You will read more

about it in Unit 10.



99 ISOENZYMES Qi iy B

Several enzymes exist in their multiple forms termed isoenzymes or Isozymes. These
ispenzymes are not isomers, All isoenzyme forms of a given enzyme catalyse the same
reaction but are chemically distinct molecules. They may differ in amino acid composition,
amino acid sequence, charge, molecular weight, etc. They usually differ in one or more
kinetic properties such as Km, Ymax for their substrate.

Ispenzymes are found in all vertebrates, insects, plants and unicellular organisms. Different
tissues may contain different isoenzymes which may differ in their affinity for the substrates.
Ome of the first and best known example of universally occurring iscenzymes is lactate
dehydrogenase that exists in five different forms : M,, M,H, M,H,, MH, and H,. Each of
these isozymes is a letramer made up of four polypeptide subunits. These subunits are of
two types and occur in different combinations in the isozymes. These two types of subunits
are named as M and H types depending upon their location; M in muscles and H in heart
(Fig. 9.14).

Tetramers,

Muonomer [ I Monomer

Fig. 9.14: Lactate debydrogenase enzyme is a tetramer, has five isozymic forms. Each
tetramer has M end/or H types of monomers in different numbers.
All the forms of lactate dehydrogenase isoenzymes do not necessarily occur in equal
proportion in all the cells as M, dominates in muscles and H, is predominantly present in
the heart. Other isoenzyme forms include oxidases, dehydrogenases. Several regulatory
enzymes also exist in ispenzyme forms. The molecular difference of iscenzyme molecules is
due to the difference in their locations such as malate dehydrogenase, which occurs in
different forms in cytosol and in mitochondria, Analysis of isozymes is frequently used in
medical diagnosis.

9.10 INHIBITORS

Enzyme activity can be inhibited by certain chemical substances called inhibitors. Enzyme
inhibitors have provided information about substrate specificity of enzymes, the nature of
functional groups at active site and the mechanisms of the catalytic activity. Some drugs
considered to be useful in medicine function by inhibiting certain enzymes, for example, the
inhibition of bacterial enzymes which affects the bacterial metabolism and, therefore, their
growth and multiplication.

Enzyme inhibitors are of two types : Irreversible and reversible.

il Irreversible inhibitors

These inhibitors bind covalently to the enzymes causing the permanent loss of their catalytic
activity by aliering or destroying a functional group on the enzyme molecules. Arsenic, lead,
mercury and various insecticides dre all irreversible inhibitors. Even at low concentration of
these the enzymes are precipitated.

ii} Reversible inhibitors

These inhibitors bind non-covalently to enzymes and their effects can be reversed, Important
information on the structure of the active sites of various enzymes have been obtained with
the help of reversible inhibitors. The two main types of reversible inhibitors are competitive
and non-competitive inhibitors,

a) Competitive inhibltors: Competitive inhibitors compete with the real substrate for
binding to the active site of the enzyme because they resemble the substrate molecules.
The catalytic ability of the enzyme is not affected by this binding but the ability of the
substrate to bind to the enzyme is reduced. However, these inhibitors cannot be
rransformed into products. Competitive inhibition is reversed simply by increasing the
substrate concentration. For example, succinate dehydrogenase, which catalyses the
remaoval of 2 hydrogen atoms from succinate, is inhibited by malonate which resembles
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Substraie concetration

Substrate

succinate structurally. However, malonate is not dehydrogenated by the enzyme
succinate dehydrogenase. It simply occupies the active site. The inhibition is reversed by
increasing the succinate concentration.

b} Non-competitive inhibitors: These inhibitors bind at a site on the enzyme other
than the catalytic sites, i.e, substrate binding site, altering the conformation of the
enzyme molecule and leading to the distortion and inactivation of the catalytic site. Non-
competitive inhibitors bind reversibly to both the free enzyme and the ES complex to
form the inactive complexes. Addition of more substrate will not restore the previous
rate of reaction in contfast to competitive inhibitors. Important non-competitive
inhibitors are the natrally occurring metabolic intermediates for example L - threonine
dehydratase is inhibited by L - isoleucine, Competitive and non-competitive inhibitors
are not necessarily harmful. Both are used extensively by cells for metabolic regulation,

SAQ 7

a)  Fill in the blanks with appropriate words

i Allosteric enzyvmes are.................proteins -

i) Effectors induce.......cenn o changes in allosteric enzymes.

il} Multiple forms of an enzyme are known as «eeemn

i) The....oconneen.0F the isoeneymes may occur in different combinations

b} Differentiate between competitive and non-competitive inhibitors. Answer briefly in the
space provided-

Besction time
Fig. %.15: Concentrations of
Substrete and prodoct vary
during the course of enzyme-
catmlysed. reactions. As the
reaction procecds, substrate
concentration decreascs and
preduct conceatralion
increases,
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811 ASSAY OF ENZYME ACTIVITY

All enzymes so far known zre proteins, yet the specific tests for protein can not be usad for
the detection and/or quantification of enzymes. Evidently such tests cannot make distinction
betwesn enzymes and non-enzymes proteing and between various enzymes. The amount of
enzymes in a given solution or tissue extract can be conveniently measured or assayed
quantitatively by using techniques that can measure their ability to convert the substrate into
product.

Ome can detect the presence of an enzyme by using a specific quantification procedure eithics
for the substrate or for product. Under optimal conditions the velocity of enzyme caizlysed
reaction is directly proportional to the concentration of the enzyme. Onez can therefors
determine the concentration of enzyme from the velocity of the dizappearance of the subsirate
or that of the formation of product under optimal conditions. As shown in Fig. 9.15 during
the enzyme action the concentration of substrate decreases, while that of product increases.
This quantitative estimation of enzyme activity is called as the assay of an enzyme. Activity
of enzyme is represented in enzyme units.

By intarnational convention one unit of enzyme activity is defined as that emount which
transforms one micro mole substrate to product in one minute under optimal conditions.
Enzyme assays are carried out at their optimal pH, temperature and with a near saturating
coneentration of substrates.

Concentration of different substrates or products can be determined using methods such as
colorimetric, spectrophotometric, fluorometric or isotopic labelling procedures. The choice
of the procedure is determined by the nature of the substrate or product. For example,
spectrophotomerric assays are used when either the substrate or product absotbs light of
some specific wavelength. Highly sensitive assay procedures are usually based on
fluorescence or radioactive measurements.

In many instances substrates are modified by introducing specific groups for the estimation
of their products. Such modification of the substrate should not, however, result in decrease



in the rate of its transformation to product by the enzyme, For instance the introduction of
p-nitrophenyl phosphate compound in substrate makes the substrate useful for the assay of
phosphatases. The product of enzyme action is an ionised form having p-nitrophenylate ion
which is of yellow colour and the intensity of colour indicates the activity of the enzyme.
We finish this unit on characteristics and mechanism of enzymes. We will continue with the
regulation of enzyme activity in the next unit.

9.12 SUMMARY

In this unit you have studied that:

9.13 TERMINAL QUESTIONS

engymes are proteins that catalyse the biockemical reactions by lowering the activation
energy. Enzymes increase the rate of the reactions but do not alter the equilibrium point,

enzymes facilitate the coupling of energy releasing exergonic reactions to energy
requiring endergonic reactions,

enzymes are highly specific with respect to the nature of reaction as well as to their
substrate. Enzymes subsirate specificity has been explained by lock and key and induced
fit hypothesis,

reactions by the enzymes are facilitated on the basis of proximity and orientation of side
chains of the subsirate and enzyme, acid-base catalysis by the side chain of charged
amino acids of active site and by covalent interactions between enzymes and substrates,

most enzyme catalysed reactions follow a hyperbolic subsirate saturation curve which is
explained by the Michaelis-Menten equation for enzyme Kinetics. Subsirate
concentration at half the maximum velocity of reaction rate is called Michaelis-Menten
constant, Km,

changes in the concentration of enzymes, substrates, pH and temperature influence the
rate of enzyme catalysed reaction,

some enzymes require additional factors called cofactors for their catalytic activity.
Prosthetic groups are organic cofactors and are permanently bound to the enzymes.
Coenzymes are also orgénic compounds but their association is transient. Some
enzymes require metal ions for their activity,

allosteric enzymes are oligomeric and have more than one active site where the allosteric
effector molecules bind and influence enzyme activity. Influence of one substrate binding
on subsequent substrate bindings is known as cooperativity. The graph of kinetics of
allosteric enzymes and enzyme cooperativity are sigmoidal.

enzyme activity is also regulated by inhibitors. Inhibitor actions can be reversible or
irreversible. Reversible inhibitors may be competitive or non-competitive

enzyme activity can be estimated by different procedures such as spectophotometrie;
fluorometric and isotopic labelling methods.

1)

What do you understand by activation energy?
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Discuss briefly the Michaelis-Menten Kinetics for enzyme action.

R R R T R R R RN R B R R R R R R B R R R R R SRR AR
A R T TR R R R R R R R R B B R R S R B R R R R R e

A R R R R L R T R R R KRR N R R R S R R R AR R R R TR AR R

Explain btiefly the functioning of allnsteric enzymes.
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9.14 ANSWERS

Self-assessment Questions

I
2)

o

iy T, i) T, i) F, iv) T, ) F

i)  Oxidoreductases-Cytochrome oxidase

ii) Transferases-hexokinase

iii) Hydrolases-amylase

iv) Lyases-Decarboxylase

¥} Isomerases-Phosphoglucomutase

vi} Ligases-Aminoacyl synthetases

Coenzymes are the organic cofactors which are transiently bound to enzymes for their
catalytic activity.

i)  active site, enzyme-substrate complex

ii)  equilibrium state

iii) subtilisin

iv) absolute

v)  induced fit hypothesis, substrate

vi) folding

vii) hydrophobic, non-polar

viii) acid-base

iye, ii)d, idii)a, v b

Michaelis constant Km is equal to the substrate concentration, when reaction rate is half

VHAX ., this stage half the enzyme molecules are saturated

its maximum value i.e. 2

with substrate molecules.
@) i) oligomeric, ii) conformational, iii) isozymes
iv) subunits
b,  Competitive inhibitors resemble the substrate and compete for the active site.
These do not affect the catalytic ability of an enzyme. Non-competitive inhibitors
do not resemble the substrate and reduce the catalytic properties of the enzymes.
Calometric, spectrophotometric, flsorometric and isotopic procedures are used for
enzyme assay. Enzyme assays are carried out at their optimum pH, temperature and
sdfurating concentration of the substrate.

Terminal Questions
1) The energy required to start a reaction is called the activation energy. In biological

systems activation energy is lowered with the help of enzymes.



2)

3

4)

Enzymes exhibit speeificity for the substrate as well for the reactions they catalyse.
There is also variation in specificity within the particular groups of enzymes. Example
of proteolytic enzymes can be given,

The initial reaction rate is directly, proportional to the substrate concentration. At higher
substrate concentration all enzymes are saturated and maximum velocity of the reaction
is achieved. The relation between sibstrate concentration and reaction rate is shown by
an hyperbola curve. The equation derived hy Michaelis-Menten for one enzyme one’
substrate reactions 15

KEm + [5]

Allosteric enzymes are regulated by other molecules called as effectors. These effectors
bind to the allosteric or regulatory site of the enzyme and may act as activator or
inhibitor of enzyme action.

Enzymes : Specificity and
Mechanism of Action
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UNIT 10 ENZYMES: REGULATION. AND
CONTROL

Structure
10.1 Introduction

Objectives
10.2 Regulation of Enzyme Activity
Genetic Control
Coutrol of Catalysis
Regulstion by Hormones
Control by Calcium
Cell Compartmentation
10.3 Techniques for the Study of Metabolic Pathways
" Suudies with Whole Organisms
Studies with Microorganisms
Studics with Perfused Organs
Studies with Tissoe Slices
‘Subcellular Fractions
Use of Mutants
Use of Isotopes
10.4 Summary
10.5 Terminal Questions
10.6 Answers

10.1 INTRODUCTION

In Unit 9 you have studied about the role of enzymes in the organisms, methods for

detecting enzymes, specificity of the enzymes, enzyine kinetics and also about the

mechanism of enzyme action.

In the previous unit you have learmnt that thousands of chemical reactions are taking place in

a cell involying synthesis or degradation of biomolecules. Actually, the cell synthesises or

material than necessary, theréby wasting energy. Therefore, these chemical

inside the cell must be carefully controllad in order to respond rapidly to

ﬁmmmwumu

In this unit you will study how the activitiescf enzymes are regulated and kept under control
in living organisms to maintain their internal order. We will also be dealing with various
techniques to detect and measure the enzyme activities taking place in an oTganism.

Objectives

Afier reading this unit you should be able to :

e describe the need for the regulation of enzyme activity

» explain the genetic control of enzyme activity

» explain the process of feedback regulation, allosteric regulation, covalent modulation of
enzyme activity, and hormonal regulation of enzyme activity

e define cell compartmentation

» outline the various techniques for the identification of enzymes involved in the
metabolic pathways.

10.2 REGULATION OF ENZYME ACTIVITY

You have studied in the Block-3 of the FST course that living organisms maintain their

internal order in a steady state known as homeostasis. To maintain the steady state, they

ufilize energy from nuirients and also free energy from: the enivironment (e.g. plants use sun
UGTY.BY CIEIhgm photosynthesis). The transformation of energy from one form to another is done



in celis, such as normal body temperature, low ionic strength, low pressure and narrow range  Supramolecular Structures and
of pH. The hundreds of enzyme catalysed reactions taking place in a living cell is Cell Membranes
collectively known as Metabolism. Metabolism is a highly coordinated and purposeful

cell activity. It consists of many enzyme systems which cooperate and act in a consecutive

linked manner, so that the product of the first enzyme catalysed reaction, becomes the

substrate for the second reaction 2nd so on. The successive ransformation. products in a

metabolic pathway are known as metabolites or metabolic intermediates. Each of

the consecutive steps in these pathways bring about a spécific chemical change by the

removal, transfer or addition of specific atoms, molecules or functional groups. Through step

by step changes the incoming biomolecule is transformed into its metabolic end product and

reconstituted. You will study various metabolic pathways in Units 1] and 12,

For continuance of life, all chemnical reactions must proceed at rates in accordance with the
reguirements of the cell or organism. Adl the enzymes within the cell do not exhibit thelr
maximum activity at all times. Some may be functioning ut greatly reduced levels while
others may be completely insctive when not required as the related metabolic reactions stop
according to the requirement of the cell. Life processes like ATP production, synthesis of
mpie;:ule:g and macromolecules, ransport, secretion, ahsorption, efc., are regulated to respond
to the changes in the internal as well as external environmant of the cell, organ or organism.
Since the metabolic reactions are enzyme catalysed, regulation is achieved by altering the
enzyme activity. Regulation depends mainly on one important property of enzyme i e.
‘specificity’. If an enzyme is inactive or not available, no other enzyme can take its plece and
the reaction will stop. However, reactions unreluted to this particular enzyme will not be
affected.

Immediate regulation of enzyme activity is achieved by changes in pH, temperaiure, enzyme
and substrate conceniration. Some enzymes are synthesised in an inactive or less active form
called proenzymes or zymogens. These proenzymes or zymogens are converted to the
active enzymes by removal of a specific amino acid or peptide in the protein molecule. Apart
Jfrom these mechanisms mentioned above, enzyme activity is regulated by two major
mechanisms. They are, genetic control and control of catalysis.

102.1 Genetic Control

In this type of control, the synthesis of the enzyme is regulated at the genetic level, which
results in a change in the total amount of enzyme molecules. The enzymes are synthesised
only when required. Their synthesis is switched on and off whenever required. You have
already leamt that most of the enzyms:s are proteins, which are synthesised in the cell. The
genefic material DNA determines the primary structure of the enzymes, i.c., the lincar chain
of amino acids. To synthesise a protein (enzyme) molecule, mRNA is formed which is
complementary to the DNA molecule, i.e., mRNA contains all the information present in
the DNA. This process is called *Transcription’. Later the information present in the
mRNA is translaied into polypeptide chains in the cytosol by a process known as
“Translation’. The polypeptide chains thus formed later assume the native three
dimensional structure with catalytic properties of the enzyme. You will study the process of
profein biosynthesis later in Units 13 and 14 of this course,

Jacob and Monod, in 1961, proposed a model to explain the genetic control of enzymes in
prokaryotes. The model is known as “Operon Model'. According to this model, an
operon (a picce of DNA molecule) contains a repressor gene, a promoter gene, an
operator gene and structural genes (Fig. 10.1 a).

Structural genes are responsible for the formation of proteins (enzymes). In order to stop the
synthesis of the enzyme, the repressor gene produces (transcribes) a mRMNA, which gers
manslated 1o form a repressor protein. The repressor protein binds to the operator gene and
blocks the transcription of structural genes, thereby stopping the synthesis of the enzyme
{Fig. 10.1 b). To induce the synthesis of the enzyme, the subsirate acts as an 'inducer’

The inducer combines with the repressor protein forming a repressor inducer complex
that cannot bind to the operator gene. In this way, the blockage at the operator gene is
removed and the structural genegagain manscribe mENA for the synthesis of enzymes

(Fig. 10.1 ). Availability of the substrate inauces the synthesis of the enzymes, whereas
accumulation of the end product of 2 metabolic pathway represses the enzyme synthesis. You
will study morz aboer regaicion of protein biosynthesis in Unit 14, UGZY-BY-05/169
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QPERON MODEL
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Fig. 10.1: Operom Model for the regulation of enzyme synthesis sl gesetic level. (RNA
Polymerase = Enzyme that calalyses the iranscription of mRNA)

10.2.2 Control of Catalysis

In the above subsection you have studied about the genetic control of enzyme production.
MNow we will study how the activity of enzymes is regulated by altering the catalytic activity
of the enzyme. The mechanism of control of catalysis involves a change in enzyme activity
without a change in the total amount of enzyme synthesised. Important mechanisms of this
type are feedback inhibition, allosteric regulation and covalent modulation.
Let us study in' detail about these mechanisms.

i} Feedback Regulation: Feedback regulation means that the product of a reaction or a
rmultienzyme reaction pathway controls its own production. Let-us take the example of
inhibition of the first-reaction of glycolysis. During the initial stages of glycolysis, glucose
in the presence of enzyme hexokinase combines with ATP to produce glucose-6-phosphate
and ADP. Increased concentration of glucose-6-phosphate inhibits the enzyme hexokinase.

Glucose <+ ATP Glucose—6—Phosphate <4 ADP
: i
Hexokinase’ "
F
L —Inhibition— }

As the concentration of glucose-6-phosphate decreases, enzyme hexokinase becomes active
again.

As you have read above, that metabolism involves multi-enzyme systems in which the
product released by one enzyme is the substrate for the next enzyme. Often the products
formed at the end of a pathway regulate the activity of the early enzymes in the metabolic
pathway and affect the whole pathway, For example, in a pathway of five enzyme catalysed
reactions, substrate A is converted into the end-product F. E, , E,, E,, E,, and E, are the
enzymes involved in the pathway. Synthesis of product F can be regulated if it can combine
with enzyme E,. a case, at high concentration of F, E; will be inhibited, whereas at
low concentrations of F the metabolic pathway will proceed towards the formation of F, The
first irreversible‘reaction in a biosynthetic pathway is called the committed step and final
product usually inhibits the enzyme which catalyse the committed step. The process in
which an intermediate fetabolite or an end-product inhibits its own production is called as
feedback inhibition or negative feedback control.

n.-——-a—r-i B—=2pc—2pp—tpp—E pr_,
|

L ~ — -~ —Inhibition at high F. concentration= — — — =

Some of the metabolif pathways are branched at certain points. For example, substrate A
may be converted &ither to end-product F or end-product I. Tn such a case, the feedback



it hibition would occur at the branch point, i.e., end-product F will inhibit enzyme E,, Enzymes : Regulation and'
‘hereas end-product I will inhibit enzyme E;, The inhibition of enzyme E; will not in any Control
vy affect the formation of end-product I and vice versa. However, feedback inhibition before
the branch point will stop the synthesis of both the end-products, i.e, Fand L
e drlaiats A
l—"ba—E'—pE-—El-r

A pp-Spc

one of the finul products formed during pyrimidine synthesis, by enzyme aspartate
transcarbamoylase (ATCase). In the initial stage of the metabolic pathway, carbamoyl
phosphate and aspartic acid interact to form carbambyl aspartate in the presence of ATCase,
This reaction is followed by four more intermediate steps, culminating in the formation of
CTP. When CTP becomes higher in concentration, it inhibits the enzyme ATCase and thus
the formation of carbamoyl aspartate. At low concentrations of CTP the formation of
carbamoyl hspartate procesds uninhibited (Fig. 10.2).

Carbamoyl Phosphate

+
F - — — — $Aspartate
*A'Tmsa

|
' N--Carbamoylaspartate

i

: Uridine 5'-Monophosphate
[

L — — —Cytidine triphosphate

Fig. 10.2: Feedback inhibition of enzymy aspartale {ranscarbamoylase by the end-prodv ..
citidine triphosphate.

End-product regulation at the initial stages of a reaction pathway has its own significance.
Thus the accumulation of intermediate compounds, which may not be required by the cell or.
organism, is avoided. Also, since all the reactions dissipate' some energy into a useless form,
less energy is wasted if intermediate reactions are inhibited.

ii) Allosteric Enzyme Regulation: As you have read above, that feedback inhibition
is one of the Ways in which enzyme activity can be regulated. Not only the end-products of
the reaction pathways but other metabolites also may bind to the enzyme and alter the
enzyme activity. The binding can occur at the active site or at the regulatory site on
the enzyme surface as in the case of allosteric enzymes. You have read about allosteric
enzvmes and their mode of functiening in Unit 9. As you know, allosteric enzymes have a
regulatory binding site apart from the active site. The active site binds with the substrate and
converts the substrate into a product, whereas the regulatory site binds with another molecule
called an effector, which influences the enzyme activity. It is now known that enzymes at
the initial stages of metabolic pathways are usually allosteric enzymes. The regulatory sites
of these enzymes are specific to the product of the metabolic pathway. As the metabolism
proceeds, the concentration of the end-product increases. The end-product molecules act as
negative effectors and bind to the regulatory sites of the allosteric enzyme resulting in
cenformational changes in the active site, thus inactivating the enzyme. The effectors bind.
non-covalently to the regulatory site of the enzyme. Therefore, inactivation of enzymes is
reversible. Unbinding of the negative effector converts the inactive enzymes to their active
form. You have read in Unit 9, that binding of a positive effector molecule to the regulatory
site of the allosteric enzymes converts the inactive enzyme 1o its active form. This is
bruught about by changes in the conformational structure of the enzymes. You have already
studied about the enzyme aspartate transcarbamoylase (ATCase). It is 2 good example of
allosteric regulation. The end-product of the pathway, i.e., CTP acts as negative inhibitor,
The end-product €TP binds to the allosteric site of the enzyme inhibiting thé activity of the
enzyme. The inhibited activif: of the enzyme is again stimulated by the binding of ATP

UGZY-BY-05M171



Cell Membranes and
Enzymes

UGZY-BY-05/M72

molecu . at its regulatory site. Thus, ATP acts as a positive effector and it seems that bifth
CTP and ATP compete Tor the same allosteric sites on the-enzyme. Often in the case of
positive allosteric effectors, the deficiency in the end-products of the reactions lesds to
accumulation of cerain metabolites in the cell. These metabolites act as positive effectors
and enhance the enzyme activity,

SA0Q 1

Fill in the blanks with appropriate words -

i) Metabolites are the ..c..emerenn products in a pathway .

i) Regulation mainty depends upon the... of the enzyme.

i) Increased concentration of the end-produet....o s, 88 GWILneemeeernee
iv) Inhibition............oc.. the branching point of a pathway will stop the synthesis of all

the end-products-

v} Often the enzymes at the initial stages of metabolic pathways ane <o
vi) Effectors bind to the ... site of the allosteric enzyme -

iii) Covalent Modulation: Enzyme activity is also controlled by covalent
meslulations of the enzymes. Covalent modifications cause conformational changes in the
enzymes, Thess conformational changes are brought aboul by covalent bonding of a
phosphate group (phosphorylation) 1o the polypeptide chain or by removal of a small
polypeptide chain by a process known as proteolysis. These covalent modifications
stimulate the enzyme activity. For example the conversion of glycogen into glucose-1-
phosphate is caalysed by an enzyme glycogen phosphorylase. Glycogen phosphorylase
oecurs in two forms: phosphoryviase a the active form and phosphorylase b, the
relatively inactive form, These two forms ane interconvertible, Phosphorylase b is converted
inte active phosphorylase a by covalent binding of phosphate groups, The enzyme involved
in this conversion iz phosphorylsse kinase

Phosphorylise kinase

2 ATP + phosphorylase b -~ 2 ADF + phosphorylase o

The process is reversible as the phosphate groups can be removed hydrolytically
(dephosphorylation) by an =neyme called phosphorylase phosphatase.

Phosphorylase phosphotass

Phosphorylase 2 + 2H.O = Phosphorylase b+ 2 F,
GLYCDGEN in+1) GLYCOGEN {n]
/i GLUCOSE-PHOSPHATE
R -
4
PHOSFHORYLASE a
{Achve)
ADP H.O
| BT T e i gy
| PHOSPHORYLASE PHOSPHORYLASE
| KINASE PHOSPHATASE
ATP = =]

PHOSPHORYLASE b
(trpcte)

Fig 10.%: Activation and inactivation of cnzyme phosphorylase,

Thus the cell regulates the rate of glycogen utilisation according 1o the requirement of the
organism. Covalent bonds are strong and as a result covalent moedifications are fairly staole.

As you have read above, in some cases covalent modifications are caused by proteolysis and
aré irreversible, A number ui'digcsr.iw: enzymes including pepsin, trypsin and chymolrypsin
belong to this group. These enzymes are produced in the inacive forms, kaown as

ymogen or proenzymes, These inactive proenzymes are converted into active forms by
the removal of & small peptide chain. For example, the digestive enzymes irypsin and pepsin
are synthesised in their inactive forms trypsinogen and pepsinogen respectively and
become active only when they reach the put lumen. Pepsinogen, in the acidic gastric juice of



the stomach, hydrolyses at several points to shed a small number of peptides and becomes Enzymes : Regulalion and
the active enzyme pepsin. Trypsinogen is converted to active trypsin in the duodenum of the Control
alimentry canal. This is brought about by the removal of six amino acids from the

N-terminus of the inactive enzyme, The proteclysis of trypsinogen is done by another

enzyme known as enterokinase, Fig. 10.4 shows that the active site of the enzyme is

unable o bind the substrate unzil certain peptides of the proenzyme are cleaved, After the

cleavage of peptides, the rest of the molecule reorganises to create active site for the binding

of a substrate molecule. The formation of digestive enzymes in the inactive proenzyme form

i% @ way to protect the cells synthesising them from autodigestion. If the dipestive enzymes

are synthesised in their active form, autodigestion of the cells producing these enzymes

would be unavoidable.

Substraw

Fig. 10.4: Activation of proencymelirypsinegen by cleavage of peptide bonds linking few
amino acids.

10.2.3 Regulation by Hormones

In the above subsections you have studied about the regulation of enzyme activity at cellular
level. However, in higher organisms integrating systems like nervous and hormonal
systems, exert their regulatory effect on the membolic activities at the molecular level. In
this subsection we will deal with the hormonal regulation of the metabolic activities of the
cell.

Hormones are the chemical messengers which are produced and secreted by one cell or tissue
and act on distant target tissues/cells by regulating the enzyme activity. For example, under
conditions of siress or low blood sugar concentrations, hormone adrenalin stimulates the
breakdown of stored glycogen into glucose. This increases the free sugar level in the blood
which makes more energy available for the body to withstand the stress. If the sugar level in
the blood decreases under normal condition, i.e., non-stress conditions, another hormone
glucagon stimulates the glycogen breakdown thus restoring the normal blood sugar level,
This is important as the decrease in normal sugar levels may ultimately lead to irreversible
brain damage,

On the basis of their structures hormones fall under two categories: lipid derivatives
{Steroid hormones) such as sex hormones and (Protein hormones) modified amino
acids or small proteins such as adrenalin, glucagon and ADH. Lipid derived hormones pass
through the cell membrane inio the cytosol as they are relatively small and lipid soluble. In
the cytoplasm these hormones combine with certain metabolites called | receptor
molecules and form a hormone receptor complex. This complex 'moves into the
nucleus where it activates the related genes for enzyme synthesis. You have already studied
the genetic control of enzyme activity.

Other hormones which are proteineceous in nature are calléd ‘primary messengers’. They
are unable to pass through the plasma membrane so they bind to the specific receptor site on
the cell surface of the target cell. This binding is a signal that increases the concentration of
another metabolite in the cytoplasm called ‘secondary messenger’. The secondary
messenger activates the related enzyme. Fig 10.5.

The two secondary messengers known till now are cyclic adenosine monophosphate (cAMP)
and Ca?*, Ca™ acts as secondary messenger in all living organisms whereas cAMP is
restricted to animal cells and bacteria,

As shown in Fig. [0.5 the primary messenger, i.e. hormone adrenalin binds with the
adrenalin receplor sites associated with enzyme adenylate cyclase. As a rgsult of this
binding the enzyme promotes the conversion of adenosine phosphate (ADP) into cAMP. In
the cytoplasm, cAMP acts as a secondary messenger which binds to and activates enzyme
protein kinase, The activated nrotein kinase causes the activation of phosphorylase kirase
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enzyme 1.:111::11 in turn converts the inactive form of glycogen phosphorylase into its active
form. This increases the rate of glycogen breakdown into glucose. In Table 10,1 you will
find sorme hormonal responses associated with elevation in infracellular cyclic AMP levels.

Hermans
(Firat Magsenger) l

Mambrang Recaptor

[N ihgonyie cycase

Piasma Membrang

ﬂ'mﬂl’Llphm
N
Giyeagan Gluodse
Fig. 10.5: Moechanism of action of primary messenger (hormaone) and the secondary
messenger (cAMP)L
Table 10.1: Some Hormonal Responses Associated with
-Elevations in Intracellular cyclic AMP Levels

Hormone Tissue Response
ACTH Adrenal Hydrocontisone fommatien
T5H “Thyrodd Thyroxine farmation
LH Crary Progesierone formation
Vasopressin Kidney Waber resorption
Glucagon Adipose tissue Lipid breakdeown
(ilwn Liver Glycogen breakdown
Parathormone Kidney Phosphate exeretion
Parathormone Bone Calcium resorption
Secretin Inteszine Pancreatic enzyme releass
Epinephring Cardiac muscle Increased contractility
Epinephring Liver Glycogen brekdown
Epinephrine Erythoeyte Ingreased Ma permeability
5A0Q 2

d) Comment briefly on the following in the space provided:
Secondary messenger:




bl Tick mark () the correct statements and (x) the wrong statemenis in the space
provided
i) Lipid derived hormones bind to the receptosite of the cell surface
i) Proteineceous hormones are secondary messengers
iii} Enzyme quantity is regulated at the genetic level

— e
I

iv)  Constitutuve enzymes are always present the cell

i0.2.4  Control by Calclum

In the previous section you have studied that protein hormones regulate enzyme sctivity
through cAMP, the secondary messenger, Calcium alse plays a fundamental role in the
regulation of enzyme activity, It is also considered a secondary messenger.

In eukaryotes, calcium is involved in the regulation of processes like, contraction, secretion,
endocytosis, and more general precesses such as cell matility, cell growth and cell division.
The enzymes are regulaied by a calcium binding protein of small, lower molecular weight,
that modulates the effect of cytoplasmic calcium. This protein is called calmodulin.

Calmodulin is present in the eytoplasm of all tissue cells except the nucleus, It is highly
concentrated in the brain and probably plays an important robe in the trensmission of nerve
impulses,

Caulmodulin undergoes conformational changes after binding with calcium and alters the
activities of many of its target enzymes. For example, the calcium-calmodulin complex
regulates phosphodiesterase, the enzyme that hydmlyses cAMP to 5'AMP, Calcium-
calmodulin complex also stimulates adenylate eyclase of the brain, Ca?* ATPase of
ervthrocyvies and phosphorylase b kinase and myosin kinase in the cell,

1025 Cell Compartmentation

Till now you have studied various mechanisms by which activities of enzymes are regulated,

The mechanisms you have studied so far were chemical in nature, related to the physiology
of the organisms. In this sub section we will study about a mechanism in which regulation
of enzyme activity is achieved by physical separation of the enzyme systems, In cukaryotes
ome of the regulatory mechanisms is the separation and localisation of specific groups of
enzymes.in membrane bound compartments in the cell. Different metabolic pathways take
place in these different intracellular locations which are called organelles. For example, in
both animals and plants, enzymes involved in Krel's cycle are physically separated from
those of glyeolysis. Kreb's cycle is confined within the mitochondria and glycolysis takes
place in the cytosol (Fig. 10.6). Prokaryotic cells contain no compartments, yét there is
some degree of segregation of certain enzymes in bacteria, e.g., the enzymes participating in
the biosynthesis of phospholipids are located in the cell membrane,

m—— L2 ]

Fig. 10.6: Compartmentation in the cell. Kreb's cycle occurs in mitochondria and
glyeolysiz takes place in the cytosol.

Lucalisation of various metabolic processes in the cytosol or in the organelles enables the
regulation of these processes independent of processes proceeding elsewhers, But at the same
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time ranslocation of metabolites across the membranes of the compartments is achieved via
shuttle mechanisms which convert the metabolite into a permeable form, so that it can move
cross the membrane and be transported cut, Once the metabolite is outside the compartment,
it is converted back to its original form. You have alfeady read about the shuttle processes in
Unit 7. Such types of interconversion, for example, interconversions of metabolites in
mitochondrial and cytosolic form during Kreb's cycle and glycolysis, are carried out with the
help of enzyme catalysis. As these enzymes are physically separated by the compartmental
barrier, they are regulated independently.

Before we procesd further try the following SALQ) and see,

SAQ 3
a)  In the space given below write very briefly about the two ways in which enzyvmes can
be covalently modified to attain their active form

by Match the tems in Colummn [ with the statements given in Column 11

Column 1 Colmmn 11
i) Reversible process [ 1 a) various metabolic pathways are localized
in the organelles
if) Regulation in eukaryotic by certain enzymes are synthesised into
cells [] their mactive form
iii}) Shuttle mechanism [ 1« metabolites are transported out of the

compartments by being converted into
permezble form

iv} Proenzymes [ 1 dcovalent modification of enzymes caused
by phosphoryiation

The study of enzymes in the infact animal organ, or organelles and a solution form have
provided valuable information about metabolic processes. Therefore it become important
to understand and appreciate the experimental approach and techniques used in the studies
of biochemical processes. In the following section we will discuss various techniques used
study various processes related to cell life .

10.3 TECHNIQUES FOR THE STUDY OF
METABOLIC PATHWAYS

The complex biochemical processes of metabolic pathways can be studied in intact animals
or in isolated components such as organs, cells and organelles. The initial biochemical
researches done on humans and other organisms were performed at the level of whole
organisms. Mostly the studies on respiration and nutrition were performed on whole
organisms. It was realised soon that whole organisms were too complex to explain many
questions. For instance, administration of glucose to a whole organism leads to its mixing
with the glucose present in the body, and we cannot know what is the fate of administered
glucose since both are alike in structure. Therefore, simpler in vitre preparations were
developed in order to understand complicated biochemical processes. Various Lypes of
preparations have been sumnmarised in decreasing order of complexity in Table 10.2. As in
the case of whole animal studies, other preparations also have their own limitations. There is
every possibility that in vitro preparations might also give incorrect resulis. For example,
during isolation of cellular components the enzyme in the cell homogenate may partially
digest the cellular components and thus wrong information may be given.



Table 10.2: Various Types of Preparation Used to Study Biochemical Processes
Arranged im their Decreasing Order of Complexity.

Method Comment

Studies at the whole snimal bevel This can include
(1) reemovad of an organ (e.g. bepateciomy).
@) okertivns of dict (g fasting-feeding)
3 admisisiration of 1 dreg (e.p. phenobartizal).
) admdnlaraion of g woain (e, carbon eerathlonde)
9 e of an andmal with a specific disease (e.g, diabetes mellitus),
{6 wse of sophisticated rechnigues such as MMR spectroscogy and
pasition emission tomography

Isoilated perfussl ongan Liver, heart, and kidney ané particulardy suitable.

Tussue shice Liver slices have been specinlly used.

Lize of whole cells [4i] Paﬁi&mla'l}' applicable to blood cells, which can be purified
melatively easily.
2 Useof cells in tissae coltume is indispensable in many arcas
af bivlogy,

Homogerose (1) Ensurcs a cell-free preparation.
() Specific compourds can be added or removed (eg. by dialysis;
ardl their effects sudied.
3 Can be subfractionsed by centrifugation o yizld indfvidual
cell organzlies.

Isokated cell corganeiles Entensively used wo study the fanction of mitochondra, the
endoplasmic reticubum, ribogomes, sie.

Subfructionation of organelles Exiervavely used e.g. in studies of milochondrial fanction.
Isotation and chamncierisation A vinal pan of the analysis of any chemical reaction or
af metaboites ond enzymes pthway.

We will discuss various methods mentioned in Table 10.2 in the following subsections.

10.3.1  Studies with Whole Organisms

Many biochemical stidies have been conducted on experimental animals like rats, mice,

guinea pigs, and on plants like algae, moulds, mosses, tobacco, wheat, soyabean, pisum etc.

As these organisms are small, it is less expensive to maintain them. They grow well and

multiply fast under laboratory conditions. Furthermore, such organisms have rapid metabolic
rate and they respond efficiently to the change in physiological conditions.

To investigate metabolic pathways of thess erganisms specific chemicals, like enzymes,
hormones and regulating or inhibiting drugs are administered into the animals via the oral or
nasal route or through injections, For plants, such chemicals are infused into the medium in
which they grow. Later, the effect of thess treatments is tested by analysing the blood
sampiles of animals and sap samples of plants or by studying the histology or histochemistry
of the tissues in question.

10.3.2  Studies with Microorganisms

Metabolic and nutritional studies using microorganisms such as bacteria, viruses, yeasts

moulds and bacteriophages (bacterial viruses) have been used in several areas of biochemistry

and genetics, The information obtained by the studies on cenain lower organisms and viruses

have been useful for biochemical studies on humans, For exampie the studies on the

regulation of enzyme and gene activities cammied out on bread mould and bacteris have been

extended to higher organisms. Microorganisms such as bacreria and viruses, are suitable for
such studies Because of their rapid multiplicaton rate and  suitability for geneic studies
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they are less complex in.their structure having only one chromosome. The study of human
cancerous cells has become possible by the information obtained from the viral genes
responsible for certain types of cancer in animals, Nutritional studies have shown that
microorganisms exhibil a wide range of nutrient requirements and vary from autotrophs 1o
heterotrophs and the results have been useful in understanding the nutritional requirements of
higher organisms as well.

10.3.3  Studies with Perfused Organs

In the perfusion technigue, metabolism is studied by analysing the arterial blood entering
into an organ and the venous blood leaving that organ. The differance between these two
samples of the blood will reveal the metabolic processes takm,g place in the organ. Perfusion
is possible in organs which have well defined arterial and venous connections like the liver,
kidneys, adrenals, muscles and the brain. These organs may be retained inside the body (in
vive) or isolated (in vitre). The fluid which is drawn out for analysis is known as perfusion
fluid, which is usually the animal's own blood. Artificial substitutes like Kreb's Ringer
Saline, are also used as perfusion fluid. The Kreb's Ringer Saline in a solution with known
quantities of substrate and other metabolites is perfused into the organ. Differences in the
concentration of these substances in the arterial and the venous blood of the organ exhibit the
amount of these substances used, up in the metabolic processes, The conditions of perfusion,
such as infusion rate, pressure of perfusion, pH, temperature and oxygen tensions of the
perfusion fluid can be modified suitably according to the need.

10.3.4  Studies with Tissue Slices

In this technique, the tissue is dissected out of the animal and frozen rapidly in order to keep
the tissue alive and also o make slices of the tissue. The frozen tissue is sliced in a special
instrument known as cryostat. The frozen slices of the tissue are brought to room
temperature (thawing) and are incubated in the presence of oxygen (serobic incubation) with
various substrates. For example to study the activity of succinate dehydrogenase, an enzyme
involved in Kreb's cycle, succinate is used as a substrate in the phosphate buffer medium
along with coenzyme NAD. If the tissue slices conlain active succinate dehydrogenase it
converts the substrate suceinate into fumarate. At the end of the incubation we find
decreasing concentration of succinate and increasing concentration of fumnarate. This
technique was introduced by Warburg during his studies on respiration in tissues, Slices of
liver tissoes have been extensively used for such studies, This technique is also used to study
metabolic pathways in plant tissues. For example, leaf tissues are used in studying the effect
of phyto-hormone cytokinin on the phenomenon of aging in plants. By this method one can
study the effect of various organic materials on the enzyme system as well as the effect of
changes in the substrate concentration on enzyme kinetics. You will find that as the
substrate gets utilised, the concentration of the substrate declines and that of the product
rises. You have read about enzyme Kinetics in Unit 9.

10.3.5  Subcellular Fractions

You have read above in sub section 102 that metabolic pathways in eukaryoles are
compartmented in different cellular organelles. In order to study the various metabolic
pathways, it is important to isolate the cellular organelles as well as biomolecules in the
pure form.

The orggnelles and biomolecules can be isolated from tissues or cells by centrifugation
process, To isolate an organelle or biomoleculs from the cell, it is necessary to disrupt the
cell, The disruption of the cells is done under mild conditions (such as low pH, tlemperaiure
and pressure). At extreme conditions of pH, temperature and pressure the organelles and
biomolecules may lose their biological activity. Therefore, most of the isolation procedures
are performed at about — 4°C. At - 4°C the digestive enzymes |iberated during the processes
become inactive and so do not act upon the other cellular components. Animal or plant
tissues are disrupted by the process of homogenisation in a suitable homogenising medium.
The most commonly used homogenising medium is an isotonic sucrose solution with mild
conditions of pH, temperature and osmotic pressure. Sucrose is used because it does not pass
through the membrane easily thus preventing internal organelles, such as mitochondria and
chioroplasts from swelling. Organic solvents are used for isolation of fipids and nucleic
acids.

The subcellular components of the homogenate are separated by the process of
centrifugation, The process of centrifugation has been discussed in detail in Block 1. The
subceliular organclles or biomolecules which differ in size, specific gravity and molecular



weight, sediment at different rates in the centrifugal field. This can be isolated from the Enzymes : Regulation and

homogenate, This process is known as differential centrifugation. The various
biomolecules or organclies thus isolated in this way can be tested for their ability 1o catalyse
a given metabolic activity, By using such technigues, it has been possible to know that
various pathways are localised in different parts of the cell. For example, all the enzymes
involved in the conversion of glecose into lactate are present in the cytosol, whereas the
enzymes of the citric acid cyele are located in the mitochondria.

SAQ 4
List the vartous preparations to study the metabolic pathways in decreasing order of
complexity and discuss briefly any one of them.

Apart from the above mentioned technigues of studying metabolism, use of mutantftam:i
isolopes have contributed a lot in biochemical stedies, We will briefly discuss these in the
following subsection-

10.3.6 Use of Mutants

Mutants are organisms which, due to some genetic disorder, fail to synthesise certain
proteins. Study of such mutant organisms in which a given enzyme fails to be synthesised is'
one of the imporiant'ways of studying the metabolism. Such a type of defect often results in
the accumulation and excretion of the substrate of the defective enzyme. This enables us 1o
understand sieps in the metabolic pathways. Since such genetic disorders are rare, systematic
study of metabolic pathways is difficult, However, genetic defects can be produced at will in
microorganisms by subjecting them 1o mutagenic agents, such as irradiation with x-rays or
trearrnent with certain chemicals, These reatments can alter the structure of specific genes in
the DNA and thus produce mumnts, Such mutant microorganisms with their defective
enzymes are powerful tools for studying metabolism,

We can study the uses of mutants by taking the example of cells of the common mold
Neurospora erassa which can grow on a simple medium containing glucose and
ammeoniy. However, if Neurospora spores are imradiated with x-rays, the mutants obtained
are 1o longer capable of growing on a medium containing just glucose and ammonia. Such
mutants will grow only if specific metabolites are added to the mediom. For example, some
Neurospora mutants will grow normally if arginine is added to the medium. In such
mutants the enzyme responsible for the synthesis of arginine from ammonia is defective or
lacking. Such a type of ‘arginine less’ mutant can be used to identify intermediates in the
sequence of enzyme catalysed reactions leading to the synthesis of arginine,

10.3.7  Use of Isotopes

An isotopic form of an element is used 10 label a given metabolite to trace its course ina
metabolic pathway. This labelling can be done either by a radioactive isotope or by 2 stable
isotope. For example MC, the radioactive isotope of carbon atom C, is used to label the
specific carbor atom in an organic compound, Although such labelled molecules are
che=mically the same ax dormal unlabelled molecules, they can be easily detected and
measured due to the radioactive labelling. Isotopically-labelled compounds are used to
investigate many aspects of the metabolism of proteins, carbohydrates and lipids. The
principal isotopes mainly used in biochemical research are shown in Table 10.2. You have
already read about the use of isolopes in Block !.

Cantral
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Table 10.3: Isotopes Used im Metabolic Stodies

Stable Isolopes Radioactive lsotopes
o H
Wi cH
o P2
gis
PoL
125
e
SAQ 5
Fill in the blanks with appropriate words -
) e e the genetically defective onganisms
ify Failure of the enzyme synthesis in an organism resuits in .o and
........................ of the substrate
) ceveeens fOrm of @0 element is used labelling the metabolite .
W) ereemeneerrennnneenn SOLOPE Of carbon atom is used in the organic compounds -

104 SUMMARY

In this unit you have studied thau:

e all enzyme catalysed reactions involved in the metabolic processes of the cell are
controlled by regulating enzyme activity.

e the enzyme activity can be regulated by rendering the enzyme inactive or by controlling
the enzyme quantity, Enzyme quantity, is controlled at the genetic level. Structural
genes. which code for enzyme synlhesis ere inactivated by the binding of repressor at the
operator site of the chromosome. Feedback regelation is the process in which the end-
product or an intermediate metabolite of a metabolic pathway binds with the enzyme and
regulates its activity at the initial stage of the reaction pathway.

» the effector or regulator metabolite binds to the regulatory site of the allosieric enzyme
producing conformational changes in the structure of the enzyme.

s covalent modifications by phosphorylation or by proteolysis cause conformational
changes in the enzyme. Such types of modification convert the inactive form of
enzymes into active forms. Localisation of metabolic pathways inte membrane bound
cellular compartments also help to regulate enzyme activity.

e enzyme activity in higher organisms is influenced by the hormones produced in their
body.

e identification and estimation of various biomolecular reactions involve various
techniques. Various experiments to study the metabolic pathways have been conducted
on organisms at different 1evel of organisation.

» the study of metabolic processes at whole animal Yevels like on humans, did not yield
sufficient information because of their complexity. Simpler, in virro preparations of
organs, tissues, cells, organelles and biomolecules were developed o avoid the
complexity of experimental procedures.



e T Enzymes @ Regulation and
10.5 TERMINAL QUESTIONS Control
1} Explain briefly the operon model for control of enzyme quantity.

2y Discuss briefly what vou understand by feedback inhibition,

briefly.

Ly transformation
il specificity
it} inhibits, production
Wl before
vl allosteric enzymes

vib regulatory
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2

3

4

3)

a)  Phosphorylation: The addition of a phosphate group to an inactive form,

Proteolysis: Removal of a small peptide from the inactive enzyme converts it into
active form.

by i) e i) a i) e V) b

a)  Secondary messengers are the metabolites produced in the cytoplasm of the cell as
a result of the binding of primary messengers i.e. hormones to the receptor fite on
the cell surface.

b) @) %, i) xii v, i) ¥

Whole organism, microotganism, perfused organs, tissue slices, subcellular
fractionations. Any of these can be discusied by giving the example.

i) Mutants

if) accumulation, excretion

iii}. Isotopic

iv) Radioactive

Terminal Questions

1)

4

Operon model consists of repressor gene; promotér gene, operator gene and structural:
genes on the operon. In the-absence’of an inducer, the repressor gene synthesises a
repressor protein which binds with the operator thus preventing th strucfural genes
from enzyme synthesis, Inducers otherwise bind with 3 repressor protein which causes
structural genes to synthesise enzymes.

Feedback regulation is a process in which the product of a reaction or a pathway inhibits
its own productien. In the branched metabolic pathways, the end-product can inhibit its
own production or the production of all the other products.

Localisation of various metabolic pathways in the membraneous compartments regulate
metabolic processes. Firstly, various metabolic pathways are segregated and are carried
ont hﬁepeni:uli}r Secondly, the translocation of metabolites from the organelle is
cartied out with the help of enzymes, thus providing a further step for regulation as
these enzymes are physically separated.

Mutants are the organisms in which a given enzyme fails to be synthesised in its active
form due to 2 genetic disorder. This causes the accumulation and extraction of the
substrate of that enzyme which enables us to understand certain steps in metabolism,

GLOSSARY

Actin: A protein constituting the thin filaments of muscle, also found in other types of
animal cells.

Activation energy: The energy barrier that blocks the tendency of a set of chemical
substances to react. A reaction is speeded up if this energy barrier is surmounted by adding
heat energy or if the barrier is lowered with the aid of catalysts.

Active site: The region of an enzyme surface that binds the substrate molecule and
transforms it

Active transport: Energy requiring transport of 2 solute across & membrane in the

direction of increasing concentration.

Aerobic: Occurring in the presence of oxygen.

Amphipathic molecule: A molecule having both hydrophilic and hydrophobic regions.
Amaerobic: Occurring without the use of molecular oxygen, O,

Buffer: A systeih capable of resisting changes in pH, consisting of a conjugate acid- base
pair in which the ratio of proton acceptor to proton donor is near unity.

Cansid: The orotein coat of a virus.



Catalyst: A chemical substance that accelerates a reaction without itself beiflg consumed Enzymes : Regulation and
in the overall course of reaction. Catalysts lower the activation energy, Contrel

Cell Wall: A relatively rigid structute that encloses cells of plants, fungi, many protists
and most bacteria. The cell wall gives the cell its shape.

Cellulose: A straight chain polymer of glucose molecules used by plants as a structural
supporting material,

Coenzyme: A non-protein organic cofactor required for the action of certain enzymes; often
containg a vitamin as a component.

Cofactor: A low molecular weight, heat stable inorganic or organic substance required for
the action of an enzyme,

Collagen: A fibrous protein found extensively in bone and connective tissue of animals.

Conformation: The three-dimensional shape or form of a molecule.

Constitutive enzymes: An cnzymoe that is present in approximately constant amounts in
a system, whether its substraie is present or absent

Cytosol; The fluid portion of the cytoplasm excluding organelles and other solids,

Dehydrogenases: Enzymes that catalyse the removal of pairs of hydrogen atoms from
their substrate.

Electron carrier: A protein, such as » flavoprotein or a cytochrome, that can gain and
loose an electron reversibly and functions in the transfer of electrons.

Endergonic reaction: The reaction for which energy must be supplied.
Enzyme: A protein specialized to catalyse a specific metabolic reaction.
Exergonic reaction: A reaction in which free energy is released,

Facilitated diffusion: Passive movement through a membrane involving transport
molecules; does not proceed against a concentration gradient.

Hormone: A chemical substance that is synthesised in trace amounts by an endocrine

tissue and transported to other parts of the organism to regulate the functions of another
tisgue or organ.

Isotopes: Stable or radioactive forms of an element that differ in atomic weight but are
‘otherwise chemically identical with the naturally abundant form of the element; used as
tracers.

Isozymes; Chemically different enzyme that catalyse the same reaction.

Ligand: A molecule or ion that is bound to a protein.

Multienzyme System: A sequence of related enzymes participating in a given metabolic
pathway.

Myosin: A muscle protein, the major component of the thick filaments.

Oxidation: The loss of electrons from a compound.

Plasma membrane: The membrane that surrounds the cell, regulating the entry and exit
of molecules and fons. Every cell has a plasma membrane.

Prosthetic group: Non-protein part of the enzyme.

Steady state: A state of a system in which all components remain in constant
concentration,

Svedberg (s): A unit of measure of the rate at which a particle sediments in a centrifugal
field.
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Mo. of hours
3} Inthe following rable we have listed 4 kinds of difﬁcl.t_ltiestha.t we thought you might have come across. Kindly tick V) the
type of difficulty and give the relevant page number in the appropriate columns,
i Types of difficulties
Page .
Number Presentation Language Diagram Terms are
is not clear is difficult is not clear not explained
L
4)  Itis possible that you could not attempt some SAQsand TQs. In the following table are listed the possible difficulties. Kineiy

tick () the type of difficulty and the relevant unit ind question numbers in the appropriate columns.

Unit *
Mo.

SAQ
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Type of difficulty
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UGZY-BY-05/185



Any other suggestion(s)

Affix
Postage
Stemp

To

The Course Co- ordinator (LSE-01, Cell
Biology) School of Sciences
Indira Gandhi National Open University -
Maidan Garhi
New Delhi-110 068

UGZY-BY-05/186



NOTES

UGZY-BY-05/187



UGZY-BY-05/188



UGZY/BY -05
Cell Biology

Block

3

METABOLISM AND COMMUNICATION.IN CELLS

UNIT 11
Energy Releasing Pathways 5
UNIT 12
Biosynthesis 38
UNIT 13
Nucleus : Strueture and Function 60
UNIT 14
Protein Biosynthesis 82
UNIT 15
Chemical Signalling between Cells 101

UGZY-BY-05/189



Curriculum Design Committee

Prof. P.M. Srivastava {Chairman) Praf. LA, Niazi Prof. Bakhshish Singh
Ex-Vice-Chancellor University of Rajasthan Professor {Rerd. )
Jawaharlal Nehru University IGNOU
Prof, M. Amin Prof. Jafar Mozam
Jamia Millia Tslamia Vice-Chancellor Late Prof. 5.C. Goel
Kakatiya University Schoal of Sciences
Prof. T.5. Bakshi ; IGNOU
Athabasca University Prof. Shakti R. Abmed
School of Sciences D, Swadesh Tancja
Late Prof. 5.K. Krishnaswamy IGNOU Schoal of Sciences
GO

Vice-Chancellor
Madurai Kamraj University

Course Design Committee

Prof, F.M, Srivastava (Chairman) Prof. H.D. Kumar [¥r. 5.5. Hasan

Jr:wzhnrlm Mehru U;l'm:rsity Banaras Hindu University Dr. Geota Kuicker
. (Mrs. ) LK. Bhalla
Osmania University ;‘:;:r;mm. Dr. (Mrs.) Shehla M. Raza
Prof. Salil Bose e Heiences, Dir. Jaswant Sokhi
Jawaharlal N.chru University  Prof. Shakti R. A Dr. Swidesh Tancja
Prof. C.M.5. Das Ex-Director
Drelhi University
Late Prof, 5.C. Goel
Prof, B,M, Kapil
Drelii University
Block Preparation Team
Prof, M, Hahibullah {Editor) Facully Members
Jawaharlal Nehru University IGNOU
Prof. Salil Bose School of Sclences
Jawaharlal Nehru University Prof. Shakti B, Ahmed
. 5.5, Hosan
Prof, M. Habibyllah Ms. Mecra Kapaor
Jawaharlal Mehru University Dir. Shehla Moonis Raza
D, Masnod Porvecr
Prof. P.R. Rao D, Swadesh Tancja
Osmania University Ms. Pushplata Tripathi
School of Humanities
Prof, G.5. Rao (Language Editor)
Division of Distance Edoeation
Ms. Anita Bhatt {Forma Ediner)
Course Co-ordinator

Dr. (Mrs) S.M. Raza

April 2002 ( Reprinnl
B Indira Gandhi Nagional Open University, 1997

[SBM-B1-T2034170-X

All rights reserved. No part of this work may be reproduced in any form, by mr‘mmgm;m_ ar any other
edns, without permission In writing from the Indira Gandhi National Open Universify.

Furiker information an the Mdira Gandhi National Open University cowrses may be obtained fron
the University s affice af Maidan Garli, New Delhi-110 068,

Reproducer and reprinted with the permission of indira Gandhi National Open University ty r
Amn Kumar Gupta Reaistrar, U.P.R.T.Open University, Allahabad (July, 2018)
Reprinted by : Chandrakala Uversala Pvt.Ltd. 42/7 Jawahar Lal Neharu Road Allahabad
211002
UGZY-BY-05M90



BLOCK INTRODUCTION

5o far you have studied the cell structure, including cell membranes and
macromolecules present in the eell. Various techniques and tools employed for
studying the cell have also béing discussed. You have also studied the supramolecular
structures and their assembly, the functions of biomolecules, and role of enzymes in
catalysing the chemical reactions ogcurring in the cell.

In this block we will study metabolism; the sum of all the chemical activities of the
organism, structure and function of nucleus, protein biosynthesis and how cells'
communicate with each other by specific signalling,

All organisms require energy to perform functions necessary to sustain life. They
obtain this energy from food. The molecules of food breakdown during metabolism
by a series of enzyme-catalysed reactions termed as energy releasing pathways during
which the chemical bonds break and release energy. The pathways operate in
cytoplasm or in specific organelles that have necessary enzymes to perform certain
chemical reactions. In addition, the membranes of the organelles provide the surface
upon which specific chemical reactions ean occur, The process of energy release, and
its utilisation is essentially same in plants, animals and microorganisms. [n Unit 11 we
will discuss different energy releasing pathways, their site and regulation.

Organisms also synthesise a variety of molecules and macromolecules which are
mainly carbohydrates, fats, proteins and nucleic acids. The energy released from the
degradation of food mulecules is utilised in their synthesis. In Unit 12 on biosynthesis
we discuss first the biosynthetic principles, and interrelationship of catabolic and
anabolic pathways. Then we describe the synthesis and breakdown of carbohydrates
namely glycogen and starch that are energy storing molecules in animals and plants
respectively. We would also tell you briefly about the synthesis of fats.

In Unit 13, you will study the structure and functions of nuclear envelope and the
organisation of DNA in chromosomal structure. This unit deals with the study of the
central dogma regarding molecular biology, i.e. as to how the genetic information
which is stored in the DNA base sequence is transcribed into RNA molecules which is
further tranglated into protein molecules. The unit also describes the replication of
DNA molecule. DNA replication is senm conservative and bidirectional and is
catalysed by certain enzymes in procaryotes and eucaryotes, In this unit you will study
RMNA synthesis in eucaryotes and procaryotes and RNA processing in eucaryotes.
Different types of RN As are briefly discussed in this unit.

Unit 14 deals with the process of protein biosynthesis, in which the coded genetic
information of the DN A is decoded to synthesise proteins. This unit also speaks about
the processing of protein molecules that give a protein its firial three dimensional
functional form. You are aware that organisms maintain their internal environment in
a dynamic steady state. This unil also discusses various mechanisms regulating protein
biosynthesis.

In Unit 15, we have discussed chemical signalling between the cells, Cells in
multicellular organisms communicate with each other. This is essential for their
development, growth, division, organisation and for coordination of various cellular
activities. Cells communicate directly through gap junctions or through plasma
membrane bound signalling molecules. Indirect communication between the cells is
through cell secretions which influence distantly located target cells. Local chemical
mediators, hormones and neurotransmitters are the three types of signalling
molecules. Cell surface receptors and intracellular receptors in the target cells
recognise and bind the signal molecules and elicit specific responses from the target
cells. Chemaotaxis is the movement of cells as a result of the response due 1o the
specific chemical agents in the medium. Target cells show various adaptations after
being exposed to signal molecules for a longer period.

In the last block we will discuss cell division, cell movement and differentiated animal
and plant ¢+ types.

Objectives
After reading this block you shall be able to:
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describe major energy-releasine pathways, their site in the cell and regulation.
explain biosynthetic principles and interrelationship of catabolic and anabolic
pathways,

describe hiosynthesis of energy providing carbohydrates and fais,

state the role of nuclear envelope in transfer of proteins and RNA molecules,
describe DNA replication, transcription, translation and the enzymes involved in
the processes,

explain post-transcriptional and post-translational changes.

Jist the strategies for chemical signalling between cells and adaptation of targe!
cefls,



UNIT 11 ENERGY RELEASING
PATHWAYS

Structure

1.1 Imtroduction
Objectives
Study Guide

i11.2  Some Basic Information
Functional Groups
Commeon Reactions between Functional Groups
11.3  Energy Releasing Pathways — An Overview
1.4 Glyeolysis
Reactions of Glycolysis
ATP Yield of Glycolysis
1.5 Oxidative Decarboxylation of Pyruvate
1.6 Tricarboxylic Acid Cyele
1.7 Electron Transfer Chain and Oxidative Phosphorylation
I1.8  Substrate Level Phosphorylation
11.9  Pentose Phosphate Pathway
1110 Regulation
1111 Degradation of Lipids and Proteins
Lipids
Froteins
1112 Summary
LL.13  Terminal Questions
1114 Answers

11.1 INTRODUCTION

In the previous unit we have studied the various methods used to investigate
melabolic pathways and we have also lcarnt that regulation is brought about by
controlfing the regulatory enzymes. In this unit we will learn some basic catabolic
pathways and their mode of regulation which apply 1o most oTganisms.

All organisms require energy for growth, maintenance and reproduction. Cells need
energy for mechanical work, for driving various chemical reactions and for transport
of molecules, In certain organisms, cells require energy for special purposes, for

sxample, light production (hioluminescence ) by firefly tails, electric rays in some fish.

When plants and animals respire, oxygen oxidises the food molecules to carbon
dioxide and watcr with the release of energy. Although this oxidation is often
compared with the burning of wood because of the common end praducts — carbon
dioxide, water and energy, but respiration is a much more complex process and
occurs in a number of successive stages. Hence, besides energy, a large number of
chemical intermediates arc formed that arc also used as building blocks in various
biosynthetic processes,

Respiration requires oxygen and eannot b performed by all types of organisms.
Probably. you are aware of anaerobic bacteria — that survive in the absence of
oxygen. In animals not all the cells can use oxygen all the time or even some of the
time. For instance, our musele cells under resting condition utilise the machinery of
respiration because plenty of oxygen is available, but under strenuous exercises such
as running, the encrgy demand far exceeds the body's capacity to deliver oxygen to
the cells. Within a short time during vigorous exercise, oxygen is depleted in the
muscle cells. Bul still energy is produced as long as the muscles work. Then, how is
the energy produced in the absence of oxygen?

Some organisms survive on materials that are not commonty considered as food, For
example, silver fish eat silk and wool, white ants eat wood, fungi grow on-decaying
matter. Hive you ever wondered how they ob. v encrgy from these varied
substances for survival, Some bacteria live on hydrogen. hedrogen sulphide.
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medium containing various chemicals. How do these chemicals serve as food and
provide energy? Let us find out the answer to these questions.

In this unit we will focus on the metabolism of carbohydrates, fats and proteins that
release chemical energy to drive the cells for various functions. We will once again
come across the undeniable unity in piantﬂ and animals at bicchemical level because
we will see that most of the basic biochemical pathways are the same in all living
organisms. In the following unit, we will study how the energy released and
intermediates produced during the breakdown of food material drive the biosynthetic
reactions in the cell.

Objectives

After reading this unit you shall be able to:

& identify the following types of reactions: oxidation, reduction, esterification,
phosphorylation, carboxylation, decarboxylation, hydration, hydrolysis,
condensation and polymerisation

e putline the break down of carbohydrates fats and proteins.

® outline the reactions of glycolysis and account for the output of energy in the form
of ATP

® outline the reactions of tricarboxylic acid (TCA) cycle and its role in energy
production

® ‘describe how glycolysis and TCA cycle are linked to each other

® describe how the products of TCA cycle enter into the electron transport chain to
produce chemical energy in the form of ATP

# explain the mechanism of regulation of glycolysis, TCA cycle and electron

transport chain,

Study Guide

This amd the following unit requires basic inowledge of organic chemistry, Therefore,
we have included the section on basic information which is about different chemical
reactions. This section is optional. But we advise you to go through this section as it
would help you to understand the units faster. Unit 11 is a double unit. We did not
want to split it because the different process in catabolism are related.

11.2 SOME BASIC INFORMATION

The chemical reactions in the cell are governed by the simple laws of organic
chemistry. Before we learn about catabolic (breakdown) pathways, it will be helpful
to revise some of the basic principles involved in chemical reactions.

11.2.1 Functional Groups

In school you have learnt that organic compounds are classified according to the
nature of the functional groups they contain. An atom or'a group of atoms which
deterniines the physical and chemical properties of a molecule is said to be a
functional group. In Table 11.1 identify the functional groups given and write their
names in cblumn 2. If you cannot identify some, fill in column 2 with answers given
below the table.

11.2.2  Common Reactions hetween Functional Groups

In examining the chemical reaction between compounds we should focus our
attention on their functional groups, as they participate in the reaction, We are
describing some common chemical reactions in Table 11.2. Example of similar
biochemical reactions which occur in the cell, are illustrated for each type of reaction.
1} Oxidation reaction : Oxidation reaction can be viewed most simply as the loss of
hydrogen or gain of oxygen or loss of electron(s) by the organie reactant,

i} Reduction reaction is the reverse of oxidation. It involve gain of h};'drgg'en, ar loss
of oxygen or gain of electrons.
In the cell, a reduction reaction is almost always coupled to an oxidation reaction. For

example, the_réducziun of pyruvate to lactate is coupled to the oxidation of
NADH + H* which donate electron and H* to pyruvate. Such coupled reactions are



Energy Releasing Patlsays
Formula MName
H
]
1 H -—l'.IZ -
H
H H
I 1
2 H=- -CI:.-- ? -
H H
3 CaHazen or R-
4 -CH; -
] =0H
| I
] H=C=0
7 =C=0
8 CE:—%-
0
R=C~—
" Il
. 0
10 =COOH
11 - NH:
0
12 T
=C—NH:
13 l
14 =-C=-0R
u
0
15 ?H
=P=0-R
u
o
-C=-8=R
16 i
o]
Answers
l..methyl, 2. ethyl. 3. Ial!qu. 4. methylene, 5. hydroxyl 6, aldehyde, 7. carbonyl
8 acetyl, 9, acyl, 10, carboxyl, 1l. amino. 12, amide. 13. phenyl. [4. ester

15, phosphate ester. 16, thioester.

i) Hydration reaction occurs when, H,0 is added to a double bond, such as by the
addition of a H,0 molecule to an a]kcne in the presence of an acid catalyst. The
product of the reaction is an alcohel.

iv) Dehydration reaction results in the loss of water from the reactant to form a new
product,

v) Hydrolysis reaction involves addition of elements of H,O (H * and OH - ion)
resulting in breaking of the covalent bond of the molecule, thereby forming two
molecules
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vi) Condensation reaction': It generally involves the combination of two or more
molecules to give a new product with or without the loss of water molecule or some
simple molecule. Some condensation reactions are described below:

Esterification is a kind of condensation (addition) reaction in which aleohol and acid
condense together releasing a molecule of water.

If the alcohol is a thicalcohol a thioester is formed. If phosphoric acid is used instead
of carboxylic acid, alcohol phosphate is formed. 1t is called phosphorylation reaction.

Aldol Condensation involves combination between molecules of aldehyde or ketone.
The product formed is called aldol. Aldehydes and aleohol condense together to form
acetal.

vii) Carboxylatipn reaction involves addition of carbon dioxide to the substrate.
viii)- Decarboxylation reaction involves the removal of a molecule of carbon dioxide.

(i} Oidation fl.uur CHz - CHz - 0H + [0 '_f.ﬁ CHs = CHO + Bz
Hydregan ’
iyl whonkd wrendgetye
Guinol  RecHOXD R-cOOH
Cypen
abichyda wnid
FADy W F Al
.| Leasol . !.l‘.‘.l-Iq-r.m' 'Ii]'l-lwf_‘nlf_'l-'
Hydrogen e y
CHy - COO7 CH = o0y
SUTIAA Parraraic
Loss of Cywochaoms [Fe* 1 Z%,  cytochrane (Fe™ )
Electron
(Reduced) [Oiwidine
(i) Reducticn Gainof R=(HO#Hz —  R=CTlp =081
Hydrogen
ablehe e

Lossof Oy~ CHOHSD i

Oxygen
ciliyl sl © wibunz
MADH+ H'u MAD®
Gain of CHy- C0= OO i e | CHyCH{ OH )= 0007
Hydrogen

e lastic wcid

Gainal Cylochme (Fe™* ) Buid cylnchrome (Fe™ )

Electron
guided e
+Hz0
(1H) Hydmtion CHy = C{ CHa ) ='CHz —— (CH3 3 C-0OH
allene slechad
+Hy
CH=- C0O" HO- CH- CO0"
i i |
CH- OO0 CH,- COO"
— Tanamic e
0 o 0 (4]
] T )
(iv) Dehydration R=C=0OH + HO- C-R — R-C-0-C-R
acid wid acid anbpdride
CH,0H CH,
1'::1{-0? i o 4':;- op
| -l
oo Coor
2 - phosphog peeraie prasp pyrraie




{v) Hydrolysis

CH, - COOR + HOH — CH,~- COOH + ROH

esder mezid alochal
CH, - 00C- R CH,OH

I i

ti':tl-mcnn How f%’!HOH + 3R-COGH
CH,- 0OC-R CHOH  fyacid

16 glyceride (Hpid) glyeeral

{vi) Condensation

R- COOH+ HO- CH, = R~ COO~ CH,+ H,0

eaterification
wdd methyl alechol esler
I
R- COOH + R,-SH — R-C- SR, + H0
wcid tkimleohd tigester
o
Mg Il
RCOOH+ ATP+ CoA - 3H —— R - C-5CoA +AMP+ P, - F
meid l'.',n:nq,mn.t eyl Cat ﬂuuphq;bal::
O 0
Il I
HO~- P~ OH+ HOCH,— HO=- P~ O~ CH,+ H,O
|
OH OH
TPheapharic acid methyl aloohal rethyl placspihate
cH, - CHO + G, -co MM o _ cion - on,- cro
acetaldehyde meeisldehyde seezaldul
0 H H
& | i |
E-C +R-OH--R-C-0H+ROH-+R-C-0OR+H,D
N | |
H OR OR
aldehyde  alochd Hemdacetal Asets]
] H:0
(wil) Carboxylation CzHsMgBr+ COg — CoHsC0aMgBr— CoH5COOH+ MgOHBr
Orignard's
Teagent prapancic ecid
'l‘.l} O
ATP, ADP +Pi I
CH, - CO - SCoA st "00C - CH, - CO - SCoA
+C0,
acelyl Coh matenyl Coh
(vili) Decarboxylation "OOCH,C - COO — CH,CO0H ¢+ CO,

medonic scid nostic acid
- 00T CH, - CoO-
T:Hz NNJ‘U MADH + H* C
CH, + CoASH = CH,
| =00 |
O= C= 007 D= C=50C0A
i - keloglidfarate suncingd Cnd

Fpergy Redeasing Pathways
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NAD* or NADP*-dependent
reactions involve the transfer of a
hydride ion, a hydrogen nuclews
with two electrons between
substrate and coonzyme,
Therefore, the reduced form is
written as NADH+H".
However, for the sake of
conveni#nct il ik also written as
NAD and NADH,.
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11.3 ENERGY RELEASING PATHWAYS — AN
OVERVIEW

You know that during respiration living organisms convert glucose to carbon dioxide
and water using oxygen. The overall reaction for respiration is

CH,,0,+60, — 6C0O,+6H,0+ energy

Glucose
According to this equation, glucose is oxidised by both removal of hydrogen and
addition of oxygen. But in fart, the two processes occur separately in the sense that

glucose molecule does not react directly with free oxygen molecule available in the
cell, as shown in the scheme below.

Much encrgy as ATP
12 H:O

glucose
CsHi20s —
+ 6H:0 ’_\ Electron carriers 60,
12 NADH;
6C0; A small part of :
energy as ATP Reducing power

This scheme shows that in the first phase, glucose is completely oxidised to CO,, but
no atmospheric oxygen is involved, and energy is released during the process. A small
part of this energy is stored as ATP. The electrons and hydrogens of glucose are
transferred to coenzyme NAD* forming NADH,. A large part of the energy is stored
as NADH,. In the second phase, the electrons from NADH, pass from one carrier to
another releasing energy which is coupled with ATP formation. Finally, the electrons
and H* are taken up by O, to form H,0. Thus, frée oxygen reacts only at the last step
of the overall process,

The overall scheme of the dégradative or catabotic pathways operating in most
organisms is shown in Fig. 11.1. It can be divided into four stages. In stage 1.
polysaccharides, proteins and fats are broken down to their smaller precursor units —
sugars, amino acids and fatty acids, respectively. In higher animals the initial
breakdown of large molecules (Ist stage) takes place in the digestive tract of animals
and the products of digestion are transported to different cells, Plants do not take
carbohydrates, protein and fats from outside. They make these in the plant cells. and
break them when required. Thus, in plants stage 1 occurs in the cells. In stage 2,
sugars and fatty acids are further degraded into pyruvate and acetyl ™ \. Aminc_:
acids interact directly in stage 3. Bacteria, such as saprophytic decomposers survive
on small molecules for energy, so they skip the first stage of degradation and begin
from stage 2 or stage 3 according to the size of the food molecules. Pyruvate is
converted to acetyl CoA which in stage 3 is completely oxidised to CO, via what is
known as the tricarboxylic acid (TCA) cycle.

Uptil now, only a little energy is released through glycolysis in stage 2. In the TCA
cycle carbon atoms of acetyl CoA are oxidised to CO,, and the electrons and H*
(protons) are transferred to the carrier molecules NADY and FAD*, which are
reduced. As a result of oxidation of acetyl CoA to CO, a large amount of energy 15
released and is stored in the reduced forms of NADY and FAD, At stage 4 of
metabolism, NADH, and FADH, are oxidised and the resulting electrons hop
through 2 series of carrier molecules. These electron carriers finally transfer electrons
to oxygen thereby releasing the bulk of energy which is used for making ATP.




Energy Releasing Pathways

Lipids (fats) Polysaccharides Proteins
l Stage 1
L 4
Fatty acids Sugars Amino acids

Glycerol —

Stage 2
C-ﬂl E] NH} S“-EE 3
Waste products
FADH; -NADH'I"H;I*
Electrons

Stage 4

ELECTRON TRANSPORT

AND OXIDATIVE

PHOSPHORYLATION,

Energy released and stored as-

)

(3] H:0

Fig. 1.1 : Four stages of metabolism for generating reducing power (NADH + HY) and eneray (ATPI.
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Before we study these stagks in detail, you are requested to attempt the following
SADS,

SAQ 1
a ) Match the following in the best possible way
i) Glyeoysis a) ATP synthesis
i) TCA cycle l:%) Formation -:rf vate
iii) Oidative phosphorylation Stage 1 ot‘m lism -
{v); Oxidation of NADH, chair
v} Protein breaks down o amino acic '-‘) FOlTI‘Lat:Iﬂl‘I of MaDH, and FADH,

b} Match the following in the best possible way

i} Polysaccharide breakdown ﬂ} Cytoplasm

i Glycolysis itochondria

ity Formation of CO, J I:lemn-n transport chain
w} Stages 3 and 4 : ) Stag

v} O, 15 reduced to H.0O e TLA C}"E|e

€) i) Write the overall reaction of respiration

i} Break it into two equations, one showing the oxidation of glucose and
formation of MADH., the other showing the oxidation of NADH. and
reduction of oxygen. Remember to include the energy component

ili} Name two compounds in which the energy released on oxidation of glucose
can be stored

iv) The process of respiration contains many steps. At which step does moleculer
oxygen { also called free oxygen or atmospheric oxygen) react?

11.4 GLYCOLYSIS

In the metabolism of carbohydrates, po]}rsaucharlde& and disaccharides are
hydrolysed to different monosaccharides in stage 1. The monosaccharides, such as
mannose, fructose, galactose, glucose etc, are then broken down (oxidised) to
pyruvate through a series of reactions that fall under stage 2. To elaborate these
reactions, we will take glucose as the starting monosaccharide because it is the main
form in which cells utilise carbohydrates. The process of breakdown of glucose to

pyruvate is known as glycolysis or the glyeolytic pathway,

Glycolysis oceurs in the cytoplasm of virtually all living cells, both in the absence and
in the presence of oxygen. Since glycolysis takes place in all cells regardless of the
absence of oxygen, probably it was the first energy releasing process in organism
when the life evolved, The oxidative respiration in mitochondria of eukaryotic cells
became possible only after molecular oxygen had accumulated in the carth's
atmosphere as a result of photosynthesis by cyanobacteria.

In this seetion, we wilklearn about the reaction of glycolysis and the energy released
ahd stored during this process.

11.4.1 Reactions of Glycolysis

The sequence of reactions of glycolysis are shown in Fig. 11.2 and a simplified scheme
is illustrated in Fig. 11.3. The six-carbon glucose molecule is converted to two
molecules of pyruvate in a series of ten enzyme catalysed reactions described below.

Let us study each reaction in Fig. 11.2, identify its type and fill in the spaces with the
names of enzymes catalysing it. For example, the first reaction can be described as:



:H¢=G HC=0 CH:0H
2 HFOH ATP  ADpP H(‘:‘{)H M E‘.‘=D ATP ADF
3HOCH Mg* HOCH — HOCH Mg
a HgGH HCOH @ HCOH o)
3 HCOH Hexokinase HCOH Glacose 6 — HCOH
I 1 1 Phosphofructo-
6 CH:OH CH:G@ ﬂf::ﬁ::: CH;D@ kinase
Glucoss Glucoss il
h rue
S-phoephate fi-phosphate
CH:0
H:0(®)
S Aidolast
CH2OH
Dihydroxyacetone
phosphate (DHAP)
Friosephosphate ] l@
Isomerase
Ll'.'HG
H—tiZ—'DH
cH:0(F)
Glyceraldehyde 3-phosphate (PGAL)
Fi Glyceraldehyde
NAD® @ F-phosphate
delydrogenase
NADH+H' 5
o  COO°
1 ADP ATP o i
— P " —C—0H =
{.i: ﬂ, 1(':[_] ﬂ@ __gi_.
H—C —0H 1
I
CH.0 @ Fhosphao, rate 3-Phospho- FPhosphogiveero-
kinase -glycerate miutase
1, 3-diphospho - glycerate
cog ATP ADP
| Mg™
ing :
CH; Pjr®
TUVaLe
Pyruvate Kinase
Fig. 11.2 : Reactions showing various steps in glycolysis,
1} The Phosphorylation of glucose by ATP at carbon-6 is catalysed by cnzyme
hexokinase to form glucose-6-phosphate (G6 — P). This type of reaction is
phosphorylation and the name of the enzyme catalysing the reaction is hexokinase.

Following this example, try reading the figure you

remaining nine reactions of glycolysis.
2) Glucose-6-phosphate is
into fructose-6-phosphate (F 6-F).

3) Asecond ........... o Dy enzyme... ...l

b-diphosphate (F 1, 6-P).

rself and fill in the spaces for the

vovnncdtt carbon-1 forms fructose-1.

Energy Releasing Pathways

cH,0(P)
c=0
Hoéﬂ
H\FOH
HCOH
::'JH:G
Fructose

1, -di~phosphate

1 ?ﬂﬂ_
Fl
—C—-ﬂ{: )
o |
*CH:OH

2-Phospho-
Elvcerate

®

Enalase
Mg™

H:O
Coo”
C—OP

|
CH:

Ph,ulphar.no']pjrruvatc
(PEP)
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4) Fructose-1, 6-diphosphate i5.......ccceeeeeiennn. by enzyme ..
into two interconvertible triosephosphates — phnsphogi}rocmldehyde fPGAL] and
dihydroxy-acetone phosphate (DHAP).

BY coveninn PECTTE i e seraveneeennnn. Catalysis the reversible ...
DHAP tuPG.ﬂLL

The rest of the glycolytic pathway goes through PGAL and not through DHAFP. Since
PGAL is formed from DHAP in thisreaction, for further reactions we will consider
two molecules of PGAL, formed from one molecule of glucose.

6) This is an . .. step catalysed by ................. coinenneens PGAL
gives up two Prﬂluns H" am:l two electrons to NAD* and is mmulhnmusly
phosphorylated by inorganic phosphate to form 1,3 di-phosphoglycerate. which is a
high energy compound.

7) 1, 3 diphosphoglycerate is an unstable intermediate, hence its high-energy
phosphate group is used to synthesize ATP from ADF in this reversible reaction
catalysed by .........covvveeiiiiiiciinnnn,

8) Now the phosphate group ...........its position from carbon-3 to carbon-2 catalysed
b ENIVEIE ..o s e i e '..
Mo .. of Z-phosphoglycerate molecules is catalysed by .. . forming

phosphoenul pyruuat-: {(PEF) which contains a high-energy enol phusphatc

10) PEP is highly unstable. Tt readily gives up phosphate to ADP forming ATP, and
the end product, pyruvate. The reaction is catalysed by ............

The words missing in the description of reactions are:

2) isomerised, glucose-6-phosphate isomerase, 3) phosphorylation,
phosphofructokinase, 4) cleaved, aldolase, 5) Triose phosphate isomerase,
isomerisation 6) oxidation, glyceraldehyde 3-phosphate dehydrogenase,

T) phosphoglycerate kinase, 8) shifts, p/.osphoglyceromutase,

9) Dehydration, enolase, 10) pyruvale kinase,

We can summarise the major events of glycolysis as shown in Fig 11.3. The major
events are, i) glucose is phosphorylated and converted to two molecules of
glyceraldehyde 3-phosphate (PGL) with the expenditure of two ATPs. ii) Four
molecules of ATP are generated when two molecules of glyceraldehyde 3-phosphate
are converted to pyruvate, i) Oxidation of 2 molecules glyceraldehyde 3-phosphate
reduces two molecules of NAD* to NADH + H*

Therefore, the net reaction of glycolysis is
Glucose + 2ADP + 2Pi + 2NAD* —2 pyruvate + 2ATP 4 2(NADH+H*) + 2H,0

The overall reaction of glycolysis shows that there is a net formation of two ATF
molecules as a result of one glucose molecule being oxidised to two pyruvate
molecules. When glucose is completely oxidised to CO, and H,0, a large amount
(686 kilocalories per mole of glucose oxidised) of energy is available. When glucose is
partially oxidised to pyruvate, only two ATF molecules are formed per molecule of
glucose and much of the energy remains conserved in pyrdvate.

i

What happens to pyruvate that is produced in glycolysis? The fate of pyruvate varies
from cell to cell and its environment. In cells having mitochondria and adequate
supply of oxygen {aerobjc condition), pyruvate is further oxidised in stage 3 of
metabolism (TCA cycle). In the absence of oxygen (anacrobic condition) pyruvate is
reduced by MADH to either lactate or alcohol. Such anagrobic routes are called
fermentation pathways. You must be familiar with the fermentation activities of
yeast. In yeast, under anaerobic conditions, pyruvate is reduced to ethanol (aleohol)
as shown in the following reaction. .

This process of conversion of glucose 1o alcohol is known as alcoholic fermentation. In
certain cells4nd organisms, under anaerobic condition. pyruvate is reduced to lactate
and such anaerobic fermentation is known as lactate fermentation.

At times, our muscle cells have to work vigorously, but the rate of supply of oxygen
to them cannot exceed beyond a certain limit. So all pyruvate cannot be oxidised via
the TCA eycle Tnstead most of it is reduced to lactate by NADH as shown below.



Energy Releasing Pathways

Fructose-1,6-diphosphate
[«
5

v v
Glyceraldehyde 3-phosphate <—— Dihydroxyacetone phosphate
(PGAL) : {DHAP)

2PGL

JNA.DHG
|

-
(2) 1, 3-diphosphoglycerate

JAD.F—.*L*

(2) 3-Phosphoglycerate
]

(2) 2-Phosphoglycerate

[0

(2) Phosphoenol pyruvate (PEP)
2 AD.'P*--‘ 10 .l

Anaerobic Agrobic
conditions  conditions

Z7 by

Lactate Aleoholic TCA cycle
fermentation {
Electron
Transport

Fig 11.3 : Simplified scheme of glycolytic pathway showing utilisation and production of ATP and NADH + 1
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NAD® NADH+ H' p—qo W0 H NADH + H® NAD'

] T
CeHiz 0% _.\_“‘_'-_j_p Cc=0 C=0 -—HM)- CH,— CH;—OH
Glucose Glycolysis éHl 1.1",H;
CO:
2 (Pyruvate) 2 (Acetaldehyde) 2 {Ethanol)

There are many bacteria that derive energy from sugar through lactic acid
fermentation under anaerobie conditions. Lactobacilli is such example which turns
milk sour and produces curd and cheese.

NAD' NAD#+H* ; NADH+H® NAD' -
COO C
\.._../ﬂ : ]m
CeHi0y = o =0 =", H-C-OH
Glucose Glyeolysis CH, CH:
2 (Pyruvate) 2 (Lactate)

Mote that in fermentation {alcoholic or lactic acid), there is no net production of
NADH. In reaction & of glycolysis NADH produced is oxidised back to NAD* in the
last reaction of fermentation (Table 11.3). Thus, NAD* and NADH are recycled
when fermentation takes place. The overall reaction of anaerobic glycolysis is

Glucose + 2 Pi + 2 ADP — 2 lactate + 2 ATP + 2 H.0
Table 11.3 : Utilisation and Production of NADH in glycolysis under Anaerobic

Conditions
Reaction NADH Changes per molecule of glucose
Production Utilisation
2 % glyceraldehyde 3-phosphate —
2 x 1, 3-diphosphoglycerate 2 —

2 ¥ pyruvate — 2 ¥ lactate =
2 % pyruyate — 2 % ethanol —

Fermentation does not take place under agrobic conditions but NAD* must still be
regenerated from NADH, otherwise, glycolysis will come to a helt. NAD* i
repenerated in stage 4 of the metabolic reactions that eccur under aerobic conditions.
We will describe this process in a later section. However, we will learn now how
NAD* is regenerated in the cytoplasm under aerobic conditions,

Glycaolysis takes place in the cytoplasm and the electron transport chain is located in
the inner mitochondrial membrane. But the NADH molecule cannot cross the
mitochondrial membrane. So it is oxidised in the cytoplasm and the two hydrogen
atoms are transported to MAD* molecule present inside the mitechondria, In other
words, only hydrogen atoms are transported from cytoplasm to the mitochondria.
The reaction involved in the transfer of hydrogen from NADH is given below.

A shuttle operates for this transfer and malate molecule is the carrier of hydrogen
atoms from the cytoplasm to the mitochondrial matrix. In fact, the shuttle system is
complex and involves reactions other than the formation of malate. hut the net resilt
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NADH + H* Oxaloacstate  Oxaloacetate NADHA+H"

Cytoplasinic __, _ Mitochondrial
dehydrogenase ki e dehydrogenase

NAD" Malate—————————sMalate” ~ NAD'

is the transfer of two H atoms from a molecule of NADH present in the cytoplasm to
a different NAD* atom present in the mitochondria,

11.4.2 ATP Yield of Glycolysis

The net yield of ATP in glycolysis (oxidation of glucose to pyravate) can be accounted
as shown in the Table 11.4

Table 11.4: Utilisation and Production of ATF in Glycolysis under Anaerobic Condition

Utilisation Production
Glucose — Glocose 6-phosphate 1 —
Fructose 6-phosphate — Fructose
1,6 diphosphate 1 o
2 ¥ 1,3 diphosphoglycerate —
2 % 3-phosphoglycerate - 2
2 » phosphoenolpyruvate —
2 ¥ pyruvate — 2
Total 2

Therefore, the net yvield is 2 ATP per molecule of glucose oxidised to pyruvage.
SAQ 2 nocolysis ocours in

a) Choose the bast answer in the following
1) The process of breack down of glucose to pryuvate is known as

g) oxidative phosphorylation b} Glycolysis

¢) Respiration d) Electron transport
1) Glycolysis occurs in

aMitochondria b) Digestive tract

¢} Cytoplasm d)Nucleuns

i} Glycilysis occurs
&) Only in the absence of oxygen
b) Only in the presence of ooxygen
) Baoth in the absence and in the presence of oxygen
d) Only in the presence of co, d

iv]Which is not troe for glycolysis under anserobic condition
1) ATP is produced b) ATP is produced
6] MAD+ is required d) Net NADH is produce
v} Which is true for glveolysis nder aerobic conditinon
a) only ATP is produce
b) Only NADH is produce
&) Hoth ATP and NADH, are produce
d) Weith ATP nor NADH,is produced
vi)Compared to the resting stste vigorously contractting muscle show
1) Increased lactate formation
by Increased oxidation of pyruvate to co, and wather
c) An increased NADH'MAD+ ratio
d) Increased conversion of pyruvate to acetadehvde

b}1} Write the overall reaction of glocolysis under acrobic condition i.c from
glucose to pyruvate
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Mdﬂnlhn-:d ii How many pyruvate and ATP molecules are formed [rom one molecule of
Communication in Cells glucose 9

iii}  How many NAD+ molecules are reduced per molecule of glucose ?

¢} In Isctate feremantaion

i) How many lactale moleculs and ATP are formed from one glucose molecule ?
ii) How many net NAD+ molecules are reduced 7

d) In alcohol fermentation

i) How many ethenol ATP molecules are produced 7

ii} How many net NAD+ Molecules are reduced?

11.5 OXIDATIVE DECARBOXYLATION OF PYRUVATE

Inmer mqhnm:f

Inter membrane 3 The ongoing reactions of pyruvate, under aerobic conditions oceur in the
. mitochondria. The pyrivate molecule itself cannot enter the TCA cydle — the stage 3
Ouster.- MITOCONDRIA  of metabolism. It is oxidatively decarboxylated by a multi-enzyme complex called the
membrane Maarix pyravate dehydrogenase system. Since this reaction links glycolysis with TCA cydle it
is also termed as link reaction.
at
. 0 cOox o
Pyruvate OH Il A ]
CYTOPLASH CH; — C — COOH + CoASH CH, — C — SCoA
OH Pyruvate coenzyme A NAD'+ NADH +H* acetyl- CoA
Fig. 114 Pyravate-hydroxylion  'We know that glycolysis occurs in the cytoplasm but pyruvate is metabolised
mm“‘"‘: acrobically in the mitochondria. How dees pyruvate molecule crosses the
m"_ mitochondrial membrane? It is transported to the mitochondria either by simple

diffusion or by the pyravate — hydroxyl ion antiport system, where pyruvate is
exchanged for a hydroxyl ion through conformational changes in the membrane (Fig.
11.4). The multienzyme complex — the pyruvate dehydrogenase system — is located in
{the mitochondrial matrix. It consists of multiple copies of three enzymes (E, E; E;)
esch with a specific binding site for the substrate, and different cofactors (Fig. 11.5),

The advantage of such a complex system is that it retaing the product of one reaction
and transfers it to the active site of another enzyme thus improving the overall
efficiency of the enzyme.

11.6 TRICARBOXYLIC ACID CYCLE

i enters the tricarboxylic acid (TCA) cycle. Other fuel molecules such as amino acids
& = Frewvats and fatty acids can also enter the TCA cycle through acetyl CoA. In the TCA cycle
the 2-carbon acetyl group of acetyl CoA is oxidised to two molecules of CO, and
hydrogen atoms are accepted by coenzymes NAD* and FAD,

Let us first study broadly the reactions of TCA cycle shown in Fig. 11.6. The cycle
bégins with the condensation of oxaloacetate with acetyl CoA (reaction 1) and in the
cnd (reaction 8) oxaloacetate is formed from malate. Thus oxaloacetate is used as a
carricr to introduce acetyl CoA into the cycle. We will now read the resctions of the
cyele step by step, the details are described below. While reading Bl in the blanks
with the type ol reaction, and the name of the enzyme carrying the reaction. Itis
intended that such an excercise will help you to read other pathways from charts or
figurcs. The blanks in reaction 1 are filled to show an example.

.ﬁ:w
@ iranacetyize We have learnt that pyruvate on oxidative decarboxylation forms acetyl CoA which
4

1} In reaction 1; acetyl CoA reacis with 4 carbon oxaloacetate to form a six carbon
molecule of citrate. The enzyme is citrate synthetase.

2) .. OF ctric acid by the enzyme forms
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3 . P . Of ISOCILEAtE DY BRZYINE ....vieeereceeeesiinsnss ismmessmnnsnes produces
« —kemglulamtc

4) e—ketoglubarate iS __......ococovvies ciiiiiiiiiiiniiin to succinyl CoA by an
EITYMNE . oocmrases s pin diimiminba s sanonas. oo R v e the electron acceptor
being NAD*

5) The eNZYME .....oovvvvreeeeeiiiis ceeeeerannnans snamey catalyses the formation of
................ at the expense of ..........ccceeeeeo.... bond.

6) Succinate is ............cceeeeee. to fumarate by the enzyme ...._..............
................................. The coenzyme......... accepts hydrogen.

| R, S of fumarate by the enzyme .............. forms malate.

B) Finally oxalacetate is recovered when malate i5 ..........cccccoeee. e by the
CHEYINIC oournevanrnssssssnnsansnrnnsssmsssassanscsnmsmsrnransnsn

Energy Releasing FPathways

0
1
o CHy=C-5—CoA+ H:O
[
— C—COO0OH Acetyl-CoA
FPyruvate P:rmmm NADH + CoA — SH

AD" Cr.u OO0H H:0
ﬂnfﬂmr l('} 2 q“':ﬂ
®
Malate CmﬂDH C‘.-m
ﬂ!ﬂfﬂnm

Hﬂ-—* C--H de,

Fig. 11.6: The TCA Cyde.

UGZY-BY-06/207



Words missing in the description of reaction

2. Isomerisation, aconitase, isocitrate. 3. Dehydrogenation, isocitrate dehydrogenase.
4. oxidafively decarboxylated a—ketoglutarate dehydrogenase, NAD* 5. succinate
thiokiriase, GTP, thioester 6. dehydrogenated, succinate dehydrogenase, FAD

7. Hydration, fumarise, 8. dehydrogenated, malate dehydrogenase.

Let us now pay attention to some important steps of the cycle. The oxidative
decarboxylation of isocitrate (reaction 3) and e—ketoglutarate (reaction 4) by two
different dehydrogenases yields 2 NADH molecules. The CO; produced diffuses out:
from the mitochondrion and leaves the cell. In reaction 6, a molecule of FADH, is
produced when succinate is oxidised to fumarate by succinate dehydrogenase. The.
breakdowri of succinyl-CoA is linked to phosphorylation of GDP to form GTF, which
can form ATP by exchange reaction.

Communication in Cells

All reactions of TCA cycle except 2 and 5, are readily reversible. Note that the two
carbon atoms of acetyl CoA added in each cycle enter a different part of the citrate
"molecule and are not liberated immediately.as a CO, molecule during the first cycle.
Moreover, the oxygen atoms required for oxidation of the earhon atoms of acetyl
CoA are not supplied by free molecular oxygen. Instead, three molecules of water

split in each cycle 2nd their oxygen is used to make CO,.

TCA cycle was discovered by S T0 summarise: the may» avents in each turn of the TCA cycle:
Ij-leKI “h“: &‘;t"“ L i) one acetyl gmup Ecmtairr'mg two carbon atorma? enters into the cycle;
if) two carbon atoms are completely oxidised to two CO, molecules;

iiiiy. three NAD* and one FAD are reduced; this means, four parts of hydrogen atoms
are remaved from the intermediates of the cycle; and :

iv) on ATP molecule is formed via GTP.
Thus the primary role of the TCA cycle is to oxidise pyruvate, and to store the energy
liberated in the form of NADH, FADH, and ATP. Another very important role of
TCA cycle is that certain intermediates of the cycleare used for the synthesis of ather
molecules, For example, @ -ketoglutarate, succinate and oxaloacetate are used for
the synthesis of amino acids.
The second role’of the TCA eycle raises an important question: when any
intermediate is removed from the cycle, the concentration of each of the
intermediates decreases in the cycle, and as a consequence, the rate ufwo_rkmg of the
cycle decreases. Then, how can the rate of working be increased? Well, if the
concentration of the intermediates (i.e., the number of workers) is restored, the
purpose will be solved. In fact, reaction 1 a (Fig. 11.5) serves this purpose. As you can
see, some pyruvate molecules can be converted into oxaloacetate by this reaction.
SAQ3
a) Give one example each of the following type of reaction occurring in the TCA

cyole

i} hydration

i1} decarboxlation

iii) isomerisation

iv) dehvdrogenation
b) In which reaction of the TCA evele do the following events ocour

iy CO,MOLECULES ARE RELEASED

ii) 'GTF is formed

iii) FAD is reduced

iv) WAD+ molecules are reduce
¢} which is not true for the TCA cvele when one acetyle group is oxidised

i) “Two CO, Molecule are released

ii} THree NAD+ molecules and one FAD molecule arwe reduced

iii) One CTP Molecules is formed

iv) 38  ATP molecules is formed

d) The rate of enrtry to acetyl coa into the citric acid ¢ycle is decreased when
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i) the ratio of ATP/ADE is low
ii} NADH is rapidly oxidised through the respiratory chain

i) ATP/ADP ratio is high
iv) the ratio of NAD/NADH is high

11.7 ELECTRON TRANSFER CHAIN AND OXIDATIVE
PHOSPHORYLATION

Eaerpy Releasing Pathways

NADH,

We have learnt that NADH and FADH, are produced in the TCA eycle when acstyl
CoA is oxidised to CO;. NADH is also produced in glycolysis. In stage 4, of
metabolism these NADH and FADH,; molecules are re-oxidised by several electron
carriers in a sequential manner. Finally, molecular oxygen is reduced to water by
accepting these electrons. 7 his electron transfer process is an energy-liberating
process and is coppled to the formation of a proton gradient about which we have
already learnt in Unit 8. We have also learnt in Unit 8, that the proton-gradient is
further coupled to the formation of ATP from ADP and Pi. Thus the primary role of
stage 4 metabolism is to reoxidise NADH and FADH; to NAD* and FAD
respectively, which could be re-used in the TCA cycle and to generate ATP.

In this section we will learn about electron carriers, the mechanisms of formation of
proton gradient and about the phosphorylation of ADP to Py. The phenomenon of
ATP formation is called Oxidative Phosphorylation, because this phosphorylation is
coupled to the oxidation of NADH and FADH, by molecular oxygen.

The electron transfer carriers are collectively called electron transfer chain. It consists
of more than 15 electron carriers embedded in the inner mitochondrial membrane.
The components of the chain have been identified as three major complexes - NADF
dehydrogenase complex (I, b-c, complex (I1), and cytochrome oxidase complex
(IIT}). The epmpositions of the complexes is shown in Fig. 11.7. The complexes are
linked by two mobile electron carriers ubiguinone and cytochrome c. All these
carriers are protein in natere except ubiquinone (UQ also called coenzyme Q, see
margin on the next page).

Flavin mononucleotide (FMN) is a cofactor of enzyme NADH-dehydrogenare. The
cytochromes (Cyt by, ¢, ¢;, a and a,) are protein in nature containing an iron atom.
In addition, there are about six iron-sulphur protéin complexes (FeS), and two copper

atoms tightly bound to the respiratory chain. For the most part, the electrons pass
from onc metal atom to another.

(49

COMPLEX 1
FMN and Fe-S-protein
NADH Q Reductase

Ubiquinone

COMPLEX II
Cytochrome b ¢,
Cytochrome reductase

Cytochrome ¢

COMPLEX 1N
Cytochroms &,

Oy

Fig. 11.7: Components of the
resphratory chain of mitochendria

NADH, M+ 140
NAD* H1O
FAD  |FADH;
The clectran transber cha 1
tradlitionally calicad the checirom
Fig 11,8 #The electron transfer chain, The iron atom is either in the oxidised state (Fe™*) or In the reduced /171370t chain \Siace ihe
ok eleatroms ame atrainsporied ot
slate | transierred from one carrecr o
AnCHRT ol I8 e AR

For instance, when the iron atom accepts an electron it is in ferrous form (Fe?*) ar.d
when it gives the electron (o next earrier it is in ferric (Fe*®) form (Fig 11.8).

call it electron tranifer chain

UGZY-BY-05/209



Artubolinm and Thus only electrons are involved in oxidation and reduction of the cytochrome. In the

“omemunicstion in Cells cascs of FMN and UQ both electrons and protons are involved in their oxidation. Fig.
11.9 shows the arrangement of three compléxes, mobile electron carriers and the
direction of flow of electrons. The components are arranged in such a way that if one
component requires only electrons for reduction then the component next to it
requires both electrons and protons for reduction. For instance, when NADH is
oxidised. it liberates two electrons and two protons. The electrons are

Fig. 11.9 : Schemutic disgram of flow of dlectron through taree majer complexes (1, 11 & IIT) from NADH 1o
oxygen. Cytochrome C and ohlguinone serve as mobile dleciron carriers. Protons pumped out across the
membrane inio inter membrane space during ebecron transfer ereate an electrochemical proton gredient
across the inner membrane that drive W' back thrc-izh the ATF symthetase

|
WAD i eritically wuz accepted by iron-sulphur protein, and thereby it is reduced (Fe™* needs only clectron,
the function of all the body cells.  and not H*, for its reduction). What happens to the protons given up by NADH? The
It is synthesised in the body from  carriers are Jocated in such a way inside the membrane that the protons are liberated
N efckonty in ihe diet has _ OUIside the membrane into the inter membrane space. But when FAD gets two
such widespread harmful effect on  Clectrons from FeS, it néeds two protons also for reduction. From where do.the
the body. Likewise, several other  protons come? Again FeS and FMN are located in the matrix in such a manner, that
vitaming are precursors from the protons aré taken up from inside i.e. matrix of the mitochondria. Thus we
which other coenzymes are conclude two conditions are necessary for proton transport across the membrane
e, e e ngraies (1) the electron carriers are arranged alternatively with respect to hydrogen (electron,
the role of vitamins in the body.  Proton) carrier, (ii) the carriers are located in the membrane bed in such a manner
that the protons required for reduction come from the inner side (matrix of the
membrane and the proton given up during oxidation are liberated outside the

FMN+26 420 ~FuNE,  Tembrane.
UQ+3=‘+1H‘ UQH: Can you describe what happens when Cyt b is reduced by FMNH,?

” As the electron transfer continues, more and more protons are transported from
+ I+ m‘#é}
l

inside to outside. This, a difference in proton concentration is created between inside

and outside of the inner membrane, This difference in proton concentration is called

proton gradient. The energy liberated from the electron transfer is stored in the form
T‘Eﬁ' of a proton gradient across the membrane.

umumm
wa) The proton gradient should persist for sometime so that its energy can be used for

useful work. This means that the inner mémbrane should be impermeable to protons,

Thus is indeed the case. In fact, the inner membrand is also impermeable to other

small lons fike K* and Na‘,

How is the energy of the proton gradient utilised to form ATP from-ADP? This
happens through a large complex protein A TP synthetase, a large’ transmembrane
protein complex. This protein is called the coupling factor because it couples electron
transfer to oxidative phosphorylation. If ADP and P, are available, the coupling
factor allows the protons to come back into the matrix. When the protons gg inside
through the coupling factor, energy is liberated which is used by the coupling factor to
make ATP from ADP and P, (Fig. 11.9). The mechanism of this process is still
unknown.
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For every palir of electrons transferred through the chain from NADH to O, three
pairs of protons are transported across the membrane, For FADH; which transfers
electrons to ubiquinone, two pairs of protons are transported across the membrane.
In terms of ATP synthesis, for every pair of protons coming back through the coupling
factor, one ATP is synthesized. Thus 3 ATPs are formed from one NADH, molecule
and 2 ATP from one FADH; molecule,

Oxidative phosphorylation is inhibited by several substances such as dinitrophenol
{DNP), carbon monoxide, and oligomycin. All these compounds inhibit oxidative
phosphorylation (ATP synthesis by mitochondria), but their modes and sites of action
are different. For example, DNP does not allow the formation of proton gradient,
because in the presence of DNP, the membrane is not any more impermeable to
protons, As a result, the protons which are transported outside the membrane during
electron transfer immediately come back inside, and no proton gradient is formed. As
a consequence, ATP is not synthesized, although electron transport is not inhibited,
Such types of inhibitors are called uncouplers of oxidative phosphorylation.

Carbon monoxide (CO) inhibits electron transfer directly. It inhibits electron transfer

at cytochrome afa,: If electron transfer is inhibited, proton gradient is inhibited and,

hence, ATP synthesis is inhibited. Such type of inhibitors are called electron transfer
inhibitors.

Oligomycin inhibits oxidative phosphorylation by a different mode. It binds directly
to the coupling factor and thereby prevents the protons from coming back through the
coupling factor. As a result ATP synthesis is inhibited although neither electron
transfer nor the proton gradient is inhibited. The rate of electron transfer, however,
slows down, because the proton gradient remains high and applies a back pressure on
electron tramsfer. That is, once the proton gradient remains high, energy required to
transport further proton becomes high. Such inhibitors of oxidative phosphorylation
are known as energy transfer inhibitors.

11.8 SUBSTRATE LEVEL PHOSPHORYLATION

The phosphorylation of ADP to form ATP occurs in three different ways, each of
which involves coupling. They are oxidative phosphorylation, photophosphorylation
and substrate level phosphorylation. You have learnt about oxidative
phosphorylation in Unit 8. Formation of ATP during photosynthesis is called
photephosphorylation, which will be covered in the physiology course. In substrate
level phosphorylation, ATP is formed by the enzyme-mediated transfer of a
phosphate from the substrate to ADP.

You have come across two such reactions, one in glycolysis and one in the TCA cycle.
Look at the glycolytic pathway. In reaction 7, the phosphate group is transferred from
1,3-diphosphoglycerate to ADP by the enzyme phosphoglycerate kinase.
1,3-diphosphoglycerate is a high energy compound, because a large amount of free
energy is liberated when the phosphate group at position 3 i1s hydrolysed, A part of
this energy is used to drive the phosphorylation of ADP to form ATP. In the TCA
cycle, the cleavage of the high energy thioester bond of succinyl CoA (reaction 5) is
catalysed by the enzyme succinate thiokinase. As a result a large amount of free
energy is available which drives phosphorylation of GDP to form GTP.

Energy Heleasing Pathways
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Metabolism and nolgives upielectrons and protons and eytochrome accepts
Communication in Cells athappens to-the protons given up by ubigquinol?
¢) Whena;proton gradient is formed in ‘mitochondria, the pH of the matrix is (tick
mark the correct statement)

i} higher than the pH of the outside
ii" lower than the pH of the outside
iii} equal to that of the outside
d Give the mimber of
i) elegtrons needed to reduce-one O molecule
ii) NADH molecules oxidised to reduce one oxygen molecule
fii] protons transported across the membrane when.ane molecule of oxygen is
redaced by FADH,, NADH, via ETC.
i) ATP molecules synthesised through oxiative phosphorylation per molecule
of oxygen consumed if NADH is the electron donor.

€ 'What is-the role of the coupling factor in oxidative phosphorylation?

A R ST PR T DR TPV TEEE L LR EEL LR L L L] daritanmnErryianan

tion. . hondfia st make ATP fron! ADP and
vis required: ake ATF  hatisthe difect source of this enerzy?

e TR s Adbne s G
g Siveonseranplecfsibsirate level phosphorylation.
------ aﬁb,'ﬁ"-\a’-’a’-’n’r’-a--;u'\-“'----i-h'.-'.-'-.-uai---u.n.'-'---r.-ru--l---.-.a--l-l'r--a--- CARRI TR R P S S PedSEEEEEEE R

phosphiorylation comprises three events: first electron transfer; second
 praton gradient; and third returning of the protons through the
actor, with concomitant synthesis.of ATP. Inhibition of any of these
will inhibit ATP synthesis. Name threc jihibitors which inhibit one

P B T T T T T T P T L P e

e T R A W R F A R R e T e

A A -t U ——

11.9 PENTOSE PHOSPHATE PATHWAY

Glycolysis is a major route of degradation of glucose to pyruvate. Many other routes
of glucose metabolism have also been investigated in plant and animal tissuc. It is
beyond the scope of this unit to describe all of them. You are going to learn pentose
phosphate pathway which is one of the important pathways that operates in a wide
variety of organisms including animals, plants and many microorganisms. It is not an
alternate pathway for obtaining energy, instead it performs a multifunctional role in
the body.

The pathway is shown in Fig. 11.10, Let us first have an overview of it. We find that
the pathway involves a number of reactions, and intermediates, mainly
monosaccharides varying in the number of carbon atoms. Many of the reactions arc
reversible and operate according to the demand of the intermediates in the cell. The
pathway is divided in two phases : the oxidative phase and the non-oxidative phase. In
the oxidative phase, glucose-6-phosphate is oxidised to ribulose S-phosphate, one
C0, is released, and two molecules of NADP are reduced. In the subsequent
non-oxidative phase, three molecutes of ribose-5-phosphate go through several
reactions producing two molecules of fruetose-6- phosphate and one molecule of
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glyceraldehyde 3-phosphate, both are intermediates of glycolysis. So these two end Encrgy Releasing Pathways
products of the pentose phosphate pathway can enter into the glycolytic pathway.

Thus this pathway is basically a shunt, as it branches out from the glycolytic pathway

at the point of glucose-6-phosphate and rejoins at the point of fructose-6-phosphate

and glyceraldehyde-3-phosphate.

Let us now go through the sequence of reactions. Let us first study the oxidative

phase
THE OXIDATIVE PHASE o
H~C~ : !
OB | NADP* NADPH + 7 ¢0 o w o T
xeom | \w ) meon | Qe wdon' e
Hi - I ] [
= e, ; -4 c: 1
; . hydrogenase H F—GI! Pluconolactonase | I:II-GH noomne
H—-ii'.‘ :-M;: H-C-OH b
CHiOP ‘CHyOP (IJH;DP (decarboxylating)
Gluzose G-phogphate 6-Phesphoghicons 1, S-Lactane &-Phosphogiuconate
CH,0H Ribose 5-phosphate
F=':" Ribose 5-phosghate somerase
H-C=
:: G Ribulose plosphate epimerase
H-F*UH
CHLOP Kylulose S-phosphate
Ribulose 5-phosphate
THE NON-OXIDATIVE PHASE
ltE:I_m CH;0H CH:0H
H=-C=-0H l;‘zﬂ é’mﬂ
[}
©p H-C-OH  _ p(€) HO-G-H  _ (C) HO-C-H
1 - 1
H-C=-0H i{nl;.}—ﬂll H—-:i:-DH
" CHL0P H-C-OH H-C-OH
Riboge S-phosphate H- C-0H CH:0F
- CHyOP ||  Fructoss 6-phosphate
Transketolass Sedoheptulose Transaldolase
T-phosphate
CH:0H [4] H 4] H
Ay 155 oy
1. = ? & N Y
(Cs) HO= I’F.‘.‘-'H — L (C) H-C-DH  _| L (Ca} H-(IE--OI-I
H- C-oH CH.0p H-C-OH
CH;0F Glyceraldehyde CH:OP
Xytulose S-phosphaie s Enythrose 4-phosphate
I . |
Trans)

iHOE *H
- \/

i I
HO-C-H H-C=-0H

)
H—{':"GH = |I.:H1D'P'|
H—l:::—{m Glyceraldchyde 3-phosphate
CH,OF

Fructose &:-phosphate

Fig. li.in:ﬂ:pﬂtﬂmm

In reaction 1, glucose f-phosphate is oxidised to 6-phosphaoglucono 1, S-lactone by
removal of electrons which are accepted by NADP. Hydrolysis of the lactone to 6
phosphogluconate in reaction 2, is followed by an oxidative decarboxylation that
yields ribulose 5-phosphate and a second molecule of NADPH. Enzymes of these
three reactions require Mg* jons as cofactors,
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Metabolism and In the non-oxidative phase the pathway operates according to the specific

Communication in Cells requirement of the tissue. In tissues active in nucleotide synthesis, ribulose
5-phosphate is isomerised to form ribose 5-phosphate — the sugar backbone.of RNA
and DNA molecules. The pathway terminates at this point. The tissues active in lipid
synthesis have a great demand for NADPH than ribose 5-phosphate. In this situation,
ribulose 5-phosphate goes through the non-oxidative phase.

Let us now study the non-oxidative phase. You may find the interconversiofl of sugars
a little confusing. Try to understand the scheme given in the Fig. 11.10, in the
following order:

i) Tsomerisation of ribulose 5-phosphate by two different enzymes forms ribose
5-phosphate and xylose 5-phosphate (feactions 4 and 5).

i) The above two 5 carbon sugars condense together by the enzyme transketolase to
form 7 carbon sedoheptulose phosphate and 3 carbon glyceraldehyde 3-phosphate,
reaction 6.

iii) Now 3 and 7 carbon sugars condense by another enzyme called transaldolase to
form 6 carbon fructose 6-phosphate and 4 carbon erythrose phosphate, reaction 7.

iv) Another molecule of 5 carbon xylose 5-phosphate condenses with 4 carbons
erythrose phosphate and forms fructose 6-phosphate and 3 carbon glyceraldehyde
3-phosphate,reaction 8.

We can place these reactions in a simpler scheme and sum them up as shown below:

Xyhlos 5-F Fruciose 6P
s5C ;I M sc
ransketolase

Xylalose 5-P Sedoheptuloss 5-P Erythrose 4-F [ ‘ Glyceraldehyde 3-F
3c

“Ribulose 5-P 3C c 4C
2X5C
Ribose 5-P 3-P|[[l| Froctose6p
5C 3C 6C
Transketolase Tmi;qﬂdw'ut

The fructose &bhospha‘l;e may enter the glycolytic pathway or may isomerise into
glucose G-phosphate and ve-enter in the oxidative phase of the cycle. The pentose
phosphate pathway can, therefore, operate in a cycle. The net reaction is

3(5'C pentose) — 2(6 C fructose 6-phosphate) + 3C glyceraldehyde 3-Phosphate

We may now ask a question: what is the usefulness of the pentose phosphate pathway
{PPP)? There are at least two uses. First, we have seen that NADFPH, not NADH, is

3 Pentosc
Glucose — | Phosphate —» NADPH:
Pathway

Mainstream
Ipllh“}‘ﬁpum:l —

ali cells

Fig. 11.11: Simplified scheme showing the role of pealose phosphate pathway
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produced in PPP, which is required as reductant in fat synthesis. Second, this pathway Encrgy Releasing Pathways
produces several pentoses which are required for nucleic acid synthesis. This point is

illustrated in Fig. 11.11. It may be mentioned that PPP is absent in the muscle cells.

The reason is clear. The function of the muscle cells is primarily to carry ouf physical

activity, not chemical activitv such as svathesis of fats and nucleic acids.

SAQS

A} The pentose phosephate pathway is basically & shuttle of glycocolytro pathway

explain

b) The pentose phosphate pathway serves two useful purpose in bisynthetios
pathway. what are they
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11.10 REGULATION

In the previous sections we have learnt about the reactions of glycolysis, the TCA
cycle and oxidative phogphorylation. But we have not talked about the speed of these
reactions? Do these reactions move at a constant speed all the time? No, the speed
changes, either decreases or increases, depending on the need of the cells. In other
words, the rates of the metabolic processes are regulated. In this section we will»
discuss regulation of glycolysis, TCA cycle and oxidative phosphorylation.

Glycolysis and the TCA cycle have two major roles. Une 13 to produce ATP which is

the spurce of energy and the other is to provide the building blocks for various

biosynthetic processes of.the cell. Depending upon the need of the cell the rate of

glycolysis and of TCA cycle are to be regulated. Glycolytic pathway is regulated at

three enzymatic reactions:

i) The first reaction of glycolysis, i.e. conversion of glucose to G+6-F by the enzyme
hexokinase;

ii) The third reaction of glycolysis, conversion of F 6-P to F 1, 6—diphosphate by the
enzyme phosphofructokinase; and

iii)- The last reaction of glycolysis, conversion of PEP to pyruvate by the enzyme
pyruvate kinase,

How arc the activitiés of these enzymes regulated? Some metabolités inhibit the rate
of working of the enzymes, while some stimulate the rate (sce Fig. 11.12). Table 11.5
shows the effect of metabolites. When the ATP level is high, glycolysis is inhibited;
and when the ADP level is high, glycolysis is stimulated.

S0, ATP regulates the level of two glycolytic enzymes, namely phosphofructokinase
(abbreviated as PFK) and pyruvate kinase. These are the two glycolytic reactions
which form ATP from ADP and Pi. Citrate, an intermediate of the TCA cycle, at
high 1:vel suppresses glycolysis. Because high level of citrate means that other
intermediates of the TCA eycle and of glycolysis that can be used for biosynthesis are
abundant. So, additional glucose should not be degraded for this purpose. Thus the
second major role of glycolysis is regulated.

Tabie 11.5 : Inhibitors and Stimulators of Glycolysis

'Regulatory Enzyme Inhibitors Stimulators
H:mkfnﬂsf G6-P

Phosphafructokinase ATP, NADH, Citrate ADP, AMP
Pyruvate Kinase ATP, NADH, alanine FDP, G 6-P
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Why isn't hexokinase inhibited by ATP or substances like citrate? Inhibition of the
very first reaction of glycolysis would save some ATP molecules which are spent by
hexokinase. But glycolysis has other roles to fulfil. One such role is to divert some

G 6-p molecules toward the pentose phosphate pathway for generating NADPH and
ribose-5-P which are needed for the biosynthesis of fats and nucleotides respectively,
So, when the cell has abundant ATP, it is used to make some fats and nucleotides,
Therefore, the first reaction continues at a normal rate even if the ATF level is high.
When the need of the pentose pathway is fulfilled, G 6-F will not be used up at a high
rate and then it will accumulate in the cell. But nature has created the hexokinase
enzyme in such a way that it is inhibited by its own product G 6-P (see Fig. 11.12).

= (Flue

Pad

/C——bﬁ;ﬂxﬂ* inase
Glucose El-phnsphntc

Fructose 6-phosphate
ADF 4—ATP
AMP Jv *—NADH
hosphofructo kinase (PFK)

—— e

Fructose |, 6-phosphate

T lee:raldﬂhylie 3-phosphate

1 Phosphnen_al pyruvate
Lactate Fy.uvate
Q Einase
Pyruvate
Fyruvate dehydrogenase
ml NA.DH

ADP - Acetyl coenzyme ,.\ Fatr.y acids

.hh‘ . A
&
r-éé’
Y
Omalusseiato Citric acid
Malate Jsocitrate
T ADP a-ATP
Fumarate NAD® J — NADH
Succinate a-Ketoglutarate
(A
NADH

Fig. 11.12: Feedback Regulation of Glycolysis and citric acid cycle. Scissors indicate inhibition and bold
arrows stimulation.

Let us now consider the regulation of the TCA cycle, The TCA cycle is regulated by

thmc enzymes (see Fig, 11.11).

i) citrate synthase which is inhibited by ATP and NADH,

ii) isocitrate dehydrogenase, which is inhibited by ATP and stimulated by ADP, and
NAD* and



iii} o —kitoglutarate dehydrogenase which is inhibited by succinyl CoA and NADH.

If we analyse the regulation of the TCA cycle, we come to a general conclusion that
basically high levels of ATP (or ATP-to ADP ratio) and NADH, slow down the TCA
cycle. Physiologically speaking, this strategy of the cell makes sense. Afterall, once
glucose enters the TCA cycle via acetyl CoA, the carbon atoms of glucose are
completely oxidised with the production of energy rich compounds like ATF and
MNADH. When these compounds are produced in abundance it is justified that they
themselves inhibit the process of their production. Thus, the basic principle is
maintained.. Regulation works to meet the need of the cell,

Look at Fig. 11.12, citrate stimulates fatty acid synthesis for which acetyl CoA is the
starting material, When the TCA cycle speeds up due to high concentration of its

intermediates including citrate, and when ample ATP is present in the cell, fally acid
synthesis speeds up and the signal comes from citrate when it is at high concentration,

Before we discuss the regulation of oxidative phosphorylation, let us consider an
important enzyme, pyruvate dehydrogenase, which catalyses the conversion of
pyruvate to acetyl CoA. This step is specially important because, once pyruvate is
converted to acetyl CoA, it has two main options: it can be oxidised to CO, via the
TCA cycle, or it can be used to synthesise fats. More important is that pyruvate can
still be reversed to generate glucose, while acetyl CoA can never be reversed to
gnn:ratu glucose (you will learn about the synthesis of glucose called gluconeogenesis
in the following unit). So the cell must take a crucial decision when to convert
pyruvate to acetyl CoA. Thus it strictly regulate this step. Pyruvate dehydrogenase is
inhibited by its own products, namely, acetyl CoA, and NADH, and also by GTP. It
is stimulated by AMP. Thus, the conversion of pyruvate to acetyl CoA is slowed
down under a condition when the cell is richin energy. Under this condition it is wise
to convert pyruvate to glucose or to other storage carbohydrates using the available
energy.

Regulation of oxidative phosphorylation is very straight forward. Low levels of ADP
and Pi slow down oxidative phosphorylation, because they are the substrates of this
process. Phosphorylation of ADP is very tightly coupled to the transfer of electron
from NADH (or FADH;) to O;. So when the rate of phosphorylation is slowed down
the rate of electron transfer is bound to slow down,

In this connection the regulatory role of molecular oxygen should be emphasised. To
do that let us l_dﬂlt. back into the history of science for a while. In the 19th century,
when biochemical pathway including glycolysis was almost completely unknown.
Louis Pasteur discovered that an organism like yeast takes up glucose from the
medium at much high rate under anaerobic condition than under aerobic condition,
This phenomenon is known as Pastear Effect. The reason was not known to Pasteur,
But we can now explain this phenomenon very easily. As you know under anaerobic
condition glucose is only partially oxidised to lactate or alcohol and only two
molecules of ATP are formed per glucose molecule. Under aerobic conditions glucose
is completely oxidised to CO; and 38 ATP molecules are produced per glucose
molecule. 5o to meet the need of ATP under anaerobic conditions, the cell must
consume glucose at a much higher rate than required under aerobic conditions. This
is a good and simple example of how the rate of glucose metabolism is regulated by
the energy need of the cell.

S5AQ6

@)1} MWame three compound which are inhibitors of the enzyme
.phosphofructkinase and one compound which stimulatets the enzyme
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ii) Ezplain how the inhibition of PFK by ATP help in regulating glvcolysis
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B) iy Mame three regulatory enzymes of the TCA oyele

i1) Which are the metabolites regulating the activity of these enzymes

11.11 DEGRADATION OF LIPIDS AND PROTEINS

So far we have leamnt about the degradation of carbohydrates, In this section, we will
study briefly how lipids and proteins breakdown and join the main scheme of
metabolism to provide energy and intermediates which are required for various
biosynthetic processes.

11.11.1 Lipids

Generally, neutral lipids which are triglyceride esters of fatty acids are stored in plani
and animal cells. Thesc arc first hydrolysed by lipases to fatty acids and glycerol.

n
CH:=0—-C—R,

! (] CH:-—{'.IH
- Lipase
CH=-0-C=R; 4 &0 2~ -:.'H OH ., (R,COOH+ R;COOH)
, 0 S oh + R;CO0H
CH;—0—=C=R, Glyceral Fatty acids
Lipid

Glycerol is phosphorylated using ATP to glycerol 3-phosphate which is oxidised to
dihydroxy acetone-phosphate. As you know the latter is an intermediate in glycolysis
and thus can be metabolised through thispathway, fatty acids are step-wise oxidised
and as a consequence 2 carbon fragments are successively removed as acetyl CoA (as
shown in Fig. 11.13).

HECoA
*
0 ATP AMP + B O
1] H
RCH;CH~C-0H RCH; CH;~C—5CoA FAD
fatty acid ' Fatty acyl CoA
! Fatty acid thiokinase ] FADH;
|A¢:jl' dehvdrogenase]
RCmC—C- §
o Pl CoA
I H
0 G g s ttoN Unsaturated faity acyl Co
1]
pk_ g G AcetylHCoA
2-Carbon short fatty acvl CoA H.0

{Eﬂ'ﬂjd hydratase F : )

9
H;-C—=5 Cod

Agetyl CoA
HSCoA

o 9
R=CHCH;-C-5CoA

B-hydroxyacyl CoA

NADHA+H' NAD®

Fig 11.1}%: Iegradation of fatty achds through B-cxidation scheme
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The scheme is called B -oxidation because cleavage of fatty acid takes place between 1 Energy Releasing Pathway
and 2 carbon atoms. Let us read the reactions of the scheme and fill in the blank
spaces in the sentences below describing these reactions.

1. In the first reaction fatty acids afe activated to their acyl CoA derivative using
coenzyme A and ATP by enzyme fatty acid ............... This is an ........ reaction.

TR R —— of fatty acyl CoA by cnzyme acyl ......coopviniiimianin results
in an unsaturated acyl CoA. The electron acceptoF in-this reaction is .........ooeeee

. A e eoe s in the subsequent reaction by enoyl ........cooiiiiininne forms
p-hydroxyl acyl CoA.

454 gecond ... of the acid by NAD* forms f-ketoacyl CoA.

5. mmeenasiwend mia ghas of the f-ketcacyl CoA by enzyme ....oovveeeniiiinns releases a

" moleculs of acetyl CoA. The remaining fatty acyl Coieds 2 carbon less in length.

The words for the blanks spaces are:
1. thiokinase, esterification, 2. Dehydrogenation, dehydrogenase, FAD,
3. Hydration, hydratase, 4. dehydrogenation, 5. cleavage, f-keiothiolase.

The remaining chain can undergo the safne sequence of reactions from 1 to' 5 again
and again till all the carbons are converted to acetyl CoA. All those acctyl CoA
molecules can now enter into the TCA cycle by reacting with OAA, if the latter is
available in sufficient concentration.

You know that a fatty acid may contain even or odd number of carbon atoms. The last
fragment of odd numbered fatty acid would results jn a 3-carbon fragment, namely
propionyl CoA instead of acetyl CoA. Propionyl CoA is metabolised to form succinyl
CoA. Succinyl CoA can enter the TCA cycle directly as an intermediate. Can you
think of an advantage of metabolism of an odd-carbon fatty acid over an even-carbon
fatty acid in terms of efficient running of the TCA cycle? For the TCA cycle to work
continuously at a pood rate, a high concentrations of the intermediate should be -
maintained. Succinyl CoA helps in this matter, because it enters the TCA cycle as an
intermediate.

11.11.2 Proteins

The peptide bonds of proteins are first hydrolysed by proteolytic enzymes liberating®
constituent amino acids. The process is termed proteolysis. Probably you are familiar

with proteolytic enzymes chymotrypsin and trypsin. They are present in our stomach
and intestine which hydrolyse the proteins in our food. The hydrolysis of a peptide

bond is shown below:

Prowin  NH, bt smednboeme X
¥ e —_ —-C-
: Protease

NE,‘MCR-&-D' + NH;—-CH-C-0O
Amino acid

The next step is transamination, in which the amino group of an amino acid is
transferred to the TCA cycle intermediate @ -ketoglutarate by an enzyme called

transaminase.
\:ll:‘h* D=?—C-DG‘ g
R-CH—COO + 1I:I-I= _..._..,I""“"'""-" R—-C—-COO + Nm*-ﬁn-mo
CH, =C00~ a-Ketoacid ti‘,n,
Amino acid - ketoglutarate CH;—C00"

Glutamate
Thus by this reaction, all amino acids are converted to glutamate and & -keto-acids
corresponding to amino acids. Let us now see what happens to glutamate and to
@ -keto-acids. In transamination amino groups of amino acids are accumulated in
@ -ketoglutarate.as glutamate molecules hence there is no net loss of amino groups.
Glutamate, in turn, release the amino group as ammonia and regenerate
@-ketoglutarate by oxidative deamination reaction. The feaction is catalysed by
NAD* -linked enzyme glutamate dehydrogenase.
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Communication in Cells  NH,*~CH~C0O0" Glutamete  0=C—COC
c::m + NAD' +H,0 JoWVIOBEma® | .+ NADH+ H'+NH,
CH;—COO" B =000" Amaions
Glutamate o- ketoglutarate

The two reactions — transamination and deamination can also be represented as
shnwn below:

NH; + NADH + H‘M:kmﬂmmmm;m
m—/\smm—/\mmm

Thus, for each glutamate deaminated, one NADH, molecule is produced which can
be oxidized through the electron transport chain to produce ATP, What happens to
ammonia?

In mammals ammonia is excreted as urea via a pathway called urea cycle. The carbon
skeleton of amino acids, i.e., the @ -keto-acid can be used either for biosynthesis of
Barbohydrate, fats and amino acids or to forms acetyl CoA which enters TCA cycle

and is degraded to produce energy.
What are the last products

SAQ7T
Two ammonia molecules are i ; : ok i :
ciicrsied Nersig i i a) m:;ln intermediate of glycolysis which i3 also produced wheen glvcerol is
maleculs. The cmo group in wre |
comes from o Coy molecule. Ure. e
cyele was discovered by Hans
Krebs who, o5 we know aleady — B) What are the last products of P-oxidation of both even and odd fatty acids ?
also discovered the TCA cycle.
The discovery of urea cycle was

oo Siehwtarts bpeisie :
five years (1932-47) to discover 0y How many acety CoA molecules will be produced from B-oxidation of a

TCA ewvcle, Kreh was awarded s
kel WEi laclE 1 6-carbon fatly acid molecule?

d) How many acetyl CoA and propionyl CoA molecules will br produced from
P-oxidation of & 19-carbon fatty acid molecule ?

e} Acetyl Coa is a product of f—oxidation of fatty acids. How is this acetyl CoA
further metabolised (oxidised )7

) Propionyl CoA is a product of f—oxidation of odd-carbon fatty acids. How is this
propiemy] CoA lurther metabolised {oxidised )7

g) Show the transaminase reaction of alanine, What is the name of o—keto-acid
produced in this reaction?

h) How 15 ammonia productd from glutamate 7
1) Ammonia 15 toxic for the cell. How is excreted in mammals?
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11.12 SUM&RY Energy Relessing Pathways

1 The metabaolic reactions in a cell are common organic reactions poverned by the
functional groups.

2 Cells derive energy by the oxidation of biomolecules. The break down of food
molecules can be considered in four stages. In stage 1, large molecules-carbohydrates,
fats and proteins break down to their precursor units monosaccharides, fatty acids,
and amino acids. In stage 2 the precursor units are degraded to pyruvate via
glycolysis. Pyruvate is oxidised to CO, via the TCA cycle in stage 3, and the energy
is stored as NADH, and FADH, molccules. Electrons from these molecules pass
from one carrier to another in the electron transfer chain releasing energy which is
coupled to ATF formation. Finally, electrons and H* are taken up by atmospheric
oxygen.

3 A variety of mechanisms control and regulate the activity of key enzymes in
glycolysis and the TCA cycle in response to changing conditions in the cell.

4 Fauy acids are oxidised successively into acetyl CoA bylg-oxidation. Acetyl CoA is
further oxidised via the TCA cycle.

5 Amino acids are converted into their respective keto-acid by transamination
reaction. Keto-acids metabolise further and enter into the TCA cycle if necessary.

11.13 TERMINAL QUESTIONS

1. Considering the whole process of glycolysis, TCA cycle and oxidative
phosphorylation, make a diagram to show the total number of ATP molecules
formed when one molecule of glucose is completely oxidised. Follow the steps
given below to draw the diagram:

a) How many net ATF molecules are formed during glycolysis (glucose — 2
pyruvate)

b} How many NADH, molecules are formed during glycolysis and how many
ATP moletules are formed when these NADH; molecules are oxidised through
electron transfer chain.

¢} When two pyruvate molecules are oxidised to acetyl CoA (link reaction) find
the number of NAIDH, molecules produced and the corresponding number of
ATP molecules.

d) In TCA cydle, find, the number of NADH; and FADH, and GTP molecules
produced out of two acetyl CoA molecules oxidised and the corresponding
number of ATP molecules.

2. a) Inm yeast, how is pyruvaie metabolised in the absence of oxygen (anaerobic
condition)? Write the reaction also.
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b) ‘In muscle cells, how is pyruvate metabolised under-anaerobic condition? Write
the reaction also.

3 ) Mention two important roles played by TCA cycle.

................................... T T e e R R EE R LR SRR L

mrapaasssSEFEEEIdIEERRREEE

b) Explain how the reaction catalysed by the enzyme pyruvate carboxylase help
the TCA eycle in maintaining the concentration of its intermediates.

4, Name a TCA cycle intermediate which inhibits phosphofructokinase activity.
Explain how this inhibition helps regulating glycolysis.

3. Make a diagramme to show the ﬂcrwqf major reactants in and out of mitochondria.

11.14 ANSWERS

L]
Self-assessment Questions: .

1a). b ide, ia M Ve
W) ), i)a, dde Wb Ve
fi 6 6 + 6 HyO + energy,
2 |3} glﬁimﬁ% F:r uoht?i& 6 COy + 12 NADH, + energy (ATP)
i 12 Nmmﬁzmnr» 12 NAD + 12 H;0 + energy (ATP),
jii) ATP and NADHy, |
iv) Last step (electron transport chain} .
23 b, ide, d)e, M W& va
" bY -i) Glucose + 2 ADP +2 Pi + 2 NAD* —
e 2 pyruvate+2 ATP+1 NADH+2H*2H;0

L
iii) 2
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€) i) 2 each ii) None ¥ - :
d) i) 2 each {i) None

3 a;i Hint: see Fig 11.6, reactions, i) 7, ii) 4, iii) 2, iv) 6

b) Hint: See Fig 11.6, reactions i) 3 and 4 i) 5 iii) 6
iv) 3 and 4

c) i'-:}

d) iii)

4 a) i) NADH, and FADH,
ii) Iron-sulphur protein (FeS) and cytochrome
iif) FMN and ubiquinone
b) The protons are liberated (or transported) outside the inner mitochondrial
membrane
c) i).
d) i) 4,4¢+4H++{)2—-2ng

i) 2,2(NADH+H*) + 0, — 2 NAD* + 2 H,0

iii) To redyce one oxygen molecule four (2 pairs) electrons are transferred’
from NADH,. For each pair of electrons transferred from NADH,, three
pairs (i.e. six) of protons are transported. Thus total protons transported
are 12. While 8 protons are transported for FADH,, because two pairs of
protons are transported for one pair of electrons transferred:-from FADH,
to O,

iv) From answer iii, we have seen that twelve protons are transported under
this situation. Since one ATP is synthesised when two protons are
transported back, six ATP molecules will be synthesiscd when twelve
protong are transported back.

e) The coupling factor couples proton gradient to phosphorylation of ADP, That
is, coupling factor allows the protons to move inside the mitochondrial matrix
and utilises the energy to form ATP.,

f) The proton gradient is the direct source of energy.

g) Cleavage of thivester bond of succinyl CoA in TCA cycle.

h) Carbon monoxide, dinitrophenol, oligomyecin.

5 a) The starting molecule of PPP is ghucose-6-phosphate which is an intermediate of
glycolysis. The end products of PPP are fructose-6-phosphate and
glyceraldehyde-3-phosphate which are also intermediates of glycolysis. Thus,
FPP branches out of glycolytic pathway and enters back into glycolytic
pathway. So it is a shuttle of glycolysis.

b) One is that in PPP, NADPH is produced which is required for fat synthesis.
The other is that several pentoses are formed in PPP, and these pentoses are
required in nucleje acid synthesis,

& &) i) Inhibitors: ATP, NADH, Citrate

Stimulator: ADP

if) When ATP level becomes high, PFK is inhibited, i.e. glycolysis is slowed
down. This makes sense, because a primary purpose of glycolysis is to
produce ATP which is required for various biosynthetic and other
activities. High level of ATP indicates that its demand is less: so
glycolysis should slow down. High level of ATP itself does this jeb by
inhibiting PFK activity.

b) i) Citrate, synthase, isocitrate dekiydrogenase, and o-ketoglutarate dehydrogenase

fi) Citrate synthase is inhibited by ATP. Isocitrate dehydrogenase is inhibited

by ATP and stimulated by ADP, a-ketoglutarate dehydrogenase is inhibited by:
NADH and succinyl CoA.

7 a) Dihydroxy-acetone phosphate
b) acetyl CoA from even-carbon fatty acids.
acetyl CoA and propionyl CoA from odd-carbon fatty acids.
¢) Eight
d) Eight acetyl CoA and one propionyl CoA molecules.

UGZY-BY-06/223



Metabolism and e) Acetyl CoA enters into the TCA cyele by reacting with OAA and forming citrate,
Communication in Cells The reaction is catalyzed by the enzyme citrate synthase.

f) Propionyl Cué}mcnmss succinyl CoA which enters the TCA cycle directly as an
intermediate.

Alanine a-Ketoglutarate
DVl

Alanine
Transaminase

Pyruvic acid /\. Glutamic acid

h}) By deamination reaction catalysed by glutamate dehydrogenase
NH,—~ CH— COOH 0=C —COOH

I I
CHy+ NAD"+ H,O — CH,+NADH+ H' + NH,

| | am mun.ia

CH, CH,

| I

COOH COOH

Glutamic acid a-Ketoglutaric acid
i) In mammals ammonia is excreted as vrea in urine.
Terminal Questions
1 The diagram can be drawn i in-many different ways. One representative diagram is
shovmn below:
GIue

@] @
s [ PRy )
Aoetyl-CnA 1*».& @

o=

Total net ATP yield — 36 (ATP)

2 a) Itis converted into aloohol. See reaction in Section 11.4
b) It is converted to lactic acid. See reaction in Section 11.4
c) Itis metabolised through TCA cycle. (see the reaction in text).
3 a) (Sec last para of Section 11.6).
" b) catalyses the following reactions:
Pyruvate + CO, + ATP — oxaloacetic acid + ADP + Pi
The product of this reaction is oxaloacetic acid (OAA) which is an intermediate
of the TCA cycle.

OAA is cycled through the TCA cycle and thus the concentration of the
intermediates are increased.
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4 Citrate. The level {concéntration) of a TCA cycle intermediate is controlled by Energy Releasing Pathways
two activities. One is the use of an intermediate for synthetic purpose, such as
synthesis of amino acids. By this activity the concentrations of the TCA cycle
intermediates fall down. The other activity is the production of oxaloacetate from
pyruvate catalysed by pyruvate carboxylase. This activity increases the
concentrations of the TCA cycle intermediates. Increase in the level of citrate
indicates that the TCA cycle intermediates are at high level. Under this situation
citrate inhibits the PFK activity. As a consequence pyruvate production is slowed
diown. This brings down the concentration of the TCA cycle intermediates to a
normal (as required by the cell at that time) level.

§ The following Fig. shows the flow of major reactants in and out of mitochondria.

Pyruvate Faity acids

6 Hint: wood is a polysaccharide, wool and silk are protein in nature.

UGZY-BY-06/225



UGZY-BY-05/226

UNIT 12 BIOSYNTHESIS

Structure
12.1 Introduction
Objectives

12.2  Biosynthesis — An Overview
12.3 Carbohydrates—Interconversion in Metabolism
Structure of Glycogen and Starch
Glyeogen Synthesis
Glycogen Degradation
Regulation
Starch Synthesis
Sucrose—Starch Interconversions
12.4  Gluconeogenesis
Reactions of Gluconeogenesis
Gluconeogenesis is Costly
12.5 Ketone Bodies: An Alternate Fuel Depot
12.6  Glyoxylate Cycle
12.7  Synthesis of Fats
12.8  Summary
12.9 Terminal Questions
12.10 Answers

12.1 INTRODUCTION

In Unit 11, we have learnt that the energy need of organisms is fulfilled by oxidative
degradation {catabolic pathways) of food molecules. The main catabolic pathways are
glycolysis, TCA cycle and pgntose phasphate pathway. In this unit, we will study a
few major biosynthetic pathways that are important in energy metabolism

Most organisms can synthesise molecules and macromolecules that serve as the
structural and functional components of the cells. These compounds belong mostly to
the classes of carbohydrates, proteins, fats, nucleic acids (DMNA and RMNA), vitamins,
hormones etc. Plants have a special ability to make many classes of molecules such as
pigments, alkaloids, lignins rubber, waxes etc., which animals cannot synthesise.

Among carbohydrates, glycogen and starch are especially important in energy
metabolism. You will learn that they arc synthesised when there is surplus of
catabolic energy, and are degraded when the energy is in deficit. During starvation
when glycogen stores are depleted, glucose ¥s synthesised from non-carbohydrate
precursors such as amino acids and lactate by an important route called
gluconeogenesis.

The routes for biosynthesis of carbohydrates, fats, proteins and nucleic acids are

common to most animals, plants and microorganisms. In this unit, we bricfW study

the biosynthesis of carbohydrates and fats. In the following two units we will study the

biosynthesis of proteins and nucleic acids.

Objectives

After reading this unit you should be able to:

® schematically show the interrelationship between breakdown and biosynthetic
pathways

® describe the major principles of biosynthetic pathways

® outline the major steps involved in the biosynthesis of glucose, glycogen and starch

® describe the different conditions in the drganism that favour the synthesis or
degradation of glycogen, starch, glucose and fatty acids and explain the mode of
regulation of synthesis and degradation

® putline glyoxylate cycle and explain its significance

® describe the origin and fate of ketone bodies.



12.2 BIOSYNTHESIS—AN OVERVIEW

All biosynthetic processes have three basic requirements — energy (ATP), reducing
power (NADH +H*) and building blocks or their precursors. You have already
learnt that these are the products of catabolism of food taken in by the organism. In
fact, organisms ingest certain types of carbohydrates, fats and proteins, and break
themsdown through catabolic pathways into smaller precursors and produce energy
and reducing power. Then through biosynthesis, the organisms rebuild them into
other types of carbohydrates, proteins, fats and other molecules according to their
specific needs. Thus, anabolic processes are related to catabolic processes.

Fats ——| B ot ADPw=._| BIOSYNTHESIS GROWTH
Proteing —» ,-."’-t '(fmrnr o :
2 mino acids
ATP Fatyacid |~ N
Pentose Phosphate nucleotideés
2 ATP Products
CATABOLISM
Glycolysis NADF Assembly
TCA Cycle # Reducing of
® l\._m Proteins
4d oW, NADPH Nucleic acids
®pe® » Complex lipids
L Membrane
Waste e A"S walls
products Giycerate-3-P Organelles etc.
Triose-F
! reoe
Hexoi-
CO, PEP
NH: =+ Pyruvaie
Acetyl CoA
a-Ketoghutarate
Succinyl CoA
Onaloacctaie
Erythrose-P
BLE,

Fig. 12.1: Schematic disgrame showing functional interrelationship between catabolizm and bionymtieses.

Fig. 12.1 outlines the relationship between catabolic and anabolic processes, The
products of citabolism ATF, NADPH  and various intcrmediates arc utilised in the
biosynthesis of amino acids, fatty acids, nucleic acids, and various other molecules.
Reactions involved in biosynthetic pathways are similar to catabolism in that they are
also organised into sequences with specific functions. The two, however, operate in
uppmmduecnm As shown in Fig. 12.2 the catabolic pathways show a converging
pattern i.e. guite different substrates degrade to a few common products, By contrast
anabolic pathways start from a few common intermediates (Fig. 12.2) and synthesise
a latge variety of compounds.

| L1 47
\’{\f‘/ L) Ry

:

Convergence of Catabolic Pathways Divergence of Anabolic Pathways
Fig- 12.2: Converging paticrn of catabolic pathways and diverging patiern of anabolic pathways.
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Another important feature of anabolic and catabolic pathways is that they are
connected to each other through many common intermediates. Read the list of
intermediates and the products shown in Fig. 12.1 (recall Unit 11, these are produced
during catabolism).

In other words, the various anabolic processes are neither independent of each other
nor-independent of the catabolic processes. These features of metabolism make the
whole process highly complex, but it provides the system an immense scope in
regulation of one pathway with respect to the.other. This complexity, in fact, is
beneficial because it allows the organism to utilise encrgy in a very cconomic way.

Although the whole process of metabolism is complex, it is extremely well organised
and follows certain principles. It is worthwhile to know three such major principles of
biosynthetic processes, before we learn about the different biosynthetic pathways and
their interconnection. First, the catabolic pathways of a given molecule is not
identical to its anabolic pathway. We have learnt that in the process of glycolysis,
glucose is broken down to pyruvate through ten, enzymatic reactions. You will learn
in this unit that the synthesis of glucoge from pyruvate follows seven of the ten
reactions in the reverse direction, but three reactions are different. You will learn that
this difference provides a great deal of flexibility in regulation of both the breakdown
and the synthesis of glucose.

The second general principle is that the enzyme (or enzymes) which regulates the
biosynthetic pathway is different from the regulatory enzyme (or enzymes) of the
catabolic pathway. Keeping in mind the first principle, we can understand that the
second principle implies thit the regulatory enzymes must be among those which are
not common for both the p: thways. This principle will be illustrated with examples in
this unit..

‘The third general principle is that the two pathways (bosynthetic and degradative)
are generally regulated in a reciprocal masner. That is, if a condition or a factor
stimulates the biosynthetic pathway, the same condition or factor inhibit the
degradative pathway and vice versa. A very common such factor is the ratio of ATP
and ADP in the system.

SAQI

a) refer to 12,1 It show eleven intermidetes of carban hyvdrete catabolisme
which are used for biosyathtic purpose ,fromyour knowledge of unit i1
identify one intermideate sach forthe biosythesis of ammine acid fatty acid and nuecl
acid

L T T T T T T T T P T LR R AT T

11111 LR L L L L e L L R T R R e T T P T T PR TP P T T T T P L L T

b}

Refer to figer 12.2 one of the figer show the convergence of catabolic
pathway .from vour knowledge of unite ii.name three compound ,which could
..be metabolised to acommmon product,name the common product also

R R R R e P R e R e R R R R R R e R R e L R P P R R SRR IR R R EEEEERE LR RIS B

et R R R R e R R R R R R R E e R Rt R R R LR R R R R R R IR REEARRESREEEREEESE ]

¢) Give one reasion why the biochemical pathway for cathabolism of a molecules
.among never the same as the pathway for the biosenthesis of that moelecule

T Ty T T T F T T R R T Y
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12.3 CARBOHYDRATE — INTERCONVYERSION
IN METABOLISM

All cells require a constant supply of energy for survival. But organisms can only
procure food whenever it is available, at intervals. Hence, they have acquired a way
to store, mobilise, degrade and continnously supply it to all cells to fulfil their energy



demand. Cells of higher animals, receive a constant supply of glucose from the bleod.

Liver plays an important role in regulating the glucose level in blood. It functions as a m‘:H JOH
storage and distribution centre of the nutrients. Through blood, it receives the H 5 CH—0 H
products of digestion — glucose, amino acids and other digested material absorbed by 4CcCOH
capillary beds. The nutrients are metabolised, stored and distributed to other tissues /j' 1
also through the liver. In addition, the liver also regulates the availability of the HO 5(%_2'-% OH
nutrients to all tissues. OH
When the concentration of glucose in blood entering the liver is high (above a normal e I‘ocrm ot b
fevel}, liver stores glucose in the form of a polysaccharide called glycogen as dense H
granules in the cytoplasm of cells. When the glucose level in blood falls below the ¢ % 1
normal level, liver glycogen is degraded to glucose. The maintenancs of normal levels

of blood glicose within the operating range depends in large part upon the activities OH
of two hormones, glucagon and insulin produced by the pancreas. We will describe a-form

later the role of these hormones in regulation of metabolism. {OH at Carbon 1
Ur.ike animals, plant cells make food by photosynthesis during day time. One nelcnw: the.ring)
product of photosynthesis is sucrose. Like glucose in the blood, sucrose is transported OH
to cells of plants to fulfil their carbon and energy needs. In addition, it is also used for Q g
the synthesis of cellulose and other structural polysaccharides required for the H
formation of the cell wall. What is the source of energy of the plant at night when ki
photosynthesis stops? Sucrose is not stored in the cells for the periods when

photosynthesis is not operating. Instead, it is converted to starch — a storage (OH at E“b'_m 1
polysaccharide of glucose in the chloroplast. Starch is structurally and functionally above the ring)

similar to glycogen. At night the stored starch is degraded to sucrose and is

transported to all parts of the plant. Ql j -

Plants also store starch in developing seeds and in vegetatively propagatory

structures. Starch is utilised in high metabolic activities of germinating seeds.
Non redu::lng
Let us now start with the structures of glycogen and starch and then study their

synthesis and degradation. Formation n&' I:nlm,g:

12.3.1 Structure of Glycogen and Starch Q_ _JQ

Glycogen and starch are branched-chain homopolysaccharides made up of a 1 = 4 glycosidic linksge
monomeric units of glucose as shown in Figs. 12.3 and 12.4. In glycogen, glucose units

are joined together in a linear way by & 1—4 glycosidic bonds, After 8 to 10 H
monomeric units the branches are formed by o 1—6, glycosidic linkage (see margin). Ql
In all there are about one million glucose wnits in a molecule of glycogen.

Starch is.a mixture of two homopolysaccharides — amylose and amylopectin, both 6
with glucose as monomeric units. In amylose (Fig. 12.4) about 100 to several
thousand units of glucose are linked together linearly by an o 1—4 glycosidic linkage.

a 1= 6 glycosidic. linkage

C el >

A =6 glycosidic linkage

Glycogen
% |
o o %
Branch point
(9) tinkage
CH,0H
200 <0, Shon
| [8]

Straight chain
linkage |

Fig. 12.3: Structure of glycogen
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The advantages of storing ghacose
in a polymeric form is that large
quantities of small glucose
moiecules bead 1o high csmotic
pressare within the cell. The
pelymeric form, glycogen,
therefore is not open to the risk of
membrane bysis,
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Amylose fl}

6 CH, OH

Amylopestin (b}
Fig. 12.4: Components of starch — a) amylese, b) amylopectin, and ) helical chain of amylose.

The amylose chain has a helical structure (Fig. 12.4 ¢). Amylopectin is a highly
branched molecule consisting of about 50,000 monomeric units. Like glycogen,

glucose molecules in amylopectin are linked linearly by o 1—4 glycosidic linkage, and
make branch points by & 1—6 glycosidic linkages. But a glycogen molecule is more
compact than amylopectin because in glycogen the branches are shorter (8 to 12 units

of glucose), and occur at shorter intervals (8 to 10 units of glucose), whereas in
‘amylopectin the brancnes are longer (12 to 25 units) and occur at longer intervals

(12 to 25 glucose units). The numerous branch points in the glycogen molecule give it a
sphencal shape.

12.3.2 Glycogen Synthesis

Glycogen synthesis occurs in four steps: synthesis of UDP-glucose, chain initiation,
chain elongation, and formation of branches.

Let us study Fig. 12.5 which shows the various reactions involved in each step of
glyeogen synthesis. We know that glucose is the monomeric unit in glycogen. Glucose
is converted into its activated form, UDP-glucose. This conversion invalves three
reactions. First, free glucose is phosphorylated at the expense of an ATF molecule by
enzyme hexokinase to glucose 6-phosphate. In théSubsequent reaction, it is
isomerised to glucose 1-phosphate which is then converted into UDP-glucose by
glucose I-phosphate uridyl transferase. The energised form, UDP-glucose, is the
doner of glucose in glycogen synthesis. In the following step, UDP-glucose molecules
do not polymerise with each other instead, they are sequentially added to a fragment
of glycogen which is a polyglucose or a branch monomer consisting of at least four
monomeric units. This fragment of glycogen is called a primer. In case of absence of
glycogen fragment, a special protein serves as the acceptor of glucose units. The
glucose molecule can get attached to the protein only by the amino acids containing
hydroxyl groups (serine NH;-CH{CH;OH)}-COOH or threonine NH,-CH{CHGH
CH,)-COOH, The addition of the initial molecule of glucose from UDP-glucose 1o
the hydroxyl group of amino acid of the protein is called the initiation reaction and is
carried out by the enzyme glycogen initiator synthase,

The elongation of the chain is & simple process. More and more molecules of glucose
are sequentially transferred from UDP-glucose of the first glucose molecule (1o the
non-reducing end of the polyglucose) by enzyme glycogen synthase, resulting in a
linear homopolysaccharide with @ 1-+4 glycosidic linkages.



Glueose
ATP

| { Hexokinase

ADpP
Glucose G-phosphate

Phosphoglucomutase 12

Glucose |-phosphate

Biocynthesis

UrrP
Glucose 1-phosphate |
uridyl transferase _
, PFi Pyrophoiphatase TP
¢
NH H.O
!
HO =CH:=-CH=CO v
OL'G- UDP 1) Synthesis of
Protein UDP-glucose UDP glucose

Glycoger initiator Synthase

}' UDP Glycogen primer
h!ll-I
{—0—CH;—C—CO—
' UDP —= UTP
H
QU AHO-O-0-0-0-0C - - -+
UDP - glucose
Glycogen Synthase
' UunDp
15 14 13 12 11110 9 8 7 6 8 4 3 32 1
cut

. E25: Varlous stops in the synthesis of glycogen

O-O-0-0-0-00 - -+~

2) Chain initiation

1) Chain elongation

4) Formation of
branches
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::',‘;::';:'?“ and Finally, the branch points are made through the activity of the branching enzyme
feation in Cells namely, glucosyl 4:6 transferase. This enzyme has two functions. First it cuts the

terminal polyglucose molecules having 6 to 7 monomeric units and then it transfers
them by forming @ 1—6 glycosidic linkage in the linear glycogen branch having at
least 11 monomeric glucose units. The new ends (indicated by the bold arrow) are
further elongated by glycogen synthase and once they reach a certain length, the
polyglucose molecule is removed again and is transferred for introducing new
branches. The advantage of branching is that more free ends are available for the

growth of the glycogen molecule.

12.3.3 Glycogen Degradation
Let us look at Fig. 12.6 showing the degradative steps involved in the breakdown of
glycogen. In the first step, enzyme glycogen phosphorylase sequentially cleaves

I %
o e
AL
¢ b4
o
; 3]
F, = f
;.QP 7
I .
EFJ -0-0-0 c:r—{"ﬂ‘u 2
.fu dﬂ*'—"ﬂl'ﬂ -
45:: o Glycogen (a part)
3? .F')
i
u:b’ Glycagen phosphorylase
o
’n;_!;p C-P
e
i .

] ’Q""-g..m__ﬂ o Q iy C-P
i 0700~ + 0P 4 OF
le e Limit Dexirin "
P -

] Glucosy! 4:4 transferase Glucose 1 -p:nsphatz
Glucose-6-P

B o

_o-0-0-0-0 GLYCOLYSIS
&
ﬂ}
P.-'
O e, X
U’c{a "Q"-D-'D‘-Q-o__ﬁ‘: J‘o ,
ﬂ‘l,..n-'c" °“ﬂ-ﬂ-.mﬂ:;;
o )
a-amyfo-1:6-glrcosidase

+ free glucose

M o0
linear chain of

part of glycogen,

Flg. 12.6: Degradation of glycogen
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monomeric units beginning from the free ends until only four glucosyl units are left on Biosynthesis
each branching chain before the branch points. In this way numerous monomeric
units are released as glucose 1-phosphate. These can enter the glycolytic cycle shown
in the figure. The remaining smaller molecule of glycogen is called limii dextrin. The
second step in degradation is the preparation for delinking of @ 1 —6 linkages at the
branch peints. Enzyme glucosyl (4:4) transferase cuts the remaining chain in the form
ofa poljrg!:umu molecule (3 units of glucose) but it leaves a monomeric unit at thie
branch point (see Fig. 12.6). In addition, this enzyme transfers these cleaved
polyglucose molecules to the terminal ends of outer chains. Thus the enzyme
pnrfnrms' two jobs — cutting the polyglucose molecule from the branches, and
transferring it to the linear chain. In the third step, enzyme « -amylo-(1:6)-glucosidase
breaks & 1—6 linkages and releases monomer units as free glucose. The remaining
glycogen molecule is once again available “or degradation by glycogen phosphorylase
and the other steps of degradation are also repeated.

5AQ2

8) Fill in the blanks spaces with appropriate answer
i) Glucose is stored in animals 85 ..o,
ii) Glycogen is stored inthe cell of .......and..

iii} Sucrose is stored in plants as ...
iv)  Starch is synthesised in.........cooooeiiennn,
¥} In human body............ processes and distributes nutrients

b} Can yvou think of some of the properties of starch and glyeogen which make them
suitable as food reserves ¢

¢} What would be the effect of increase in glucose above the normal level ?

dy Fill in the blank space with appropriate words.
i) The building block for glyeogen is.....ccveisiccenens
i1} The glucose units in glycogen are conneeted by.............linkage in linear
way and by................linkage at branch points.

iii} The components of starch are........e8d, e,

€} Match the enzymes listed in column 1 with their funetions in column 2,

Column 1 Column 2
1) Glveogen phosphorylase a) releases glucose phophate from glveogen

ii} (lycogen symthase b) moves three sugar residues
from one chain to aothoer

iii) Glucosyl (4.6) tranderase ¢) phosphorylates glucose to glucese
6-phosphate

i¥) Hexokinase d) conveerts glucose | phosphate to TDP
glucose

V) Glucosel-phozhate &) transfers glucose from

uridyltrasferase UDP glucose to growing glycogen chain

12.3.4 Regulation

The synthesis and breakdown of glycogen in mammals is regulated to prevent undue
fluctuations in blood glucose level. This regulation is primarily controlled by the
action of two pancreatic hormones, glucagon and insulin. The metabolic effects of
these two hormones are opposite to each other. Increase in the circulating level of
insulin results in an overall increase in glycogen synthesis; while elevated levels of
glucagon cause glycogen degradation. Apart from glucagon, another hormone
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Fig. 12.8: Aciivation of pratein
kimase by eyclic ANP
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epinephrine stimulates the breakdown of glycogen in musele cclls. The binding of
glucagon to hepatocyte receptors or of epinephrine to the muscle cell receptors resuls
in the cascade of regulatory interactions shown in Fig. 12.7. You know that cleavape
of the glucose molecule from glycogen is catalysed by enzyme glycogen
phosphorylase. This enzyme exists in two forms: active form a. which is
phosphorylated and inactive form b, which is not phosphorylated. In other words,
phosporylation of the enzyme is necessary for its catalytic activity.

Let us now look at the cascade of events given in Fig. 12,7, The activation is signalled
by hormone glucagon or epinephrine. First, glucagon activates enzyme adenyl cyclase
which forms cyclic AMP (cAMP) (stcp 2). In the next step {3), cAMP activates
protein kingse. Protein kinase has two regulatory subunits as shown in margin Figure
12.8 which block the activity of the enzyme. When cAMP binds to the regulatory
units, conformational changes oceur that result in the remaval of blockage by the
units and the enzyme becomes active, Now, the active protein kinase phosphorylates
(step 4) the enzyme phosphorplase kinase. Phosphorplase kinase in turn activates
glycogen phosphorylase b (step 5) by converting it into active phasphorylase a which
cleaves glucose from glycogen (step 6).

The regl.lulatory enzyme for the synthesis is glycogen synthase, The activity of this
enzyme is decreased with an increase in the level of cAMP. As opposed to glucagon,
insulin has a negative effect on the enzyme adenyl cyclase, thus inhibiting the
formation of cAMP

Cell membrane

Protein kinase ¥, Protein kinase
(inactive) (active)
i
@
Phosphorylase kinase ?:-QPhoSphan Kinase
o) p1p 4pr )
]
Phosphorylase b —s Phosphorylase &
(inactive) (active)
HOj
Glycogen — Glucose-
1-phosphate

Fig. 12.7: Stimulatlom of glycogen breakdown by the hormone glucagon and epinephrine.

-12.3.5 Starch Synthesis

We know that starch is a mixture of two homopolysaccharides of glucose—amylose
and amylopectin. The starch grains of most plants contain 15-25% amylose and
75-85% amylopectin. The synthesis of starch occurs in two steps. First, the linear
helical molecule of amylose is formed by & I—4 glycosidic linkages and then, on part
of the molecules, @ 1—6 glycosidic branches are formed resulting in the synthesis of
amylopectin.

Look at Fig. 12.9 showing the synthesis of starch. The steps involved in the synthesis
of this polysaccharide are similar to those of glycogen synthesis. Let us read these
steps in sequence in the figure.
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Fig. 11.9: Synthesis of Starch

Growing
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The donor of glucose is generally nucleotide disphosphate glucose (NAD - UDP or

ADP) which is added to a primer molecule @ 1—»4 glucan by the enzyme starch

synthase. The size and structure of the glucan primer varies. It can range from a

disaccharide maltose containing only two monomeric units of glicose to a

polysaccharide amylose containing thousands of monomeric units. It can also be a Gilnean - class of polysaccharides
small molecule of amylopéctin dextrin which is similar to the limit dextrin of containing glacose umits only.
glycogen. Consequently, an amylose molecule is formed when the primer glucan has

a linear chain but amylopectin is formed when the primer glucan has branches

{dextrin).

The new branches are introduced in the next step in the same way as in glycogen by
enzyme o l—4, glucan branching enzyme. The enzyme cuts a polyglucose segment
from amylose molecule and attaches it to growing o« 1—4 glucan or to a growing
amylopectin by & 1—6 linkage. Thus repetitive clongation in linear way forms
amylose and the introduction of branching sequences ultimately builds up
amylopectin molecule.

12.3.6 Sucrose—Starch Interconversion

We know that in plants sucrose is the main transporter of energy and starch is both a
shori-teym and long-term storage keeper of energy. They are often interconverted.
Sucrose is synthesised in leaves during the active period of photosynthesis and is
converted into starch. In school, you may have tested starch in leaves. Starch is
degraded to sucrose and transported to other tissues. Large excess of sucrose is
transported to some tissues, such as grains, where it is converted into starch again and
stored to fulfil future needs. On germination, the stored starch in the seads is
re-converted into sucrose to provide energy for the growth of the juvenile seedling,
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Raw fruits do not taste well because they contain starch. On ripening, starch in the
fruits is converted into sucrose, That is why a ripe fruit tastes sweet.

Investigations show that reactions and enzymes involved in starch-sucrose
intercomversion are nut common to all tissus. We will study the reactions of
interconversion occurring in germinating and developing seeds, Let us see Fig. 12.10a,
In the developing seeds, sucrose first breaks down by the enzyme sucrose synthase 1o
UDP-glucose and fructose(1). This is the reverse reaction of sucrose synthesis. In the
following steps UDP-glucose changes to ADP-glucose(2) via glucose-1 phosphate (3)
Finally, glucose from ADP-glucose is then incorporated into primer molecule
(dextrin) by starch synthase (4, see also steps in Fig. 12,9),

Sucrose
UDP
Sucrose synthase
1

Sucrose

@t_[{.:) P

Sucrose G-phosphate

UDP -Glucose + Fructose upr """\
PP F @
ructose-6F
: UDP -Glucose
Glucose-1-phosphate Pi

uTe
Glucose-[-phosphate

3
Pi ol |
Glucose-6-phosphate
ADPGlueose ADP
4 Prmer @
ATP
/ Glucose
ADP Starch synthase Starch
@T Pphosphorylase
Starch (a) Starch (B

Fig. 12.10: Conversion of sucrose info starch (s) in developing seeds and conversion of starch inta sucrase (h)
on germination

The conversion of starch to sugar (Fig. 12.10b) is not restricted to a reversal of the
reactions of jts synthesis. Several types of hydrolase enzymes and starch
phospherylase can hydrolyse starch to glucose. Glucose is phosphorylated (2),
isomerised (3) and converted into UDP glucose (4). Finally, UPD glucose and
fructose 6-phosphate join to form sucrose. We have mentioned above that starch can
be degraded to monosaccharides by hydrolases. Among these, o and f amylases are
VEry important enzymes. a- amylase carries out random hydrolysis of amylose and
amylopectin breaking & 1—4 linkages. The sequence of breakdown is given below,

b e [ ] =4 Daxtrin _:_j.._._., i Malrase = le.-w;

nirial furcher

brydeolysis hydrolysis

ﬁm‘ﬂﬂpl‘M];..[ul—dﬂmtrin-ul-ﬁDn}ﬁn]

nicial e
Tydrodysis Fénbser brdeckysia

Maloose » Glucose
+ Small olignsacchamdes
confaining e | == 6 linkages

Diigosaccharides , w1 =6 ploside

contsining o 1 =& linkags -
The major end product from both molecules, amylose and amylopectin, is maltose
{i -amylose cannot initiate the hydrolysis of starch. It works on the products formed by
o -amylase action and degrades them to maltose. Like amylose, it cannot work on the
o I—f linkages.at the branch points. Debranching enzymes & 1= glucosidase
hydrolyses ihe @ J—-6 linkages at the branch point.

L



SAQ3
In the first reaction of starch synthesis, a clucose molecule is attached to a printer.
i) Which is the donor of this glucose molecule?
i1) Name tje four molecule which can act as princter,
iii) What is the name of the enzyme catalysing this reaction ?

b) In the second step of starch synthesis, branching takes place.
i) What is the nature of this branch?
ii) Where does it come from 7
iii) Where is this branch connected 1o ?

¢) 1) From Fig. 12.10 find out which step is commeon to conversion of both
sucrose—sstarch, and starch —ssucrose

iiy How many ATF molecule are used up to incorporate the glucose molecule
of sucrose into starch 7

d) Which amnog the following statement are correct 7
Write T for true and F for false.
i) o-amylase breaks o 1—4 glycosidic linkage in amylose molecule-
ii) o-amylase breaks o 1—6 glycosidic linkage
iil) o-amylase cannot hydrolyse amylopectin
iv) Maltose is formed by action of o-amylase on starch

12.4 GLUCONEOGENESIS

In section 12.2.2, we have learnt that liver synthesises and stores glycogen molecules  The term ghiconeagenesis
which breakdown continuously to maintain the operating levels of glucoese in the litezally means the farmatian af
blood. The glycogen store in the Iiver is limited and can last for 6 to 12 hours, Liver ~ #lucose from the sarhon of
glycogen is replenished when animals take in food again. Let us now consider the R ROl o praca e
situation when the glycogen store is depleted but there is no fresh intake of food. For
instance, often animals, fail to procure food, people starve during famine or while | Muscle
fasting. You may know that the intake of food is restricted during digestive problems, <::)G]ngm

after surgery or in other clinical situations. But our brain is highly dependent on

glucose as a primary fuel and erythrocytes also require glucose. Then how is the Eebcige, it =

concentration of bleod glucose maintained in the absence of carbohydrates? Under phosphate Lactate
such circumstances glucose is synthesised from the carbon skeleton of amino acids, 7
lactate and glycerol through a pathway called gluconeogenesis. Generally, proteins f \
are not used as fuel for the body but in emergency 1/3 of the body proteins can be J_
used to produce glucose. The synthesis of glucose in human beings starts 4 to & hours
after the last meal. It speeds up later and continues until a fresh supply of glucose Er/
from carbohydrate food is available to the liver. K

2 i Cpﬁiumﬁ: Lactate
You have learnt that during intense muscular activity the skeletal muscle cells Liver 1 l L
accumulate lactic acid. This cannet be metabolished further and therefore diffuses .
into blood and is transported to the Tiver, where it is converted into glucose and is Glucbse «—Pyruvate
released back into circulation. This is a cyclic flow, as show in Fig. 12.11, and is called phosphate —
the cori cycle. prch oyele

: h

12.4.1 Reactions of Gluconeogenesis ::EN:;E mlmtz:::n.:d i
We know that the substrates for the de novo synthesis of glucose are lactate, EmampEiES b Bl e

converted to glucose by

pyruvate, glycerol and ' -ketoacids, which join the metabolic pool of glycolytic shiconmgesale. Thn el o 36
intermediates. However, glucose is not synthesised by a simple reversal of glycolysis.  Cued cort cyele. ’
This is in accordance with the organising principle of biosynthesis, mentioned in the
beginning of this unit, that the pathway of synthesis of biomolecules is not identical to
' UGZY-BY-05/237
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the pathway of its degradation. Instead, biosynthesis utilises one or more reactions
different from the one's used in the corresponding degradation. Gluconeogenesis
oceurs in the eytoplasm. It utilises 7 reactions of glycolysis that are freely reversible
and 3 irreversible reactions are replaced by more energetically favourable alternate
routes called bypass reactions, Thus the two pathways are irreversibe.

Fig. 12.12 shows the glycolytic pathway, the TCA cycle and the different metabolites
joining these pathways at the various points. For the sake of comprehensive and
integrated understanding of gluconcogenesis with other pathways, gluconeogenesis is
not outlined separately. Instead, we will study it by following the glycolytic reactions.
backwards, We will concentrate more on the substrates and bypass reactions that are:
highlighted in bold in the figure. Let us start studying the figure from the bottom
beginning with pyruvate

Pentose thphate Glul:m: I-P
Pathway m
Fruma 6-P Bi
23 (IR
Fructm: 1, lIfr-i!..ll" p
1P N
Gl}fmm[dshyde Dihyd D
]
¢ | v
1, 3-di Phosphoglveerate Glycerol-F
7

3-Phosphoglycerate
8|t
2-Phosphoglycerate
o ¢4
Phusphumulp}_rmvale (PEP)

Amino acid

Fatty acids

Amino acid

| Oxaloacetate Citrate

i Isocitrate
Amino
e ” TCA Cycle l
Fumarate a-Ketoglutarate

\\ ‘/ h""‘“"-- amino acid
Succinate succinyl CoA
‘._____________,f ‘\

Amino acid ——— = Propionyl CoA

t

Fatty acyl CoA

Fig. 12.12: Pathways of carbohydrate metaholism, Reactions of gliconcogenesis are highlighted.



As shown, the formation of pyruvate from phosphoenol pyruvate (PEP) is
irreversible. Therefore, this “roadblock” is overcome by the bypass reactions Ta and
Ib. The central compound for gluconeogenesis is oxaloacetate (OAA). 1t is produced
by a variety of available substrates which are linked to the main pathway as indicated.
Lactate and some amino acids make oxaloacetate through pyruvate. The enzymes,
lactare dehydrogenase and aminotransferase convert lactate and amino acids,
respectively to pyruvate, which by reaction la are converted into OAA. The carbon
skeleton of twenty amino acids is degraded to many types of products such as
pyruvate, acetyl CoA @ -keto glutarate and fumarate. Some of these may enter the
mainstream at various points and are converted into oxaloacctate. Note that
propionate, resulting from the breakdown of odd chain fatty acids, also forms
succinate which enters the TCA cyele and finally makes oxaloacetate which can be
used in gluconeogenesis. Acetyl CoA produced by the even-chain fatty acids and
from some amino acids enters the TCA cycle at the beginning and results in the
formation of COy.

Now look at the reactions of the pathway from OAA to glucose. Once PEP is made,
gluconeogenesis proceeds through the reversal of glycolytic reactions up 1o the
formation of fructose 1,6 diphosphate. Among the 10 reactions of glycolysis 1,3 and
10 are irreversible. Can you tell why these three reactions of the downbhill glycolytic
sequence cannot participate in the uphill process of gluconeogenesis?

This is becausc they have large negative standard free energy changes and high
equilibrium constants. Therefore, they are replaced by reactions I{a and b), IT and IT1.

In the first bypass reaction [a, pyruvate is carboxylated — to OAA by enzyme pyruvate
carboxylase. The enzyme contains a covalently attached prosthetic group-biotin (the
role of biotin in carboxylation is explained in a later section on synthesis of fats). This
conversion takes place in the mitochondria. Sinee the subsequent reactions of -
gluconeogenesis occur in the cytoplasm, OAA must be transported to the cytoplasm.
We know that OAA cannot cross the inner mitochondrial membrane directly. So, it is
‘transported in an indirect fashion as shown in margin Fig. 12.13, It is first reduced to
malate and then transported in exchange for phosphate by the malate-phosphate
antiport system. In the cftoplasm, malate is reoxidised to OAA. In reaction Ib DAA,
now in the cytoplasm, is decarboxylated and phosphorylated by PEP carboxykinase.
The reaction consumes GTP for phosphorylation.

The second bypass reaction (II) is dephosphorylation of fructose 1,6-diphosphate by
enizyme fruciose I,6-diphosphate phosphatase. In the bypass reaction (III) glucose
&-phosphate is dephosphorylated by the enzyme glucose 6-phosphatase to glucose.
The products of essentially irreversible reactions push the equilibrium in favour of
glycose synthesis. ;

12.4.2 Gluconeogenesis is Costly

Mow we will look into the consumption of ATP and NADH in gluconeogenesis
(pyruvate — glucose) and compare it with its production during glycolysis (glycose —
pyruvaie). Table 12.1 lists the reactions leading from pyruvate to glucose. For each

Table 111 % Consumption of ATP, GTp and NADH H” in gluconeogenesis

Reaction ATHGTRNADH
Substrate Product usedighicose molecule

Ia 2 Mpyruvate — 1 ® oxaloacetate 2ATP

It 2 ¥ omaloacetate — 2 7% phosphoenal pyruvate 2GTF

9 2 x Zphosphognolpyruvate — 2 % Z-phosphoglycerate 0

B 2 ¥ Zphosphoplycerste — 21 % 3-phosphoglycerate a

7 2 ¥ 3phosphoglycerate — 2 X 1 -diphosphogiycerate 2ATP

6 2 ® 1J-diphosphoglycerate —» 2 ¥ plyceraldehyde 3P 2 NADH+H*
5 glyceraldyde 3-P o dihydroxy acetone-P ]

4 ghyceraldelpde 3-P + dihydroxyace+one P —  Fructose 1,6-P 1]

Tl fructose 1 G-phosphate s fructose 6P 0

1 fructose &P —  plucoss 6-F o

T glucose 6-F  —  glucosc n

Fig, 12.13: Transport of OAA
from mitochondria hy malate
phrsphate antiport system. OAA
leaves mitochondria in the form of
malate which is reazidised in the
cyboplasm to DAA.

UGZY-BY-05/239



Metabdlism and
Commanication in Cells

UGZY-BY-05/240

molecule of glucose produced, 6 high-energy phosphate bonds are broken. Two
molecules of ATP are required in reaction Ia, 2 molecules of GTP in reaction Ih, and
2 molecules of ATP in reaction 7. In addition, two maolecules of NADH are used in
reaction 6. Comparison of the net reactions of gluconeogenesis and glycolysis shows
that synthesis of glucose requires 4 extra high energy bonds when produced by
gluconeogenesis,

12.5 KETONE BODIES : AN ALTERNATE FUEL DEPOT

We have just learnt that during starvation a variety of substrates contribute to the
formation of glucose. We also know that fats {triglycerols) are the major metabolic
fuel used during starvation. Triglycerols stored in adipose tissues are mobilised and
free fatty acids are released in the blood. They finally reach the liver and are degraded
to acetyl CoA, The production of acetyl CoA from fatty acids far exceeds its
oxidation through the TCA cycle becavse the OAA is now utilised for
gluconengenesis and not much of it is available for the oxidation of acetyl CoA. Tn
such conditions excess to acetyl CoA is converted into acetoacetate,
f-hydroxybutyrate and acetone by the reactions as shown below ;

o O
1] ] |
2 CHy—C—CoA —= CHJ-G—’C—H;—E—C&&
Acetyl CoA Acetoncetyl CoA
o o O 'IEI' OH 0
Il |
CH;—%—-CH!—LC:;& + CHy—C—CoA ———h"f}—-C—CH:—(i:-—'CHi--C—Cn A+CoA
Acstoacetyl-CoA Acetyl Coa CH;
3IHydroxy-3methyl glutary! Coh

1 1 S |
CH;—-E-—CH: -— CH;--I:II—CH.';-—C—-U——ﬁ- CH,—C—CH:—C—0

|
Acstone Acetoacelate oH

A-Hydroxybutyrate
Since all the three compounds have a keto-group ( >C=0), these compounds
collectively are called ketone bodies and serve as alternate fuel for the cell and of the
peripheral tissues. During prolonged fasting, even the brain can use them as an
energy store instead of glucose.

SAQ 4
a) Why cannot acetyl CoA be used for gluconcogenesis?

b) OAA can be considered as the starting point of gluconcogensis. But OAA itself
must be produce from other sources. Name four such sources,

¢) Which among the following is not a precursor of gluconeogenesis?
i) Lactate ii) Acetyl CoA iii) Propionyl CoA iv) Aspartic acid
d} Gluconeogenesis (pyruvale —» glucose), takes place in
i) Mitochondria i) Cytoplasm only iii) Partly in mitochondria and partly in
cytopiasm  iv) Neither in mitochondria nor in cyteplasm,
€] How many ATPs are required to synthesise a molecule of glucose? At what point
are they required (For simplicity consider GTP=ATP)?

f) How are irreversible steps bypassed? How is it energetically possible?

12.6 GLYOXYLATE CYCLE

Most animals cannot synthesise carbohydrates from acetyl CoA, since they are unable
to carry out its net conversion into either pyruvate or TCA cyele intermediates.
Consequently animals are unable to convert stored fats into sugar, However, plants
and micro-organisms synthesise carbohydrates from acetyl CoA via a special pathway
called the glyoxylate cycle in which two molecules of acetyl CoA are converted into
succinate. The giyoiylate cycle is particularly significant to the micre-organisms that
survive on acetate or ethanol, Through this cvele, they can convert Z-carbon



compound (acetvl CoA into succinate which forms glucose via gluconeogenesis. In
plants, oil secds alse use this cvele to synthesise glucose during germination from
stored triglyeernl.

The various reactions of the eycle, their site and the formation of glucose from
succinate are shown in Fig. 12,14, The cycle operates in the special organelles called
glyoxysomes of oil-bearing cells. Glyoxysomes contain isoenzymes of three enzymes of
the TCA cycle: citrate synthase (reaction 1) aconitase hydratase (reaction 2) and
malate dehydrogenase {reaction 5). Two additional enzymes fsocitrate lyase (reaction
3) and malaie syrtherase (reaction 4) are special enzymes for the cyele. Isocitrate lyase
in reaction 3 cleaves G-carbon isocitrate 1o 4-carbon succinate and 2-carbon
glyoxylate. Succinate leaves glyoxysomes and enters into mitochondria. Malate is
formed by the candensation of a second molecule of acetyl CoA and glyoxvlate by the
action of the enzyme malare synrhase. Malate, in reaction 5. regenerates oxaloacetate,

Fatty acid
Fatty acyl CoA
Glyoxysome: Acetyl CoA
1]
xal te citrate
OH CH;-CO0"
-C= - I
FaCrong H-C-C00"
]
“O0C—CH; HO-CH-COO™
Malate E
. Isocitrate
e " IR
2 4
ey s ]
Acetyl-CoA il
COOr
Glyoxylate C0
i:I o0
CH;~C00"
Succinate
Mitochondris !
{ Matrix ) Sugcinate —» Fumarate —s Malate
C lasm
yiop Phosphoenol pyruvate =— Oxaloacetates— M{I}u
{ Gluconeogenesis
Glucose

Fig. 12,14 ; Glyoxylate cycle. Enzymes for reactsons : 1) cirrare synthase Z) aconitase hydratase 1) isocitrate
Ivase 4} malate synthase, and 5) melate dehpdrogenase

Let us now concentrate on the sequence of reactions by which succinate is finally
converted into glucose. As shown in Fig. 12.14, succinate in mitochogdria is
converted into malate via fumarate using part of the TCA cycle. Malate now moves
into the cytoplasm where it is converted into phosphoenol pyruvate via OAA (see
Fig. 12,12, reaction 1b). PEF forms glucose via gluconeogenesis as already described,

Riimaynt hesis
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Now we know the cycle. Let us for practice study the reactions again and fill in the

_space i the given boxeswith-the names of enzymes given below Fig. 12.14.

SAQS
a) Answer the following questions briefly
i}  Why are animals unable to carry out carbohvdrate synthesis from acetyl CoA

i} Why are plants and many micro-organisms successful in synthesising
carbohydrates

iii) Which organelle (unique to plants) is involved in this process
iv) What are the various compartments of a plant cell involved in synthesis of
glucose from acetyl CodA

b) i) What is the glyoxylate pathway

ii) How many acetyl CoA molecules are used up in one turn of the glyoxylate
cyele

iii) What is the eventual product of this cycle

iv) How many high energy compound are used up in forming one molecule of
this product

v) In which reaction of the glyoxylate eyele is this high-energy compound used
What is this high-energy compound

We know that in higher animals fats are stored in the adipose tissue. The cells of these
tissues and of many other tissues such as liver and mammary glands are specialised in
fat synthesis. The synthesis occurs by a pathway which is different from that of
degradatien. It occurs in the cytoplasm. In plants, fatty acid synthesis occurs mainly in

. the chloroplast stroma. Do you remember where the degradation (f-Oxidation) of

fats occurs?

When the intake of carbohydrates in food is in excess ou their utilisation, they are
readily converted into fats and stored. The building precursors for their synthesis are

‘molecules of acetyl CoA. They are produced by the oxidation of pyruvate, and also

by degradation of fats and proteins. The process involves a large multi-enzyme
complex called fany acid synthase (FAS). We do not plan to study all the reactions of
fatty acid synthesis in detail but we will consider the following major steps, which are
shown in Fig. 12.15. Acetyl CoA the building precursor is obtained by the
degradation of carbohydrates and/or from fats and proteins,

i) In the first reaction, acetyl CoA is carboxylated to a 3-carbon malonyl CoA, This
reaction is irreversible. Once malonyl CoA is formed, it is committed wo faity acid
synthesis.

O O

I
CH-C-CoA + ATP 4+ CO, = HOOC-CH~C-CoA + ADP + B
Acety] CoA Malonyl Coa



Glucose
l Glycolysis
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Pyruvate
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INADPH;

Fig. 12,15 : Synthesis of fatty acids

Can you identify the type of the above reaction? This is a carboxylation reaction
catlysed by enzyme acetyl CoA carboxylase. Like pyruvate carboxylase, the enzyme
has a special prosthetic group, biotin linked covalently to the protein part of enzyme.
Biotin is a water-soluble vitamin. It functions as a carrier of CO, in carboxylation
reactions. Likewise other vitamins also participate in different chemical reactions.
First a COy~biotin-enzyme intermediate is formed by ATP as shown below. This step
i in fact, COy - activation step. The intermediate then transfers CO; to acetyl CoA.,

Biotin-enzyme + ATP + L0, — CO-biotin-enzyme + ADP + Pi
CO—biotin—enzyme+acetyl CoA — malonyl CoA + biotin—enzyme

ii) Inthe nextstep another molecule of acetyl CoA reacts with malhh}'l CoA to yield
4-carbon fatty acid (acetoacetyl CoA) with the release of CO,. Decarboxylation
contributes to a substantial decrease in free energy of the reaction.

acetyl CoA 4+ malonyl CoA — acetoacety] CoA + CoA + COy,

iii} The following step is the addition of two-carbon units from malonyl CoA. This is
the beginning of elongation of the fatty acid chain (Fig. 12.15). This step is repetilive
and cach time, 2-carbon units are added to the growing chain of fatty acid, resulting in
a molecule of fatty acid, This siep is complex and involves a series of reactions carried

out by a multi-enzyme complex-—— faity acid synthase (FAS),

Binsymihests
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acetyl = ACP + malonyl - ACP — acetoacetyl - ACP+ACP+CO,
In this wayv all the intermediates are carried by acy] carrier proteins,

The overall reaction for the fatty acid synthesis i

Eacetyl CoA + 14 NADPH; + 7 ATP + H.O
Palmitic acid (C,,} + 8 CoA + 14 NADP* + 7 ADP + 7 Pi

We may ask why the four-carhon unit is not formed from two acetyl CoA molecules,
The reason is that the equilibrium constant for the condensation of twe molecules of
acetyl Coi is highly unfavourable, whereas it is favourable with malonyl Cod

OAL faa  because of its decarboxylation which contributes to decreasing free energy,
+ 4
Acetyl Coa Acctyl-Coa  The synthesis of faety acid occurs in the cytoplasm. What about acetyl CoA? Can you
e ¥ recall the link reaction? It is formed in the mitochondria and cannot pass through'its
Citrae - Citrate

membrane, How is it transported to the cytoplasm? Look at margin Fig. 12.16. Aceryl
CoA condenses with OAA to form citrate which can migrate to the cvtaplasm, The
reverse reaction occurs in the eytoplasm. Citrate is cleaved to acetyl CoA and OA S
MiToconpria  and thus acetyl Cod, 5= available for fatty acid synthesis in the eytoplasm.

CYTOPLASM
5A0Q 6
Tick mark the correct statement(s) in the following questions.
Fig. 2. 16: Transport of acety) a} Synthesis of fatty acid requires
Card Fram mitochamdria 14 ;
i_l.‘:u"hr:l.m il l} OTI-I}' ATP
ii) Only NADPH,
iti) ATP and NADPH,

iv) ATP and NADH,

b} The formation of malonyl CoA from acetyl CoA requires
i) CO,y
it) NADPH,
iii) ATP
iv} biotin {as an essential coenzyme)
e) The growth of fatty acid chain after the formation of acetoacetyl Cod reguires
i) MADPH,; (as reductant)
i} ATP
iii} biotin as cofactor
iv) Malonyl CoA
v} FADH,
d) Which among the following statements are true for fatty acid synthesis
i} It takes place in the cytoplasm
it} CO; is required to form malonyl CoA
i) Acetyl CoA migrates from mitochondria to the cytoplasm
iv) Condensation of acetyl CoA with malonyl CoA requires NADPH,.

12.8 SUMMARY

® The products of catabolism are used for various biosyathesis, The degradative and
biosynthetic pathways utilisc some common steps and are linked through certain
intermediates. The biosynthetic pathways follow certain principles which are
necessary for the regulation of metabolism.
® The excess of encrgy is stored in plants and animals in the form of polysaccharides
— starch and glycogen. These polysaccharides are degraded to glucose when energy is
in deficit.
*® The synthesis of glycogen and starch requires high encrgy glucose as pucleoside
glucose-NDP. which is added geneally to a. smaller polymer of glucose — the prime
The two important mes for the synthesis are: (i) synthases which make linear
UGZY-BY-05/244 L e



polymer; i) transferayes which add branches to the linear polymer. The enzyme
glycogen phosphorylase degrades glycogen to glucose.

* The regulation of glycogen metabolism is controlled by two pancreatic hormones
— insulin and glucagon — that have opposite metabolic effects. Glucagon activates
phosphorylase enzyme leading to a breakdown of glycogen while insulin deactivates it
and stimulates its synthesis. e

® During starvation glucose is synthesisea nom non-carbohydrate precursors —
amino acids, lactic acid and glycerol via gluconeogenesis. But fats which are the major
store of energy in animals cannot be converted to carbohydrates; instead they make
ketone bodies which serve as alternate fuel depot. Flants and micro-organisms have
special pathway — the glyoxylate cyele by which [ats can be converted to
carbohydrates. ik

* Fats are synthesised from acetyl CoA by a complex process which utilises a
multienzyme complex. The three carbon compound malonyl CoA is formed by
carboxylation of acetyl CoA. The carbon chain of fatty acid grows by the successive
addition of two carbons from malonyl Coa.

12.9 TERMINAL QUESTIONS

I What is the role of UDP glucose in the synthesis of glycogen?

2 The activity of which of the following enzymes is not required for the release of
lurge smount of glucose from liver glycogen?

@) Glucose-6-phosphatase
b) Fructose 1,6-diphosphatase
¢} Phosphoglucomutase
d) Glycogen phosphorylase
c) o 1—6 Glucosidase
3 Which of the following statement(s) about glucose are correct?
a) It occurs actively in the muscle during periods of exercise
b) It occurs actively in the liver during periods of exercise or fasting
c) It oceurs in the brain during periods of fastin'g.
4 From which of the following non-carbohydrate precursors glucose can be
synthesised by gluiouneugenesis? _
a) Adenine
b) Alanine
c} Lactate
d) Palmitic acid
e) Glycerol
5 Which of the following statements about the hormonal regulation of glycogen
synthesis and degradation are correet?
a) Insulin increases the capacity of the liver to synthesise glycogen
b) Insulin is secreted in response to low level of blood glucose
€) Glucagon and epinephrine have opposing effects on glycogen metabaolism
d} Glucagon stimulates the breakdown of glycogen, particularly in the liver.
a) What are Ketone bodies? E
b} Under whattondition Ketone bodies are formed?
¢) Which organ is the major site of their formation?

=3

7 What is the rolc of acetyl CoA carboxylase in fatty acid synthesis?

12.10 ANSWERS

Self-assessment Questions
I a) Pentose phosphate

: . for nucleic acid, acetyl CoA for fatty acids, & -ketoplutarate
for aming acid,

Biosynihesis
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el L e b} Glucose, sucrose, fatty acids are compounds which arc mietabolised to a

common product acetyl CoA.

¢} It would be extremely difficult to regulate the pathway.

2 -a) i) glycogen, ii) liver, muscle, iii) starch,iv) chloroplast, ¥) liver.

b) Both are compact, easy to store, insoluble, inert. They do not interfere with
metabolism (glucose, fructose and other hexoses are highly reactive). They
have a negligible effect on osmotic pressure.

¢) Excess of glucose would be potentially dangerous because it would alter the

delicately balanced biochemical and osmotic properties of cells and thus of an
organism,

d) i) glucose, i) « 1 — 4 and a] — 6, iii] amylose and amylopectin
e) i) a,ii) e, i) b,iv) ¢, v) d.
3 a) i) Could be NAD-glucose, but generally it is UDP-glucose or ADP-glucose.
i} Maltose, @ 1 — 4 linear glucan, amylose, amylopectin.
iii) Starch synthase
b) i) Itis a polyglucose molecule.,
ii} It is derived by cutting amylose molecule,

i) Itis attached to an amylose molecule through o 1 — 4 or to an amylopectin
molecule by & 1 — 6 linkage.

¢} i} UDP-glucose + Pi 1=+ glucose 1-phosphate + UTP
it} One
d} i) true, ii) false, @i} false, iv) true

4 a) The reaction pyruvate to acetyl CoA is highly irreversible reaction. Moreover,
there is no bypass reaction which can convert acetyl CoA to any of the
intermediates of gluconeogenesis.

b) : iJ Lactate which is formed during.muscular activity in the muscles,
ii) Pyruvate which is formed during glycolysis,
iii) Several amino acids, which are breakdown products of proteins,
iv)’ Propionyl CoA which is derived from the oxidation of odd-carbon fatty
acids.
c) Acetyl CoA
d) Partly in mitochondria and partly in cytoplasm.

&) Four ATPs from lactate to PEP, plus two ATPs from 3 PGA to DPGA. Total
" six ATP per glucose from lactate.

f) PEP — pyruvate is bypassed via oxaloacetate at the expense of 2 ATPs
{or one ATP and one GTF) per lactate,

5 a) i) Acetyl CoA cannot be converted to carbohydrates because the reserve

glycolytic reactions - conversion of pyruvate to phosphoenol pyruvate
(reaction 10) and conversion of acetyl CoA to pyruvate (reaction 11) arc
strongly exergonic. These reactions are irreversible.

ii} Plants and micro-organisms possess an enzyme system (glyoxylate cycle)
which-bypasses the two irreversible reactions of glycolysis.

iii) glyoxysomes

iv) glyoxysomes, mitochondria and cytoplasm (see Fig. 12.)

b) i) By glyoxylate cycle fats are converted to carbohydrates. It is found in plants

and micro-organism.

i) two
iii) glucose
iv) Hint: see Table 12.1 in this cycle reaction 1 a is skipped. Four high cncrpy
compounds.
v) reaction [ b uses 2 GTP and reaction 1 uses 2 ATP
6 a) iii)

b) i), iii) and iv)

c) i) and iv)

d) i) and it}
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Terminal Questions

| UDP-ghucose, the activated form of glucose, is the glucose donor in the
biosynthesis of glycogen.
UDP-glucose + glycogen — glycogen (n + 1) units |
This reaction is catalysed by glycogen synthase enzyme.

2b.

3b.

4 b,ce.

5b,d

6 a) Ketone bodies are, acetoacetate, hydmxyhut]rraic and acetone.

b) When the rate of fatty acid oxidation is high to form excess acetyl CoA which
cannot enter into the TCA cycle because not sufficient amount of OAA is
available, then the ketone bodies are formed from the excess acetyl CoA. This
may happen when the diet is rich in fats and low in carbohydrates. This also
happens in fasting or in diabetes.

¢) The liver

7 This enzyme.catalyses the first step in fatty acid synthesis
Acetyl CoA + CO; + ATP - malonyl CoA + ADP + Pi

Rinsynthesis
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UNIT 13 NUCLEUS: STRUCTURE AND
- FUNCTION
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Other Nuclear Components ) )
Role of Nuclear Envelope in Chromosome Organisation
and in Transfer of Large Molecules
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Semi-conservative Replication
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Enzymes Involved in DNA Replication
13.5 Transcription
RMNA Synthesizin Procaryotes
RM.A Synthesis in Euearyotes
Different Types of RMNA
13.6 RNA Processing in Eucaryotes
Maodification of mRNA
Removal of Introns
13.7 Summary
13.8 Terminal Questions
13.9 Answers

13.1 INTRODUCTION

In Blocks I and II, yvou have studied the various macromolecular components of the
cell and cell organelles including nucleus. Nucleus is the dynamic control centre of
cucaryotic cell for all the cellular activities such as, storage, utilisation of genetic
information, reproduction, growth, development and metabolism.

In this Unit, we will discuss the various components of the nucleus. You have read
about the elementary structure of DNA in Block 1, here we will explain the
organisation of DNA in chromosomes as well as its replication and transcription. You
know that genetic information is stored in DMNA . We will discuss how this information
is transmitted from the nucleus to the cytoplasm by mRENA by translation into protein
molecules, which are responsible for most of the cellular activities.

The actual process of translation and gene regulation will be discussed in the next
Unit.

Objectives

After having read this unit you should be able to:

® apply in correct context the terms: replication fork, hnRMNA | intron, exon,

& cxplain the role of nuclear envelope, and nuclear matrix,

& describe the current hypothesis regarding the packaging of DNA in chromosomes
with réference to histones,

® describe the replication of DNA and the location of enzymes invalved in [3MNA
replication,

® distinguish between the transcription process in procarvotes and cucarvotes,

® account for the processing of RINAs.

13.2 NUCLEAR ENVELOPE AND NUCLEAR
COMPONENTS

In Block 1 of this course vou have read about the structureef nucleus . Mucleus is
composed of at least five distinet components (i) a double membraneous nuclear
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envelope, which acts as barrier between nucleus and cytoplasm, (ii) a jelly like fluid MNucleus: Structure and
nucleoplasm that fills the nuclear space, (jii) nucleolus (iv) chromatin fibres, and Puimthy
(v) nuclear matrix that provides skeletal framework to the nucleus (Fig. 13.1a).

Chromatin is dispersed throughout the nucleus except at the time of cell division

when chromatin becomes condensed into diserete structures known as chromosomes.

We will now briefly describe the nuclear envelope, various nuclear components and
their role in the following subsections.

13.2.1 Nuclear Envelope

The nuclear contents are separated from the cytoplasm by two concentric complex
membranes surrounding the nucleus, together termed as nuclear envelope. The
nuclear envelope is a double membraneous structure composed of two lipid bilayers
separated by 10-30nm space known as the perinuclear space. Under the electron
micrographs, the outer nuclear membrane is seen to be continuous with the
endoplasmic reticulum membrane (ER) and like the membrane of the rough
endoplasmic reticulum (RER), the outer nuclear membrane cortains cytoplasmic
ribosomes over its outer surface that form the sites of protein synthesis. Since the ER
is in continuation with the perinuclearspace, both the perinuclear space and the outer
nuclear membrane become the specialised regions of the endoplasmic reticulum
(Fig. 13.1a). Microtubules and microfilaments, are associated with outer surface of
nuclear envelope to anchor the nucleus and maintain its proper shape. The inside of
inner nuclear membrane is attached to a thin layer of fibrous proteins known as the
nuclear lamina, which acts as a support to the nuclear envelope and nuclear pores and
to which chromatin fibres are attached at multiple sites.

Nuclear envelope

Muclealus =} :Muclear pore

_Lamins

Protein fibers
(structure unknawn:

o
/ -
Peripharal
granules <

vy L. ]

Annulus 120 hm

Inmer membrane

Outer membranc

Annular miteritl 30 am Pore Central channel-
I varizble in size,
often plugged with material

Fig 13.112): The eucaryotic nueleus. A generaliscd diagram. The doable-layered envelope, nuclehus, nuclear
pores, and fibrous lamins are prominent nuclear struclures. The DNA forms complexes with nonfibrous
proteins called histones,

Fig 13.1b): Schematic diagram of the main cloments present in a “typical” nuclear pore complex. Significant
variations oecur in the urranpentent of the annular material, GZY-BY-057249
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Fig. 13.2: Scheme of the possibie
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(4] translocation through pores;
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by delamination of sacs of bath
nuciear membranes,
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The nuclear envelope of all eucaryotes, from yeast to man has numerous specialised
structures known as nuclear pores (Fig. 13.1b). The cavity of the nuclear pores are
not wide open channels, although they extend through both the membranes of the
envelope, and the cavity is filled with a fibrous dense material. Under the electron
microscope each pore is seen to be surrounded by a ring like structure known as
annulus, composed of eight protein molecules extending on both sides of the
envelope. The pore and annuli together constitute the pore complex that measures
50-70 nm jn diameter. (Fig. 13.1b). The nuclear pores serve to transport the specific
molecules between the cytoplasm and the nucleus.

In some cases, the nuclear pores are found to be highly organised in the nuclear
envelope. Parallel rows of nuclear pores are observed in' the elongated nucleus of a
fern spore. In other cells, either concentrated clusters of nuclear pores or unusual
areas free of nuclear pores have been seen in the nuclear envelope, and have some
relationship with the nuclear lamina.

In the following subsection we shall study the role of the nuclear envelope in
chromosome organisation as well as transport of RNA and protein. The outer
memhbrane can form vesicles to transport the materials from one compartment (o
another in the cell.

13.2.2 Other Nuclear Components
Nucleoplasm

1t is & jelly like fluid con aining the soluble material of the nucleus. Various
components of the nucleus can be isolated with dilute buffer or salt solutions such as
proteins, RNA, RNA protein complexes and small molecules. Protein fraction of the
nucleoplasm contains various enzymes involved in metabolic pathways, while other
enzymes function in replication and transeription of DNA and some proteins present
are involved in the regulation of chroma in structure and function,

RNA and RNA protein complexes

Most of the RNA molecules in nucleoplasm are in association with proteins forming
rifonucleoproteins of various sizes and types, for example some of these RNA
molecules form small nuclear RMNAs, which are involved in messenger RMNA
processing. These small RMAs never leave the nucleus and are destroyed inside the
nucleus. The large RNA complexes pass through the nuclear pores to the eytoplasm
which act as a precursor of cytoplasmic ribosome, mRNA, or mRMA precursors. Low
maolecular weight substances such as coenzymes, nucleosides, precursors of
nucleotides, metabolic intermediates and ions are also found in the nucleaplasm.
Mucleoside the nucleotide precursors are utilised in the synthesis of two nucleic acids,
ie. DNA and RNA.

13.2.3 Role of Nuclear Envelope in Chromosome Organisation and in
Transfer of Large Molecules

Muclear lamina, the fibrous protein network under the envelope, plays a major role in
dissolution and reformation of the nuclear envelope during cell division. Chromatin
fibres are attached to it at multiple ites. The laminal protein holds the condensed,
inactive chromatin at the peripheral region of the nucleus to keep it away from the
unfeided, active chromatin.

Information regarding the transport of material through the nuclear pores is oblained
by the knowledge of a typical mammalian cell which contains about 3,000 w0 4. 000
pore complexes in its nuclear envelopes.

The nuclear envelope like other cellular membranes is also selectively permeable and
capable of passive diffusion, active transport and facilitated diffusion. You have read
about these transport processes in Block 11, Besides the above mentioned processes,

_ other mechanisms also operate for transporting the molecules through the envelope

for example small membrane vesicles formed inside the nuclcus fuse with the inner
nuclear membrane discharging their contents to either the perinuclear space or 1o
cytoplasm directly (Fig. 13.2). The protein synthesised into the outer nuclear
membrane having ribosomes on its surface is discharged into the perinuclear space
and into nucleus. Muclear envelope is also involved in carrying out the function of
axiditive phosphorylation and electron transport.



Nucleolus Nuocleus: Strocture and
As you have read-in the previous block, a nucleolus is generally a large spherical Fomcelon
structure with a wide range of size, and shape and due to the large size can be seen

under the light microscope. The chemical composition of the nucleolus is studied by

direct chemical analysis and by cytochemical studies. Such studies have shown that

nucleolus is mmpusad of about 80%: of proteins, and about 20% of a mixture of RNA

and DNA. Mucleoli are formed by a special region of the chromosomes called

nucleclar organizer regions (MNOR). The eucaryotic nucleolus is the site of ribosome

synthesis and its assembly, and actively contributes to the process of protein synthesis.

SA0Q1
a} Fill in the blanks.
i} MNucleus is surrounded by .....ovooeee.. whichiscombised”
; . membranes
uj The two memhraﬁes are separated by 2 space called:as .. .. ..
iii} Muclear envelope is interrupted at places by ........... seen s WhHIChEATE
surrounded by ... o fROM

iv) The amiorphous fluid present in nucleus is called as ......

v} Within the nucleus a spherical body called the Lo IS PRESEREWHIER
is formed in a special region of chromosome called...

b} What are the two important functions of nucle&r-mvelm

13.3 ORGANISATION OF DNA IN CHROMOSOMES

In this section we would discuss the organisation of DNA in chromosomes. The
procaryotes such as bacteria and blue green algae lack a well-defined. genome
{nucleus) and possess 3 single double stranded circular DNA molecule that contains
all the genes und is located in a special region of their cytoplasm. In addition to the
chromosomes, most bacteria contain DNA of shorter chain lengths called plasmids
which ulso form the closed loops,

You have read in Block T about the organisation of DNA in nucleus, so we would
briefly explain more about its organisation, Eucaryotes have a complex organisation
of membrane hounded nucleus with multiple linear chromosomes. Each chromosome
containg a single double stranded helical DNA, and a set of five types of histone
pf{ll(.'l“:i.

ONA, in the nucleus of cucaryotes is tightly associated with proteins forming
chromatin fibres of varying sizes. These chromatin fibres are interspersed throughout
the nuclens and during cell division, they are condensed to form more prominent
structures known as chromosomes, Chromatin fibres contain DNA, RNA, some basic
proteins called histones and some acidic proteins called as non-histone proteins. Itis
kaown that DN A and histones are always present in a fixed ratio of about 11, The
non-histone proteins are heterogenous and vary in different tissues in quantity and
type. These include RNA and DNA polymerases and regulatory proteins. Histones
sre small basie proteins, they have a high content (10-21%) of the basic amino acids,
arginine and lvsine. Buing busic, and having strong positive charge at the
physiological pH . histones bind tightly to DNA, which is acidic due to the presence of
phosphate group in it. There are five types of histones Le. HyA, HB, H,y, Hyand H,.
A chroniiin contains almost equal number of HyA, HaB, Hy ard H, and about half
the number of H, molecules. out of these . HaA, H;B, Hy, and H, arc among, the most
conserved proteins known during evolution and are present in all eucarvotes. For
example. the sequence of histone H; from the rat differs from that of peas in only two
amino acids. out of 102 total amino acids Histone H, is not conserved between
.species and has tissue specific forme. [tis loosely associated with chromatin and s
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Histone Cetamer: The complex
containing two molecules epch of
HpA, HyB, 1, and H, forming an
octamer of proteins.

The packing ratio is the ratio of
extended length to packed length
of DNA.

Solencid is a highly condensed
spirally folded packing of DNA
protein nucleosome complex.

involved in the maintenance of a higher order of folding of chromatin. Some of the
properties of histones are given in table {Table 13.1)

Tabie 13.) : S5ome properties of Histones

Amino Acid Mumber of Molecules per
Histone  Molecular Weight  Composition Species Variation 0K Base Pairs of DN A
H,; 20,000 Lysine-rich Wide 1
H.A IJ.WJ Moderately Iysine-rich  Fairly well-conserved 2
H,B 13,700 2
H, 15,700 } Arginine-rich Highly conserved 2
H, 11,200 2

Nucleosomes and Chromatin Structure

You have studied about the structure of nucleosomes in Block 1, We will now discuss
the structure of nucleosomes and their higher organisation in detail. Electron
microscopy of extended chromatin fibres reveals a “beads on a string”, appearance,
the “beads’ being the nucleosomes and the ‘string’ the linker DNA. Brief digestion with
certain nucleases results in degradation of the linker DNA, liberating the
nucleosomes as monomeric units. A nucleosome contains a histone octamer, DNA of
200 base pairs and one molecule of histone H,. The nucleosome is a flat disc shaped
particle 11 nm in diameter and 5-7 nm in height. The DN A makes two complete turns
around each histone octamer and these two turns are scaled off by an H, molecule.
Extensive digestion of a nucleosome by nuclease produces a nucleosome core particle
which has a disc shaped core of an eight-histone protein molecule along with 146
nucleotide base pairs, as you can see this results from the loss of linker DNA of about
54 nucleotide bases and histone H,.

Histone H, plays an important role in packaging the nucleosomes by further folding
the nucleosome's fibre into higher levels of chromatin organisation. When
nucleosomes are closely condensed forming 10nm diameter filaments, the packing of
DNA is about five to seven fold, i.e. five to seven times more compact than free
DNA.

This is still a 1000 fold lower value than the packing ratio of DNA in metaphase,
which is achieved by further folding the 10 nm diameter chromatin fibre into 30 nm
diameter stage as seen in the electron micrograph. The 30 nm diameter chromatin
fibre arises from the folding of the nucleosome chain into a helical solencidal structure
having about six nucleosomes per turn. The whole structure is stabilised by
interactions between histone H; molecules in neighbouring nucleosomes. The H,
molecules can interact with each other because they are Iocated in the central hole of
the sofenoid. The DNA of a 30 nm solenaid has a packing ratio of about 40 fold. The
DNA of metaphase chromosome, however, is packed densely between 5,000 and
10,000 fold, forming chromosomes during cell division. A schematic illustration of 4.
various orders of chromatin organisation is shown in figure (Fig. 13.3).

DA
. Condensed
double Coiled Extended ]
chromatin Cini
helix Muclensmosomes nucleosomes chromatin densed
: chromosome
" _—
3 nm T nim

64
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The genetic material in procaryotes is packed into one or more double stranded DNA Nucleus: Structnre and
tibres that are folded into a compact structure known as nucleoid that contains about Fupetlon
8% DMNA and rest as protein and RNA, This complex is attached at one side to the

memhbrane inside the cell. The bacterial DNA is supercoiled and supertwisted and is sEninsergus selfld

organised in about 45 loops radiating out from the central non-histone protein core

that provides anchorage to DNA in the cell. Supercoiling and loop formation make

the packaging of large DNA molecules into small structure to fit into the nuclens. The

“nakesd"” fibres of DMA can be seen when bacterial, viral or organelle chromosomes

are examined under the electron microscope by staining the chromatin (Fig, 13.4).

Sﬂ"} 2 |Il?|:|:1 e
a} Which one ot the following chorce is best and why? Histones elis bttt O

i} are basic proicls richon lyside of arginine orpoth
Fig. Li.d: Schematle

g -8 48 S gy AL b ey e i P e I SRR represeniation of the
. chromusemes of Escherichin coli,
it] are bound coval ently to DNA showing only 12 of the 45
superciiled fnogps.

o i B8 R o, R B A R A B i AL o VR R T SN

iii} have relatively high melecular weights (200,000 saltons of higher)

..... a A R R K BT R B B N R B R BB R e B T L e 8 A ] 4 4 4 B

it Beads in the smng appearance of chromarin represents

ii) Extensive digestion of vucleosomes by mucleases prodiuces.......... which
has only 146 bo of DNA

‘iii, The hugher levels of chromatin are maontaomed by histone ............

13.4 REPLICATION OF DNA

As a carrier of genetic information DNA has two following important functions,
heterocatalytic and autocatalytic. When DNA directs the synthesis of chemical
molecules other than its bwn, e.g., synthesis of RNA, protein etc., it is called
heterocatalytic function. On the other hand when DINA directs its own synthesis, it is
called autocatalytic function or replication.

In this section, we will only deal with autocatalytic function of DNA, i.e. DNA
replication, DNA replication is carried out with high accuracy to maintain genetic
stability within the organism and the species. DNA replication is a complex process
and rakes place in many scquential steps, that include recognition of the point of
origin, unwinding of parental double helix keeping the template strand apart,
initiation of new daughter strands, elongation and termination of DNA replication,
‘Let us discuss this process in detail

13.4.1 Semi-conservative Replication

You will be curious 1o know what does semi-conservative replication mean and i%ow
exactly DMNA replicates, Yuu have studicd in Unit 5 of Block 1 about double helical
steuctnre of DNA as proposed by Watson and Crick.

. The information in the base sequence of one DNA strand is complementary to the
second strand in sccordance to Watson and Crick model. During replication the weak
hydrogen bonds that hold the two duplex DNA strand together ate broken. Asa
result there is a pradual separation of the two strands of the double helix in a zipper
like fushion. Euch strand, that separates, serves as o template for the synthesis of new

“complementary daughter strands, Each daughter DNA molecule in the two cells after

one round of DNA repiication contains one parenta DNA strand and one newly

formed strand Replient on of this type is termed as semi-conservative(Fig. 13.5)
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Origin of replication: A specific
bage sequence in DNA that is the
site of initiation of replication,
which proceeds in one direction
or in both directions sway from
the site,

: BMA primer removed
5 o and gap repaired g
!.F
5
RMA primer
|l.I'

Fig. 136 DNA replication Is
confinuous on one strand and
discontinuous on the other. The
lagging strand is made in short
fragments that start with an KNA
primer. The primer is removed by
a repakr mechanism and the gap is
filled in and the molecule joined by
a DNA 1 ligase.

B
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Fig. 13.5: Semi-conservative replication of DNA

\

13.4.2 Replication Fork

In the process of replication, the two individual strands of the parental double helical
DNA separate in small segments, because DNA polymerase recognises only single
stranded DNA as template. DNA replication in procaryotes starts at a single specific
site known as the origin of replication fork. But in eucaryotes replication begins at
multiple sites in the DNA helix that reduces the replication time length and helps in
rapid replication of long DNA molecules. The two strands separate by unwinding in
the form of a *Y", where active synthesis starts and is called as replication fork or
growing point. Replication fork forms an asymmetric structure.

Replication of double stranded DNA is bidirectional, i.e. replication fork moves in
both the directions from its paint of origin (Fig. 13.6). The unwinding of double helix
is brought about by a group of proteins that include helix destabilising (HD) proteins,
and bind to the single stranded DNA, Besides HD protein, the helix unwinding
proteins, called DNA helicases, also keep the two strands apart by binding to the
single strand near the replication fork base. At replication fork, the DNA of both the
new daughter helices is synthesised. Because of the antiparallel orientation of the two
parent DNA strands in the DNA helix, this mechanism would require onc daughter
strand to grow in the 5° to 3' direction and the other in the 3’ to 5° direction of parent
DNA. But DNA polymerase, the major enzyme involved in DMA replication can
synthesise new strands only in the 5° to 3’ direction. It became difficult to explain how
the two strands would transcribe differently. The solution to this problem was
achieved on the basis of the following findings.

a) One of the DNA strands is synthesised continuously towards the origin of
replication fork in its 5' to 3" direction. This is called ‘leading strand’ which reads
the 3’ to 5' direction of the parent DNA.

b} Other strand which is being synthesised discontinuously away from the replication
fork is called the lagging strand.

Since parental complementary DNA strands themselves run in opposite directions,
both the new strands are being copied in 5' to 3’ direction due to the specificity of
DMNA polymerasc. Lagging strand is synthesised in small pieces (100-1000 nuclectides)
which are called as Okazaki fragments (Reij Okazaki discovered these fragments),
These fragments are then joined together by the action of an enzyme called as DNA
ligase. You will study about the enzymes of DNA replication in following subsection,
But hefore proceeding further, you may attempt the following SAQ.



SAQ 3 Mucleus: Structure and
Fumethivn

a) During DNA replication, the sequence 5'-TpApGpAp-3' would produce which of
the following complementary structures? Give reasons.

‘) ¥ TpCpTpAp-3'

ii) 5 ApTpCpTp-3

iii) 5 UpCpUpAp-3'
iv) ' 5 GpCpGpap-3'

b) Give one word for the following -
i)  Short pieces of repHeating DNA: ....coocovsevenns
i) — DNA = RNA — Protein; ...,
iif) Replication in which half of the molecule is CONSErved: ..........ooooooooooo
iv)  The sites in DNA molecul where parental double helix is undergoin strand
SEPATAION o iresdiarersmnsss

13.4.3 Enzymes Involved in DNA Replication

DNA/replication takes place by polymerisation of about 500 nucleotides per second in
bacteria and about 50 nucleotides per second in mammals. DNA polymerase requires
preformed DNA for its activity. The DNA polymerase adds new nucleotides to the 3'
end of one strand in sequential order, so the new strand synthesised is in the 5 — 3°
direction. The replication enzymes must be both accurate and fast. Speed and
accuracy are achieved by means of a multienzyme complex of several different
proteins that constitute an elaborate “replication machine™ or “replicon™.

The parent DNA replication is catalysed by some twenty special enzymes and
proteins, each performing a specific task in the complex process. Replication takes . Mgl iomplase
place in an organised and stepwise manner. Some of the enzymes involved in DNA
replication are nucleases, polymerases and ligases.

(a) Helix—destabilising proteins

These proteins destabilise the parental DNA double helix by binding to separated
single DNA strands, by preventing the reunion of the two separated strands of the
double helix at the replication fork.

{h) Helicases

These are ATP-driven enzymes that use the energy released by ATP h sdrolysis in Figz. 13.7: The DNA helix ahead of

unwinding the short segments of DNA helix just ahead of the replicatir g fork a replication fork is thought to be

{Fig 13.7). opened at rapid rate by the
combined mction of o DNA helicase

(c) DNA—topoisomerases enzyme und helix -destabilising

These enzymes can change the topological form or shape of DNA molecule. A DNaA  proteins.
topoisomerase is a reversible enzyme that first breaks the DMA chain and then binds
covalently to the broken end. The break creates a transient nick in DNA helix,
Nicking reaction is reversible, therefore, resealing is rapid and does not require
additional energy input (Fig. 13.8).

{d) DNA polymerases

These are the major enzymes invalved in DNA replication. DNA replication is a very
precise and accurate process and it has been estimated that only one error is made in
10*" base pair residucs. The mammalian genome of 3% 10° DNA base pair replicates
with high accuracy which is due to the fact that DNA polymerase has the ability of
proof reading and correcting the error in addition to the polymerising activity.

Proof reading activity is carried out by DNA polymerase that can hydrolyse
phosphodiester bonds in single strands if insertion of wrong nucleotide occurs at 3
terminal cnd of the primer strand. An incorrect base is thus removed before further
synthesis of DNA occurs (Fig. 13.9) '

E.coli contains three different polymerases viz. DNMA polymerase [, II and IIL. DNA
polymerase [1I cannot initiate the synthesis of DMA, but is mainly responsible for
DMA chain eloneation by addine new nucleotides to the 3' end of the primer strand.
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5 DNA polymerase [T1 functions in the form of a large complex called holoenzyme, that
requires both a template and a primer molecule 1o start the synthesis. This primer is
an RNA synthesised by an RMNA polymerase called primase. This enzyme recognises
some type of signal on the DNA template strand to which it binds. DNA polymerase

111 complex then adds this to nucleotide units at the 3" end which are RNA primer
complementary to template DMA strand. The RNA primer is subsequently degraded
and the gaps are later filled in by DNA polymerase 1, which is involved in both
replication and DNA repair process. DMNA polymerase [ is associated with
polymerising and exonuclease activities. The exonuclease enzyme degrades nucleic
acids by removal of the terminal nucleotides from either end of a strand of DNA from
5'— 3' or in 3' — 5’ direction. The function of DMA polymerase 11 is uncertain.

DNA ligase

DINA ligase joins the DNA fragments together by catalysing the formation ol &
covalent phosphodiester bond between 3" end of one nucleotide chain with the 5
hydroxyl group of the newly made Okazaki frapment. Some of the enzymes involved

in DMA replication and their functions in E. coli are summarised in the table (Table
13.2).

Fig. 13.9: Proof reading wetivity of
DNA polymerase ’

Table 13.2: Some of the enzymes invalved in DM A replication in Escherichia coli

Enzyme Function

DMNA polymerase i the major enzyme responsible for DMA replication
DMA polymerase [ fillsin gaps between the fragments of DMA synthesised by DNA polvmerase 1T

helicase uses energy released by ATP hydrolysis to disrupt hydrogen bonds
between base pairs and thereby ereates single-siranded regions

DNA binding prodein stabilises single-stranded DNA, prtvtlliin'g re-farmatian of the doable helix

topoisomerase unwinds the double helix
DHA ligase uses ATP to seal "breaks in sugar-phosphate backbone,
RMA primase produces shart RMA sequences to prime DN A palymerase 111

The replication of DNA in cucaryoles and procaryoles is basically similar with som
differences as given in the following table {Table 13.3%
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Table 13.3: sone Dfferentes oclweer pmenrynte and Eucaryolic DNA Replication

Prokaryotes Eukuryotes
b-"-N.& ramer length == 30 nucleotides T.l nucleotides
Okazaki fragments TOO0 2000 nucleotides — 200 nuckeotides
of lagging strand ' {dite 1o nucleosomes)
Furk movement rare — HH pucteotidestseo A0 nucleatidesises

MHumber of origins I thousands, develop-

mantully regulated
Block of reinitiaticn e yes
in sante cyde

synthesis of Okazaki Fragments
I euearyotes, the chromnsomes contain an origin site where the replication fork
starts. The origin site is a pucleotide sequence of 100-200) base pairs without which a
DEA cunnot be replicated, The rate of replication fork formation is reflected in the
tact that vver o thousand replication forks function simultaneously. Two identical
DNA polymerzse molecules work simultaneously at fork, vire on the leading strand
© that comtinuously replicates in the 5" — 37 direction towards the origin of
replication site. While the other DNA polymerase works on the lagging strand by
wdding new nucleotide winis o 3" end of the parent DNA, away from the base of the
replication fork. The DNA helix remains opened when the DNA polymerase
medecule acts on the leading strand, in coordination with helix destabilising protein in
i DNA helicase enzyme system. The DNA polymerase molecule moves on the
fending strand in o continuous way, while polymerase mofecule on the lagging strand
stops and restarts at intervals, to produce a series of short pieces of DMNA called
Okazaki fragments, that are about 1000 to 2000 bases long. They arc joined together
to form the second daughter strand by DNA ligase. (Fig. 13.10)

The nucleotide in cach fragment in lagging strand is incorporated by RNA primase,
and the process of addition is continued by a DNA polymerase that adds nucleotide to
the 3" hydroxy! of the RNA primer. After the completion of the fragment, RNA
moves to 3' end and is removed, The gap in the strand is filled with DNA and sealed,
You may look back at the structure of DNA as given in figure (Fig. 13.9)

SAQ 4

a) In the following table in column I names of the enzymes invoel in DNA
reptication F coll are given Colnpletc column [I by giving the functionsof flese
enzyines

Colunn 1 Column IT
i} DNA bolynterase I

ity DNA lightse

iii) DNA helrcase

av} DNA polymerase 111
¥} RSA Peimase

b) Which of the following statemens about DNA polymerases is (are) coitect? Give
reasons

1} DMNA polyinerase regyres primers

L R R R o TR e e e

ii} DNA polyingreasecanadd nucleotides at both the a anstne by sindsof the
growing polyn neleshde enain

B P L D TR e L T e N P

T T 0 b e L e e e R AT R AT AT R e ST & B8 e

iii) In addition to their polymening activity DNA polymerases have a
3-5 exoncclense activis

Muelews; Structurs ai
Funetin

Fig. 13.10: Summary of seme of
the major types of proteins that
act at a DNA replication fork.
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Fig, 13.11: Schematic
representation of the Mow of
information in a ccll. The DNA of
the chromasomes located within
the nuclens contains all the genetic
Information. Selected sites on ihe
A are tramseribed. -

1} into messenger RNAs which are
transparted owl of the naclheus

(2} onee in the cytoplasm, the
messcuger miaA is translated

(3) into & polypeptide by a
rihosome that moves along its
kemgth. Following transiation the

palypeptide undergees its folding
1o assume (s notive conformation
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13.5 TRANSCRIPTION

In the preceding sections, we discussed about replication process and the outcome of
this process. We will now study about the transcription process which revolves around
the central theme of transfer of genetic material and information from DNA in the
nucleus to-the formation of RMNAs in the same location, and to the synthesis of
proteins in the extranuclear cytoplasmic region.

This is called the *central dogma™ of molecular biology
Self Transcription Translation
Replication ‘C‘DNA = RMNA —3= Protein

We should understand clearly about replication and transcription processes,
Transcription and replication processes have important differences. In replication the
entire chromosome is copied to yield daughter DNA, identical to parent DNA,
whereas in transcription process, only a single or a group of genes is transcribed and
not the whole of DNA. i

The schematic representation of the flow of information in a cell is given in following
figure (Fig. 13.11}.

RNA is transcribed from DNA by the catalytic activity of DNA-dependent RNA
polymerase enzyme commonly known as RNA polymerase. The RNA polymerase
enzyme recognises the site and the strand to be transcribed in DNA. In procaryotes
there is onty one type of RNA polymerase that catalyses the synthesis of all the three
RNA molecules, whereas in eucaryotes there are three types of RNA polymerases,
All RNA polymerases require the following prerequisite to synthesise RN As,

a) All the polymerases require a DNA template, which can either be a double or
single stranded molecule, the single strand is called as template,

b) All four energy rich ribonucleoside triphosphates (ATP, CTP, GTP and UTF)
are utilised as precursors of the nucleotide units of RNA and polymerise into
- DNA templates, which greatly stimulate further polymerisation of base by RNA
polymerase at 3" hydroxyl end of the existing DNA chain.

ATP RNA Polymerase +

GTP .—————>* RNA + nPPi
TP A DNA template

UTPn

{€) Only one strand of a particular region of the aouble helix is transcribed inside the
cell, henee transcription is asymmetric.

The basic mechanism of RNA synthesis is similar in procaryotes and eucaryotes with
some differences, Let us first describe RN A synthesis in procaryotes.

13.5.1 RNA Synthesis in Procaryotes

In all procaryotes and eucaryotic organisms, three main classes of RNA molecules
exist, i.e., mRMA, rRNA and tRMNA. Each class differs from the other in size,
function, location and stability. Using DMA as the template, RNA polymerase
catalyses the formation of RNA from the four ribonucleatide triphosphate

. precursors. The DNA molecules contain two strands while most RNAs are typically

single stranded. You would be inquisitive whether one or both DNA strands is copied
into complementary RNA molecules. It is known that only one of the two DNA
strand is copied selectively by RNA polymerase, and thus transcription is asymmetric,
RNA polymerase starts transcription by recognising a specific promoter base
sequence at the beginning of a genc,



In procaryotes, when a single mRMNA codes for a single polypeptide chain, it is called
monogenic or menocistronic and if it codes for two or more polypeptides, the mRNA
is polygenic or polycistronic. Polygenic mRNAs may contain non-translated Spacer
region which separate the segments, coding the individual polypeptide chains, .

In addition to transcription of the nucleotide sequence of RNA, the RNA polymerase
in eugaryotes recognises a variety of genctic signals on the chromosomes, such as the
signals for starting and stopping RNA synthesis at specific sites. E.coli has a single
RNA polymerase that can make all the three RNAs, Purified preparations of the
enzyme RNA polymerase which catalyses the transcription of DMA into RNA has
Iwo components; i) a core enzyme containing 4 subunits of varying molecular weights
and ii) an accessory protein known as sigma factor. Together they constitute a
complex called as holoenzyme (Fig. 13.12). Removal of sigma factor leads to random
transcription of both the DNA strands, and RN A synthesis is not restricted to the site
which is to be transcribed. This enzyme does not require a primer or a helix’
unwinding or destabilising enzyme like DNA polymerase. The RNA polymerase of
E.coli is a large multisubunit enzyme complex mainly responsible for chain elongation
of DNA, with the subunit composition shown in figure (Fig. 13.12).

There are three stages in the transcription process,

.a) binding of RNA polymerase to DNA at appropriate location called the promoter
site for chain initiation 3

(b) elongation of RNA

(¢} termination of synthesis of RNA

Let us study these steps in some detail.

Initiation

RNA polymerase, though does not require a preformed DNA strands however it
cannot function until it builds to a specific initiation signal on DNA template strand,
called promoter region. The RNA polymerase binds to the promoter region located
towards the 5' side of DNA molecule. The polymerase unwinds the DNA helix after
binding and starts copying one strand of the molecule, RNA polymerase in
procaryotes recognises characteristic nucleotide sequences'in the promoter region
which are about 40 bases long. They are known as Pribnow box and TGTTG
nucleotide base located about 10 and 35 bases to the left of the initial base of mRNA
respectively (Fig, 13.13).

Like DNA, a mRNA chain is always synthesised by the addition of nucleotides one at
a time to 3’ end of the growing molecule. The 5' end of a new mRNA chain always
starts with a nucleotide that has a three phosphate at its 5 end and a free-OH at the
3 end. -

The synthesis of new mRNA is initiated with the help of nucleotide ATP or GTP and
the two nucleotides retain the triphosphates throughout the transcription.

Elongation )

After the recognition of the promoter region, the RNA polymerase proceeds to
synthesise RNA chain by stepwise addition of nucleotides from its 5' — 3',
direction. The DNA template is copied according to the base pair rules except uracil
is replaced by thymine. The DNA strand may code in stretches, i.e. the coding
sequences may be interrupted by non-coding sequences. The process of elongation of
mRNA continues till a terminating signal in. DNA is reached. After the termination of
mBMNA synthesis, the sigma factor in holdenzyme dissociates and js available to bind
to other free core enzyme to initiate a new round of transcription (Fig. 13.13).

Termination )

Termination of RNA synthesis is broyght about by another ‘signal’ which is called as
termination factor or rho factor. This causes the release of the RNA molecule and
RMNA polymerase,

It isimportant to note that in procaryotes, transcription is coupled to protein
synthesis, As procaryotes do not have a nuclear membrane, the ribosomes are freé to
aftach to the mRNA molecules as they are being synthesised (Fig. 13.13).

Nuelows: Siructure and

Fig. 13.12: Schematic dingram of
RNA polymernse of Escherichis
calf. The boloenzyme Is compased
of flve subunits of four types (s,
8, p',). The sigma subunit is-
readily dissocigited forming the
COME EREyme,

Promoter: A specific nucleatide
sequence in DMNA, to which RMNA
polymerase binds and initiates
transcription; a non-transeribed
regulatory sequence upstreamn of
the structural gene and essential
for gene expression, a

FPribnow box or TATA box: It is
the — 10 sequence of a promoter
upstream of the gene, and is
involved in the binding of RMNA
polymerise in the initiation of
transcription, in procaryotes.

rho protein is an E, coli gene
product that binds to terminatar
region of an informational DN A
sequence and sponsors the
dissociation of RNA polymerase
from DINA template thereby
cnding transeription of that
seuence.
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Fig 13.13: Initiation and clongation of RNA Chains by E.coli RNA polymerasc.

a) The polymerase holoenzyme binds to the promoter region of the gene. The —10 and =35 conserved
sequences are important in hinding. The sigma wnit greatly enhances the affinity of the polymerase for
specific binding to these sequences.

b} The polymerase causes local ‘mitling” of the double helix in the region approximately 12 to + 2 bases
ralative to the transeriptional start point. The first NTP, complementary to the base at the transcriplionz)
start point, is then bound by the polymerase, and forms a Watson-Crick base pair as illustrated.

€) RNA chain elongution commences, and as NTPs are polymerised to the 3' =0H group of the ribose of the
growing chain, the transcriptional *bubble’ maves dawn the transcribed DMA strand in 3'—2 5
direction to subunit dissocisted and leaves the core uujnu to complete long chain when 10 nucleotides
have been polymerised.

This is possible because both ANA synthesis and protein synthesis start at 3 end of
mRMNA. In E cofi cell about 90-95% of chromosomes code for mBMNAs, and
remaining code for tRNAs and tRNAs and other regulatory scquencet such as
spacers, and tails.

13.5.2 RNA Synthesis in Eucaryotes

Eucaryotic transcription differs in several respects from that'of procaryotes. The
following table (Table 13.4) shows the differences between procaryotic and
eucaryolic transcription,
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Table 13.4: Some Differances between Procaryotic and Evcaryotic Transeription

Procaryotes

Eucaryotes

L. Crly one type of RMA
polymerase is required for

Three types of RNA
polymecases are required

trisngeription for transeription i.e.
Polymerase I, 11 and IT1.
2. Procaryotic mRMNA are Eucaryotic mRNAs are
polycistronic monocistronic which
undergo special types
of post transcriptional
modifications
3 Transeription is coupled with The puclear membrans
tramslation due (o lnck of introduces a barrier
nucizar membrons between transcription
and translation
4. The procaryotic RNA are ‘The eucaryotic RNA
relatively less stable are rolatively more stable

Eucaryotes possess multiple forms of the RNA polymerases, localised in different
part of the nucleus and activated by different jonic conditions. The genes that
synthesise RNAs that form part of the Polymerasé | makes the large ribosomal RNAs
in the nucleolus, polymerase I1 synthesises the mENA. Polymerase 111 transcribes the
genes coding for a variety of very small, stable RNAs — including the tRNAs and the
small 55 RNA of the ribosome. The three RNA polymerases can be distinguished by
their characteristics as given in table (Table 13.5), '

Tabie 13,5 Properties of cucaryotic RNA polymerases

Polymerase type Location BMA transcripts Sensitivity to the
poison a-amanitin
1 nucleoius COMMON Precursor to insensitive
18s, 5.8s and 285
rRNA
11 nucieoplasm mBMNA precursor highly
(heterogeneous nuclear sensitive
RNA) 3
1L nucleoplasm tRNA precursor and moderately
SseftNA sensitive

As you have studied above in procaryotic transcription, there are also specific signals
in eucaryotic genes, which are responsible for the correct initiation and termination of
RNA synthesis. Since RNA polymerase il makes all of the mRNA precursors and
thus determines which proteins a cell will make, we shall confine our discussion
mostly to the synthesis and fate of the RNA transcripts synthesised by polymerase IL.
The polymerase 11 recognition signal, has two short DNA sequences, one beginning
at about 25 nucleotides upstream from the initial point of RNA synthesis called as
TATA box or Hegness box and another at about 50 nuclectides further upstream
known as CAAT box. In contrast, RNA polymerase II1is unique in recognising a gene
regulatory protein that binds in DNA molecule downstream from the point where
enzvme polymerase begins its RNA synthesis (Fig. 13.14).

Nucleus: Structure and
function

Upstream is the region o the 1ef
of the start pain of 2 gene.

Dowmstream is the region o the
right ol 1l start point of @ gene.
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A RECTICEITION SITE FOR BNA POLYMITRASE ITI 1
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Fig. 13.14: The different types of start sites recognised by eucaryotic RNA polymerase [1 and IT1. Like
bacterial RNA polymerase and RNA polymerase [, RNA synthesis begins. However, it appears that parts of
the sequence recognised can extend as far as 190 nuckeotides from the start of the RNA chain (only a small.

. portion of the RNA pnl:.lmgrne Il promotes sequence is illustrated here). In contrast RMA polymerase Il is

unigue in recopnising a gene regulatory protein (here the 5s iranscription factor) that binds to a sequence
dovwnsiream from the point where the polymerase begins its RNA synthesks,

SAQS

a) During RNA synthesis the DNA template sequence 5° TpApGpCp-3° would be
transcribed to produce which of the following BMNA sequences? Give reasons,

i) 5-ApTpCpGp-3
iiy 5 GpCpTpAp-3
ity 5-CpGpTpAp-3
iv) 5’- ApUpCpGp-3’

b) Which one of the following statements about RNA polymerase activity is Correct ?
Give reasons.

i) Transcription of DNA by RNA polymerase is a semi-conservative process
because only one of the two strands of the DINA double helix is copied into
RNA.

1) Transciption of DNA by RNA polymerase requires the participation of a
topoisomerase.

iii) Helix-unwinding is an important catalytic activity of one of the subunits of
RMA polymerase,
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Cells make three main types of RNA transcripts known as messenger RNA (mRNA),
ribasomal RNA(rRNA) and transfer RNA (tRNA). We will describe the structure
and functions of rRNA and mRNA in this unit, the structure and function of tRNA
will be explained in the next unit.

Ribosomal RNA rRNA — It is a cytoplasmic nucleoprotein that acts as a machine for
protein synthesis on the mRNA molecule. The conversion of genetic information into
protein requires the linking together of the amino acids in the correct order by
peptide bonds. The classes of ribosomes found in various organisms are distinguished
by their sedimentation properties, about which you have read in Block IT of this
course. The ribosome cun reversibly dissociate into their subunits, This process is
dependent on the Mg® " concentration,

A striking feature of the rRNAs is that they possess a high degree of secondary
structure, which arises from intermolecular hydrogen bonding between different
regions of the same molecule, giving rise to double stranded stem region and single
stranded loops. Such secondary structure is important for the association of rRNA
with amino acids, )

Messenger RNA(mRNA) — This class is the most heterogeneous in size and stability
unlike rRNA and tRNA population. In most eucaryotic and procaryotic mRMNAs, not
all of the mRNA sequence is translated into proteins. The translated sequence is
flanked ‘on either side by non-translated sequences which may be several hundred
nucleotides in length. Eucaryotic mRNAs also possess two other common features,
the base at the 5' end is guanine and the 3’ end of the molecule contains a sequence of
100-200 adenylic acid residues called as the poly A tail.

The nucleus also contains a fourth class of RNA molecules which are quite large and
vary a great deal in size. These are called as heterogeneous RNA molecules (hnRNA),
The hnRNA are processed to generate the mRNA molecules which then enter the
cytoplasm for protein synthesis.

SAQ6

a) Characteristies of differenct types of RNA are given below. Identify and write their
names
a) ENA which is characterised by contaicing 2 number of unusual bases, including
methylated purines and pyritnidines

b) RMA that has a 3° poly (A) sequence
€) Heavy molecular weight, guanosine “cap™ at its 5" end
d) RWNA which has 7-methy! guanosine “cap™ at its 5° end
€¢) RNA, which is the structural component of ribosomes
b) Write two important differences between procaryotie and eucaryotic transeription

13.6 RNA PROCESSING IN EUCARYOTES

The RNA transcripts normally undergo further enzymatic processing before
performing their normal precursor functions, Transfer and ribosomal RNAs are
synthesised us long molecules which ure then cleaved and modified to yield the final
products. Eucaryotic miNAs are also processed b procaryotic mBENAs are not
further processed.
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directly into protein synthesis, but is first transcribed into mEMNA. Also that the
mRMNA alone cannot perform the complex function of protein synthesis; but requires
other RNAs, i.e. t(RNA, TRNA, 55 ENA to synthesise protein in the céll.

In eucaryotes the mRNA produced in the nucleus by the activity of enzyme
polymerase II is known as the primary transcript. Before entering the cytoplasm, the
primary transcript is extensively processed by the removal of long nucleotide
sequence from the middle of the transcript molecule. Thus various types of RNAs are
produced which vary from 10s to 60s containing about 800-3000 nucleotide bases.,
Although mRENA constitutes only about 5% of RMNA in the eell, vet it is the most
heterogeneous type of RNA as regards the size ot the molecules. A single eucaryotic
cell may have about 10* different mRNA molecules, each coding for one or more
different polypeptide chains. Such RNAs are known as heterogeneous nuclear RNA
{hnRNA) and most of them are processed and utilised only within the nucleus. The
mRENA and other RNAs in eucaryotes are protected from degradation by
maodification and processing of specific groups and sequences.

There are three main types of modifications and processing of RNAs in cucaryotes.
Procaryotic mRNAs, however, are not processed like eucaryotic mRMNA.

1. 5 Capping: Addition of a methyl group (common in tRNA and rRNA)
nucleotides at the-terminal 5' end known as cap in cucaryotic mRNA,

1.  Addition on a poly ‘A’ tail: A poly “A° tail at the 3’ carboxyl end. known as tailing
is added to the mRNA.

3. Cleavage of long precursor RNA into smaller RNAs and removal of introns.

EMA synthesis and processing in eucaryotes and procaryotes are not the same, but
differ in many respects.

13.6.1 Modification of mRNA

Capping of mRNA

In cutaryotes and procaryotes, the basic mechanisms of transcription and translation
are similar but there is a basic difference between their processing regarding mRMAs,
The mRNAs in bacteria are used soon after their synthesis without further processing
while the mRNA of most eucaryotes known as primary transcripts is extensively
modificd and-processed in the nucleus before entering into the cytoplasm. The
methylation of terminal guanosine at 7 position at the 5 end of mENA in the nucleus
leads to formhation of 5' to 5 triphosphate bridge between two ribose molecules. The
methyl guanosine is joined backward to the rest of the bases of mRNA through a
triphosphate linkage catalysed by nuclear enzyme guanylyl transferase. The cap has
no free phosphates and this protects mRNAs from the attack of proteases and
pucleases. This process is called as capping of the mRMNA. Capping facilitates
initiation and translation of protein synthesis. There is no cap formation in
procaryotic mRNAs. (Fig. 13.15)

-
Triphasphate linkage

0
.l, Poly-A tail

7- Mpthylguanosine triphosphate
Fig. 13.15: Post-transcriptional modification of mRMNA showing the T-methylzuanosine cap and palylAl tai
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Addition of a Poly (A) Tail Nucleus: Structuire and
Most mRNAs contain a poly ‘A’ segment at 3’ end of the molecule, Addition of Huncdlor
100-200 adenine nucleotides to the 3’ end of mRNA is called poly(A)tail. (After

mRMNA enters the cytoplasm, the poly A tail is gradually reduced.) The poly A tail is

added in the nucleus with the help of enzyme poly(A) polymerase after transcription.

In the nucleus poly “A’ tail protects mENA from destruction by other enzymes and

fucilitates it to leave the nucleus. After mRNA enters the cytoplasm, poly(A)tail is

gradually reduced (Fig. 13.16a). Bacterial mRNAs do not have a poly (A) tail.

13.6.2 Removal of Introns

In eucaryotes, many genes that code for protein synthesis contain intervening base
sequences which are not transcribed. These are known as introns. The regions of the
genes for coding protein are known as exons interrupted by non-coding intervening
introns. To enable the RNA transcript to code for synthesis of complete protein, the
intron sequences must be removed (Fig. 13.16b). This process of removal of introns is
called as RNA splicing and by this process the long nuclear hnRNA molecule having
about 50,000 nucleotides is cut shorter to about 500-3000 nucleotides. Thus the
removal of intron in a mammalian cell reduces the total DN A, sequences transcribed
into mRNA from 7-10% to about 1-2%. Procaryotic mRNAs are translated as soon as
they start being synthesised and thus transcription and translation PIOCESSES Are
coupled, whereas in mammalian cells most RNAs are made as inactive precursor
miolecules in the nucleus that have to be processed further into active RNA. The
number and position of intron is not clearly understood, however, it is assumed that
they contain regulatory signals and have helped in the formation of new genes during
evolution. The introns in the precursors are removed in such a way, that coding
Segments or exons are not physically separdted from each other. After removal of all
introns, the mRNA molecules leave the nucleus to cytoplasm by passing through the
nuclear envelope pores complex. The proteins surrounding the pore allow only the
completely processed mRNA to leave the nucleus. The leftover pieces of RNA are
degraded by nucleases to be used again for the synthesis of RNA in the nucleus. You
would be interested to know how separated coding pieces can be assembled into
correct order to form the final mBNA, The successive exons are spliced very precisely

Intron: An intervening sequence in
[IN A that does not transeribe.

Nar puly T sequece
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DMA 5[ ] ¥
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Fig 13.16(n): Puly ‘A" in eucaryotic RNA, In all eucaryatic cells, from 100 to 250 adenylute residues are

added to the nuclenr RNA (hnRNA) that will become mBRNA, This segment — the poly A — is not copled

From DMNA, but is added ome *A" ut a time by o transferase reaction st the 3 hydroxyl of the halNA. The

erteyinte respuiisible e this sddition is called poly *A' polymeease, snd fhe 3° hydronyl end in probably

crented by catting the hnRNA chisin. I (e cyioplasm, the poly *A° beeses shorter as the mRNA ages,

Fig 13,16 ib: Excision of intrens and splicing of exons in eucarvotic RNA. UGZY-BY-05/265
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by the help of another class of RNA molecules; the small nuclear RNAs (SgRNAs). It
is due to the base sequence complementarity of SnRMAs to the sequence at the ends
of each intron, that the introns are looped and removed enzymatically bringing the
two exons near to each other to form active complete mRNA. Erfor committed in
processing and splicing of single nucleotide in a mRNA, transcript would result in the
synthesis of a defective protein molecule leading to genetic defects in metabolic
Processcs.,

_ The mRMNAs which are transcripts of certain regions of DNA are translated into

aming acids which other BMAs such as rRNAs, tRNAs, and small RNA molecules do
not translate but perform other specialised functions in the cytoplasm of the cell.

The sequence of nucleotides in a mRMNA is complementary to the sequence of DNA
nucleotides in one strand of the double stranded DNA molecule. The strand which
codes for mRNA is called coding strand of DNA, the other strand is called non-coding
strand. In a double stranded DNA molecule containing many genes the coding strand
may be ome of the strands of DNA molecule or the other strand, and thus each strand
can code for some of the genes. However, nucleotide sequence of an RNA transcript
will be the same by the both coding and non-coding strands of the double helix. This,
as you may infer is due to the complementarity of the double helix.

Ribosomal RNAs of both procaryotes and eucaryotes are made from longer
precursors, called preribosomal RNAs which in procaryotes produce 16s, 235 and 5s,
ribosomal RNAs. Procaryoles produce 165, 23s rRNA by the action of nucleases

(Fig. 13.17). In eucaryotes a large 45s rRMNA after processing in nucleolus produces
18z and 28s rRNA.

The transfer RNAs likewise, are also processed from longer precursors by enzymatic
removal of extra nucleotide sequences from the 5 and 3° ends. Sometimes, two or
more different RN As arise by enzymatic cleavage of a single long RNA precursor
molecule, as there are at least 32 different RNAs. Some tRNAs, undergo attachment
of trinucleotide sequence at the 3' terminal end of -C-C-A, but other tRNAs already
contain this sequence. All tRNAs have characteristic modified bases such as
methylated, deaminated and reduced bases. The terminal A residue at 3° end attaches
specific amino acid covalently for the synthesis and addition to the growing
polypeptides chair on the rbosome.

While eucaryotic transcripts have long insertions of non-coding RNA sequence as
intervenjng saquences or as introns, there s no similar process or removal and
splicing in the procaryotes, where RNA transcripts are directly translated into
proteins. Procaryotic mRNA may have several coding regions each producing a
specific polypeptide chain.

The proteins surrounding the pore allow only the completely processed mRNA to
leave the nucleus. The leftover pieces of RNA are degraded by nucleases to be vsed
again for the synthesis of RNA in the nucleus.

SAQ7

What are the three main types of modifications in the processing of RNA in
ecucaryotes 7

Fill in the blanks,

i} The non-transeribed base sequence that intervene the genes, that code for
protein synthesis are called ...

i) The mRNA produced in the nucleus by the activity of polymerase I1 is known

i) The process of removal of introns is called as

1) The regions of the genes for coding protein are known as ...



13.7 SUMMARY

In this unit you have learnt that:

# The nuclear envelope is composed of two concentric membranes, i.e. the outer and
the inner lipid bilayer, nuclear membrane and a perinuclear spacz. The nuclear
envelope is interrupted at places by nuclear pores which together with annuli
comprise pore complex. The nuclear envelope plays an important role in maintaining
the chromosomal orgamsation, RNA and protein transfer into cytoplasm, and
transport of various ion and molecules across the membrane.

& Chromatin is formed by a series of repeating units called nucleosomes. Each
nucleosome contains a histone octamer consisting of two each of the four histones,
H;A H;B, H, and H, with about 200 bp of DNA coiled on the outside of the
nucleosome. The packing of DNA in a chain of nucleosomes is about five to seven
times more compact than free DNA and in a 30nm solenoid it is packed to about 40
fold. The higher order structure of chromatin is maintained by histone H,.

# DNA replication is semi-conservative, In procaryotes, DNA replication is catalysed
by a single DNA polymerase whereas in eucaryotes there are three types of DNA
polymerases, DMNA is synthesised continuously in the leading strand and
discontinuously in the lagging strand. These short fragments called as Okazaki
fragmenis are later joined by the enzyme ligase. DNA replication is bidirectional.

® EMNA synthesis takes place with the help of DNA dependent RNA polymerase. In
procaryoates, there is one type of RNA polymerase which synthesises polycistronic
RMNA and transcription is coupled to translation. The transcription process involves
three stages. a) binding of RNA polymerase to promoters and chain initiation

b} elongation ¢) termination of the synthesis of mENA.

In eucaryotes, transeription is catalysed by three types of RNA polymerases which
synthesise monocistronic messenger RNA . The precursor of mENA are
heterogeneous nuclear RNA (hnBNA) which are very large molecules. Only one
DNA strand is transcribed, so transcription is asymmetric.

¢ RNA molecule undergoes post-transcriptional modifications called as RNA
processing. RNA processing includes capping, addition of poly(A)tail and removal of
non-coding regions known as introns. RNA processing occurs in eucaryotes because
of the complex structure of RNA in eucaryotes,

13.8 TERMINAL QUESTI ONS

¥

! Explain the central dogma of molecular biology.

2 Describe the role of histone H,

3 Explain the semi-conservative nature of DNA replication.

Nuclews: Structure and
Function

UGZY-BY-05/267
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4 Explain RNA processing in eucaryotes,

13.9 ANSWERS 3
Self-assessment Questions

i a) i) nuclear envelope, outer, inner
i.il) perinuclear space
iit) pores, annuli, pore complex
iv) nucleoplasm :
¥) nucleolus, nucleolar organiser region

b} i} maintaining the chromosome organisation
" ii) transport of RNA and protein

2 a) i) Yes,because these basic amino acid - give histones their positive charge at
physiclogic pH.
if} Mo, Histones interact with the negatively charged DNA length electrostatic
" interactions . g
iii) ‘Mo, Histones are relatively small proteins .
iv). Mo, Protamines are a separate classes of small, positively charged proteins
that bind to DNA. S

b) i) nuocleosomes
ii) nucleosome core particle
ii) Hy -
3 a) i) STpCpTpAp-3d.
Because the newly synthesised DNA strand binds to its template in an
antiparallel, complementary orientation. Nucleotide sequences, however
must always be written in the 5' to 3’ order,
b) i) Okazaki fragments
i) central dogma of molecular biology
iii) semi-conservative replication
iv} replication fork
4 a) Column I Column I1
i) DNApolymerase [ fills in gaps between the
. z fragments of DNA synthesised
by DNA polymerase 111
i) DNA ligase uses ATP to seal breaksin
sugar phosphate backbone _
iii) DMNA helicase uses energy released by ATP
; hydrolysis to disrupt hydrogen
bonds between base pairs and
thereby creates single
stranded region.
iv) DNA polymerase H1 the major enzyme responsible
for DNA replication
v) RMA primase produces short RMA sequences
to prime DA polymerase 111

b} i) ‘:’:5.1DNA palymerases cannot copy single strands of DNA rather, they
require that at least a short stretch of the template be double stranded, with
a free 3’ — hydroxyl group on the shorter ‘primer strand.

ii) :fht;-_DNA polymerases can only add nucleotides to the 3' end of the growing
in.



ii) Yes. The 3’ — 5’ exonuclease activity is responsible for ‘proof reading’ the
newly synthesised chain.

iv) No.Only RNA dependent DNA polymerase can synthesise DNA in the
presence of an RNA template.

3 a) iv) The RNA sequence is transcribed antiparallel to the DNA sequence
i.e. 3'-ApUpCpGp-5'. However, all nucleotide sequences must be reported
in the 5' — 3 direction. Also, the RNA transcript contains eridine L8}
instead of thymidine (T)
b) Correct answer is

i} Mo. Transcription is a conservative process. However, both DNA strands
can serve as template for RNA synthesis within a given region of the double
helix, generally only one strand will be transcribed,

i} Mo. RNA polymerase does not require the action of topoisomerases for
transcriplion.

iii) No.

iv)  Yes. Unlike DNA polymerase, RNA polymerase has no ‘proof reading’
ability.

6 a) a) Transfer RNA

b) Messenger RNA

c)  Heavy nuclear RNA (h,RNA)

d}  Messenger RNA

e} Ribosomal RNA

b) i} Inprocaryotes, unly une type of RNA polymerase is required for
transeription whereas in eucaryotes three types of RNA polymerases, i.e.
1, 11 und 111 are required. '

ii} In procaryotes transcription is coupled with translation due to lack of
nuclear membrane whereas in eucaryotes nuclear membrane introduces a
barrier between transcription and translation.

T a) i)  Cleavage of long precursor RNA into smaller RN As 3

ii)  Addition of nucleotides at the terminal 5’ end known as cap and a poly A tail
at the 3' carboxyl end,

iiif) Nucleotide modifications such as addition of a methyl group which is

. common in tRNA and rRNA,

b) i) introns

ii)  primary transeript

iii) RMA processing

iv)  exons

Terminal (Juestions

1

Central dogma of mulc%uhr biology states .
Replication DNA o onpion gy, Translation o oein

The arrows indicate the flow of information, DNA undergoes self replication, but
genetic information in DNA cannot directly be converted into protein, but is first

transeribed into mRNA —thus the genetic information flows from nucleus (DMA)

to cytoplasm (protein).

Histone H, is involved in the maintenance of higher order of folding of chromatin.
It helps in packing the nucleosomes together, thereby leading to the further folding
of the fibre i.e. into 30 nm, 300 nm, 700 nm and 1400 nm thick fibres.

During DMNA, replication, the strands separate in a‘zipper like fashion. Each strand
serves as o templute for doughter strand. Thus the daughter DNA that is formed
contains half new and half old DNA. Hence, it is called as semi-conservative mode
of replication,

The transeripts synthesised as a result of transcriptipn are not the final products but
are modified by a series of cleavages and chemical modifications known as
processing.

In eucaryotes the mRNA produced in the nucleus by the activity of polymerase I is
known as primary transcript. From this transcript long nucleotide sequences are
removed such ps

a) cleavage of long RNA

b} addition of cap and poly "A' wail in mRNA

¢ addition ol methyl group in tRNA and tRNA.

MNucleus: Structure and
Funetion
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E. coli is 3 bacterium commaonly

found in the vertchrate intestine,

It is most frequently used in the
study of biochemtstry and
enetics.

82
UGZY-BY-05/270

UNIT 14 PROTEIN BIOSYNTHESIS

Structure

14.1 Introduction
Objectives
14.2  Protein Biosynthesis
Activation of Amino Acids
Transfer of Amino Acid to tRNA
Initiation of Polypeptide Chain Synthesis
Chain Elongation
Termination of Polypeptide Chain
Rate of Protein Synthesis
14.3  Processing of Protein Molecule
14.4 Regulation of Protein Synthesis
At Transcriptional Level
At Translational Level
At Post-translational Level
Chemical Inhibitors of Protein Synthesis
14.5 Summary
14.6 Terminal Questions
14.7 Answers

14.1 INTRODUCTION

In Unit 12 you have studied biosynthetic pathways such as gluconcogenesis,
glycogenesis and also about the synthesis of fats from carbohydrates. In this unit we
will study various steps involved in the biosynthesis of proteins. Protcins are the most
important components of living organisms, about which you have already studied in
Blocks 1 and I1. Proteins are not only required as a source of energy, they are more
important as enzymes, catalysing hundreds of chemical reactions in a cell. You have
already read about the various aspects of enzymes and regulation of enzyme activity
in Units @ and 10.

In the previous units you have studied that organisms maintain their internal
environment in a dynamic steady state. In order to maintain the dynamic steady state,
a cell regulates each and every activity taking place in it. In Units 11 and 12 you have
studicd various mechanisms involved in the control of synthesis and degradation of
biomolecules releasing energy and precursors for the synthesis of other biomoelecules.
In this unit we will study mechanisms that regulate protein biosynthesis.

Objectives

After studying this unit you should be able to

® define and use in correct context the terms: initiation codon, termination codon,
initiation factors

# describe various steps in the synthesis of a peptide chain

# explain the processing of a protein precursor molecule

* outline the various ways in which a cell regulates protein synthesis.

14.2 PROTEIN BIOSYNTHESIS )

Protein biosynthesis is the most complex of biosynthetic mechanisms requiring a large
number of enzymes and other specific biomalecules. In eukaryotic cells protein
biosynthesis requires the participation of over 200 different enzymes and, 70 or more
kinds of tRNA and rRNAs. Thus almost 300 different macromolecules must
cooperate to synthesise polypeptides. You are already aware that proteins are made
up of polypeptide chains, organised into a complex three dimensional structure.
Chemists can make biologically active proteins from their constitutent amino acids. It
takes at least 24 hours to produce, a small polypeptide chain such as ribonulease.
Living cells, however, can synthesise proteins at a rate much higher than that in the
laboratory. For example only about five seconds are required for an Escherichia coli
(E. coli) ribosome to make a complete polypeptide chain of 100 amino acid residues.



Protein biosynthesis is under the control of genes, which contain coded instructions
for the synthesis of proteins. DNA makes RNA, in accordance with the sequence of
brases. RNA, in turn, makes a sequence of amino acids. The main steps in protein
biosynthesis are transeription and translation.

In transcription, the information contained in DMA is transcribed into mRNA. The
sequences of deoxyribonucleotides in DNA provides the template for synthesis of a
complementary sequence of ribonucleotides in the RNA. In translation, the
information in mRMNA is translated into proteins. Three major types of RNA
molecules are transcribed from genes in DNA, each with a particular role to play in
geng expression; these molecules are mRNA, rRNA and tRNA. All three kinds of
RNAs interact in the process of translating the informational DINA into proteins.

Youwhave already studied the process of transcription in Unit 13, Now we will study
how genetic information from DNA, via mRNA, is decoded to synthesise a protein
by a process called translation.

You already know that cach code is composed of three nucleotide bases known as a
triplet code or a codon, that specifically codes for a single amino acid. Any alteration
in the sequence of bases results in the synthesis of a wrong amino acid in the
polypeptide chain. Wrong amino acid in the polypeptide chain can cause serious
disorders in the organism, such as sickle cell anaemia, haemophilia, thalassaemia ete.
A collection of codons comprise the genetic code, about which you will study later in
this section, The codons pair with anticodons of the tRNA molecule. Each anticodon
consists of three free bases. This pairing follows the A-U and G-C combination. The
codon GUC pairs with the anticodon CAG of tRNA. Thus the series of codons on the
mBRENA determine the series of anticodons of different tENA molecules, and hence of
the amino acids. You have studied in Unit 13 that the triplets of mRMNA are
complementary to the series of base sequence in DNA.

S0 you can see that the DNA molecule ultimately determines the structure of protein
muolecule,

The process of translation involves the following steps:

1} activation of amino acids,

2} transfer of the activated amino acids to tRNA,

3} initiation of polypeptide chain synthesis,

4) chain elongation,

5) chain termination and release of the polypeptide chain, and
i) Folding and processing of the polypeptide chain.

Before we study the process of initiation of protein biosynthesis, let us learn about the
genetic code, The genetic code is a specific sequence of bases in mRENA that leads to
the synthesis of a sequence of amino acids. The individual word in the code is
composed of three nucleotide bases called the codon. The sequence of codons always
leads from the 3’ end 1o its 3° end,

The pioneering work of Nirenberg and Khorana in 1960 revealed the coding pattern
of all the 64 triplets. Sixty-one out of the 64 triplets code for only 20 different amino
acids, There are four nucleotide bases that produce a three-base codon and there are
64 different combinations of these bases, Since there is more than one code for single
amino acid, it is assumed that most amino acids are coded for by more than one
codon, Such a genetic code is called a degenerate code, although degeneracy does not
mean malfunctioning. The genetic code is associated with specific punctuation signals
such as initiation and termination codons for polypeptide synthesis. Table 14.1
summarises triplet codes for 20 amino acids and for the termination signal.

Table 14.1 ; The Genetic Code

5" OH tesminal and Second Base 3" OH terminal

First Base u C A G Third Base
ULM) = phe  UCL = ser UAU =ty UGU = cys U

u ULIC = phe  UCC =ser UAC = tyr UG =cys C
VLA = lew UCA = ser (Uas = 5TOP) (UGA =S5TOP) A
UG = lew LICG = ser (UAG =8TOP) UGG =trp i}

Protein Bioaynthesis

Sickle cell anaemia is o severe
anuemis in which sickle-shaped
red blood cells appear in the
bload,

The patients of kaemophilin bleed
severely from even a slight injury,
because the blood fafls to do,

Thulusspemin is o growp of
inherited anzemias in which there
i o clefect in the ﬁ.'lphn or hetn
chizin of heemoglobin. 1t is fatal in
children.
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5" OH terminal and Scecond. Base ) 3 OH terminal
First Base L1} C A G Third Base
CLIL = len CC1 = pro CALU = his COL = arg u
CUC = lou CCC = pro CAC = his COC = arg [
C CLIA = leu CCA = pro CAA = gin CGA = arg A
CUG = leu COG = pro CAG = gln CGG = arg G
AUL = ile ACU = thr AALD = asn AGU = ger u
A ALIC = ile ACC = thr AAC = asn AGC = ser C
AUA =ile ACA = thr AAA = lys AlA = arg A
AUG=mat  ACG = thr AAG e |y AGG = arg G
GULS = val GOU = ala GAL = asp GGU = gly u
G GULC = val GOC = ala GAC = asp GGC = gly C
GLLA = val GOA = ala GAA = gln GGA = gly A
GUG = wval GCG = ala GAG = gla GGG = gly G

Notes: Triplets represent codons in messenger RNA,
Amino acid abbreviations:

ala = alanine gln = glutamine feu = beucine 5ET = SErine

ATE = ATEinine glw = glutamic acid lys = lysine thr = threonine
BEN = ASPATAFING gly = glycine met = methionine trp = tryptophan
asp = aspartic acid his = histidine phe = phenylalanine  tyr = tryrosine
cys = cysteine ile = isoleucine pro = praline val = valing

14.2.1 Activation of Amino Acids

You are already aware that there are at least 20 different amino acids, and these
different amino acids are first activated by specific activating enzymes called
aminoacyl - tRNA synthetase and bind to ATP to form an amino acid AMP molecule.
The enzymes are also specific for the corresponding tRNA. However, some cnzymcs
can activate more than one amino acid, for example isoleucine-tRNA synthetase,
which activates isoleucine can also activatevaline. A high energy acyl bond is formed
between the o — phosphate of ATP and the carboxyl group of the amino acid. The p
and r-phosphates of ATP break away as inorganic pyrophosphates (PPi). The amino
acyl AMP remains bound to the activating enzyme.

Enzyme
Aming acid + ATP ————> Amino acyl + Pyrophosphate

Amino acid-tRNA adenylate

synthetase

14.2.2 Transfer of Amino Acid to tRNA

The next step, after activation of the amino acid, is the transfer of the activated amino
acids to its specific tRNA. About 100 different types of tRNA are found in each cell
The tRMNA is named after the amino acid for which it is specific. For cxample the
{RNA for the amino acid isoleucine and valine are designated as tRNA™" and
tRNA respectively.

Transfer RNAs serve as adaptors in translating the language of DNA (genes) into the
language of proteins. It has already been mentioned that there is at least one tRNA
for each amino acid and some amino acids have two or more specific IRNAs. At least
32 tRNAs are required to recognise all the amino acid codons. However some cells

' possess many more than 32, for example each bacterial cell probably contains about a

hundred or mare different types of IRNA,

Transfer RN As are relatively small, single-stranded molécules. In bacteria and extra
mitochondrial cytosol of eukaryotes, tRNAs consist of 73 to 93 nuclentide residues
having molecular weights between 24,000 and 31,000 respectively. Mitochondrial
tRNAs are smaller than the tRNA present in the cytosol, and have a distinct structure

The complete nucleotide sequence of IRNA was first worked out by Holley and his
colleagues in 1965 for yeast alaniné tRNA. Since then, the sequence of about 75
different tRNAs, ranging from bacteria to mammals has heen established. The
different tRNAs are all minor variants of the same basic structure. Several models of
the secondary structure of tRNA have been proposed, and of these the clover leal
model of Holley is the most widely accepted.

According to the clover leaf model, the single polynucleatide chain of tRNA is folded
upon itseif 1o form a five-armed structure. As a result of the folding the 3" and the



ends of the chain come close to each other, An arm consists of a stem and a loop. In Protein Biosynthesis
the double helical stems there is internal Watson-Crick base pairing which follows the

A-U und G-C combinations except for an occasional G-U base pair or a mismatch.

There is no base pairing in the loops. One of the arms has a stem but not a loop and

is called the adaptor or acceptor arm. The other arms are called the D arm, the

anticodon arm, the variable arm and the T¥C arm. The variable arm may or may not

have a stem (Fig. 14.1).

The adaptor or acceptor arm consists of seven base pairs and four unpaired nucleotide
units. The unpaired nucleotide units include a constant 3’ terminal — CCA sequence
and a fourth nucleotide which is a variable purine (A or G). The amino acid molecule
attaches to the — CCA sequence of 3' terminal called the amino acid binding site.
The 5' end of tRNA is either guanine or cytosine.

The second arm is called the D arm. It consists of 15-18 nucleotides with 3-4 base
pairs in the stem and 7-11 unpaired nucleotides in the loop. The loop of the D arm is
culled Loop 1 or dihydrouridine (DHU) loop or D loop. It contains two variable
regions, @ and § on either side of two constant guanine residues; These regions
consist of 1-3 nucleotides, mostly pyrimidines with a high proportion of DHU. The
synthetase site, which recognises the amino acid activating enzyme, is located on the
a' part of the D loop and the a-part of the acceptor stem on the 5, side.

The third arm, or anticoden arm, consists of an anticodon stem of five base pairs and Fig. 14.1: Typical aminoacyl

a loop, called Loop II or anticodon loop. This loop consists of seven unpaired TRNA in which the amino ucid (aa)
nucleotides of which the middie three form the anticodon. The anticodon recognises :m to the, 33".CCA

the three complementary bases which constitute the codon of mRNA. On the 3 side

of the anticodon is a hypermodified purine (H) while on the 5' side is U and a

pyrimidine (y}.

The variable arm (the milli loop, Loop III) is of two types. In one type, there is a loop T am g g
containing 4-5 bases but no stem. In the other type, the arm consists of 13-21
nucleotide residues, and both the stem and the loop can be distinguished.

The THE arm consists of a stem having five base pairs and a loop of seven
nucleotides. The outermost of the five pairs of the stem is C-G. The TY¥C loop
contains a constant T4 C sequence. All tRNAs have a ribosome recognition site on
the THC loop consisting of the G-T4-C-R sequence.

A study of different tRNAs shows that the Slnlcturr: of the acceptor stem, the
anticodon arm and the T§C arm are constant. The difference in the tRNAs lie in the
[ arm and the variable arm.

X-ray diffraction analysis has revealed that tRMNA has a tertiary structure. This Fig. 14.2: The three-dimensional
structure is due to hydrogen bonds between bases, between bases and the conformation of yeast
ribose-phosphate backbone and between the ribose phosphates. Fig. 14.2 illustrates phenylalunine tRNA deduced
the tertiary structure of the yeast phenylalanine tRNA. firom x-ray dillaction analysts

After the structure of tRNA, let us now study the next step of protein hinsynth&is,
the transfer of the activated amino acid 1o (RMA,

In this step, the aminoacyl group from the enzyme-bound aminoacyl adenylate 1
trsnsferred to its corresponding specific tRNA, forming tRNA-aminoacyl complex.
A high energy ester bond is formed between the carboxyl group of the amino acid and
the 3'-hydroxyl group of the terminal adenosine of tRNA. You have studied above
that during the activation of an amino acid, an inorganic pyrophosphate is formed.
This inorganic pyrophosphate now undergoes hydrolysis to form orthophosphate by
an enzyme Pyrophosphatase, Thus, two high energy phosphate bonds may ultimately
be expended for each amino acid,

Aminoacyl adenylate + tRNA — AminoayctRNA +Adenosine-

- monophosphate + Aminoacyl-
tRMNA synthetase (Enzyme).

The transfer of the activated amino acid to its corresponding specific tRNA is also
catalysed by amino acyl-tRNA synthetase. You have studied earlier that
aminoacyl-tRNA synthetuse catalyses the attachment of amino acids to their
corresponding tRNAs. The enzyme aminoacyl synthetase has two active sites, one for
recognising the :Jl::ciﬁﬂ AMINO ycid u?d'ﬂm other for recognising the specific tRNA
molecule, Thus enzyme aminoacyl - s : :

[T nzy ¥i-tRNA synthetase brings the amino acid UGZY-BY-05/7273
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Amino acid + ATP + E —2= E - [aminoacyl adenylate] + PPi
E-[aminoacyl adenylate] + tRNA = aminocacyl tRNA + E + adenylate,

You are already aware that the aminoacyl-tRNA synthetases are specific for both
‘tRNA and its corresponding amino acid. If a wrong amino acid is joined to a tRNA to
form a mismatched aminoacyl-tRNA, an incorrect amino acid residue will be formed
in the polypeptide chain. However, some of the aminoacyl-tRNA synthetases are
capable of proof reading and correcting their own errors, like DNA polymerases
about which you have studied in Unit 13.

14.2.3 Initiation of Polypeptide Chain Synthesis

Before studying the steps involved in the initiation of polypeptide chain synthesis. Let
us learn about ribosomes. You have already studied in Blocks [ and 11 that ribosomes
are cell organelles. The complex process of translation takes place on ribosomes. .
Therefore ribosomes are regarded as the site of protein synthesis. Several ribosomes
arc held along the length of a single mRNA. This structure is called a polyribosomes.
Polyribosomes greatly enhance the efficiency of mRNA by rapid translation

(Fig. 14.3).

A ribosome is a spherical particle of 23 nm and is composed of a large and small
subunit. Eukaryotic ribosomes sediment in sucrose gradients with a sedimentation
coefficient of B0S. In the absence of Mg?*, these eukaryotic ribosomes dissociate
reversibly into subunits of 40S and 60S. Prokaryotic ribosomes are smaller and
sediment at 708; these have subunits of 305 and 508, The major constituents of
ribosomes are RNA and proteins, present approximately in equal amounts.
Prokaryotic ribosomes contain three RNA molecules: 165 RNA present in t'ha small
subunit, and 235 and 55 in the large subunit. In eukaryotes there are four rRNAs: 185
in the small subunit and 288, 5.85 and 585 in the large subunit.

In prokaryotes ribosomes contain 21 proteins in the small subunit and 34 in the large.
In eukaryotes there are 30 proteins in the small subunit and 40 in the large subunit.
There is no functional difference between the prokaryotic ribosomes and eukaryotic
ribosomes; they perform the same function, in the same set of chemical reactions.
The genetic code is the same for all living organisms. Eukaryotic ribosomes are able
to-translate bacterial mRMNAs efficiently, provided that a ‘eap’ ( 30Ssubunit: the
smaller subunit and the larger subunit of the ribosomes are also known as cap and
sphere respectively) is added enzymatically (Fig. 14.4).
14.3: A . Mot :
ﬁh 5 "'“"'"’""“:dh < PROKARYOTIC RIBOSOME
mRNA molecule simultancously.

EUKARYOTIC RIBOSOME

RS
i =
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Adfter learning about the ribosomes, let us now study the imnitiation of the polypeptide
chain. The initiation of a polypeptide chain requires,

1) the ribosomal subunit
'2) mRNA coding for polypeptide
3) activated amino acid attached to its tRNA
4) an-energy source (GTP and ATP) and
3) a set of proteing called initiation factors.

The initiation factors are called [F-1, 1F-2 and IF-3 in prokaryotes.and eIF-1, elF-2,
elF-3, elF4A, elF-4B, elF4C, ¢IF4D, elF4E, elF-5 and an cxtra ancillary
protein factor (SP) in eukaryotes (e stands for eukaryotes).

The mRMNA bearing the code AUG for polypeptide synthesis, binds to the smaller
subunit of the ribosome, followed by the initiating amino acid attached to its tRNA,,
to form an initiation complex (705-f met—«tRNA-mRNA in prokaryotes and
S05-met-tRNA-mRNA in eukaryotes)

The formation of the initiation complex takes place in three steps. In prokaryotes, at
the first'step, the 305 ribosomal subunit binds to the initiation factor-3 (IF-3), which
prevents the 305 and 505 subunits from recombining. A segment of 165 rRNA in the
308 subunitprovides a binding site for IF-3. 165 rRNA is also involved in mRNA
hinding. It positions the mRNA correctly at the initiation codon (AUG) for the
initiation of translation.

In prokaryotes, at the secund step of the initiation process, the complex of 305
subunit; IF-3 and mRNA bipd with IF-2 and IF-1, and N- formylm:t.hl:umnartRNA
This step requires Mg+ and GTP. IF-2 is requm:d for the recognising and binding of
N-formylmethionine-tRNA: TF-1 probably also participates, but 1F-2 is the most
important. You have studied that AUG is the initiation codon on mRNA.. Therefore,
the initiation IRNA {attached to N-formylmethionine, along with its UAC anticodon)
binds to.an AUG codon of mRNA - AUG and UUG rarely act as initiation codons of
mRNA. (Fig 14.5a)

In the third step, the complex of 30S subunit, IF-3, mRNA, IF-2 containing bound
GTP and N-formylmethionyle-tRNA bind with the 508 ribosomal subunit.
Simultaneously, the GTP molecule bound to IF-2 is hydrolysed to GDP and
phosphate, and are set free. IF-3 and IF-2 are also released from the ribosome. Now
the functional 705 ribosome is called initiation complex containing mRNA and the
initiating N-formyl methionyl tRNA. The 708 ribosome has two binding sites for
IRNA, the aminoacyl or acceptor site (A-site) and the peptidyl or polymerisation site
(P-site), also called the donor site. Each ribosome thus functionally accommodates
two.codons at a time. The P-sité and the A-site are located in the 503 subunit of the
ribosome. f-met — tRNA binds to the P-site. All other tRNAs first bind to the A-site
and then shift to the P-site. The initiation complex is now ready for the steps of
elongation (Fig. 14.5b).

In cukaryoles, the initiating amino acid for polypeptide chain synthesis is methionine.
Methionine is transferred to its corresponding specific t(RNA by an cnzyme
methionine aminoacyl-tRNA synthetase, forming methionine tRNA (met-tRNA),
This activated methionine bound to its tRNA in the presence of GTP and the
initiation factor-2 (¢IF-2), forms a stable complex called ternary complex, which
binds to the 408 subunit of the ribosome.

E
Methionine + tRNA™ +ATP S Methionyl-tRNA™ + AMP + PPi

The mRNA aext binds to the initiation complex. Four different protem factors;
elF-1, elF-4A, clF-4B, elF4E are required for the formation of the initiation
complex. Later, the 605 ribusomal subunit binds to 405 pre-initiation complex to form
an BOS initiation complex. At this stage, all the initiation factors are released and
recycled,

14.2.4 Chain Elongation

Adter the initiation, the polypeptide chain is lengthened by covalant attachment of
subcessive amine acid ugits, each carried 1o the ribosome and put into its proper
position by its corresponding IRNA (iiminoscyl-t RNA is base-paired tp its
cortesponding codon in the mENAY. Elongation involves the relative movement of

Protein Bisynthesis
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mRMNA and the ribosome. The process of elongation consists of three steps and in
prokaryotes the process requires,

1) initiation complex

2) the next amino acyl-IRNA, specified by the next coding triplet of mRNA

3) a set of three soluble proteins of the cytosol called elongation factors, EF-TU
EF-TS, and EF-G and

4) GTP

You are already aware that in prokaryotes, formyl methionine is the first amino acid’
which binds to its corresponding specific tRNA. In the first step of the elongation
process the next aminoacyl-tRNA binds to the A-site of the ribosome. This step
requires GTP and ¢longation factors; EF-TU and EF-Ts, EF-TU is required to bring
amino acyl-tRMNAs to the A-site of the ribosome. whereas EF-Ts is needed to recycle
EF-TU, In the presence of GTP, EF-Ts is released and then EF-TU. GTP then
interacts with aminoacyl tRNA to form a ternary complex, which binds to ribosome

- EF-TS
Amino acid-tRNA+EF-TU+GTE —  (aa-tRNA-EF-TU GTP)
Ternary complex
Amino acid-tRNA-EF-TU (GTP)+Ribosome —  (aa—tRNA-Ribosome)
+({EF-TU-GDP)+PFi.

At this stage you will find that the first ammoacyHRNA""“l ts attached at the P-site
of the ribosome and the rest of the incoming aminoacyl-tRNA attaches at the A-site.

In the second step of chain elongation, a peptide bond is formed between the amino
acids whose tRMNAs are locaied at the A-site and P-site of the ribosome. This step
occurs by the transfer of the initiating N-formyl methionine acyl group from its tRNA
to the amino group of the new amino acid that has just entered the A site. This step is
catalysed by peptidy transferase and does not require any external source of energy or
other factors. Now the tRNA present at the A-site contains two amino acids: the first
amino acid (N-formyl methionine in prokaryotes and methionine in eukaryotes) and
the second amino acid. Therefore it is called dipeptidyl tRNA. The empty tRNA at
the P-site, whose amino acid is transferred to the tRMNA at the P-site is now
discharged from the P-site of the ribosome into the eytosol for recycling (Fig. 14.5¢).

In the third step, after the bond formation, the ribosome moves along the mRNA
strand, one codon at a time, from the initiation site (which is at or near the 5 end of
mRNA) to the termination codon (which is located near the 3 end). The movement
of the ribosome relative to mENA 15 in the 5° = 3 direction, and is called
translocation. As a result of the first translocation, the dipeptidy! tRNA present at the
A-site shifts to the P-site. The A-site, therefore, becomes vacant to allow in the
aminoacyl-tRNA, Further, at every step of translocation the new aminoacyl-tRNA
oceupies the A-site and forms a peptide bond with the aminc acids at the P-site form:
a polypeptide chain. The emptied tRNAs are discharged for recycling. The process is
repeated, and elongation of the polypeptide chain is thus brought about by step-by-step
addition of amino acids. Energy for translocation is supplied in the form of GTP.

In prokaryotes, translocation is brought about by elongation factor G (EF-G) (also called
translocase), EF-G rapidly hydrolyses GTP to GDP + Pi. For each amino acid added to
the chain, two GTPs are hydrolysed to GDF and Pi.

In eukaryotes, elongation factor, EF-2 corresponding to EF-G of prokaryotes, catalyses
the transfer of peptidyl tRNA from the A-site to the P-site. GTF is hydrolysed to provide
energy for translocation. When the ribosome moves about 80 nucleotides i.c. towards
the 3" terminal of the mRNA, the same mRNA strand'is now utilised by the second
ribosome 1o synthesise an identical polypeptide chain.

In this way a series of ribosomes may associate with the mRNA to form a
polyribosome. The number of ribosomes in a polyribosome depends upon the
molecular weight of the polypeptide chain synthesised. For example, the

-polyribosome synthesising a haemoglobin subunit consists of about 150 amineo acids

and contains four to six ribosomes. The subunits of myosin are synthesised by a
polyribosome of about 60 ribosomes. In evkaryotes, a mRNA strand functions
simultaneously on several ribosomes. Therefore the number of mRMA required is
much fewer than the number of polypeptide chains synthesised (Fig. 14.5 d.e.).
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14.2.5 Termination of Polypeptide Chain

Till now you have studied about the synthesis of a pulypcpndc chain. In this section,
we will study how the polypeptide chain synthesis is terminated.

Elongation of a polypeptide chain continues till the ribosome adds the last amino acid
to the chain, coded by the mRNA. The termination of the palypeptide chain occurs
when the 70s ribosome (in prokaryotes) carrying the peptidyl-tRNA, rcaches the
termination codon located at the end of the mRNA. The termination codon may be
UAA, UAG or UGA. These are special stop signals that do not code for any amino
acid and have been called ‘nonsense codons’. Ordinarily no tRMNA anticodons pair
with them. The termination codon need not be the last codon on the mRNA. In
polygenic mRNAs, which are common in bacteria and bacteriophages, a number of
initiation and termination codons are present. Each segment of the mRNA between
the initiation and termination codons directs the synthesis of a separate polypeptide
chain.

Chain termination leads to the release of the free polypeptide and tRNA and to the
dissociation of the 705 ribosome into 508 and 308 subunits, These dissociated
subunits are reutilised for the formation of new initiation complex. When a ribosome
COmes across a termination codon, a termination factor called ‘release factor’ (RF)
causes hydrolysis of the peptide bond between the completed polypeptide chain and
the tRNA at the P-site, The residual tRNA is discharged from the P-site.

In prokaryotes, two different release factors (RF-1 and RF-2) with two different
codon specificities have been reported. RF-1 is spetific for UAA and UAG whereas
RF-2 is specific for UAA and UGA termination codons. In addition to RF-1 and
RF:2, another factor called RF-3 stimulates the activity of RF-1 and RF-2,

In eukaryotes, a single release factor (RF) recognises all the termination codons
(UAA, UAG and UGA). The first step in chain termination is the-binding of the RF
to the A site containing a termination codon. This step requires GTP and activates the
peptidyl transferase system. Hydrolysis of peptidyl-tRNA at the P-site results in the
release of the polypeptide chain from the ribosome. GTP h}*dml}rsls results in the
dissociation of the RF from the ribosome and the released RF is recycled

(Fig. 14.5 f.2). !

As the synthesis of a polypeptide chain continues, it undergoes folding. Secondary
bonds are formed between the folded regions. Thus the tertiary structure of the
protein may be attained and the final native shape formed even before the terminal
amino acids have been added. Nevertheless, proteins are known to undergo many
post-translational modifications. In the next section {14.3) we will study how
polypeptide chains are mod;.ﬁl:d to form specific proteins.

14.2.6 Rate of Protein S;rntllems

¥You have read in the previous section that protein synthesis is a complex process.
Chemists can synthesise biolegically active proteins in the laboratory, but the rate ot
synthesis is extremely slow with a low yield. However, in living cells proteins are
synthesised at a much faster rate. For example in E.coli, mRNA for the enzymes
controlling tryptophan biosynthesis is translated at the rate of about seven amino
acids per second. Messenger RN A for haemoglobin synthesis consists of 670
nucleotides. It is translated in 35 seconds at the rate of about 4 amino acids per
second,

It is evident from the above examples that the rate of protein bmsjrnthems varies from
one individual to another. With the help of various techniques, the rate of protein
synthesis can be determined; when cells are cultured without essential amino acids,
ghicose, or serum, there is a marked inhibition of the rate of polypeptide chain
initiation due to inactivation of initiation factor IF-2, In immature red blood cells,
activity of IF-2is known to be reduced in a controlled way by phosphorylation of one
of its three protein subunits. This suggests that the rate of eukaryotg protein synthesis
is controlled in part by specific protein kinases, by inhibiting the initiation of
polypeptide chain synthesis.

The initiation factors required for protein synthesis are more numerous and complex
in eukaryotes than in prokaryotes, even though they perform the same basic
functions. In eukaryotes there are many regulatory proteins that control protein
synthesis.



SAQ 1
Fill in the blanks with suitable words.

Ail) The enzymes that activate binding of amino acids to their corresponding tRAN
are called

ii} In prokarvotes the P-site and the A-sites are located in the .

subunit of the ribosome
Durning the initiation of polypeptide chain synthesis the first amino acid bound

toits tRNA binds tothe ... .............ocoo... site of the ribosome
whereas all other tRNA first bind tothe site and then shift
tothe e site

iv) During the elongation of polypeptide chain, ribosmoe move along with the
mRNA, a codon at a time from the initiation site to the termination codon
This movement of the ribosome relative to mRAN in the 5* =3 direction

iscalled . . .

B Explain briefly in the space given below the process of activation of amino acids.

C What is the function of Initiation Factor-3'? Explain briefly in the space given
below.

14.3 PROCESSING OF PROTEIN MOLECULE

In the previous section (14.2) you have studied how a polypeptide chain is synthesised
in organisms. You have also read that a protein is not biclogically active until it is in
its specific three dimensional native form. The three dimensional structure of a
protein is ultimately determined by its amino acid sequence. A polypeptide chain
assumes its three diménsional structure either during synthesis or after synthesis.
However, the newly formed polypeptide chain often does not attain its final
hiologically active conformation until it has been subjected to processing or covalent
maodifications, known as post-transiational modifications. Several post-translational
modifications are known to take place, depending upon the type of protein. These
are:

1) phosphorylation

2) methylation

3 nucleotidation

4) attachment of carbohydrate side chain,
5) addition of prosthetic group, and

6) formation of disulphide bonds.

The modifications listed above are catalysed by specific enzymes. For example,
phosphorylation of proteins is catalysed by a group of enzymes called “protein
kinases™. These enzymes transfer terminal phospate of ATP to amino acid residues of
the proteins. As many as 22 enzymes are known to get phosphorylated and as a result
their activities are altered. In addition many structural proteins are also
phosphorylated.

There is another process known as proteolysis in which some inactive enzymes are
activated due to removal of a peptide fragment(s). For example, inactive trypsinogen

is converted into active trypsin by removal of a peptide fragment. The other examples
are:

Protein Biosynthesis
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Prothrombin — thrombin
Proalbumin — albumin, and
Proinsulin — insulin.

This proteolytic fragmentation leads to production of the final three dimensional
structure of the active protein.

Another similar example is the synthesis of an inactive form of collagen that
undergoes post-translational modification to become a functional collagen molecule.

The collagens are a family of highly specific, fibrous proteins, found in all
multicellular organisms. They are the most abundant proteins in mammals,
constituting 25% of their total protein. Collagens are the major fibrous structured
clements of cartilage, tendons, skin, bone, lung and blood vessels. These are
synthesised by fibroblasts, located in the interstitial spaces of the cells. The collagens
combine with hydrated polysaccharides to form glycosaminoglycans that constitute
the extracellular matrix in the multicellular organisms. Collagen fibres are embedded
in the glycosaminoglycans providing sirength and help to organise the matrix.
Rope-like organisation of the collagens in tendons gives enormous tensile strength.
Tendons consist almost entirely of collagen fibres. They usually attach muscles to the
bone. In Block 1 and II you have already studied about the types of collagen and their
properties.

In the previous scctions you have studied how proteins are synthesised in the cytosol
of the organisms. It is interesting to know that all the proteins are not synthesised in
the cytosol. The seeretory protiens are synthesised in the rough endoplasmic
reticulum. The polypeptide chain formed is released into the lumen of the
endoplasmic reticulum after their synthesis. From here, sceretory proteins are
transported to the Golgi complex and lysosomes. They are then sécreted from the cell
by a process known as exocytosis.

Blobel and his colleagues in 1975 proposed a hypothesis known as “signal
hypothesis™, regarding the synthesis of proteins in the endoplasmic reticulum. This
hypothesis was later experimentally investigated in the synthesis of immunoglobins
(antibodies). It is discovered that the mRNA coding for secretory proteins contains a
group of codons known as signal codons, located at the 3° side of the initiation codon,
AUG. 'I.'h:sr. signal codons are translated into signal peptides. These are located at
the exireme amino terminus of the growing immunoglobin pﬂl}l"pcplldl: The
membrane of endoplasmic reticulum has receptors that recognise proteins containing
signal peptides. As a result the ribosomes containing signal peptides are attracted
towards the endoplasmic reticulum. The cells also contain a protein called signal
recognition protein, present in the cytosol. This protein binds to the ribosome shortly
after it has synthesisec (he sipnal peptide and halts further protein synthesis by the
ribosome until it has become linked to the rough endoplasmic reticulum. The singnal
peptide interacts with the receptor proteins of the endoplasmic reticulum forming a
tunnel in the membrane which coincides with the ribosomal tunnel. After entering
the tunnel of the endoplasmicreticulom, the signal peptide is cleaved from the

. da

Free
ribosome

COOH

Rough endoplasmic reticulum

Fig. 14.6 Schematic view of the signal peptide hypathesis,



growing polypeptide by an enzyme called signal peptidase. After the completion of
polypeptide chain synthesis, it is released into the space of the endoplasmic reticulum.
The ribosome detaches from the endoplasmic reticulum and the ribosome Teceptor
proteins diffuse into the plane of the membrane closing the tunnel (Fig. 14.6).

The signal theory also applies to the secretory proteins produced by plant cells, such
as 2ein from corn, chymotrypsin inhibitor from tomato leaves and seed reserve
protein from the common beans.

Collagens are a good example of secretory proteins. They are also synthesised in the
endoplasmic reticulum, After synthesis they are released into the lumen of the
endoplasmic reticulum as large precursors, called Pro-a.-Chains. These precursors
have not only the ‘signal peptide’ sequence as in other secretory proteins, but also
other extra amino acids, called extension peptides, present at both amino and carboxyl
ends of the polypeptide chain. In the lumen of the endoplasmic reticulum the

pro- a-chains undergo post-transiational modifications. Now let us study what
post-translational changes a precursor collagen undergoes. At the first i
post-translational change, bath the proline and Iysine residues' of the polypeptide are
hydroxylated. Soon after the hydroxylation, three pro-&-chains combine to form a
triple-stranded helical molecule. Each pro- e.-chain combines with the other by
hydrogen bonding. It has been found that the hydroxyl group of hydroxyproline
forms interchain hydrogen bonds that help to stabilise the triple helix.

The second post-translational modification is the glycosylation of pro-collagen
maolecule, At this stage, oligosaccharide side chains of the pro-collagen molecules are
covalently attached to the hydroxyl group of the hydroxylysine. The hydroxylysine
residues are important as they are useful not only for glycosylation, but also for the
extensive cross linking of collagen molecules that occurs in the extracellular space
after its secretion.

The third post-translational modification cccurs during the process of secretion. At
this stage, the extension peptides of the pro-collagen molecules are removed by
specific proteolytic enzymes called pro-collagen peptidases, This converts the
pro-vollagen molecule to-collagen molecules. As stated earlier, this step of
post-translational modification, i.e. cleavage of the extension peptides occurs after
the molecules are secreted into the interstitial spaces. In the interstitial space, the
collagen molecules undergo polymerisation to form collagen fibrils,

Fibroblasts modify the properties of the extracellular matrix both by synthesising
different types of collagen peptides and by differentially modifying the chains to
influence the type and strength of packing. Fig. 14.7 illustrates various intercellular
and extracellular events involvéd in the formation of a collagen fibril,

5AQ2
Fill in the blanks with suitable words
2} i) Signal hypothesis was proposcd by

ii) Signal codons are located at the.................. end of the initation codon (AUG ¢
on the mRNA coding for secretory proteins

B} What are the several kinds of post-translational modifications that enable a
protein to achieve its final biologically active conformation

i) i)
iii) iv)
v) i)

3 F;,,z_“ﬂw#ﬁaw,
©) What is the function of the enzyme signal peptidase? Answer briefly in the space
given below
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14.4 REGULATION OF PROTEIN SYNTHESIS

In the previous section you have studied how proteins are synthesised in the
organisms. You have learnt that DMNA determines the primary structure of the
proteins. In a DNA molecule there are varying numbers of nucleotide sequences,
each of them determines a polypeptide chain. A sequence of nucleotides that specifies
the amino sequence of a polypeptide chain is known as a gene. E.coli contains
20001-HK)0 penes that code for 3000 different proteins in different amounts.

There are two types of genes present in a DNA molecule. They arc constitutive genes
and regulated genes. A constitutive gene is expressed continuously, so that its product
i invariably found in the cell at roughly the same concentration. Regulated genes on
the other hand, do not function at all the times. Their expression is switched on and
switched off as per the need of their products in the cellular or extracellular
enviromment. The products of the constitutive penes are the enzymes involved in
glucose metabolism.

Glucose metabolism is an important process for the survival of the organism.
Therefore this should be continuously functional. Products of regulated genes are
enzymes thal metabolise less common sugars such as lactose, arbinose and galactose
and also enzymes for the biosynthesis of amino acids, purines, pyrimidines and so on.
Since these enzymes are not needed all the time, as the enzymes of glycolysis are
synthesised according to the demand for them. The expression of regulated genes is
regulated at various levels. It is regulated at the transcriptional level, the translation
level and also at the post-translational level. Now we will study each of these
regulatory mechanisms in detail.

14.4.1 At Transcriptional Level

You have studied in Unit 13 that synthesis of mRNA is known as transcription. The

messenger RNA transcribed, is complementary to the DNA and it contains the DNA

message for the synthesis of proteins. The process of transcription is under the control
of the messenger RNA, which is transcribed only when required. Regulaticn of gene
activity is better understood in prokaryotes than in eskaryotes.

In prokaryotes, biosynthesis of proteins is regulated at the transcriptional level by
specific controlling factors. You have studied in Unit 10 that an operon contains a
regulator gene, a promoter gene, an operater pene and structural genes. The
promoter gene and the operator gene are the controlling factors. These genes respond
to the environmental signals in either allow or disallow the synthesis of mENA from
the structural genes.

RNA polymerase, the enzyme that catalyses synthesis of mRNA, binds o the
promoter and initiates transcription of the structural genes. Operator is the site for
the binding of a regulatory protein. You have studied in Unit 10 that to stop
transeription of structural genes, the regulator gene transcribes a mRMNA, which is
translated to form a regulatory protein. The regulatory protein binds at the operator
site, blocking the movement of RNA polymerase, thereby, preventing transcription
of structural genes.

The transcription which is stopped by the binding of a regulatory protein at the
operator site, starts with the activation of molecules known as inducer or effector
molecules. The effector molecules are basically the substrate of the enzymes to be
coded by the structural genes. These effector molecules bind with regulator proteins
thereby changing their ability to form a complex with the operator. Here, once again,
transcription of structural genes begins.

One of the most intensively studied eneyme system is that of lactose metabolism.
Studies have shown that in the lactose operon (Lac Operon), the substrate lactose
does not function directly as the effector molecule. In the cytoplasm, lactose is acted
upon by the enzyme P-galactosidase, transforming lactose into allolactose. Allolactose
is the actual effector molecule. It binds to the repressor protein at the allosteric site,
Allolactose interacts directly with the regulator protein allowing transcription of kac

genes.

There are two types of operons found in prokaryotes: i) inducible aperons,
ii) repressive operons. In inducible operons transcription of structural genes do not



occur onless there are effector molecules in the cell. Operons of lactose, galactose and
arbinose represent inducible operons. Their effector molecules are lactose, galactose
and arbinose respectively,

O the other hand in repressible operons, full levels of transcription oecur unul such
time as their effectors reach a critical concentration, at which point transcription is
inhibited, Operons of tryptophan, histidine and arginine represent repressive
vperons. Their effector molecules are tryptophan, histidine and arginine respectively

Till now you were studying the contre  F protein biosynthesis in prokaryotes. In
eukaryotes, regulation of transcription takes-place-by a different mechanism. In
Block I and 11 you have studied that in eukaryotic chromuosomes, DNA is associated
with proteins, called histones, and non-histose chromosonie proteins, These proteins
are knowu to regulate the activity. Several models have been proposed to explain
gene regulation by chromuosomal proteins. According to the Frenster's model (1965),
histones stabilise the DNA double helix by interacting with negative phosphate
groups of DMNA. This prevents separation of the strands and, consequently
transcription. Thus histones act as genéral repressors of protein synthesis. According
Lox this model, there are gene-specific derepressor DNA which interact with one of the
non-transcribing DNA strands at a particular locus permitting the other strand 1o
transcribe mBRNA. Fig. 14.8 clearly illustrates the function of derepressor RNA,

Paul and co-workers (1971} are of the opinion that non-histone chromosomal proteins
probably act #s non-specilic repressors of genetic functions. They recognise certain
sites of DNA and bind to it, pulling off the histone facilitating transcriptions

(Fig. 14.93.
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Fig. 14.%: Paul and co-worker's model of gene regulation by removal of histones,

You know that eukaryotes are multicellular organisms. They have special signalling
cells that detect changes in the external as well as internal environment and send
signals for the alteration of protein biosynthesis. The “signalling cells” are the
cndecrine cells. These endocrine cells secrete hormones, and they regulate gene
activity. In mammals, steroid hormones enter their target cells and bind with specific
receptor proteins. Binding of the receptor to the steroid changes the shape of the
receptor, The deroid-receptor complex enters the nucleus and stimulates
transcription of specific genes.

In eukaryotes, steroids act as effectors and their receptor proteins as regulator
molecules, becoming active only when bound to the effector. In insects eedysone (a
steroid hormone) switches on the transcription of particular penes. Experiments have
shown that the DNA of larval chromosomes uncoil within the minutes of ecdysone
treatment, facilitating transcription. The uncoiled parts of the chromosome look like
Juifls and are known as chromosomal puffs or Balbiani rings (Fig. 14.10),

14.4.2 At Tran lational Level

In the previous section, control of protein biosynthesis at transcnptional level was
discussed, Biosynthesis of proteins is also regulated at translational level.

Dy essor
Rl &4

Fig. 14.4: Frenster's model of gene

regudation
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Fig. 14.10: Puffing of specific sites in giant salivary gland chromosomes, Ome of the three large pulls
(Balbigni's rings) of a salivary gland chromoseme of Chirensmeus. Three different stages'of pulfing are
shawn.

In prokaryotes, translational control is of lesser importance than transcriptional
control, because their mRNAs are unstable. The life of prokaryotic mRNA is only
about two minutes, therefore there is hardl}' any time for regulating the activity. In
eukaryotes, the process of translation takes place in the cytoplasm. The mRNA
transcribed are processed in the nucleus before their message is translated. Processing
of mRMNA is also one of the methods of regulation of gene activity. During mRMNA
processing, genes which are not of importance and which are not of use at the
moment are spliced. You have already studied the processing of mENA in Unit 13.

In prokaryotes genes that are transcribed last appear to be translated at a lower rate
than the genes transcribed first. For example the three structural genes of the lac
operon are transcribed roughly in ratios of 10:5:2. This is due to the polarity of the
translation process, i.e. translation of the genetic code moves in the 5' 103’ direction,
Therefore, genes located at the beginning of the operon will be available for
transtation before the genes at the end.

Tramslational control is also exerted by the efficiency with which the mRNA is bound
to the ribosome. Different sequences in mRNA have different efficiencies of binding
with ribosomes, and will be translated at different rates. The genetic code also plays a
part in the translational control of some proteins, since different tRNAs occur in the
cell in different quantities. Genes that cause the production of a large amount of
protein products may have codons that specify the more common tRNAs, Genes that
code for proteins not needed in abundance, have several codons specifying the rarer
tRMNAs, which would siow down the process of translation of these genes.

In eukaryotes translation of mRNA is regulated in the following three ways:

(1) Control of the life period of the mRNA,;
(2) Control at the initiation of translation; and
(3) By regulating the rate of overall protein synthesis.

(1) An average eukaryotic mRNA molecule has a life of about three hours, before it
is degraded. However, some mRNA survive for several days during which each
mBRNA molecule is translated repeatedly to vield large amounts of proteins. .
FProduction of a large amount of a single type of protein by prolonging the life of an
mBNA is common in highly differentiated cells. For example, célls of the chick
oviduct, which make ovalbumin (for egg white) and fibroin mRNA of silk glands of
the silk worm, which synthesises a single type of protein, the silk fibroin. This mode
of protein production is called gene amplification or translational amplification.

(2) In some eukaryotes translation is regulated by controlling its initiation. For
example, unfertilised sea urchin eggs store large quantities of mMRNA. The mRNA
remain inert, without being translated. Translation begins immediately after
fertilisation.

{3) Translation of mRNA is also kept under control by regulating the overall rate of
protein synthesis. For example production of hacmoglobin is regulated in this way
Haemoglobin is synthesised in cells called reticulocytes. Reticulbcytes are the
penultimate cell type in the line of differentiation leading to red blood cells, In these
reticulocytes, there is one molecule of hemin per globin subunit. But for optimal
efficiency, globin molecule should be synthesised at twice the rate of hemin synthesis.
To maintain this ratio, a two phase regulatory system operates in the cells.



i) Hemin represses its own synthesis, and
ii) Hemin inactivates an inhibitor of globin synthesis.

With this system, if there is more hemin than globin, hemin synthesis is shut off and
globin synthesis is stimulated. On the other hand, if there is not enough hemin, globin
synthesis is repressed and hemin synthesis is switched on. In this way, the amount of
hemin and globin are kept in balance.

In planis, gene expression is also regulated by light. The cells of many higher plants
lose their chlorophyll resulting in the loss of their green colour, when they are keptin
durkness for several days. This is due to the loss of production of enzymes that
catalyse chlorophyll synthesis. When such plants are exposed to light again, within
few hours synthesis of photosynthetic enzymes and chlerophyll starts,

14.4.3 At Post-translational Level

Ir: the previous sections you have studied that synthesis of proteins is regulated at
transcription and at translational levels. A cell not only has an ability to stop
transcription, and hence translation, it can also prevent the enzymes already
translated. Control at post-translational levels is necessary 1o regulate the functioning
of the enzymes in order to maintain the internal environment of the organisms in a
dynamic steady state. In Unit 10 you have already studied various mechanisms, by
which the activities of the enzymes are regulated.

14.4.4 Chemical Inhibitors of Protein Synthesis

In the previous sections you have read about regulation of protein biosynthesis at
transcription, translation and at the post-translational levels. All these mechanisms
are endogenous, operating in the cell itself. Protein biosynthesis can also be
regulated exogenously by using certain drugs/chemicals.

Many antibiotics inhibit prokaryotic protein synthesis. This results in growth arrest or
death of the bacterium. Most antibiotics do not interact with the specific proteins of
cukaryotes and thus are not toxic to eukaryotes. Antibiotics are hence exploited for
clinical purposes. Puromyein, an antibiotic is a structural analog of tyrosinyl —
tRNA. It is incorporated in bacterial protein synthesis via the A-site on the ribosome,
into the carboxyl terminal position of a peptide causing premature release of the
polypeptide.

Many antibiotics are not clinically useful but have helped clucidate the role of protein
synthesis in the regulation of metabolic processes, particularly enzyme induction by

hormones. Table 14.2 and Fig. 14.5 summarise a few antibiotics that inhibit
trarislation of protein bigsynthesis in prokaryotes.

Table 14.2: Antibiotic Inhibitors of Translation

Eukaryotes Eukaryotes
(Cyroplasm), (Mitochondria)  Prokaryotes

Initiation
Aurintricarboxylic
noid

Elangation

Amicetin L3
Anigomycin S =
Chloramphenical =
Cyeluheximide +
Fusidic acic !
Lincocin -
Puromycin +
Sparsomycin

Tetracyclines

P e I

4+ 4+

Termination
Anisomycin
Aumicetin i
Erythromycin =
Licucin ‘?
Sparsemycin +
Streptomyein 4

[ TR IR R
N

~ = inhibition; = = neanhibition: « = oimuplaion: T = unknown.

Protein Biosynthesis
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5A03
A Match the terms in colums A with their definition in column B |,

A B

1) Structural genes 1) are expressed continuously
so their products are
invariablu found in the
cell at roughly the same
2} Regulated genes concentration. Example
enzymes in glucose metabolism
3) Constitutive genes iiy  do not function all the
time. Their expression is
swithehed on and swithched
of as per the need of
their products in the
cellular or extracell
ular environment
Example, enzymes involved
in the metabolism of
less common sugars
amino acids and mucleic acids
i) A gene encoding the amimo acid
sequence of a polypeptide chain

B Fill in the blanks with suitable words.

-+ TS treatment cause uncodmg of the chromosomes. The un
coiled parts of the chromosome look like puffs and are known as

i) Man].r antibiotics inhibt prokaryotic protein synthesis. This results in
; .. of the bacterium

C What 15 mx:anlb}r tanslational amplification? Explain briefly in the space given
below.

14.5 SUMMARY

In this unit you have studied the various sieps involved in the biosynthesis of proteins
in prokaryotes and in eukaryotes. You have also studied the processing of the
precursor proteins in eukaryotes and also about various methods that regulate
synthesis of proteins in the organisms. We now summarise what we have learnt in this
unit. ﬂ

# Protein synthesis is a very mmph._x process, mvolving parl:clp.m{:n of a large
number of enzymes and other specific hiomolecules,

# The mRNA has a large number of triplet bases, c‘lch triplet forming a codon. The
codons pair with anticodons of the tIRNA. This pairing lollows the A-U. G-C
combination,

(4]

® The translation process consists of activation of amino acids, transfer of activited
amine acids to tRNA, initiation of polypeptide chain synthesis. chain clongation ind
chain termination.

® The rate of protein synthesis varies from one individual 1o another. In cukaryotcs
specific protein kinases control the rate of protein synthesis by inhibiting the initiation
of polypeptide chain synthesis,



® Most of the proteins synthesised are not biologically active. They undergo various
covalent modifications to attain biologically active forms.

* Biosynthesis of proteins is regulated at the transcriptional level, translational level
and even after translation. There arc some antibiotics, which inhibit prokaryotic
protein synthesis.

14.6 TERMINAL QUESTIONS

1 What constitute an initiation complex in prokaryotes and in eukaryotes? Discuss
briefly in the space given below.

L e L L T el L T T T P

2 Explain the function of Release Factors RF-1, RF-2 and RF-3 in.pqu'aryﬁlm.

3 Briefly explain the processing of the precursor pol ‘ptides of the cﬂfllagcli.

List a few antibiotics that inhibit translation of protein biosynthesis in-bacteria.

»

14.7 ANSWERS

SAQs
A, i) amino acid-tRMNA-synthetase i) 50S
HiyP, A, P iv} Translocation
B. For answer please see Section 4.2.1.
C. IF-3 prevents recombining of 305 and 508 subunits of the ribosomes.
UGZY-BY-06/287



Metabolism and 2 A. i) Blobel and his colleagues in 1975

Communication in Cells ; ii} 5
B. i) Phosphorylation i) Methylation
iii) Nucleotidation T ,
iv) Attachment of carbohydrate side
* chain,
V) h{idipinn'uf prosthetic - vi) Formation of disulphide cross

group links.

C. Signal peptidase cleaves the signal peptide from the growing polypeptide chain
after it enters the tunnel of the endoplasmic reticulum.

3A
A B
1) i)
2) M)
3) i)
B) Ecdysone, Balbiani Rings
ii) * growth arrest, death
C Refer to page 96 for the answer,
Terminal Questions

1 In prokaryotes, the initiation complex consists of 708 ribosome — f methionine —
tRNA —mRNA. In eukaryuu:s it consists of 80S ribosome — methionine — tRNA
— mRNA.

2 Release factors (RF) cause h}l'dl'i_;l|}'$i5 of the peptidn bond between the completed
polypeptide chains and tRNA. As a result, the polypeptide chain is released. There
are three types of release factors; RF-1, RF-2 and RF-3. RF-1 is specific for the
termination codon UAA and UAG. RF 2 is specific for UAA and UGA. RF-3
stimulates the activity of RF-1 and RF-2.

3 Refer to page 93 for the answer.
4 Refer to page 95 for the answer.
5 Refer to Table 14.2 for the answer.
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UNIT 15 CHEMICAL SIGNALLING
BETWEEN CELLS

Structure

15.1 Imroduction
Objectives
15.2 Strategics of Chemical Signalling
L.ocal Chemieal Mediators
Hormones
MNMeurotransmitters
Solubility of Signalling Chemicals
Signalling Meadiated by Intracellular Receptors
Signalling Mediated by Cell-surface Receptors
Cyclic AMP as Second Messenger
Cu®* ions as Seccond Messcnger
15.6 Target Cell Adaptation
15.7 Bacterial Chemotaxis
15.8 Summary
15.9 Terminal Questions
[5.10 Answers

o
A
Lo

15.1 INTRODUCTION

Each cell in a multicellular organism is in constant communication with its
neighbouring cells and often with cells some distance away. This ability of
intercellular communication is essential for development of animal and plant cells,
their organisation into tissues, control of their growth and division and coordination
of diverse activities, Communication between cells may be direct or indirect. Direct
communications may be cell-to-cell contact through the gap junctions or through
plasma membrane bound signalling molecules. Indirect communication is through
cell secretions which influence distantly located target cells.

In the previous unit, you have read about protein synthesis and its regulation at
different levels. In this unit we will discuss the strategies of chemical signalling
between cells, explain the role of intracellular receptors and cell surface receptors and
show how target cell adaptation is reversible desensitisation to a-chemical signal.

Objectives

Aflter reading this unit you shou'd be able to :

= list the strategie: for chemical signalling between cells and relate these to the
properties of the signalling molecules by giving examples,

= identify the types of signalling molecules on the basis of their solubility and thcn-
mechanism of action on the target cells,

* cxplain the role of intracellular receptors and cell surface receptors in the target
cells,

= discuss the role of the sccond messengers; cyclic AMP and Ca?* jons in signalling
mediation, -

@ explain by giving examples how a target cell reversibly adapts itself to a chemical

- osignal,

15.2 STRATEGIES OF CHEMICAL SIGNALLING

Communication between the cells is essential as it coordinates the growth,
differentiation, and metabolic activities of the cells in diverse tissues and organs that
muke up an organism. Cells use a large variety of chemical substances and signalling
mechanisms 1o communicate with each other.

Communication between cells may be direct or indirect. Cell-to-cell contact through
gap junctions and plasma membrane bound signalling molecules that influence the
target célls' by mdking physicd] comtact with these cells are some examples of direct
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Mectabolism and communicatioy. Indirect commmnication takes place through cell secretions that
Communication in Cellt signal the cells some distance away to undertake some particular activity inside or at
the surface of signal receiving cells also called as target cells (sec Fig. 15.1).

Gap junctions are the regions of the interacting plasma membranes of the adjacent
cells, aligned to form channels which permit jons and small molecules such as amino
acids, vitamins, sugars and nucleotides to move freely from one interacting cell to its
adjacent neighbouring cell. These ~  also called commraicating junctions. We will
discuss cell junctions in detail in Unit 18.

Y SECRETED CHEMICALS Cell communication through direct interaction of molecules bound to the plasma
@_}_ membrane of the cell are thought to differ from indirect communication in that the
e signalfing molecules are membranc bound. As membrane-bound molecules cannot be

easily purified, mechanism of their action is difficult to study

Indirect communication is mediated by secreted chemical signals which interact with
specific target cells nearby or at some distance away in the body. The target cells are
able to respond to the signalling molecules because they have specific proteins, called
receptors that recognise and bind the external signalling molecules. Clicmicals signals
influence the target cells cither by initiating the synthesis of new proteins or by
altering the properties or the rate of synthesis of the proteins existing already.

Fig. 15.1: Three differcnt ways in Lifferent target cells may respond differcntly to the same chemical signal. For

which cells communicate with example, acetylcholine stimulates the contraction of skeletal muscle cells but it

onck sl decreases the contraction rate of heart muscle cells.

Another example is of hormone thyroxine that induces cells in the tail of a tadpole to
break down by releasing lysosomal enzymes during metamorphosis. On the other
hand it induces mitosis and division in particular cells m .nuscle and cartilage tissues
as the animal changes to adult form. In some cases different target cells with even
identical recepior proteins respond differently to the same chemical signals (see Fig.
15.2). ; Lo

Intercellular communication is not found in plant tissues as in animals. However,
plant cells are connected to each other by delicate cytoplasmic channels which pass
- through the cell walls, called plamodesmata. These channels allow small molecules,
. jits metabolites and ions to pass from one cell to another.

e [ % e ! Intercellular chemical signalling operates through three ways : local chemical
@) S mediators, hormones and neurotransmitters. We will discuss these in the following
Seoretony Call subsections.

.15.2.1 Local Chemical Mediators

Fig.15.2: Binding of same signal  Local chemical mediators are signalling molecules that are secreted by cells into the

molecules to identical réceptors o extraccllular fluid and act only on target cells in their immediate environment. Tiis

:::ﬂmt’ﬂ“ wrlls cam ‘because these molecules are either very rapidly taken up by the target cell or
F—— destroyed (see Fig. 15.3).

target cells

.\f*‘w i

Local chemical mediator

.

Fig. 15.3 : Chemical signalling by local chemical medistors
rlstamine is & derivative of aming

acid histidine. Prostaglandins arc  Histamine, prostaglandins and neuroregulators are few examples of local chemical
iy T, asie, mediators. Histamine is secreted by exocytosis from the mast cells in connective
tissue. This sceretion is stimulated by injury, local infaction or allergic reactions
UGZY-BY-05/290 Btinsd ok el



Histamine causes local blood vessels of the affected area in the body to dilate and Chiernical s&nﬂg
become more permeable. This facilitates the passage of antibodies, white blood cells between
etc. from the permeating blood vessels to the site of injury

Prostaglandins are important lucal mediators secreted by a wide variety of cells. They
are continuously synthesised in membranes, released to the cell exterior and are
continuously degraded. Prostaglandins are never stored. There are more than 16
prostaglandins which act locally to induce a varicty of biological effects. For cxample,
particular prostaglandins are produced in the uterus during childbirth and cause
contractions of uterine smooth muscles that are required for delivery of the child.
Pregnant women are advised not to use aspirin because it inhibits prostaglandin
synthesis. Other types of prostaglandins may cause aggregation of platelets and
inflammation.

Some local chemical mediators, also called neuroregulators, are released from nerve
endings and diffuse locally to influence a large number of cells in the immediate
environment. It i thought that such type of local chemical mediator induces slecp

mechanism which requires the suppression of a large number of specific nerve cells in
a particular region of the brain.

.15‘2‘2 Hormones

Hormones are chemical messengers secreted by specialised endocrine cells into the
blood, which can regulate the activity of other cells elsewhere in the body (see Fig.
15.4). You have read about hormones in Unit 10 of Block 2 also.

Some hormones induce a rapid and transient response while the response of others is
slow in the onset but longer lasting thereafier. How fast a hormone acts depends on
its solubility in water. Water-soluble hormones are broken down within minutes of
entering the blood as are local chemical mediators and neurotransmitters.
Consequently, the responses are quick and of a short duration. Water-insoluble
bhormones persist in the blood stream and tissues and therefore, tend to mediate

longer lasting responses. You will read about solubility of chemical signals in Section
15.3. .

An example of water-scuble hormone is insulin secreted by beta cells of pancreas.
An increase in blood-glucose level stimulates the secretion of insulin into the blood.
Within minutes the resulting increase in concentration of insulin stimuelates liver and
muscle cells to take up more glucose and the blood-glucose level falls. Insulin
secretion, and consequently the rate of glucose uptake by liver and muscle cells,
returns to the previous level. In this way, a relatively constant blood-gludose level is
maintained. Insulin also stimulates protein synthesis and in fat cells, the lipid
synthesis.

Steroid estradiol, a female sex hormone is an example of water-insoluble
* slow-acting hormone. It is secreted in large quantities by ovarian cells at the time of
puberty, Its major effects are the development and maintenance of secondary female
sex characteristics, maturation and cyclic function of accessory sex organs and the
development of the duct system in mammary glands.

15.2.3 Neurotransmitters

Newrotransmitters are secreted by nerve cells that form specialised junctions called Fig. 15.4: Signulling of target cells
chemical synapses with the target cell they intluence. Neurotransmitters act only on by hurmwaes
adjoining target cells (see Fig. 15.5).

N-.:umtru_rmmim:rs if not utilised for signalling arc cither rapidly destroyed by specific  synapse is the intracellular 239 or
enzymes in the synaptic cleft or rapidly withdrawn by the nerve terminals that release junction between two nerve cells
them. They are different from neuroregulators in that the latter are local chemical or o nerve cell and s muoscle cell,
mediators and diffuse into the extracellular fluid to influence a large number of local ~ The two cells do not 1ouch cach
cells in the immediate environment whereas the former have precise target cells. That other and the gap is bridged by

E - . = % nearctransmitter molec :

i5, heurotransmitters influence only the adjacent target cell and act either by distance br.u:-m:n & nm“:;f;;
stimulation or inhibition, a target cell is about 10-20 nm gnd
L . . 3 the gap is ealled synaptic cleft.
Acetylcholine is a neurotransmitter secreted by the nerve endings at a neuromuscular et
Junction, i.e. synapse formed between nerve cell and muscular cell. It is released in

the synaptic cleft and stimulates the contraction of skeletal muscle cells. UGZY-BY-05/291
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Fig 15.5 : Signalling by nearotransmitters secreted by nerve cell which net on adjoining target cells

Acetylcholine and another neurotransmitter, norepinephrine also have an excitatory
effect on central nervous system and an inhibitory effect on the peripheral nervous
system.

Various aminoacids, too, act as neurotransmitters, such as glycine; an inhibitory
transmitter in central nervous system. Endocrine cells and nerve cells work together
to coordinate various activities of the cells in higher animals. However, unlike
endocrine cells, nerve cells transmit information much. more rapidly as they do not
depend on diffusion or blood flow to convey information at long distances. Signals are
carried in the form of electrical impulses along the nerve processes and are converted
into chemical signals in the form of neurotransmitters which are released at the nerve
endings.

There are no specialised endocrine glands to secretc into circulatory system in plants.
However, some plant cells do synthesise growth substances that influenice the growth
and differentiation of other parts of the plant. As'mentioned earlier. in plants
plasmodesmata is the communicating link between the cells.

Some examples of the three types of signalling molecules along with their site of
origin and major effects are given in Table 15.1.

Table 15.1: Some Examples of Chemical Signals

Signal Molecules Site of Origin Major Effects
Nerve Growth Al tiasues Survival and growth of
factor innervated by sendary and sympathetic neuron
sympathetic nerves
Laocal Histamine Must cells Cames blood vessels to dilate
Chermical and bocome leaky
Mediators
Prostaplandin E; Many different Contraction of smoath
cell ryper muscle cells
Cilycine Merve terminals Imhibitory transmitter in contral
NErvous system
MNesrotrapsmitter  Norepinephrine Merve torminals Excitatory and inhibitory transmitier

m central and peripheral

nErVous spEiem



Signal Mubecubes .'sul: of Origin N Major Effects

Avetylcholing Nerve terminals Exci tutory transmitter at neuromas-
cular junction; excitatory and
inhibitory transmitter in central and
peripheral nervows system

Harmumes Epinephrine Adrenul Medulla Increase in blood pressure and heart
rale; increase in glecopenolysis in
liver and muscle; fanty acid release

from fat cells

‘Thyroxing Thyroid Incrense in metabolic activity in
most oclls

Ciartisol Adrenal Affect on metabolism or proteins,

carbohydrates and lipids; suppression
of inthsmmatory reactions

Insulin Basta cells of Unifisation of carbohydrates, uptake
pancreas of ghucose into celly; stimulation of

liphd synthesis in fat cells

Adrenocorticotropic Anterior Stimulation of adrenal contex to

hermone (ACTH) pituitary produce cortisol; fatty acid release
from far cells

Thyroid stimulating Adsteriog Stimulation of thyroid to produce

hormone (TSH) pituitary thyroxine; ftty acid selesse from
Fast cells

15.3 SOLUBILITY OF SIGNALLING CHEMICALS

Chemical signals are also classified according to their solubility in water: hydrophilic,
e, watler-suluble and hydrophobic, i.¢. water-insoluble. Most hormones and local
chemical mediators and all the known neurotransmitters are water-soluble. Certain
hormenes, such as steroids and thyroid hormones are water-insoluble, You have read
carlier, ihat water-soluble signalling molecules mediate responses of short duration,
whereas water-insoluble molecules mediate longer lasting responses.

Hydrophobic and hydrophilic signalling molecules act on their target cells by different
mechanisms, Water-insoluble molecules are transported in the blood stream by
binding Lo specific carrigr proteins, When released from their carricr proteins, they
pass by simple diffusion through the plasma membranes of their target cells and bind
Lo specilic receptor proteins inside the cell, i.e. intracellular receptors. On the other
band water-soluble molecules cannot pass through the plasma membrane and so bind
Lo spectfic receptor proteins on the target cell surface, i.e. cell-surface receptors (see
Fig. 15.6). HYDROPHILIC SIGNALS

plasma membrane

Cell-surfnce
recepton

Hydrophilic |
signalling —
molecule
hydrophobic
HYDROPFHOBIC signalling
SIGNALS molacul

i 7
Carrer prote:n

in the blood

-~
‘infracellular recepror
Fig. 15.6: Slgaslling mechanisms of hydrophific and hyd.l‘iphﬂﬁﬂ_fﬂulrm molecnbes. Hydrophibe
wsslecules Bind 1 e reveptors on the vell surfuce{s). Hydrophebic mobecudes are transporied by hinding to
carrler prwtishi., diffse aeross e pheais memnbeane awd bind to intracelialar receptors(b).

S —
s

Chemical Signalling
between Crils
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Mctabulism and 8A0 1
Commusication in Calts i} List three differences between hormones and neurotransmitters

hormones

You have read above that signalling is mediated by intracellular receplors and by cell
surface receptors. We will now discuss signals mediated by these receptors by taking
particular examples of the signals and the responses of the target cells

15.4 SIGNALLING MEDIATED BY INTRACELLULAR
RECEPTORS

You have already read that the mechanism of action of steroid and thyroid hormones
is different from other sipnalling chemicals, in that their receptors lie inside the target
cells. These molecules are water-insoluble and cross the plasma membrane by simple
diffusion. In this section we will discuss signalling mediated by intracellular receptors
by taking the example of steroid hormones.

Steroid hormones are synthesised from cholesterol. Being relatively small
hydrophebic molecules (molecular weight around 300-dalton), steroids are able to
cross the plasma membrane by simple diffusion. After entering the target cell, the
steroid hormones bind tightly but reversibly with receptor proteins in the cytoplasm.
There are specific receptor proteins for each steroid hormone.,

Fig 15.7: Schematic diagram showing the binding of steroid hbormons: with intraceliular receplor protein:.
Binding of barmone produces a confurmational change in the receplor protein and the resolting
bormone-receplor comphes migrates inlo e naclens and binds with chromatin,

UGZY-BY-05/294



The binding of the hormone causes reversible allosteric change in the conformation of
the receptor protein that increases the ability of hormone-receptor complex to bind
with chromatin in the nucleus. Since hormone-receptor complexes are able to pass
through the nuclear pores, thesé complexes accumulate in the nucleus of the cell (see
Fig. 15.7). Thyroid hormones also work in a manner similar to that of steroid

hormones except that their receptors are concenirated in the nucleus even before the
hormones bind to them

A typical farget cell contains about 10,000 to 1000,000 steroid receptors, each with a
high affinity for its respective hormone. When hormone levels are high, activated
receptor-hormone complexes bind to chromatin in the nucleus. As hormone levels
fall, hormone molecules dissociate from rﬂneptﬂrs and the freed receptors return to
the cytopiasmic pool.

Some of the activated receptors that are bound to chromatin have their initial effect
by reguluting the transeription of specific genes into mRNA which codes for specific
proteins. Subsequent synthesis of the coded proteins is the ultimate effect of the
steroid hprmones on target cells. But only a small number of genes in any tarpet cell
are directly influenced by steroid hormones. You have already read the process of
protein synthesis in Unit 14,

In many cases response to a steroid hormone takes place in two steps — the primary
response and the secondary response. The direct transcription of a few specific genes
into mRMA is called primary response. The proteins synthesised as a resuit of
primary sesponse activate other genes that produce the ultimate effect on target cell
which is called secondary response. For example, the primary response in fruit fly
Drosophilla is produced within five 1o ten minutes of injection of steroid hormone
ecdysone, The hormone induces six new sites of RN A synthesis, seen as puffs in the
giant chromosome of the salivary glands, This is known as a primary response, that is,
the direct induction of transcription of a few specific genes. Some proicins produced
as a result of this primary response induce RNA synthesis in about 100 more sites
leading to the synthesis of a lange group of proteins. This is the delaycd response of
the hormone and is known as secondary response; a major amplification of the initial
hormonal effect. The response is controlled by feedback through one or more initial
proteins that shut off further transcription of all primary response genes.

The same hormone-receptor complex is found to influence different sets of genes in
different tarpet cells. The role of hormones in regulation of enzyme activity by
controfling its synthesis has already been discussed in Unit 10 of Block 2.

SAQ 2
Fill in the blanks.
i) Steroid hoTmones A0E WELET ... ... .. e s s s ies o e sms s srses e saane

i) The hormone-receptor complex enters the ...,
and bind 1o the ...,

i) Onece bound to chromatin, the hormone-receptor complex regulate
iv) Six RMNA synthesis siles appear as
salivary gland chromosome of Drosophilla

M R T e response of the hormone 15 a delayved
responese.

Till now you have read about the mode of action of water insoluble signalling
molecules on therr target cells. You will now study about water soluble signalling
molecules. which cannot pass through plasma membrane and sigual the target cells
by binding to the receptors proteins on the cell suface.

15.5 SIGNALLING MEDIATED BY CELL-SURFACE
RECEPTORS

Water-soluble signalling molecules, include local chemical mediators,
neurotransmitlers, protein hormones and growth factors. As you have already read
these molecules reversibly bind to specific receptor proteins on the surface of the

Chemical Signalling
between Cefls

A receptor is a mole/molecular
complex which is copalbe of
recognising and interacting witls
signal moleeules. After binding it
is'capable of changing the signal
that initiates the chain of events
leading 10 the response,
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target cells. These receptors constitute less than 1 per cent of the total protein mass of
the plasma membrane and are therefore difficult to isolate and study.

Many hydrophilic signalling molecules such as protein hormaones and growth factors
bind to the cell surface receptors and enter the target cell by receptor mediated
endocytosis process. We have already discussed endocytosis in Unit 3 of Block 1. As
shown in Fig. 15.8, in receptor mediated endocytosis the signal molecules bind to the
receplor proteins and the signal-receptor complexes are taken into endocytotic
vesicles, in the cell by the process of jnternalisation. In receptor-mediated
endocytosis, the endocytotic vesicle along with extracellular molecules. normally fuse
with lysosomes to form secondary lysosomes. To induce their effect in the target cells
these hydrophilic signal molecules escape from the fused sccondary lysosomal vesicle
into the cytosol. Thus, these signalling molecules act directly within the target cell
where they generate intracellular signals that affect the activity and behaviour of the
cell. Signalling also occurs by the escape of degraded receptor molecules into the
cytosol. Receptor proteins are then recycled to the plasma membrane.

fasion Df‘.r:
vesicles with primary
Tysoso
. secondary
endocylotic — lysosome
vesicle '
PrimEary
iysosomes
Signalling by escape of Signalling by escape of
m fhudis Tigand or its degradation
ali i
g on products products into the

cytosol

Fig 15.8: Schematic diagram showing receptor-mediated endocytosis, The endecylotic vesicles with their
extracellular molecules Tuse with the lysosomes. Sigmalling occors hy the cscape of depraded sipoalling
mobecubes or receplor mabecules info the cytosal.

['llowlever. WEIEE-Gfﬂuhlﬂ signal molecules gencrally remain outside the cell after
'L‘-Imdm_g to specific cell receptors. Experiments have shown that at Icast some
signalling molecules do not have to enter a cell to influence it. For cxample, the

_effects of insulin are exhibited as soon as an insulin molecule binds 1o its receptor on

Eht target cell. Samilarly, as soon azs a thyroid stimulating hormone (TSH) hinds witl
its receptor on a thyroid cell, thyeoxine is secreted



Also many hydrophilic signalling molecules induce responses that occur much too Chemical Signalling
rapidly to involve receptor-mediated endocytosis. For example, mast cells secrete batween Cells
histamine within seconds of ligand binding to receptors while responses to some

neurotransmitiers occur in fractions of second. In such cases, receplors act as

transmembrane transducers to generate new intracellular signals. Let us sce how it

happens,

When a cell-surface receptor binds to a signal molecule on the cell exterior, it
undergoes a reversible conformational change. This leads to the generation of an
intracellular signal that alters the behaviour of the target cell. These intracellular
signalling molecules are referred to as second messengers, the first or primary
messengers being the extracellular ligands themselves. You have already read about
these in Unit 10 of Block 2.

Cell-surface receptors generate intracellular signals in two major ways, One way is by
activating or inactivating a plasma membrane-bound enzyme. In certain cases the
activated enzyme catalyses the production of a soluble intracellular mediator, i.e. the
second messengers, the concentration of which serves as the signal. An important
membrane bound enzyme, which is activated by many signal-receptor complexes and
actsin this way is adenylate cyclase. This activated enzyme catalyses the synthesis of
secondary messenger, cyclic AMP (cAMP) from ATP on the cytoplasmic side of the
plasma membrane (see Fig. 15.9a),

However, there are some cases where an enzyme activated by an extracellular ligand
directly causes phosphorylation of cellular proteins. For example, epidermal growth
factor (EGF), a hormone, binds to cell-surface receptors to transfer a phosphate from
ATP to a tyrosine residue on specific cellular proteins. This stimulates the target cells,
i.e. the epidermal and other cells, to divide. The cell surface receptors are either
protein kinases or are closely associated with them.

The second way a cell surface receptor generates signal is by opening or closing gated
ion channels in the plasma membrane. You have already read about gated ion
channels in Unit 8. This method generates a signal in either of the two ways : 1) it
ciuses a small and transient flux of ions that briefly changes the voliage, i.e, electrical
gradient across the plasma membrane, or 2} it causes a major flux of ions into the
cytosol which in turn inctiates an intracellular response. The first mechanism operates
mainly in electrically active cells such as neurons where the stimulus travels in the
form of electric charge along the nerve processes.

¢
Many animal cells that are not electrical active such as secretory cells, have
cell-surface réceptors that are functionally linked to Ca?* channels in the plasma
membrane. That is, binding of ligands activates the receptors thereby opening the
channels transiently and allowing Ca™ to enter the cytosol, where it then functions as
a second messenger (see Fig. 15.9b).
signalling molecule (ligand}

— b
-
» » gated Ca®
adenylae cyclase J channel
- cell-aurface receptor

ACTIVATION OF OPENING OF GATED
ADENYLATE CYCLASE Ca"” CHANNELS

Fig. 15,92 Cell-surfuce receptors gencrate intracellular signals by two meehanisms: (a) the ntt::'allin: ﬁp_.
embrane bound enzyme adensfute cyclase molecules fncreases the intracellulur concentra of ¢ n
[ channels allows Co™ o enter the cell,

atnd (b} the opening of membrane-bound gated Ca'™ UGZY-BY-05/297



Metabolism and _— We will discuss the second messengers; cAMP and Ca?* in the target cells.in the
ot s following subsections.

15.5.1 Cyclic AMP as Second Messenger

Cyclic AMP (cAMP) is a common intraceliular mediator for practically all
procaryotic and sucaryotic animal cells, The cAMP is synthesised from ATF by the
plasma membrane bound enzyme adenylate cyclase. The effect of cAMP lasts briefly
as cells change rapidly in response to the signals. But if not used it is rapidly destroyed
in cells by specific enzymes called phosphodiesterases, which hydrolyse cAMP to
adenosine 53'-AMP (see Fig. 15.10).

NH,

ofelole {f‘ff e e OO
g CH Q‘ .o—-?-ﬂw N

OH OH oH OH

ATP eyclic AMP F-AME

Fig. 15.10: Cyelic AMP iz synthesived and depraded in the cell.

Epinephrine

Extraceliu]gr EF:E’E“ G protein ase  Membrane

Fig. 15.11: Schematic diagram showing the influence of chemical signalling on the skeletal muscle cefl,

Binding of cpinephrine to the receptors at cell surface influences the receplor to hind o the G profein in the
membrane. The confle receptor and G-protein then bind to and activate the enzyme pdenylate eyelase on the
cell surfuce. The activated enzyme converts ATP to cyelic AMP in the cytoplasm. cAMP activates a proteip

UGZY-BY-05/298 kinase which stops glycogen synthesis and ot the same time hekps to breakdown the stored glycogen.



Activated receptors do not activate adenylate cyclase directly. Another membrane
protgin, G protein which binds GTP (guanosine triphosphate ) on its cytoplasmic
surface, couples the two together. This mechanism was suggested by the finding that
hormonal activation of adenylate cyclase in disrupted cells requires GTP. Alsoin
mutant cells which lack G-protein, activation of adenylate cyclase does not occur. For
exampie, as shown in Fig. 15.11, activated epinephrine receptors afier ligand binding
do not influence adenylate cyclase directly, instead they bind to membrane bound

G protein. This binding activates G protein by altering its conformation so that it can
bind GTP, The coupled receptor and G protein with GTP, binds to and activates the
enzyme adenylate cyclase by reversibly changing its conformation. The activated
enzyme then catalyses the conversion of ATP to cyclic AMP in the cytoplasm which
then activates protein kinase. You have read about the role of cAMP in glucose
metabolism in Unit 10,

Through the mediation of G protein the target cells respond more quickly and
specifically to the changing conditions. This is because cach activated receptor is able
to interact with and activate many molecules of G protein, thereby greatly amplifying
extracellular signals. Thus, relatively few hormone molecules elicit a rapid and
considerable response in the target cells. Formation of cAMP stops when G protein

hydrolyses its bound GTF into GDP {guanosine diphosphate) and resumes its original °

inactive conformation. Adenylate cyclase is then released from the altered G protein
and resumes its original inactive conformation, thus stopping cAMP formation.

Many hormones and local chemical mediators signal their target cells by activating

adenylate cyclase. Some of such examples of hormones and their effects on the target
cells are given in Table 15.2.

Ll

Table 15.2: Hormone-induced effects in some target cells mediaved by eyelic AMP

Target Cells Hormone Response
Thyroid thyroid-stimulating thyroxine secretion
) hormone (TSH)

Adlrenal cortex adrenocorticotropic cortisol
hormone [ ACTH) secretion

Ovary luteinizing progestberone
hormone secretion

Muscie, liver epinephrine glycogen breakdown

Bone parathormons bone reabsorption

Heart epinephrine increase in heart rate

Kidney VASSOPIessin water reabsorption

Fat epinephrine, ACTH, TSH, triglyceride breakdown
glucugdn

Each type of animal ccll responds to an increase in cAMP in its own characteristic
way. Any ligand that activates adenylate cylase in a given type of target cell usually
produces the same effect, For example, at least four different hormones activate
adenylate cyclase in fat cells and all of them stimulate the breakdown of triglyceride
into fatty acids.

15.5.2 Ca?* lons as Second Messenger

You have read in Unit 10 of Block 2 that Ca? ions function as a second messenger for
certain extracellular signalling molecules in all the organisms, You have already read
above the ways in which cells utilise large Ca®* gradients across their plasma
membranes for transducing extracellular signals. Another important alternative
mechanisms for Ca™ mediated signalling is the release of Ca® from internal stores of
the cells such as intracellular organelles. For example, in skeletal museles, the
activation of cell-surface acetylcholine receptors depolarises the plasma membrane
which leads to the release of Ca® from the sarcoplasmic reticulum of these cells. This
in turn initiates myofibril contraction (see Fig. 15.12). The exact mechanism of how
activation of receplors results in opening of Ca®* channels is still a mystery.

Crnece inside the cytoplasm of the cell Ca® acts as secondary messenger by interacting

Chemical Signalling
between Cells

G protein is GTPiase molecule
that is bound (o the cyteplusmic
side of the membrane and
functicns as a communicatoer
between receptor and membrone
bound cnzyme adenylate cveline,
It iz 'called G protein because it
hinds non-covalently 1@ guanosine

" phosphates — GTP and GDF. It is

composed of =,  and 2 peptide
chains. The «subunit binds
GTP, GDP, receptor and the
enzyme. [t self inactiviies by
hydrolysing GTP into GOP.

relase of Ca' from
internal store activates
the cell,

Fig. 1502 : Sclwmatic cingran
showing the sctivated receplors
helping to refése Ca® from
internal stres, In muscle cell this
sttt I sareoplasmic reticulum
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with Ca®* binding molecules. As you have read in-Unit 1U, one parucular Cal+
binding protein is calmodulin, present in every plant and animal cell that has been
studied. Calmodulin has four Ca®™ binding sites and its conformation is altered in
different ways depending on the number of nccu;’::d binding sites. Thus, as shown in
Fig. 15.13, calmodulin is allosterically activated by Ca* bindings. This activated form
of the protein mediates intracellular response by regulating the activation of certain
cellular enzyme proteins, such as cyclic nucleotide phosphodiesterase, Ca®t ATpase,
phosphorylase, kinase, some forms of adenylate cyclase and myosin light chain kinase
in muscle and non-musclecells. You need not memorise the names of these enzymes.
The response of the target cell to an increased Ca®™ concentration in evtosol depends
on which type of calmodulin binding target proteins are present in the cell. Sinee
calmodulin can exist in different conformations depending on the number of bound
Ca®*, it is possible that these different conformations interact with different target
proteins.

Inactive enzyme  Calmodulin — Ca® Active enzyme
complex

Fig. 15.13: Schematic diagram showing the allosteric activation of calmedulin by Ca®* binding. The
activated Ca*t calmodulin complex mediates the intracellular response by activating the target proteins in
the cell.’

The increase in the concentration of free Ca® in the eytosol during ccll signaliing is
always transient, since the gated Ca?* channels open transiently. As such, the :
cancentration of free Ca™ in the cytoplasm is much lower than the extracellular Ca®*
level, 50 there is stge Ca™* concentration gradient across the plasma membrane.,
Because of this, Ca™* continues to move into the cell. Wheniaddifional Ca?* floods
into the cell in response to the extracellular signals, it becomes important for the cell
to pump out or sequester Ca®* into intracellular organelles such as mitochondria. This
is to maintain the steep gradient across the membrane for continued Ca?* influx as
shown in Fig. 15.14. This is achieved by a plasma membrane bound Ca®* ATPase that
uses the energy of ATP hydrolysis to pump Ca® oul of the cell. In some cells Ca® is
also actively expelled by othér plasma membrane bound active transport pumps such
as the Na* — driven antiports which couple the efflux of Ca®* to the influx of Na*,
Ca®* are also sequestered into internal stores, i.e. various cellular organelles.
Membrane bound Ca** ATPases enable the endoplasmic reticulum, especially the
sarcoplasmic reticulum of muscle cells, to take up large amounts of Ca* from the
cytosol against'a steep concentration gradient. Mitochondria use the electrochemical
gradient across the inner mitochondrial membrane generated during oxidative
phosphorylation, to drive the uptake of Ca™ from the cytosol. In addition to the
various membrane transport proteins that actively pump Ca®* out of the cytosol. a
variety of Ca®* binding molecules contribute to the removal of free Ca®* from the
eytosol, These include hinding with small molecules such as phosphates forming
insoluble precipitares as well as with macromolecules such as Ca®* hinding proteins,
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Fig. 15,14 Schewutic diagrum showing ways in which cells maintain a low concentration of free Ca® in the
cxtosul. U™ s setively pumiped ot of the cytsal 1o the cell exterior a5 well a8 into intracellular,

membranc-cuclused srganelles such as the endoplasmic retleulum and mitechondeia, I addition, various
ovslewules in the cell Bind free Ca®*

Before you proceed further, try the following SAQ to see whether you have
undersicod the above texr

SAQ3
(a) Tick mark ( v ) the comrect word,

i} Cell- surface receptors convert an extracellutar signal into an
extracellular/intracellular response.

i) A signalling ligand is a first/second massenger,

iii)  During receptor mediated endocytosis the signal acts from outside/inside of
the target cell.

iv) A singnal-receptor complex stimulates intracellular signalling molecules that
are referred to as first/second messenger,

(b) Fill in the blanks with appropriate words,

i) A denylate eyclase catalyses the synthesis of .................form ATP on the
cyloplasmic side of the plasma membrane,
BY st i is requ.'tred to couple receptor activation to

adenylate cyclase activation in target cell.
iii})  In skeletal muscle cells, the activation of acetycholine receptors

depolarises the plasma membrane leading to the release of
iv)  Colmodulinis........c..cccoceneenn by Ca® binding for mediation of response,

Till now you have read about the action of chemical signals on target cells. We will
now discuss the adaptatior of target cells to the ligands,

15.6 TARGET CELL ADAPTATION

Target cells exposed 1o a signalling ligand for a prolonged time often lose their ability
to respond to that ligand, This process is called adaptation or desensitisation and is
reversible, It makes cells especially scnsitive to the changes in the concentration of a
chemical signal rather than to the absolute or fixed concentration of the signal.
Desensitisation of the target cell may result from a decrease in the number of specific
cell-surface receptor proteing or trom the inactivation of such receptors. In some
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other cases, it is due to changes in the proteins involved in transducing the signal after
the receptor is activated. Ligand binding to the receptor molecule is primary and the
most important step in chemical signalling, Desensitisation at this level of signalling,
affects all the subsequent events and .decreases the influence of the signals on the
target cell, In this section we will deal with three aspecis of target cell adaptation at
the figand binding stage. These three ways have been summarised in Fig. 15.15,

@) ligand binding causes
endocytosis of Egand ligaad receplor complaxes
reteplor complexes are degraded in lysceomes

——— e

ligand binding alters
recepton conlonmation
b 0 that it can activate
membrance enzyme
or ion chasnel
———

pralonged Hgand binding
alters recepior so that it
can no longer bind the
ligand

——— ——

! prolonged lignnd binding

) ligand binding alters alters peceptor sa that it
receptor conformation binds ligand with high
oe that li can activate uffinicy bat ro longer
or ion channel ! saryms of lon chamnel

—_——— - —_—

Fig. 15.15: Three differont ways in which receptors can be inactivated by high concentrations of a ligand.

Receptor mediated endocytosis of ligand receplor complexes, which are degraded in lysosomes, causes the
slow replacement of receptors to the cell surface (a); profonged ligand binding alters the conlvrmation ol Lhe
receplor so that it can no langer bind to the ligand (b); prolonged ligand binding aliers recepiors in such a
way that It increases its affinity with the ligand but does not activale membrane enzyme or fon channel (c).

You have already read earlier that some hydrophilic protein hormones and growth
factors, after binding to cell-surface receptors on the target cells, are often ingested by
receptor-mediated endocytosis. The endocytotic vesicles deliver their contents 1o
lysosomes where the ligand, and often the receptor to which it is bound, are degraded
by hydrolytic enzymes. Receptor degradation and its replacement to the cell surface
takes place continuously. But by inducing endocytosis, the rate of receptor
degradation is increased so that at high lizangd concentrations, the number of
receptors availabie for ligand binding at cell surface decreases. The result is a
decrease in the sensitivity of the target cell to the ligand (see Fig. 15.15a). This type of
target cell desensitisation is known as receptor-down regulation.

A second type of cell surface receptor regulation octurs in response to unusually high
concentrations of small signalling ligands such as epinephrine and acetylcholine.
Instead of inducing receptor mediated endocytosis, these ligands reversibly inactivate
the receptors. For example, frog red blood cells, exposed to high concentration of
epinephrine, gradually lose their sensitivity to that substance as well as their ability. to
bind to it. It is likely that the binding of epinephrine induces a prolonged but
reversible change in the conformation of the receptor protein that prevents the
protein from binding the other ligands again for a long period after the ligand
dissociates (see Fig. 15.15b).

In the third type of ligand binding adaptation the reversible inactivation of cell surface
receplors does not always involve the loss of the receptors’ ability to bind the ligand.
For example, prolonged binding of acetylcholine to skeletal muscle cell receptors at a
neuromuscular junction induces the receptors to adopt an inactive conformation.
These are able to bind acetycholine with an even higher affinity than normal
receptors, However, such signal-receptor complexes become inactive and are unable
to activate membrane enzyme or open ion channels in the plasma membrane of
muscle cells and therefore cannot stimulate muscle contraction {see Fig. 15, 15c).



Mot all target cell adaptation is due to ligand-induced receptor’s degradation or Chemical Signalling
inactivation. In morphine addicts, for example, target cells in the brain become between Cells
desensitised to morphine and yet have normal levels of functional cell surface

morphine receptors. This explains why morphine addicts should take higher doses of

morphine than a normal person.

Morphine receptors are functionally coupled to adenylate cyclase molecules by means
of GTP-binding proteins, much as epinephrine receptors are coupled to adenylate
cyclase in musele cells. In contrast, to epinephrine receptors on muscle cells,
however, morphine-induced receptor activation leads to the inactivation of adenylate
cyclase, thereby causing a decrease in intracellular cyclic AMP levels.

15.7 BACTERIAL CHEMOTAXIS

The mechanisms involved in chemical signalling between cells in mylticellular animals
may have evolved from mechanisms used by unicellular organisms for responding to
chemical changes in their environment.

Some of the best studied reactions of unicellular organisms to-extracellular signals are
chemotactic responses in which cell movement is oriented towards or away from a
specific chemical substance present in the environment. This simple but intelligent
behaviour is referred to as chemotaxis. Movements towards a chemical substance are
called positive chemotaxis and away from a particular substance are called pegative
chemotaxis. Procaryotic chemotaxis has been well studied in bacteria. Bacteria swim
by means of Nagella. When viewed by high speed cinematography, bacterial flagella
appear to rotate in a screw like fashion. The flagella can rotate in either clockwise or
counterclockwise direction. The direction of the rotation of the flagella and the ability
of the cell to reverse the direction of flagellar rotation is important for the movement
of the cell. Observations of bacteria indicate that they generally move in a straight
line for a few seconds and then undergo a type of random tumbling motion which'
orients them in a new randomly chosen direction. The movement of a bacterium in a
straight line occurs during counterclockwise rotation of its flagella, while tumbling
motion results from a clockwise rotation. When the flagella rotate in the
counterclockwise direction, they remain associated with one another in a bundle and
thereby act, in a concerted manner as if they were a single multistranded organelle
{see Fig. 15.6a). However, when rotating in the clockwise direction, the flagella are
separated from one another and each acts independently, producing the tumbling.-
behaviour (see Fig. 15.6b)

Fig. 15.16: Schematic diogram showing positions of l'lugq!l:l of bacterial cell during its movements. They are
drawn into single bundle by counterclockwise rotation and produce smooth motion (a); clockwise rotation
cuuses the flagella to My apart and produces tumbling (h),

If & bacterium is exposed to a chemical that acts as an attractant e.g., glucose, the
rotation of flagella will be in counterclockwise manner, as long as the cell continues to
swim smoothly towards higher concentration of the substance. In contrast, in
presence of repellent chemical, clockwise rotation of bacterial flagella will be initiated

causing the bacterium to tumble until it moves off in a direction away from the source’
of the substance.

Such changes in the motionof bacterial cells can be studied in the laboratory by

addition or removal of a chemical to the culture medium. Adding an attractant

suppresses tumbling but on the continued presence of the attractant tumbling

frequency returns to normal. This process of desensitisation or adaptation is specific

for a particular type of atiractant, Sudden removal of the attractant eahances

tumbling until the bacterium adapts to the new level again. UGZY-BY-05/303
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The presence of chemical substances in the environment is detected by several types
of periplasmic receptors, (found between outer membrane and the plasma
membrane). Once n chemical substance present in the medium hinds to these -
receptor. it influences the flagellar rotation. In bacteria, transmembrane proteins
beeome methylated during chemotactic signals and are known as methyl-accepting
chemotaxis proteins (MCPs), Each MCP is activated by binding to its own set of
periplasmic receptor proteins. When a bacterium is exposed to a chemotactic
attractant, the binding of the attractant induces a conformational change in the
periplasmic receptor protein causing the latter to bind to, and thereby activate the
appropriate MCP. The resulting activation has two effects: 1) excitation occars
because the activated MCP generates an intracellular signal that causes the flagella to
rotate cotnter-clockwise resulting in continuous smooth swimming and a suppression
of tumbling; 2) adaptation occurs because the activated MCP cin now be methylated
by enzvmes in the cytoplasm reversing its activation. Therefore covalent methylation
of membrane proteins is responsible for adaptation in hacteria, When muethylation is
blocked by mutation. adaptation does not oeeur and expesure of the mutant bacteria
to an altractant results in the suppression of tnmbling for days instead of Tor minutes,

Chemotaxis also takes place in higher organisms. For example, sperm cells of certain
ferns and invertebrate animals are guided towards the surface of an egg by
chemotactic responses. Similarly phagocytic white blood cells (lencocytes) are guided
by chemotaxis towards the invading bacteria at the site of inflammation. However,
unlike bacteria and sperm cells, white blood cells crawl by the use of pseudopodia that
are formed at the front end of the cell in the direction of the source of attractant. As

in case of procaryotes. hinding of attractints o the membrne receptors influenee the
chemotactic responscs in these cells,

SAQ4
Explain briefly in the given space, the three way in which ligand binding causes
adaptation in target cell

15.8 SUMMARY

In this unit you have studied the following:

® In a multicellular organism, cclls communicate with each other through signalling
molecules. Signalling molecules are of three types; local chemical mediators,
hormones and neurotransmitters. Steroid hormones are lipid soluble and bind
specifically and reversibly to specific receptor carrier proteins in the blood for
transport to the distantly located target cells where they bind to specific
intracellular receptor proteins in the cytosol. By complexing with the hormone, the
receptor acquires an affinity for chromatin that causes it to accumulate in the
fiucleus. There, the hormone-receptor complex binds 1o chromatin and regulates
the transcription of specific genes.

® Cell surface receptor proteins activated by extracellular hydrophilic signalling
ligands such as local chemical mediators, neurntransmitters and water-soluble
hormones generate intracellular signals by altering the activity of a plasma
membranc-hound enzyme. or by altering the permeahility of inn channels in the
plasma membrane,

® Many cell surface receptors are functionally.linked 160 the membrane bound
enzyme adenylate cyeluse. The activation of other tvpes of cell surface receptors
opens membrane bound Ca®* channels. This results in a rise in intracellular Ca¥*

concentration. The signal receptor eomplex gets coupled with G-protein in the
membrane so as o activate the enzyme or open the Ca*' channel



® Turget cell adaptation is reversible desensitisation of the eell so thatit is not able to
respond elficiently to the external signal, Ligand binding with the receptlor brings
out this desensitisation of target cell in varions ways.

* Bacterin are able to respond to changes in the concentration of ligands, i.¢.
attractants and repellents, Bucterial chemotasis is the best understood exampie of
adapration.

15.9 TERMINAL QUESTIONS

I What are the three ways of intercellular chemical signalling?

2 Giive an outline of the mechanism of steroid hormone action. Answer very briefly
in the spuce piven below,

3 Diescribe briefly in the given space how the changes in concentration of Ca®* are
brought about in o skebetal muscle cell.

_____ e UGZY-BY-05/305
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15.10 ANSWERS

Self-assessment Questions

-Hormones Meurotransmitters
1 i) 1) Secreted by specialised Secreted by nerve

endocrine cells. endings.

2} Secreted into and Secreted into extracellular fluid at
transported by blood. synapse.

3} Target cells situated Target cells adjoining the site of
some distance away in secretion,
the body.

4} Act at a slower rate Transmitted in fraction

than neurotransmitters. of seconds.

ii) Local chemical mediators: histamine,
prostaglanding, growth factors.,
Neurotransmitters: acetylcholine, norepinephrine, glycine.
Hormones: insulin, thyroxine, thyroid stimulating hormone.

2 1) imsoluble
ii} nucleus, chromatin
iii) the transcription of specific genes
iv) primary response
v) secondary

3 a) i) intracellular
i} first
iii) inside
iv) second

b) i) cyclic AMP

it} G protein
iii) calcium ions
iv) allosterically activated

4 Target cell adaptation by ligand binding is brought about by various ways; ligand
binding can inactivate a cell surface receptor by its internalisation and degradation,
or by causing the receptor to adopt reversible inactive conformation, An
inactivated receptor either does not bind with a signal molecule or attains high
affinity for the signal. In either case it cannot activate the enzymes or open the ion
channel.

Terminal Questions

1 The three ways in which intercellular chemical signalling occurs are through; gap
junctions between the af:ljaocnt cell, plasma membrane bound signalling molecules
and cell secretions, Signalling through gap junctions and plasma membrane bound
molecules are direct communications between the cells whereas, cell sécrelions give

signals to the distantly located cells and are called indirect communication between
the cells.

2 Signalling by steroid hormones is indirect communication. Steroifls being
water-insoluble pass through the plasma membrane by simple diffusion. Inside the
cytosol, steroids bind with intracellular receptors. These hormone receptor
complexes move into the nucleus and elicit the response of target cell by regulating
protein synthesis,

3 In skeletal muscles the binding of ligand activates the cell surface acetylcholine
receptors which depolarises the plasma membrane, This leads to the release of Ca?
from internal stores, ie. sarcoplasmic reticulum, thgreby increasing the
concentration of Ca®t in the cytosol. This increased Ca® concentration initiates

* myofibril contraction. '

4 Chemotaxis is the intetligent behaviour of bacteria by which these unicellular
organisms respond to the extracellular signals by moving towards or away from

specific chemicals. Most bacteria swim towards high concentrations of nutrients
(attractants) and away from high concentrations of repellents,



GLOSSARY Chemical Signalling

between Celis

anticodon: a sequence of thrge bases on the tRINA that pair with the bases in the
corresponding codon on the mRNA.

chemotaxis: sensing of and movements towards or away from a specific chemical
agent by cells,

chromatid: one of the two halves of a replicated chromosome.

chromatin: a filamentous complex of DNA, protein and RNA that constitute
eucarvolic chromosome,

chromosome pufl (Balbiani rings): a swollen region of a giant chromosome; the
::wv::]lirtg reflects a high degree of transcriptional activity.

codon: a sequence of three bases in a messenger RNA molecule, that represents a
particular amino acid.

ecdysone: 3 hormone that stimulates the moulting process in insects.

electrically active ceils: cells which are stimulated by electric charge, e.g. muscle cells
and nerve cells. Nerve cells also carry the nerve impulse in the form of electric charge.

fibroblast: connective tissue cells that secrete intercellular substances.
gene: o unit of inheritance that occupies a particular site or locus, on the
chromosomes and encodes the structure of a polypeptide chain on RNA molecule or

regulates the activity and behaviour of a structural gene, and that can mutate to one
or more alternative allelic form.

gene amplification: repeated replication of some genes producing many copies and
other genes do not replicate in the same cell.

genetic code: the sct of triplet code words in DNA and RNA coding for twenty amino
acids used in protein synthesis, along with start and stop codons that start and
puncturate the genetic message.

genome; all the genes present in the chromosome or set of chromosomes that specify
all the inherited traits of a cell or individual.

initiation complex: an aggregate of mRNA, small ribosomal subunit, and initiator

aminoacyl tRNA that marks the start of polypeptide transeription from encoded
genetic information.

initiator aminoacyl — tRNA: it is the met-tRNA or fmet-tRNA that binds to the
initiation codon AUG in mRMNA and starts translation at the ribosome synthesising
polypeptide,

initiation factors: these are the small molecules that bind to the small ribosomal subunit
of the initiation complex and helps in the initiation of polypeptide synthesis during
translatiori.

N-formlymethionine: the formylated derivative of methionine that serves as the
initiating amino acid in polypeptide synthesis.

nonsense codon: the codon which do not specify any amino acid.

uperator site: the site on DNA to which repressor molecules are bound, inhibiting the
synthesis of mRMNA by the gene in the adjacent operon; adjacent to the structural
genes in the operon,

operon; ¢ collection of genes consisting of a promoter, an operator, and one or more
structural genes that function coordinately in bacterial pene expression,

post-translational modification: enzymatic processing of a polypeptide chain after its
translation from its mENA.

receptor-mediated endocytosis: intake of ligands bound to specific receptors of a
coated pit region in plasma membrane and the subsequent pinching off of a coated
vesicle containing ligand-receptor complexes for processing inside the cell.

RNA polymerase: enzymes that catalyse the synthesis of RNA molecules from

ribonucleotide 3'-tnphosphate using a strand of DNA or RNA as a template during
transcription.

sequestered: 1o be taken away, e.g. taken from the cytosol into the inlernal organelles.

sigmmia factor: u polypeptide subunit of E.coli RNA polymerase which is required to
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initiate transcription correctly and is released afterwards lcaving the core enzyme of
the holoenzyme to carry out RNA polymerisation,

signal hypothesis: it assumes that growing polypeptide chains of structural proteins
have an N-terminal signal peptide sequence that indicates that it is to be translocated
across the ER membrane or bacterial plasma membrane discharging polypeptide
chain into ER lumen or out of the ER of bacterial cell.

structural genes: a gene coding for the structure of a protein,

template: a molecule which contains information from which other molecules can be
synthesised.

Further Reading

1 Conn, Eric E, and Stumpf P.K.,Outlines of Biochemistry 4th edition New Delhi,
Wiley Eastern, 1988 7613

2 Sheeler Phillip, Bianchi Donald E; Cell and Molecular Biology, John Wiley and
Sons, Inc. United States, 1987

3 Champe Pamela C., Harvey Richard A.; Biochemistry, J.B. Lippincott Company,
Philadelphia,1987



Dear Student,

While studying thesc units you may have found cenain portions of the text difficult to
comprehend. We wish to know your difficulties and suggestions in order to improve the
course. Therefore, we request you to fill and send us the following questionnaire which
pertains o this block.

Enrolment MNao.

L)

2)

3)

4)

5)

QUESTIONNAIRE

How many hours did you need for studying the units?

LSE-CL1
Block-3

! Unit Mumber

|

[ MNo. of hours

How many hours (approximately) did you take o do the assignments pertaining to

this block?

Assignment Mumber

Mo, of houi‘s

In the following table we have listed 4 kinds of difficulties that we thought you might
have come across. Kindly tick (¥ ) the rype of difficulty and give the relevant page

number in the appropriate columns.

|

Types of difficulties
Page
Mumber Presentation Language Diagram Terms are
is not clear is difficult is not clear not explained

It'is possible that you could not attempt some SAQs and TQs.
In the following table are listed the possible difficulties. Kindly tick { ¥ ) the type of
difficulry and the relevant unit and gquestion numbers in the appropriate columns.

Unit
MNo.

SAQ
Mo,

TQ

MNo.

Type of difficulty

Mot clearly
posed

Cannot answer

on basis of

informartian
.Eiven

Answer given
{at end of
Unit)

not clear

Answer
given is
- not
sufficient

1

Were all the difficult terms included in the glossary. If not, please list in the space

given below.
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Indira Gandhi National Open University
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UNIT 4 CELL DIVISION, CELL
MOVEMENT AND
DIFFERENTIATED CELL
TYPES

There are five units in this block. Unit 16, the first unit in this block,deals with cell
cycle which is a complex series of stages by which cellular material is divided equally
between two daughter cells. The unit describes the process of mitosis that splits a
chromosome into two daughter cells and maintains chromosomal continuity and
diploid number. The central role that spindle microtubules play in chromosom:al
movement towards the poles during cell division is also discussed here.

Unit 17 deals with the behaviour of chromosomes during the process of meiosis that
leads to distribution of haploid number of chromosomes in the daughter cells and
recombination of genetic material among the homologous chromosomes. The unit
discusses the molecular mechanism involved in the process of cytokinesis in both’
animal as well as plant cells.

Unit 18 describes how specific cells in multicellular organisms recognise each other
and aggregate into co-operative assemblies called tissues. Adjacent cells are joined
and interact with each other with the help of cellular junction—the region of
interacting adjacent plasma membranes. You will read here about various free living
cells and certain types of cells which perform movement with the help of different
cellular processes in multicellular animals. In this unit, cell adhesions and cellular
movements are discussed at length. Extra cellular matrix which is formed as a result
of cellular secretion is dealt with in this unit.

Animal tissues are taken up in Unit 19. Broadly, four types of tissues, viz. epithelial,
connective, nervous and muscular tissues are described in this unit. You will read
about the origin, structure and functions of these tissues. Besides, this unit deals witu
the structure and origin of mesenchyme cells.

Unit 20 deals with plant cells which are not as specialised as animal cells. Plant cells
differ in having a rigid cell wall made up of cellulose and the ability to synthesise
their food with the help of plastids in the presence of sunlight. In this unit, we discuss
about plants that are composed of individual cells that are organised into groups of
cells called tissues. Parenchyme cells are least specialised living cells and most
ubiquitous. You will read that collenchyme gives mechanical and tensile strength,
whereas sclerenchyma provides mechanical strength to young stems and to those of
climbers and twiners. Special types of sclerenchymatous cells are known as sclereids.

Objectives

After having read this block you should be able to:

» explain the cell eycle and its control by DNA, _

» describe the different phases of mitosis and the role of spindle microtubules,

s define mitosis and explain chromosomal behaviour during this process,

» discuss the molecular mechanism involved in the process of genetic recombination

s explain the process of cellular recognition and formation of cooperative cellular
assemblies, z

« appreciate the importance of locomotory apparatus in cellular movements,

e discuss the formation of extracellular matrix and list its main components,

™ ir the structure and functions of epithelial, muscular, connective and nervous
tssues, ;

e describe thetifferentiation:progess and origin of mesenchyma,

o explain the difference between plant and animal cells,

« list various types of plant tissues and their functions.
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UNIT 16 CELL CYCLE AND MITOSIS

Structure

16.1 Introduction
Objectives

16.2 Cell Cycle

Interphase—The G1, § and G2 Phases
G1—The most Wariable Period of the Cell Cycle
Events Occur at Defined Stages of Cell Cycle
Determination of Cell Cycle Times

16.3 Regulation of Cell Division
Control of the Cell Cycle in Dividing Cells
Factors that Stimulate Cell Division

16.4 Mitosis
Chromosomal Events
Role of Spindle
Chromosomal Movements

16.5

16.6 Terminal Questions

16.7 Answers

16.1 INTRODUCTION

In the previous block you have studied about the structure of nucleus and the various
processes occurring within it. Nucleus contains chromosomes which contain DNA
and proteins. You have studied how DNA and proteins form complexes and how
DNA ultimately‘synthesises protein by an intermediate RNA.. Also, you have read
about replication and the flow of informations from nucleus to cytoplasm, for the
genetic continuity in Block 3.

In higher eucaryotes life starts with the formation of a fertilized egg cell of
approximately 100 um in diameter leading to the formation of trillions of cells with a
greater mass. As more and more cells are added as a result of successive divisions the
developing embryos undergo a process of differentiation and adult structures are
organised. During this period, the rate of cell division and the number of dividing
cells change so that there are fewer cells dividing in a fully formed organism than
during the course of development. In an adult organism there are tissues where no
cells are dividing and are mitotically inactive, while there are other tissues wherein
cells die and are replaced by new cells. There are also some tissues like bone marrow
or germinal tissues or meristematic regions in plants where continuous cell division
takes place. The cells divide by two specific methods known as “mitosis’ and
‘meiosis’. In this section we shall describe the events associated with the process of
cell division known as mitosis. You will read about meiosis in the next unit.

Objectives

After reading this unit you should be able to:

» recall the rate of observed cell division in some cell types and relate it to
generation/cell/cycle time

e define and use in correct context and terms ‘cell cycle’/*generation’ time, mitotic
index, 5, G1, GO0, G2

s state the four factors that are considered important in controlling the cell division

» outline methods to determine different phases in a cell cycle

e explain in brief as to how the cell cycle control is studied

e summarise the logic for the minimum cell cycle time

» distinguish the different phases of mitosis and draw diagrams of the same

e list the functions of spindle

e give causes for chromosomal movements during mitosis,

16.2 CELL CYCLE.

A growing cell undergoes a cgll pycle that comprises essentially two periods: .
(1) interphase i.e. the period of non-apparent division and (2) the period of division
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(Fig. 16.1). In eucaryotes, division generally fakes place by mitosis or meiosis. For
many years, cytologists were concerned mainly with the period of division in which
dramatic changes visible under the light microscope could be observed, and
interphase was considered a “resting” phase. Cells, however, spend most of their life
span in interphase. The interphase is a period of intense biosynthetic activity in whick
the cell doubles in size and duplicates precisely its chromosome complement. Some
differentiated cell types divide rarely such as red blood cells, skeletal muscle cells an

.nerve cells and you-will be amazed to know that the mammal nerve cells do not
“divide at all after birth. Thus, for a human neuron the interphase period lasts the

entire life time of a person.

& ]
q’rg (Symthesis ?“?';bb’
M0s0mes dup'

Fig. 16.1 The cell cycle. Time intervals are relative; actual time
warics with the cell type and spovics

Therefore, the cell cycle r is a complex series of stage by which cellular
material is divided equally Etwc:n daughter cells. Cell division is only the final
phase. Before, the cell divides by mitosis, its main molecular components have
already been duplicated. In this respect, cell division can be considered as the final
separation of the already duplicated molecular units,

16.2.1 !nterphasau-'l'he G1, S and G2 Phases

The life of the eell is mostly spent in interphasc, a stage between the two successive
cell divisions. The introduction of cytochemical methods such as the feulgen stain,
followed by cytophotometric quantitative assay and radioautography, for the first
time, suggested that the doubling of DMNA takes place during interphase. Thesc
studies demonstrate that the synthesis occurs only in a restricted portion of the
interphase stage, the so called S-period or synthetic period which is preceded and
followed by two “gap” periods in G1 and G2. There is no DNA synthesis between
(1 and G2 phase of cell cycle which is divided into four successive stages: 5 is the
period of DNA synthesis and G2, the interval between the end of DNA synthesis
and the start of mitosis.

During G2 a cell contains twice the amount of DNA present in the original diploid
cell. Following mitosis the daughter cells again enter the G1 period and have a
equivalent DNA content.

16.2.2 G1—The Most Variable Period of the Cell Cycle

G 1 is the time interval between mitosis and the beginning of S-phase, which is
associated with the growth and increased activity of enzymes specific for DNA
synthesis. The duration of the cell cycle varics greatly from one cell to another. For
rammalian cell growing in culture with a generation time of 16 hours, the differem
periods would be as follows: G 1=35 hours, 5=7 hours, G2=3 hours and mitosis= |
hour. Generally, the 5, G2 and mitotic periods are relatively constant in the cells of



same organism. The G1 penod is the most variable in cell life. Depending on the Cell Cycle and Mitosis
physiclogical condition of the cells it may last days, months or years,

The regulation of the duration of the cell cycle occurs primarily by arresting it at a
specific point of G 1 and the cell in the arrested condition is said to be in the GO
state. In the G0 state the cell may be considered to be withdrawn from the cell cycle
(Fig. 16.1). When conditions change and growth is resumed the cell reenters the G1
period.

Eucaryotic chromosomes undergo condensation-decondensation process during
interphase (Fig. 16.2).

Fig. 16.2 The condensation-decondesation cyele of chromosomes, G1 chromosomes are completely
dispes. ed; 5, duplication oceurs; and G2 condensation starts. At metaphase, M and anaphase, A, the
. condensation is maximal and the two centromeres the clearly visible.

The DMNA of procaryotes is not processed in this way and this forms a major
difference between eucaryotes and procaryotes. The DNA of procaryotes is

replicated continuously. Most protein and RN A synthesis occurs through the
interphase.

16.2.3 Events Occur at Defined Stages of the Cell Cycle

If the biochemical events that occur at defined stages of the cell cycle (Fig. 16.3), the
most noticeable one is DNA synthesis. S-phase cells contain a factor that induces
DMNA synthesis. This has been demonstrated by cell fusion experiments, in which one '
set of DNA replication in G1 nuclei can be accelerated by fusion with S-phase cells.
It is impaortant to note here that G2 nuclei do not respond to this factor, indicating
that some mechanism must exist to block reinitiation of DMNA synthesis within the
same cell cycle. Evidences for a factor that includes DNA synthesis cimes from
multi-nucleated cells, such as the plasmodium of the slime mold Physamm

, in which all the nuclei start DNA synthesis simultanecusly.

§-phase lasts for several hours, during which many units of replication are
sequentially activated. In all cells, the more condensed, heterochromatic r:&gwns_of
the chromosomes replicate late during S-phase. The centromeric heterochromatin
which contains satellite DN As, replicates later than the rest of the chromosome. |
Similarly, the X-chromosome that becomes inactivated in mammalian females is
heterochromatic and late replicating, whereas the onc that remains activated is
euchromatic and replicates earlier, about which you have read in Unit 13. Molecular
events linked to the cell cycle, including the synthesis of histones during S-phase, the
decrease in protein synthesis that occurs during mitosis; the decrease in C-AMFP
levels during mitosis, phosphorylation of histones (especially HI) during chromatin
condensation and many other events. !

The most important point in the regulation of the cell cycle occurs in the G1 phase,
during which it must decide whether the cell will start a new cell cycle or becomes
arrested in the GO state. Once this G1 checkpoint has been passed, the cell goes on
1o complete a new cycle
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Fig. 16.3 Mabecular cvents during the cell cycle

16.2.4 Determinatioa of Cell Cycle Times

How does one determine the length of each phase of the cell cycle? First it is
necessary to establish the leagth of the total cycle, which can easily be done in 2
homogeneous population of cultured Collshy periodically counting the number of
cells present under a microscope and reeclding the number of hours required for e
total cell number to double. Alternatively, the total cell mass can be monitored. Once
this interval is known the length of the S-phase can be estimated by adding titrated
thymidine to the tissue culture medium for a briefl pericd that is much shorter than
ms—phmimdfé?dpimﬂjﬂﬂminutumless The cells arc then preserved for
autoradiography and the fraction of the cells that have incorporated the radioison pe
into their DNA is determined by counting the fraction of cell with exposed silver
grains over their nucleus. As explained in Figure 16.4, this fraction multiplied by the
total cell cycle time is roughly equal to the average length of the 5-phase in the
population. '

" 24 hours ) ;'ix:u=:hum

st neh| [ G T © TGED vy -
of M phass by the mitatic M phase =  hours X correction factor

index

determination of the len|

of § phase by autoradiography

EEEEe0eSE D el

M hous——— %Xﬂ-!hm

k) 5 phnse = & bours = correction factor

aof ("H) thymidive — labeled cells) & @0 2 26 88 8 S £ £ il
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Fig. 16.4 Hlustration of the general principle that the length of each phase of the cell eycle is
approximately equal to the fraction of the cells in that phase at any instant.muttiplicd by the tatal cell
eyele time. This calculation is based on the assumptien that all the cells in the popalation are growing at
the same rate. The indicated ‘cormection factors’ range fram 0.7 for early G celis 10 1.4 for mitotic c2lls
with an intermediate value for S-phase cells, A correction factor i needed because there are always more
young cells than old cetls in a continupusly dividing population. The exict sge destribution 18 given by tha
equation y=2"" wherey varying froam 2 to | i the relative aumber of <0s at cell eycle age & (wheve =
varies from 0 for the vasdiest G cells 101 for the btest #-phass celis)



The length of M-phase can be determined in an analogous fashion by scanning the

cell population by light microscopy and determining the fraction of cells containing
condensed chfomosomes at'any one time since the last cell division, For example, a
sinde old cell becomes two young cells as soon as it divides, and there will be twice
as many cells in early G1 as in late M-phase.

Cell cycle analysis has been made much easier by the use of a fluorescene-activated
cell analyser. Wigh the help of this analyser one can rapidly determine the relative
fluorescene of a larg® nurber of cells, and their relative amounts of DNA, Those
cells with the least amount of DMNA are in G1 phase, those with double this amount
arc either in G2 or M, while cells in § have intermediate amounts (shaded area in
Figure 16.5).

cells in Gy
phase.

number of cells—>

0 1 2
relative amount of DNA per cell
{arbitary units) =

Fig. 16.5 Typical results obtained for a growing cell population when the DMA content of its individual
colls is determined with a fluorescene analyser. DNA amounts are given om arbitrary units and are
determined by the amount of fuorescent dyc bound. The fact that the number of cells in G 1 is much
greater than the number of cells in G2 and M indicates that the G1 phase is longer than G2 phasc in this

population.

The length of G1, and G2 plus M and S-phase of the cell cycle can be readily
calculated (Fig. 16.4).

5AQ1

State in the boxes provided, whether the following statement regarding cell eycle are
true of false. In the case of a false answer, write the correct answer also in the given
space

iy The interphase is a period of intense biosynthetic activity in which the cell
doubles in size and duplicates precisely its chromosome complement { )

iy During G2 a cell contains four times (4C) the amount of DNA presentin ()

the original diploid cell

Cell Cycle and Mitosis
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iii) "The DNA synthesis does not occur in a restricted portion of the interphase the
so0 called S-period

iv). Tissues such as nerve cells or skeletal muscles do not normally divide or they
rarely divide f:

)

v) During cell division eucaryotic chromosomes do not undergo condesation

decondesation whereas the DNA of procaryotes is cycled in this way W)

vi). Cells with the least amount of DNA are in G1 and those with double this
amount are either in G2 or M, whereas cells in S-phase have intermediate
amount

16.3 REGULATION OF CELL DIVISION

You have studied till now the cell cycle and cell division. The manner in which
mitosis is regulated is yet to be understood. However, cell division regulation
encompasses two fundamental questions: firstly, by what mechanism the cell cycle in
dividing stage is controlled in cells, and secondly by which mechanisms cxternal
agents trigger the onset of cell division in cells that are not actively dividing,

16.3.1 Control of the Cell Cycle in Dividing Cells

As pointed out in the carlier section cells generally shorten or lengthen the times
between successive cell divisions by shortening or lengthening the time spent in G1
stage. The regulation of the eucaryotic cell eycle is intimately associated with events
during the G1 phase. Direct evidence for the importance of G1 in regulating the cell
cycle has come from studies that limit cell , such as lack of nutrients or
appropriate growth factors. Under such conditions, cells stop growing at specific
point in the cell cycle situated near the end of G1 called the restriction point, and
then énter into a special phase called GO, where they may exist for long periods
outside the normal cycle of cell divisipn.

The cell fusion experiments reveal that cytoplasmic factors present in S-phase cells
are capable of triggeriug the prémature entrance of G1 nuclei into S-phase. Such
observations suggest that the production of specific substances during G1 is
responsible for triggering the entry into S-phase.

Yeast cells have helped us in understanding molecular event that trigger the
transition from G1 to S-phase. Yeasts are powerful tool for investigating the cell
cycle because of the ease of production of genetic mutants which can be
characterised. Such studies have shown that a small group of genes controlling an
event occur in G1, called start, this represents the point when cells become
committed to entering the mitotic cell cycle. Cells enter into a programme leading te
S-phase, mitosis and cell division. The genes found to be essential for the start
junction, codes for a protein resembling a protein kinase (an enryme catalysing the
phosphorylation of other proteins).



In bacterial cells commitment to the cell division cycle requires the production of Cell Cycle and Mitosis
DNA binding proteins that destabilise the double helix and allowing the &

involved in replication to have direct access to the DNA. Proteins capable

destabilising the DNA double helix are involved in the initiation of DNA replication

in eucaryotic cells about which you have studied in Block 3, The mechanism

responsible for unpacking this nucleosomal organisation is not known in detail, but it

is th ought that phosphorylation of histone molecules by protein kinase occurs during

S-phase. Histone phosphorylation might be an essential requirement for the entrance

of the cell into S-phase.

Although G1 phase appears to be the main site of regulation of the cell cycle in
eucaryotes, some cells stop their cycle in G2, Such G2-arrested cells are capable of
quickly.initiating mitosis in response to an appropriate stimulus, and therefore oceur
in places such as skin where rapid cell division may be required in response to an
injury. In contrast to G2-arrested cells, cells in either GO or G1 require many hours
to enter mitosis because of the necessity of first passing through the remainder of G1
§, and G2. The completion of the cycle from G1 to G2 varies from 8-20 hours in
actively growing animal and plant cells.

16.3.2 Factors that Stimulate Cell Division

In addition to the importance of metabolic events occurring within the cell, external
conditions also exert controls over the process of cell division. In rocaryotic cells the
major controlling factor is the presence of sufficient nutrients in the external
environment. As long as adequate nutrients are available, cell division generall
continues. In eucaryotic cells, which are typically multicellular organisms, division of-
each cell must be carefully regulated to suit the needs of the organism as a whole. A
variety of external factors are involved in coordinating the division of such cells,
Certain steroid hormones such as testosterone and estrogens have bekn found to
stimulate the growth and division of specific types of animal cells; while hormones
like auxins, cytokinins, and gibberellins stimulate the division of plant cells, Although
the preceding types of hormones act by entering directly into their target cells, other-
growth promoting factors have been identified which bind to specific receptors in the
plasma membrane. Well known examples of such growth factors include epidermal
growth factor, platelet-derived growth factor, nerve growth factor, thymosin and
erythropoietin. All these proteins stimulate the proliferation of a specific group of
target cells.

Although the mechanism by which such molecules stimulate cell division is not
completely understood, progress has been made in unravelling some of the early
steps involved. One of the more thoroughly investigated examples involves the
response of cultured cells to the addition of epidermal growth factor (EGF), a
polypeptide of approximately 6400 molecular weight. Experiments with radicactive
EGF have revealed that this pol ide first binds to specific membrane reoc;i:xlncr;
located on the surface of the cell stimulated to divide. These receptors whi

are initially distributed randomly over the cell surface, become clustered into patches
after binding to EGF and are subsequently taken into the cell by endocytosis,

One of the first biochemical changes observed in cells treated with EGF isan
increased rate of phosphorylation of tyrosine residues located in certain intracellular
proteins as well as the EGF receptor itself. The enzymatic activity responsible for
l:ﬂ.tﬂll_;{mlg this tyrosine-specific phosphorylation reaction resides in a portion of the
EGF receptor that faces the interior. In other words the EGF receptor, a -
trans-membrane protein, binds to EGF molecules at the outer surface of the plasma
membrane and it functions as a tyrosine-specific protein kinase at the inner surface of
the plasma membrane (Fig. 16.6). Binding of EGF to the membrane receptor causes -
its protein kinase to become activated, The ability of certain tumor viruses to
transform normal cells into cancer cells also involves the produetion of a tyrosine
specific protein kinase.

The above information indicates that the interaction of external factors with the
plasma membrane can trigger intracellular changes by altering the activity of an
enzyme localised withir the plasma membrane. The binding of any protein hormones
to the plasma membrane triggers activation of the membrane-bound enzyme
adenylate cyclase which catalyses the formation of 3, 5-cyclic adenosine
monophosphate (cyclic AMP). Intracelllar concentration of cyclic AMP has been
found to change during the normal cell cycle as well as in response to agents that
stimulate or inhibit cell division. Intracellular calcium can also trigger the onset of cell
division with the help of protein calmodulin.
| UGZY-BY-06/323
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Fig. 16,6 Summary of the mechanism by which epidermal growth factor (EGF) infloences protein
phosphorylation. Binding of EGF influences protein phosphorylation. Binding of EGF to the exterior
surface of its plasma membrane receptor cavse a conformational change in the receptor that permits it to
function as a tyrosine-specific protein kinase ar the cytoplasmic surface of the plasma membrane, This
enzEymatic activity in turn catalyses the phosphorylation of the amino acid tyrosine (tyr) in specific
cytoplasmic proteins.
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16.4 MITOSIS R

Mitosis is a complex process which splits the chromosomes equally into two daughter
cells. It involves maintenance of chromosomal continuity and diploid number. The
continuity of the chromosomal set is maintained by a special type of cell division
which is called mitosis. At the ime of cell division the nucleus becomes completely
reorganised. In a somatie cell the nucleus divides by mitosis in such a way that each
of two daughter cells receives exactly the same number and kind of chromosomes
that the parent cell had.

16.4.1 Chromosomal Events

Figure 16.7 represents two pairs of homologous chromosome in a diploid nucleus.
Each chromosome duplicates itself sometime during interphase before the visible
mitotic process begins. Although mitosis accounts only for a short period of time
relative to the total time between cell division, the remaining portion of the cell cycle
is termed interphase. The nucleolus is the only structure that is visible under the light
micTosCcope.

I) Interphase

During interphase, chromosomes are present in a different network of chromatin
that is not visible under the light microscope as an individual i.e. DNA-protein
complexes called chromatin are dispersed throughout the nucleoplasm. The events
during mitosis that follow unfolding are conventionally divided into four sub-stages:
prophase, metaphase, anaphase and telophase (Figure 16.7).

(a) Interphase (b) Early prophase
Centriole

() Middle prophase

Fig 16.7. The stages of mitosis and cytokinesis in an animal cell

Prophase marks the beginning of the cell cycle in which condensation of chromatin
fibres occurs in discrete and visibly separate chromosomes. During prophase, each
chromosome consists of two identical units termed as sister chromatids each of
which contains identical daughter DNA molecules that were produced in the
S-phase. As prophase advances the chromatids become more condensed, owing to
the packing of the nucleoprotein fibres. Sister chromatids are held together at their
centromeres of constricted regions about which you have read in 1042 course. At
this time, the small cylindrical centrioles begin to play a key role. As the centrioles
move apart, they generate fibrous microtubules which radiate from them in all
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directions. Centrioles, which aré themselves formed of microtubules, duplicate during
interphase by forming daughter centrioles at right angles to their own positions. Some
of these mictotubules connect the centridles with the kinetochores, granular regions
that are attached to the centromeres of the chromatids, Other microtubules form a
network that links the centrioles as they move apart. These microtubules, together
with associated fibres and proteins, are called the'spindle. The regions surrounding
the centrioles, from which the microtubules radiate; are termed the poles or polar
regions of the cell. At the end of prophase the nuclear membrane and nucleolus °
disappear, and each chromatid remains attached to spindle microtubule at its
centromere.

il) Early Prophase .
The centrioles begin moving towards opposite poles of the cell; the chromosomes can
be seen as long threads, and the nucleus is dispersing and hecoming less distinet.

[T} Middle Prophase
Chromosomes condensation is completed; each chromosome is composed of two
chromatids held together at their centromeres. Each chromatid contains one of the

two newly replicated daughter DNA molecules. The microtubular spindle begins to
radiate from the regions just adjacent to the centrioles, which are moving close 1o
their poles.

IV) Late Prophase

The centrioles reach the poles, and some spindle fibres extend from pole to the
centre or equator of the cell. Other spindle fibres extend from the poles to the
chromatids and attach i« the kinetochores, which are near the centromeres of the
chromosomes, The nuclear membrane begins Lo disperse and disappear, and the

 nueleolus is not visible.

During metaphase, the condensed sister chromatids which are connected to each pole
of the cell by the microtubules attached to their kinetochores, and migrate to the
equatorial plane of the cell. The microtub.iles attached to the chromosomes appear to
play a role in orienting them. It is the time when chromosomes appear thick and
discrete and can easily be identified, and counted and photographed for studies of
chromosomal abnormalities.

V) Metaphase -
The chromosoines move towards the equator of the cell, where they become aligned
in the equatorial plane. Thé sister chromatids have not yet separated.

¥1) Early Anaphase

The two daughter chromatids separate. Each contains a centromere that is linked by
a spindle fibre to one pole. Led by the centromere, each chromosome begins to move
towards the pole to which it is attached. Simultaneously, the cell elongates as do the

pole-to-pole spindles.

VII) Late Anaphase
Each set of chromosomes (the daughter chromatids) moves closer to its pole and
cytokinesis begins as the cleavage starts in animal cells (Fig. 16.8).
Animal cell Cleavage furrow
Plant cell Phragmoplast Cell plate

(-(—-(1—0C

Fig. 16.8 Diagzam summarizing the difference between the mechanism of cytokinesis in animal and plant
cells. In animal cells invagination of the plasma membrane proceeds from the periphery of cefl towards
the interior; in plant celis the phragmoplast begins to form in the centre of the cell and then expands
towards the periphery.



Anaphase is marked by the separation of the two sister chromatids at their Cell Cycle and Mitosis
centromeres. This happens simultaneously to the entire set of chromosomes. The

members of each chromatid pair now exist as independent chromosomes, that

migrate to opposite poles of the.cell, with each daughter cell having the same

chromosome complement. The movement towards the two poles is due to a

shortenipg of the microtubules attached to the kinetochores.

VIII) Telophase

It is the final stage of mitosis and reaches in interphase stage. Mew nuclear membrane
is formed around each daughter nucleus and when the chromosomes uncoil and
become less distinct, the nucleolus becomes visible again, Throughout mitosis the
“daughter” centriole at each pole has continued to grow until it is fully formed. At
telophase the duplicate of each of the original centrioles is completed and each of the
two centrioles at each pole begins to generate a new daughter centriole at right angles
to it.

“When cytokinesis is nearly complete, and the spindle disappears as the microtubules
and other fibres depolymerise, the nucleoli reappear.

16.4.2 Role of Spindle

In most eucaryotic cells, chromosome movement is dependent on the presence of the
mitotic spindle. This spindle apparatus contains atleast three different types of
microtubules (1) astral microtubules, which radiate from the centrioles that are only
found in animal cells, (2) kinetochore microtubules, which attach to the
chromosomal kinetochores, and (3) inter polar microtubules, which span the area
hg;wefg !%n: two spindle poles and account for the bulk of spindle’s structure

(Fig. 16.9).

microtubule centriole

Fig. 16.% Diagrammatic model of the spindle dpparatus
illustrating the three types of spindle microtubules

The assembly of spindle is regulated by changes in the equilibrium between the
polymerised and unpolymerised states of tubulin. It was found that exposing cells to
low temperature, high pressure, or the drug colchicine causes breakdown of the
mitotic spindle and the cessation of mitosis. However, the spindle spontaneously
reforms, as soon as the temperature fs raised, the pressure lowered or colchicine.
removed. This rapid reappearance of the spindle occurs even when inhibitors of
protein synthesis are present, indicating that the assembly of spindle is not dependent
on the synthesis of new spindle proteins. Calcium ions play an important role in the
process of microtubule assembly/disassembly during normal mitosis. Micro injection
of ca®™ into metaphase cells has been found to hasten the onset of anaphase while
conditions that lower the cytoplasmic ca** concentration show the progression into
anaphase. The mitotic spindle has been found to contain large amounts of -
calinodulin, a caleium binding protein that mediates the regulatory effects of caleium
ions upon a variety of cellular processes, :

Centrioles usually replicate during the S-phase of the cell cycle yielding two pairs of
centrioles that migrate to opposite sides of the nuclear envelope at the time of
prophase. C; replication is not a true division but rather a sequence of events in
which each pre-existing centriole induces the formation of » new centriole.

At the beginning of prophase, the two pairs of centrioles and their associated asters
begin to separate and move towards opposite sides of the cell. At the same time,
spindle microtubules start forming between the centriole pairs. By the time centriole:
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“have reached ite sides of the cells, thic spindle microtubules are almost
completely assembled. Microtubules exhibit an intrinsic polarity, one end functioning
in tubulin assembly and the other functioning in disassembly. Centrioles themselves
are not directly involved in generating the mitotic spindle.

16.4.3 Chromosomal Movements

Several theories have been proposed to explain the mechanism of the movement of
the two sets of chromosomes to opposite poles of the spindle during anaphase. Two
distinet types of movements occur at this time: migration of the chromosomes
towards the poles and movement of the two poles away from one another. Several
observations suggest that the spindle microtubules play a central role in these two,
types of movements. The kinetochore microtubules are the only external structures
that appear to be attached to the moving chromosomes. The kinetochore region of
the chromosome leads the way during chromosome movement, suggesting that the
chromosome is being pulled towards the pole by the microtubules attached to the
kinetochore. The chromosome movements can be inhibited by exposing cells to
microtubule disrupting agents such as colchicine.

A general description of three types of interactions for chromosome movements is
presented below:

i) Microtubule-Microtubule Interactions

You also know that ciliary and flagellar movements are based on the active sliding
movement that is driven b+ the transicnt formation and breakage of bonds between
adjacent microtubules. The reaction inveolves the ATP hydrolysing protein, dynein.
The chromosome separation during mitosis is driven by the two sets of forces: a
dynein-based, ATP—requiring process of microtubule sliding that pushes the spindle
poles apart, and a separate ATP independent mechanism for pulling the
chromosomes towards the pole.

ii) Microtubule Polymerisation/Depolymerisation
Although the microtubule sliding plays a role in chromosome movement, other
factors also play a role. First the overall length of the interpolar microtubule increase:

as the two mtﬁz spindle separate from one another, and secondly the
individual ki ore microtubules shorten as the chromosomes move towards the

. These changes suggest that interpolar microtubules are being lengthened by the
addition of tubulin subunits to their polymerising ends, while the kinetochore
microtubules are being shortened by the loss of tubulin subunits from their
depolymerising ends.

iii) Interaction of Microtubules with other Components
A number of proteins other than tubulin have recently been detecied within the

_mitotic spindle. The components other than microtubules may provide the driving

force for chromosome movement. Proteins like actin and myosin which have been
detected in close association with the spindle apparatus suggest their possible role in
chromosome movement. The role of actin and myosin in other types of motility is
well established. However, their role in chromosome movement has not been

—established as yet:— ——

SAQ3
Give short answer to the questions given below
i} What signals the beginning of the cell division ?

i) In which stage does nuclear fragments help to form the new nuclear membrane ?



iii} What regulates the assembly of spindle?

i¥) What indicates the chromosomes being pulled towards pole by the microtubule?

16.5 SUMMARY

Let us summarise what we have learnt so far.

* A growing cell consists of two essential periods, interphase i.e. the period of non-
apparent division and the period of division. The cell cycle is the complex series of
stages by which cellular material is divided equally between two daughter cclls.

# Doubling of DNA takes place during interphase and the synthesis of DNA occurs
unl::- in restricted portions of the interphase calléd S-period followed by the “gap”
periods of interphase (G 1 and G2) in which there is no DNA synthesis. S-phase

- cells contain a factor which induces DNA synthesis and this phase lasts for several
hours. The regulation of the cell cycle occurs in the G1 phase, during which it has
o decide whether the cell will start a new cell cycle or become arrested in the GO,

state. Once this G1 check point has been passed, the cell goes on to complete a
new cycle.

» Mitosis is a complex process that splits chromosomes equally into two daughter
cells and maintains chromosomal continuity and diploid number. The stage of
mitosis comprises interphase, early prophase, middle prophase, late prophase,
metaphase, early anaphase, late anaphase, telophase and cytokinesis.

» Assembly of spindle is regulated by the polymerised and unpolymerised states of
tubulin. During interphase, centrioles are surrounded by the scattered cluster of
short microtubules. At the beginning of prophase, the two pairs of centrioles and
their associated aster begin to separate and move towards opposite poles of the
cell. By the time, centrioles have reached opposite sides of the cell, the spindle
microtubules almost completely disappear. Microtubules exhibit an intrinsic
polarity, one end functioning in tubulin assembly and the other functioning in
disassembly.

& T'wo distinct types of movements occur during anaphase i.e. migration of the
chromosomes towaras the poles and the movement of the two poles away fron.
one another, Spindle microtubules play a central role in these two types of
movements.

16.6 TERMINAL QUESTIONS

1} What are cell cycle and period of intense biosynthetic activity?

Cell Cycle and Mitosis
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2) Describe the factors that regulate gell division.

-

16.7 ANSWERS

Self-assessment Questions

1)
2)
3)

(i) True (ii) False (iii) False (iv) True (v) False (vi) False (vii) True

a) (i) Correct, b) (ii) Correct, c) (i) Correct, d) (iii) Correct

i) The beginning of the cell division is signalled by the appearance of
chromosomes as thin threads inside the nucleus.

ii) During telophase nuclear fragments begin 1o form nuclear membrane.

iii) Assembly of spindle is regulated by changes in equilibrium between the
polymerised and unpolymerised states of tubulin,
iv) Kinetochore microtubules are the external structures attached to the moving

chromosomes and the chromosomes movements can be inhibited by
exposing cells to microtubule disrupting agents such as colchicine.

Terminal Questions

1)

2)

3)

A prowing cell undergoes a cell cycle which comprises essentially two periods
(1) the period of non-apparent division and (2) the period of division. The
interphase is a period of intense biosynthetic activity in which the cell doubles in
size and auplicates precisely its chromosome complement.

Certain direct evidences indicate that conditions such as lack of nutrients or
appropriate growth factors limit cell growth. Cytoplasmic factors present in
S-phase are known to be capable of triggering the premature entry of G1 nuclei
into S-phase. '

In eucaryotic cells, chromosome movement is dependent on the presence of the
mitotic spindle, Spindle formation is regulated by changes in the equilibrium
between the polymerised and unpolymerised states of tubulin. Several
observations suggest that the spindle microtubules play a central role in the
movement of the two sets of chromosomes to opposite poles of the spindle
during anaphase. ’
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17.1 INTRODUCTION

In the previous unit (16) you have studied about mitosis, cell cycle and factors that
determine and control cell cycle and cell division. You have also read about the
chromosomal events taking place during mitosis. Mitosis gives rise to daughter cells,
each of them receiving exactly the same number and kind of chromosomes that the
parent cell had, During the late 1800s, it became apparent that another, modified
form of cell division must occur in the life cycle of sexually reproducing organisms in
order to ensure the constancy of the chroniosome number in the successive
gencrations. The term meiosis is taken from the Greek word meioun, which means
‘to diminish’. This unit deals with the process of meiosis.

In addition to reducing the chromosome number of the daughter cells, meiosis also
brings about recombination, a mechanism by which segments of chromosomes are
physically exchanged 1o mix the gene sequence into new combinations,
Recombination provides a variety of genetic types to meet the demands of a changing
environment. Here you will study chromosomal behaviour during meiosis, penetic
recombination and also about division of the cytoplasm,ie., cytokinesis.

Objectives

After reading this unit you shall be able to:

® draw diagrams to show chromosomal behaviour in various phases of meiotic
prophase

 explain the molecular theory of genetic recombination

= list the chromosomal and genetic differences in daughter cells produced by mitosis
and meiosis

# wive distinctive features of cytokinesis in plant cells compared with those in the
animal cells.

17.2 MEIOSIS

You must be aware that urganisms reproduce basically in two different Ways;

i} Asexual reproduction, and ii) Sexual reproduction. In asexual reproduction, &
single parent usually splits, buds, or fragments to give rse to two or more individuals.
The individuals produced by the ways mentioned above is through the process of
mitosis, and therefore have the same number of chromosomes as that of their parent.
They also have identical genes and therefore inherit traits similar to those of their
parent organism. '

In contrast, sexual reproduction involves two parents, each of which contributes a
specialised sex cell, or gamete. In the case of animals and plants, the male pamete is
called sperm and the female gamete is called an ovum or egg. At the time of UGZY-BY-05/331
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fertilisation the mai. und the female gametes fuse to form a zygote. The zygote
divides through a series of mitotic divisions to give rise to a new individual,

You must be aware that the number of chromosomes carried by the cells in an
individual, and all the individuals of a species is constant. Chromosomes normally
-exist in pairs; there are two of each kind in the somatic (body) cells of higher plants
and animals. Thus, the 46 chromosomes in human cells constitute 23 different pairs.
The member of a pair, called homologous chromosomes are similar in size, in shape,
and in the position of their centromere. A set containing two of each kind of
chromosome is said to have the diploid number or 2n.

You have learn® above that, at the time of fettilisation male and the female gamete
fuse to form a zygote. Let us consider that in an organism four is the diploid number
of chromosomes and the gametes too carry four chromosomes. In this case, when the
gametes fuse to form a zygote, the chromosomal number in the zygote will be 8
(4+4=8) and all the cells derived from the zygote would contain 8 chromosomes.
Thus chromosome number would increase at the turn of each generation by the
square of number of chromosomes of the previous generation. This would
consequently lead to an untenable situation. There would remain no significance 1o
the number of chromosomes an organism carries. But in nature this is not so. We see
that chromosome number is constant no matter how many generations succeed one
another. The constancy of the chromosomal number in soccessive generations of
sexually reproducing organisms is ensured by the process of meiosis, Gametes have
only one homologue of each homologous pair and thus have the haploid or n
number of chromosomes. At the time of fertilisation when the sperm and egp fuse,
each gamete contributes its haploid number of chromosomes; the diploid number is
thereby restored in the fertilised egg (zygote). When the zygote divides by mitosis to
form the first two cells of the embryo, each cell receives a diploid set of
chromosomes; thus most body cells are diploid. Now we will study about the
behaviour of chromosomes during meiosis.

17.2.1 Chromosomal Events

Meiosis consists of a series of nuclear and cell divisions, designated as the first ana
second meiotic divisions, or simply meiosis | and meiosis I1. Each of these includes
prophase, metaphase, anaphase and telophase. During the first meiotic division, the
members of each of the homologous chromosomes separate and are distributed into
separate cells. In the second meiotic division, the chromatids that make up each
chromosome separate and are distributed to the daughter cells. In this way the
number of chromosomes is reduced by half, which gives rise to four haploid cells at
the end of meiosis. The meiotic division takes place at the end of the G2.phase of the
interphase, as in the case of mitotic cell division.

The essential processes that take place during meiosis are:
& pairing (synapsis) of the homologous chromosomes

» formation of chiasmata, and

« segregation of homologous chromosomes.

From the morphological point of view the prophase of the first meiotic division is a
long process during which homologous chromosomes pair closely and interchange
hereditary material. For convenience the first meiotic prophase is divided into the
following five stages:

# Leptotene (Leptonema)

e Zygotene (Zygonema)

# Pachytene (Pachynema)

= Diplotine {Diplonema)

a Diakinesis

However these stages are not sharply demarcated. Now we will study about cach of
these stages in detail.

Leptotene: Leptotene stage begins when each chromosome is first seen to have
Condensed from its interphase conformation to produce a long thread with a
proteinaceous central axis. Each chromosome is attached at both of its end to the
nucleri envelope via a specialised structure called an attachment plate. Although
cach unromosome has replicated and consists of two sister chromatids, these
chromning are closely opposed and therefore appears to be single (Fig. 17.1A).



Zygotene: Leptotene is considered to end and the zygotene stage begins as soon as
intimate pairing between the two homologous chmmoumisi:ﬁﬁamdbyun_‘
process called synapsis or zygotene pairing. The homologous chromosomes which
pair are coming from different sexes (father and mother). Synapsis-often starts when
the homologous ends of the two chromosomes are brought together on the nuclear
envelope and continues inwards in a zipper-like manner from both ends, aligning the
two homologous chromosomes side by side (Fig. 17.1B). The pairing is completed in
three different ways, as follows:

i) Proterminal Pairing: The two homologous chromosomes start pairing at the
ends or terminals, which gradually progress towards the centromere,

ii) Procentric Pairing: The pairing starts at the centromere and proceeds towards
the end.

iii) Random or Intermediate Pairing: The pairing may be at many points towards
the ends.

As a result of synapsis each gene is thus thought to be brought into close contact with
its homologous gene on the opposite chromosome. The two homologous
chromosomes are brought together to form a characteristic ladder-like structure,
called synaptonemal complex. Each homologous chromosome pair in meiotic
prophase [ consists of two closely opposed sister chromatids, thus-each pair
containing four replicas known as tetrads.

Pachytene: As soon as the synapsis is complete all along the chromosome, thecells
are said to have entered the pachytene stage of prophase, where they may remain for
days. At this stage large recombination nodules appear at intervals on the
~synaptonemal complex. These recombination nodules mediate for chromosomal
changes. The non-sister chromatids {chromatids of different chromosomes) twist
around each other. This process is called crossing over (Fig. 17.1C).

Diplotene: The beginning of diplotene stage is marked by the beginning of
separation of non-sister chromatids and the tight pairing is relaxed. This process is
known as desynapsis. The separation of homologous chromosomes is However hot
completed. They remain attached at one or more points where crossing over has
occurred. These points of attachment are called chiasmata, In cocytes, diplotene can
last for months or years, since it is at this stage that the chromosomes decondense
and engage in RNA synthesis. In some cases the chromosomes expand enormously,
producing the lamphrush chromosomes, found in amphibians and some other
organisms (Fig. 17.10).

Diakinesis: Diplotene stage merges into diakinesis. At this stage RNA synthesis stops
and the chromosomes condense, thicken, and become detached from the nuclear
envelope. Each bivalent is clearly seen to contain four separate chromatids, with each
pair of sister chromatids attached at their centromeres, whereas non-sister chromatids
that crossed over are linked by chiasmata (Fig. 17.1E).

Prometaphase I: During this phase the bounding membrane of centrosome
degenerates, leaving behind two centrioles along with astral rays. Then both of them
maove apart and take their final position at ‘opposite poles of the cell. Each centriole is

provided with its own astral rays. Nuclear membrane also beeaks down and results in
the formation of spindle fibres,

Metaphase I: During metaphase-1, the bivalent chromosomes arrange themselves in -
the plane of the equator forming equatorial plate. The centromere of each
chromosome is directed towards the opposite poles and the arm of chromosomes is
faced towards the equatorial plate (Fig. 17.1F).

Anaphase I: All the bivalent chromosomes repel each other towards opposite poles.
Thus each pole receives half the number of haploid set of the chromosomes. Thus,
actual reduction occurs at this stage. The movements of chromosomes is brought by
the spindle fibres, which is similar to the mitotic movements (Fig. 17.1G).

Telophase I: At this stage, the nuclear membranes are formed by the endaplasmic
reticulum around the groups of chromosomes which disappear with the appéarance
of nucleolus or nucleoli (Fig. 17.1H).

Muior' and Cell Division

UGZY-BY-05/333



Cell Division, Cell
Movement and
Differentiated Cell Types

' {A) The Five Stages of Meiotic Prophase 1

Centromere

chromosomes
nuclear envelope

Attachment plague

A, Leptoten

Start of synagtonemal
complex

irection of “Zippering”

chromatin

Proteinaccous
B. Zygolens axis

Recombination nedule

Lateral elementc of
synaptonemal
coamplex

100 nm

Chromatin
decondensation
and BN A synthasis

Chromosome ends
detach from nuclear
envelope

F. Diakincsis

UGZY-BY-05/334

F. Metaphase |

G Anaphase 1.

H. Ttlupha_se 1

| Cytokinesis

I. Meionc
Prophase 11

K. Anaphase [I

L Telophass 11
and Cytokinesis

Fig, 17.358iEC800 Meios



Intrameiotic Interphase: This is the stage between the telophase of the first meiotic
division and the prophase of the second meiotic division. In the previous unit you
have studied that replication of chromosomal DNA takes place during this phase,
But in meiosis, no replication of DNA takes place during the interphase,

The Second Meiotic Divisioi% The secona meiotic division is essentially similar to
mitosis. It divides each haploid cell into two daughter haploid cells, Like mitotic
division it can be studied under four phases:

Prophase II: Prophase I does not show the complex nuclear behaviour of prophase
L. The chromatids of prophase Il have widely separated rims, and in this respect
differ from the chromatids of the mitosis, which are close together. Spindle formation
takes place in prophase I as in mitosis, and the nuclear membrane disappears

(Fig. 17.1T).

Metaphase II: The chromosomes become oriented on the equatorial plate and have
the same relationship to the spindle as in mitosis (Fig. 17.17).«

Anaphase II: The centromeres divide and the two chromatids of each chromosome
separate and move to the poles. After separation, the chromatids are called
chromosomes (Fig. 17.1K).

Telophase II: At this stage reconstruction of the nuclei takes place as in mitosis. The
nucleus, centriole and the chromosomes return to the interphase condition. Each
niacleus contains the haploid number of chromosomes (Fig. 17.1L).

In animal oocytes, anaphase 11 and telophase I are again asymmetrical. A second
polar body is formed. The first polar body may also undergo a meiosis Il to give rise
to two haploid daughter polar bodies. Thus at the end of meiosis II we find 4 haploid
cells, three polar bodies and the ovom (Fig. 17.3).

Primordial
gream

Phase of
multiplication
(miteosis)

Phase of
growth

Phase of First meiotic

maturation Secondary division First polor

(meiosis) ~ ©ocyte
Second meiote,
division

Sceond | Aclditional polar
polar body bodies

Fig. 17.2 Meiotic Division in Animal Oocyie
SAQ 1
Fill in the blanks with suitable words
a) Meiois is a special type of cell division in which the chromosomal number is
reduced to..................0f the original number.

Medosis and Cell Division
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b) The essential processes that take place during meiosis are............of
homaologous chromosomes, formation of.....c.cceee. 800 oeveeseeseenn0F
nomologous chromesomes

¢} Crossing over takes place during...............stage of the first meiotic prophase

d) wvereeeeeen- i the point of attachment of non-sister chromatids durnig crossing
over

€) In amphibians chromosomes expand enormously during diplotene stage
producing the ...........c..cc.....

ll’.-'.l GENETIC RECOMBINATION

:F'-lnﬂleprﬂdmnmcﬁmymhw:iﬂamuhuatthnmdéfﬁmmhaphﬁd
“~ daughter cells are produced-from one diploid germ cell, maintaining constancy of

chromosomal number in the species, meiosis also brings about genetic variability in
the population.

Genetic variability is brought about by genetic recombinafion. You have learnt in the
previous section that thé genetic recombination takes place by the process of crossing
over during pachytene. In this process the precise pairing of the homologous
chromosomes plays a very important role and this is brought about by the
development of synaptonemal complex. Synaptonemal complex provides the
structural framework necessary for recombination events. The actual recpmbination
is mediated by recombination nodules, which are either spherical, ellipsoidal, or
bar-like protein—containing assemblies with a diameter of about 90 mm. These
nudules sit at intervals on the synaptoneial complex, placed like basketballs on &
ladder between the two homologous chromatids (Fig. 17.3). There are about as many
recombination nodules as crossover events. Since recombination nodules initiate the
process of crossing over, it implies that recombination nodules must be extremely
efficient in cansing the chromatids on opposite homologues to recombine.

ister Chromatids sister Chromatids
:“m 2 Jand 4
Fig. 17.3 Synaptonemal Complex
Recombination of genetic material results from physical exchanges betweén
which involve a process of breakage and reunion of chromosome
segments. Figure 17.4 clearly illustrates the process of recombination of genetic
material between the homologous chromosomes (Fig. 17.4).

You can see in Fig. 17.4 that a homologous pair of chromosomes contain the genes
A.a, and B,b, at different sites on the chromosome arm (Fig. 17.4A). One member
of the pair has the alleles A and B at these locations. As a result of replication of
premeiotic interphase, both chromatids of the chromosomes will have the A and B,
alleles at these sites. The opposite member of the homologous pair has the alleles a
and b at the corresponding locations. At this stage, these chromosomes are identical
in sequence of chromosomes of the same homologous pair in any cell of the

" organisth, During prophase 1 of meiosis, the homologous pair closely. If .
recombination ocours between these genes (Fig. 17.4B), two of the four chromatids



at the close of meiosis will contain the new combinations A-b and a-B 17.4 Miciosis Dvision
As a result, the products of recombination consists of chrumamisu&ﬁg- - RS

. 1

ptotene -

Confiagici (Zygotene-pachytene)
Fig. 17.4 The cffect of recombination in mixing the alleles of the
chromatids entering meiosis into the new combinations.

17.3.1 Molecular Theory of Recombination
Whitehouse (1963), Holliday (1964), Meselson (1964) and others proposed models
to explain recomibination of genetic material at the molecular level, However, all of
pmmﬂ&ﬂm%hﬂcm@ma“%mﬂmﬁm:ﬂﬁnﬁﬂaw
in the breakage and exchange mechanisms. .

Aqu*m:mdﬂcuhr%moﬂbe&mrmmmﬁdgmméDNﬁmmﬂ
Opposite parentage appr and pair in such a way that homologues are opposite to
mchuthu-{ﬁg.l?.ﬂﬁ}.hmcmbsaqumstq:,qmgsammde(bfﬂNA .
mqmudmeuyme]m_mnhofﬂmnnﬂmﬁdanhﬂnsafﬁmbﬂﬁmﬂmm
(Fig. 17.5B). These openings are called nicks.

MWEEWGmeﬂBmDNAMMMMHmM

single-stranded DNA (Fig. 17.5 Unwinding is promoted -binding
pm@Mmbﬂhemd@mmu%NihmMmmmmhy

mmmmdnﬂﬁmmmmﬂmﬁmmmm

in DNA replication.
& Repair synthesis
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Pairing of nicks of single strands ; tiakogs
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Fig. 17.5 A simplified model for the nulccdamjn:mﬁuﬁm.lﬁhnhpandmhngr_
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While the segments are unwound, one or more of the exposed stigle-stranded ends
mm“mmemwmammwmmnm
mmwmmmbywmwmm
wind into double helices producing hybrid DNA (Fig. 17.5D). The hybrid DNA may
mmmemmﬂmqmmmmmqmm&m
oppaosite alleles. At the ends of the hybrid regions, gaps or overlaps may be produced
because of inexact location of the single-strand nicks and because of nibbing. The
mﬂapsmﬂmuﬁudbybﬂﬁmﬂdmmdﬁnmﬂhdmhyﬂﬂﬁ
Finally, the remaining nicks in the recombined DNA malecule are

'ﬁmmmwmmpnmuw{m:ﬂm.mmsm

the enzymes involved in the process of recombination.
Table 17.1 EmymuﬂthﬁimhRmhluﬁm

Enzymes or Factors Possible Role in Recombination
DMA endonuclease * Opening initial micks in the homologous DNA molecules.
DMNA-binding i Unwinding and stabilising single naclectide chains after nicking;

unwinding enzymes, DNA gyrase Promoting invasion of homologous helix
DMA cxonuclease
DNA polymerase I 3
DA ligase Sealing nicks after gap Glling.
E:whnmmlrmﬂmmmcmiﬁynfmm‘mdhmlymwth:mdm
mrammmmmmwmﬁ:;«mm
much like it, probably operates in the breakage and exchange romosome
s&pmﬁﬁ?ﬂngmﬁuﬁnWl.Mo!Mmmﬂmﬁmﬁmmnﬂh
mmmmnmmmmwmnﬂa
ﬂmm,md[ﬂ@&pdﬁﬂﬂumdligﬂmmhmmmdwﬂ&amm._ﬁm
is also evidence from the work of Stem and Hotta (1973) that these enzymes mcrease
in activity during the recombination stagy.

17.3.2 How does Meiosis Differ from Mitosis?

The events of meiosis are similar to the events of mitosis, but there are several
MMMHMME&HMMT%ITJH

Table 17.2 Comparison of Mitosis and Mesosis 1
Mitosis Meiosis

1, The cell divides only once. 1. There are two cell divisions, the first and the sccond meiotic
s

2. Mitosis takes place in the

2. Meiosis takes place in the perm cells,
somatic cells of the body. L.

3. Occars in both sexally as 3. Ooccurs only in sexually reproducing organisms.
well as asexually :

4, DMNA replication takes 4. DMA replication takes place during interphase 1 but not
place doring interphase 1. interphase 1L

5. The DNA replicates once 5. The DNA replicates once for two cell divisions.
for onc ccll division.

6. The duration of prophase is 6. Prophas: is comparatively longer and may take days.
short, usually of a few houars. :

7. Prophase is comparatively 7. Prophase is complicated and is divided into leptofene,
s, : Sind and diakt

8. The cell divides only once 8. ‘There are rwo cell divisions bat the chromosomes divide
andthe dhivomosomes also oaly once.
divide only once,

9. There is no synapsis. 9. Synapsis of homologous chromosomes takes place during

prophase.

10, The two chromatids of a 10, Chromatids of two homologows chromosomes exchange
exchange segments during
prophase.

11. Each chromosome consists 11. The two homologous chromosomes from bivalents o
of two chromatids united by tetrads, Each bivalent has four chromatids and two
A Centroamere, CENTOMETS.

12. The arms of the prophase 12. The arms of the chrofmatids are separated widely in
chromatids are closc 10 one prophase 11,
another.



Mitosis

L) L)
Maiosi Meiosis and Cell Division

13. Chromosomes are already
duplicated at the beginning
of prophase.

14, In the metaphasic plate all
the centromeres fine up in the

same plane.

15. mmmpimum
up of chromosome pairs.

16, Division of centromeres
utnpluudu'm;m

17. The chromosomes
simultanecusly during
anaphase,

18. Spindle fibres disappear
completely in telophase.

19: Mucleoli reappear at
telophase

20, The chromosome aumbser

remains constant at the end
of mitoais.

21 “The genetic conatitulion of

the danghter cells is identical

When prophase | commences the chromosomes appear
mdqu {although DMA replication hat taken place in
interphase I).

14, In metaphase [ the centromeres are lined up in two planes
which are parallel 1o one other.

15. The metaphasic platc is made up of paired chromosome
pairs,

16. “Thiere is no contromcric division during snaphase 1.
Ceniromeres divide only during anaphase II.

17. Short chromosomes scparate early; separation of long
chromosomes is delayed.

18. Spindle fibres do not disappear completely during
telophase L-
19, Mucleoli do not reappear in telophase L

0, The chromosomal number is reduced from the diplaid 1o the
haploid.
21. The genétic constitution of the daughter célls differs from that

of the parent cell. The chromosomes of daughter cells
usually contain a mixture of matemal and paternal genes.

tor thea of parent cells
O -
SAQ2

Explain in just one line the role of the enzymes listed below, in the process of
rocombination

8) DNAEndonuclease . e ————————

D) A EYTREE e e R R
2 DA e OmIC e h eiiinanis
- I A PO PR ey

)N Dy e e i S

17.4 CYTOKINESIS

in Unit 16 and the earlier sections of this unit you have been studying the
chromosomal events taking place during mitosis and meiosis. In this section we will
study about division of the cytoplasm, cytokinesis in both animals and plants.

The nuclear division and cytokinesis usually occur together; however, this is not
always the case. For example in Drosophila eggs, carly development consists of many
successive and synchronous nuclear divisions in the fertilised egg without
accompanying cytokinesis. This creates a single cytoplasmic mass with several
thousand nuclei, Occasionally even in animal cells cytokinesis may fail to oceur,
creating binucleated cells,

Cytoplasmic division in most cells begins during late anaphase and continues during
tulophase, when the daughter nuclei have reached the G1 stage. Division of the cells
oucurs in a plane at the right angle to the long axis of the spindle, midway between
the separated groups of daughter chromosomes. The process of cytokinesis in animal
cells differs from the process in plant cells. The two mechanisms of cytokinesis are
described mthefullnmugwb-mnns

17.4.1 Crtokinesis in Animal Cells
Cvtokinesis in snimal cells is a contractile process. The contractile mechanism is
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remains of polar

contained in a coniractile ring located just inside the plasma membrane. The ring
furmxarmmd'thedmumferem:;ﬁmemﬂﬂﬂnecdgpufthcmmphm;ﬂmn.ﬁc
mﬂua:ﬁhmmsistsafahunﬂa‘ufmicmﬁlmmmufmﬂnmdmymin.ﬁn
inlmﬂilmbﬂweenpcﬁmandmmamompmﬁcdbyhydmlysisofﬂTPtﬂﬁDP
mﬂﬁwm_ammmmmmﬂmmnmﬂﬁlﬁﬂngmwm.mmga
ﬁumwhlthﬂnaﬂﬂnfaﬂeandpinchingﬂ:emuhmTanmumpﬁshcykﬁnﬂsthc
mntraﬂilemgmmtbeauarhedtmhﬂinﬁdtoithn;ﬂsmammbm,mﬂmﬁng
mutm.mmmymm“mmdﬁmmm;mmmmﬂemgmdm
mmmmmmu@wmmamwmmma

[ mﬂmmmmmmaﬁm.mmmm,mmm
dd—bndj,pusimgmtutmn:nHDquthespindla{ﬁg. 17.6) and then disappears
mmcmadkﬁmﬂybrmkapmmmm‘lnmimﬂmﬂscymﬁmﬁsmm
plaw“dminafewmhlutﬁ.lnammba,ﬁmmh.tbemmﬁleﬁngmﬂmms
m:mul}rmpidly,andaﬁtfcytukhfdstakesplnmindﬂmﬁﬂmds,

Reforming
contractile ring Nucleolus

Mid Body Nuclear Envelope

mt".‘.ﬁﬂymtinmkhmcm
17.4.2 Cytokinesis in Plant Cells

mmmmmwmammmdmmlep&ma'
membranes and cell walls bétween the two danghter cells in the plane of the :

.mmmmmmmmmmmma

By their fusion the vesicles of the phargmoplast form a double plasma
membrang. The two plasma m e5 fuse peripherally with the main plasma
membrane of the cell, thereby ing two separatc daugliter cells. Therefure, a
double cell wall is formed between the two plasma membranes by the daughter cells.
Thzmoeﬂmlﬂﬁ;ﬂmmhmﬂhighlyﬂeﬁunisgndnaﬂymickmodbydm
secretion of additional layers of wall material. Narrow openings called
phsmodmmpemistmthemwﬂwaﬂandrmainasdhmdymplmﬂc
mnnncﬁnnsbetwmlhcdaugjnﬁmﬂs.wmdxplammemmmﬂmmﬂ
waﬂhﬂwemthzdanghﬁoeﬂsmefuﬂyfmmnd,mapmﬁﬁmmmnnﬁddlcmgimia
termed the cell plate  Complete formation of the cell plate may take from 30 minutes
to 2 hours in different species. Figure 17.7 illustrates the process of cytokinesis in a
higher plant cell with a rigid cell wall (Fig. 17.7).

Dol spindle microtubles mumur-ull.nl
PI |

Giolgi vesicles awsociate Lage elophase

with microtubles and
o iowand the couator
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the periphory of the carly ccfl plate  adjacent cells mbcrotubles is
yeestabilished

Fig. 17.7 Cytokinesis in Pjant Cell



17.4.3 Distribution of Cytoplasmic Components Meiosis and Cell Division

In the earlier sections you had studied about the events of nuclear division and
cytoplasmic division. In this sub-section we will stady about the distribution of
eytoplasmic components during cytokinesis.

In most instances cytokinesis divides a cell into roughly equal-sized daughters.
Exceptions occur in early cleavage stages of embryos of many species, where
cytokinesis produces large and small daughter cells in precisely defined patterns.
Even in the usual case of egual division, cytokinesis often does not divide a cell into
two exactly equal parts. One cell receives slightly more of the cytoplasm than the
other. This unequal distribution of the cytoplasm is not a matter of major
consequence since most cytoplasmic organelles like mitochondria and ribosomes are.
present in many copies and each cell always receives some of these. Failure ofa © -
daughter cell to receive at least one mitochondrion {and at least one chloroplast for
plant cell) is likely to be lethal. Since DNA‘containing organelles form by fission of
pre-existing organelles, they cannot be formed in the cell. However a golgi complex
or a contractile vacuole can be formed inside the cell.

SAQ3

Fill in the blanks with suitable words,

a) Cytokinests in animal cell is a..............process. An interaction between ...
and.......ccow...dccompanied by hydrolysis of.............generates contractile force

that draws the contractile ring involves, forming a farrow in the cell surface
pincing the cell in two,

b)  During cytokinesis in plant cells..............i15 formed by the fusion of vesicular
material derived from the............. which later fuses with the plasma membene
of the cell, forming two separate daughter cells.

17.5. SUMMARY

In this unit you have studied that:

» Meiosis is a special type of division that occurs during the formation of gametes in
animals and spores in plants. It involves two successive cell division (meiosis 1 and
méiosis I1), during which the chromosome number is reduced to one-half of its
original number,

« The prophase of the first meiotic cell division is a long process during which
homologous chromosomes pair and interchange genetic material. During anaphase
of the first meiotic division, two chromatids of each homologous chromosomes
separate, and one is distributed in each daughter cell. When zygote is formed, one
member of each homologous pair is contributed by one parent and the other
member by the other parent. Therefore, each parént eontributes half of the
chromosomes of the zygote.

» Recombination involves physical exchange of chromosome segments between the
homologues. The sites of breakage and exchange of chromatids become visible as
chiasmata.-

» Recombination océurs within the framework of the synaptonemal complex in
which DMA molecules from opposite homologues loop out and undergo close
molecular pairing. The breakage and exchange of chromatids }nvolm enzymatic

" steps, these include (1) nicking by endonucleases; (2) unwinding promaoted by
binding proteins, unwinding enzymes, and DNA gyrases; (3) nibbing of unwound
chains, catalysed by exonucleases; (4) rewinding, possibly promoted by DNA
gyrases; (5) gap filling and chain extension by DNA polymerases; and (6) nick
sealing by DMNA ligases. ) o

» Cytokinesis in animal cells is a contractile process. Microfilaments of actin and
myosin form the contractile ring. An interaction between actin and myosin
accompanied by hydrolysis of ATP generates contractile force that draws the
contractile ring inwards, forming a furrow in the cell surface, pinching the cell in
twor, -

» Cytokinesis in plants involves accumulation of vesiclar material in the plane of
the metaphase plate, perpendicular to the spindle. Fusion of vesicles form
phyapmoplast which fuses with thic main plasma membrane of the cel' thercby
forming two separate cells
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el g 17.6 TERMINAL QUESTIONS

Differentiated Cell Types

1) Explain diagrammatically the behaviour of chromosomes during various phases
of meiotic prophase 1.

& Leptoiene b, Zygotcne c. Pachytene  d. Diplotene e. Diakinesis

2} Explain bricfly inthe spcae given belowthe molecular mechanism involved in
the genetic recornbunatoan

3) List five chromosoma, and genetic differences in daughter cells produced by
mitosis and meiosis.

4) Explain briefly in the space given below, the process of cytokinesis in animal and
plant cells.

17.7 ANSWERS

Self-assessment Questions
1 a) onc-half.
b} pairing, chiasmata, segregation
¢} Pachytene
d) chiasmata
e) Lampbrush chromosomes

Please refer Table, 17.1

a) contractile, actin, myosin, ATP
h% Phragmoplast, Golgi complex.

Terminal Questions
1) Please refer Fig. 17.14, 17.1B, 17.1C, 17.1D, 17.1E and 17.1F.
2) Please refer sub-section 17.3.1
3) Please refer Table 17.2.
4} Please refer Section 17.4.
UGZY-BY-05/342



UNIT 18 CELL ADHESION, CELL
MOVEMENT AND
EXTRACELLULAR MATRIX

Structure

18.1 Introduction
Objectives
18.2  Intercellular Recognition and Cell Appgregation
Aggregation of Slime Mold Amoebae
Species-Specific Aggregation
18.3 Cell Junctions
Desmosomes
Tight Junctions
Gap Junctions
Plasmodesmata
184 Cell Movements
Pseudopodia
Lamillopodia
F !
Ciliary and Flagellar Movements
Phagocytosis
18.5 Extracellular Matrix
Praoteins and Glycosaminoglycans
Basal Lamina
18.6 Summary
18.7 Terminal Questions
18.8  Answers

18.1 INTRODUCTION

You have read in previous units, how cells divide by mitosis and meiosis to produce
daughter cells. Specific cells formed by cell division recognise each other and adhere
together with the help of specific cell surface molecules and organise into
co-operative assemblics called tissues. These tissues in multicellular animals organise
to form organs. Cells join and interact with each other with the help of various types
of cell junctions. These junctions are located in the regions of interacting plasma
membranes and underlying cytoplasmic regions. In this unit we have discussed how
cells recognise each other and also the types and formation of the cellular junctions.
Free living cells and certain cells in multicellular organisms are motile. The cellular
locomotion occurs with the help of various cellular processes which are discussed in
this unit. Locomotory apparatus of the cells consists of actin filaments and the variety
of actin-binding proteins which are associated with the plasma membrane of these
cells. -

Later in the unit, we have dealt with the extracellular matrix. Extracellular matrix is
st. ded by the cells it surrounds. The matrix is composed of various types of
macromaolecules such as proteins and glycosaminoglycans. The composition of these
macromolecules differ from tissue to tissue on the basis of various functions
performed by these tissues. Extracellular matrix perform various functions, such as
giving strength and elasticity to the tissues, cell migration, cell differentiation,
developmental processes, filteration of the cells and solutes etc. In the next unit we
will discuss various types of animal tissues. Before you read this unit, you should
refresh your memory with the structures and assemblies of collagen fibres and actin
filaments about which you have already read in Unit 6 of Block 2.

Objectives

After studying this unit you will be able to: ;
# cxplain how cells recognise and adhere to each other with the help of specific cell
surface molecules to form co-operative assemblies,

o enlist various types of cell junctions and describe their truct and functions,
PF i T s UGZY-BY-05/343
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-mm&mﬂmmmﬂmmﬂwmmm

locomotory apparatus in Mmovements,

» list the main components of the extracellular matyix and discuss their synthesis and
organisation.

18.2 INTERCELLULAR RECOGNITION AND CELL
AGGREGATION

multicellular organisms are specialised and organised into co-operative

mmugrmDﬁHmmmmmmﬂmmhmhmmfmm
Wmmmmmmmmdwgammhddmgﬂhaby
extracellular matrix and cell junctions. There are two ways in which specialised cells
mmmmmmammmmmmmyduM:
formation is that the progeny of the founder cells are prevented from
away by extracellular matrix macromolecules such as basal lamina and by formation of

cell junctions(see Fig. 18.1). It is in this way that the cells in epithefial cell
mw Formation, folding and differentiation of such cell sheets are
very much a pari of animal development.

Ph.ulmmmamﬁmmnmmmpmydmmmmhm
the epithelial sheet with fhe help of basal lamina and intercelhular junctions.

Theamumimynmmparxﬂvd}‘mmple:lthatmmh'ﬁmlgmhmufﬂlemﬂsmnew
locations where they assemble with local or other migrant cells into tissues. For
example, as shown in Fig. 18.2, the cells of neural crest of vertebral embryonic neural
tube migrate to different regions and assemble into various tissues such as ganglia of
peripheral nervous systems.

18.2.1 Aggmgahun of Slime Mold Amoebaé

Relatively less is known about the mechanisms of intercellular recognition and
aggregation, which result into complex tissues and organs. However, understanding of
these mechanisms have been derived from thsmﬂimafsimﬁcmmmicmganims
sach as slime molds and sponges. We will discuss here the example of slime mold
amoeba Dictyosteliom discoideum which ean be studied in vitro as the phenomenon
proceeds quite normally in a culture dish. These amoebae live as independent cell
until their food supply is exhausted. Starving cells stop dividing and began to
aggregate in response to cyclic- AMP which is synthesised and secreted by individual
cells and act as a chemotactic signal. You have already read about chemotaxis in Unit
15 of cell Biology course (Block 3). In each multicellular aggregate the cells adlicre

to each other by means of specific cell surface molecules to form a tiny vertical worm
like structure. This aggregate may form a stationary pseudoplasmodium or a slug thai
is later attached to a surface and stops moving. In both the cases, cells differentiate
and migrate to form a stalked fruiting body in which spores are produced, 30 hours
after the beginning of the aggregation. As shown in Fig. 18.3 the cells in front of the
slug form the stalk, those in the middle region migrate vp word and differentiate into
spores, while the cells at the (ail end form the foot plate. The direction of the
migration and the vilimaie differentiation of cells in fruiting body are under CAMP

control, but the exact nature of this control is uncertain. Both the stalk cells and
spore cells are eivered with extracellular matrix in the form of cellulose walts and in



the end all cells except spore eells die, Under favourable conditions spores germinate
into free living ameboid cells that start the cycle again.

In the initial stages of aggregations, starved cells synthesise and secrete cAMP and
attract other starved amoebae to join them to form the aggregate. These new starved
cells again synthesise cAMP and attract new starved cells and this EOeS on.
Thus, the aggregate grows at a constant rate as cyclic AMP flows from cell to cell
causing more distant amoebae to move in. In addition to serving as an attractant,
cAMP binds to specific receptors on the cell surface of starved amoebae and induces
the formation of pseudopod at the point of binding The psendopod, thus formed
adheres to the surface with cAMP source and pulls the cell along in the same
direction (see Fig. 18.4).

Receptor for
Cyclic AMP

Fig. 18.4 Schematic diagram showing the binding of cAMP on the specific receptors on the surface of
starved amocba which induces the Tormation of pseudopod at that point,

In the starved amoeboid cells in response to new conditions many genes are activated
to synthesise many new molecules. Some Gf these molecules are synthesised on the
cell surface. Cells adhere to each other tightly, end to end due to binding between
these cell surface moleculés. Some of the cell surface molecules are glycoproteins.
Studies have shown that antibodies directed against these cell surface glycoproteins
inhibit the aggregation.

18.2.2 Species-Specific Aggregation

Experimental studies of tissue and organ formation in multicellular animals are
conducted with dissociated cells, Sponges are the simplest multicellular animals
consisting of only few kinds of cells, These can be dissociated into single cells
mechanically by pressing through a mesh or by incubating in sea water devoid of Ca?*
and Mg™. These dissociated cells when mixed, reaggregate and reorder. themselves to
form a normal sponge. When the dissociated cells from two species of sponge of
different colour were mixed together, the cells adhered to each other in a
species-spelific manner to form aggregates of each colour separately

(see Fig. 18.5).

Species A

—» 00
o A .‘
: ‘E‘DD&GQ -" L) _“
Species B A 40 8
4 %% D0 s«
— > %0042 HO e %3y R
A 04
e A® e
DISSOCIATION MIXING OF SPECIES RECRDERING
INTO - AAND B CELLS SPECIFIC OF CELLS
SINGLE CELLS AGGREGATION

Fig. 18.5 Specics-specific aggregation of sponge cells. Dissoctated cells of two differently colowred
sponge species when mixedwitheach other, form aggregates of each colour independently.

Cell Adhesion, Cell
Movement and
Extracellular Matrix
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Fig. 18.3 Schematic diagram
showing the cell migration
forming the fruiting hody in the
muiticellular aggregate of
Dictyostelium discoideum
amochag,
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Cells in young embroys or
in tissue culture are
separated by subjecting
ibese to the dgestion with
dilute trysin solution for a
brief period.
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The species-specific aggregation is mediated by extracellular aggregation factor
which is a huge particle with diam.ier over 100 nm and molecular weight of about 20
millions. [t is believed to be a complex of proteoglycan and/or glycoprotein
maolecules. The specific factor binds to the specific surface protein receptors also
called base plates of the sponge cells of same species only. Aggregation factors help
to link sponge cells by binding first to cell surface receptors and then to cach other.
Binding of factors to each other occurs only when Ca™ is present (see Fig. 18.6).

Fig. 18.6 Schematic disgram shows that aggregation factors bind to the surfice receptors of sponge cells

independently of Ca®*, but cross link by hindimg to'each other in presence of Ca™ to form aggrogates.
Another example-of specific aggregation is of tissue specific apgregation. When the
dissociated cells from-Awo different vertebrate embryonic tissues are mixed together
they form mix aggregates initially, Eventually they aré separated into groups each
containing cells from their original tissues, Dissociated cells from frog embryos can
reagpregate in such a way that the cells separate o form ectodermal, mesodermal and
endodermal layers of the cells.

SAQ 1
Fill in the blanks with the appropriate words.
i} ieeeee... 2c18 a5 a chemotactoic singnal for the aggregation of slime mold.

ii} Cells in slime mold aggregate, differentiate and migrato to form.,..............
iii}) Species-specific aggregation in sponges occurs only in the presence of ...

iv) Sponge cells are crosslinked by.......ooceeeeeee which bind to cell surface receptors
and to each other,

Till now you have read about the cell recognition and aggregation with the help of
cell surface binding molecules. We will now discuss binding of cells lying adjacent to
each other wwith the help of cell junctions which are the specialised areas on the cell
surface,

18.3 CELL JUNCTIONS

Celi junctions are the regions where interacting plasma membrane of the adjacent
cells are highly specialised. Often these junctions include underlying cytoplasm and
the intervening intercellalar spaces as well. Cell junctions are grouped into
three-functional categories: 1) adhering junctions, which hold the cells together
medthanically; 2) impermesble junctions, which bind and seal the adjacent cells in
such @ way that molecules cannot pass through the spacc between these cells;

3) eommunicaiing junctions, which allow ions and small molecules to pass from one
interacting cell to another. Desmosomes are the main type of adhennyg junctions.
Tight junctions and gap junctions are the examples of impermeable junctions and
the communicating junctions respectively. We will discuss each of these examples in
the following Subsacsubys



1831 Desmosomes Cell Adbesion, Cell

Diesmosomes are cell junctions which mechanically hold the cells together enabling Extrocelinler Matrix
them to function as struttural units. They are most abundant in tissues that are

subjected to severe mechanical stress, such as in case of cardiac muscle and vierine

cervix., Desmosomes are of three different forms; spot desmosomes,

hemidesmosomes and belt desmosomes. All these occur in most epithelial cells,

Spot desmosomes are button like point of contact that hold the adjacent cell
together. As shown in Fig. 18.7 at the point of contact a disc of dense fibrous
niaterial called a plaque oceurs just underneath the plasma membrane in both the
cells. Keratin filaments, also called tonofilaments, either terminate at or are inserted
into each plaque and extend across the interior of each cell. Separating the two
plasma membranes at the spot desmosome there is an intercellular space which is
filled with moderately dense intercellular filamentous material. Therefore, the
keratin filament networks inside the adjacent cells in the epithelial sheet are
connected indirectly through these junctions with the help of intercellular filamentous
materials, and form a continuous net work of fibres across the entire sheet of calis,
Such a fibrous, framework provides the tissue considerable mechanical stability. The
plagues, keratin filaments and intercellular filaments in whole or in parts sre formed
of proteins. Intercellular filaments are probably glycoproteins.

!V:
Interacting Plasma Membranes

Fig. 18.7 Schematic diagram of spot desmosome showing cﬂupilsmi.c plague and keratin filaments in
adjcining cells, which are connected with the belp of intercellular filaments filling the intercellular space.

Hemidesmosomes resemble spot desmosomes but instead of joining adjacent cell m&mﬂ:m;’f
membranes together, they join the bagal surface of epithelial cells with the underlying surface of plasma

basal lamina. Basal lamina is a specialised extracellular matrix composed of secretions membrane in cells grown in
of epithelial cells- So kemidesmosomes have a cytoplasmoic plaque on only one side E‘: E:lmrfl “ﬂ;ﬁ” bind
of the junction. You will read about basal lamina later in this unit. st vy

Frown.

Beit desmosomes form a continuous band or belt around each of the interacting ceils

in an epithelial sheet, near the apical end of the cells (see Fig. 18.8a). The bands in

the adjacent cells face each other and are separated by intercellular space which is

filled with fine filarentous materials made up of glycoproteins. These intercellular

filaments hold the interacting cell membranes together. In each cell, belt desmosomes

are composed of contractile bundles of actin filaments that run along the cytoplasmic

surface of the membrane. Contraction of these actin filaments causes the narrowing

of apical ends of epithelial cells. These filaments mediate the cell movement and

change in shape during morphogenesis in animals. For example, as shown in
'Fig. 18.8b, the sheet of cells forming the wall of bird oviduct dﬂ%ps ImnP like

bulges during embryogenesis. This is because the bundles of actin filaments present

“across the inner ends of the cells of the bulge region contract in such a way that

produeces cell nammowingand consequent bulge development.

UGZY-BY-05/347
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Fig. 18.8 a) Schematic drawing of belt desmosomes between epithelial cells of small intestine, forming a
continuous bpnd around ea. interacting cell. These are composed of bundies of actin Alaments just
underneath the plasma membrar ¢ encireling the cells. These bundles imteract with actin filaments inside
each microvillus. Intercellular space is filled with Glamentous material;, b) Bulge in the oviduct sheet of
bird embryo caused by narmowing of cells in the inner region. The encircling bands of actin filaments
located at the inner end of each cell contract to produce these narsowings.

18.3.2 Tight Junctions

Tight junctions are impermeable junctions that seal the interacting plasma membrane
of adjacent cells and obstruct the passage of intercellular fluid. In such junctions the
membranes of adjacent cells are so close that the intercellular space is excluded. As
shown in Fig. 18.9a, in tight junctions the interacting plasma membrane are held
together by transmembrane particles made up of proteins. These particles form the
sealing strands and create a permeability barrier to the passage of sulutes across the
epithelial sheets. The sealing strands form a belt like structure that encircles each ceil
in the sheet by anastomising at various places (Fig. 18:9b). More impermeable
junctions have more sealing strands per unit area and junctions through which
molecules leak out have relatively fewer sealing strands.

Tight junctions are found only in vertebrate animals and play a crucial role in
maintaining the selective barrier function of cell sheets. For example, in the epithelial
sheet that lines the lumen (inner cavity) of the small intestines, tight junctions prevent
the gut content from spilling back into the tissue. At the same time nutrients in the
gut are pumped in by the cells and transferred across the cell sheet into extracellular
fluid on the oth de, from where they are absorbed into the blood. Since tight
junctions can be ed by proteolytic enzymes or by agents that chelate ca """ or
Mg?*, it can be said that both proteins and cations are required to maintain these
junctions.



Cytoplasmic halt
o lipid] bitayer

Fig. 18.9 Schematic diagram of tight junctions between epithelial cells creating the permeability
barrier {a). Transmembrane protein particles scal the junction arca of the interacting plasma membranc
and encircle around each cell in the sheet (b)),

In invertebrates, instead of tight junctions, septate junctions seal the cells to form
sheets. Unlike in tight junctions, proteins found in septate junctions are arranged in
regular and parallel rows which interact across the intereellular space. These
junctional proteins themselves form a seal without actually t:ringipg thv.:: two adjacent
plasma membranes into direct contact. However, like in the tight junctions septal
proteins completely encircle each of the interacting cell.

18.3.3 Gap Junctions

Gap junctions are the most common type of cell junctions widely present in all
animals. Such junclions are communicating junctions as they allow small water

soluble molecules and ions to pass directly from one cell to another. As shown in Fig,

18.10, pap junctions are formed in the adjacent plasma membranes of the two cells.
These are the narrow continuous aqueous channels of diameter 1.5 nm connecting
two cell interiors, These channels are constructed from protein molecules that extend
out from the plasma membrane and are called connexons. Each of the two
interacting cells contributes enough protein to form one connexon which forms half
the length of aqueous channel. Each connexon is composed of six subunits, each
made up of protein called connexin.

Interacting
Plasma Membranes

2 connexons forming a channel
between adjacent cells

Fig. 8. 10schomaticdingam showing the gap junctions formed as narrow channe” in two adjocent

plasma wiembraies, These chunnels are constructed by protein sssemblics called connexon each of which

1 madse up of Six proleinsubunitscalled conmexin, Two connexons join actoss the intercellular gan to
) form a channcl.
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Gap junctions allow only molecules smaller than 1000 to 1500 dalton such as
inorganic ions, sugars, aminoacids, nucleotides, vitamins etc. to pass between the
cells, Whereas larger molecules such as proteins, nucleic acids, polysaecharides ete.
cannot pass through them,

Gap junctions mediate metabolic co-operation between coupled cells by giving and
receiving metabalites and jons, Thus the gap junctions couple the cells both
metabolically and electrically. The harmoniov= and co-ordinated activities of cells in
the tissucs are also the outcome of cell-to-cell communications via gap junctions. It
has been shown that communication across gap junction is essential during
embryogenesis. Injecting antibodies against gap junction proteins into a cell of an
carly (8-16 cell stage) embryo of xenopus leads to very abnormal development.

18.3.4 Plasmodesmata

With the exception of fow specialised cell types, all cells in higher plant tissues are
connected with their neighbouring cells by fine cytoplasmic channels, each of which is
called a plasmodesma (plural is plasmodesmata ). These channels pass through the
intervening cell walls. As shown in Fig. 18.11a, plasma membrane of one cell is
continuous with that of its neighbouring cell at each plasmodesma.

Plasmodesma is a cylindrical membrane lined channel with a diameter of 20 nm to 40
nm. As shown in Fig. 18.11h, a narrow cylindrical structure called desmotubule runs
from cell to cell through the centre of plasmodesma. Electron micrograph shows that
desmotubule is continuous with endoplasmic reticelum membranes in each ofthe
connected cells. The area between the outside of desmotubule and the inner face of
cylindrical plasma membrane is called annulus of cytospl, which is often constricted
at each end of the plasmodesma. These constrictions at both ends are important

because they regulate the flow of the molecules through annulus that joins the cytosol
of the celis.

Endoplasmic Retlculum

Plasma Membrane fining the
Plasmodesma, connecting
2 adlacent cells

a b

Fig. 18.11 Various plant cells are interconnected with the help of cytoplasmic channels called
plasmodesmata (a). Plasmodesma is lined by connecting plasma membranes and contains 2 fine tabular
structure called desmotubule which is in continuation with ER membranes of connecting cells (b).

The transfer of ions and molecules occurs rapidly between cells through the
cytoplasmic strands in plasmodesmata, These are especially frequent in walls of
columns of cells that are towards the sites of intense secretion such as in nectar
secreting glands. Therefore, it can be said that plasmodesmata mediate the
communication and transport befweefi adjacent plant cells much as the gap junctions,
do in animal cells. After having read about cell recognition and cellular junctions, *
you will study about modes of movements of zells. But before that fry the following
SAL.

S5A02

MName three categories of cell junctions by giving one example of each and state their
functions. Answer in the space provided below.
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18.4 CELL MOVEMENTS

Most of the free cells exhibit a marked motile behaviour. Embryonic cells undergo
extensive displacement before acquiring their definite locations. In the adult body
there are several kinds of free cells such as macrophages which retain and exhibit
motility. Typical adult tissue cells are not motile. However, if isolated and placed in
vitro as single cells they show matility, It seems therefore that motility is an inherent
property of cells, varying in degrees, depending on their environment,

WVarious types of the cellular processes which help in cellular locomotion are
pseudopodia, lamellipodia, filopodia. We will discuss these in following subsections.

18.4.1 Pseudopodia

Free living amoeba and various types of lencocytes exhibit a characteristic
locomotion by forming pseudopodia. Such type of locomotion is called amoeboid
movement. Large fresh water amoeba are suitable for study of locomotion using a
light microscope. Amoeba moves by extending and retracting cellular processes
called pseudopodia that act like little legs. Cytoplasm of amoeba has two regions;
endoplasm sol the central fluid core also called plasma sol, and a surrounding
transparent, thick gel like ectoplasm also called plasma gel. Asa pseudopod extends
from the cell, plasma sol streams into the extension and changes into gel (gelation at
the tip). At the trailing end the gel becomes sol (solation), and flows towards the
pseudopod. It is postulated that contraction of gelated ectoplasm at trailing or
posterior end pushes the endoplasm forward creating a strong cytoplasmic stream
that causes each pseudopod to extend. This theory of amoeboid movement is known
as gel-sol theory as it is based cn the interchange of cytoplasmic contents
alternatively into sol and gel (see Fig. 18.12).

Myasin Maolecule aign with
‘polarity of actin can bind 1o
actin filament & mowve

Fig. 18.12 Locomotion in amocba ocours by formation of peeudopodia,

" Fig. 18.13 Schematic diazgram
There is evidence to show that cytoplasmic streaming is actin based movement and showing the sliding of twe aetin
g0l to gel transformation is accompanied by polymerisation of actin into mmwgﬂ*“‘* the help of
microfilaments, In Unit 6 of Block 2 you have read about actin and its polymerisation. As  Po"-muscle myosin moleculcs.
shiown in Fig. 18.13, contraction of gelated ectoplasm is mediated by non-muscle
myosin, two molecules of which bind with two actin filaments and produce the sliding
which brings about the amoeboid movement. ‘This interaction between myosin and
actin filaments is ca® dependent. The energy obtained by hydrolysis of ATP is used UGZY-BY-05/351

for contraction and movement of amoeba,
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extensions on the tell surface. Each
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|"I Fig. 18.15 Schematic diagram
showing the two growth cones at

the end of newrite with many
Glopodia. Filopodia are responsible
for the movement of nevrite and
ot the cell bady,
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18.4.2 Lamellipodia

The locomotion of most vertebrate cells are different from amoeboid movement.
Most of the information of motility in vitro of vertebrate cells is derived from the
study of fibroblasts, the connective tissue cells that readily grow and migrate in the
culture. As a fibroblast moves, if continuously forms thin sheet like extensions called
lamellipodia, from its leading edge. Some of these podia adhere to the substratum,
but many are carried back in a sweeping wave like motion to the upper surface of the
cell. This motion is referred to as ruffling. Small hair like extensions called
microspikes may extend from a lamellipodium which too are carried back on the
surface of ruffles (see Fig. 18.14). Ruffling occurs only when cell has a free upper
surface as in tissue culture and is due to the flow of surface membrane and./or
intracellular movements responsible for cell locomotion.

Ratractcr Fibre

Fig. 18.14 Schematic diagram showing the movement of fibroblasts along the surface of tissue culture

As shown in the Fig. 18.14, the ruffling is occurring at the front of the cell,
whereas its rear end remains stuck to the culture dish and forms a long retraction
fibre as the cell moves forward. The fibre breaks suddenly with a jerk and retracts
into the body of the cell. So the moving cells always adhere to the substratum and
maove at a rate of 40 pm- per hour. The contractile apparatus of the fibroblasts
consists of actin filament bundles and. actin binding proteins in the stretched part of
the cell. Although the exact mechanism of the movement of fibroblases is still not
understood, it is possible the locomotion with pseudopodia and lamellipodia have
fundamentally similar mechanism.

When a moving fibroblast encounters another cell in the culture the ruffling activity is
paralysed and locomotion stops: This tendency of fibroblasts to stop locomotion on
coming in contact with another cell is called contact inhibition of locometion.

18.4.3 Filopodia

Filopodia are the long hair like cytoplasmic extensions (microspikes of up to 50 um
in length) formed at the tip of cells or cellular processes and are used for locomaotion
by certain cells. These-cxtéfsions are motile structures that are formed and retracted
with great speed, We will study these by taking the example of embryonic nerve cells,

The embryonic nerve cells in the tissue culture send out processes called neurites,
The growing tip of these processes, also called growth cone, develop many long
microspike extensions, ie. filopodia. As some of these extensions retract back into
growth cone, others extend out, waving about and touching down and adhering to
the substratum (see Fig. 18.15). The formation and retraction of filopodia is possibly
controlled by polymerisation and depolymerisation of actin filaments.

18.4.4 Ciliary and Flagellar Movements

Cilia and flagella are small hair like structures extending from the cell surface, found
in most animal species and some lower plants. In the cells, cilia are short and
numerous whereas flagella may be more than one, Both have the same ulirastructure
about which you have already read in Unit 3 of Block 1. One of their functions is to
help the cells in their movement through the fluid. For example, ciliary movements
propel parameciun, and flagelisr movement causes Sperms 4o SWIr. 3



The movement of cilia is whip like and involves ciliary bending in cycles consisting of
two strokes: 1) forward active power stroke in which cilium is fully extended and
exerts its maximum force against the surrounding fluid, driving it aver the cell
surface; 2) return recovery stroke in which cilium refumns to its original position by
unrolling movement. Cycles of alternating power stroke and return stroke result in
the ciliary movements which propel the cell to move in the fluid. Each cycle requires
0.1 second to 0.2 second (sce Fig. 18.16a)| to be completed.

The flagellum acts like a propeller which undergoes undulations. The undulatory
waves which pass from the base to the tip of flagellum propel the animal in opposite
directions. Whereas waves of undulations that pass from tip to base pull the organism
(see Fig. 18.16b).

Fig. 1B.16 (a) Schematic dingram of the movement of cilium showing power stroke {1,2) and recovery
sirokes (3,4,5); (b) the undulatory waves of Aagellum.

The basis of the ciliary and flagellar movements are same. Both movements occur as
a result of sliding of microtubules. Wou should not confuse flagella of cucaryotes with
those of bacteria which are quite different. We have discussed bacterial movements in
Unit 15 of Block 3.

18.4.5 Phagocytosis

You have already read in Unit 3 of Block 1 that the process of intake of substances
from the surroundings into the cell by the formation of plasma membrane bound
vesicles is called endocyiosis. The intake of fluid or dissolved material is called
pinocytosis and the intake of particulate material is called phagecytosis. Most kinds
of cells continually take in solutes and fluids through the process of pinocytosis for
which the term endocytosis is also used. Phagocytosis in protozoa is carried out
routinely for the intake of food. However, in multicellular animals phagocytosis is
carried out by specialised cells called as phagocytes such as macrophages and
polymaorphonuclear leucocytes, two kinds of white blood cells in mammals. These are
scavenger cells which defend us against infections by engulfing the invading
MiCroorganisms.

Phagocytes have specialised surface receptors, to which the particles to be
phapocytosed first bind. In response to this stimulus the phagocyte extends

opods arcund the particle engulfing and enclosing it in the cytoplasm in a
vacuole, called phagosome (Fig. 18.17).

In the cell the phagocytic vacuoles fuse with primary lysosomes to form secondary
lysosomes, where the ingested material is degraded. Substances which cannot be
digested remain in secondary lysosomes forming residual bodies.

In macrophages and polymorphonuclear leucocytes phagocytosis is a highly selective
process. Not all the particles that bind to the surface receptors of phagocyies are
ingested. Only the infectious microorganisms and cells with altered and damaged
surfaces are recognised and enguttel by the phagocytes. One of the important
receptors of these phagocytes are those which recognise molecules of antibody.
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Fig. 18.17 Schematic diagram
showing a polymorphonuc!ear
E}W"ﬂ!‘“ phagocytosing a yaast
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Antibodies bind to the surface of microorgamsm e form a coat aroend i, Both
macrophages and polymorphonuclear levencyies recognise the coated particle with
the help of specific receptors and engulf it. Little is known about the molecular
mechanisms involved in the process of phagooytosis, There is evidence that actin,
myosin and some of their accessory proteins are invoived,

S0 far you have studied various cellular processes involved in the celiular locomotion
We will now discuss the extracellular matrix which is a meshwork formed by cellular
secretions. Bot before that try the following SAQ to see that you have understood
the preceding text.

SAQ3

&} Differentiate between pseudopodia and lamellipodia in the space given below.

b) Fill in the blanks with appropriate words.
1] Wikt Tong hairdikéXcelular extensions are called:., ...
if) Grwing tip OBngisites of embryonic nerve cells s call
iit) Thi stroke inwhich ellium is fully exter:dec! and exerts maximal force is

e

Tavasn

i¥) Phagocytes Na¥e iiL...ovvcoernoe to bind the particles to be phagocytosed:

18.5 EXTRACELLULAR MATRIX

Most cells in multicellular organisms secrete proteins and polysaccharides in the
extracelluar space where these secretions interact to form organised meshwork called
extracelialar matrix. In plants the extracellular materials form the rigid cell walls
whereas in animals they form highly specialised structures such as cartilage, tendons,
bones, chitinous coverings of crustaceans and insects, shells of molluscs ete. Apart
from holding cells, tissues and organs together, extracellular matrix provides
protection, support and elasticity to the varicus structures. Matrix also influences the
development, polarity and behaviour of the cells it remains in contact wath. In this
section we will discuss the extracellular matrix in animals only. Plant cell wall will be
dealt within Unit 20. In animals, cells such as fibroblasts, macrophages and mast
cells which secrete the macromolecules of the extracellular matrix are distributed in
the matrix. The matrix together with these celis are called conneciive tissues {see
Fig. 18.18). The fibroblasis in the connective tissues of bones arc called osteoblasts
whereas in cartilage as chondroblasts. The extracellular matrix consists of proteins
and polysaccharide glycosaminoglycans which are discussed in the following
subsections.

. Elastic Fibses
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Fig. 15,18 Schematic digram of the connective tissue underlying a coliolar sheet.



18.5.1 Proteins and Glycosaminoglycans

Extracellular matrix in animals is known to contain fibre forming proteins; collagen,
elastin, fibronectin, chondronectin and laminin; and polysaccharide
glycosaminoglycans (GAGs). Glycosaminoglyeans are usually covalently linked to
large core protein of about 2,50,000 molecular weight to form proteoglycans. We will
now discuss these macromolecular components of the matrix,

Collagens are the major proteins found in the matrix. The collagen fibres aré
embedded in highly hydrated gel like network formed of glycosaminoglycans chains
and proteoglycans. These fibres strengthen and organise the matrix, Collagen
mlﬁell:l.lll.l.:.j:i a triple helical structure composed of three a-chain polypeptides. In the
matrix it inieracts with glycosaminoglycans and proteoglycans, You have already read
in Unit 6 of Block 2 about the structure and assembly of collagen fibres,

In tiﬂlu:fi like skin, lungs, blood vessels etc. extensive network of elastic fibres is
present in the matrix enabling them to recoil after transfent stretch, Elastic fibres are
made up of elastin, a protein of 70,000 molecular weight. Elastin, Jike collagen is
fich in proline and glycine molecuies but it contains Kitle hydroxyproline and no
hydroxylysine. Litile is known about clastin synthesis and processing. Elastin
molecules are secreted into extracellular space by exocytosis where they form
filaments and sheets in which elastin‘molecules crosslink with each other to produce
extensive network. Elastin fibres also contain microfibrils of an unn i
which are distributed on their surfaces, Unlike most other proteins ﬂ?ﬂ%ﬁzﬁﬁmn
chains of elastin remain unfolded as random coils, thus allowing the network to
stretch and recoil like a rubberband (Fig, 18.19). The long, inelastic collagen fibres
:nterwnvm with clastin fibres limit the stretching, thereby, preventing the tissues from
earing.

Stretch | | Relax

Fig. 16.19 Elastin molecules with various random codl conformation
poan covalently to form extensive cross linked network. The eatire
network can stretch and recotl like o rubberband because of the
random colling of molecules,

Fibronectin is a fibre forming glycoprotein composed of two subunits of 2,20,000
daltons cach, interconnected by disulphide bonds. It has about 5% carbobydrate by
weight. Fibronectin exists in two forms: one form, called cellular ibronectin exists as
larpe appregates in the extracellular marrix; another form, called plasma fibronectin is
found in blood and other body fluids, Both forms of fibronectin are able to bind to
fibrin and aid in blood clotting. Cellular fibronectin in the matrix aids in cell adhesion
through indirect binding with intracellular actin filaments across the plasma
membrane. Since fibronectin has been found in high concentrations in regions of cell
migration during development, this glycoprotein is thought to influence cell migration
and tissue developmeni in orderly processes and tumor development in unrestrained
cell behaviour,

Chondronectin, the other fibre forming glycoprotein is restricted in its distribution It
is responsoble for binding of chondrocytes to collagen fibres in cartolage matrix
Laninin is ancther glycoprotein which binds cpithelial cells to colugen in the basal
lamina about which we will dicouc is the most eubection
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Glycosaminoglycans (GAGs) are, long unbranched polysaccharide chiains consisting
of repeating disaccharide units. These are called glycosaminoglycans because one of
the two monosiccharide residues in repeating disaccharide is always an aminosugar
which may be N-acetylglucosamine or N-acetylgalactosamine. Glycosaminoglycans
are highly negalively charged due to the presence of sulphate or carboxyl groups or
lwath on many of the sagar residues (see Fig. 18,20%, GAGs are hydrophillic and
attract large amount of water to form hydrated gels even at very low concentrations,

HRepeating disacchoride
-
=]
FH, faTele O,
Y
C=0 0
| >
NH (]
OrH
CH 2
0 T
| OH
S0,
=]

M-pccetylgalactosamine
=d-sulfate residue

Fig. 18.200 Repeating disacharide units of glycosaminoglycan chain, High negative charges
along the chain are due o the presence of caboxyl and HanhgitL Eroups "'H

Extracellular matrix consists of seven types of glycosaminoglycans which are
distinguished by their sugar residues, types of linkage between these residues, and -
number and location of sulphate groups. These are hyaluronic acid, chondroitin
4-sulphates, chondroitin 6-sulphate, darmatan suiphate, heparan sulphate, heparin
and keratan sulphate. Hyaluronic acid also called hyaluronate is the only group in
which none of the sugars is sulphated. Hyaluronic acid is important in aiding ccll
migration in the tissues during development or wound repair by making their matrix
highly hydrated as this attracts water. Cell migration stops when these molecules are
destroyed by the enzyme hyaluronidase.

All other G AG: arc covalently linked to serine residues to form proteoglycans,
before heing secreted by exocytosis in the extracellular matni, These proteoglycans
can differ in protein content, molecular size and number and tvpe of GAG chains
per molecule,

Diue to this structural hererogeneity proteoglycan molecules possibly form gels of
varying pore size, charge and density, thus functicaing as seives to regulate the
mavements of molecules ard cells according to their size andfor charge, in the
matrix. For example in kidney glomerutus matrix functions like this for filteration of
mulecules from blood into urine. The exact manner inwhich glycosaminoglycans and
proteoglycans are organised in the extracellular matrix is still unknown Some of
these molecules can bind in specific ways to each other as well as to other
components of the matrix such as collagen, elastin and fibronectim

18.5.2 Basal Lamina

Basal Laminae are thin layers of specialised extracellular matrix. These layers are
found underneath all epithelial cell sheets and tubes, surround individeal muscle
cells, fat cells and Schwann celis, thus separating these sheets and cells from
snderlying or surrounding connective tissue. Tn some cases, such as kidney
slomerulus and lung alveoius, basal lamina lies between two different cell layers thus
functioning as highly selective filier (see Fig. 18.21) :

Basal Lamina is syntnesized by the cells that rest on it. The majgr compgnent of all
the Dasal laminae is type 1Y collagen. As you have read in Unit 6, pre a- chain of
tvpe basl laminae is type IV collagen. As you have read in Unit &, pro a chains of
secretion out of the cell Other compenents of laminac are pioteoglyeans fibronectio

and a Irge giveopl aeni laninin Laminin consists of two suburit of 2,20,000 and
4.40,000moleesula cat and thyat are bound to each othre by susulphide bonds Besal



lamina also contains other proteins which are yet to be identified. The detailed
molecular organisation of lamina is unknown. Although evidences show that laminin
mdptumoglymmfoundﬂmthemneraﬂdmmfawufhminaﬁm )
collagen molecules lying in the middle. The precise composition varies from 'tissue fo
tissuc and also from region to region within same lamina.

MUSCLE Muscle Cell Plasma

Basal Lamina
Epithelial Cell URINE

Fig. 18.21 Schematic dingram showing three distributions of basal laminae: () surrounding the cell,
(b} underlying epithelial cell sheets, (¢} interposed between two cell sheets,

Basal lamina performs diverse functions. In kidney and lungs it acts as a :
semipermeable filter, It also acts as a selective cellular barrier, e.g. beneath epithelial
cells it prevents fibroblasts in the underlying connective tissue from making contacts
with epithelial cells, but allows macrophages, lymphocyfes or nerve processes to pass
through it. It is likely that basal lamina also plays an important role in tissue
regeneration after injury; induces cell differentiation, influences cell metabolism and
organises proteins in adjacent plasma membrane,

S5A04

Match the items in column 1 with those of column 2.
Write the answers in the box provided

Column | Column 2

i) Collagen fibre || a) Polypeptide chains remain unfolded as
rendom coil.

ii) Elastin flaments | | b) The polysaccharide chains are highly
negatively charged.

i} Glycosaminoglycans [ | ¢) Polysaccharide chains are not sulfated,

iv)  Hyaluronic acid [ ] d} In basal lamina pro a-chains have long
extension peptide,

Thus we see that relative amounts of different types of macromolecules in the matrix
and their organisation give rise to diversity of forms each highly adapted to the
functional requirement of the particular tissue. The matrix can become calcified to
furm hard structures of bone and tecth, or assume almost crystalline form for the
transparent matrix of the cornea, the internal covering of the eye. With this we end
our discussion about cell adhesion, cell movements and extracellular movement. In
the next unit we will discuss about various types of animal tissues.
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et Py 18.6 SUMMARY

ifferentinted Cell Types

In this unit you have studied that:

» Cells in multicellular organisms recognise each other and aggregaie into
co-operative assemblics with the help of specific cell surface molecules and this
aggregation can be species-specific or tissue-specific.,

e Agdjacent cells are joined and interact with each other with the help of various
types of cellular junctions which are the regions of adjacent interacting plasma

- - membranes.

® Free living unicellular organisms and certain célls in multicellular ammals move
with the help of various types of cellular processes and locomotory apparatus.

o Extracellular matrix in the tissues is formed by the cellular secretion and consists
of mainly proteins and glycosaminoglycans.

18.7 TERMINAL QUESTIONS

1) Discuss briefly the role of cAMP in aggregation of Dictyostelium discoideum in
the space given helow.

2) Make comparison between tight junctions and gap junctions. Answer briefly in
the given space.

3) Explain briefly the process of phagocytosis in macrophages in the space
provided.

4) Enlist the major components of extracellular matrix and discuss briefly
glycosaminoglycans.

UGZY-BY-05/358



18.8 ANSWERS _

Seli-assessment Questions

i) Cyclic AMP

ii) stalked fruiting body
i) Ca®*

iv) aggregation factor.

2 i) Adhering junctions; they mechanically hold the cells together, e.g.
desmosomes.
ii) Impermeable junctions; they seal the interacting plasma membrane and
make the passage impermeable to molecules, e.g. tight junctions.
iit) Communicating junctions; they allow molecules to pass directly from one
cell 1o another, e.g. gap junctions.

3 a) Pseudopodia are small cellular projections and means of locomotion in
unicellular organisms and various leucocytes. Lamillopodia are sheet like
cellular extensions and are means of locomotion in fibroblasts of vertebrates.

by i) flopodia
ii) growth cone
iii) power stroke
iv) surface receptors
4 iyd, i)a, iii)b e,

Terminal Questions

1) Cells of sime mold Dictyostelium discoideum synthesise and secrete cAMP
which acts as chemotactic signal. The starving cells aggregate in response to this
signal by means of specific cell surface molecules which further secrete cAMP
attracting other starving cells and so on. Thus the pulse of cAMP is formed for
cellular aggregation.

2} Tight junctions seal the interacting plasma membrane of adjacent cells which are
held together by transmembrane protein strands. Gap junctions are the narrow
channels called connexon formed in the adjacent plasma membranes connecting

the two cell interiors. The channel is formed by six subunits of connexin proteins.

3) ' Macrophages engulf the microorganisms and worn out cells by phagocytosis. The
antibody molecules bind to the surface of microorganisms and form a coat, The
antibody recepiors on surfaces of macrophages recognise the coated particle and
engulf it by forming pseudopodia.

4) The major components of extracellular matrix are proteins collagen, elastin,
fibronectin, chondronectin, laminin and glycosaminoglycans.
Glycosaminoglycans are long unbranched polysaccharide chains with repeating
disaccharide units, each with one amino sugar. These polysaccharide chains are
highly negatively charged because of the presence of sulphate or carboxyl groups
on sugar residue.,

Cell Adhesioa, Cell
Movement and
Extracellulur Matrix
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19.1 INTRODUCTION

In Block 1 of this course, you have studied about the ultrastrucoure of the generalised
cell and the differences between plant and animal cell. In this unit you will study
about differentiated animal cell types and in the next unit you will study about
differentiated plant cell types.

In this unit, you will study about the differentiation process. Differentiation produces
cells which have different structures and functions. The cells with similar structure
and function are grouped together to form tissues. As it is difficult to study and
describe a cell in isolation, we will generally discuss the structure of tissue, You wil’
study the further details of differentiation of cells at embryonic stage in
Developmental Biology course.

The four major types of animal tissues are epithelial, nervous, muscular and
conmective. You will study in detail about the structure and function of the cells
comprising these tissues. The details of how a particular tissue *works’ will be dealt in

Animal Physiology course. A short account of mesenchyme and epithelial tissue is
also given.

Objectives

After studying this unit you shall be able to:

e explain differentiation process

e compare and contrast the structures of striated, smooth and cardiac muscle

e explain the functions of three types of muscles with special reference to the
" muscular contraction

= describe the structure, types and functions of neuron:

e classify connective tissues and describe the structure and function of cells of blood,
bone and cartilage

» identify different types of blood cells (granular and agranular leucocytes
erythrocytes and platelets), bone cells and cartilage cells

w» list various types of epithelial tissue and explain their structure and function

» describe the structure of mesenchyme.
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19.2 DIFFERENTIATED CELL TYPES—A GENERAL R i onL
CLASSIFICATION

There are various ways of classifying tissues based on their function. We can
distinguish four primary kinds of tissues in vertebrates:

i) Muscular or contractile tissue which consists of muscle cells,

ii) Nervous or sensory tissue which consists of nerve cells or neurons,

iiiy Epithelial or covering tissue which consists of epithelial cells,

iv) Connective or supporting tissue. Blood, lymph, cartilage and bone arc the

examples of this tissue, All these tissues consist of specialised cells, the structures
of which you will study in this wnit.

To start with, all cells at the embryonic stage are similar, but as the organism grows,
crganised patterns of cell differentiation occur and patterns of different tissues
develop. Most animal cells do not have rigid walls, and cytoplasmic bridges are
unusual. Instead, the cells are bound together by adhesions between their plasma
membranes or by a relatively loose meshwork of large extraccllular orgaric
molecules. Differentiation of ceils is believed to take place by specific chunges in the
cytoplasmic components of cells at the molecular level. These changes are under
genetic control. Certain genes are switched on and switched off according 10 the
specific requirement of a particular cell type. The underlying mechanisms of cell
differentiation are still not completely known. However, there is a wonderfully
organised division of labour in the cell types which collectively operate in the form of
tissues in multicellular organisms to perform activities such as movement, sensation,
communication and social organisation. This enables them to compete, propagate
and survive in several complex situations that are ereated in the external and internal
environment of an organism. Fig-19.1 shows how cells of similar types form the four
main categories of tissues.

e B e
A

5 e
Epithelial tisue Connects

Lirtil

Muscular .;;‘ﬂ :.r'
tissus f

Fig. 19.1 How cells of similar types form tissues,

MNow let us have a closer look at each cell type and try to understand their structural
and functional relationships. In order to understand the various cell types, it will be
casier for starting from tissues because a single cell cannot work independently.

12.5 MUSCLE TISSUE

In higher organisms,the movement of the body and its parts is due to the activity of
muscle cells. Muscle cells contract to produce mechanical force. There are three main
types of muscle cells, which constitute 60-75% of the total body tissue weight—

a) Skeletal b) Smooth and ¢) Cardiac. Muscle cells are gencrally ammanged in
Jengthwose bundies or sheets with sone connective tissue, blood vesels and nerves

The sheletalmisv;es are steoate muscles and are caled voluntaey Tg=hese usually

move he bones and form the buok of the body which we call flesh, The smooth

museles are called involuntary of unsun ped muscies, These contract and evpand in
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the internai organs such as the stomach, blood vessels and urinary bladder. The
cardiac muscles are those which move the heart. The movement of the body or its
parts is due to the activity of the muscle cells, The functions of various systems such
as digestion, reproduction and excretion are alse due to the movement of muscles of
witich they are made.

19.3.1 Skeletal Muscle

This type of muscle produces movements of the limbs, trunk, face, jaws, eyeballs and
all the movements associated with bones, Skeletal muscles are attached to the bones
and help in the movement of the skeleton and body as a whole. It is the most
abundant tissue in vertebrates and comprises about 40% of the total body weight.
Anatomically, a skeletal muscle is composed of a number of cylindrical muscle fibres
which form the basic unit of the muscle. Each muscle fibre is a long cylindrical,

‘multinucleate cell ranging from 0001 te 0.1 mm in diameter. It has an outer covering

of a membrane called sarcolemma beneath which are located numerous nuclei
scattered throughout the fibre. A muscle fibre consists of a semifluid cytoplasm
termed as sarcoplasm containing numerous longitudinal myefibrils which range from
10-109 pm in diameter. The myofibrils are the actual contractile elements which run
all along the length of the fibre. The striated appearance of the muscle is due to the
presence of dark and light bands in the myofibrils. The light bands are called T hands
and the dark bands are A bands. Each light band is divided in the middie by a z line
or Kraose's membrane which goes across the whole fibre to-join the sarcolemma at
the edges. The z line functions to carry the signal for contraction. The area hetween
two z lines is called sarcomere.

Mow look at Fig 19,2, This is at a magnification which shows you the banded nature
at the muscle and the scattered nuclei in the sarcoplasm. You can also make out how
the muscle fibres are organised (o form a muscle,
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Meursmuscular juncticn mutor neuron
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(pnsma membranc)
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reticulum 7 hine

Fig. 192 o3 Structere of skeletal muscle. A muscle is composed of numerous muscle flees hoend
topether by connertivg Hssboe) When vicwed under the light microscope cach fibre can b seen s
contain numerows lones adinal fibeils (myofibrils) and o display a characterstic puttern ol stmatons



Fig. 19.3 shows the ulrastructure of muscle fibres and the surface view of a
sarcomere. A sarcomere is composed of thread like myofilaments which are of two
types—primary and secondary. The former are thicker than the latter. The thicker
filaments or the primary filaments are made up of protein myosinand are present
only in the A band. The thinner or secondary filarnents are made of the protein
called actin and are located in the I band and also extend at both ends of the A band.

Therefore, the centre of the A band has only primary or thick filaments and appears
as a less dense H band.

Differentinted Apimal Cell
Types

Myofibrils

Plasma
membrane

o Trgn:nrersn:
tubule

[T~ Terminal
cisterna of
Sarcoplasmic
reticulum

A band -

- Channels of
Sarcoplasmic
reticulum

111

Fig- 19.3 [hree-dimensional duggram of part of a frog striated muscle fibre as szen by electron
microscopy demonstrating the vodous bands and sarcoplasmie reticolum and T wbales. Mote
that in mammalian muscle there are two riads per sacromere, located at A-1 junctions in the

frog, trizds lic at # lines, as shown here,

During contraction the length of A band remains the same but f and H bands
disappear which results in the shortening of the sarcomare. The shortening of the
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Fig. 19.5 A bundle of unstripped
muesche fbres

Fig. 19.6 Cardiac muscle fibres
i
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sarcomei . appears to be the result of the secondary filaments sliding inwardly ane
joining together as shown in Fig. 19.4. This has been confirmed by taking electron
micrographs of contracted a5 well as stretched muscle fibres. The high energy bon
molecule-ATF is formed in the myofibrils and supplies the energy required for th
contraction and relaxation of the myfibrils.
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Fig. 19.4 The sliding hypothesis proposes that when a musele shortens, the thick and thin
filaments slide in between one another as shown here. Although this has never been seen
taking place, it is supported by clectron microscopy and other evidence, Note that when
contracted the dark bands should remain the same Jength as the light bands and H zoncs

should shorten. It is in fact the case.

19.3.2 Smooth Muscle

These muscles form muscle layers on the walls of the digestive tract and various
other internal organs. The walls of arteries and veins are also lined with smooth
muscles. The cells are uninucleate elongated narrow, spindle shaped, tapering at bot
ends with the nucleus in the middle. Look at Fig.19.5, where you can see fine thread
like fibres running longitudinally—these are the myofibrils. The contraction and
relaxation of these myofibrils are under the control of the autonomic nervous syt
The fibres interlace to ferm sheets of muscle tissue rather than bundles. The
contractions of these museles are slow and sustained and these muscle fibres do not
respond immediately to external stimuli. In blood vessels they help in the flow of
blood and in the eye they help in changing the shape of the pupil.

19.3.3 Cardiac Muscle

The muscles of the heart censist of fibres which are branched and the branches join
to form a network. The strueture of these muscles show characteristics that are
intermediate between the striped and unstriped muscles. A look at Fig.19.6 will show
you that this type of muscle has dark and thick discs in between the fibres in addition
to being banded. These discs arc called intercalated discs, These muscles are also
involuntary like the smooth muscles and the fibres are uninucleate, Each fibre has an
outcr membrane, the sarcolemma. The sarcoplasm has longitudinally running
myofibrils. The cardiac muscles contract rhythmically and the contraction of the heart
is initiated within the muscles and not by an external nerve impulse. Thus the heart
beat is myogenic and nol newrogenic. Another interesting feature of the heart
muscles is that these muscles are immune to fatigue.

The characteristics of skeletal, smooth and cardiac muscles are summarised in
Table 19, 1.



Talsle 19.1 Types of Muscle Tissues

Differentiated Animal Cell

Types,

Skeletal Smouih Cardine

I.;;-r_-;m':m Antached w Walls of stomach, Walls of heart
skeleton intestine, ete.,

Type of control WVoluntary Involuntary Involuntary

Shape of fibres Elongated, Elongated, Elongated cylindrical

v cylindrical, spindle-shaped, fibres that branch

blunt ends painted ends and fuse

Striations Predent Absent Present

Mumber of nuclei per fibee Many Chne One or two

Position of nuclei Peripheral Central Central

Speed of contraction Moat rapid Slowest Intermediate

Ability 1o remain contracted 1 east Greatest = Intermediate

SAQ 1

a) Outling two similaritics between smooth and cardiac muscles

b) State two important similarities regarding the shape of fibres of skeletal muscle

and cardiac muscle

S5AQ2

Give one word for the following
i} Chief protein components of myofibrils

i) Membrane covering the muscle fibre

iii) Semifluid cytoplasm of the muscle fibre

iv) Area between two 2 lines

v) Dark and thick discs in between the fibres of cardiac muscle

'19.4 NERVOUS TISSUE

Mervous tissue is composed of newrons or nerve cells which are the functional units
of nervous tissuc, Neurons are specialised for conducting electro-chemical nerve
impulses. Neurons are supported and nourished by another type of cells :al_led as
glial cells. Certain ncurons receive signals from the external or internal environment
and transmit them to the spinal cord and brain, other nerve cells process and store
the information. This is the eellular basis for the con.plex functions of consciousness,
memory, thought and directive movement,

Having known the functional importance of the neurons, let us now discoss their
basic structure and characteristics in order to understand their functioning.
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Nerve Cell or Neuron

As already mentioned, a neuron is a functional unit of the nervous system. The
structure of a typical nenron is shown in Fig. 19.7. A typical neuron is a flattened cell
consisting of cell body called cyton or soma from which arise the fibres. The
cytoplasm contains granules which are made of RNA. These are called Missl
granules.

Dendrites Dendrites

MNucleus

Axon

Direction
of impulse ||

N

{a) Pyramid Cell (b) Purkinje (¢) Motor (d) Sensory
of Cortex Cell neuron neuron

Fig. 19.7 a) Nerve fibre, b) Nerve eclls connect with ome another at synapscs. Synaptic knobs on the
curface of 8 vertebrate motor nerve cell. A single newron may be covered by as many as 50,000 synaptic
knabs derived from many different neighbouring nearons.

Dendrons and Axons

These are two types of processes which arise from the cyton. The processes through
which impulses are received are called dendrons. These further branch into minute
processes called dendrites. The impulses received by the dendrites and dendrons are
transmitted to the next neuron by a long process called axon, which ends in branches
known as axon endings. Main axon fibres give off the collateral axon fibres. Nerve
impulses are transmitted from the axon endings at one neuron to the dendrites of
another neuron, There is a minute microscopic gap between two neurons. The linking
up of two neurons is not by physical connection but by chemical action. Such a



linking of neurons is called a synapse. The axon ending as revealed by the electron
microscope has minute terminal ends or buttons (Fig. 19.7b) which secrete
acetylcholine. This causes the impulse to reach the dendrites of the next nerve cell
where a fresh impulse is formed. The secretion of acetylcholine is stopped by an
cnzyme, called cholinesterase, after it has set up a fresh impulse in the next neuron.
The axon is enclosed within a sheath of fatty substance known as myelin sheath
which in turn is covered by a thin covering called neurilemma. This covering sheath
is formed of sheath cells, or Schwann cells, having flattened nuclei embedded in the
eytoplasm at intervals. Schwann cells are responsible for the secretion of the myelin
sheath. The myelin sheath is not continuous. It is interrapted at regular intervals by
constrictions called Nodes of Ranvier. At these nodes, the layer of cytoplasm just
below the neurolemma comes into direct contact with the axon cylinder. The part of
the nerve between two adjacent nodes is called internode. Nerve fibres having a
myelin sheath are called medullated fibres.

Meurcns exist in a bewildering variety of shapes and sizes but all share certain
commeon features. They can be classified on the basis of the number of cytoplasmic
processes extending from the cell body. Fig. 19.8 shows you the various types of
neurons. A neuron with 4 singles process arising from the cytoplasmic process is called
unipolar. The process has several branches, some of which function as dendrites,
others being axonal, Unipolar neurons are rare in the adult vertebrates. Bipolar
neurons are those which have a single axon and a single dendrite usually located at
opposite poles of a spindle shaped soma, i.e. it has two processes arising from the cell
hody. Multipolar neurens have several dendrites at one end and an axon on the

other. This is the most common and typical type of neuron. Functionally, neurons
can be classified into four major Lypes:

1) Motor neurons which convey information from the central nervous system to the
effector organs, such as muscles, glands ete.

2) Sensory newrons which transmit sensory information from the peripheral parts
of the body to the central nervous system.

3) Internuncial neurons which lie between motor (efferent) and sensory {afferent)
nearons and transmit signals in several directions, by modifying them in a way
best suited to the needs of the animal. The motor (efferent) neurons have larger
axons than the dendrites, In sensory (afferent) neurons the dendrites are
relatively larger.

4) Neurosecretory neurons arc those neurons that are specialised for the
production of hormones.

S0 you have seen that neurons or nerve cells are specialised for performing the
function of communication. The brain and spinal cord are composed of a network of
neurons structurally supported by neuroglial cells. The axon conducis electiical
signals away from the cell body. These signals are produced by a flow of ions across
the nerve cell membrane. Schwann cells wrap around the axon to form a

multilayered membrane sheath. At synapses, signals pass from ome feuron to another
or from a neuron to a muscle cell,

S5AQ3

a) Incolumn [ some terms are given and in column [1, the description of these
terms are given Match column I and 1T |

Columnl Colammn 11
iy Axon A) Cell body of the neuron
i) Cyton B} Small process arising from cylon
i) Dendrites C) Long process arising from neuron
iv) Mode of Ranvier I3} Enclosing sheath of zxon
v) Myelin Sheath E} Constrictions of Myelin sheath
vi) MWisel granule F) Granules present in cylon

Differeutiated Animal Celi
Types

Fig. 19.8 Diagram to show basic
meorphological featires of the types
of acuron: A unipolar, B bipolar,
C multipolar,
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b} Fill in the blanks,

i} cceon..Neurons have a single axon and a single dendrite located at

opposite poles.

ii} The neurons which transmit sensory infomation from the peripheral parts of
the body to the central nervous system are.........NEUrONs.

iii}  seeesvseeene.MEUTONS are specialised for the production of hormones,

19.5 CONNECTIVE TISSUE

The main function of connective tisswes is to join together the different tissues of the
body. Connective tissues also support the body and its structures and protect
underlying organs. In addition, almost every organ in the body has a supporting
framework of connective tissue, called stroma. The epithelial components of the
organ aré-supported and cushioned by the stroma,

There are many kinds of connective tissues and many systems for classifying them.
Some of the main types of connective tissues are 1) loose connective tissue, 2) dense
connective tissue, 3) elastic connective tissue, 4) reticular connective tissue,

5) adipose tissue, 6) cartilage, 7) bone, 8) blood, lymph, and tissues that produce
blood cells. These tissues vary widely in the details of their structure and in the
specific functions they perform. In this section we will describe about bone, cartilage
and blood which are specialised forms of connective tissue, in detail.

Connective tissues contain relatively few cells embedded in an extensive intercellula
substance consisting of threadlike microscopic fibres scattered throughout a matrix
secreted by the cells. The matrix is a thin gel composed of polysaccharides. The cells
of different kinds of connective tissues differ in their shape and structure and in the
kind of matrix they.secrete. The nature and function of each kind of connective tissue
are determined in part by the structure and properties of the intercellular substance.
Thus, to some extent, connective tissue cells perform their respective functions
indirectly by secreting the matrix, which provides the connection and support.

195.1 Bone

Bone is a solid hard tissue which constitutes most of the skeleton of higher
vertebrates. The bone cells are known as osteocytes which are embedded in a solid
matrix. The deposition of carbonates and phosphates of calcium makes the matrix
very firm. About 30-40 per cent by weight of the living bone is made of organic
matrix. The bone is surrounded by a fibrous membrane, the periosteum. The cenfral
part of the bone has a cavity which is filled with soft fatty tissue, the marrow. When
the marrow contains vasculcr sinuses it is called red bone marrow. The blood
corpuscles are formed by the marrow. The coating of the bone is lined with a delicate
membrane called the endosfenm. The bony substance isféirranged in concentric layers
called the bone lamellse that surround the marrow cavity. Numerous irregular cell
spaces—the lacunae are scattered in the lamellae. Osteocytes or the bone cells are
found in the lacunae. Neighbouring lamellae are connected with each other by means
of a delicate branching of canals called ‘canaliculi’ (Fig 19.9 a & b).

Classification of Bones
Two kinds of bones are distinguishable on the basis of structure:

a) “Compact or periosteal bone: This type of bone is hard and dense without any
space (Fig. 19.10a). The shaft of long bones is of this type.
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Fig. 19.9 2 A disgrammatic representation of a small portion of compact
bone, b) Haversiar) systems in a transverse section of dried material: a bone
corpusche is shown on one skde.

b) Spengy or cancellous bone:/This type of bone consists of small pieces, joined
together irregularly, where the marrow is contained in between the pieces
(Fig. 19.10b). Such bones constitute the broad end of long bones and the centre
of vertebrae. Spongy bones form the inner surface of long bones.

On the basis of their formation, two kinds of bones can be distinguished:

a) Replacing bones or cartilage bomes: They are initially laid down in cartilage,
which is later replaced by bone substance. All the bones of the body except the
skull and part of the pectoral girdle are formed this way.

Differentiated Animal Cell
Types

Haversian Haversian
canal System

"Fig. 19.10 Structere of spongy
(a) and compact bone (B)
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Fig. 19.12. Cross-section of cartilage
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b) Dermal or membrane bones: These bones arise directly by the ossification of
the connective tissue cells of the dermis e.g. most part of the skull and part of the
pectoral girdle. These two types of bones are structurally similar, once they are
formed. All the three types of bone cells are derived from the mesenchyme, about
which you will study later in Section 19.9. The process of bone formation is
called ossification.

Types of Bone Cells
If you examine a picce of bone you will find that there are three kinds of bone cells
in it, namely, i) osteoblasts, ii) osteocytes,and iii) osteoclasts (Fig.19.11).

i) Osteoblasts: These are the cells which form the bone by secreting the fibres and
inorganic salts. These are found only in places where new bone is being formed.
The nuclei of the cells are situated away from the side where the bone is being
formed. Their cytoplasm is basophilic. By the depasition of salts and fibres they
themselves get transformed into osteocytes.

ify Osteocytes: These are transformed osteoblast cells which have branching
cytoplasmic processes. These cells are found in the lacunae of fully formed
bones, with their protoplasmic processes extending into the canalicali. Osteocytes
are considered to play an active role in releasing calcium from bone to blood.

iii) Osteoclests: These are multinocleated celis much larger than osteocytes. They
are associated with the destruction of bone and are found near the inner surface
of the endostein: If we compare the femur bone of an infant with that of an
adult, the marrow cavity of the adult femur is. much bigger—the widening of the
marrow cavity is due to osteoclast activity. A bone grows in size by the
destruction of bone from inside and deposition of one from outside. In growing
persons, the amount of destruction is less than deposition. In bones of old persons
destruction is slightly more than deposition, that is why the bones of an old
person are more fragile.

19.5.2 Cartilage

Cartilage is a tissue with clear matrix of dense and clastic nature in which cartilage
cells or chondroblasts are embedded in irregularly scattered fluid-filled spaces called
lacunse. The matrix is made up of chondrin in which there is a delicate network of
collagen fibres. Thic chondroblasts secrete chondrin and often lie in pairs. Each
chondroblaet is 5 subspherical corpuscle of protoplasm with a round nucleus. The
surface is covered by a layer of cells, the perichondriom which has a good blood
supply from which nutritive material diffuses into the cartilage. For growth, new
layers are added to the outside just internal to the perichondrium.

Below the perichondrium new chondroblasts are added by a process of active
division. In a transverse section of cartilage we can see that the chondroblasts are
abundant and close to each other near the perichondrium (Fig.19.12).

Types of Carlilage f )
Strocturally four main types of cartilage can be distingnished

I)mwmwdmﬂayhﬂsauﬂ;{w&mmﬂhw
matrix as seen in the ends of limb bobes and several other organs of the body.

2) Fibwous Cartilage: In this type of cartilage the matrix is not as abundant as in
hyaline cartilage. A number of elastic collagen fibres are present in the matrix.
The chondroblasts are f in lacunae. This type of cartilage is found in the
intervertebral disc of mammals,

3) Calkcified Cartilage: Intlmtj'pe:ﬁmhgethemmmmdqmﬂfhme
salt as seen in the heads of humerns and fernur bomes.



4) Flastic Cartilage: This is basically the same as hyaline cartilage and the el:r_uin:it}; is Differeniiod il Coll
due to the yellow clastic fibres present in the matrix. Elastic cartilage is found in the e
pinnae (external ear) of mammals.

By now you must have learnt that both bone as well as cartilage share a common
feature i.e. a matrix with cells and fibres that form part of the connective tissne
known as skeletal connective tissue. In the foetus, most of the skeleton is lad down
as hyaline cartilage which is subsequently replaced by bone. But the typical hyaline
cartilage persists throughout the life of-an organism i.e. the cartilage of the nose and
trachea.

19.5.3 Bilood

Blood is a fiuid connective Gssue consisting of plasma—the extra cellular Hquid
matrix, and bleod corpuscles floating in it. Ordinarily, in connective tissue the matrix
iz secreted by the cells themselves, but in blood the matrix (plasma) is not wholly
produced by the Bood corpuscles. The other difference between blood and othes
connective tissues is that the former does not coniain fibres in its mairix. In spite of
these differences, the blood is regarded as a connective tissue, because the biood
vessels and blood arise from the same stock, the mesoderm, which gives rise to the
connective tissue in the embryo, and there is a constant interchange of plasma and
cells between the connective tissue and the blood.

Plasma

Plasma is a pale yellow homogescous fluid and forms 55-60 per cent of the total
volume of blood. It is composed of roughly 91 per cont water which is the basic
sobvent of plasma and 9 per cent solid materials out of which about 7 per cent are
proteins. Some of important plasma proteins are plobulins, albumins and fibrinogen.

Plasma proteins have many important functions. They help in maintaining osmotic
equilibrium of blood, and are essential in immunological reactions of the body. The
protein deficiency of food is compensated to a certain extent by utilising the plasma
proteins: Plasma fibrinogen is essential in clotting of blood. The cells suspended in
plasma are red blood celis or erythrocytes, white blood cells or lencocytes and

. platelets or thrombocytes (Fig.19.13),
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Fig. |9_1a- A compusite picture of blaid cells from several preparations staindd
with Leishmann’s stain, X O 1900

fled Biood Cells (RBCs)
They are very smell, biconcave and disc-shaped eclls surrounded by a thifi
membrane There are roughly fov mollion cells per cubic millinetre in aumber The
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number is slightly lower in women than in men. The RBCs are made up of stroma of
protoplasm permeated with haemoglobin which constitutes about 90 per cent of the
weight of the corpuscles. There are approximately 280 million molecules of
haemoglobin per erythrocyte, Nucleus is lacking in RBC. However, they arise from
normally nucleated connective tissue cells of the bone marrow.

Let us now discuss some interesting features of red blood cells. The RBCs are
produced by the liver, spleen and thymus in the embryonic period. After birth they
are formed in the bone marrow. From the age of about 20 when the bones stop
growing, most red blood czlls are produced in the bone marrow of the ribs and the
vertebrae.

Erythrocytes have a life span of about 120 days after which they are broken down in
the liver forming bile pigments (bilirubin). Approximately 2.5 million cells are
destroyed per second and almost the same number are produced each second. The
primary function of the red cells is to assist in respiration. This function is possible
due to the pr.ience of the protein haemoglobin,

The principal functions of haemoglobin are transportation of oxygen and CO, and
prevention of acidity in the blood. pH of blood is 7.3 + .1. Ina healthy normal male,
the haemoglobin content ranges from 12.5 gm/100 ml to 14.5 gm/100 ml and in
healthy normal female this content ranges from 10 gm/100 ml to 12 gm/100 ml. As
mentioned earlier, haemoglobin is always bound to RBC, If this was free from red
cells, circulation of blood would have been an impossibility owing to high viscosity.

White Blood Cells (WBCs)

They are slightly larger than red cells. They are colourless or transparent. They are
amoeboid in shape and can move about with pseudopodia. They may possess two or
more nuclei, The ayverage count of leucocytes in human blood varies from 5 to 10
thousand cells per cubic millimetre. There are five main classes of white blood cells
varying concentrations of which are described aslfollows:

1} Neutrophils  59.0
2) Eosinophils 2.5 5 Granulocytes
)] B_&sopltils 0.5

4) Lymphocytes 34.0
5) “mlﬁhcytes 4.5 } ARURCEES

The first three are collectively called granulocytes since they have a granular
appearance. Granulocytes live for about 10 days, lymphocytes for about 2-3 days
and monocytes appesr to live reiatively longer. They can be distinguished on the
basis of staining reactions and their names have been derived accordingly.
Neutrophils are those leucocytes which get stained with neutral dyes. They are
phagocytic in function and engulf bacteria and other extraneous substances. They
move with pseudopodia and get attracted to the site of infection or injury.
Eosinophils are stainable with acidic dyes and show amoeboid movements. Their
percentage increases when parasites invade the body. Basophils are stainable with
basic dyes and contain heparin in the cytoplasmic granules suggesting their
anticoagulant function. There is no evidence to prove their phagocytic function.
These are the smallest of leucocytes.

Lymphocytes: These have large nuclei that are pear-shaped. They are produced
scattered throughout the body and do not show any movements, Lymphocytes
contain antibodies and carry on immunological reactions.

Monocytes: They-are the largest of white cells varying in diameter from 16 to 22 pm.
They have a horse-shoe shaped or indented nucleus. They are phagocytic in function.
With the help of pseudopodia they destroy harmful germs that enter the body.

The platelets: These are also called thrombocytes. They are minute cells, 2-3 ym in
diameter, irregular in shape and very fragile containing distinct granules but no
nucleus. In blood the number of platelets ranges from 2,00,000 to 3,00,000 per cubi
mm of blood. Their number varies. It increases generally after exercise and
haemorrhage. They have two main functions. i) they take active part in coagulation
of blood and ii) they aré believed to possess adhesive qualities which enables them to
stick to foreign surfaces and patch up holes, in the capillary walls.



Types of Tisne Main Location Functions Description & Conviments
Cartilage Supporting skeleton in Flexible su and Cells {chondrocytes)
sharks, rayz, and some reduction of friction in ted from one
other vertebrates; forms  bearing another by the gristly
ends of bones; intercellulir substance;
supporting, rings in walks occupy little spaces in it
of some respiratory
tubes; tip of nose;
external car
Hone Forms skeletal stfucture  Support, protection of Osteocytes located in
in most vertebrates internal organs; calcium  lacunae; compact bone,
reseryoir; skeletal muscle  lacunac arranged in
attach to bones concentric crcles aboast
haversian canals
Blood ‘Within heart and blood- Tramsports Oxygen, {)om&nsol'uaﬂls
vessels of crculatory nutrients, wastes, and in-a fluid
system other materials intercellular substance
SAQ4

a) What are the three important types of cells in bone?

b) Write four main types of cartilage.

¢) What are the five main classes of leucocyies?

19.6 EPITHELIAL TISSUE

In this section we will study the structure and function of epithelial cells which
constifute various types of covering tissue found in animals.

Epithelial cells form coherent sheets of tissues called epithelium which cover the
internal or external surface of the body such as the lining of the digestive tract, lungs,
blood vessels or surface of the skin.

The individual cells of the epithelium are firmly attached to each other and rest on a
basement membrane. Th:out&rsuﬂanemgmmﬂyﬁmandexpmedmmmﬂum
The main function of the epithelium is protective. It provides a continuous protective
barrier between the cells and the external medium.

19.6.1 Types of Epithelial Cells

Based on the height of the cells there are three main types of emthﬂlmm.. The least
specialised is the cuboidal epitheliom whose cells are cubical in shape, that is, they
are a3 long as they are wide. The squamous epithelinm has cells that are much

broader than long and have the appearance of thin flat plates. Columnar epitheliam
has cells that are much longer than wide and appear as rectangles set on end.

Epithelial tissue may be only one cell thick in which case it is called simple
epithelivg or it may be two or more cells thick in which case it is called stratified
epithelivm. The latter occurs when there is constant wear and tear and the cells of
the upper layer needs rapid replacement e.g. the outside surface of the land animals.
The stratified epithelium consists of several. layers of cells of which the lowermost
layer next to the basement membrane is the germinative layer and is always active in
producing cells which renew the overlying layers. This is called stratum mainphigil in
the epidermis of skill The cells of the outermost layer are dead and friction at the
surface causes these deat cells to be sloughed off so that the deeper layers come to
thek the position of the jayer removed Psendostratified epihelium appears stratified

UGZY-BY-06/373



Cell Division, Cell
Differentisted Cell Types S thincis ke of epithelial ti :

e G Yt gl #t
o (‘_!;‘_._E__.‘;b_ o

Multicellular dmplo
gland
Fig. 19.14 Epithelial tissucs

_ hthmqud.mmmhm.MhthmﬁdﬂaHnmﬁng
of the surface is needed. Now look at Fig.19.14 and iry to find the difference

Fand

Let us summarise in a tabular form what we have said so far in following table

(Table 19.3).
Table 19.3 Epithehial Tissues
Type of Tissuc Main Locations  Functions Description and Comments
Simple squamous epithelium  Air sacs of lungs, Passage of materials Cells are flat and arranged
lining of blood where little or no as single layers
vessels protection is needed
major form of
transport
Simple cuboidal epithelivm Lining of Kidney Secretion and Single layer of cells; from
» tubules, gland absorption ti!c'a%c:uh cell looks like
ducts short cylinder; sometimes
have microvilli for
absorption
Simple colummar epithelium  Lining of much of Secretion, especially  Single layer of columnar
digestive tract, mucus; absorption, cells, often with nucled
upper part of protection, movement  Jocated in the base of cach
respiratory tract  of mucous layer cell almost in row;
sometimes with enclosed
secretory vesicles {goblet
cells), highly developed
golg complex, and clia.
Stratified squamous Skin, mouth Protection only; littke  Several layers of cells, with
epithelium lining, vaginal or no absorption or only the lower ones
lining transit of materiaks; columnar and metabolically
outer layer active, Division of lower
continuously sloughed  eclls causes older ones to be
off and replaced from  pushed upward toward
beborer surface
Pscudostratified epithelium Some i Secretion, protection,  Comparable in many ways
passages, ducts of movement of mueus  to columnar epithelium,
many glands, -except that not all cells are
SOmCtimes of the same height. Thus,

UGZY-BY-05/374

though all cells contact the
same basement membrane,
the tissue appears stratified.
Muclei not in line. Cihated,
mucus-secreting, of with
microvilli
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Types
Ciliated Epithelinm
In this type, the surface of the epithelial cells bears numerous cilia which beat
rhythmically and collectively to cause movement by bending and straightening
alternatively. Ciliated epithelium may cover the outer surface of an animal to enable
it to move. When present internally, it generally lines a cavity and causes a carrent in
a fluid, Ciliated epithelium is found only in moist surroundings and almost invariably
one can find mucous secreting cells in between ciliated cells. The cells of the ciliated
epithelium may be caboidal, columnar or of any other shape (Fig.19.15).

Glandular Epithelium

This is the second type of modified epithelivm wherein the glandular epithelial cells
secrete certain substances useful to the body such as mucous or gastric juice. The
epithelial surface may be flat but it is usually folded or pitted so as to increase the
secretory surface. There are two main types of glandular epithelivm a) simple glands
b) compound glands. (See Fig.19.14 for differentiation in simple and compound
glands.)

Y

Siraple Uolommoe
2pithcEun

—Muclonias
=1 Bacteus

i mcal
g —

In simple glands the surface of the epithelium is increased by a simple pit-like

depression whose mount serves to discharge a secretion on the free surface. The
glandular epithelium lining the pit consists of a single layer of short columnar or o
cuboidal cells with granular cytoplasm. Flg- 19.15 Cllinted epitheliom

In compound glands, the depression is not a simple pit but is subdivided or branched,
often in a complicated manner. These branches are hollow or tubular lined by short
columnar cells.

Sensory Epithelivm

In this type the cells have one or two stiff processes of varying shape and size, each
cell being connected to a sensory nerve fibre. Such epithelia occur in the retina,
tastebuds, the nasal chamber and the inner ear. Fig.19.16 illustrates this modified
form of epitheliom known as neuroepitheliom.

Tuste b —lightly stained Pore

Sensory hairlets
Epidhelium
Sensory-gustatory cells

Supporting cells

Merve ending round
sensory  cell

Merve ending at base of
supporting cell -they
may be Sensory

Merve ending in cpidermis

Basement membranc

Merve ending in dermis

""‘“'---.,,_‘_‘__Lumim propria

Merve [ibres

Fig. 19.16 Taste bud from' human tongue

i9.6.2 Functions of Epithelial Tissue

Let us nevw discuss the Fanctions of the epithelial cells depending upon the structure
of the cells that constitute the epithelial tissue. The following are the various
funecti s thet the epithelial cells can perform.
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i) Protection: As you already know the epithelial tissue covers other tissues e.p.
epidermis, skin, mouth lining, ename! of tooth etc., 5o the first and foremost
function of the epithelium is protection.

i) m:mmm@mmmm.wmﬂmm

other substances, e.g. gastric glands, liver, etc.

iii) !bﬂeﬁnmﬁ;ukhalmlmlhalmfo{mglﬂndﬁmdlmhdﬂﬂhhﬂlﬁmdmi
glands which excrete unwanted materials from the body. ’

iv) ammmmmmmmdmmnmmbmm
for example, the columnar epithelial cells absorb nutrients from the intestine,

v)! Semsation: Some epithelial cells get modified to form neurcepithelial cells to
receive sensation, for example, the cells of the taste buds of the tongue receive
sensation of taste, and the hair cells of the internal ear receive the sensation of
sound.

19.6.3 Origin of Epithelial Tissue

You have studied in your 1042 level course that, depending npon their location in
the body, various types of epithelial tissues are derived from different embryonic
zones, for example, the epidermis of the skin, epithelial lining of the mouth, sweat
and salivary glands arise from the ectoderm of the embryo.

The epithelium of certain parts of the urind-genital tract and the endothelium arise
from the mesenchyme and mesoderm of the embryo. The structure and function of
the mesenchyme will be deseribed in the next section.

The epithelinm of the digestive tract from the pharynx downwards, the epithelivm of
the respiratory tract from larynx downwards and cells of the thyroid gland are some
examples of the epithelium derived from the endoderm of the embryo.

SAQS
a)  Which type of epithelium will be surrounding the following

i) Airsacs of lung, lining of blood vessels
ii) Lining of kidney tubules

iii) Lining of digestive tract
iv) Skin, mouth lining

v) Ducts of many glands, some respiratory passages

b}  What are the three important functions of epithelial tissue 7

19.7 MESENCHYME e

As already mentioned earlier in Section 19,5 this is a type of embryonic connective
tissue. It is quite different from adult connective tissue. In the early embryo, besides
the three embryonic layers i.e. ectoderm, endoderm and mesoderm, there are loose
cells floating in a fluid between the ectoderm and endoderm. These cells constitute
the mesenchyme. They, are derived from the mesoderm. A small proportion of :
mesoderm cells give rise to epithelia and the remaining cells that make up the bulk ol



the mesoderm pet converted into mesenchyme. Each mesenchymal cell has a big Differentisted Animal Cell
nucleus, scanty cytoplasm and a few cytoplasmic thread-like processes that radiate Types
from the cell and give it a star-shaped appearance. The cytoplasmic processes
establish contact with those of neighbouring cells and form a network. The spaces of
the network are filled with a jelly-like intercellular substanee. Fig. 19.17 shows you
how the mesenchyme appears. Mesenchymal cells have the capacity to form various
types of cells and fibres of adult connective tissue. Some mesenchymal cells show

o 7
amoeboid movement and are called wandering cells. As the development of the ?“\y""‘" *, .--'{.1.{_.#—”?
embryo progresses, the mesenchyme gets completely converted into several different A, i 1
kinds of cells which in turn give rise to various tissues (Fig.19.18). A look at the ,\’_éf -------- N
figure will show you that chondroblasts arise from mesenchymal cells. These form . A
cartilage, and also osteoblasts which have a similar origin and you know that these .‘1-}]")., 2
form bone. As development of the embryo advances, some mesenchymal cells remain k. 1’} . k-—-—w_f,a-,
dormant in the periosteum. These dormant cells change to chondroblasts and g {k}f ----- gz
osteoblasts to form cartilage or bone respectively as the occasion arises. Mesenchymal '""'*,-,.- ::_,... 5-“; e R
cells also give rise to myoblasts which form muscle, while lymphoblasts and o S 5T il ot T £
haemocytoblasts form the various types of blood cells. Endothelial cells also arise
from mesenchyme from which blood vessels and primitive heart ubes are formed. Fig. 19.17 Mesenchymal cells

. Fateell
@ Inactive fibrocyte
Collagenaes fibres
— i
youngfacen e hrones

: J eeretes e

Same cells of mesenchymal
7= arkin nemain undifere ntalad
m e adul

The l.lﬂﬂll.ll' osleclasts &
uncemEn; 1t is probably rom
= the fmivn of undifferentisicd M.tsc:'u:h\lm cell

caiia,

Fig.19.18 Differentistion of mesencliymal cells

JAfter differentiation of the tissues, as described above, a considerable mass of
mesenchymal cells is still left and this gives rise to the cells and fibres of the
connective tissuc. Some mesenchymal cells differentiate into fibroblasts which are
stellate in shape. These have the ability to form collagen fibres which are
components of ordinary connective tissue.

Mesenchyme therefore, is an embryonic connective tissue whose cells have the
eapacity 1 form the varioes cells and fbres of adalt tssoes.
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19.8 SUMMARY

Let us summarise what we have studied so far,

» The somatic cells of multicellular animals get differentiated by as yet, not fully
known mechanisms to form tissues in which cells manifest marked division of
labour. All the cell types have morphological @nd physiological characteristics to
suit their functions individually as well as collectively at different levels of
organisation such as cellular, intercellular tissue, organ and finally organismal level
iunquuﬂlgm—qrdinaedmmu‘.

® There are four major types of tissues in vertebrates ie. epithelial tissue, connective

.mmmmmmmammm.mumm
muscular tissues are striated or skeletal, smooth and cardiac. Striated and smooth
mmlurhmmmvﬂmhywhummﬁumm&smmmlnﬂaryhmm
abundant type of muscle cells are the striated musdle fibres. The movements of the
animal body are caused by the contraction and expansion of the muscle cells.

= The nervous tissue helps the animal to respond to external stimuli. The functional
mitnfmeomualmdpﬂiphﬂulnms}mmism:nmmwﬁﬂﬂsamungthe
largest of cell types found in animal tissues.

'Anmrmhmmﬂﬂymmposadu[dmm,dmdﬁwamdmﬂqmmﬁngm
memmbuofdmddmandhmnﬂ:eyamdamiﬁnduuﬁpulu,hipdﬂand
multipolar neurons.

-Cunﬂucﬁummtmmthnﬁ:mimo&uppmﬁngmauimulbody. .
Connective tissue basically consists of matrix, fibres and cells. Three major types of
connective tissue are blood, cartilage and bone, In contrast to cartilage and bone,
Hmdisaﬂniﬂmmmimﬁmmmmdmﬂmmmqmofmﬂs,

mmmmmmu{m.mmc
consists of osteocytes, osteoblasts and osteoclasts,

. Eﬂwmmmm“cmmﬂwﬁmmmm;mmwm
in the form of sheets of cells without intercellular spaces. The major functions of
epithelial tissue are protection, absorption and secretion. Depending on the shape
they may be classified as squamous, cuboidal and pseudostratified. Depending on
the number of layers it may be classificd as simple and stratified.

- Mﬁemﬂtjthcismembryminmncﬁwﬁﬁmuﬁmgimﬁmwndlsuhﬂ types’
of adult connective tissue.

r
I 19.9 TERMINAL QUESTIONS
1) Esplain the contraction mechanism of skeletal muscle.

2) Complete the following table:

Connective Tisue Location Functions Bricl Deseription




19.10 ANSWERS

Seli-assessanent Questions

1

a)

b)

i)
i)

i) In both the muscles, nucleus is present centrally.
ii) Both are involuntary muscles. .

i) The fibres are elongated.

ii) They are cylindrical in shape.

Myosin
Sarcolemma

iii) Sarcoplasm
iv) Sarcomere

v)

a)

by i

2)
b)
9

a)

b)

Intercalated discs

i)C i) A iii)B iv) E v) D vi) F

Osteoblasts, osteocytes, osteoclasts
Hya]hle,Elﬁﬁc,Fibrmm,Cak:iﬁna
Neutrophils, Eoshluphils.ﬁmphils,[.ymphuqtes,h‘_lunoqm

i) Simple squamous epithelium
ii) Simple cuboidal epithelium
iif) Simple col itheli

iv) Stratified squamous epithelium
v) Psendosiratified epithelium
Protection

Absorption

Secretion

Terminal Questions
1) A muscle fibre consists of sarcoplasm which contains numerous myofibrils. The
myofibrils are the actual contractile elements. The striated appearance of skeletal

. muscle is due to the presence of A (dark) and I (light) bands. The A or thick

band is made up of protein, actin, During contraction, the length of A band
remains the same but 1 and H bands disappear which results in shortening of
-qrcomere. The shortening of the sarcomere is the result of secondary filaments
eliding inwardiv. ;

Differentiated Animal Cell
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EJMM Locations

3)

4)

Functions Brici Description
Blood Heart, blood vessels Transports oxygen, Consists of cells
nutricots, wastes dispersed in a fluid,
Bone Forms skeletal structure Sup;xﬂ.pmmm Osteocytes, lacumac
in most veriebrates calcium reservodr mngudmmut
Cartilage - ing skeleton in -~ Flexible and  Chondrocytes
mays, forms ends  reduction of friction from one another by
of bones, supporting, intercellular substances
rings in walls of
Tespiratory tubes

The loose cells floating in a fluid between the ectoderm and endoderm constitute

the mesenchyme. Each mesenchymal cell has a big nucleus,

Mesenchymal cells have the capacity to form various types of cells and fibres of
adult connective tissue.
In cuboidal cells, cells are cubical in shape. In squamous epjthelium, the cells arc
much broader than long and in columnar epithelium, the célls are much longer

than wide and appear as rectangles.

qulmandafcw
ing cells.



UNIT 20 DIFFERENTIATED PLANT
CELL AND TISSUE TYPES

Structure

20.1 Introduction
Objectives

20.2 Differences between Plant and Animal Cells

20.3 The Plant Cell Wall

20.4 Different Cell and Tissue Types
Parenchyma
Caollenchyma
Sclerenchyma
Xylem

20.5 Phloem Dermal Tissue System
Epidermis !
Periderm

. Plasmodesmata

20,6 Plant Cell Interior
Plastids
Vacuoles

20.6 Cell Division and Cell Growth
Meristems and their Distribution
Plane of Cell Division

_ Cell Growth

20.8 Summary

20.9 Terminal Questions

20.10 Answers

20.1 INTRODUCTION

Differentiated cells are the product of the process by which cells achieve stable
differences and persist through many generations, for example a cell committed to
becnmeskinwllﬁﬂkemﬁnimanddigbuﬁngdiﬁm‘cnﬁaﬁmmﬂsdwdop
diEermccina&uﬁummdaﬂﬂmhncﬁomnmarymmﬂnmmmm
basis of cell types and their function such as formation of simple and complex tissues
depends upon the number and nature of the cell types. In the previous unit you have
Ica.mtabuutthuvaﬁmﬁanimalod]typesanﬂﬁmummdhwtheyp&rﬁormthei;
ﬁmcﬁm,ﬂcwmshnﬂsmdyth:diﬁemuﬁmadplmuuﬂtypesthmarcpmdmﬂd
during growth of cells. A tissue is defined 4s a group of cells with common

origin, development, structure and functions. They are basically formed to share the
various functions, thus affecting division of labour.

Differentiation of plant cells forming specific tissues is greatly influenced by the
environmental and the genetic factors. However, non-genetic factors such as
hormones affecting plant growth and differentiation play an important role and !
produce some specific types of growth responses throughout its life time. Growth is a
complex process that involves, an increase in cell number with corresponding
increase in size. Plants being immobile, are greatly affected by their outside

environs, for example in many plants, flowering is controlled by differences in length
of light and dark periods during the 24 h cycle, that are affected by the change of
seasons. The external factors control the growth of plants and in some cases even
EENE eXPTession.

Much of the knowledge and understanding of plant cell tissue and differentiation has
come from tissue culture studies. By 1950 plant cells from different sources could be
successfully- cultured. A plant physiologist, F.C. Steward, at Comnell University in

1958 was able to produce an entire carrot plant from a single cell of carrot root, that
also showed that each differentiated cell has all the genes to produce an entire plant,
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Objectives

After reading this unit you should be able to;

# describe plant cell walls and their formation

» distinguish between various plant cell and tissue types

o compare the features of plant cells with animals and label the
organelles,

» account for the differences in cell division, cell growth and areas of cell division
between plants and animals,

» summarise the dermal tissue system of plants, the epidermis and peridermis.

20.2 DIFFERENCES BETWEEN PLANT AND
ANIMAL CELLS

The eucaryotes consist of both plant and animal cell types, but plant cells differ from
animal cells in many respects. One of the major difference between plant and animal
cells is the presence of a rigid cellulose cell wall in plants and its absence in animal
cells. Although all cells in plants and animals are surrounded by plasma membranes,
there is another fundamental difference between plants and animals, i.e. the ability to

utilise carbon dioxide by photosynthesis due to the presence of plastids. They are
antofrophic, while animals are heterotrophic. There are, however, other visible
differences between plants and animals such as their response to external stimuli,
Since most of the plants remain stationary and are fixed to the scil by roots, they
have no organs for locomotion. Secretory organs to eliminate waste products are not
found in plants, and waste products are carried to the bark and leaves from where
they are eliminated. Growth is localised in plants to a specific region and continues
till they are alive, whereas in animals, growth stops much before death. Presence of
plastids and vacoules are distinct features of plant cell. Plants usually take up raw
materials in liquid or gaseous forms, whereas animals ingest solid food.

During growth some genetically predetermined cells become specialised to develop
into dermal tissues. The plants have three tissue systems known as dermal tissoe that
forms the outer covering of various plant parts; vascular fissue that provides
transport of various substances; and the ground tissue which is composed of various
cell types with varied functions. Some plant tissues are composed of only one cell
type and are called as simple tissues.

Some organelles such as centrioles, and lysosomes are not found in the cells of
complex plants (Table 20.1). We will discuss plant cell wall in the following

sub-section.

Table 20.1 Various Tissue and Cell Types in Vascular Plants

Collenchyma

Sclerenchyma

cells
Collenchyma cells

Fibers
Selercids

Tisswe System  Tissue Cell Types Major Functions
Dermal Epidermis Parenchyma cell Regulation of size of stomae ana
Guard cells of stomata hence rate of water loss and
oxygen and carbon dioxide
exchange
‘Trichomes (hairs) Secretion, protection, extension
of boundary layer, alteration of
heat exchange, light pipes,
retardation of water loss,
storage of secondary compounds
Mectary cells Secretion
Crrdinary epidermal cells Support, protection, restriction
of water loss
Sclerenchyma cells
Sclereids, rearly fibers Suppor, protection
Periderm Cork Cells {phellem), including  Pratection
parenchyma cells (phelloderm)
. Grobnd Parenchyma Parenchyma cells Phaotosynthesis, storage, support
Laticifers Secretion, storage of secondary
compounds
Ol dusct Secretion
Resin and pum duct epithelial Secretion

Photosynthesis, support, gravity
perception in grass shoots (m
leaf sheath hases)

Support, protection

Suppon, proftection



Tisswe System  Tissue Cell Types Major Functions Drifierentinted Plant Cell
: Types
Vascular Xylem Vessel members Conduction of water and mineral |
: nutrients, Support
Tracheids Conduction of water and mineral
nutrients, support
Sclerenchyma cclis
Fibirea, sclereids Support, protection
Xylem parenchyma cells Storage, short-distance transgort
Latlclfcl?s 4 Secretion, storige nfscmnd.s-;y
compounds
Resin and gum duct epithelial Secretion
vells
Phloem Sieve tube members and Conduction of sugars, organic
companion cells nitrogen numpuuu:nds, and .
hormones in angiosperms
Sieve cells, albuminous cells Conduction of sugars, organic
nitrogen compounds, and
hormones b gymiosperms and
lower vascular plants (ferns and
théir allics)
Sclerenchyma cells .
Fibres, sclercids Support, profection
Phloem parenchyma cells Storage, short-distance transport
Lattcifers Secrefion, storage of sccondary
compounds
Kesin and gum duct epithelial Secretion
cells %
20.3 THE PLANT CELL WALL
Higher plants are composed of cells that are cemented together in fixed positiops by
cell walls which surround them. Many of the unique features of plants are related to-
the presence of the cell wall. The plant cell wall is a specialised form of extra cellular
matrix that is closely associated with the external surface of the plant cell membrane,
Most animal cells have extra cellular matrix components on their surface known as
cell eoat or glycocalyx. The outer coat of plant cell, i.e. cell wall is much thicker,
stronger, and more rigid structure, In evolving rigid cell wall varying from 0.1 nm to
several micrometers in thickness, plants have lost the ability to move abeut and
therefore do not develop tissues such as muscles, bones, or nervous systems present
in animals. 2
The compaosition and appearance of cell walls differ according to cell types and their
functions, but the basic structure of cell walls is consistent. The fibres of the
polysaccharide cellulose are embedded in a highly cross-linked matrix of
polysaccharides, such as pectins and hemicelluloses (Fig. 20.1a-b).
cellulpse molecule
is n @-1, 4 ghecose polyser
Plasma membranc

Tertiary wall
Middle lamella

Secondary wall

Primary wall

(b}

i 21 ) Cellulose moleents s o 14 glacose polymer, b Organisotion of & generalised plant cell wall
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This constitutes the primary cell wall which has preat tensile strength and is
permeable only to relatively small molecules. If a plant cell without a wall is kept in
water it »ill take up water by osmosis and swell and burst (Fig. 20.2).

ellwall
cytoplasm
vacuole  pen.

e 1%
i & plant cell with s rigid
1 el wall is gsmotically
i stable in water

S—— L when placed in &
E solation that is m::'“:
with the cytoplasm, the
pratoplast shrinks away

from the cefl wall {a
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Fig. 20.2 A plant cell without its cell wall is osmotically unstable and will burst if placed in water. Inside
its rigid cell wall, however, it ean swell only as far as the wall will allow. Tho pressure developed by the
cell pressing against the wall keeps the cell turgid, and the cell wall prevents it from bursting.

The advantage of a cell wall is that when the protoplast swells, it presses against the
cell-wall creating a pressure known as turgor pressure. You can compare this
situation with the bicycle tube pressing against a tyre. During the formation of
specialised cell types, for example, in xylem and phloem'the cell wall is modified by
special types of thickenirigs. There can also be addition of one or more new layers
(the secondary cell walls) and some regions may be selectively removed as in the
formation of a conducting tube from a long row of cylindrical cells. The cell wall is
thus modified during the differentiation of specialised cell types which are related to
their functional activities. These cell types will be discussed in Section 20.3.

In a multicellular plant, the newly formed cells are small in relation to their final size..
The cell wall of young growing cells is thin and semirigid and comprises the primary
cell wall. The primary cell wall is the first zone to appear and consists of loosely
organised cellulose network. The fully grown cells may either retain the primary wall
structure with some more thickening, or new multilayered strueture is superimposed on
the inner surface of primary wall called as secondary cell wall which serves to reinforc
the primary cell wall, The secondary cell wall after cessation of growth gets localised
between the primary wall and the plasma membrane.

Eathla:m‘of:hesamndarymﬂwaﬂisfomndufmﬂulmcﬁhrexmqg&dinpmﬂd
rows at an angle with the other fibre bundles, The fibres are generally made of
cellulose, the most abundant macromolecule on earth. You have read about the
structure and assembly of cellulose fibrils in Unit 6. The other types of



polysaccharides are hemicellulose, pectin and lignin (Fig. 20.3 a, b). The fibres of Differentiated Plant Cell
matrix molecules are cris crossly linked by covalent bonds and weak interactions Typer
forming a very complex structure which makes it difficult to obtain a complete

picture of all the molecules and their cross links in any one cell wall. In some plants

there is another innermost layer of the cell wall, which is relatively thin and lacks

cellulose microfibrils and is called tertiary wall.

iddle lamella middle lamellas

o primary cell wall
eytoplasm

YOUNG FIBRE MATURE FIBRE
(a)

Ca™ bridges between pectin molecules pectin fibres
acidic

pectin fibres
neutral

Glyocprotein

Fig. 20.3 a) Semundary cell wall deposition shown schematically in a cross-section of a fibre eell. In this
case, three new cell wall layers have been Laid down within the primary cell wall. Because the net
orizntation of the cellubose microfibrils is different in each layer, a strong plywood like effect is created.
In many manere fibres, os shown here, the cell inside the wall dies, (b) Cellulose fibrils are arranged in

parallel rows and cross linked with other polysaccharides. i

Al the molecular level, intermolecular hydrogen bonds tightly cross link adjacent
chains of hemicellulose molecules outside a cellulose microfibril. Pectins are
heterogeneous branched and a highly hydrated polysaccharides. Pectin is particularly
abundant in the middle lamella, the region that serves to cement the cell walls of
adjacent cells together. Air gaps between cclls are formed due to ruptures in this
layer. In addition to the three dasses of polysaccharides, the primary cell wall also
contains small amount of proteins in the form of glycoproteins. Since it is difficult to
extract glycoprotein without destroying the structurc of the cell wall, it iz believed
that all the four types of molecules are tightly integrated to form the complex
hetero-charide matrix of the cell wall. Since the matrix of cell wall is a highly
hydrated polysaccharide gel (primary cell wall being 60 per cent water by weight)
water, gases, and small water soluble molecules penetrate more rapidly through the
cell wall than the plasma membrane.

Parenchyma cells have primary walls only. This is sometimes deposited in successive
layers with different orientation and composition. The new polymers that are
deposited in the sccondary cell wall are less hydrated thus making it more dense than
the primary wall. The wall of the mature or differentiated plant cell is suited to the
function that the cell performs. This is achieved by controlled deposition of new wall
material and removal of old wall material, in accord:nce with the type of function.
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Though most of the cell wall matrix components comprising polysaccharides are
produced in the golgi complex, cellulose is synthesised on the exterior surface of the
cell with the help of enzyme complexes which become active only after they have
been exposed to the extracellular environment. Newly formed cellulose chains
spontaneously assemble into microfibrils which become integrated into the general
fabric of the cell wall. Their orientation determines the shape of the cells. The
orientation of microtubules lying just inside the plasma membrane is quite similar.
The ability of cortical microtubules to influence the orientation of newly formed
cellulose microfibrils suggests that these microtubules are directly or indirectly
connected to extra-cellular components across the plasma membrane. The molecular
basis of this connection, however, is not known. The parallel orientation of
microtubules and microfibrils is visible-both in the primary as well as secondary cell
wall deposition.

You have read about the structure of polgi complex in Block 1. In plant cells each
golgi stack is separate rather than connected as in animal cells. Golgi vesicles deliver
cell wall material to specific regions of the plasma membrane. The microtubules
derived from the endoplasmic reticulum direct the golgi vesicles in the specific
regions. During the formation of the new primary cell wall after mitosis, a set of
microtubules remain between the two daughter nuclei parallel to the spindle axis. At
the end of telophase, a set of microtubules remain between the two daughter nuclei
parallel to the spindle axis and form a phragmoplast in the plane of the former
spindle equator. Golgi derived vesicles containing cell wall precursors especially
pectin are guided inward along these oriented microtubules until they reach the
central disc, where they fuse with each other to form the cell plate which rapidly
extends sideways by further addition of vesicles and microtubules until it reaches and
fuses with the natural cell wall.

Associated with the vesicles of the cell plate are elements of the endoplasmic
reticulum, which often remain trapped across the cell plate. These subsequently arce
transformed into plasmodesmata. The complex pores that traverse the mature cell
wall. interconnect the cytoplasm of all the cells in the plant with the help of these
plasmodesmata.

SAQ.1

Fill:in the blanks with appropriate wonds.

i) Inplamt cells ......c..........are the organs for manufacturing, the foed.
if) Cell wall in the plants is specialised .......coccen

i) Aur gaps between the cells are formed due to ruptures b i
iv) Microtubules influence the .....cccceeee. Of cellulose microfibrils.

20.4 DIFFERENT CELL AND TISSUE TYPES

In order to illustrate the variety of cell types that a cell wall make, we shall now deal
with the different cell types. They are all easily distinguished by the shape and
structure of their cell wall. All these cell types arise from cells with a primary cell wall
in the process of cell growth, There are two types of growths in the plants, primary
and secondary growth. Primary growth is found in all plants and accompanied by
plant length while the seeondary growth consists of an increase in girth or width of
the wood plants only.

There are two types of tissues you have read about so far. The first is simple tisstie or
a homogeneous tissue having only one type of cells. Another complex type of tissue
is heterogeneous and comprises more than one type of cells functioning as a unit.
Parenchyma, collenchyma and sclerenchyma are simple tissues. We will discuss these
in the following sub-sections.

20.4.1 Parenchyma

As already mentioned earlier these types of cells are the least specialised ones. Most
parts of the plant body ace composed of this tissue. It is, therefore, called ground
tissue. Parenchyma are living, isodiametric, oval, round, polygonal or elongated cclls



with thin walls and vacuolated protoplasm and have intercellular spaces (Fig. 20.4a). Ditferentiated Plant Cef,
Parenchyma cells that contain chloroplasts, as in the mesophyl! of leaves are called Types
chlorenchyma. These cells help in photosynthesis. In many aquatic plants and in the

petioles of banana leaves, the parenchyma cells assume a star-like appearance and

have a lot of air cavities berween them. Such a tissue is called aerenchyma :

{Fig. 20.4b). Perenchymatous cells perform the most important vital functions in

plants such as preparation of food (photosynthesis) and storage of nutritive material

such as starch, proteins, mineral and water. The process of respiration is carried out

by parenchymatous cells. Parenchyma cells are therefore concerned with several

physiological functions of the cells. Phylogenetically parenchyma is considered to be

a prmitive tissue system, since the lowest multicellular plants consist of parenchyma

only. Ontogenetically too, they are primitive since they closely resemble meristematic

cells. The other important feature of parenchyma cells is that they retain the ability 1o

divide and even mature and can be induced to divide under special cultural lflrhrgenr: The complete
conditions. Each parenchymatous cell is enclosed by a cell wall that provides ;g;':fj‘;‘::“ histary of & group: of
structural support to the plant, These cells have a primary cell wall and during

maturation many cells deposit additional cell wall betweéri the primary wall and Ontogeny: The complete
plasma membrane, that reinforces the primary wall. But typical parenchyma cells developmental histary of the

s individual organism.
have primary walls only.

Fig 20.4 a) Parenchyma; b) Acrenchyma
20.4.2 Collencliyaa

They are also onz of the simple plant tissues that providé structural support the
plants. 1t is also a living tissue whose cell walls are greatly thickened especially at the
corners where cells meet The corners are thickened by cellulose. The cells may be
round, oval, or angular They may or may not contain chloroplasts. No intercellular
spaces are found brtween them (Fig 20.5a, b). The surface of herbaceous paris such
as midrib of leaves, priioles, young shoots, especially in dicotyledons is formed by
this tissue, The cells of colle nchyma have the primary walls that are unevenly
thickened torming riuges at the angles (as in gourds). The chiefl function of
collenchyma is to give mechanical sirength and flexibility to the young stems
cspecially those of elinibers and twinners to facilitate bending when a strong

Fig. 20.5 Collenchyma in T.8 (a) and 1.5 (h)
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Fig. 20.6 Sclerenchyma. In LS. a) .
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‘breeze is blowing. Collenchyma is, therefore, a typically juvenile supporting
tissue and being extensible, it readily adapts itself to rapid elongation of the:
stem.

20.4.3 Sclerenchyma
‘This tissue is specially structured to give strength to the parts of the plant that have
stoppedl growing in length. Sclerenchyma cells have both primary and secondary cell
walls. It is a dead mechanical tissue consisting of very long narrow, thick walled and
lignified cells with pointed ends and is called fibres. The fibres have simple often
oblique pits in their walls (Fig. 20.6a, b, ¢). There are no intercellular spaces among
the eells and cells have no protoplast. This tissue is found in the pericycle of dicot/
stems or hypodermis of monocot stems. It is also found in the cortex of many stems
in the form of isolated strands. The main function of sclerenchyma is to impart
igidity and hardness to the plant. Special types of sclerenchyma e.g. sclereids or
stone cells are also developed in certain plants to impart mechanical strength. They
may occur in the cortex, pith, phloem, hard seeds, nuts, stony fruits and in the leaf
and stem of many dicotyledons and gymnosperms. When you eat a pear or a guava,
you experience a gritty feeling in your mouth while chewing. This is because of the
presence of stone cells in the pulp of these fruits.

There are four types of sclereids based on their shape. Brachysclereids are more or
less isodiametric usually found in phloem, cortex, bark of stem, flesh of fruits
intérmingled with soft parenchyma, e.g. pears (Fig.20.7a). Macrosclereids are rod
shaped. Such sclereids often form a continuous layer in the testa of seeds e.g. in the
seed coats of legnmes (Fig. 20.7b). Osteosclereids are bone or spool-shaped sclereids,
the ends of which are enlarged, lobed and sometimes even somewhat branched found

. in the seed coats (Fig.20.7c). Asterosclereids are variously branched sclereids that

are often star-shaped. Such sclereids are fourid in leaves of Nymphaea plant
(Fig. 20.7d). .

20.7 Types of sdercids. Brachysclercids, b) Macrosclereids
i c}mﬂid}mﬂ&d{'
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Fig. 20.11).

20.4.4 Xylem

* Xylem is the principle water-conducting tissue which carries mineral solution from

roots to upper organs. It is a complex tissue having four different types of cells:



a) Tracheids

Differentinted Plant Cell
b) Tracheae or Vessels Types
¢) Wood Parenchyma

d) Wood Fibres

Tracheids are composed of elongated cells with tapering ends. They are angular in
cross-section and have thick, lignified walls. Tracheids are dead empty cells with
annular (ring-like), spiral (spring-like), scalariform (ladder-like), reticulate (net-like)
or pitted secondary walls (Fig 20.8a-e). Tracheids occur alone in the wood of ferns
and gymnosperms, whereas in the wood of angiosperms they are associated with the
vessels, Tracheids serve a mechanical function due to their hard and thick walls, but
their main function is conduction of water from the root to the leaf,
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Fig. 20.8 Types of tratheids. a) Annular, b} Spiral, ¢) Scalariform, d) Reticulate, ¢) Pitted.
‘Tracheae or Vessels

They are cylindrical tube like structures formed of a row of cells joined end to end in
which the transverse partition walls are perforated. These walls are thickened in the
same way as tracheids and according to the mode of thickening the vessels have received
their names such as annular, spiral, scakariform, reticulate and pitted (Fig. 20.9a-¢),

The main difference between vessels and tracheids is that the latter have
non-perforated end walls. Tracheae are the main channels of conduction of water

in angiosperms,
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The central cavity is called lumen, If the lumen is wide it is called metaxylem and if

the lumen is narrow it is called protoxylem. Generally protoxylem is the term given

to the primary xylem clements that develop early. Those completed later are called

metaxylem (also see Fig, 20.11). Depending upon the position of protoxylem, xylem

is of three types: 4

metaxylem. Depending upon the position of protoxylem, xylem is of three types:

a) If the protoxylem is towards the centre the xylem is said to be endarch e.g. xylem
of a dicot stem.

b) If the protoxylem is towards the outside, it is exarch as in roots.

c) 1f the protoxylem is at the centre, flanked by metaxylem on either side, it is
called mesarch, e.g. in Cycas rachis.

Wood Parenchyma
Parenchyma cells are of frequent occurrence in&ylem and are known as wood

- parenchyma. This is a living tissue associated with dead tracheids and vessels. When

secondary xylem is developed, the walls of the parenchyma may become lignified. In
the secondary xylem the wood parenchyma cells are elongated into rays (secondary
medullary rays) for radial conduction. They also serve for food storage. Now look at
Fig.20.10 and you will see the secondary medullary rays in the first and second
annual ring.

Wood Fibres

These are sdmenchymamusoeﬂsmnndbnth in the primary as well as secondary
xylem. Wood fibres add to mechanical strength of xylem and of the plant body as a
whole. We have thus seen that xylem is a complex tissue consisting of living as well as
dead cells performing a dual function. It provides mechanical strength and helps in
water conduction (Fig.20.10).
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Fig. 20.10 T.5. of rwo year old dicot. Stem showing primary and secondary tissues
with sccondary medullary rays.

20.3.5 Phloem

The phloem is a complex tissue that conducts prepared food materials from the leaf
to the storage organs and growing regions. It consists of the following in the flowering



plants (see Fig. 20.11)
a) Serve Tubes b) Companion Cells ¢) Phloem Parenchyma d) Bast Fibres

A = Xylem parenchyma

B B = Protoxylem
A C = Xylem fibres
D = Metaxyiem
= E = Cambium

F = Phloem parenchyma, sieve-
tubes and companion cells
G = Bast fibres
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Fig. 20.11 T.5. and L.5. of a dicot vascular bundle showing the various cell types of
. xylem and phioem,

Sieve Tubes

These are tube-like elongated cells placed end to end in verticle rows; their walls are
thin and made of cellulose. Their transverse partition walls are perforated by a
number of pores which look very much like a sieve and hence are called sieve plates
which may be horizontal or obligue. Sometimes sieve plates may be formed on the
side walls as well. Through the pores the sieve tubes conduct prepared food i.e.
protein and carbohydrates from the leaves to the storage organs in the downward
direction, and later from the storage organs to the growing regions in the upward
direction. At the end of the growing season, the sieve plate is covered by a deposit of
a colourless shining substance in the form of a pad called callus which is composed of
a specific carbohydrate called callose. In winter the callus completely clogs the pores
but in spring it gets dissolved. In old sieve tubes, however, the callus forms a
permanent deposit. The sieve tube contains no nucleus at maturity but has a lining
layer of cytoplasm which is continuous through thé pores (Fig 20.12) and lives only
for less than a year. But there are a few exceptions such as palm (rees that maintain
their sieve tube members alive for about 100} years.

Companion Cells

These are elongated thin walled cells associated with sicve tubes and are connected
with it by pores. There are generally one or two companion cells associated with each
sigve tube, The companion cells are alive cells having a nucleus and other organelles
and contain proteins, so they are also called protein cells. They are present only in
angiosperms and assist the sieve tubes in the conduction of food (Fig.20.12).

Phloem Parenchyma

In higher planis except monocotyledons, there are always some parenchymatous cells
associated with the phloem. They help in the storage and conduction of food
materials (Fig, 2012}

Differentated Plamt G2l
Types
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COMPANION
CELL

PHLOEM
PARENCHYMA

SIEVE-FLATE

SIEVE-PLATE

Fig. 20,12 a) LS, of Sieve tubes and companion cells,b)
d T.5. of Sieve tubes and companion cells.

Bast Fibres or Hard Bast
Sclerenchymatous fibres occurring in the phloem or bast are known as bast fibres and
are meant to provide mechanical support. Like the xylem, the phloem is also classified
into two categories namely primary phloem and secondary phloem. The primary
phloem, like the primary xylem is of two types, protophloem and metapbloem. The
metaphloem is retained for a longer time in the plant body than the protophloem. In
plants showing secondary growth, the metaphloem becomes inactive after the -
formation of the secondary phloem, and may be either partially crushed or

pletely obli ==

By now you must have understood how thé xylem and phloem afe organised and are
suited to perform the dual function of conduetion and mechanical support. Water
and minerals travel up the stem in tracheids and vessels. The food manyfactured in
the green parts of the plant body by the process of photosynthesis, moves boih up
and down in the stem through the sieve mibes. A summary of plant cell types is

“shown in Fig.20.13.

Just under stem
epidermis
along beaf weins

Collenchyma

Throughout the
Sclerenchyma Support plant body

COMIMON 1N slems

leaves



" Cell Type ' Fuaction Location Differentisted Plaat Cell

_ Types
Tracheids Conduction of Xylem
water and mincrals
Also provide support
Vessel elements Conduction of Xylem
water and minerals
Also provide support
Skeve tube members Conduction of food Phlocm
Companion cclis Aids sieve tube Phloem
members in
food conduction
E:i;. 2013 A sum-.:.narj of plant cell tyjffes. = ~
SAQ2

Match the items in column | with those in column [1

Colamn 1 Column 11
i} Parenchvma a)  Dead mechanical tissue and impart rigidity and hardness to the planis
il Collenchyma by Complex tissue with four different kind of cells and also consist of
living as well as dead cells performing dual function
iii} Selerenchyma ¢} The chiefl function is o give mechanical strenpth and Mexbility to the
¥OUNg stems
v Mylem d) The cell are isodiametric with than walls and vaciolated protoplasm
v} Phloem e) Conduct food material to storage organs and growing region '

20.5 DERMAL TISSUE SYSTEM

The dermal system provides a protective covering to the plant body, and consists of
two types of tissues—epidermis and peridermis (see Fig. 20.10). We will discuss these
in the following sub-sections. )

20.5.1 Epidermis

Itis 4 complex tissue having many types of cells mostlv parenchyma and covers the
plant’s parts during primary growth. The outside wall during the growth becomes.
thicker compared to inside part to give protection to the plant. The epidermal
parenchyma arc devoid of chloroplasts, but allow the light energy to penetrate into
interior of the tissue of stem and leaf for photosynthesis. The epidermal cells protect
plu{nagainstcvaporarjan by secreting a waxy layer on the outer walls, known as
cuticle. The root epidermis does not synthesise cuticle as it should allow water to
enter it from the soil. Epidermis in root has evolved root hair known as trichomes
which are extension of epidermal cells that increase the surface ared of the root for
absorption. Trichomes present on the aerial parts of desert plants ¢ool the internal:
tissues by reflecting light away from the plants, and thus decrease water loss. The
cuude also functions as a barrier sgainst gases. The exchange of gases such as carbon
dioxide, oxygen and water vapour takes place through stomatal pores, about which

you have read at 10H-2 stage. Hypodermis consists of oné to several la of thick
walled cells and occurs just below the dermis, e .
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or APOPLAST compariment
on SYMPLAST

Fig. 20,14 Highly schematic
diagran of 2 group of plant cells
miterconnected by plasmodsomazta
that are lined by plasma moembrane
This membrane divides the p1:in[
into an extracellular space
{apoplast) and an intracellular
space (symplast). For clarity, no
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20.5.2 Periderm

It is a complex tissue found in woody plant and a substitute of epidermis which gets
broken as the plant expands, and grows in girth. Periderm constitutes the outer hark
of the stem and root. It is continuously formed by lateral meristem located within the
cork cambium which are rectangular. Cork cambium cells divide to produce cork to
the outside and cork parenchyma towards inside of the periderm. The cork cells die
at the maturity and their walls are heavily coated with a water proof material called
saberin that reduces water loss and protects the dermis beneath the bark, and are
environment, for example in many plants, flowering is controlled by differences in
length of light periods during the day, and dark periods in night that oceur with the
change of seasons. The environmental factors control the growth of plants and in
SDIME CASES EVEN FENe eXpression.

20.5.3 Plasmodesmata

Plant cells are separated from each other by rigid, thick cell walls that contain
channels, which are used to connect the cytoplasm of neighbouring cells. Plasma
membrane of one cell is continuous with its neighbouring cell through
plasmodesmata. In the absence of a nervous system in plants the problem of
intercellular communication has been solved by the evolution of these fine
cytoplasmic channels of plasmodesmata connecting the neighbouring cells (Fig,
20.14). A plasmodesma is a roughly cylindrical membrane-bound channel having a
diameter of 20-40 mm. Plasmodesmata in most plants under an clectron microscope
shows another structure known as desmotubule that runs through the middle of most
plasmodesmata as a narrower cylindrical structure. You have read about the structure
and function of plasmodesmata in Unit 18.

SAQ 3
Tick mark () the correct word/s in the following sentences :

i} Epidermal parenchyma are full/devoid of chloroplasts,

ii)y Cuticle is the waxy layer on outerfinner walls,

iif) Presence of trichomes/stomata helps the desert plants to remain cool,
iv) Cork cambium/parenchyma cells function as store,

v) Epidermis/periderm constitute the bark of stem,

20.6 PLANT CELL INTERIOR

As mentioned earlier, plants have certain special features which distinguish

them from animal cells, among these, plastids, and cell walls are of major impertance
in the evolutionary diversif cation of the plant and animal world, Another very |
important feature that plant cells possess is the presence of vacuoles which play a
significant role in osmaotic regulations of plant cells as well as in the collection and
storage of a-wide range of substances some of which constitute the excretory
substances in the cells.

Let us now discuss these characteristic components of we plant cell.
20.6.1 Plastids

Plastids are a family of cell organelles that are dosely related 1o each other and are
double membranous structures. They develop from precursor proplastids which are
distributed throughout the cell. Depending upon the function they develop into
various types of plastids. In darkness they develop into etipplasts and contain a
yellow precursor of chlorophyll called protochlorophyll. If exposed to sunlight, the
etioplasts develop into chloroplast which are most common types. They occurin a
variety of shapes and sizes such as ribbon like found in the cells of green algae
Spirogyra, star-shaped chloroplast in another green algae such as Zygnema. A
unicellular algae may have only one to two chloroplast, whereas a leaf of higher plant
may have 20-100 chloroplasts. You have read about the stricture of chloroplast in
previous blocks.

Plastids containing carotenoid pigments impart yellow-orange-red colour to petals
and fruits in many species, are called as chromoplasts. Lencoplasts are not pigmented
hence are colourless, found in roots and tubers where they store starch. All



plastids contain DNA and produce new plastids. Plastids of one form or another are
present in all living plant cells and all célls inherit their plastids from parent gametes,
In some cases only the egg cell carries the plastids and are maternally inherited.

20.5.2 Vacuoles

In young dividing cells there are many small vesicles which fuse to form one or more
large vesicle called vaenoles (Fig 20.15). The vacuoles are separated frem the
cytoplasm by a single vacuolar membrane called the tonoplast.

vacuole

Fig. 20.15 Electron micrograph of cells in a young tobacco leaf. The eytoplasm in these highly
vacuclated cells is confined to thin layer containing numerous chioroplasts pressed against the cell wall,

A vacuole generally occupies around 50 per cent of the cell volume but the range of
variation may be from 5 per cent to 95 per cent depending upon the cell type. The
functions carried qut by lysosomes in animal cells are performed by large vacuoles

in plants. They are similar in structure and function like plasma membranes, and they
are filled with cell sap which is acidic in nature and plays a role in maintaining
pressures within the cell. Plant cells use their vacuoles for transporting and storing
nutrients such as salts, sugar, organic acid, small quantities of soluble proteins,
pigments and waste products, The vacuoles regulate the flow of water and solute of
the cells such as osmotic regulation, and help in digestion and recycling of certain
materials within the cell, and help in breakdown of organelles such as mitochondria,
and plastids. The water soluble pigments called the anthocyanin pigments, which are
found in vacuoles, impart eolour to the flower petals to attract insects for pollination,
Some vacuoles participate in defence mechanisms. Plants cannot move to avoid being
caten by herbivores, so sometimes toxic metabolities are stored as a means of defence
that are released from vacuoles of the plants when they are eaten or being damaged.
There are various view points regarding the origin of the vacuoles that include their
origin from either pre-existing vacuoles, from golgi vesicles or by dizalation of
cisternic vesicles from ER.

The substances of the vacuoles differ in quality as well as in quantity from those of
the cytoplasm. The plasma membrane and tonoplast have different permeability
properties. The permeability of these two membranes is regulated by turgor pressure,
The mechanical stability provided by the combination of a cell wall and turgor
pressure allows plant cells to grow to a relatively large size so that they generally
occupy a much larger volume than animal cells and majority of them accumulate
water in their vacuoles with the cytoplasm generally forming a thin peripheral layer
(Fig. 20.16). You have thus scen that the vacuole is a remarkably versatile organelle
of the planr cell interior and the plant cells use their vacuoles in a variety of ways of
which space filling and storage are the most prodminent ones.

Differentiated Plant Cell
Types
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Fig. 20.16 Schematic diagram showing how a large increase in cell
volume can be obtained with no increase in cytoplasmic volume,
Turgor-driven cell expansion accompanies the uptake of water into an
expanding vacuole, The cytoplasm is eventually confined to a thin
peripheral layer interconnected by transvacuolar strands of eytoplasm
that emanate from the region of the aucleus.

SAQ4
List the three components of plant cell in the space provided below

20.7 CELL DIVISION AND CELL GROWTH

Because plant cells have rigid cell walls and cannot move about from the place of
their origin, they generally follow a very precise pattern of ccll division followed by
selected cell growth. Plants differ from animals in their growth pattern. When an
animal grows, all of its body grow according to its genetic constitution,
mmmnmmmﬂﬁuﬂpﬂm“hEhmmmpmaduf
unspecialised cells and divide by mitosis. The differentiation is carried out by cells
that are genetically identical and develop different structures and functions. Plants
living in unusual environments evolve specialised adaptation mechanism suited for
that cnvironment. Microtubules not only play an important role in the mitotic spindle
formation and cell plate formation but also are involved in orienting cellulose
microfibrils in the ceil wall. They also influence the site and plane of cell division and
cell elongation (Fig. 20.17). Thus, the cytoplasmic division or cytokinesis in plant cells

prepraphase microtubule  cell wall

band

mnﬂmmmumﬂmmmr of microtubules during
- plant cell division in interphase, cortical microtubules are distributed along the length of the cell wall,

Dwuring preprophase, however, they congregate in a discrete band circling the cell. The preprophase band
of microtubules accurately prodicts where the new cell wall will join the old ope when the cell laler

divides,
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is markedly different from that in animal cells. For the organised growth of a plant it
is required that cells divide in selected sites and particalar plane and at a particular
time to provide the orderly distribution of cells. Chromosomes and various
cytoplasmic organelles for example, chloroplast and mitochondria undergo
multiplication just before cytokineois.

These organelles are formed by the division of pre-existing chloroplast or
mitochondria. As they are present in multiple copies they are equally distributed
between the daughter cells at cytokinesis. The importanice of such a control is
expressed in asymetric division that commonly creates two daughter cells of unequal
size accompanied with non-uniform distribution of organells,

20.7.1 Meristems and their Distribution
A meristem is a tissue that is in a continuous state of division and retains its ability to
divide. During the growth of the plant, cell division is continued entirely to

specialised regions called the meristems (Meristos—divide). There are usually two
types of growth in plants which are as follows:

1) One is primary growth which is duc to apical meristems which are present at the

tip of growing shoots and roots. They give rise to primary permanent tissues. The
plant body increases in length due to primary growth.

2) The other is called as secondary growth which is due to lateral meristemns that are
situated around the side of stems and give rise 1o the secondary permanent tissues
which bring about increase in girth' of the plant. This increase is brought about by a
special type of cell; the cambium which gives rise to secondary phloem and xylem.
Cells of plant meristem are small, contain abundant eytoplasm and a distinct nucleus
and have no intercellular spaces. They andergo divisions and produce new tissues by
cell differentiation. Most cells produced in the root tip meristem go through three

distinct phases of development : i) division, i) growth and iii) differentiation which gives

rise to the characteristic architecture of a root tip. There might be a certain amount
of overlapping, but is not difficult to distinguish three distinct zones in a root tip—a
zone of cell division which brings about increase in cell numbers, a zone of cell
elongation which accounts for the growth in length of the root-and a zone of cell
differentiation wherein further enlargement and modification of cells into different
cell types takes place. Three main types of tissues: the epidermal, cortical and the
vascular tissues are differentiated (Fig.20.18). When the differentiation process is
completed some of the cell types created remain alive for example, phloem cells and
- parenchyma while others such as the xylem vessels and sclerenchyma dic.

20.7.2 Plane of Cell Division

You have already learnt about the different types of cell divisions and their N
significance in earlier units. We will now study about cell growth and how the
different planes of cell division are determined. Although nuclear and cytoplasmic
divisions are considered to be linked, they are quite separable events. Cytokinesis
usually starts in anaphase continuing through telophase and into the following
interphase period. The mitotic spindle plays an important role in determining the
location and timing of cytokinesis.

When a cell becomes committed to divide in a particular plane, about 100
microtubules agpregate into a narrow band. This band passes right around the ccll
just beneath the plasma membrane. This happens just before the onset of prophase
and is called the preprophase band which disappears at the onset of division. At
telophase the cell plate forms precisely at the same zone that was formerly occupied
by the preprophase band. The preprophase band therefore defines the plane of
division of the cell (Fig.20.19). This is perhaps necessary because spatial
recrganisation after division is precluded by the cell walls, Thus, irrespective of
whether the division is symmetrical or asymmetrical, transverse, longitudinal or
tangential, the plant cell specifies tha plane of division before it enters mitosis.

20.6.3 Cell Growth

Cell growth is a very well controlled and directed phenonmenon of cell expansion
which plays a major role in determining the final torm of a ptant. Turgor is the
driving force for cell growth. It exerts a uniform outward pressure which is cansed by
the osmotic imbalance between its intracellular and extracellular fluids

Fig. 20.18 Schematic diagram of a
higher plant, showing the locations
of the main merstematic regions, |
the areas of most rapid cell division.
The activity of the shoot and root
apical {a and b) meristems is
! ﬁn}iuﬂuﬁnsm
length, while the activity of the
lateral meristemn (¢} is responsible
for increasing the girth of the
various parts of the plant.

preprophase band
of microtubules
A

il

=S

Fig. 20.19 Schematic drawing of an
clongated epidermal cell from a
roat, showing how the plane of
asymenetric cell division is prediicted

< by the preprophase band of

microtubules. This epiderma’; cell
divides asymmetrically to foam a
large daoghter cell that willl
continue as an epldermal cell, and a
small daughter cell that -will become
it root hair cell.
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Omne of the most common cell shapes in plants is cylindrical, i.c. plant cells are usually
longer than broad (Fig. 20.20). Since cellulose microfibrils in the cell wall are not
stretchable, they must slide past each other to allow the cell to grow. In spherical cells
the arrangement of the microfibrils tends to be random. However, cell growth can
occur only if the turgor pressure in the cell exceeds the local tensile strength of the
wall. Therefore, the plant cell can use two different strategies to grow i.e. by increase
in turgor, and by weakening of the cell wall in local areas. Plants cells can weaken
their walls by local secretion of protons (HY) into the walls. To facilitate wall growth
other complex changes oecur that are not yet completely known. Cell growth
therefore, is the result of carefully controlled external as well as internal factors, Plant
hormones which ean readily penctrate cell wall constitute part of the internal

factors that regulate cell growth.

vascular cylinder
containing developing
xylem and phloem

ZONE OF CELL S e
DIFFERENTIATION | " Doyl |l root hairs
corex
cpidermis
2mm
ZONE OF CELL
ELONGATION
ZONE OF CELL apical meristem _§
DIVISION - =

Fig. 20.200 The arganisation of the final 2 mm of & growing root up. The
approximate zones in which cells can be found dividing, clongating and
differentiating arc indicared.

SAQ 5

Fill in the blanks with appropriate words,

i) The growth in plants is localised into..................parts

if) Site and plane of cell division and cell elongation is influenced by

iii) Primary and secondary growth in plants are dug t0................ 800 oovreeuuseccennees

meristems respectively
iv) Preprophase band defines the............... .of cell division

20.8 SUMMARY

In this unit you have studied that:

# Plant cells are not as highly specialised as animal cells. Most of the differences
between plants and animals arc based on the presence of cell wall and the ability
to carry on photosynthesis,

» Plant body is composed of a variety of cell types which are distinguishable on the
basis of structure and function. Parenchyma cells are living and least specialised
and the most ubiquitous type of cells. Parenchyma cells that contain chioroplasts
and carry out photosynthesis are called chlorenchyma. Collenchyma is also a living
tissue where cells are thickened especially at the comers; their chief function is to
give mechanical and tensile strength to living parts of the body. Sderenchyma give
strength to parts of plants that have stopped growing; the cells are dead, thick wall
and have no intercellular spaces. Special types of sclerenchyma are known as
sclercids. They are of various shapes.



e Cells that constitute a homogeneous tissue are called simple tissue. A complex Differentiated Plant 'Celf
tissue is heterogeneous and comprises more than one type of cells functioning as a Types
unit. Xylem and phloem are complex tissues and their main function is conduction
of water and food materials in the plant body in addition to providing mechanical
suppaort. :

e Since cell walls are rigid they pose problems for communication and interaction
between cells, This is taken care of by plasmodesmata which pass through the
pores of the cell wall and briug about cytoplasmic continuity between neighbouring
cells,

o In addition to plastids and cell walls, vacuoles play a significant role in the plant
body. They regulate osmosis and also collect and store a wide range of cell
inclusions containing nutrients, metabolites and waste products,

& Cell wall formation is initiated at*he end of telophase. Golgi-derived vesicles and
microtubules fuse with each other at the equatorial region of the spindle and form
the cell plate. A meristem is a tissue that is in a continuous state of division; cell
division in plants is confined to specialised regions.

s There are 2 types of meristems: Apical meristems are present at the tip-of growing
shoots and roots. They give rise to primary permanent tissues and enhance the
length of the plant body. Lateral meristems are situated along the side of the stem
and give rise to secondary permanent fissues and enhance the width of the plant.
Cell growth is the result of several interrelated internal as well as external factors.
These include the influence of turgor, proton and homone concentration along
with some complex changes that are not yet clearly understood.

20.9 TERMINAL QUESTIONS

1) Differentiate very briefly between primary and secondary cell walls. Write your
answer in the space provided below.

...................

2) MName foirr types of sclereids and discuss briefly about these in the space given
below.
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4) Discuss briefly the functions of vacuoles in plant cells.

20.10 ANSWERS

Self-assessment

W b e

Ouestions.
i) plastids ii) extracellular matrix iii) middle lamella iv) orientation
iyd i) c iii)a iv)b v)e
i) devoid ii) outer iii) trichomes iv) parenchyma v) periderm

The three characteristic components of the plant cell are i
- plastids, chromoplasts

i) meristematic  ii) microtubules i) apical, lateral  iv) plane

Termind Questions

1)

2)

3)

4)

mﬂmﬂmmdmmmmmlmjr
mmdmﬂuhmngmt.&emnﬁarymﬂmlhmﬂﬁckmﬂsnf:mmuﬂs,
deposited between primary wall and plasma membrane. These consist of
cellulose fibres arranged in parallel bundles. '

Bw—hmhmhphlm;mmo{m flesh of
fruits intermingled with soft parenchyma. ]
Macrosclereids—rod shaped, form a continuous layer in the testa of seeds.

. .
mmmmmmm or spool shaped with enlarped, lobbed and branched ends

Asterosdereids—star-shaped, branched and found in Nymphaea plant.

xmmmmdﬁwhmmmmmammm. It
mmmmmmmmmt
composed of sieve tubes, companion cells, phloem parenchyma and bast fibres in
ﬂm@t&]tmnﬂummapnmdﬁmdmmiahﬁumkaﬂuﬂmﬂmagc
organs and growing regions.

Vacuoles in the plant cell perform various functions carried out by lysosomes in
animal cell. In the cells they also transport and store nutrients, metabolites and
waste products. They regulite the flow of water and solutes of the eell and also
participate in defence mechanism.

Glossary
Amoehoid movemeni: a mode of cellular motility characterised by crawling a solid

substratum using psendopod surface extensions that are formed in response to an
internal flow of cytoplasm.

Auxins; auxins arc synthesized by living organisms from aminoacids, that mainly
occur in apical meristems buds, young leaves and other active young parts of the
plants.

Bivalent: a synapsed pair of homologous chromosomes typical of prophase I and
metaphase I of meiosis.

Cell cycle: the sequence of events between one mitotic division and another in a
cucaryotic cell, consisting of the.51, § and G2 phases of interphase and the M phase
of mitosis proper.



Cell division: formation of two daughter cells from a parent cell by enclosure of the Differeniiated Plant Cell
individual nuclei or nudledids in separate cell compartments. Trypes
Cell plate: the new boundary that separates daughter nuclei into individual plant

cells and consists of plasma membranes and new primary walls that become

continuous with the pre-existing membranes and cell wall of the original plant cell,

Cell surface: the cell covering, consisting of the exoplismic layer of the membrane

and any external coats covering this membrane surface,

Cell wall: the rigid or semi-rigid covering secreted by the living protoplast of plant,

algal, fungal, and procaryotic cells.

Centriole: a cellular organalle at micro-tubular organisation occurring oniy in animal

cells. It migrates to opposite poles of the cell during mitosis and meiosis and thus

ensuring through spindle apparatus the separation of éach replicated chromosome

and equal partition of the chromosome among the danghter cells.

Chissmata: a site of exchange between two chromatids of a bivalent, visible as a

crossover point in the bivalent during diplotene, diakinesis, and metaphase of

meiosis L

Chromatid: one of the two identical longitudinal halves of a chromosome which

Mamwmawm,mmmmd
chromosome during a nuclear division.

Chromatin: the deoxytibonucleoprotein materiai of the chromosome.
Communicating junction: sites on adjacent plasma membranes that allow ions and

small molecules to move freely from one interacting cell to its joined neighbour cell
and through the inter-cellular space.

Connexon: a component of the gap junction between adjacent cells, compossd of six
molecules of the protein connexin. '
Mm:wmmydmmmeNAwm
leading to recombination of linked genes.

enclosure of individual nuclei in individual cells.

Diakinesis: the last event of prophase | in meiosis.

Differentiation: as the various cells mature, they become large and then differentiate
i.e. they assume different form adapted to specific functions such as support,
secretion, conduction etc. If differentiation did not occur, the result would be a
shapeless structure with no distinet tissues and co-ordination.

Dipleid: an individual or cell having two complete sets of chjomosomes.
Duplication: the occurrence of the segment twice in the same chromosome or in the
same complement.

Ectoplasm: outermost gel like layer of cytoplasm in amoeba and certain other simple
Organisms,

Endoplasm: more fluid inner region of cytoplasm in amoeba and other simple
Organisms.

Fertilisation: the fusion of cgg and sperm or other pairs of gametes to produce the
zygote that initiates new generation.

Fibroblast: a type of cell of connective tissue in animals,

Furrowing: a cleavage process of cell division in animals.

G 1 phase: the portion of a cell cycle that begins after mitosis {M phasc) and
terminates when DNA replication begins (S phasc); carly interphase.

Interphase: the interval between mitotic or meiotic divisions of the eucaryotic
nucleus.

Laminin: a fibre forming glycoprotein in the underlying basal lamina that serves as a
binding agent for cpithelial cells to collagen.

" “=iosis: the reduction division of the nucleus in a sexual organism, which produces
daughter nuc' =i baving half the number of chromosomes and half the DN A ~ontent
of i wiginal mewtic nurleus. The process consists of two successive divisions and
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results in the production of a quartate of gametes or sexual spores, only one of which
may be functional in females.

Mid body: dense materials and remnants of spindle fibres in the fusion between
cleaving cells; formed during cytokinesis and disappears shortly before cell division is
complete,

Mitosis: nuclear division in which replication of chromosomes is followed by
separation of products of replication and their incorporation into two daughter
nuclei, Daughter nudlei are normally identical with each other and with the original
parent nuclens in both kind and number of chromosomes.

Prophase: the first stage of mitosis or meiosis, occurring after DN A replication and
before chromosome alignment on the equatorial plane of the spindle.

Recombination: the combination of linked alleles in the progeny that differs from the

parental pets because of crossing over betwecn linked genes; the process ot
occurrence of new allelic combination of linked genes in viruses, cells, or individuals.

Recombination nodule: a large, protein-containing structure that is believed to
mediate the process of recombination and can be observed by clectron microscopy
within the 100 nm-wide space of the synaptonemal complex between paired
chromosomes at pachytene.

Synaptonemal complex: a structural component that is situated between paired
chromosomes in pachytene of meiotic prophase I and holds the chromosomes in

register during crossing over.
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QUESTIONNAIRE

LSE-01,

Block |
Enrolment Mo,

1) How many hours did you need for studying the units?

Unit Number
Mo. of hours

2)  How many hours (approximately) did you take to do the assignments pertaining to this block ?
T™MA CMA

Assignment Number

Mo, of hours

3 Lnth:fo]lcrwi.ng:abi:wehaw:lismd4l:indsufdifﬁmfﬁmﬁﬂw:dmgh&ymnﬁglﬁhﬂemm_ﬂmﬂy
tick () the type of difficulty and give the relevant page number in the appropriate columns.

*HE: Types of difficultics

Number Presentation Language Diagram Terms are

is not clear is difficult ~ is not clear not explained

4) It is possible that you could not attempt some SAQs and TQs.
In the following table are listed the possible difficulties. Kindly tick () the type of difficulty and the relevant
unit and question numbers in the appropriate columns.

*  Type of difficultics '

Pl

Unit | SAQ | TQ | Not clearly Cannet answer Answer given Answer given is
No. No. No. posed on the basis of {at end of Unit) not sufficient
information given not clear.

i) Were all the difficull terms included in the glossary. If not please list in the space given below.
I it

UGZY-BY-05/403



6)  Any other Suggestion(s)

To

The Eourse Coordinator (LSE-01, Cell Biology)
School of Sciences

Indira Gandhi National Open’ University
Maidan Garhi

New Delhi- 110 068
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