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PREFACE

ology, Evolution and Ecology is the outcome of sincere and combined efforts of the

authors and editors (namely Shishir Bhatnagar, Shubha Pradhan, Malini Kothiyal)
and young but talented persons of DTP of S.Chand & Company Ltd. Their main motive
remained to provide relevant coloured photographs explaining various intricate biological
topics. Multicoloured figures and photographs of this edition would help our target read-
ers to understand and fully appreciate the very gist of the subject matter. Authors and
editors have remained quite choosy and vigilant regarding relevance and authenticity of
each and every illustration/picture finding its place in this textbook.

Authors earnestly hope that this multicoloured edition of the textbook of Cell Biology,
Genetics, Molecular Biology, Evolution and Ecology will enhance the curiosity of our
target readers to know more and more about the subject. It will arm them with latest
information for facing any type of exam quite adequately.

This book is meant for students of B.Sc., B.Sc. (Hons.) and M.Sc. of biological group.
Students appearing in entrance exams of C.PM.T., LES., P.C.S. and LLA.S., etc, may be
immensely benefited by this book.

Authors wish to express their thanks to Shri R.K. Gupta, the Managing Director,
Mr. Navin Joshi, the General Manager of M/s S.Chand & Co. Ltd., New Delhi, for all their
efforts to make this endeavour a pleasant surprise to the readers.

T he multicoloured edition of the textbook of Cell Biology, Genetics, Molecular Bi-
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PREFACE TO THE FOURTEENTH EDITION

he revised edition of Cell Biology, Genetics, Molecular Biology, Evolution and Ecology comprises 84
I chapters. The 21 new chapters, which have been added in this edition, are distributed in the five parts/
sections of this textbook which are as follows :

I. Cell biology. Techniques in cell biology; Growth.

2. Genetics. Multiple genes (Quantitative genetics); Change in chromosome structure; Change in
chromosome number; Human genetics; Transposable genetic elements (Jumping genes).

3. Molecularbiology. Replication of DNA; Genetic engineering; Inmunology; Genetic recombination
and gene transfer (Bacterial conjugation, transformation and transduction).

4. Evolution. Direct evidences of evolution (Fossils); Examples of natural selection; Population
genetics and evolution; Adaptive radiation; Barriers.

5. Ecology. Ecology in India; Ecological succession; Wild-life management; Biogeography; Adaptation.

Present edition of this book has been thoroughly revised, updated and enlarged. About 400 entirely
new figures and data-packed tables have been added in this edition. All old chapters have been almost
rewritten in the light of current researches. However, the old format of the book has been retained in order
to familiarise the readers with the basic concepts. Revision questions (and problems) have been given at the
end of each chapter to test the learning capacity of the readers. Answers to the problems have also been given
at places where required.

In the revision of the book, the simplicity and clarity of the language has been maintained. Text of the
book is accompanied with simple and self-explanatory diagrams. Every effort has been made to ensure that
readers may get a balanced idea of the subject matter which may enlighten them regarding classical and
modern concepts of the subject.

Itis hoped that this textbook will serve the purpose of students of B.Sc., B.Sc. (Hons.), M.Sc. (Zoology,
Botany and Biosciences) of various Indian Universities. This book can be used as a reference book by those
students who are preparing for various competitive examinations/tests such as CPMT, CBSE (All India
Medical Entrance Test), IFS, PCS, IAS and others.

Authors wish to express their thanks to Shri Ravindra Kumar Gupta and Shri T.N. Goel of
M/s. S. Chand and Company Ltd., for their keen interest in the publication of this book.

Authors will feel highly obliged if suggestions for the improvement of the book are brought to their
notice, so that future edition of the book may become more useful.

Authors
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CONTE’NTS
CELL BIOLOGY

Chapters

1.

| ntroduction

Definition of cell biology ; history of cell biology ; unit of
measurement of cell; cell biology and other biological
sciences ; revision questions.

Techniques in Cell Biology

Microscopy — light microscopy, methods of sample prepa
ration for light microscopy, electron microscopy, methods
of sample preparation for transmission electron micros-
copy; X-ray diffraction analysis ; cell fractionation ; auto-
radiography ; cell culture ; chromatography ; electrophore-
sis ; dialysis; revision questions.

. Cdll

Viruses ; cells of cellular organisms ; prokaryotic cells —
bacteria, examples of prokaryotic cells—= mycoplasma or
PPLO, Escherichia coli, cyanobacteria or blue-green a-
gae; eukaryotic cells — cell shape, cell size, cell volume,
cell number, structure, cell wall and plasma membrane,
cytoplasm, nucleus; revision questions.

Cytoplasmic Matrix
(Chemical Organization of the Cell)

Physical nature of cytosol (or cytoplasmic matrix) ; chemi-
cal organization of cytosol ; types of compounds of cyto-
sol ; inorganic compounds — water ; organic compounds —
carbohydrates, lipids (fats), proteins, enzymes, prosthetic
groups and coenzymes, isoenzymes, vitamins, hormones,
nucleic acids ; properties of cytoplasmic matrix ; revision
guestions.

Plasma Membrane and Cell Wall

Isolation and analysis ; chemical composition — lipids,
proteins, carbohydrates; structure of plasma membrane —
evolution of fluid mosaic model of membrane, experimen-
tal evidence in support of fluid mosaic model of plasma
membrane, role of lipid molecules in maintaining fluid
property of membrane, membrane asymmetry, constraints
on the motility of membrane molecules ; origin of plasma

v)
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membrane, functions of plasma membrane — passive trans-
port, active transport, bulk transport ; differentiation of cell
surface — invaginations, microvilli, basement membrane,
tight junctions (zonula occludens), gap junctions (nexus) ;
cell coat ; cell wall — chemical composition, structure,
ultrastructure, functions, origin and growth; revision ques-
tions.

Endoplasmic Reticulum (ER)

Occurrence ; ER and endomembrane system ; morphology;
ultrastructure ; types of endoplasmic reticulum — smooth
endoplasmic reticulum, rough endoplasmic reticulum, an-
nulate lamellae ; isolation and chemical composition; en-
zymes of the ER membranes ; origin of endoplasmic reticu-
lum ; functions of endoplasmic reticulum ; revision ques-
tions.

Golgi Apparatus

Historical ; occurrence ; distribution ; morphology ; isola
tion and chemical composition ; origin; functions ; revision
guestions.

Lysosomes

10.

Historical ; occurrence ; structure ; isolation and chemical
composition — lysosomal enzymes, lysosomal membrane;
kind of lysosomes (polymorphism in lysosomes) — pri-
mary lysosomes, heterophagosomes, autophagosomes, re-
sidual bodies ; origin ; functions of lysosomes ; lysosomes
and disease ; lysosomes in plants — vacuol es, spherosomes,
aleurone grain ; revision gquestions.

Microbodies : Peroxisomes and
Glyoxysomes

Historical ; microbodies : structure and types ; peroxisomes
— functions of peroxisomes, biogenesis of peroxisomes ;
glyoxysomes — functions ; revision questions.

Mitochondria

11.

Historical ; distribution or localization ; orientation, mor-
phology ; isolation ; chemical composition; mitochondria
and chloroplasts as transducing systems ; functions —
adenosine triphosphate (ATP) ; oxidation of carbohydrates—
glycolysis, oxidative decarboxylation, Krebs cycle, respira-
tory chain and oxidative phosphorylation ; B-oxidation of
fatty acids ; oxidation of proteins, other functions of mito-
chondria ; biogenesis of mitochondria — mitochondria as
semiautonomous organelles, prokaryotic origin or symbiont
hypothesis ; revision questions.

Plastids (Chloroplasts, Photosynthesis and Vacuoles)

Historical ; types of plastids ; chloroplasts — distribution,
morphology, isolation and chemical composition, ultra
structure ; functions of the chloroplast : photosynthesis ;

(vi)
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12.

13.

chloroplast as semiautonomous organelle ; biogenesis of
chloroplast ; amyloplasts ; chromoplasts ; vacuoles ; revi-
sion questions.

Nucleus 243-256

Historical ; nucleo-cytoplasmic relationship — Hammerling's
experiment ; isolation techniques ; ultrastructure — nuclear
envelope, nucleoplasm, chromatin fibres ; revision ques-
tions.

Chromosomes 257-279

14.

Historical; chromosome number ; morphology — karyo-
type and idiogram ; material of the chromosome— euchro-
matin, heterochromatin; isolation methods ; chemical com-
position — DNA, the C-value paradox, histones, non-
histones ; ultrastructure — single-stranded and multistranded
hypotheses, folded-fibre model and nucleosome concept,
nucleosome and solenoid model of chromatin, solenoid
models ; functions ; giant chromosomes — polytene chro-
mosomes (salivary gland chromosomes), lampbrush chro-
MOSOmes ; revision questions.

Ribosomes

15.

Historical ; occurrence and distribution ; method of isola-
tion ; types of ribosomes— 70S ribosomes, 80S ribosomes;
number of ribosomes ; structure of ribosomes, chemical
composition — ribosomal RNAs, ribosomal proteins ; ul-
trastructure— Stoffler and Wittmann’s model, Lake’ s model,
three-dimensional model of 80S ribosome, dissociation and
reconstitution of ribosomes, comparison of 70S and 80S
ribosomes ; biogenesis of ribosomes — biogenesis of 70S
ribosomes, biogenesis of 80S ribosomes ; revision ques-
tions.

Cytoskeleton : Microtubules, Microfilaments
and Intermediate Filaments 293-303

16.

Microtubules — structure, chemical composition, assembly
and disassembly of microtubules, functions; microfilaments
— distribution, chemical composition; intermediate fila-
ments — types of intermediate filaments, general structure
of IFs, assembly of IFs, IFs during mitosis, functions of
IFs; comparison of microtubules, intermediate filaments
and microfilaments; revision questions.

Centrioles and Basal Bodies 304-308

17.

Occurrence ; structure ; chemical composition ; origin of
centrioles and basal bodies ; functions, revision questions.

Cilia and Flagella 309-317

Sterocilia and kinocilia ; distribution of the cilia and fla-
gella ; structure of the cilia and flagella ; isolation and
chemical composition of ciliaand flagella; ultrastructure of
the cilia and flagella; physiology of ciliary movement —

(vii)
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sliding filament hypothesis, immotile cilia syndrome
(Kartagenre's syndrome); origin of cilia ; derivatives of
cilia ; revision questions.

Cél Growth and Cell Division
(Céll Cycle, Mitosis and Meiosis)

19.

20.

Cell cycle and mitosis —general events of interphase,
prophase, metaphase, anaphase, telophase, cytokinesis,
physiology of cell cycle and mitosis, significance of mito-
sis; meiosis and reproductive cycle, kinds of meiosis, pro-
cess of meiosis, heterotypic division or first meiotic divi-
sion, homotypic or second meiotic division; significance of
meiosis ; comparison of mitosis and meiosis; revision
questions.

Reproduction

Asexual reproduction; sexual reproduction ; revision ques-
tions.

Gametogenesis

21.

Spermatogenesis— formation of spermatids, spermiogen-
esis; oogenesis—multiplication phase, growth phase, matu-
ration phase, structure of mature egg; revision questions.

Fertilization

22.

External and internal fertilization; fertilizin and antifertilizin;
process of fertilization—activation of the egg ; amphimixis;
post-fertilization changes in the egg ; kinds of fertilization;
significance of fertilization ; revision questions.

Parthenogenesis

23.

Natural parthenogenesis—complete parthenogenesis, incom-
plete parthenogenesis ; artificial parthenogenesis, signifi-
cance of parthenogenesis ; revision questions.

Growth

318-341

342-346

347-354

355-359

360-364

365-370

Levels of growth ; limited and unlimited growth ; cell
growth : kinetics of cell growth, mechanisms involved in
cell growth— RNA synthesis and cell growth, nucleolus
and cell growth, protein synthesis and cell growth; revision
guestions.

(viii)




GENETICS

| ntroduction

Historical : vapour and fluid theories, preformation theo-
ries, particulate theories; scope of genetics, importance of
genetics; branches of genetics; revision questions.

Genetical Terminology

Symbols of genetics; revision questions.

Mendel and His Work

Rediscovery of Mendel's work, Mendel's selection of the
experimental plant ; Mendel's material and crossing tech-
nique; phenomenon of dominance; certain examples of
phenomenon of dominance, phenomenon of dominance in
plants, application of phenomenon of dominance in ani-
mals, mechanism of dominance, variation in dominance
relation— incomplete dominance, codominance ; law of
segregation : mechanism of segregation, certain other ex-
amples of law of segregation ; law of independent assort-
ment.: Mendel's dihybrid cross, mechanism of independent
assortment, acase of reverse genetics in Mendel's wrinkled
character, dihybrid cross in Drosophila ; back cross and
test cross, examples of monohybrid back and test cross,
examples of dihybrid test cross; multihybrid cross ; devia-
tion from Mendel's dihybrid phenotypic ratio: 3:6:3: 1
:2:1lratio,1:2:1:2:4:2:1:2:1ratio,3:1:6
12ratio,1:2:1:3:4:2ratio, 4:2:2: 1ratio; revision
questions and problems.

Genetic Interaction and Lethal Genes 4562

Types of genetic interaction ; non-epistatic inter-allelic
genetic interactions ; kinds of epistatic interaction: domi-
nant epistasis (12 : 3 : 1), recessive epistasis (9 : 3 : 4),
duplicate genes with cumulative effect (9: 6 : 1), duplicate
recessive genes (or complimentary genes; 9 : 7), duplicate
dominant genes (15 : 1), dominant and recessive interac-
tions (13 : 3); atavism or reversion; lethal genes; pen-
etrance; expressivity; pleiotropism; revision questions and
problems; answers to problems.

Quantitative Genetics
(Inheritance of Multiple Genes)

Multiple factor hypothesis ; historical; characters of mul-
tiple genes, examples of quantitative inheritance: kernel
colour in wheat, skin colour in man, eye colour in man;
transgressive variation; modifiers or modifying genes; sig-
nificance of quantitative genetics; revision questions and
problems; answers to problems.

(iX)
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| nbreeding, Outbreeding and Hybrid

Inbreeding: method of inbreeding, genetic effect of in-
breeding, inbreeding depression, practical applications of
inbreeding; outbreeding and hybrid vigour: cross breeding
and mule production, manifestation of heterosis—some
examples of heterosis in plants, genetic basis of heterosis,
application of heterosis; evolutionary significance of in-
breeding and outbreeding; revision questions and problems;

Historical : Sutton-Boveri chromosome theory of heredity,
Sutton's view on linkage, Bateson and Punnet's coupling
and repulsion hypothesis, Morgan's views on linkage, chro-
mosome theory of linkage; kinds of linkage : complete
linkage, incomplete linkage; linkage groups; significance of
linkage; revision questions and problems; answers to prob-

Types of crossing over : somatic or mitotic crossing over,
germinal or meiotic crossing over; mechanism of meiotic
crossing over : synapsis, duplication of chromosomes, cross-
ing over by breakage and union, terminalisation ; kinds of
crossing over; theories about the mechanism of crossing
over; tetrad analysis; cytological detection of crossing over;
significance of crossing over; revision questions and prob-

Genetic and Cytological Mapping of

Construction of a linkage map or genetic mapping

determination of linkage groups, determination of map
distance, determination of gene order, interference and
coincidence, linkage maps of different organisms; chromo-
some, physical or cytological mapping : cytological map-
ping of chromosomes of Drosophila, differences between
genetic and chromosome maps; uses of genetic maps;
revision questions and problems; answers to problems.

Characters of multiple alleles; symbolism for multiple alle-
les, examples : the C gene in rabbit, A, B, AB and O blood
groups in humans, the H antigen and Bombay phenotype,
Rh factor, eye colour in Drosophila, self-sterility aleles;
revision questions and problems; answers to problems.

6.
Vigour
answers to problems.
7. Linkage
lems.
8. Crossing Over
lems; answers to problems.
9.
Chromosomes
10. Multiple Alleles
11. Fine Sructure of Gene

Gene concept : test of allelism — bar locus in Drosophila,
lozenge locus, apricot eye colour in Drosophila, cistron,
recon and muton, complex gene loci; revision questions
and problems; answers to problems.

)

84-92
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Sex-linked Inheritance 134-150

13.

Inheritance of X-linked (sex-linked) genes : characteristics
of sex-linked inheritance, examples of inheritance of X-
linked recessive genes; inheritance of Y-linked genes; in-
heritance of X-Y linked genes; sex-linked lethals, sex
influenced genes; sex limited genes; non-disjunction; pri-
mary non-disjunction, secondary non-disjunction; revision
questions and problems; answers to problems.

Deter mination of Sex and
Sex Differentiation 151-169

14,

Genetically controlled sex determining mechanisms : sex
chromosomal mechanisms (heterogamesis); types of sex
chromosomal mechanism of sex determination : heteroga-
metic males, heterogametic females, genic balance mecha-
nism, sex determination in man, male haploidy or
haplodiploidy mechanism, single gene control of sex;
metabolically controlled sex determining mechanism ; hor-
monally controlled sex determining mechanism ; environ-
mentally controlled sex determining mechanism; sex deter-
mination in plants, sex differentiation : dosage compensa-
tion of genes, hormonal or genital sex, somatic sex, socio-
psychological sex; revision questions and problems; an-
swers to problems.

Chromosomal M utation-I 170-184

(Cytogenetics : Changes in Structure of Chromosome)

15.

Structural changes in chromosomes : types of structural
changes in chromosomes — deletion (or deficiency), dupli-
cation, inversion, translocation, variation in chromosome
morphology; revision questions and problems; answers to
problems.

Chromosomal Mutation-I| 185-200

(Cytogenetics : Changes in Chromosome Number)

16.

Euploidy: monoploidy, polyploidy — autopolyploids, al-
lopolyploids, synthesized allopolyploids; aneuploidy : mono-
somy, nullisomy, trisomy, double trisomy, tetrasomy; revi-
sion questions and problems; answers to problems.

Gene Mutation 201-216

Historical background; occurrence ; kinds of mutations ;
classification of mutation according to type of cell, classi-
fication of mutation according to the size and quality —
point mutation, multiple mutations or gross mutations, clas-
sification of mutation according to the origin — spontane-
ous mutations, induced mutations — radiations, tempera-
ture as mutagen, chemical mutagens, classification of mu-
tation according to the direction, classification of mutation
according to magnitude of phenotypic effect, classification
of mutation according to consequent change in amino acid
sequence; mutation rate ; method of detection of sex-linked

(i)




17.

mutation; practical application of mutations ; significance
of mutation; revision questions and problems; answers to
problems.

Cytoplasmic or Extra-Nuclear Inheritance

18.

Evidences for cytoplasmic factors; extra-nuclear inherit-
ance in eukaryotes : materna inheritance, extra-nuclear
inheritance by cellular organelles — chloroplast inheritance
in variegated four o'clock plant, maternal inheritance by
iojap gene of corn, extra-nuclear inheritance by mitochon-
dria, extra-nuclear inheritance by endosymbionts. sigma
virus in Drosophila, spirochaetes and maternal sex ratio in
Drosophila, kappa particles, mm particles, milk factor in
mice, uniparental inheritance in Chlamydomonas reinhardi;
revision questions and problems; answers to problems.

Human Genetics

19.

Pedigree analysis; amniocentesis; twins : identical or
monozygotic twins, fraternal or dizygotic twins; human
traits; disorders due to mutant genes : PTC tasters, brachy-
dactyly, Huntington’'s chorea, tongue rolling, inborn errors
of metabolism — phenylketonuria (PKU), alkaptonuria,
albinism, sickle-cell anaemia; human cytogenetics : band-
ing techniques; sex determination; sex linkage; chromo-
somal aberrations; revision questions.

Eugenics, Euphenics and Genetic
Engineering

20.

Eugenics and euthenics; history; need of eugenics; eugenics
and human betterment : positive eugenics, negative eugen-
ics, euphenics, genetic engineering and gene therapy; revi-
sion questions.

Transposable Genetic Elements

(Jumping or Mobile Genes)

Mode of discovery of transposable elements; characteristics
of transposable elements; types of transposable elements :
insertion sequences (1S) or simple transposons, transposons
(Tn) or complex transposons; examples of transposons: Tn
3 transposon of E.coli, bacteriophage Mu, yeast Ty ele-
ments ; revision questions.

(xii)
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MOLECULAR BIOLOGY

I ntroduction 3-8

Historical background ; material and methods in molecular
biology ; basic requirements to be met by genetic material ;
revision questions.

|dentification of the Genetic Materials 9-15

Direct evidences for DNA as the genetic material — the
transformation experiments, identification of the “trans-
forming” principle or substance, the blender experiment,
bacterial conjugation ; indirect evidences for DNA as the
genetic materia ; evidences for RNA as the genetic mate-
rial of some viruses; revision questions and problems ;
answers to problems.

Chemical Nature of Genetic Materials
(i.e., DNA and RNA) 1626

Historical ; deoxyribonucleic acid or DNA — molar ratios
of nitrogen bases in DNA molecule, the equivalence rule,
physical, molecular or geometrical organization of DNA,
considerations of Watson and Crick in the construction of
double helical structure of DNA molecule, Watson and
Crick’s model of DNA, ploymorphism of DNA helix (or
aternative forms of DNA double helices), Z-DNA (or left-
handed DNA) ; ribonucleic acid (RNA) — molecular struc-
ture of RNA, replication of genetic RNA ; revision ques-
tions and problems ; answers to problems.

Replication of DNA 2743

Watson and Crick’s model for DNA replication — experi-
mental evidence for semiconservative DNA replication in
E.coli, Meselson and Stahl’s experiment, visualization of
replication in E. coli, evidences for semiconservative repli-
cation of chromosomes (or DNA) in eukaryotes,
semidiscontinuous replication, unidirectional and bidirec-
tional DNA replication, enzymes of DNA metabolism,
roles of RNA primers in DNA replication, replicons, pro-
teins involved in opening of DNA helix, replisomes and
primosomes ; mechanism of DNA replication in prokary-
otes; DNA replication in eukaryotes, model’s of DNA
replication ; revision questions and problems ; answers to
problems.

Non-genetic Ribonucleic Acid (RNA) and
Transcription 4465

Chemical composition of non-genetic ribonucleic acid
(RNA); comparison between DNA replication and tran-
scription ; mechanism of prokaryotic transcription — enzy-
matic synthesis of RNA, the RNA polymerase enzyme,
binding of RNA polymerase to promoter, initiation, elonga-

(xiii)
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tion and termination, classes of RNA molecules and pro-
cessing; mechanism of eukaryotic transcription — pro-
moter, enhancer and silencers, initiation of eukaryotic tran-
scription, elongation of RNA chain in eukaryotes, termina-
tion of eukaryotic transcription, chromatin structure and
transcription ; types of non-genetic RNA and processing —
ribosomal RNA (rRNA), messenger RNA (mRNA), trans-
fer RNA (tRNA) ; revision questions and problems ;
answers to problems.

Genetic Code 66—76

Basis of cryptoanalysis ; codon assignment (cracking the
code or deciphering the code)— theoretical approach, the
in vitro codon assignment, the in vivo codon assignment ;
characteristics of genetic code ; wobble hypothesis ; revi-
sion questions and problems ; answers to problems.

Protein Synthesis

Central dogma and central dogma reverse ; minimum
necessary materials ; mechanism of protein synthesis —
aminoacylation of tRNA (formation of aminoacyl tRNA),
stages of polypeptide synthesis in prokaryotes, polysomes
and coupled transcription — trandlation, stages of polypep-
tide synthesis in eukaryotes, modification of released pro-
tein ; antibiotics and protein synthesis; revision questions
and problems ; answers to problems.

Regulation of Gene Action

Regulation of gene action in prokaryotes — transcriptional
control mechanisms: negative control, inducible operons
(inducible systems), repressible system, positive control,
effects of glucose on lac operon (catabolic repression),
tranglational control, post-translation control (feedback in-
hibition or end product inhibition) ; regulation of gene
action in eukaryotes — regulation of gene action at the
level of genome, regulation of gene action at the level of
transcription, post-transcriptional regulation, translational
control, post-translational modification of proteins to make
them active ones ; hormonal control of gene expression ;
revision questions and problems ; answers to problems.

Genetic Engineering
(I'solation, Sequencing, Synthesis of Gene and DNA
Fingerprinting) 110125

Tools of genetic engineering ; certain genera techniques of
genetic engineering — isolation and use of restriction
enzymes, Southern blotting technique, northern blotting
technique, western blotting technique, vectors, transforma-
tion and molecular cloning, isolation of genes — isolation
of ribosomal RNA genes in Xenopus ; sequencing of
gene— Maxam and Gilbert’s chemical degradation method,
Sanger’s dideoxynucleotide synthetic method, direct DNA
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sequencing using PCR ; synthesis of gene —organochemical
synthesis of polynucleotides (or chemical synthesis of tRNA
genes), synthesis of gene from mRNA (or enzymatic syn-
thesis of gene) ; application of genetic engineering — DNA
fingerprinting : the ultimate identification test ; revision
questions and problems, answers to problems.

| mmunology 126144

11.

Cellular basis of immunity ; molecular structure of immu-
noglobulins or antibodies, antibody diversity (genetic basis
of antibody diversity) ; B lymphocytes and the immune
response — precipitation of soluble antigens, agglutination,
complement fixation, clonal selection theory, allelic exclu-
sion, immunologic memory, autoimmune disease; major
histocompatibility complexes — class| MHC antigen, class
Il MHC antigen ; T lymphocytes and the immune response,
AIDS (acquired immune deficiency syndrome) ; revision
questions.

Genetic Recombination and Gene Transfer
(Bacterial Conjugation, Transformation, Transduction,
Episomes and Plasmids) 145-156

Conjugation : examples of conjugation, F element and F* —
F~ transfer, formation of Hfr cells and Hfr — F~ transfer,
mapping the bacterial chromosomes; transformation ; trans-
duction and recombination of viruses, recombination in
viruses ; episomes and plasmids : episomes, plasmids—
fertility (F) factor, R plasmid, col factor, replication and
recombination in plasmids, uses of plasmids in genetic
engineering and biotechnology ; revision questions.
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EVOLUTION

| ntroduction 37

Fact of evolution; evolution compared with ancient history;
a preview of evolution; certain misconceptions of evolu-
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Nature’s variety is boundless.

| ntroduction

diversity, thereisalsosimilarity. Indeed, nature’ svariety

isboundless. When walking through the woods, across a
field, along a stream, through azoo or wild life sanctuary, one
isimpressed with the diversity of life. Even looking through a
microscope can be an elating experience. The universe of the
cell too iscomplex and diverse. Like the world around us, the
world of the cell isone of theforms specialized for aparticular
typeof existence. Andasisinthelarger universeof theplantand
animal kingdoms, where one can perceive basic life sustaining
processescommonto all organisms, inthecellular world many
of the same processes and structures can befound in almost all
cells. Thisgeneralization often leads to one of the most funda-
mental and obvious statement that the cell is the microscopic
structural and functional unit of the living organisms. Thus,
there are many cell types among fungi, protozoans and higher
plants and animals. They differ in size, form and function,
degreeof specializationand averagegenerationtime. Y et at the
ultrastructural level thereissamenessabout cellsthat isalmost
tedious. Thesamebasi c structures—nuclei, cytoplasmicmatrix
or cytsol, plastids, mitochondria, endoplasmicreticulum, Golgi
apparatus, plasma membrane, etc.,—all appear with predict-
able regularity. Such a sameness can also be observed at the
molecular level—all cell parts are made of highly organized
groupsof few typesof molecules,i.e., proteins, lipids, carbohy-
drates, nucleic acids, etc.

DEFINITION OF CELL BIOLOGY

The biological science which deals with the study of
structure, function, molecular organization, growth, reproduc-

I t seems to be an axiom of nature that where there is
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tion and genetics of the cells, is caled cytology (Gr., kytos = hollow vessel or cell; logous = to
discourse) or cell biology. Much of the cell biology isdevoted to thestudy of structuresand functions
of specialized cells. The results of these studies are used to formulate the generalization applied to
almost all cellsaswell asto provide the basic understanding of how a particular cell type carries out
itsspecificfunctions. Thecell biol ogist, without losing sight of thecell asamorphol ogicand functional
unit within the organism, hasto study biological phenomenaat all levelsof organization andtouseall
the methods, techniques and concepts of other sciences (Table 1-1).

Cytology versus Cell Biology

Thecell biology has been studied by the following three avenues: classical cytology dealt with
only light microscopically visiblestructure of thecell; cell physiol ogy studied biochemistry, biophys-
ics, and functions of the cell; and cell biology interpreted the cell in terms of molecules (macromol-
ecules such asnucleic acidsand proteins). In recent years distinction between classical cytology, cell
physiology and cell biology hasbecomeblurred and outmoded and now twoterms—cytology and cell
biology are used as the synonyms (Novikoff and Holtzmann, 1970).

HISTORY OF CELL BIOLOGY

Ancient Greek philosophers such as Aristotle ( 384 —322 B.C.)
and Par acelsusconcluded that “ all animalsand plants, however, compli-
cated, are constituted of a few elements which are repeated in each of
them.” They werereferring to the macroscopic structuresof an organism
suchasroots, leavesand flowerscommon to different plants, or segments
and organsthat arerepeated in the animal kingdom. Many centuries|ater,
owing to the invention of magnifying lenses, the world of microscopic
dimensionswas discovered. Da Vinci (1485) recommended the uses of
lensesinviewing small objects. In 1558, Swissbiologist, Conrad Gesner
(1516—1565) published results of his studies on the structure of agroup
of protists called foraminifera. His sketches of these protozoaincluded
so many detailsthat they could only have been madeif he had used some
form of magnifying lenses. Perhaps this is earliest recorded use of a
magnifying instrument in abiological study.

Table 1-1. Variouslevels of biological organization and instrumental resolving power (Sour ce:
De Robertisand De Robertis, Jr., 1987).

I

Aristotle (384 —322 B.C.)

Dimension Biological Structures Method of study
field
1. 0.1 mm or 100 um Anatomy Organs Eyes and simple lenses
or larger
2. 100 umto 10 um Histology Tissues Various types of light
microscopes, X-ray
microscopy
3. 10 umto 0.2 um Cell biology Cell, bacteria

(200 nm)
4. 200nmto1 nm

5. Smaller than
1 nm (10A°)

Submicroscopic
morphology

Ultrastructure,
molecular and

atomic structure.

Cell components,
viruses

Arrangement
of atoms

Polarization microscopy,
€electron microscopy

X-ray diffraction

Contents
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Further growth and devel opment of cell biology areintimately associated with thedevel opment
of optical lenses and to the combination of these lenses in the construction of the compound
microscopes(Gr., mikros=samll; skopein=to see). Thus, theinvention
of themicroscope and itsgradual improvement went hand-in-hand with
the development of cell biology.

1. Growth of Cell Biology during 16th and 18th Centuries

The first useful compound microscope was invented in 1590 by
Francis Janssen and Zacharias Janssen. Their microscope had two
lensesand total magnifying power between 10X and 30X. Suchtypesof
microscopeswere called “flea glasses’, sincethey were primarily used
to examine small whole organisms such as fleas and other insects. In
1610, an Italian Galileo Galilel (1564 —1642) invented a simple
microscopehaving only onemagnifyinglens. Thismicroscopewasused
to study the arrangement of the facets in the compound eye of insects.

The Italian microanatomist Mar cello Malpighi ( 1628—1694)
was among the first to use a microscope to examine and describe thin
dlices of animal tissues from such organs as the brain, liver, kidney,
spleen, lungsand tongue. Heal so studi ed plant ti ssuesand suggested that
they were composed of structural units that he called “utricles’. An | Fig. 1.1. Hooke's compound
English microscopist Robert Hooke (1635—1703) is credited with microscope.
coiningtheterm cell (L., Cella= hollow space) in 1665. He examined a
thin slice cut from a piece of dried cork under the compound microscopes (Fig. 1.1) which were built
by him. In 1665, Hooke published a collection of essays under the title Micrographia. One essay
described cork asahoney comb of chambersor “cells’. The chambers or cellsare now recognized to
beempty spaces|eft behind after theliving portionsof thecell had disintegrated. H ook ethought of the
= cells, heobserved assomething
similar to veins and arteries of
animals—they werefilled with
“juices’ inlivingplants. Buthis
crude microscopesdid not per-
mit the observation of any in-
tracellular structure.

Dutch microscopist,
Anton van Leeuwenhoek
(1632—1723) had succeeded
in greatly improving the art of
Fig. 1.2. Leeuwenhoek’s microscope.| polishing lenses of short focal
length. He used his lenses in
building numerousmicroscopes, somewith magnificationsapproaching 300X (Fig. 1.2). L eeuwenhoek
was the first to observe living free-living cells; he described in 1675, microscopic organisms in
rainwater collected from tubes inserted into the soil during rainfall. His sketches included numerous
bacteria (bacilli, cocci, spirillaand other Monera), protozoa, rotifers, and Hydra. L eeuwenhoek was
alsofirst to describethe sperm cellsof humans, dogs, rabbits, frogs, fish and insectsand to observethe
movement of blood cells of mammals, birds, amphibians and fish, noting that those of fish and
amphibianswere oval in shape and contained acentral body (the nucleus); whilethose of humansand
other mammal swereround. Heal so observed thestriated muscles. L eeuwenhoek’ sobservationswere
recorded in a series of reports that he sent during 1675—1683 to the Royal Society of London.

An English plant microanatomist Nehemiah Grew (1641—1721) published accounts of the

Anton van Leeuwenhoek.
(1632—1723)
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microscopic examination of sections through the flowers, roots and stems of plants and clearly
indicated that he recognized the cellular nature of plant tissues.

2. Growth of Cell Biology during 19th Century

Nineteenth century witnessed various cell biological inventions and formulations of various
landmark theories such as cell theory and protoplasm theory. In 1807, Mirbel stated that all plant
tissueswere composed of cells. French biologist, ReneDutrochet (1776—1827) correctly concluded
in 1824, that all animal and plant tissues were “aggregates of globular cells.” In 1831, an English
botanist Robert Brown ( 1773—1858) discovered and namedthenucleusinthecells(e.g., epidermis,
stigmas and pollen grains) of the plant Tradescantia. He established that the nucleus was the
fundamental and constant component of the cells.

Cell Theory

In 1838, aGerman botanist M athiasJacob Schleiden (1804—1881) put forththeideathat cells
weretheunitsof structureintheplants. In 1839, hiscoworker, aGermanzoologist, Theodor Schwann
(1810—1882) applied Schleiden’ sthesisto the animals. Both of them, thus, postul ated that thecell is
thebasicunit of structureandfunctioninall life. Thissimple, basicandformal biol ogical generalization
isknownascell theory or cell doctrine. Infact, both Schleiden and Schwann areincorrectly credited
for the formulation of the cell theory; they merely made the generalizations which were based on the
worksof their predecesorssuchasOken (1805), Mirbel (1807), L amar ck (1809), Dutr ochet (1824),
Turpin (1826), etc., (see Sheeler and Bianchi, 1987). However, Schleiden wasthefirst to describe
the nucleoli and to appreciate the fact that each cell |eads adoubl e life—oneindependent, pertaining
to its own development, and another asintegral part of amulticellular plant. Schwann studied both
plant and animal tissues and hiswork with the connective tissues such as bone and cartilage led him
to modify theevolving cell theory toincludetheideathat living things are composed of both cellsand
the productsor secretions of thecells. Schwann alsointroduced the
term metabolism to describe the activities of the cells.

In the coming years, the cell theory was to be extended and
refined further. K. Nageli (1817—1891) showed in 1846 that plant
cellsarisefromthedivision of pre-existing cells. In 1855, aGerman
pathologist Rudolf Virchow (1821—1902) confirmedtheNageli’s
principleof the cellular basisof life' scontinuity. Hestated inLatin
that the cells arise only from the pre-existing cells (viz., his actual
aphorism was “ omnis cellula e cellula” —every cell from acell).
Virchow, thus, established the significance of cell division in the
reproduction of organisms. In 1858, Virchow published hisclassi-
cal textbook Cellular Pathology and in it he correctly asserted that Louis Pasteur (1822—1895)
asfunctional unitsof life, the cellswerethe primary sites of disease
and cancer. Later ,in 1865, L ouis Pasteur (1822—1895) in France
gave experimental evidence to support Virchow’s extension of the cell theory.

The modern version of cell theory states that (1) All living organisms (animals, plants and
microbes) aremade up of oneor morecellsand cell products. (2) All metabolicreactionsinunicellular
and multicellular organismstake placein cells. (3) Cells originate only from other cells, i.e., no cell
can originate spontaneously or de novo, but comes into being only by division and duplication of
already existing cells. (4) The smallest clearly defined unit of lifeisthecell.

The cell theory had its wide biological applications. With the progress of biochemistry, it was
shown that there were fundamental similaritiesin the chemical composition and metabolic activities
of all cells. Kolliker applied the cell theory to embryology—after it was demonstrated that the
organismsdevel oped from the fusion of two cells—the spermatozoon and the ovum. However, inthe
recent years, large number of sub-cellular structures such as ribosomes, lysosomes, mitochondria,
chloroplasts, etc., have been discovered and studied in detail. Consequently, it may appear that cell is

Contents
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nolonger abasicunit of life, becauselifemay exist without cellsal so. Eventhen, thecell theory remains
auseful concept.

Exceptiontocell theory. Cell theory doesnot have universal application, i.e., therearecertain
living organisms which do not have true cells. All kinds of true cells share the following three basic
characteristics: 1. A set of geneswhich constitute the blueprintsfor regulating cellular activitiesand
making new cells. 2. A limiting plasma membr ane that permits controlled exchange of matter and
energy withtheexternal world. 3.A metabolicmachinery for sustaining lifeactivitiessuch asgrowth,
reproduction and repair of parts. Vir usesdo not easily fit in these parametersof atruecell. Thus, they
lack a plasma membrane and a metabolic machinery for energy production and for the synthesis of
proteins. However, likeany other cellular organism, viruseshave (1) adefinite genetically determined
macromol ecular organization; (2) agenetic or hereditary material intheform of either DNA or RNA;
(3) a capacity of auto-reproduction; and (4) a capacity of mutation in their genetic substance. In
conseguence, viruses can only reproduce inside the host cellswhich may belong to animals, plantsor
bacteria. They usetheir own genetic programme for reproduction but rely on the raw materials (i.e.,
amino acids, nucleotides) and biosynthetic machinery of the host cells ( i.e., ribosomes, tRNA,
enzymes) for their multiplication. Thus, a virus may be defined as an infectious, subcellular and
ultramicroscopic particle representing an obligate cellular parasite and a potential pathogen whose
reproduction (replication) in the host cell and transmission by infection cause characteristic reaction
inthe host cells. Outside the host cells, viruses are just like non-living inert particles and like the salt
or sugar, they can be purified, crystallized and placed into jars on a shelf for years. Dueto this fact,
viruses have been variously described such as* naked genesthat had somehow acquired the ability to
move from one cell to another (Alberts et al., 1989), or as “cellular forms that have degenerated
through parasitism’, or as“ primitive organisms that have not reached a cellular state.”
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Fig. 1.3. Organismsforming exceptionsto the cell theory : A—Threetypes of viruses;
B—Three cases of cellular organization.
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Thereare certain other organi sms such as the protozoan Paramecium, the fungus Rhizopusand
thealgaVaucheria(Fig. 1.3B) whichdonotfitintothepurview of thecell theory. All of theseorganisms
havebodi es contai ning undivided mass of protoplasmwhichlackscell-likeorganization and hasmore
than one nucleus. They tend to raise the question that whether cell isabasic unit of structurein them.

Protoplasm Theory

Up to middle of the 19th century, greater emphasis was given to the cell wall and less to the
cellular content. But soon cell biologists started to recognize the importance of “juicy” or “slimy”
contents of the cells. In 1835, Felix Dujardin termed the jelly-like material within protozoans as
sar code. In 1835, H.von Mohl (1805—1875) described cell division. In 1839, the Czech biologist
J.E. Purkinje (1787—1869) coined the term protoplasm to describe the contents of cells (animal
embryos). Von Mohl, in 1846, applied the name protoplasm to the contents of embryonic cells of the
plants. M ax Schultze, in 1861, established similarity between sarcode and protoplasm of animal and
plant cellsand, thus, offering atheory which later on wasimproved and called protoplasm theory by
O.Hertwig (1849—1922) in 1892.

Protoplasm theory holdsthat all living matter, out of which animalsand plantsareformed, isthe
protoplasm. The cell isanaccumulation of living substanceor protoplasmwhichislimitedin spaceby
an outer membrane and possesses a hucleus. The protoplasm which isfilled in the nucleusis caled
nucleoplasm and that exists between the nucleus and the plasmamembrane is called cytoplasm.

Thelast quarter of 19th century isusually considered as* classical period of cell biology” . Since
varioussignificant cell biological discoverieshavebeen madeduringthisperiod. Certainlandmark cell
biological discoveriesof second half of the 19th century have been tabulated in achronological order
inthe Table 1-2.

3. Growth of Cell Biology in 20th Century

20th century haswitnessed great advancement in cell biological knowledgeduetothefollowing
two main reasons: (1) the increased resolving power of instrumental analysis due to theintroduction

Table 1-2. l:C)Zit:):(())gr;;)logical tabulation of certain impor tant investigationsof 19th century in cell

Y ear Name of contributor Cell biological contribution

1855 C.Nagedli and C. Cramer Coined theterm cell membrane.

1857 — H.M.Edwards Explained division of labour

1881 in body cells.

1857 A.Kolliker Discovered mitochondria (“ sar cosomes”)
in muscle and in 1888 he idloated them.

1865 G.Mende Developed the fundamental principles of
heredity.

1866 Haeckel Named plastids.

1870 W His Developed the microtome for cutting serial
sections of tissue for cell study.

1871 F.Miescher Isolated nuclei and nucleoprotein from pus
cells, spermatozoa and from haemolyzed erythr-
ocytes of birds.

1873 A.Schneider Described chromosomes (nuclear filaments)
for the first time.

H.Fol Described the spindle and astral rays and
showed in 1879 that only one sperm enters
the egg in fertilization.

Contents
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Y ear Name of contributor Cell biological contribution

1875 E.Strasburger Described mitosisin plant cells and in 1882
introduced the terms cytoplasm and nucleo-
plasm. In 1884, he described fertilization in
angiosperms.

E.van Beneden First observed the centriole.

1876 O.Hertwig Studied reproduction in sea urchin and concl-
uded that fertilization involves the union of
sperm and egg pronuclei.

1878 Schleicher Coined the term karyokinesis.

1879 W.Flemming Introduced the term chromatin and described
the longitudinal splitting of chromosomes
during nuclear division of animal cells. In 1882,
he coined the term mitosis.

1881 Reinke and Rodewald Performed chemical analysis of protoplasm.

E.G. Balbiani Discovered the larval salivary gland chromo-
somes (i.e.,giant or polytene chromosomes)
in Chironomus.

Retzius Described many animal tissues with a detail
that has not been surpassed by any other
light microscopist. In the next two decades, he,
Cajal and other histologists devel oped stain-
ing methods and laid the foundations of
microscopic anatomy.

1882 W .Pfitzner Discovered chromomeres in the chromosomes.

1883 E.van Benden Showed that in Ascaris the number of chromo-
somes in the gametes is half that of in the body
cell.

W. Roux Proposed that chromosomes contain the units of
heredity.

Schimper Introduced the term chlor oplast.

Meyer Described details of chloroplast structure.

E. Metchnikoff Observed and named phagocytosis.

1886 C.A. MacMunn Discovered cytochromes.

1888 T.Boveri Described the structure of centrioles and coined
the term centrosome. In 1892, he described
spermatogenesis and oogenesis.

W.Waldeyer Introduced the term chr omosome.

1890 R.Altmann Stained mitochondria with a specific stain
(1886), recognised their role in cellular respira-
tion and considered them as autonomous or-
ganelles. In 1894, he coined the term bioblasts
for mitochondria.

1892 O.Hertwig Published his monograph—Die Zelle und das

Gewebe (The cell and the tissue) in which he
attempted to achieve a general synthesis of
biological phenomena based on characteris-
tics of the cell, its structure and function. He,
thus, created cytology as a separate branch

of biology.
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1897 C.Benda Coined the term mitochondrion and studied it
in spermatozoa and other cells.
1898 Camillo Golgi Described and coined the term Golgi complex

for the reticular structure found in the cyto-
plasm of nerve cells of owls and cats. He used
the silver staining method in studies.

of electron microscopy and X-ray diffraction techniques, and (2) the convergence of cytology with

otherfieldsof biological research, especially genetics(cytogenetics), physiol ogy (cell physiology) and
biochemistry (cytochemistry). Consequently new histochemical, cytochemical and immunocyto-
chemical (using antibodies to localise antigens) techniques have been developed to detect various
molecular components of the cell. Likewise, various cellular components have been separated by
ultracentrifugation; different biochemical eventsof thecell could beknownindetail by autoradiogra-
phy; and methods of tissue culturing have made possible the study of living cells. Phase contrast
microscopy and interference microscopy have been used to study the living cells. The ultrastructure
of acellular membrane could be observed by the techniques of freeze-fracturing and freeze-etching.
M oreover, micromanipul ators, micromanometric methods(e.g., by Cartesiandiver balanceof Zeuthen
weight of asingle amoebacan be determined), chromatography, electrophoresis, spectrophotometry,
etc., have provided new opportunities to cell biologists to investigate minute details of cell and its
components. Dueto the employment of variousimproved ultratechniquesin the study of the cells, the
validity of thecell theory and protoplasm theory hasbecomevague. Therefore, presently, both of these
theories have been replaced by another new theory called or ganismal theory.

Organismal Theory

Theorganismal theory holdsthat thebody of all multicellular organismsisacontinuous mass of
protoplasmwhich remainsdividedincompletely into small centres, thecells, for thevariousbiol ogical
activities. Thus, amulticellular organismisahighly differentiated protoplasmicindividual, differing
with a unicellular Protozoa only in size and degree of differentiation of the protoplasm. The
differentiation involves separation of the protoplasm into subordinate semi-independent compart-
ments, the so-called cells. Even theembryol ogical devel opment of amulticellular individual includes
only growth and progressive internal differentiation of asmall single protoplasmic individual (egg).
Organismal theory too failsto ascertain the position of viruses.

Certain landmark cell biological discoveries and Nobel Prize winning investigations of 20th
century have been tabulated in a chronological way in the Table 1-3.

Table 1-3. Chronological tabulation of certain important cell biological investigations of
20th century.

Y ear Name of contributor Cell biological contribution
1900 C.Garnier Introduced the term er gastoplasm.
J.Loeb Discovered artificial parthenogenesis.
1901 E.Strasburger Introduced the term plasmodesmata.
T.H. Montgomery Showed that homologous chromosomes un-
dergopairingor synapsi sduringthereduction division.
1902 E.Fischer Got Nobel Prize for his pioneering studies of the
proteins.
1903 E.Buchner Discovered the enzymes and got Nobel Prize for it.
1904 F. Meves Demonstrated the presence of mitochondriain
plant cells.
1905 J.B.Farmer Coined the term meiosisfor the reduction and
J.E.Moore cell division.

Contents



Contents

INTRODUCTION 11

Y ear Name of contributor Cell biological contribution

1906 M. T swett Invented column chromatography.

C.Golgi and Got Nobel Prize for their contributions
SR. Cajal regarding the structure of nerve cells.

1907 R.G. Harrison Developed the technique of tissue culture;
cultivated amphibian spinal cord in alymph
clot.

1908 E.M etchnikoff Got Nobel Prize for their contributions on

and P.Ehrlich phagocytosis of bacteria during infection;
staining procedures for bacteria, and studies
on immunity.

1910 A.Kossel Investigated the chemistry of the nucleus and
got Nobel Prize for this contribution.

1915 R.Wilstatter Got Nobel Prize for his studies on chlorophyll
and other plant pigments.

1922 A.V Hill and Got Nobel Prize for their studies on the metabo-

O.Meyerhof lism of muscle tissue and for relationship be-
tween muscle metabolism and lactic acid.

1924 L acassagne Developed the first autoradiographic method

and coworkers to localize radioactive polonium in biological
specimens.

1926 T.Svedberg Got Nobel Prize for his studies on properties of
colloids,especially proteins and for the devel -
opment of analytical ultracentrifugation.

1930 K.Landsteiner Got Nobel Prize for the discovery of human
blood groups and for studies of cellular agglu-
tinins or antigens.

L ebedeff Designed and built the first interference micro-
scope.

1931 O.Warburg Got Nobel Prize for his studies on the nature and
mode of action of respiratory enzymes and for
the studies of oxidation and reduction in
metabolism.

E.Ruska and Built the first transmission electron
M.Knall microscope.

J.Q. Plowe Coined the term plasmalemma.
W.H.Lewis Discovered pinocytosis.

1932 F.Zernike Invented phase contrast microscope and got
Nobel Prize for thisinvention in 1953.

1933 T.H. Morgan Got Nobel Prize for the discoveries concerning
the role of chromosomes in the transmission of
heredity.

A.Tiselius Introduced the technique of electrophoresis
for separating proteins in solution.

1935 J.Danidli Proposed protein-lipid-protein structure

and H.Davson (sandwich model) of plasma membrane.

M.Knall Demonstrated the feasibility of the electron
microscope.

M.W.Stanley Isolated tobacco mosaic virus (TMV) in crys-
taline form.

1937 A. von Szent- Got Nobel Prize for his studies on biological

Gyor gyi

oxidation and the involvement of vitamine C.
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Y ear Name of contributor Cell biological contribution

H.A.Krebs Discovered the citric acid cycle or tricarboxylic
acid cycle and got Nobel Prize for thiswork in
1953.

1938 Behrens Employed differential centrifugation to sepa-
rate nuclei and cytoplasm from liver cells.

1939 F.A.Lipman Proposed a central metabolic role for ATP.

1941 Coons Used antibodies coupled to fluorescent dyes
to detect cellular antigens.

1942 Martin and Developed partition chromatography, leading

Synge to paper chromatography two years later.

1943 A.Claude Isolated cell components such as ribosomes,
mitochondria and nucleusin relatively pure
form by differential centrifugation.

1944 Williamsand Introduced the metal shadowing technique.

Wyckoff

C.F. Robinow Demonstrated the nucleus (= nucleoid) in the
bacteria.

1945 K.R.Porter Discovered and named the endoplasmic
reticulum.

F.A.Lipman Discovered coenzyme A (akey compound in
cell metabolism) and got Nobel Prize in 1953 for
his studies on this coenzyme.

1947 C.F.Cori and Got Nobel Prize for their studies of the

G.T.Cori metabolism of glycogen.

1948 A.Tisdlius Got Nobel Prize for his studies on the chemistry
of proteins and for development of electro-
phoresis.

1948 C.deDuve Isolated lysosomes and identified their enzy-
matic properties. In 1955, he coined the term
lysosome.

Grigg and Hodge Studied fine structure of the flagellum of sperm.

1952 G.E. Palade Described the ultrastructure of mitochondria.

A. Morten and Got Nobel Prize for the development of

R. Synge chromatographic procedures for the separation of
biological substances.

Manton et al. Studied fine structure of cilia of higher plants.

1953 Robinson and Reported ribosomesin the plant cells (i.e.,

Brown bean root).

1954 J.Rhodin Described and named microbody in mouse
kidney tissue.

L .Pauling Got Nobel Prize for his studies on the nature of
chemical bonds, especially the peptide bond of
proteins.

Fawcett and Confirmed the 9 + 2 fibrillar arrangement of

Porter cilia and flagella
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Y ear Name of contributor Cell biological contribution

1955 G.E. Palade Observed ribosomesin animal cellsand in 1956
he detected RNA in the isolated ribosomes.

F.Sanger Completed the analysis of the amino acid se-
guence of bovine insulin; the first protein to
be sequenced; got Nobel Prizein 1958 for this
contribution.

1956 J.H.Tjio and Gavethe first correct human chromosome

A.Levan count (46 chromosomes in diploid condition).

1959 Brenner and Used negative staining technique in visualiz-

Horne ing viruses, bacteria and protein filaments.

G.D. Robertson Forwarded the concept of unit membrane.

1960 Park and Pon Discovered quantosomesin the chloroplast.

H.Risand M. Independently verified the existence of DNA

Nass fibrils in mitochondria and chloroplasts.

1961 M.Calvin Got Nobel Prize for his work on the assimilation
of CO, by plants, photosynthesis, the “Calvin
cycle”

1962 M.F. Perutz Got Nobel Prize on their studies of the

and J.C.Kendrew structure of globular proteins, especially myo-
globin and haemoglobin.

1963 J.Eccles, A. Got Nobel Prize for their work on the role of

Hodkin and sodium and potassium ions in the conduction

A. Huxley of nerve impulses along the nerve cell membrane.

1964 K. Bloch and Got Nobel Prize for their studies on the

F.Lynem metabolism of cholesterol and fatty acids.

Kato and Obtained a complete carrot plant from asingle

Takeuchi carrot root cell by tissue culture technique.

1965 DeDuve Coinedtheterm per oxisomefor catalase enzyme
containing microbody.

Harrisand Produced first heter okaryons of mammalian

Watkins cells by the virus-induced fusion of human and
mouse cells.

1967 R.W .Breidenbach Coined the term glyoxisome for the glyoxylate

and H.Beevers cycle containing microbody of plant cells.

1971 E.A. Sutherland Got Nobel Prize for studies on the mechanism
of action of hormones and role of cyclic AMP.

1972 S.J. Singer and Proposed the fluid mosaic model of cell

G.L. Nicolson membrane.

1974 A.Claude, C.de Got Nobel Prize for isolation and characteriza-

Duveand G. Palade tion of sub-cellular organelles and other particles.

1978 P.Mitchell Got Nobel Prize for the studies of bioenergetics.

1981 Allen and Inoue Perfected video-enhanced contrast light
microscopy.

1982 Aaron Klug Got Nobel Prize for his studies on the structure

of complicated biological molecules (e.g., pro-
teins and nucleic acid in TMV and histone core
of nucleosome) by using electron microscopy
and X-ray crystallography.
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Y ear Name of contributor Cell biological contribution
1984 Schwartz and Developed pulsed field gel electrophoresis
Cantor for the separation of very large DNA molecules.
C.Milstein, J. Got Nobel Prize for his studies on molecular
F. Kohler and J.K. Jerne immunology.
1987 S.Tonegawa Got Nobel Prize for primary discoveriesin the
field of antibodies ( immunobiology).

UNIT OF MEASUREMENT OF CELL

Thevirusesand cellsof most bacteria, bluegreenal gae, animalsand plantsareminuteinsizeand
are measured by the fractions of standard units. The standard units are metres, grams, litres and
seconds. The value of different units of measurements has been tabulated in
Table 1- 4.

Table 1-4. Units of measurement used in cell biology (Avers, 1978).

A. Length
Metre Millimetre Micrometre Namometreor Angstrom
(m) (mm) or Micron (um) Millimicron (nm or mp) (A9
1 1,000 (1 x 103 | 1,000,000 (1 x 10 9) 1,000,000,000 (1 x 10°) 1x10%
0.001 1 1,000 1,000,000 1x 107
0.000001 0.001 1 1,000 1x 104
1x10° 1x10° 0.001 1 10
1x 107 1x 107 1x 10* 0.1 1
B. Weight
Gram Milligram Microgram Nanogram Picogram
) (mg) (n9) (ng) (P9)
1 1,000 1,000,000 1x10° 1x10%
0.001 1 1,000 1x10° 1x10°
1x10° 0.001 1 1x10° 1x10°
1x10° 1x10° 0.001 1 1x10®
1x10% 1x10° 1x10° 0.001 1

CELL BIOLOGY AND OTHER BIOLOGICAL SCIENCES

Thecell biology has hel ped the biol ogiststo understand various complicated life activitiessuch
asmetabolism, growth, differentiation, heredity and evol ution at thecellular and molecular levels. Due
toitswideapplicationinvariousbranchesof biological science, many new hybrid biological sciences,
have sprung up. Some of them are asfollows:

1. Cytotaxonomy (Cytology and Taxonomy). Each plant and animal species has a definite
number of chromosomes in its cells and the chromosomes of the individuals of a species resemble
closely with oneanother in shapeand size. Thesecharacteristicsof thechromosomeshel p ataxonomist
in determining the taxonomical position of aspecies. Further, cell biology furnishes strong support to
the manner of origin of certain taxonomic units. Therefore, the cytotaxonomy can be defined as a
cytological science which provides cytological support to the taxonomic position of any species.

2. Cytogenetics (Cytology and Genetics). Cytogeneticsisthat branch of cell biology whichis
concerned with the cytological and molecular bases of heredity, variation, mutation, phylogeny,
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morphogenesis and evolution of organisms. The Weismann’s germ plasm theory, Mendel’ s laws of
inheritance and the concept of gene could bewell understood only after the application of cytological
concept to the genetics.

3. Cell Physiology (Cytology and Physiology). Thecell physiology isthestudy of lifeactivities,
viz., nutrition, metabolism, excitability, growth, reproduction or cell division and differentiation of the
cell. The cell physiology has helped in understanding various complicated physiological activities at
cellular level.

4. Cytochemistry (Cytology and Biochemistry). The cytochemistry isthat branch of cytology
which deals with the chemical and physico-chemica analysis of living matter. For example, the
cytochemical analysis has revealed the presence of carbohydrates, lipids, proteins, nucleic acidsand
other organic and inorganic chemical compoundsin the cells.

5. Ultrastructureand Molecular Biol-
ogy. These are the most modern branches of
biology inwhich the merging of cytology with
biochemistry, physico-chemistry and especially
macromolecular and colloidal chemistry be-
comeincreasingly complex. Knowledgeof the
submicroscopic organization or ultrastructure
of the cell is of fundamental importance be-
causepractically al thefunctional and physico-
chemical transformations take place with the
molecular architecture of the cell and at a
molecular level. The recent discoveries in
molecular biology such as the discovery of
molecular model of DNA by Waston and
Crickin1953, molecular interpretation of pro-
tein synthetic mechanism, genetic code, etc., havean extraordinary impact on modern cell biology and
biology.

6. Cytopathology (Cytol ogy and Pathol ogy). Theapplication of molecul ar biol ogy to pathol ogi-
cal science has helped in understanding various human diseases at molecular level. Because most
diseasesare caused dueto disorder of genetic codesin DNA moleculewhich alter thesynthetic process
of enzymes and ultimately disturb metabolic activities of the cell.

7.Cytoecology (Cytology and Ecology). Thecytoecology isthe scienceinwhich onestudiesthe
effectsof ecological changeson the chromosomenumber of thecell. The cytological studieson plants
and animalshavereveal ed that theecol ogical habitat and geographical distributionhavethecorrelation
with chromosome numbers.

Waston and Crick.

REVISION QUESTIONS

1. Who had discovered the cell ? Explain, how is the growth of cell biology linked with the
improvement in instrumental analysis ?

2. Whatiscell theory ? Describe the cell theory and explain the exceptions of cell theory.

3. What ismeant by ‘classical period of cell biology’ ? Write about certain landmark discoveries of
this period.

4.  Write short notes on the following:
(i) Protoplasm theory; (iif) Branches of cell biology;
(ii) Organismal theory; (iv) Scope of cell biology.



Techniquesin
Cell Biology

ells are tiny but complex bodies. It is difficult to see
‘ their structure; more difficult to understand their mo

lecular composition and still difficult to find out the
function of their various components. What one can learn about
cells, depends on the tools at one's disposal and, in fact, major
advances in cell biology have frequently taken place with the
introduction of new tools and techniques to the study of cell.
Thus, to gain divergent types of information regarding cell’s
structure, molecular organization and function, cell biologists
have developed and employed various instruments and tech-
niques. A basicknowledgeof someof thesemethodsisearnestly
required.

MICROSCOPY

In the search for information about the structure and
composition of cells, the cell biologists immediately face two
limitations: the exceedingly small dimensionsof cellsand their
component parts and the transparent nature of cells. The diam-
etersof themgjority of cellsfall withinarangeof 0.2 and 50 um.
Thehuman eyeshavelimited distinguishing or resol ving power.
The ability of an observational instrument such asahuman eye
or a microscope to reveal details of structure is expressed in
termsof limit of resolution (1) which isdefined asthe smallest
distance that may separate two points on an object and till
permit their observation as distinct separate points. The un-

Workin acytology laboratory where DNA,
extracted from human cells, is analysed
by techniques including electrophoresis
and autoradiography.
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aided human eye under
optimal conditions in
green light (to whichiit is
most sensitive) cannot dis-
tinguish between points
lessthan about 0.1 mm or
100 pm apart. Structural
details smaller than this,
e.g.,cell,isunresolvedun-
less some instrument ca-
pableof higher resolution
is used. Magnification,
theincreasein size of op- _—
tical image over the size 0.10 pm
oftheobjectbeingviewed, | Microscopes magnify microorganisms manifold and help us to determine their
is of no use unless the | shape and structure like spherical shaped cocci and rod-shaped, bacilli bacteria
observational system can | S Shown here.
resolve the various parts of the structure being examined. I ncreased magnification without improved
resolution results only in alarge blurred image. The human eye has no power of magnification, so
magnifying glasses may be used to magnify images up to about 10 times. A light compound
microscopeinwhich many lenses are combined together hasauseful magnification of about 1,500 times.
The limit of resolution (I) of any optical instrument (i.e.,, eye or microscope) is given
approximately by the Abbe’ s relationships :

wavelength (L)
numerical aperture
(nsino)

Resolution (1) =

whereA (lambda) isthewavel ength (“ colour”) of theillumination or radiation used to formtheimage,
n is refractive index (a function of density) of the material (i.e., mostly air or water) between the
specimen and the first lens (or objective lens), and sin o is sine of the semi-angle of aperture of the
first lensasviewed from the specimen. The quantity “nsin «” isoften calledthenumerical aperture
(NA).

Abbe’ srelationships makeit clear that high resolution in amicroscope can only be achieved by
mani pulating asmall number of variables: thewavelength of theilluminating radiation, therefractive
index and the aperture. The apertur eislimited to something less than 90° since that would have the
lens and specimen in contact with one another. In fact, 85° is about the limit in good optical
microscopes. Such angles require an excellent lens. In most cases, the aperture is less because the
edges of the lens introduce distortions and so cannot be used. Refractive index is easy to alter, but
only within narrow limits. It can beincreased by using cilstofill the space between the specimenand
the objectivelens. Transparent immersion oilsused in today’ smicroscopes(i.e., oil immersion lens)
have n up to about 1.6. Still 1.6 is big improvement over air or water (n=1). In a microscope, the
smallest detectable detail isequal to about one-half thewavelength of light withwhichit isobserved.
The smaller the object, the shorter the wavelength of light required. Hence, the wavelength of light
istheareawhich hasgreat chancesof improvement. Onecan, for example, useultraviolet light instead
of visible light, thus, improving resolution as much as twofold. In order to do that however, special
lenses (e.g., of quartz) must be used since ordinary glass blocks much ultraviolet light. In such a
microscope, called ultraviolet microscope, the eyes cannot be used to view the image directly, for
they areinsensitive to ultraviolet light. Lastly, a specimen cannot absorb light of wavelength below
0.3 um.
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Thus, a good light microscope, with a numerical aperture of 1.4 and using light of short
wavelength (0.4 um) will resolve two points at about 0.17 um separations. By such a microscope
though, one can see considerable detailsin most cells, thereis also a great deal that cannot be seen.
For instance, ribosomes and chromatin threads of nucleus are about 0.02 um in diameter and quite
invisibleto thelight microscope. For them el ectron microscopeisused. In cell biological studies, the
following two types of microscopes are most extensively used :

Light Microscopy

The compound light microscope uses visible light for illuminating the object and contains
glass lenses that magnify theimage of the object and focusthe
light ontheretinaof theobserver’ seye. It consistsof twolenses,
oneat each end of ahollow tube. Thelenscloser to eyeiscalled
ocular lensor eyepiece and the lens closer to the object being
viewed is called objective lens (Fig. 2.1). Usually objective
lenses of various magnifying powers are mounted on arevolv-
ing turret at thelower end of the tube. The object, supported by
a glass slide under the objective lens, is illuminated by light
beneath it. In ordinary microscopes light is reflected on the
object by amirror having concave and plane surfaces. In some
microscopes, a third lens, called condenser lens, is located
between the object and the light source and serve to focus the
light on the object.

In order to make full use of available resolving power of
the compound light microscopes, special techniqueshave been
designed to improve contrast. Certain improved types of light
microscopes are of the following types:

1. Dark field microscope or Ultramicroscope. This
type of light microscope is particularly useful for viewing
suspensions of bacteria. In it, the object is viewed only with
oblique rays and since one sees only those light rays that are
scattered from objects, the images appear bright on a black
background. The processisakinto seeing dust particlesfloating
in a sunbeam.

2. Phase contrast microscope. Thistype of light micro-
scope takes advantage of the fact that different parts of a cell
have different densitiesand, hence, different refractiveindices.
Regions where the refractive index is changing they tend to
bendlight rays. In phase contrast microscopethesebent raysare
used to form patternsof destructiveinterference, yielding sharp
contrasts. This technique is widely used to observe unstained &
and living cells (especialy in mitotically dividing cultured Oil-immersion microscopy.
cells).

Phase-contrast microscopy.

Theinterference microscope is based on the principle of the phase contrast microscope and
permits detection of small, continuous changes in refractive index. The variations of phase can be
transformed into such vivid colour changes that aliving cell looks like a stained preparation.

3. Polarization microscope. Thistype of light microscopeisuseful mainly for viewing highly
ordered objectssuch ascrystalsor bundlesof parallel filaments(i.e., microtubulesof mitotic spindle.)
It isbased on the behaviour of certain cellular materials when they are observed with polarized light.
If thematerial isisotr opic, polarizedlight ispropagated throughit with the samevel ocity, independent
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of theimpinging direction. Such substances are characterized by having the sameindex of refraction
inall directions. Ontheother hand, inananisotr opicmaterial thevel ocity of propagation of polarized
light varies. Such amaterial isalso called birefringent because it presents two different indices of
refraction corresponding to the respective different velocities of transmission. In a polarizing
microscope, the specimen is placed between two closed polarizers and visible birefringent portions
of thesampleact likepolarizing filmsand, hence, these portionsof the sampl eare seen asbright objects
on dark background.

Methods of Sample Preparation for Light Microscopy

Cells are transparent and optically homogeneous. so either they are viewed as such by
instruments such as phase contrast microscope or to produce necessary contrast, the cells are passed
through various steps of dlide preparation such askilling, fixation, dehydration, embedding, section-
ing, staining and mounting.

Thus, superior specimensfor microscopi c examination can be obtained by killing the cellsand
coagulating or fixing the protoplasm by preservatives, called fixatives such as alcohols, formalde-
hyde, mercuric chloride, picric acid, acetic acid and mixture of these. The processof fixationinvolves
the following events — (1) The proteins and other macromolecules are precipitated. (2) The
intracellular hydrolytic enzymes are denatured, preventing autolysis. (3) Cross links are formed
between macromol ecul es, making the preparation morestableand minimizing shrinkageupon drying.
(4) Substances are introduced which prevent attack by microorganisms. (5) The tissues become
stiffer, making their sectioning easier. (6) The affinity of the tissue for dyes (stains) isincreased.

Fixationisgenerally followed by dehydration (i.e., gradual removal of water vapoursfromthe
tissue) by the organic solvents such as ethanol. The
dehydrated specimensareembedded i.e., they areinfil-
trated with molten paraffin which hardensupon cooling
and providesenough support to allow thin sectionsto be
cut with a microtome. By the microtome, serial sec-
tions, 5to 10um thick can be cut and placed on slidesin
the order of cutting and permitting a sequence of speci-
mensfor observation. These sections are stained with a
non-vital-stain to increase the contrast.

Stains are the chemicals that can selectively at-
tach to particular molecules of particular cellular struc-
tures and make them stand out from other parts of the
cell. The non-vital stains fall into two main classses:
acid stainssuchaseosin, orangeG, anilineblueand fast
green, al of which combine with basic molecules such
asproteinsof thefixed cells; and basic stains such as The Feuglen stain - This staining is
methyleneblue, crystal violet, haematoxylin, basicfuch- specific for DNA.
sin, etc., al of which combine with nucleic acids and
other acidic molecules of the fixed cells. The cellular
structuresthat stainwith acid stainsarecalled acidophilic and thosethat stainwith basicdyesarecalled
basophilic.

In addition, there are certain specific stains, called cytochemical stainsthat bind selectively to
some specific groups of cellular macromolecules such as proteins, nucleic acids, polysaccharidesand
lipids. For example, Millon reaction, diazonium reaction and Naphthol Y ellow 5 stain areused for the
proteins; akaline fast green is used for histone (basic protein); Feulgen reaction (using Schiff’s
reagent) is used for DNA; methyl green-pyronine stain (Unna-Pappenheim stain) is used in distin-
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guishing between DNA and RNA and it stains DNA green and RNA red; acetocarmine and
acetoorcein stains are used to stain chromosomes of dividing cells; periodic acid-Schiff (PAS)
reaction is used for the demonstration of polysaccharide material s such as starch, cellulose, hemicel-
lulose, and pectin in the plant cells and mucoproteins (glycoproteins), hyaluronic acid and chitinin
animal cells; and fat soluble dyes such as Sudan Red and Sudan Black B are used for the lipids. The
Sudan Black B is a specific stain for phospholipids and is used to stain Golgi apparatus.

Vital stainsselectively staintheintracel lular structuresof living cellswithout seriousalteration
of cellular metabolism and function. For example, Janus green B selectively stains mitochondria;
neutral red stains plant vacuol esand methylene blue stains Gol gi apparatusand al so nuclear chromatin
of dividing cells.

All these steps often are time-consuming and cause artifactsin the cells. Hence, when speed is
important and specimen is required for electron microscopy or for histochemical analysis, paraffin
embedding may be replaced by fixation by freeze drying. Freeze drying is a method that avoids
denaturation of enzymesand is particularly useful for histochemical staining. Tissueisfrozen rapidly
by plunging itssmall portionsinto liquid carbon dioxide or liquid nitrogen and, thus, required rigidity
for sectioning by the fr eezing micr otomeisobtained. Frozen sections are stained and are dehydrated
at low temperature (—30 to —40°C) in a high vacuum. At such low temperature ice crystals are of
minimum size and few distortions or artifacts arise. Chemical composition and physical structureare
maintained withlittlechange. Another advantageisthat fixationisrapid enoughtoarrest somecellular
functions at their critica

junctures which can then
be observed and com-
pared.

Electron
Microscopy

The electron mi-
croscopy (Fig. 2.1) uses
the much shorter wave-
lengths of electrons to
achieveresolution aslow
as3A° withausua work-
ing range between 5to0 12
A% Intheelectron micro-
scope electromagnetic
coils (i.e., magnetic
“lenses’) areused to con-
trol and focus a beam of
electrons accelerated
from a heated metal wire
by high voltages, in the
range of 20,000 to
100,000valts(newinstru-
ments are being devel-
oped that use 1,000,000
volts). Thewavel ength of
an electron depends on
themagnitude of thevolt-
ageand may be0.01A°or

electron microscope
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Fig. 2.1. Comparison of optical pathwaysin light and el ectron microscopes.
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less. Theelectrons of the beam are scattered
by a specimen placed in the path of the
beam. Electrons that do manage to pass
through the specimen are focused by an
objective coil (‘lens’) and afinal magnified
image is produced by a projecter coil or
‘lens’. Thefinal imageisviewed directly on
the fluorescent screen or is recorded on
photographic film to produce electron mi-
crograph. Thistype of el ectron microscope
iscalledtransmission electron microscope
(TEM).

Unlike the compound light micro-
scope, in which image formation depends
primarily upon differences in light absorp-
tion, the electron mircroscopeformsimages
asaresult of differencesintheway electrons

Chloroplasts at the same magnification (x25,000), by light
microscopy (left), and by electron microscopy (right).

are scattered by various regions of the ob-

power, that is, they are easily scat-
tered by objects in their paths. The
degree to which electrons are scat-
tered is determined by the thickness
and atomic density of the object:
regions of high density(possessing
atoms of high atomic number) scat-
ter electrons more than regions of
lesser density and consequently ap-
pear darker in the final image. Be-
cause electrons are scattered so eas-
ily, the specimen used in electron
microscopy must be extremely thin
(ultrathin, i.e,, 10 nm to 100 nm
thick). If the sections were not ex-
tremely thin, most of the electrons
would be scattered and a uniform
dark imagewouldresult. Since, €l ec-
trons are scattered even by gas mol-
eculesand sotheel ectron beam must
travel through the electron micro-

ject. Electrons have a very low penetrating

]
|
-
| ]
@ .. 4
cilia contractil [
nucleus Ile vacuole
| |
()

(b)

centriole
A comparison of microscope images
(a) A living Paramecium through light microscope
(b) A false - colour TEM photo showing centrioles
(c) A false colour SEM photo of a Paramecium.

scopeinavery highvacuumand the samplesmust becompletely dry and otherwisenon-volatile. Thus,
living cells which are wet cannot be viewed in electron microscope.

Methods of Sample Preparation for Transmission Electron Microscopy

The standard procedure for the preparation of specimen for TEM entails fixation, dehydration,
staining and sectioning similar to light microscopy (Table 2-1.). However, the most significant
difference being the need for ultra-thin sections. Following techniques of sample preparation are
generally used for different types of methods of studying ultrastructure of the cell:
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Tissue dissected After washing, the tissue is Tissue is now placed in ~ Specimen
out and placed in dehydrated by placing it in dilute solution of plastic vial
fixing solution. higher and higher concentra- embedding medium. #‘
tions of acetone or alcohol.
_| - I l-
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| |
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-31 —_} Specimen
Specimen - ||
holder for ™ = g
microtome

When the plastic is
hard, the block is
trimmed and is ready

n

it for sectioning.
Sections are cut on an ultramicrotome

with a glass or diamond knife.

The sections are floated off the edge of the

knife onto the surface of water trough.

After the sections dry, they

F Ll . _ are ready for staining with
" _The sections are heavy metal solutions and
m A picked off the surface viewing in the electron

with a copper grid. microscope.

Tissue is placed in final
embedding mixture and
the plastic is polymer-
ized in an oven.

Preparation of a specimen for observation in the electron microscope.

1)=16) (=02 Comparison between light and electron micr oscopy.

Steps Electron Microscopy Light Microscopy

Fixation Osmium tetroxide, potassium Bouin's solution; formalin;
permanganate, formalin, gluta- Zenker'sfluid.
raldehyde.

Dehydration Increasing concentration of Increasing concentrations
ethanol (or acetone) followed of ethanol followed by benzene.
by propylene oxide.

Embedding Araldite: Vestoplaw, Epan 812; Paraffin.

Maraglas, Durcopan.

Sectioning Usually 10-100 nm thick sections Usually 6um thick sectionscut with
cut with aglass or diamond arazor blade on a microtome.
knife on an ultramicrotome.
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Steps Electron Microscopy Light Microscopy

Mounting On aperforated metal disc On aglass slide with an egg
(grid) usually covered with abumin adhesive. Deparaffinized
formvar or paralodian. in xylol for staining.

Staining With salts of heavy metals Selective chromatic stains (as
such as lead acetate, lead haematoxylin and eosin), dehy-
citrate, lead hydroxide, uranyl drated in ethanol series, cleared
acetate; phosphotungstic acid. in xylol and mounted for viewing

in Canada balsam or Permount.

Viewing Grid is placed between the Slideis placed between the
condenser and objective lenses condenser and objective lenses
in avacuum and theimageis and the image viewed in the
viewed on a phosphorescent ocular lens.
screen.

1. Monolayer technique. Macromolecules such as DNA and RNA are studied by monolayer
techniquein which themacromol eculesare extended ontheair-water interface before being collected
on afilm.

2. Thin sectioning. Thismethod uses
acutting device known as ultramicrotome
to remove ultrathin (i.e., 10 nm to 100 nm
thick) sections from the specimen. To with-
stand the passage of ultrafine diamond or
glass knife without tearing, the specimenis
first embedded in a hard plastic such as,
epoxy resin (Table 2-1). The resin is al-
lowed to penetrate the sample before it is
polymerized. Sections are floated from the

grid = .
grid bar
ribbon of
sections "=

i grid
» handle

specimen I

supporting
film

knife of ul- - o

:cr)?nrgl EJrr::c_) Fig. 2.2. Appearance of a ribbon of ultrathin sections
on thegrid (after Sheeler and Bianchi, 1987).

thesurfaceof

water and picked up by touching them with afine wire mesh or small
circular copper grid (i.e., small discs perforated with numerous open-
ings). Prior toitsuse mesh or grid iscoated with athin monolayer film
(7.5to 15nm thick) of plastic (such asformvar or collodion) or carbon
to provideasupport tothesections(or sample) (Fig.2.2). Thespecimen
is visualized through the holes of screen.

Sections to be examined with the electron microscope are
generally not stained (since no colours are seen with the electron
microscope). However, contrast may be improved by “poststaining”
with electron stains or electron-dense materials such as urynyl ac-
etate, urynyl citrate, lead citrate, osmium tetroxide, etc. The method of
thin sectioning is used to study morphology of cell.

3. Negative staining. This technique is used to study small
particles such as viruses or macromolecules. Here, the specimen is
embedded in a droplet of electron dense material, such as, phospho-
tungstic acid (H;PW,,0,). The electron stain penetrates into all the

Examples of negatively stained
and metal shadowed specimens.
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empty spaces (i.e., openings and crevices) between the macromolecules. The spaces appear well
defined in negative contrast. The portions of specimen that exclude stain transmit electrons readily,
so their images can be seen.

4. Shadow casting or heavy metal shadowing. This technique is used to study three-
dimensional appearance of virusesand certain macromolecul es such asDNA moleculesand collagen
fibres. It involves placing of specimen in an evacuated chamber and evaporating at an angle, aheavy
metal such as chromium, palladium, platinum or uranium from afilament of incandescent tungsten.
Thevapour of heavy metal isdeposited on oneside of the surface of the elevated particles; ontheother
side ashadow forms, the length of which permits determination of the height of the particle. In such
a specimen, during electron microscopy, the electrons pass readily through the area of light metal
content, less readily through the plane on which the particle sits, and are scattered more severely by
the side of the particle on which metal has accumulated. Thus, by shadow casting, shape and profile
of a particle can be discerned.

5. Tracers. Several biological processes such as pinocytosis, phagocytosis and transport of
molecules across plasma membrane can be studied by the use of appropriate tracers (e.g.,gold,
mercuricsulphide, ironoxide, etc.). Thesetracersaredetected by their electron opacity. Anideal tracer
should be non-toxic, physiologically inert, composed of small-sized particles of uniform and known
size and preserved in situ during the processing of the tissue.

6. Freeze-fracture. Thistechnique is used to study the molecular arrangement in the plasma
membrane and other cellular membranes. It is carried out by rapidly cooling or freezing the sample
(cryofixation) andthenfracturing(cracking) itinavacuumwhileitisstill at—2100°C. Theknifedoes
not cut cleanly under those conditions, but tends to fractur e (crack) the specimen along the lines of
natural weakness, such as the middle of a membrane that runs parallel to the cut (Fig. 2.3). After
fracture, the sample is left in the vacuum long enough to allow some water to evaporate from the
exposed surfaces, aprocess called fr eeze etching. The exposed face isthen shadowed with electron-
dense combination of carbon and metal such asplatinumto providethenecessary contrast, after which
organicmaterial (i.e., thespecimenitsalf) isremoved by acidstoleaveametal r eplicafor examination
in the electron microscope. Replica reveals a natural-looking representation of the surface of the
freeze-etched object and isthe only way of seeing membraneinterior and certain other features of the
cells.

sectioning..l . S = LL:.-I _ -
II:’:I-;_; "“—r..;' F R T
T (M 7

A - L om="

knife edge cuts clearly through tissue

fracturing o - - -
u _— -.
I...L.I ... o J-..
S L T ]
'..."r__ll I-l"r'! .'_.-
B I-. [ = 1 om -

knife edge fractures tissue along planes at centre of membranous structure
Fig. 2.3. A comparison of sectioning and fracturing tissues (after Sheeler and Bianchii, 1987).
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7. Whole mounts. They are often used to examine chromo-
somesand other relatively thick objectsthat can beisolated free of
debris. In these methods, the specimen is neither sectioned nor
stained. Thick areaswill scatter electrons more strongly than thin
areas, providing enough contrast to form an image.

Scanningtransmission electron micr oscopy (STEM). This
electron microscope has|less resol ution power thanthe TEM (i.e.,
about 200 A°), yet is a very effective tool to study the surface
topography of a specimen. In this instrument a narrow beam of
electrons is scanned rapidly over a specimen and a three-dimen-
sional image resulting from differential scattering of electrons by
different parts of the surface of specimenisrecorded onacathode-
ray oscilloscope and a photographic emulsion.

X- RAY DIFFRACTION ANALYSIS

The X-ray diffraction pattern of DNA.

This technique is used to analyze three-dimensional (ter-
tiary) structure of DNA moleculeand
avariety of proteins such asmyoglo-
bin, haemoglobin, collagen, myelin
sheath of nerve cells, myofibrils of
striated muscles, etc. This method
depends on the fact that X-rays are
scattered or diffracted by theatomsof
a substance. If the material has an
ordered crystalline atomic structure,
the resulting X-ray diffraction pat-
tern is also ordered and reflects the

Scanning electron micrograph: the head and the three-dimensional arrangement of at-
mouthparts of a weevil. omsin crysxal.

CELL FRACTIONATION

Sometimesit becomes necessary to break up tissues and cellsand to isolate various parts of the
cell for structural or biochemical analysis. For this purpose, the technique of cell fractionation is
employed. Cell fractionation method in-
volves, essentially the homogenisation or Swinging bucket
destruction of cell boundaries by different 1 ofors
mechanical or chemical procedures, fol-
lowed by the separation of the subcellular
fractions according to mass, surface and
specific gravity by centrifuges.

Centrifuges in their various forms
havebecomeversatiletool sof cell biology;
they are used not only to characterize sub-
stances but to separate them. The analyti-
cal ultracentrifuge provides information
concerning the mass and the shape of a
molecule while preparative ultracentri- A variety of rotors used in a preparative ultracentrifuge.

Angle-headed rotors
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fuge (Fig. 2.4) permits one to use these parameters
to separate molecular types. An ultracentrifuge dif-
fers from other centrifuges only in attaining higher
rotor velocities (i.e., up to about 70,000 revolutions
per minute or rpm). In addition, the analytical ultra-
centrifuge containsan optical system, allowing oneto
observe changes in the solute distribution as they
occur in the sample. Therotors of all ultracentrifuge
spininavacuum in order to prevent heating from air
friction.

In the cell fractionation, the cells are gently
broken by grinding a small piece of tisssue in a
homogeniser having a moving close-fitting glass or
plastic pestle within a tube that contains a medium
such as sucrose solution to preserve the cellular or-
ganelles (Fig. 2.5). The solution containing
homogenised or disrupted cells, is called homoge-
nate. The homogenate is subjected to differential
centrifugations of increasing velocity. The method
depends on the principle that particles of different
weight or sizes move at different rates through a

armoured chamber sedimenting material

vacuum

refrigeration

Fig. 2.4. The preparative ultracentrifuge.
The sample (i.e., homogenate) is
containedintubesthat areinserted

into aring of cylindrical holesina

metal rotor. Rapid rotation of the
rotor generatesimmense centrifu-
gal forces, which causeparticlesin
sample to sediment. The vacuum
tends to reduce friction, prevent-
ing heating of the rotor and allow-
ing the refrigeration system to

solution in a centrifugal field. At each step larger
particlesform a gelatinous pellet at the bottom of the
tubeleaving smaller particlesin the supernatant solu-
tion. By decanting the supernatant and spinning it
harder, the next fraction can be brought down. Ulti-
mately oneis|eft with a supernatant solution having

only soluble, molecular-sized components. The re-
sidual solution is called cytosol. The different mol-
eculesof cytosol areisolated by avariety of biochemi-
cal techniques such as chromatography, dialysis and electrophoresis.

The technique of cell fractionation has been improved through the use of density gradient
centrifugation. Inthismethod, centrifuge tubeisloaded with layers of solution of varying densities
of either sucrose, heavy water, cesium chloride or albumin, in agradient fromtop to bottom. Oncethe
gradient is formed, the homogenate is layered on the top and centrifuged until the particles reach
equilibrium with the gradient. For this reason, thistype of separationis called equilibrium density
or isopynic centrifugation (King, 1986).

maintain the sample at 4°C (after
Albertset al., 1989).

AUTORADIOGRAPHY

Autoradiography is a technique which is used to locate radioactive isotopes in cells, tissues,
organsand wholeorganisms. A specimenisexposed to asol ution containing molecul esthat have been
made radioactive by the incorporation of radioactive isotopes, such astritium (3H), carbon 14 (1C),
phosphorus (32P) and sulphur (¥°S). Thetagged molecules are often precursor molecules used by the
cell inthe synthesis of other needed molecules. At intervals, samples are removed from the solution;
in case of smaller tissues, the samplesare sectioned and mounted on glassslidesor grids. The sections
are then coated with a photographic emulsion and stored in the dark for periods ranging up to several
months.

Contents



When a radioactive atom emits a
beta particle (i.e., electron) the photo-
graphic emulsion is affected in amanner
similar to the exposure of aphotographic
emulsion to light. Over a period of time
sufficient radioactive emissions occur to
affect the silver grains of the emulsion.
Black spots will appear at those sites
when the emulsion is developed. Such
spotswill mark sitesin thetissueswhere
the radioactive atoms have accumul ated.
These sites can beidentified by examin-
ing the stained tissue sections under the
light microscope.

In the technique of autoradiogra-
phy, for the study of DNA metabolism of
cell 3H-thymidineis used; for RNA me-
tabolism H-uridine is used; for protein
synthesis various tritiated (°H-tagged)
amino acids are used; and for polysac-
charides and glycoproteins tritiated
monosaccharides such as H- mannose
and 3H-fucose are employed.

Pulse-labelling technique.This
technique is used for those cases where
biological molecules undergo consider-
able modifications after their synthesis
(e.g., ribosomal RNA). Here, actively
growing cells are exposed to a radioac-
tive precursor for a short period. The
labelled precursor is then removed and
replaced by ‘ cold’ (unlabelled) precursor
molecules. Theunlabelled precursorsare
incorporated into the newly synthesized
molecules and have the effect of ‘chas-
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Step-by step procedure for the prepara-
tion of an autoradiograph.

ing’ the previously synthesized molecules containing the radioactive precursor through any matura-
tion process. If the molecular species under investigation is sampled shortly after the start of the
experiment, only the primary synthetic product will contain radioactivity. After longer timeintervals,
theoriginal radioactivemolecul eswill have beenreplaced with non-radioactivemol ecul es. Inthisway
the flow of radioactivity through amaturation process can be followed, together with any movement

of molecular species within the cell.
CELL CULTURE

For cell biological observations sometimesitis
needed to keep theanimal and plant cell inliving state
outside the organism under favourable conditions.
Thisprocessiscalled cell culturing. Thecell cultures
are of three main types: primary, secondary and those
using established cell lines. Primary cultures are
those obtained directly from animal tissue. The organ
is aseptically removed, cut into small fragments and

HelLa cells.
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Fig. 2.5. Céell fractionation.

treated with trypsin enzyme to dissociate the cell aggregates into a suspension of viable single cells.
These cellsare plated in sterile petri-dishes and grown in the appropriate culture medium. When this
culture is trypsinized and re-plated in a fresh medium then resultant culture is called secondary
culture.
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The other major type of cell culture uses established cell lines, which have been adapted to
prolonged growth in vitro. Among the best known cell linesare Hel a cells (obtained from a human
carcinoma), theL and 3T ; cells(from mouseembryo), theBHK cells(from baby hamster kidney) and
the CHO cells (from Chinese hamster ovary).

CHROMATOGRAPHY

The chromatography is used to separate the
molecules of different substances present together % -
inasolution or cytosol. Thesolutionisappliedtoan hm S
insoluble medium which hasadifferent affinity for | " m— T
theindividual molecules of the solution so that the hanging
molecules migrate through the medium at different o
rates. Following two types of chromatography are
used in molecular biology : solvent

(A) Paper chromatography. The paper front
chromatography (Fig. 2.6) is a smiple method for
the separation of smaller molecules from one an- moving
other. The moleculesto be separated are applied to spots
sheets of suitable paper, which are subsequently
placedinavessel which containsasuitablesolvent. loading
A distinction is made between ascending and de- spots
scending paper chromatography according to
whether the solvent migrates on the paper from solvent
below or above. Highly soluble components of the

i ?nﬂirgrpgtim;tx?fj\r:\;\gll ! Fig. 2.6. Paper chromatography.

vent front; other substances move more slowly according to their
solubility. Fromthisit followsthat the choice of solvent determinesthe
speed of migration of the individual molecules and is crucia for a
successful separation. The paper chromatography method is used for
the separation of amino acids, nucleotides and other lower molecular-
weight metabolic products.

(B) Column chromatography. In column chromatography
(Fig. 2.7), an insoluble medium is packed into a glass tube; the length
and width of this tube influence the separation of the molecules. The
mol ecul esto be separated are applied to thetop of the column and their
migration is started by adding a solvent. The characteristic separation
which resultsdepends on the choiceof solvent and carrier material. A positively charged carrier binds
negatively charged molecules; other carriers contain pores which are penetrated by the smaller
molecules, which are, therefore, slowed down. The solutionwhich flowsfrom the columniscollected
in small fractions, which contain the separated classes of molecules. Column chromatography is
important for the separations of mixtures of proteins, that is, for the isolation of enzymes such as
cytochrome C or RNA polymerase.

In a nutshell, presently the following types of chromatography are used for the isolation of
different types of molecules (King, 1986; Sheeler and Bianchi, 1987):

A. Paper chromatography (used for separation of amino acids, nucleotides, and other low
molecular weight solutes).

B. Thinlayer chromatography or TL C (usedfor rapid separation of unsaturated and saturated
fatty acids, triglycerides, phospholipids, steroids, peptides, nucleotides, etc.).

Thin layer chromatograph.
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C. Column chromatography. It in-
cludes the following four types :

1. lon-exchange chromatography
(used for separation of proteins,
RNA and DNA).

Affinity chromatography (usedfor
separation of immunoglobulins, cel-
lular enzymes, MRNAS).

Gel per meation chromatography
or Gel filtration (Used for separa-
tion of proteins, nucleic acids, po-
lysaccharides and lipids).

Gaschromatography (for thesepa-
rationof lipids, oligosaccharidesand

solvent =

insoluble medium
® (e.g., cellulose)

‘o I HE--

. different
= fractions
collected

N |
E T 5 separately

amino acids). Fig. 2.7. Column chromatography.
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Fig. 2.8. Electrophoresis.

portingfilmswhichdipinto
two containersfilledwitha

sadt solution. One of the

containers holds acathode, the other an anode. On passing an el ectric current, the negatively charged
mol ecules migrate to the anode and the positively charged molecules to the cathode. Paper, agar and

starch are examples of substances which may
be used as supporting films.

Therate of migration of amoleculeinan
electric field is determined by its size and the
number of charged groups per molecule. The
electrophoresis method is used in the separa
tionof proteins, nucleicacidsandtheir building
blocks.

Some of the common types of techniques
of electrophoresis, which are currently used in
cell biology, are the following (Sheeler and
Bianchi, 1987; Alberts et al., 1989):

1. Moving-boundary electrophoresis
(used for proteins).

Separation of DNA restriction fragments by gel
electrophoresis.

2. Gel or zone electrophoresis (used for proteins).

3. Discontinuous electrophoresis (used for isolation of proteins of plasma membrane).

4. SDS-PAGA or Sodium dodecy! sulphate-polyacrylamide gel electrophoresis (used for
separating and sizing macromolecul es such as proteins, e.g., membrane proteins, protein component

of cytoskeleton, etc.).
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5. Maxam - Gilbert technique (used for separation of polynuclotide fragments of RNA and

DNA).

6. mmunoelectrophoresis(usedforantigens | =

and antibodies).

It is a sensitive method for separating lower
mol ecul ar-wei ght component from macromol ecul es.
A thin membranein the form of atubeisfilled with
the solution containing the molecules to be sepa-
rated. The pore size of the membrane allows the
diffusion of small molecules such as salt or amino
acids; larger molecules such as proteins or nucleic
acids cannot pass through the pores and so remain

DIALYSIS

porous membrane

large molecules
== retained in sac
.

= small molecules
. pass back and forth
through the
membrane

Fig. 2.9. Diaysis.

inside the dialysis tube.

REVISION QUESTIONS

Enumerate various types of light microscopy. Describe the phase contrast microscopy.
Give a comparative account of light microscopy and electron microscopy.
Define the following terms : resolution, magnification, birefringent, vital stain, electron stain, cell

1
2.
3.

ul

fractionation, chromatography and electrophoresis.

What ways are available to improve contrast in light microscopy ?
Describe different techniques used in preparing sample for electron microscopy.

Write short notes on the following :

(i) Cytochemical stains; (v)
(i) Scanning electron microscope; (vi)
(iii)  X-ray diffraction analysis; (vii)

(iv)  Cdll fractionation; (viii)

Autoradiography;
Cell culture;
Chromatography; and
Electrophoresis.



CHAPTER

Cell

he cell isthe basic unit of organization or structure of

al living matter. Within a selective and retentive

semipermeable membrane, it contains a complete set
of different kinds of units necessary to permit its own growth
and reproductionfromsimplenutrients. It hasalwaysbeen quite
difficult to define a cell. Different cell biologists have defined
the cell differently asfollows: A.G. Loewy and P. Siekevitz
(1963) have defined a cell as “a unit of biological activity
delimited by a semipermeable membrane and capable of self-
reproductioninamediumfreeof other living systems”. Wilson
and Morrison (1966) have defined the cell as “an integrated
and continuously changing system.” John Paul (1970) has
defined the cell as “the simplest integrated orgainization in
living systems, capable of independent survival.”

All these definitions have excluded the viruses (see ‘ Ex-
ception of Cell Theory’ in Chapter 1). A virus is neither an
organismnor acell, yetit consistsof acoreof nucleicacid (DNA
or RNA) enclosed in an external mantle of protein. In the free
state viruses are quite inert. They become activated only when
they infect aliving host cell and in the process only the nucleic
acid core enter the host’s cell. The nucleic acid which is the
genetic substance, takes over the metabolic activity of the host
cell and utilises the cell machinery for the formation of more
viruses, ultimately killing the host cell. In away, thus, viruses
are cellular parasites that cannot reproduce by itself. But,
becausevirusesareprimitiveand simpler unitsof life, therefore,
they should be discussed prior to other cells.

A close-up view of E.coli (yellow) in
the human intestine (pink).
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VIRUSES

Viruses(L ., venoum or poisonousfluid) arevery small submicroscopicbiological entitieswhich
thoughlack cellular organization (viz., plasmamembraneand metabolic machinery) possesstheir own
genetic material, genetically determined macromolecular organization and characteristic mode of
inheritance. For their multiplication, they essentially require the presence of some host cell, i.e., they
are obligate cellular parasites of either bacteria, plants or animals.

Structure

Virusesare quite avaried group (Fig. 3.1). They rangein between 30 to 300 nm or 300 to 3000
A°insize, sothey can beobserved only by electron microscopy and X-ray crystallography. They have
aregular geometrical and macromolecular organization. Basically an infectiousvirus particle (called
virion) is composed of a cor e of only one type of nucleic acid (DNA or RNA) which iswrapped in
aprotective coat of protein, called capsid. Thecapsid consists of numerous capsomer es, each having
afew monomers or structural units. Each structural unit is made up of one or more polypeptide
chains. The capsomeres are of different shapes such ashollow prism, hexagonal, pentagonal, |obular
or any other shape. The specific arrangement of capsomeres in the capsid determines the shape of a
virion. Viruses have the following three different types of symmetry :

1. Icosahedral symmetry. Many viruses have spherical, cubical or polygonal shape whichis
basically icosahedr al or 20-sided. | cosahedral symmetry depends on thefact that the assembly of the
capsomerescausesthecapsid of thevirusto beat astate of minimumenergy (Caspar and K lug, 1962).
An icosahedral capsid comprises both penta-meres (i.e., capsomeres containing 5 structural units)
and hexameres (i.e., capsomeres having 6 structural units). In an icosahedral virus the minimum
number of capsomeresis 12 or its multiple such as 32, 42, 72, 92, 162, 252, 362, 492, 642 and 812.
For example, the total number of capsomeres of different icosahedral virusesare : (1) Bacteriophage
¢ (phi) x 174 = 12 pentameres; (2) Turnip yellow mosaic virus or TYMV = 32 capsomeres; (3)
Poliovirus = 32 capsomeres; (4) polyoma virus and papillomavirus = 72 capsomeres; (5) Reovirus

. gp 120
coat protein
=a . u
.i. RNA

reverse
transcriptase

@)

protein coat ) .
nucleic acid

lipid bilayer

Virus diversity (a) Adenovirus, (b) HIV (c) T- even bacteriophage.
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= 92 capsomeres; (6) Her-
pesvirus= 162 capsomeres;
(7) Adenovirus = 252
capsomeres; and (8) Tipula
iridescent virus = 812
capsomeres. In all of these
icosahedral viruses, only 12
capsomeresarepentameres,
occupying 12 corners of
five-fold symmetry, while
therest arehexameres (Fig.
3.2). Since apolyhedron of
20-sided icosahedron basi-
cally hastriangular faces, it

vaccinia virus

1 . "
B

herpes virus
¢ 29 bacterio-

is also known as i phage of
deltahedron (Albertsetal., Bacillus subtllls | .'-I'
1989).

tobacco mosaic virus adeno virus

2. Helical or cylin-
drical symmetry. Therod-
shaped helical capsid of vi-

- .
E N

tipula
iridescent virus

g

polyoma

Fig. 3.1. Different kinds of viruses.

mumps virus

oot

influenza virus

i

poliomyelitis

virus virus

ruses such as tobacco mo-

saicvirus(TMV), bacteriophage M 13 and influenzavirus, consists of numerousidentical capsomeres

arranged into a helix because they are thicker at one end than the other.

e

J'J -
PHI x 174 bacteriophage
(12 capsomeres)

rl-.l-.

irs

] -|-'|..
wilat

Fig. 3.2. Certain polyhedral (icosahedral) viruses.

I'il.”.

pentamere
(5 subunits)

hexamere
(6 subunits)

adenovirus
(252 capsomeres)

3. Complex symme-
try. Viruses with complex
shaped capsids are of two
shapes: thosewithout iden-
tifiablecapsids(e.g.,pox vi-
rusessuch asvaccinia, cow-
pox, extromeliaand Orf vi-
ruses) and those with tad-
pole-shaped structures in
which each part has differ-
ent sort of symmetry (e.g.,
T-even phagesof E.coli; T,
phage has an icosahedral
head, helical tail sheath, hex-
agonal end plate and rod-
shapedtail fibres). Somevi-
ruses such as rabies virus
are bullet-shaped.

Some viruses such as

herpesvirus, influenzavirus, mumpsvirusand Semliki forest virus are surrounded by 2100 — 150 A°
thick spiked membrane. This membrane contains lipid bilayer of plasma membrane from which
projectsthevirus-specific protein moleculesor spikes. It isnot made by or specified by thevirusitself
but is derived from the plasma membrane of the host cell (i.e., animal cell).

Are Viruses Living Entities ?

Thereisno clear answer to this question, because thereisno single definition of life which will
satisfy everyone. If lifeisdefined asbeing cellular, then virusesarenot alive. If lifeisdefined asbeing
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capable of making new life directly through its own metabolic efforts, then viruses are not living.
However, if lifeis defined as being able to specify each new generation according to its own genetic
instructions, then viruses are living systems.

In fact, virus multiplication is very different from cell replication mechanisms. Cells produce
their own chromosomes, proteins, membranes and other constituents and these materials are
partitioned into progeny cells after adivision processin the parent cell. As stated in the cell theory,
cells arise only from other cells. Viruses do not give rise directly to new viruses. Instead, they must
sabotagethe biosynthetic machinery of their host cell so that virus-specific proteinsand nucleic acids
aremade, accordingtoviral geneticinformation. Eventually virusparticlesareassembl ed from newly-
made mol eculesin thehost cell and are rel eased when the host cell bursts. They may theninitiate new
cycles of infection in other host cells. Thus, viruses borrow metabolism and a sheltering membrane
from their host, but they provide the genetic instructions that ensure continuity of their speciesfrom
generationto generation. Sincevirusesareentirely dependent onliving cellsfor their replication, they
cannot be aprecellular formin evolutionary terms, but should be viewed as pieces of cellular genetic
material which have gained some degree of individual autonomy (see Bradbury et al., 1981).

Naming and Classification

Viruses are not named according

tothemethod of binomial nomenclature - g E =R
like other organisms (Binomial nomen- | — head —
clatureisthe Linnean system of classi- ] L p—

fication requiring the designation of a
binomen (L., bi = twice + nomen = a
name), the genus and species name, for
every species of bacteria, blue green
algae, plantsand animals). Virusestend
tobenamedinarandomfashion accord-
ing to the disease caused (e.g., poliomy-
glitis virus), the host organism (e.g.,

| |
collar - :

sheath

:l... * end plate ,

= end fibres

| |
. corel

h

bacterial virusesor bacteriophages, plant
viruses and animal viruses), or some
coded system (e.g., T,, T,, P; phages).
Recently, with increase in knowledge of viral biochemistry and molecular biology, various specific
characteristics such as nature of nucleic acid (DNA or RNA), the symmetry of capsid, the number of
capsomeres, etc., are now being used in viral classification. However, we will stick to the following
conventional classification of viruses which is based on the type of the host cell :

Fig. 3.3. A bacteriophage. A—External structure; B—Parts.

A. Bacterial virusesor bacteriophages. Viruses that parasitize the bacterial cells, are called
bacteriophages or phages (phage means ‘to eat’). The phages have specific hosts and they are of
variableshapes, sizesand structures. The most widely studied phagesare T-even bacteriophages such
asT,, T, T, etc.,, whichinfect the colon bacil lus, Escherichia coli and are aso known as coliphages
(T for “type”’. Theplural word phagesrefersto different species; the word phageisboth singular and
plural and in the plural sense refersto particles of same type. Thus, T, and T, are both phages, but a
test tube might contain either 1T, phage or 100 T, phage; see Freifelder, 1985).

T, bacteriophageisalarge-sized tadpol e-shaped complex virus(Fig. 3.3). Itscapsid comprises
of anicosahedral head (1250 A°length and 850 A° width; 2000 capsomeres), ashort neck with collar
bearing ‘whiskers' and along helical tail. The tail is made up of athick and hollow mid-piece, a
hexagonal baseplate or end platetowhich are attached six spikesand six longttail fibres. Themid-
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piece consists of a central hollow core
andaspring-likecontractilesheathwhich
comprises 24 rings of hexameres and
remains helicaly arranged around the
core. The T, genome or chromosomeisa
single DNA molecule which is 60 pm
long, linear, double-stranded and tightly-
packed within the head of the phage.
Phage DNA contains morethan 1,66,000
nucleotide pairs and encodes more than
200 different proteins (i.e.,proteins in-
volved in DNA replication and in the
assembly of head and tail). For example,
T,phage DNA codesfor at least 30 differ-
ent enzymes (e.g., helicases,
topoisomerases, DNA polymerases, DNA
ligases, etc.) all of which ensure rapid
replication of phage chromosomein pref- T, phage attached to the wall of its host.
erenceto DNA of E.coli (host cell). Fur-
ther, during DNA replication, an unusual nitrogen base, called 5- hydroxymethylcytosine is
incorporated in place of cytosine in the phage DNA. This unusual base makes phage DNA
recognisable from that of host DNA and selectively protects it from the nuclease enzymes. The
nucleases are encoded in T, phage genome to degrade only the DNA of host cell. Some other phage
proteins alter host cell’s RNA polymerase enzymes, so that they transcribe different sets of T, genes
at different stages of viral infection according to the phage’ s needs (see Alberts et al., 1989).

Life cycle of the bacteriophage. Bacteriophages may have the following two types of life
cycles: (1) Lytic cycles, inwhich viral infectionisfollowed by lysis ( bursting and death) of the host
cell and release of new infective phages, e.g., virulent phages such as T, and all other T-even
coliphages. (2) Lysogeniccycles,inwhichinfectionrarely causeslysis, e.g., temperate phages such
as P, and lambda (1) phages.

1. Lytic cycle of a virulent phage. Life cycle of a T, bacteriophage (Fig. 3.4) involves the
following steps: 1. Attachment or adsorption of phage to bacterial (host) cell. 2. Injection or
penetration of viral genetic material (DNA) into the host cell. 3. Eclipse period, during which
synthesis of new phage DNA and protein coatstakes place. 4. Assembly of phage DNA into protein
coats.5. Lysisof host cell and r el ease of theinfective progeny phages. Such aphageiscalled vir ulent
or lytic phage since it has infectiousness and it causes death of host cell by lysis.

The adsorption of the phagetoits host is made possible by areaction of chemical groupsonthe
two during a random collision. Reactive groups (called adsorption protein or pilot protein;
Kornberg, 1974) at the end of thetail of the phage can join with a complementary set of chemical
groups (areceptor site) in the cell wall of the bacterium. During adsorption, long tail fibres of the
phage arefirst to contact and attach to the cell. They help to position the phage’ stail perpendicularly
to the cell wall. Once the phageis attached to its prospective host, injection can take place involving
amovement of phage DNA fromits position inside the head of the phage through the hollow core of
thetail into the bacterium. Entry is made possible by a hole punched in the bacterial cell wall, either
by contraction of outer sheath of tail or by the action of enzymes carried by phage tail, or both. The
protein coat or capsid of the phage remains outside the cell. Onceinside the host cell, the phage DNA
becomesavegetative phage, i.e., phagegenestake over themetabolic machinery of thecell and direct
it to produce replicas of theinfecting virus. Although the cell continuesto procure raw materials and

Contents
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energy from the environment, the phage genesallow only viral componentsto bebuilt. Further, either
the normal ability of thehost DNA to control thecell islost, or the host DNA iscompletely destroyed
by early products of the viral genes. Thus, phage DNA isboth replicated and transcribed; first the
enzymes needed for synthesis of phage DNA are trandated, then the capsid proteins are trand ated.
Phage particles are assembled around condensed cores of the compl ete phage nucleic acid (by self-
assembly method). At last Iytic enzymes which have been coded by phage DNA, break open the
bacterium and rel ease the new phage particleswhich diffusein the surrounding in search of new host
(see Mays, 1981).

2. Lysogenic cycle. Certain bacteriophages such as P, and lambda (A) phages, have entirely
different pattern of life cycle than the virulent phages. This pattern is called lysogeny and is
characterized by delayed lysis after phage infection. A virus with this capacity is called temperate
virus. Theinfected host cell is said to be lysogenic because dormant virus may at any time become
active and begin directing the synthesis of new virus particles.

Inlysogeny, the process of adsorptionand nucleic acidinjectionarequitesimilar toalyticcycle
of virulent phages, al-
thoughdifferent phages o head capsid
recognisedifferent bac- I ' (protein coat) _ w'm DNA
terial cell surface re- I
ceptors. The next step,
however, is unique to
lysogeny. The nucleic
acid is neither exten-

collar |l_.
L_
base plate core tube

sively replicated nor
extensively  tran-
scribed. Thevirusgen-
erally expresses one or
afew geneswhichcode
for a repressor pro-
tein that turns off (i.e.,
represses) the expres-
sion of the other genes
of the virus. In conse-
guence, virusisnot rep-
licated, but phage DNA
remains in the bacte-
rium, being replicated
insuchaway thatwhen
the lysogenic bacte-
rium divides, each
daughter cell receives
at least one phage ge-
nomein additiontothe
bacterial genome.
Therearetwo stylesto
this persistence of ph-
age DNA : the phage
chromosome may ex-
ist as a fragment of
DNA outsidethehost’s
chromosome (i.e, in

L
tail fibre o E protein tail sheath
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Fig.3.4. A,B,C— Mode of attachment of a T-even phage (bacteriophage) on
a bacteria cell wall and injection of DNA into the bacterium (host
cell); D,E,F and G — Steps of viral reproduction inside the host cell.
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the host’s cytoplasm) essentially asaplasmid* (e.g., P, bacteriophage) or it may attach itself to the
host’ schromosomeasan episome* (e.g., lambdaphage). Thus, in case of lambdaphagethe DNA first
becomescircular dueto joining of itsboth cohesive endsand then isintegrated into the circular DNA
molecul e of the bacterium. Such an integrated and dormant viral genomeisoftentermed asprovirus

or prophage. Theinfec-
tion of E. coli cell with
lambdaphageanditscon-
sequent integration and
adoption of lysogeny,
rendersthat cell immune
to further attack by ph-
age of the same type.

Thecalmlysogenic
period is ended by some
type of shock (e.g., tem-
perature changes, UV ir-
radiation or conjugation
of alysogenic bacterium
withanon-lysogenicbac-
terium) to the lysogenic
culture. A shock evi-
dently inactivates there-
pressor of the phage so
that all the phage genes
can be expressed. Then
the lysogenic bacterium
is ruined, for the phage
DNA that the host bacte-
riumisharbouring enters
the lytic phase. It repli-
cates, transcribes, trans-
lates, assembles viron
particles and lyses the
bacterium (Fig. 3.5).

B. Plant viruses.
Theplantvirusesparasit-
izetheplant cellsanddis-
turbtheir metabolismand
cause severe diseases in
them. All plant viruses
consist of ribonucleopro-
teins in their organiza-
tion. Theimportant plant
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rapid replication of

free viral DNA and

its packaging into
Virus particles
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copies.
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Fig. 3.5. The life cycle of bacteriophage lambda. Its double stranded
DNA can exist in both linear and circular forms. The lambda
phage can multiply by either alytic or alysogenic pathway in
the E.coli bacterium (after Albertset al., 1989).

*  Episomeisanextrachromosomal, circul ar, transposable, closed DNA moleculewhich canexist either
integrated ito the bacterial chromosome or separately and autonomously in the cytoplasm. Plasmid
is that bit of autonomous genetic material of bacteria (i.e., circular DNA) that exists only
extrachromosomally and cannot beintegratedinto thebacterial chromosome (DNA) (see Sheeler and
Bianchi, 1987). Now only the term plasmid is used for all kinds of extrachromosomal autonomous
transposable circular DNA fragments (see Alberts et al., 1989; Bur ns and Bottino, 1989).
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viruses are tobacco rattle virus (TRV), tobacco mosaic virus (TMV), potato virus, beet yellow virus
(BYV), southern bean mosaic virus (SBMV) and turnip yellow viruses (TYV). Among plants, few
hundred viral diseases are caused, e.g., mosaic diseases of tobacco, cabbage, cauliflower, groundnut
and mustard; black-ring spot of cabbage; leaf roll of tomato; leaf curl of papaya, cotton, bean and
soyabean; yellow disease of carrot, peach; little-leaf of brinjal. These diseases are spread mainly by
insects such as aphids, leaf hoppers and beetles.

Tobacco mosaic virus (TMV). TMV is the most extensively studied plant virus. It was
discovered by | wanowski (1892) and obtained inapurestate(i.e., in paracrystallineform) by Stanley
(1935). Bawden and Pirie (1937) extensively purified TMV and showed it to be a nucleoprotein
containing RNA. H.Fraenkel-Conrat experimentally demonstrated that RNA is the genetic sub-
stance of TMV.

TMV is a rod-shaped, helically symmetrical RNA virus (Fig. 3.6). Each virus particle is
elongated, cigarette-likein shapehav-
ing the length of 3000A° (300 nm) protein coat
and diameter of 160 A° (16 nm; see nucleic acid
De Robertis and De Robertis, Jr.,
1987). Ineach rod of TMV, thereare
about 2130 identical elliptical protein
subunits or capsomeres. The
capsomeres are closely packed and
arranged in a helical manner around
the RNA hdlix, forming ahollow cyl-
inder. Thus, there is a hollow core | Fig. 3.6. Molecular organization of the tobacco mosaic virus
(axial hole) of about 40A° (4nm) (TMV) (after DeRobertisand DeRobertis, Jr., 1987).
diameter which runsthe entirelength
of therod and containsthe RNA molecule. The RNA molecule does not occupy the hole but isdeeply
embedded in the capsomeres. RNA of TMV is a single-stranded molecule consisting of 6500
nuclectidesandisintheform of along helix extending thewholelength of viral particle. Lastly, there
areabout 16 capsomeresin each helical turn. Each capsomere containsabout 158 amino acidsand has
amolecular weight of 18000 daltons. Thewhole TMV capsid hasall amino acidsfound in other plant
proteins.

TMV infects the leaves of tobacco plant. It istransmitted and introduced into the host cell by
somevector or by mechanical means such asrubbing, transplanting and handling. Onceinsidethe host
cell, theviral RNA directsthe metabolic systemsof host to synthesizeitsown proteinsand to replicate
(multiply) itsRNA molecule. All theraw materialsfor RNA replication and capsomere biosynthesis
arederived from the host cell. Ultimately when numerousviral particlesareformed by self-assembly
method inside the host cell, they are released after lysis of the cell. Recently, it was found that plant
viruses exploit the route of plasmodesmata to pass from cell to cell. For example, TMV isfound to
produce a30,000 dalton protein called P, whichtendsto enlargethe plasmodesmatain order to use
this route to pass or spread its infection from cell to cell (see Alberts et al., 1989).

C. Animal viruses. Theanimal virusesinfect theanimal cellsand cause different fatal diseases
in animalsincluding man. Generally, they have apolyhedron or spherical shape and genetic material
intheformof DNA or RNA. Theprotein coat or capsid of animal virusesissurrounded by an envel ope.

Certain common viral infections of human beings are : common cold, influenza, mumps,
measl es, rubella(German measl es), chickenpox, small pox, polio, viral hepatitis, herpessimplex, viral
encephalitis, fever blisters, warts and sometypes of cancer. Among livestock and fowl, viruses cause
encephalitis, foot and mouth disease, fowl plague, Newcastle disease, pseudorabis, hog choleraand
avariety of wartsand other tumors. A virususually displayssome specificity for aparticular animal

group.
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Poliomyelitisisamost extensively studied RNA-containing animal virus. The polio virus has
comparatively very simple organization. It consists of a protein shell built up of 60 structurally
equivalent asymmetric protein subunits of approximately 60 A° diameter, packed together in such
away that they form aspherical shell of about 300 A° indiameter. Theshell or capsid enclosesasingle
stranded RNA molecule of 5,200 nucleotides.

Her pesvirusisanother most extensively studied animal virus. It possessesa DNA containing
core embedded in aregular icosahedral capsid (162 capsomeres) and an outer envelope of lipids,
proteins and carbohydrates. The DNA molecule of herpes virusis a single, linear, double-stranded
having amolecular weight of 108 daltons and codes for about 100 average sized protein molecules.

Life cycle of animal viruses. Like the bacteriophages, animal viruses have two types of life
cyclesor growth : 1. Permissive gr owth which permitsan animal virusto multiply lytically and kill
the host cell. 2. Non-per missive gr owth which permitsan animal virusto enter the host cell but does
not alow it to multiply lytically. In some of these non-permissive cells, the viral chromosome either
becomesintegrated into genomeof thehost cell, whereitisreplicated along withthehost chromosome
or it formsaplasmid— an extrachromosomal circular DNA molecule— that replicatesinacontrolled
fashion without killing the cell.

The modes of infection or

. . . NA, neuramini- HA, hemagglutinin
entry of animal viruses inside the | ,¢¢ giycoprotein glycoprotein
host cells have been well investi-
gated for the RNA-containing vi- ioid mattix
ruses such as influenza virus and bilgy-er protein
Semliki forest virus. Influenza vi-
rus has segmented genome (Fig.
3.7). Each segmentisatemplatefor
the synthesis of a different single
MRNA. The RNA coreis protected
by an icosahedral capsid. The RNA
nUCIeOCGpS.d (RNA + Cade) of segments
influenza virus is ultimately sur- with protein
rounded by a phospholipid bilayer (et polymerase
membrane in which are embedded complex
thefOHQWI ngtwo pres.of viral gly- Fig. 3.7. Theinfluenzaviron (after Watson et al., 1987).
coproteins or spikes : 1. Large

spikes of trimers (i.e., each unit of

threemonomers) of hemagglutininor Haprotein. Atthetimeof adsorption or attachment of thevirus
to the host cell, these HA spikes bind to virus-specific receptors on the surface or plasmamembrane
of the host cell. 2. Small spikes of multimers of neuraminidase or NA protein. These NA spikes
remove those virus-loaded receptors from the host’s surface which have not entered the host cell
through the process of receptor-mediated endocytosis. Thus, NA spikes cause the viruses to desorb
from the host cell and make them free to infect other host cells.

Infection of influenzavirusisinitiated when the virus bindsto specific receptor proteinson the
plasma membrane of target host cell. These RNA viruses are taken in by the host cell by receptor-
mediated endocytosisand are delivered to the endosomes (which are special vesicleshaving acidic
medium or low pH between5t05.5 and recyclethereceptors; see Chapter 5). Thelow pH inendosome
activatesafusogenic protein or fusogen intheviral envelopethat catalyzesthefusion of membranes
of the influenza virus and the endosome. This allows the escaping of intact viral particle into the
cytosol of the host. Thus, both the viral protein and viral nucleic acid penetrate into the host cell.
Ultimately viral RNA comes out from the viral capsid and gets attached to ribosomes to start the
process of viral multiplication (Fig. 3.8).
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Usually, theanimal virusesarereleased
from the host cell by rupturing (lysis) and
subsequent death of host cells. However,
sometimes viral particles are pinched off as
budsfrom the cell surface and they retainthe
host’ s plasma membrane around them, e.g.,
influenza virus, Semliki forest virus,
retroviruses such as AIDS virus. AIDS or
acquired immune deficiency syndrome is
caused by HIV-1 or Human immunodefi-
ciency virustype-I.

Viroids. Viroidsaresmall RNA circles,
only 300 to 400 nucleotides long, lacking
AUG codon (thesignal for thestart of protein
synthesis). They arereplicated autonomously
despitethe fact that they do not codefor any
protein. Having no protein coat or capsid,
they exist asnaked RNA molecules and pass
from plant to plant only when the surfaces of
both donor and recipient cellsaredamaged so
that there is no membrane barrier for the
viroid to pass (see Alberts et al., 1989).

Theterm viroid was coined by Diener
(1971) who discovered thefirst viroid, called
potato spindle tuber viroid or PSTV. Vi-
roidsformaclassof subviral pathogenswhich
cause infections and diseasesin many plants
andalsoinanimals(seeSheeler andBianchi,
1987). Some of the plant diseases which are
caused by the viroids are the following :

1. Potao spindle tuber (Itsviroid con-
tains 359 nucleotides in single and circular
RNA molecule);

2. Citrusexocortis(Itsviroid contains
371 nuclectidesin RNA molecule);

3. Chrysanthemum stunt;

4. Chrysanthemum chlorotic mottle;

5. Cucumber pale fruit;

6. Hope stunt; and

7. Tomato plant macho (see Sharma,
1990).

Prions. Prions are described as ‘rod-
shaped’ proteinaceous particles thought to
causeanumber of diseasesinanimalssuchas
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Fig. 3.8. Schematic diagram to show how fusogenic

proteins on the surface of many enveloped
viruses are thought to catalyze the fusion of
viral and endosomal membranes (Alberts et
al., 1989).

Scrapie disease of central nervous system of goats and sheep ( in which animals scrape or scratch
themselves against some gate post or similar object). Prions are also found to cause a Scrapie-like
disease, called Creutzfeldt-Jakob disease of nervous system of humans and K ur u disease of brain
of cannibalistic tribes of New Guinea. Prionswere named by S.B.Prusiner (1984). They can survive
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heat, ionizing and UV radiations, and chemical treatment that normally inactivatesviruses(i.e., they
areresistant to inactivation by phenol or nuclear enzymes).

envelope protein plasma membrane
lipid bilayer virion e —
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Fig. 3.9. Lifecycleof Semliki forest virus: An animal virus containing a single-stranded RNA genome,
capsid and spiked envelope (after Alberts et al., 1989).

Theprotein comprising aprion hasamolecul ar weight between 50,000 to 100,000, correspond-
ingto aparticlesizethat is100 timessmaller than the smallest virus (see Sheeler and Bianchi, 1987).
Though nothing is still clear regarding the mode of replication, multiplication of prions, yet, it is
thought that prion protein somehow serves as template to perform ‘ reverse trandation’, i.e., from
protein — RNA — DNA, thus, turning the central dogma of molecular biology on its head (see
Banerjee, 1987; Sharma, 1990).

CELLS OF CELLULAR ORGANISMS

Thebody of all living organisms (bacteria, blue green algae, plants and animal s) except viruses
has cellular organization and may contain one or many cells. The organisms with only one cell in
their body are called unicellular organisms (e.g., bacteria, blue green algae, some algae, Protozoa,
etc.). The organisms having many cellsin their body are called multicellular organisms(e.g., most
plantsand animals). Any cellular orgainsm may contain only onetypeof cell fromthefollowing types
of cells:

A. Prokaryotic cells; B. Eukaryotic cells.

The terms prokaryotic and eukaryotic were suggested by Hans Risin the 1960’s.

PROKARYOTIC CELLS

The prokaryotic (Gr., pro = primitive or before; karyon = nucleus) are small, simple and most
primitive. They are probably the first to come into existence perhaps 3.5 hillion years ago. For
example, the stromatolites (i.e., giant colonies of extinct cyanobacteria or blue green algae) of

Contents
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Western Australia are known to be at least 3. 5 hillion years old. The eukaryotic (Gr., eu =well;
karyon = nucleus) cells have evolved from the prokaryotic cells and the first eukaryotic (nucleated)
cells may have arisen 1.4 billion years ago (Vidal, 1983).

The prokaryotic cells are the most primitive cells from the morphological point of view. They
occur inthebacteria(i.e., mycoplasma, bacteriaand cyanobacteriaor blue-greenalgae). A prokaryotic
cell isessentially aone-envel opesystem organizedindepth. It consists of central nuclear components
(viz, DNA molecule, RNA molecules and nuclear proteins) surrounded by cytoplasmic ground
substance, with the whole enveloped by a plasma membrane. Neither the nuclear apparatus nor the
respiratory enzyme system are separately enclosed by membranes, although the inner surface of the
plasmamembraneitself may servefor enzyme attachment. The cytoplasm of aprokaryotic cell lacks
in well defined cytoplasmic organelles such as endoplasmic reticulum, Golgi apparatus, mitochon-
dria, centrioles, etc. In the nutshell, the prokaryotic cells are distinguished from the eukaryotic cells
primarily on the basis of what they lack, i.e., prokaryoteslack in the nuclear envelope, and any other
cytoplasmic membrane. They also do not contain nucleoli, cytoskeleton (microfilaments and
microtubules), centrioles and basal bodies.

Bacteria

Thebacteria(singular bacterium) are amongst the smallest organisms. They are most primitive,
simple, unicellular, prokaryotic and microscopic organisms. All bacteria are structurally relatively
homogeneous, but their biochemical activities and the ecological niches for which their metabolic
specialisms equip them, are extremely diverse.

Bacteriaoccur almost everywhere: inair, water, soil and insideother organisms. They arefound
in stagnant ponds and ditches, running streamsand rivers, lakes, seawater, foods, petroleum oilsfrom
deeper regions, rubbish and manure heaps, sewage, decaying organic matter of all types, on the body
surface, inbody cavitiesand intheinternal tracts of man and animals. Bacteriathrivewell inwarmth,
but some can survive at very cold tops of high mountains such as Alps or even in almost boiling hot
springs. They occur in vast numbers. A teaspoonful of soil may contain several hundred million
bacteria. They lead either an autotrophic (photoautotrophic or chaemoautotrophic), or heterotrophic
(saprotrophic or para-
sitic) modeof existence.
The saprophytic or
saprotrophic species of
bacteriaareof great eco-
nomic significance for
man. Someparasiticspe-
cies of bacteria are
pathogenic (diseasepro-
ducing) to plants, ani-
mals and man.

Bacteria have a
highratioof surfacearea

(a) Cells of Pseudomonas  (b) Streptococcus (c) Spirilla of volume because of
(cylindrical); (spherical) (twisted shape) their small size. They
show high metabolic rate because they absorb their nutrients directly through cell membranes. They
multiply at arapid rate. In consequence, duetotheir high metabolic rate and fast rate of multiplication,
bacteria produce marked changes in the environment in a short period.
1. Size of bacteria. Typically bacteriarange between 1um (one micrometre) to 3 um, so they
arebarely visibleunder the light microscope. The smallest bacteriumisDialister pneumosintes(0.15
to 0.3um in length). The largest bacterium is Spirillum volutans (13 to 15um in length).
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2.Formsof bacteria. Bacteriavary intheir shapes. Based ontheir shape, bacteriaareclassified
into the following groups :

(1) Cocci (singular coccus). Thesebacteriaare spherical or roundin shape. Thesebacterial cells
may occur singly (micr ococci); in pairs(diplococci, e.g., pneumoniacausing bacterium, Diplococcus
pneumoniae); in groupsof four (tetracocci); in acubical arrangement of eight or more (sarcinae); in
irregular clumps resembling bunches of grapes (staphylococci, e.g., boil causing bacterium, Staphy-
lococcusaureusor inabead-likechain (streptococci, e.g., sorethroat causing bacterium, Streptococ-
cus pyogenes ) (Fig. 3.10).

(2) Bacilli (singular, bacillus). Thesearerod-likebacteria. They generally occur singly, but may
occasionally be found in pairs (diplobacilli) or chains (streptobacilli). Bacilli cause certain most
notorious diseases of
man such astubercul o- o B
sis( Mycobacteriumor
Bacillustuberculosis), ’-‘-!tf.- . -‘ B -{:I'-I"I
tetanus (Clostridium 1 i "y =

tetani), typhoid (Sal-

monella or Bacillus MONOCOCCUS d|p|oco:cus ) tetracoccus staphylococcus
typhosus), diphtheria . - '|__. s K J i |_:.'-_.' i
(Corynebacterium . | - S— .
diphtheriae), leprosy _'—j.’.-r-_ E_.- =
(Mycobacterium | =, § % e 2t ot
]Iceprae),_dysgntery and | ue bacillus diplobaci _u,Js streptgbacillus

ood poisoning (Clos- | sarcinla | O TR
tridium botylinum). Ry WA

Certain well known -' u‘-_-‘
: ; g .__. LT gt e

diseasesof theanimals
are also caused by ba- splrochaete
cilli, e.g., anthrax (Ba- spirillium

cillus anthracis) and '-_..-ph. ¥ t 'h_ .|.I:' _-.ﬁl_
black leg (Clostridium _-'

. monotrlchous o
chauvel). vibrio

(3) Spirilla(sin- lophotrichous amphitrichous  peritrichous
gular, spirillum). These
are also caled spiro-
chetes. These are spi-
ral-shaped and motile bacteria (Fig. 3.10). Spirillacause human disease such as syphilis (Treponema
pallidum).

(4) Vibrios (singular vibrio). These are comma-shaped or bent-rod like bacteria (Fig. 3.10).
Vibrios cause human disease such as cholera (Vibrio cholerae).

3. Gram negative and Gram positive bacteria. On the basis of structure of cell wall and its
stainability with the Gram stain, the following two types of bacteria have been recognized : Gram
positive and Gram negative bacteria. The Gram staining method isnamed after Christian Gram who
developeditin Denmark in 1884. Inthistechnique, when heat-fixed bacteriaaretreated with thebasic
dye, crystal violet, they becomeblueor purple. Such blue stained cellsaretreated with amordant (i.e.,
agent that fixes stainsto tissues) such asiodine (i.e., potassium iodide or K1 solution) and ultimately
washed with some organic solvent such asal cohol. Some bacteriaretain the blue colour, while others
lose it and stay colourless. The former are Gram positive bacteria ( e.g., Bacillus subtilis,
Saphylococcus, etc.) and the latter are Gram negative bacteria (e.g., Escherichia coli, Smonsiella,

Fig. 3.10. Different forms of bacteria.
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cyanobacteria, etc.). Colourless Gram negative bacteria may thereafter be stained pink with safranin
stain for their better microscopic visibility.

Thelong search for the chemical basis of this differentiating staining reaction ended in 1950’ s
when it was detected that cell wall of Gram negative bacteria has high lipid content which tendsto
be dissolved away by acohol. The alcohol then can enter the cell and leach out the stain, whereasthe
cell walls of Gram positive bacteria form a barrier (i.e., peptidoglycan layers) that prevent the
penetration of the solvent inside the cell.

4. Structureof bacteria. Structural details of abacterial cell can only be seen with an electron
microscope in very thin sections. A typical bacterial cell has the following components:

A. Outer covering. The outer covering of bacterial cell comprises the following three layers:

|. Plasma membrane. The bacterial protoplast isbound by aliving, ultrathin (6 to 8 nm thick)
and dynamic plasma
membrane. Theplasma
membrane chemically
comprisesmolecul esof
lipids and proteins
whicharearrangedina
fluid mosaic pattern.
That is, it is composed
of a bilayer sheet of
phospholipid mol-
ecules with their polar
heads on the surfaces Pictures showing bacterial membrane -- blue in coci (left) and fine red
and their fatty-acyl outline in bacillus (right).
chains (tails) forming
the interior. The protein molecules are embedded within this lipid bilayer, some spanning it, some
existonitsinner sideand somearelocated onitsexternal or outer side. Thesemembrane proteinsserve
many important functions of the cell. For example, the transmembrane proteins act as carriers or
per measesto carry on sel ectivetransportati on of nutrients(moleculesand ions) from the environment
tothecell or viceversa. Certain proteins of the membrane areinvolved in oxidative metabolism, i.e.,
they act as enzymes and carriers for electron flow in respiration and photosynthesis leading to
phosphorylation (i.e., conversion of ADPto ATP). The bacterial plasma membrane also provides a
specific site at which the single circular chromosome (DNA) remains attached. It is the point from
where DNA replication starts. The first stage in nuclear division involves duplication of this
attachment, followed by a progressive bidirectional replication of DNA by two replication forks.

Plasma membrane intrusions. Infoldings of the plasma membrane of all Gram-positive
bacteria and some Gram-negative bacteria give rise to the following two main types of structures:

(I) Mesosomes (or chondrioids). They are extensions of the plasma membrane within the
bacteria cell (i.e., cytoplasm) involving complex whorls of convoluted membranes (Fig. 3.11).
Mesosomestend to increase the plasmamembrane’ s surface and inturn also increase their enzymatic
contents. They are seen in chemoautotrophic bacteria with high rates of aerobic respiration such as
Nitrosomonas, and in photosynthetic bacteria such as Rhodopseudomonas where they are the site of
photosynthetic pigments. Mesosomes are involved in cross-wall (septum) formation during the
division of cell.

(2) Chromatophores. These are photosynthetic pigment-bearing membranous structures of
photosynthetic bacteria. Chromatophores vary in form as vesicles, tubes, bundled tubes, stacks, or
thylakoids (asin cyanobacteria).
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II. Cell wall. The ;
ribosome chromosome

plasma membrane is COV- | attached to plasma capsule
ered with a strong and rigid membrane . '. cell \INaII X
u asma membrane

gﬁ;"\l(\gl that r.enders me: chlor(_)bium | b i cytoplasm -

protection and pro- | “yesicles  g.m '.-I = —— =
videsthe bacteriatheir char- 5 E.. = o : “ g, flagellum
acteristic shapes ( the cell - = -
wall is absent in Myco- |:3 . - - gy “ -
plasma). The cell wall of | | R R “ha
bacteria differs chemically | o . A

fromthecell wall of plantsin f—__ﬁ_l_-_l:. T g™ " mRNA
that it contains proteins, lip- . 5 -

ids and polysaccharides. It
may also contain chitin but
rarely any cellulose.

Electron microscopy | Fig- 3.11. A diagram of structures seen in the prokaryotic (bacterial) cells
has revealed the fact that the (after Sheeler and Bianchi, 1987; King, 1986).

cell wall of Gram-negative

bacteria comprises the following two layers: 1. Gel, proteoglycan or peptidoglycan (e.g., murein or
muramic acid) containing periplasmatic space around the plasma membrane and 2. The outer
membrane which consists of a lipid bilayer traversed by channels of porin polypeptide. These
channelsallow diffusion of solutes. Thelipids of lipid bilayer are phospholipids and lipopolysaccha
rides (LPS). LPS have antigenic property and anchor the proteins and polysaccharides of the
surrounding capsule (see King, 1986). The cell wall of Gram positive bacteriaisthicker, amorphous,
homogeneousand singlelayered. Chemically it contains many layersof peptidoglycansand proteins,
neutral polysaccharides and polyphosphate polymers such asteichoic acids and teichuronic acids.

[11. Capsule. In some bacteria, the cell wall is surrounded by an additional slime or gel layer
called capsule. Itisthick, gummy, mucilaginousandissecreted by the plasmamembrane. Thecapsule
serves mainly as a protective layer against attack by phagocytes and by viruses. It also helps in
regulating the concentration, and uptake of essential ions and water.

B. Cytoplasm. The plasma membrane encloses a space consisting of hyaloplasm, matrix or
cytosol which isthe ground substance and the seat of al metabolic activities. The cytosol consists of
water, proteins (including multifunctional enzymes), lipids, carbohydrates, different types of RNA
molecules, and various smaller molecules. The cytosol of bacteria is often differentiated into two
distinct areas : aless electron dense nuclear areaand avery dense area (or dark region). In the dense
cytoplasm occur thousands of particles, about 25 nm in diameter, called ribosomes. Ribosomes are
composed of ribonucleic acid (RNA) and proteins and they are the sites of protein synthesis.
Ribosomes of bacteriaare 70S type and consist of two subunits (i.e., alarger 50S ribosomal subunit
and asmall 30Sribosomal subunit). Non-functional ribosomesexistinthe form of separated subunits
which aresuspended freely inthe cytoplasm. During protein synthesismany ribosomes read thecodes
of single MRNA ( messenger RNA) molecules and form polyribosomes or polysomes.

Reserve materialsof bacteriaare stored in the cytoplasm either asfinely dispersed or distinct
granulescalledinclusion bodiesor stor agegr anules. Therearethreetypesof reservematerials. First,
there are organic polymerswhich either serve asreserves of carbon, asdoespoly-B-hydroxybutyric
acid, or as stores of energy, as does apolymer of glucose, called granulose (i.e., glycogen). Second,
many bacteriacontainlargereservesof inorgani c phosphate ashighly refractilegranul es of metaphos-
phate polymersknown asvolutin. Thethird type of reserve material iselemental sulphur, formed by
oxidation from hydrogen sulphide. It occurs as an energy reservein the form of spherical dropletsin
certain sulphur bacteria.

thylakoid mesosome  ribosomes producing
cytoplasmic protein

Contents
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C. Nucleoids. In bacteria the nuclear material includes asingle, circular and double stranded
DNA moleculewhich isoften called bacterial chromosome. It is not separated from the cytosol by
the nuclear membranes asit occurs in the eukaryotic cells. However, the nuclear material is usually
concentrated in aspecific clear region of the cytoplasm, called nucleoid. A nucleoid hasno ribosome
and nucleolus. The bacterial chromosome is permanently attached to the plasma membrane at one
point, and when isolated often carries a number of membrane component with it. Bacterial chromo-
some does not contain histone proteins, however, chromosomes of some speciesarefound to contain
small quantities of a small heat-stable (HU) proteins that may be analogous to eukaryotic histones.

Allthreeclassesof RNA (i.e., mMRNA,tRNA, andrRNA) areformed (transcribed) by theactivity
of the single RNA polymerase (RNAP) speciesin prokaryotes. The messenger RNA formed at the
chromosomeisdirectly availablefor trand ation without processing, and so ribosomes may attach to
the beginning of themRNA strand and commencetransl ation, whiletheother end of themRNA isstill
being formed by transcription from DNA. Proteins for use within the cell are synthesized at
cytoplasmic ribosomes; but ribosomesresponsiblefor the synthesisof membrane proteinsor proteins
destined for export from the cell to form either the cell wall or secretory products, are attached to the
plasma membrane. The resulting exportable polypeptides are gected directly into or through the
membrane as they are formed. TR - "

Plasmids. Many species of bacteria may y 5 __-'
also carry extrachromosomal genetic elementsin -t
the form of small, circular and closed DNA mol- | I
ecules, called plasmids. Someplasmidsaremerely x £
bacteriophage (viral) DNA which may alterna- gEg™
tively be incorporated within the chromosome. e |
Other plasmids may be separated parts of the L o

normal genome from the same or a foreign cell, - =k
=

and may recombine with the main chromosome. -
One function of some of these plasmids (called o :'ll__'
colcinogenic factor s) is the production of antibi- 1 =1

otically active proteins or colicins which inhibit
the growth of other strains of bacteria in their
vicinity. Someplasmidsmay act assex or fertility
factor s (F factor) which stimulate bacterial con-
jugation. R factor sare also plasmidswhich carry V. r
genesfor theresistance to one or more drugs such o T T '-I'.I '__"
as chloramphenicol, neomycin, penicillin, = =] _.I.'-.l " %
streptomyocin, sulphonamides and tetracyclines. R
D. F|age||a and other structures. Many TEM of plasmids in bacterial cytoplasm.

bacteria (e.g., E. coli). are motile and contain one or
moreflagellafor thecellular locomotion (swimming).
Bacterial flagella are smaller than the eukaryotic fla-
gella(i.e, they are 15to 20 nmin diameter and up to
20 pm long) and are also simpler in organization. A
bacterial flagellum consists of a helical tube contain-
ing a single type of protein subunit, called flagellin.
Theflagellumisattached at itsbase, by ashort flexible
hook that is rotated, like a propeller of ship, by the
flagellar rotatory “moator” (i.e., basal body; Fig. 3.12).
Theflagellar motor comprisesfour distinct parts: rotor
(M ring), stator, bearing (Sring) and rod. The ‘rotor’
The bacterial flagellum. isaprotein discintegrated into the plasma membrane.
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It isdriven by energy stored in the transmembrane proton H* gradient (not by ATP breakdown; see
Jones, 1986) and rotatesrapidly (~ 100 revol utions/second) inthelipid bilayer against another protein
disc, calledthe‘stator’. A rod linksthe* rotor’ toahook and flagellum, thereby causingthemtorotate.
The protein “bearing” servesto seal the outer membrane of the cell wall as the rotating rod passes
through it. The “stator’ and “bearing’ remains stationary (Ber g, 1975; Adler, 1976).

According to the num-
ber and arrangement of the . . S
flagellainabacterial cell, fol- i - _ -
lowing four types of flagella- , flagellum ¥ h°°k__ — i
tion patterns have been rec- 1 w g flagellar
ognized : (1) Monotrichous. = “bearing” — -l - filament
Thereisasingleflagellumat | ¥ = 11~ .-__-' il
one pole of the cell. (2) Lo- . = - _-ll __." peptidogly-
photrichous. There are sev- | — — I can layer in
eral flagella at one pole. (3) ] | - I I periplasmic
Amphitrichous. The cell 27 nm ﬁ § e
bearsat |east oneflagellum at L = z (p'lggfnra)
each pole. (4) Peritrichous. =
Thereareflagellaall over the _ _-T_ Iﬁ— membrag
surface of cell (Fig. 3.10). E.coli ¥ o™ -
Flagella-likeaxial filaments A “stator” B “rotor”
argthecharacteflstlcsof some Fig. 3.12. Schematic drawing of the flagellar rotatory
?afgﬁﬁlﬂ Ctr;]én:r:/\ﬁrlc';e ‘motor’ of E. coli (after Alberts et al., 1989).

ment. The axial filaments do not project away from the cell but are wrapped around the cell surface.

Fimbriae or pili. Some bacteria (mostly Gram negative bacilli) contain non-flagellar,
extremely fine, appendages called fimbriae (Dugid et al., 1955) or pili (singular pilus; Brinton,
1959). Pili are non- motile but adhesive structures. They enable the bacteriato stick firmly to other
bacteria, to a surface or to some eukaryote such as mold, plant and animal cellsincluding red blood
cells and epithelial cells of alimentary, respiratory and urinary tracts. Pili help in conjugation (e.g.,
long F-pili or sex pili of malebacteria); intheattachment of pathogenic bacteriatotheir host cells(e.g.,
attachment of gonorrhea- causing coccus, Neis-
seria gonorrhoeae, to the epithelial cells of the
human urinary tract) and in acting as specific
sites of attachment for the bacteriophages. Pili
are known to be coded by the genes of the ||
plasmid.

Spinae. SomeGram positivebacteriahave
tubular, pericellular and rigid appendages of
single protein moiety, caled spinin. They are
called spinae and are known to help the bacte-
rial cellsto tolerate some environmental condi-
tions such as salinity, pH, temperature, etc.

5. Nutrition in bacteria. Bacteria show
wide diversity in their nutrition. Some are che-
mosynthetic, some are photosynthetic, but most
of them are heterotrophic. Heterotrophic bacte-
ria are mostly either saprophytic or parasitic.

Bacteria inhabiting mouth — These bacteria pos-

Parasitic bacterialive on the body of plantsand
animalsand with few exceptions, most bacteria
are pathogenic.

sess a slime layer that allows them to cling to tooth
enamel, where they can cause tooth decay unless
they are removed by their chief antagonist, a tooth-
brush (seen here as green bristles).
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Modes of respiration of bacteria are both aerobic and anaerobic. Some of the end products of
bacterial anaerobic respiration are useful to man, so, they are used in the manufacture of variousfoods
suchashutter, cheese and vinegar. Pseudomonasisagram negative heterotrophic aerobic formwhich
can decompose (biodegrade) awide variety of organic compounds such ashydrocarbons. Soitisused
in reducing water pollution due to petroleum spillage.

6. Reproduction in bacteria. Bacteriarepro-
duce asexually by binary fission and endospore
formation and sexually by conjugation. Inthebinary
fission, thecell dividesinto two genetically identical
daughter cells. During this process, the single circu-
lar chromosome first makes a copy of itself (i.e, it
duplicates) and daughter chromosomes become at-
tached to the plasmamembrane. They separate asthe
bacterial cell enlarges and ultimately the formation
of a cross wall between the separating daughter
chromosomes, dividestheparent cell into two daugh-
ter cells. Resistant endospores, here coloured red, have

Under unfavourable ecologi cal conditions, formed inside bacteria of the germs (clostridium).
many bacteria (e.g., Clostridium, Bacillus, etc.) form spores which are not reproductive units but
represent an inactive state. In endospore formation, a part of
the protoplasmic material isused to form animpermeabl e coat
or cyst wall around the chromosome along with some cyto-
plasm. The rest of the cell degenerates. The spore being
metabolically inert can survive an unsuitable temperature, pH
and drought. Under favourable conditions, spores imbibe
water, become metabolically active again and germinate.

Bacterial conjugation is simplest form of sexual repro-
duction known. It was first of all observed in E.coli by
Laderbergand Tatum in 1946. During the process of conju-
gation, aF* or donor bacterium (equivalent to male) passes
apieceof DNA or plasmid containingfertility or F gene tothe
F or recipient bacterium (equivaent tofemale). Thedonor's
TEM of E.coli bacteria conjugating. | plasmid passes through the sex pilus of donor cell to the
recipient. Following the conjugation, the progenies of the
recipient express some of the characteristics of the donor. Thus, bacterial conjugation is a means of
making new genetic combinations or recombinations which are expressed in the progeny.

Examples of Prokaryotic Cells

The following three types of prokaryotic cells are well studied ones :

1. Mycoplasma or PPLO. Among living organisms that have the smallest mass, are small
bacteria called mycoplasmas which produce infectious diseases in animals including humans.
Mycoplasmas are unicellular, prokaryotic, containing a plasma membrane, DNA, RNA and a
metabolic machinery to grow and multiply in the absence of other cells (i.e., they are capable of
autonomousgrowth). They canbecultured invitrolikeany bacteria, forming pleomor phic (Gr., pleo
= many; morphe=forms) colonies, i.e., depending on the type of culture medium, mycoplasmastend
to form different shaped colonies such as spheroid (fried - egg-shaped), thin, branching filaments,
stellate, asteroid or irregular. They differ from the bacteriain the following respects :

1. Mycoplasmas are filterabl e through the bacterial filters (this fact was first demonstrated by
[wanowsky in 1892).

2. They do not contain cell wall and mesosomes.

3. Likethevirusesand animal cells, they areresistant to antibioticssuch aspenicillinwhichkills
bacteria by interfering with cell wall synthesis (see Ambrose and Easty, 1979).



50 CELL BIOLOGY

4. Their growth isinhibited by tetracyclines and .
similar antibiotics that act on metabolic pathways. e et
Mycoplasmas were discovered by French scien- u
tists, E. Nocar d and E.R. Roux in 1898 whilestudying I ] I
pleural fluidsof cattle suffering from the disease pleu- o " N
ropneumonia (i.e,, an infectious disease of warm -:§. (Pt pmembrane
blooded animal s producing pleural and lung inflamma- 5_- u '.__—_
tion). Similar organismswere later isolated from other me et T - 3, DNA
animals such as sheep, goats, dogs, rats, mice and e, il
human beings and were named as pleur opneumonia - i=." 1o |_||._ "t
likeorganisms(PPL O). PPLO werelater onincluded -'_--'J- i _I I: - .j..
under the genus Mycoplasma by Nowak (1929) and e e T o
these organisms are now commonly called mycoplas- i< . -'-E:- o |
mas. W.V.Iterson (1969) has placed PPLO in the N LT L i
group M ycoplasmatceae of bacteria. Currently myco- i e ey, . BT |
plasmas are considered as the simplest bacteria (see Lo R T I'|;_=| 2
Alberts et al., 1989). However, some cell biologists LT S " |
still prefer to place PPLO in between the viruses and - Tt e T
bacteria (see Sheeler and Bianchi, 1987). granule - vacuole
Mycoplasmasaremostly free-living, saprophytes Fig 3.13. A schematic diagram of typical
or parasites. For example, Mycoplasma laidlawii (0.1 PPLO cell.

umin diameter) is saprophytic and isfound in sewage,
compost, soil, etc. Mycoplasma gallisepticum (0.25 pm in diameter) is parasitic and pathogenic; itis
the parasite of cellsand cell exudates of respiratory organs of warm-blooded animalscausing in them
various chronic respiratory diseases.

Mycoplasmas range in size (diameter) from 0. 25 to 0.1 ym. Thus, they correspond in size to
some of the large viruses. The spherical cell of a mycoplasma is bounded at its surface by a
75 A thick plasmamembrane which is composed of molecules of proteinsand lipids, but thereisno
cell wall. Internally the cell’s composition is more or less diffuse. The only microscopically
discernible featureswithin the cell areits genetic component, the DNA and theribosomes. The DNA
moleculeis contained inamembraneless and clear nucleus-likeregion and it isadouble helix which
may exist either asthelinear strands or asingle circular molecule. The nuclear region is surrounded
by numerous (50 to 100 ) 70S type ribosomes existing either freely or in the polysomes (Fig. 3.13).
A variety of other cytoplasmicinclusions, such asvacuolesand granul es, have al so been detected, but
their functions are not known. At one side of the cell occurs bleb (localised collection of fluid) of ill
understood function.Asin other prokaryotes, there is no intracellular membranous structure.

The PPLO cells contain many enzymes which may be required for DNA replication, the
transcription of different kinds of RNA molecules and trandlation involved in protein synthesis, and
also in the biosynthesis of adenosine triphosphate
(ATP) by anaerobic breakdown of sugars. Unlike
viruses, they are free living and do not require host
cells for their duplication. PPLO reproduce by bi-
nary fission, budding, formation of small spore-like
bodies and by growth of large branched filaments
that ultimately fragment.

2.Escherichiacoli. E. coliisaGramnegative,
monotrichous, symbiotic bacillus of colon of human
beings and other vertebrates. It is heterotrophic and
non-pathogenic bacteria producing some vitamins
(e.g., vitamin K) for human use. Some strains of E. E.coli as seen in a electronmicrograph.
coli are known to recognise and bind specifically to
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sugar-containing target cells on the surface of gut lining of mammals (e.g., D-mannose residues of
epithelial cells of human gut or colon; King, 1986). E. coli is one of the best studied bacteria. It has
served well in the field of molecular biology, since this bacterium is particularly easy to grow in an
artificial medium whereit divides every 20 minutes at 37°C under optimal conditions. Thus, asingle

cell become 10° bacteriain about 20 hours.

Theprokaryotic cell of E. coli (Fig.
3.14) isabout 2um long and 1um wide.
The cytoplasm of the bacterium is
bounded by atypical fluidmosaicplasma
membr ane. External totheplasmamem- E
brane occurstherigid and protective cell i
wall whichhasacomplex organization; it
comparises following two structures :

1. External membranewhichisa | &
lipidbilayer traversed by numerousporin | [
channelsthat allow the diffusion of sol- | '»
utes. Each porin channel isformed by 6to
8 subunits, each having three suspended i
hydrocarbonchains(Fig. 3.15). Theporin
is a polypeptide and it spans the full
thickness of outer membrane. 2. Both
membranes-the plasma membrane and

30S subunit

respiratory

50S subunit

DNA molecules

protein molecules ®
| |

. polysome

RNA
| ]

|| .I L

i " -'Il' "

chain enzymes

Fig. 3.14. A prokaryotic cell of Escherichia coli.
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plasma
membrane

RNA

cell wall -
cytoplasmic matrix

external membrane of the cell wall —are

separated by the periplasmatic space. This space contains a grid or reticulum of peptidoglycans.
Some porin subunits remain attached to the peptidoglycan grid (Fig. 3.16).

The plasmamembrane servesasamol ecul ar barrier with the surrounding medium. It comprises
a variety of transport proteins, called permeases which control the entrance and exit of small
molecules and ions. It contributes to the establishment of bacterial protoplasm. E. coli has both

oxygen-requiring (aerobic) and non-oxygen-requiring (anaerobic)

respiratory machinery for the

breakdown of sugar and contains a special group of proteins called the electron transport chain for
the generation of stored energy in the form of ATP molecules. E.coli lacks mitochondria, and
respiratory chain enzymes such as cytochromes, enzymes of Krebs cycle, NADH, acid phosphatase,

etc.,are attached to inner face of the plasma membrane.

All genes of E.coli are contained on a single supercoiled, double-stranded, circular DNA
molecule, which occursin aclear zone of cytoplasm, called nucleoid, and is attached to the plasma

porin
channel
2 external
- . T membrane
" " (lipid bilayer)
| r
i [ | peptidoglycan
75A° ] u
| I it L I _.T plasma
15 | 3 g1 membrane
200, g ¥ gt 'y Ll g ¥ a0
n - . - |
I N 'E EeeE-

Fig. 3.15. Ultrastructure of the cell wall of a Gram-nega-
tive bacterium (after De Robertis and De
Rabertis, Jr., 1987).

membraneat one point. Thetotal length of
the DNA circle is about 1300 pm, com-
prising about 4.7 x 10° nucleotide pairs;
thisisenough DNA to codefor about 4000
different proteins(seeAlbertsetal., 1989).
The DNA of E.cali isnaked, lacking his-
tones, but certain polyamines may be
bound to some of its phosphates. Electron
microscopy of isolated chromosome of E.
coli has shown that DNA isfolded into a
series of looped domains, i.e., about 45
loops radiate out from a dense proteina-
ceousscaffold. TheDNA of loopsisinthe
so-called supercoiled conformation in
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which the double helix is itself twisted
(Schmid, 1988). TheenzymeDNA gyrase
isresponsiblefor the DNA supercoiling (it
is inhibited by the drug called
coumermycin; see Freifelder, 1985).
The colloidal cytoplasmic matrix of
E. coli contai nsabout 5000 di stinguishable
components, ranging from water to DNA
(i.e., threetypes of RNA, enzymes, glyco-
gen, amino acids, monosaccharides and
variousother small molecules). Surround-
ingthe DNA isdark denseregion of matrix
containing 20,000 to 30,000 70S type ri-

Cyanobacteria living inside the hairs of these polar bears are
responsible for the unusual greenish colour of their coat.

bosomes, each existingintheform of their
two subunits. During protein synthesisnu-

merous compl ete ribosomes read the codes of mMRNA molecules to form the polysomes (Fig. 3.14)

Some bacteriathrive in extreme conditions like this hot spring.

3. Cyanobacteriaor blue-green al-
gae. The Gram-negative cyanobacteria or
oxyphotobacteria (i.e., oxygen yielding
photosynthetic blue green algae) are one of
the most successful and primitive (3.5 bil-
lionyear old) groupsof organismsonearth.
They eveninhabit the steaming hot springs
and the undersides of icebergs.

Cyanobacteriaformanother group of prokaryoteswhich
include about 1500 species (85 generaand 750 species
arefound in India; see Sharma, 1992).

Cyanobacteriaoccur asindividual cells, assmall
clusters or colonies of cells, or as long, filamentous
chains. They lack flagella but are able to perform
movement by rotatory motion or gliding over agelati-
nous layer secreted through the cell surface.

A typical cell of abluegreenalgaiscomposed of
outer cellular coverings and cytoplasm. The outer
cellular coveringsinclude an outermost gelatinousor
slimy layer, the capsule, a middle cell wall and an
innermost lipoproteinousplasmamembrane. Thecell
wall of blue green algae resembles the cell wall of
bacteria and contains an outer bimolecular mem-
brane of phospholipids, lipoproteins and lipopolysac-
charides, and agrid of peptidoglycans (muramic acid)
in the periplasmatic space existing in between cell

proteinaceous
scaffold

| ]
| I I II.
. "
| . | I I
" u L
[ |
R
"1 loop of supercoiled
DNPr\] dI_OUb|9 DNA (shown as two
elix

interwined double helices)

Fig. 3.16. Schematic representation of the
chromosome of E.coli, showing
only 12 of the 45 supercoiled
loops (after King, 1986).
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wall and plasmamembrane. The

cytoplasm of cyanobacteria ap-

Hosohat pears more organized than that

" o — " =, PRSP 1 of other bacteria. The matrix ex-
#

DNA - cyanosomes
lipid droplet = "

granule
ribo- tends throughout the cell. The

somes | cytoplasm (or protoplast) is dif-
ferentiated in two regions : 1
Outer or peripheral pigmented
region, the chromoplasm hav-
I ing photosynthetic lamellae or
thylakoids. 2. Inner or central
colourlessregion called centro-
protein plasm or DNA plasm having

X ..®  granule DNA and crystalline granules
plasma (Fig. 3.17).
photosynthetic lamellae : cell wall NI B ;
gelatinous sheath ecausethemetabolism of
Fig. 3.17. A prokaryotic cell of cyanobacteria (electron microscopic | the blue green algae is based on
view). photosynthesis, therefore, the

cells of them contain the photo-
synthetic pigment, viz., the chlor ophyll and car otenoid. In addition to these pigments, these algae
contain certain unique pigments collectively called phycobilin; one of the phycobilin is blue and
called phycocyanin, while other type of phycobilinisred and called phycoer ythrin. The photosyn-
thetic pigments (chlorophylls and carotenoids) occur in flattened sacs called lamellae which remain
arranged in parallel array. In between the lamellae occur certain granules of 400A° diameter. These
granules contain phycobilin pigments and are called cyanosomes or phycobilisomes. They are
attached to the outer lamellar membrane surface (Berns, 1983). Being earliest oxygenic photosyn-
thesizersof earth, they made early earth’ satmosphere aerobi ¢ providing the conditionsfavourablefor
the evolution of aerobic bacteria and eukaryotes.

The two subunits of 70S ribosomes
of cyanobacteria are freely distributed in
the cytoplasm and form polyribosomes
during protein synthesis. Asinall prokary-
otes, the DNA molecule of blue green
algae is circular, double- stranded helix
and occurs in the centroplasm. This area
(nucleoid) is not bound by the nuclear
membraneandit doesnot containanucleo-
lus.

Cyanobacteriaalso contain avariety
of inclusionsinitscytoplasm. Membrane-
bound inclusions are the gas vacuoles and
the carboxysomes. Gasvacuoles aregas-
filled cavities which are located in the
inner part of chromatoplasm. They occur commonly in planktonic species such as Nostoc, Anabaena,
Phormidium, Calothrix, Galaeotrichia, etc. Gasvacuoles serve thefunction of flotation or buoyancy.
Carboxysomes contain enzymes involved in carbon dioxide fixation.

The cytoplasm of blue green algae a so contains avariety of membrane-freeinclusions such as
(1) cyanophycin granules which are located in chromatoplasm and are protein storage products,

Nostoc - a cyanobacteria.
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containing large amount of arginine
amino acid (Fogg, 1951) or copolymers
of alanine and aspartic acid (Simon,
1971); (2) myxophycean starch which
is the main food storage compound; (3)
polyglucon granules, polyhedral bod-
ies, lipid droplets, polyphosphate bodies
etc., are some other cytoplasmic inclu-
sions of cyanobacteria.

Lastly, many cyanobacteria (about
20 species) tend to fix atmospheric nitro-
genasammonia, e.g., Anabaena, Nostoc,
Mastigocladus, etc. Under aerobic condition nitrogen fixation is done principally in special type of
cells called heter ocysts, asin Nostoc (Donze, 1971; Carr, 1976).

(b) scanning electron micrograph
shows the nitrogen-fixing bacte-
riainside cells within the nodules.

(a) Root-nodules of a
leguminous plant.

EUKARYOTIC CELLS

The eukaryatic cells (Gr., eu=good,
karyotic=nucleated) areessentially twoen-
velope systems and they are very much
larger than prokaryotic cells. Secondary
membranes envel op the nucleus and other
internal organelles and to a great extent
they pervade the cytoplasm as the endo-
plasmicreticulum. Theeukaryotic cellsare
the true cells which occur in the plants
(from agae to angiosperms) and the ani-
mals(from Protozoato mammals). Though
the eukaryatic cells have different shape,
size, and physiology; all the cellsaretypi-
cally composed of plasma membrane, cy-
toplasm and its organelles, viz., mitochon-
dria, endoplasmic reticulum, ribosomes,
Golgi apparatus, etc., and a true nucleus.
Here the nuclear contents, such as DNA,

The white blood cell (in red) is eukaryotic and the RNA, nucleoproteinsand nucleolusremain

bacterial cells (in green E.coli) are prokaryotic. separated from the cytoplasm by the thin,
perforated nuclear membranes. Beforegoinginto thedetails of cell and itsvariouscomponents, it will
beadvisableto consider thegeneral featuresof different typesof eukaryotic cellswhichareasfollows:

Cell Shape

Thebasic shape of theeukaryatic cell isspherical, however, the shapeisultimately determined
by the specific function of the cell. Thus, the shape of the cell may be variable (i.e., frequently
changing the shape) or fixed. Variable or irregular shape occursin Amoeba and white blood cells or
leucocytes (Infact, leucocytesare spherical inthecirculating blood, but in other conditionsthey may
produce pseudopodia and become irregular in shape). Fixed shape of the cell occursin almost all
protists (e.g., Euglena, Paramecium), plants and animals. In unicellular organisms the cell shapeis
mai ntai ned by tough plasmamembrane and exoskel eton. In amulticellular organism, the shape of the
cell depends mainly on its functional adaptations and partly on the surface tension, viscosity of the
protoplasm, cytoskel eton of microtubules, microfilamentsand intermediatefilaments, themechanical
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action exerted by adjoining cellsand rigidity of the plasmamembrane(i.e., presenceof rigid cell wall
in plant cells). The shape of the cell may vary from animal to animal and from organ to organ. Even
the cells of the same organ may display variationsin the shape. Thus, cells may have diverse shapes
such as polyhedral (with 8, 12 or 14 sides; e.g., squamous epithelium); flattened (e.g., squamous
epithelium, endothelium and the upper layers of the epidermis); cuboidal (e.g., in thyroid gland

follicles); columnar (e.g., the cells lining the intestine); discoidal (e.g.,

red blood cells

or

erythrocytes);spherical (e.g., eggs of many animals); spindle shaped (e.g., smooth-muscle fibres);
elongated (e.g., nervecellsor neurons); or branched (e.g., chromatophoresor pigment cellsof skin).
Among plants, the cell shape also depends upon the function of the cell. For example, cells such as
glandular hairs on aleaf, the guard cells of stomata and root hair cells have their special shape.

Cell Size

The eukaryotic cells are typicaly larger (mostly ranging between 10 to 100 um) than the
prokaryotic cells (mostly ranging between 1 to 10 um). Size of the cells of the unicellular organisms
islarger than atypica multicellular organism’ scells. For example, Amoeba proteusisbiggest among

the unicellular organ-
isms; its length being 1
mm (1000 pm). One spe-
cies of Euglenaisfound
upto500um(0.5mm)in
length. Euplotes(afresh-
water ciliate) is 120 um
in length. Another cili-
ate, Paramecium
caudatumisfrom 150 to
300 pm (0.15t0 0.3 mm)
inlength. Diatomshavea
lengthof 200 umor more.
The single-celled aga,
Acetabulariawhich con-
sistsof astalk andacapis
exceptionally large-sized
and measures up to 10
cm in height.

Thesizeof thecells
of multicellular organ-
isms ranges between 20
to 30 ym. Among ani-
mals, the smallest cells
have a diameter of 4 ym
(e.g., polocytes); human
erythrocytesbeing 7to 8
pm in diameter. Largest
animal cell is the egg of
ostrich, having a diam-
eter of 18 cm (itsyolk or
deutoplasmisabout 5¢cm
in diameter); though,
some nerve cells of hu-
man beings have ameter
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Fig. 3.18. Various types of eukaryotic cells showing different shapes.
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long “tails’ or axons. Among the multicellular plants, the largest cell is the ovule of Cycas (see
Dnyansagar, 1988). The fibre cells (i.e., sclerenchyma cells) of Manila hemp are over 100 cmin
length.

Cell Volume

The volume of acell isfairly constant for a particular cell type and is independent of the size
of the organism. (Thisiscalled the law of constant volume. ) For example, kidney or liver cellsare
about the same size in the bull, horse and mouse. The difference in the total mass of the organ or
organism depends on the number, not on the volume of the cells. Thus, the cell s of an el ephant are not
necessarily larger than those of other tiny animals or plants. The large size of the elephant is due to
the larger number of cells present in its body.

If acell isto be efficient, the ratio of volume to surface should be within alimited range. An
increasein cell volumeisaccompanied by amuch smaller expansioninthe surfaceareaof thecell (In
fact, volume increases as cube of radius, while surface area increases as square of radius). In other
words, alarge cell has a proportionately smaller surface and a higher volume : surface ratio than a
smaller cell. Further, a large cell volume has to accommodate many organelles simultaneously
limiting the exchange of information and materials through the surface. This problem is partially
overcome by developing acylindrical shape or by forming numerous extensions (e.g., microvilli) of
theplasmamembrane. Itisal sofor thisreasonthat metabolically activecells, tendtobesmallerinsize.

Cell Number

Thenumber of cells present in an organism variesfrom asinglecell inaunicellular organism
(Protistssuch asprotozoaand protophyta) to many cellsin multicellular organisms (M ost plants, fungi
and animals). The number of cellsinthe multicellular organismsusually remains correlated with size
of the organismsand, therefore, small-sized organism hasless number of cellsin comparisonto large-
sized organisms. For example, ahuman being weighing about 80 kg may contain about 60 thousand
billion cellsin his body. This number would be more in certain other multicellular organisms.

Further, thenumber of cellsin most multicellular organismsisindefinite, but thenumber of cells
may befixedinsomemulticellular organisms. For example, inrotifers, number of nuclei inthevarious
organs are found to be constant in any given species. This phenomenon of cells or nuclear constancy
iscalled eutely. In one species of rotifer, Martini (1912) alwaysfound 183 nuclei inthebrain, 39in
the stomach, 172 in the cornea epithelium, and so on (see Hickman, Sr ., et al. 1979). Among plants,
colonia green agae exhibit cell constancy. For example, the green alga, Pandorina has a colony
consisting of 8, 16 or 32 cells. Likewise, another green aga, Eudornia, has 16, 32 or 64 cellsinits
colony.

Structure

An eukaryatic cell consists of the following components: A. Cell wall and plasmamembrane;
B. Cytoplasm; and C. Nucleus.

Fig. 3.19 and Fig. 3.21 respectively show the ultrastructure or finer details of atypical animal
cell and atypical plant cell which have been revealed by the electron microscope.

Cell Wall and Plasma Membrane

1. Cell wall. Theoutermost structure of most plant cellsisadead andrigidlayer called cell wall.
Itismainly composed of carbohydrates such ascellul ose, pectin, hemicelluloseand ligninand certain
fatty substances like waxes. Ultrastructurally cell wall isfound to consist of amicrofibrillar network
lying in agel-like matrix. The microfibrils are mostly made up of cellulose. There is a pectin-rich
cementing substance between thewall sof adjacent cellswhichiscalled middlelamella. Thecell wall
whichisformed immediately after thedivision of cell, congtitutesthe primary cell wall. Many kinds
of plant cells have only primary cell wall around them. Primary cell wall is composed of pectin,
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hemicelluloseand loose network of cellulosemicrofibrils. In certaintypesof cellssuch asphloemand
xylem, an additional layer is added to the inner surface of the primary cell wall at alater stage. This
layer is called secondary cell wall and it consists mainly of cellulose, hemicellulose and lignin. In
many plant cells, there are tunnels running through the cell wall called plasmodesmata which allow
communication with the other cellsin atissue.
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Fig. 3.19. Ultrastructure of atypical animal cell as seen in the electron microscope.

Thecell wall constitutesakind of exoskeleton that provides protection and mechanical support
to the plant cell. It determines the shape of plant cell and preventsit from desiccation.

2. Plasma membrane. Every kind of animal cell is bounded by aliving, extremely thin and
delicate membrane called plasmalemma, cell membrane or plasma membrane. In plant cells,
plasma membrane occurs just inner to cell wall, bounding the cytoplasm. The plasma membrane
exhibitsatri-laminar (i.e., three-layered) structure with atranslucent layer sandwiched between two
dark layers. At molecular level, it consi stsof acontinuoushbilayer of lipid molecule(i.e., phospholipids
and cholesterol) with protein molecules embedded in it or adherent to its both surfaces. Some
carbohydrate molecules may also be attached to the external surface of the plasma membrane, they
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remain attached either to protein moleculestoformglycopr oteinsortolipidstoformglycolipids. The
plasmamembraneisaselectively permeable membrane; itsmain function isto control selectively
the entrance and exit of materials. This alows the cell to maintain a constant internal environment
(homeostasis). Transport of small molecules such as water, oxygen, carbon dioxide, ethanal, ions,
glucose, etc., across the plasma membrane takes place by various means such as osmosis, diffusion
and activetransport. The processof activetransport is performed by special typeof protein molecules
of plasma membrane called transport proteins or pumps, consuming energy in the form of ATP
mol ecules. For bulk transport of large-sized mol ecul es, plasmamembrane performsendocytosis(i.e.,
endocytosis, pinocytosis, receptor-mediated endocytosis and phagocytosis) and exocytosis both of
these processes also utilise energy in the form of ATP molecules.

nucleolus Golgi apparatus cell W?.II
u
free - vacuole
ribosomes
centrioles
plasma
1 ':;.. - “membrane]
I . -ﬁ
o
nucleus
DNA
fibrils
chloroplast
envelope
ER closely
associated with
chloroplast chloroplast
ribosomes
Fig. 3.20. Relationships among organellesin a hypothetical brown alga. Note that the flat sacs within
the plastid are arranged in extended parallel arraysother than separated into granaand stroma
systems as in higher plants.

Various cell organelles such as chloroplasts, mitochondria, endoplasmic reticulum and lyso-
somes are al so bounded by membranes similar to the plasmamembrane. All the cellular membranes
have abasic trilaminar unit membr ane construction. However, their structure and extent of activity
aremainly depended on therel ative proportion of their constituent protein and lipid molecules. Thus,
membranes which are metabolically highly active, e.g., those of mitochondriaand chloroplasts have
a greater proportion of proteins and more granular appearance than those membranes which are
relatively less active, e.g., myelin sheath of certain nerve fibres.

Cytoplasm

The plasma membrane is followed by the cytoplasm which is distinguished into following
structures :
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A. Cytosol. The plasmamembraneisfollowed by the colloidal organic fluid called matrix or
cytosol. Thecytosol isthe agueous portion of the cytoplasm (the extranuclear protoplasm) and of the
nucleoplasm (thenuclear protoplasm). It fillsall the spacesof thecell and constitutesitstrue internal
milieu. Cytosol isparticularly richin differentiating cellsand many fundamental propertiesof cell are
because of this part of the cytoplasm. The cytosol serves to dissolve or suspend the great variety of
small molecules concerned with cellular metabolism, e.g., glucose, amino acids, nucleotides,
vitamins, minerals, oxygen and ions. In all type of cells, cytosol contains the soluble proteins and
enzymes which form 20 to 25 per cent of the total protein content of the cell. Among the important
soluble enzymes present in the matrix are those involved in glycolysisand in the activation of amino
acidsfor the protein synthesis. In many types of cells, the cytosol isdifferentiated into following two
parts: (i) Ectoplasm or cell cortex istheperipheral layer of cytosol whichisrelatively non-granular,
viscous, clear and rigid. (ii) Endoplasm is the inner portion of cytosol which is granular and less
viscous.

Cytoskeleton and microtrabecular lattice. The cytosol of cellsalso containsfibresthat help
to maintain cell shape and mohility and that probably provide anchoring points for the other cellular
structures. Collectively, these fibres are termed asthe cytoskeleton. At least three general classes of
such fibres have been identified. 1. The thickest are the microtubules (20 nm in diameter) which
consists primarily of thetubulin protein. The function of microtubulesisthe transportation of water,
ionsor small molecules, cytoplasmic streaming (cyclosis), and theformation of fibresor asters of the
mitotic or meitotic spindle during cell division. Moreover, they form the structural units of the
centrioles, basal granules, ciliaand flagella. 2. Thethinnest arethe microfilaments (7 nmin diameter)
which are solid and are principally formed of actin protein. They maintain the shape of cell and form
contractile component of cells, mainly of themusclecells. 3. Thefibresof middieorder arecalled the
intermediate filaments (1 Fs) having adiameter of 10 nm. They having been classified according to
their constituent protein such as desmin filaments, keratin filaments, neur ofilaments, vimentin
and glial filaments.

Recently, cytoplasm hasbeen foundto befilled with athree-dimensional network of interlinked
filamentsof cytoskeletal fibres, called microtra-becular lattice(Porter and Tucker, 1981). Various
cellular organelles such as ribosomes, lysosomes, etc., are found anchored to this lattice. The
microtrabecular lattice being flexible, changesits shape and resultsin the change of cell shape during
cell movement.

B. Cytoplasmic structures. In the cytoplasmic matrix certain non-living and living structures
remain suspended. The non-living structures are called paraplasm or inclusions, while the living
structures are membrane bounded and are called or ganoids or or ganelles. Both kinds of cytoplasmic
structures can be studied under the following headings :

(a) Cytoplasmic inclusions. The stored food and secretory substances of the cell remain
suspended in the cytoplasmic matirx in the form of refractile granules forming the cytoplasmic
inclusions. The cytoplasmic inclusions include oil drops, triacylglycerols (e.g., fat cells of adipose
tissue), yolk granules (or deutoplasm, e.g., egg cells), secretory granules, glycogen granules (e.g.,
muscle cells and hepatocytes of liver) and starch grains (in plant cells).

(b) Cytoplasmic organelles. Besides the separate fibrous systems, cytoplasmis coursed by a
multitude of internal membranous structures, the organelles(literally theword organelle meansatiny
organ). Membranes close off at specific regions of the eukaryatic cells performing specialized tasks
: oxidative phosphorylation and generation of energy in the form of ATP moleculesin mitochondria;
formation and storage of carbohydratesin plastids; protein synthesisin rough endoplasmic reticulum;
lipid (and hormone) synthesis in smooth endoplasmic reticulum; secretion by Golgi apparatus;
degradation of macromolecules in the lysosomes; regulation of al cellular activities by nucleus;
organization of spindle apparatus by centrosomes and so forth. Membrane-bound enzymes catalyze
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reactions that would have occurred with difficulty in an agueous environment. The structure and
function of some important organelles are as follows:

1. Endoplasmic reticulum (ER). Within the cytoplasm of most animal cellsis an extensive
network (reticulum) of membrane-limited channels, collectively called endoplasmic reticulum (or
ER). Some portion of ER membranes remains continuous with the plasmamembrane and the nuclear
envelope. The outer surface of rough ER has attached ribosomes, whereas smooth ER do not have
attached ribosomes. Functions of smooth ER include lipid metabolism (both catabolism and
anabolism; they synthesize a variety of phospholipids, cholesterol and steroids); glycogenolysis
(degradation of glycogen; glycogen being polymerized in the cytosol) and drug detoxification (by
the help of the cyto-
chrome P-450; Darnell
et al., 1986).

On their mem-
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polypeptide chains un-
dergo tailoring, matura-
tion, and molecular fold-
ing to form functional secondary or tertiary protein molecules. RER pinches off certain tiny protein-
filled vesicles which ultimately get fused to cis Golgi. RER also synthesize membrane proteins and
glycoproteinswhich are cotransl ationally inserted into the rough ER membranes. Thus, endoplasmic
reticulum is the site of biogenesis of cellular membranes.

2.Golgi appar atus. Itisacup-shaped organel lewhichislocated near the nucleusin many types
of cells. Golgi apparatus consists of a set of smooth cisternae (i.e., closed fluid-filled flattened
membranous sacs or Vesicles) which often are stacked together in parallel rows. It is surrounded by
spherical membrane bound vesicles which appear to transport proteins to and fromit.

Golgi apparatus consists of at least three distinct classes of cisternae: cis Golgi, median Golgi
andtransGolgi, each of which hasdistinct enzymatic activities. Synthesi zed proteinsappear to move
inthefollowing direction : rough ER— cis Golgi— median Golgi —trans Golgi—secretory vesicles/
cortical granules of egg/ lysosomes or peroxisomes. Thus, the size and number of Golgi apparatusin
acell indicatetheactive metabolic, mainly synthetic, state of that cell. Plant cells contain many freely
distributed sub-units of Golgi apparatus, called dictyosomes, secreting cellulose and pectin for cell
wall formation during the cell division.

Generally, Golgi apparatus performs the following important functions : 1. The packaging of
secretory materials (e.g., enzymes, mucin, lactoprotein of milk, melanin pigment, etc.) that areto be
discharged from the cell. 2. The processing of proteins, i.e., glycosylation, phosphorylation,

Fig. 3.21. Ultrastructure of plant cell (showing small portion of cell).
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sulphation and selective proteoly-
sis. 3. The synthesis of certain
polysaccharidesandglycolipids. 4.
Thesorting of proteinsdestinedfor
variouslocations (e.g., lysosomes,
peroxisomes, etc.) in the cell. 5.
The proliferation of membranous
element for the plasmamembrane.
6. Formation of the acrosome of
the spermatozoa.

3. Lysosomes. The cyto-
plasmof animal cellscontainsmany
tiny, spheroid or irregular-shaped,
membrane-bounded vesicles
known as lysosomes. The lysos-
omes are originated from Golgi
apparatus and contain numerous
(about 50) hydrolytic enzymes
(e.g., acid phosphatase that is
cytochemically identified) for in-
tracellular and extracellular diges-
tion. They digest thematerial taken
in by endocytosis (such as phago-
cytosis, endocytosisand pinocyto-
sis), parts of the cell (by autoph-
agy) and extracellular substances.
Lysosomes have a high acidic me-
dium (pH 5) and this acidification
depends on ATP- dependent pro-
ton pumps which are present in
the membrane of lysosomes and
which accumulate protons (H*) in-
sidethelysosomes. Lysosomesex-
hibit great polymorphism, i.e.,
there are following four types of
lysosomes : primary lysosomes
(storage granules), secondary ly-
sosomes (digestive vacuoles), re-
sidual bodiesand autophagi c vacu-
oles. The lysosomes of plant cells
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are membrane-bounded storage granules containing hydrolytic digestive enzymes, e.g., large vacu-
oles of parenchymatous cells of corn seedlings, protein or aleurone bodiesand star ch granules of

cereal and other seeds.

4. Cytoplasmic vacuoles. The cytoplasm of many plant and some animal cells (i.e., ciliate

protozoans) contains numerous small or large-sized, hollow, liquid-filled structures, the vacuoles.

These vacuol es are supposed to be greatly expanded endoplasmic reticulum or Golgi apparatus. The

vacuolesof animal cellsare bounded by alipoproteinous membrane and their function isthe storage,
transmission of the materials and the maintenance of internal pressure of the cell.

The vacuoles of the plant cells are bounded by a single, semipermeable membrane known as
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tonoplast. These vacuoles contain water, phenol, flavonols, anthocyanins (blue and red pigment),
alkaloids and storage products, such as sugars and proteins.

5. Peroxisomes. These aretiny circular mem- ?

brane-bound organelles containing a crystal-core of
enzymes(suchasurateoxidase, peroxidase, D-amino
oxidase and catalase, e.g., liver cells and kidney =
cells). These enzymes are required by peroxisomes
in detoxification activity, i.e., in the metabolism or
production and decomposition, of hydrogen perox- |s™
ide or H,O, molecules which are produced during .I:'
neutralization of certain superoxides—the end prod- e
ucts of mitochondrial or cytosolic reactions. Peroxi- i | =
somesarealso related with 3-oxidation of fatty acids ir I: '_ b '-':I' ‘- 3 [
and thermogenesislike the mitochondriaand also in TEM of dark staining peroxisomes
degradation of the amino acids. In green leaves of et i e el 6 e e

plants, peroxisomes carry out the process of photorespiration.

6. Glyoxysomes. These organelles develop in a germinating plant seed (e.g., castor bean or
Ricinus) to utilize stored fat of the seed (i.e., to metabolisethetriglycerides). Glyoxysomes consist of
an amorphous protein matrix surrounded by a limiting membrane. The membrane of glyoxysomes
originatesfromthe ER andtheir enzymesaresynthesizedinthefreeribosomesinthecytosol. Enzymes
of glyoxysomesareusedtotransformthefat storesof theseedinto carbohydratesby way of glyoxylate
cycle.

7. Mitochondria. Mitochondria are oxygen-consuming ribbon-shaped cellular organelles of
immense importance. Each mitochondrion is bounded by two unit membranes. The outer mitochon-
drial membrane resembles more with the plasma membrane in structure and chemical composition.
It contains porins, proteins that render the membrane permeable to molecules having molecular
weight as high as 10,000. Inner mitochondrial membrane is rich in many enzymes, coenzymes and
other components of electron transport chain. It also contains proton pumps and many per mease
proteins for the transport of various molecules such as citrates, ADP, phosphate and ATP. Inner
mitochondrial membrane gives out finger-like outgrowths (cristae) towards the lumen of mitochon-
drion and contains tennis-racket shaped F, particles which contain ATP-ase enzyme for ATP
synthesis.

Mitochondrial matrix which is the liquid (colloidal) area encircled by the inner membrane,
contains the soluble enzymes of Krebs cycle which completely oxidize the acetyl-CoA (an end
product of cytosolic glycolysis and mitochondrial oxidative decarboxylation) to produce CO,, H,O
and hydrogen ions. Hydrogen ions reduce the molecules of NAD and FAD, both of which passon
hydrogen ionsto respiratory or el ectron transport chain where oxidative phosphorylation takes place
to generate energy- rich ATP molecules. Since mitochondria act asthe ‘ power-houses’' of cells, they
areabundantly found on those siteswhere energy isearnestly required such asspermtail, musclecell,
liver cell (up to 1600 mitochondria), microvilli, oocyte (more than 300,000 mitochondria), etc.
Mitochondria also contain in their matrix single or double circular and double stranded DNA
molecules, called mt DNA and also the 55S ribosomes, called mitoribosomes. Since mitochondria
can synthesize 10 per cent of their proteins in their own protein-synthetic machinery, they are
considered as semi-autonomous or ganelles. Mitochondriamay also produce heat (brown fat), and
accumulate iron-containing pigments (Heme ferritin), ions of Ca#* and HPO > (or phosphate; e.g.,
osteoblasts of bones or yolk proteins).

8. Plastids. Plastidsoccur only intheplant cells. They contain pigmentsand may synthesizeand
accumulate various substances. Plastids are of the following types. 1. L eucoplasts are colourless
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plastids of embryonic and germ cells lacking thylakoids and ribosomes. 2. Amyloplasts produce
starch. 3. Proteinoplastsaccumulate protein. 4. Oleosomesor el aioplastsstorefatsand essential oils.
5. Chromaoplasts contain pigment molecules and are coloured organelles. Chromoplasts impart a
variety of coloursto plant cells, such asred col our intomatoes, red chilliesand carrots, variouscolours
to petals of flowersand green colour to many plant cells. The green coloured chromoplastsare called
chloroplasts. They have chlorophyll pigment and are involved in the photosynthesis of food and so
act like the kitchens of the cell.

Chloroplasts have diverse
shapes in green algae but are round,
ova or discoid in shape in higher
plants. Like mitochondria, each chlo-
roplast is bounded by two membra-
nousenvel opes, both of which haveno
chlorophyll pigment. However, un-
like mitochondria there occurs third
system of membranes within the
boundary of inner membrane, called
grana. Thegranaform themain func-
tional units of chloroplast and are
bathed in the homogeneous matrix, The ribbon - like chloroplast as seen in the Spirogyra.
called the stroma. Stroma contains a
variety of photosynthetic enzymes and starch grains. Grana are stacks of membrane-bounded,
flattened discoid sacs, arranged like neat piles of coins. A chloroplast contains many such intercon-
nected granaonwhicharelocated variousphotosynthetic enzymesand themol ecul esof green pigment
chlorophy!l and other photosynthetic pigmentstotrap thelight energy. They contain DNA, ribosomes
and complete protein synthetic machinery.

9. Ribosomes. Ribosomes are tiny spheroidal dense particles (of 150 to 200 A° diameter) that
contain approximately equal amounts of RNA and proteins. They are primarily found in all cellsand
serveasascaffold for theorderedinteraction of the numerousmol eculesinvolvedin protein synthesis.
Ribosome granules may exist either in the free state in the cytosol (e.g., basal epidermal cells) or
attached to RER (e.g., pancreatic acinar cells, plasma cells or antibodies-secreting lymphocytes,
osteoblasts, etc.). Ribosomes have a sedimentation coefficient of about 80S and are composed of two
subunits namely 40S and 60S. The smaller 40S ribosomal subunit is prolate ellipsoid in shape and
consists of one molecule of 18Sribosomal RNA (or rRNA) and 30 proteins(namedas S, S, S,, and
so on). The larger 60S ribosomal subunit is round in shape and contains a channel through which
growing polypeptidechain makesitsexit. It consistsof threetypesof rRNA molecules, i.e., 28SrRNA,
5.8 rRNA and 5SrRNA, and 40 proteins (named asL,, L,, L5 and so on).

10. Microtubules and microtubular organelles. With rare exceptions, such as human
erythrocyte, microtubules are found in the cytoplasm of all types of eukaryotic cells. They are long
fibres(of indefinitelength) about 24 nmin diameter. | n cross section each microtubul eappearsto have
adensewall of 6 nm thicknessand alight or hollow centre. In cross section, thewall of amicrotubule
ismade up of 13 globular subunits, called protofilaments, about 4 to 5 nmin diameter. Chemically,
microtubules are composed of two kinds of protein subunits : a-tubulin (tubulin A) and B-tubulin
(tubulin B), each of M.W. 55,000 daltons. Thewall of amicrotubuleis made up of ahelical array of
repeating o and B tubulin subunits. Assembly studies have indicated that the structural unitisan o
dimer of 8 nm length. Thus, in each microtubule, there are 13 protofilaments, each composed of o3
dimersthat run parallel to thelong axis of the tubule. The repeating unitisan a3 heterodimer which
isarranged ‘head to tail’ within the microtubule, that is op— of—of. Thus, al microtubules have
adefined polarity : their two ends are not structurally equivalent.
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Microtubules un-
dergo reversible assem-
bly-disassembly (i.e., po-

chromatin cell wall
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ganelles. Their polymer- protein “carbohydrate

izationisregulated by cer-
tain MAPs or microtu-
bule-associated proteins | 1§
(e.g., Tau protein). The
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involves preferential ad-
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dimers) to one end of tu- | plasma membrane
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carbohydrate'
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D end (or net disassem- rOtNe:

bly end). Such an assem-

bly involves the hydroly- R .

sisof GTPto GDP. Thus, ribosome microtubules

assembly of tubulininthe
formationof microtubules

is a specifically oriented mitochondrion

and programmed process.
Centrioles, basal bodies An overview of the types of biological molecules that make up
and centromeres of chro- various cellular structures.

mosomes are the sites of

orientation for this assembly. Calcium and calmodulin (an acidic protein having four Ca2* binding
sites) are some other regulating factorsin thein vivo polymerization of tubulin. Certain drugssuch as
colchicine and vinblastin, are found to block the polymerization of tubulin.

The following cell organelles are derived from special assemblies of microtubules :

(1) Cilia and flagella. Ciliary and flagellar cell motility is adapted to liquid media and is
executed by minute, specially differentiated appendices, called cilia and flagella. Both of these
organelles havevery similar structure; they differ mainly in size and number (i.e., flagellaare longer
and fewer in number, while cilia are short and numerous). Cilia are used for locomotion in isolated
cells, such as certain protozoans (e.g., Paramecium). or to move particles in the medium, asin air
passages and oviduct. Flagella are generally used for locomotion of cells, such as the spermatozoon
and Euglena (protozoan). All ciliaand flagellaare built on acommon fundamental plan : abundle of
microtubules called the axoneme (1 to 2 nmin length and 0.2 um in diameter) is surrounded by a
membranethat is part of the plasmamembrane. The axonemeis connected with the basal body which
is an intracellular granule lying in the cell cortex and which originates from the centrioles. Each
axonemeisfilled with ciliary matrix, in which are embedded two central singlet microtubules, each
with the 13 protofilamentsand nine outer pairs of microtubules, called doublets. Thisrecurring motif
isknown asthe 9 + 2 array. Each doublet contains one complete microtubule, called the A subfibre,
containingall the 13 protofilaments. Attachedto each A subfibreisaB subfibr ewith 10 protofilaments.
Subfibre A has two dynein arms which are oriented in a clockwise direction. Doublets are linked
together by nexin links. Each subfibre A is aso connected to the central microtubules by radial
spokes terminating in fork-like structures, called spoke knobs or heads.
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Propulsion by both ciliaand flagellais caused by bending at their base. Ciliamove by awhip-
like power strokefueled by hydrolysisof ATP, followed by arecovery stroke. Flagellar movement
isalso powered by ATP hydrolysis. In contrast to cilia, they generally move by waves that emanate
from the base and spread outward toward the tip.

2. Basal bodies and centrioles. Basal bodies and centrioles are similar in structure and
function; both act as nucl eating centres
from which microtubules grow. Cen-
trioles are cylinders that measure 0.2
umx 0.5 um. This cylinder is open on
both ends, unlessit carries a cilium or
flagellum (then it is called basal body
or kinetosome). Thewall of acentriole
has nine groups of microtubules ar-
ranged in a circle. Each group, called
blade is a triplet formed of three tu-
bules— A, B, and C that are skewed
toward the centre. Tubule A has 13
protofilaments, while tubules B and C
haveonly 10 protofilamentseach. There
are no central microtubulesin the cen- Mitotic spindle is constructed primarily of microtubules.
triolesandnodyneinarmslikethecilia;
however, tripletsarelinked by connectives. The pr ocentriole(or daughter centriole) isformed at right
anglestothe centriole and islocated near the proximal end of the centriole. Both centriolesare found
in aspecialy differentiated region the centr osome, cell centre or centr ospher e. The centrosomeis
juxtanuclear (L., juxta= near) andfirmly attached to the nuclear envelope. Atthetimeof cell division
two pairs of centrioles are formed and form the spindle of microtubules which help in the separation
and movement of chromosomes during concluding stages of cell divisions.

C. Nucleus

The nucleusis centrally located and spherical cellular component which controls all the vital
activities of the cytoplasm and carries the hereditary material the DNA in it. The nucleus consists of
the following three structures :

1. Chromatin. Nucleus being the heart of every
type of eukaryatic cell, contains the genes, the heredi-
tary units. Genes are located on the chromosomes
which exist aschromatin networ k inthe non- dividing
cell, i.e, during interphase. The chromatin has two
forms: 1. Euchromatin isthe well-dispersed form of
chromatin which takeslighter DNA-stain and is geneti-
caly active, i.e., itisinvolvedin geneduplication, gene
transcription (DNA- dependent RNA synthesis) and
phenogenesi sor phenotypicexpressionof agenethrough
sometype of protein synthesis. 2. Heter ochromatinis
the highly condensed form of chromatin which takes
dark DNA-stain and is genetically inert. Such type of
chromatinexistsbothintheregion of centromere(called
constitutive heter ochromatin) and in the sex chroma-
tin (called facultative heterochromatin) and is late-
replicating one.

Nucleus.
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Chemically, the chromatin contains asingle DNA molecule, equal amount of five basic types
of histone proteins, some RNA molecules and variable amount of different types of acidic proteins.
Infact, thechromatin hasitsunit structuresintheform of nucleosomes. Thechromatin bindsstrongly
totheinner part of nuclear lamina, a50to 80 nmthick fibrouslaminalining theinner side of the nucl ear
envelope. Nuclear lamina is made up of three types of proteins, namely lamin A, B and C. Lamin
proteinsare homologousin structureto I F proteinsand servethefollowing functions: 1. They anchor
parts of interphase chromatin to the nuclear membrane. They tend to interfere with chromatin
condensation during interphase of cell cycle. 2. Lamins may play a crucial role in the assembly of
interphase nuclel after each mitosis.

2. Nuclear envelope and nucleoplasm. Nuclear envelope comprises two nuclear mem-
branes— an inner nuclear membrane which is lined by nuclear lamina and an outer nuclear
membr anewhich is continuouswith rough ER. At certain pointsthe nuclear envelopeisinterrupted
by structures called poresor nucleopor es. Nuclear pores contain octagonal por e complexeswhich
regulate exchange between the nucleus and cytoplasm. The number of nucleoporesis found to be
correlated with thetranscriptional activity of the cell. For example, inthefrog Xenopuslaevisoocytes
(which arevery activein transcription) have 60 pores/ um 2 (and up to 30 million pore complexes per
nucleus) , whereasfrog’ smature erythrocytes (inactivein transcription) have only about 3 pores/pum?
(and atotal of only 150 to 300 pores per nucleus) ( Scheer, 1973).

Thenuclear envel opebindsthe nucleoplasm whichisrichinthose mol eculeswhich are needed
for DNA replication, transcription, regulation of gene actions and processing of various types of
newly transcribed RNA molecules (i.e., tRNA, mRNA and other types of RNA).

3. Nucleolus. Nucleus containsin its nucleoplasm a conspi cuous, darkly stained, circular sub-
organelle, called nucleolus. Nucleoluslacksany limiting membraneandis formed duringinterphase
by theribosomal DNA (rDNA) of nucleolar organizer (NO). Nucleolusisthe sitewhere ribosomes
are manufactured. It is here where ribosomal DNA transcribes most of rRNA molecules and these
mol ecules undergo processing before their step-wise addition to 70 types of ribosomal proteinsto
form the ribosomal sub-units.

Table 3-1. HZ::ferlgg;?; between prokaryotic and eukaryotic cells (Source: Maclean and

Feature Prokaryotic cell Eukaryotic cell
1. Size Mostly 1-10 um Mostly 10-100 um
2. Multicellular forms Rare Common, with extensive tissue
formation
3. Cdl wal Present in most but not in all Present in plant and fungal cells
cells only
4. Plasma membrane Present Present
5. Nucleus Absent Present
6. Nuclear membranes Absent Present
7. Chromatin with histone Absent Present
8. Genetic materia Circular or linear, double Linear double-stranded DNA : genes
-stranded DNA : genesarenot | frequently interrupted by intron
interrupted by intron * sequences, especially in higher
eukaryotes
9. Nucleoli and mitotic apparatus | Absent Present
10. Plasmids Commonly present Rare
11. Cellular organelles:
(i) Mitochondria Absent Present
S Intron isan intervening sequence of nucleotidesin DNA, located within agenethat isnot included in the

mature mRNA.
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Feature

Prokaryotic cell

(i) Endoplasmic reticulum
(iii) Vacuoles

(iv) Lysosomes

(v) Chloroplasts

(vi) Centrioles

(vii) Ribosomes

(viii) Microtubules

(ix) Flagellae

12. Respiration

13. Metabolic patterns

14. Photosynthetic
enzymes
15. Sexual system

Absent

Absent

Absent

Absent

Absent

Present (70S)

Absent

Simple structure composed of
the protein flagellin
Many strict anaerobes
(oxygen fatal)

Great variations

Bound to plasma membrane
as composite chromatophores
Rare : if present one way (and
usually partial); transfer of
DNA from donor to recipient
cell occurs.
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Eukaryotic cell
Present
Present
Present

Present (only in plants)
Present (absent in higher plants)
Present (80S)
Present
Complex 9 + 2 structure of tubulin
and other protein
All aerobic, but some facultative
anaerobeshy secondary modifications
All share cytochrome electron
transport chains, Krebs cycle
oxidation, Embden-Meyerhof
glucose metabolism or glysolysis
Enzymes packaged
in plastids bound by membrane
Both sexes involved in sexual
participation and entire genomes
transferred; alternation of haploid
and diploid generationsis also evident

Table 3-2. The cells of animals and plants have the following differences:

Animal cell

Plant cell

1. Animal cellsare generally small in size. 1

2. Cdl wall is absent.

3. Except the protozoan Euglena no animal 3.

cell possesses plastids.

4. Vacuolesin animal cellsare many and small. | 4.

5. Animal cells have asingle highly complex 5.
and prominent Golgi apparatus.
6. Animal cells have centrosome and centrioles. | 6.

Plant cells are larger than animal cells.

2. The plasma membrane of plant cellsis
surrounded by arigid cell wall of cellulose.
Plastids are present.

Most mature plant cellshave alarge central sap
vacuole.

Plant cells have many simpler units of Golgi
apparatus, called dictyosomes.

Plant cells lack centrosome and centrioles.

centrioles
microtubule
cell membrane

Y

vacuole
mitochondrion
chloroplast

lysosome
ribosomes )
rough endoplasmic
reticulum

golgi apparatus ~ cell wall

protoplasm reticulum

nucleus

mitochondrion  smooth endoplas

ribosomes
" nucleolus

1. golgi body
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REVISION QUESTIONS
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10.

11.

12.

What are the viruses ? Write an essay on the viruses.

Givethelife cycle of avirus.

What is alysogenic phage ?

Describe the structural peculiarities of prokaryotic organization.

Write an essay on the bacteria.

Draw awell-labelled diagram of an animal cell as seen by the el ectron microscope. Comment upon
the functions of nucleus, mitochondria, ribosome and microtubules.

Give an account of the structure of atypical animal cell.

Draw alabelled diagram of atypical plant cell asseen through an electron microscope. Describethe
functions of specific structures of plant cells only.

Compare the characteristics of prokaryotic and eukaryotic cells.

Write short notes on the following :

(i) Bacteriophage; (ii) Viroids; (iii) Prions; (iv) TMV; (v) PPLO; (vi) Bacteria; (vii) Bluegreenalgae
(Cyanaobacteria).

Write differences between the following :

(i) Viruses and bacteria;

(ii) Prokaryotic cells and eukaryotic cells;

(iii) Animal cells and plants cells.

“Structural complexity of eukaryotesisreflected in their subcellular structures’. Discuss.



All of life is conditioned by the
chemistry of water.

Cytoplasmic
Matrix

(Chemical Organization
of the Cell)

ells, tissues and organs are composed of chemicals,

many of which are identical with those found in non-

living matter, while others are uniqueto living organ-
isms. The study of chemical compounds found in living sys-
tems and reactions in which they take part is known as bio-
chemistry. Studiesof thestructure and behaviour of individual
molecules constitute molecular biology. If the‘secret of life’
is to be found anywhere it is in these molecules (Roberts,
1986).

Infact, al living systemsare subject to the samephysical
and chemical laws as are non-living systems. Within the cells
of any organism, theliving substance, or protoplasm, isitself
comprised of amultitude of non-living constituents : proteins,
nucleic acids, fats (lipids), carbohydrates, vitamins, minerals,
waste metabolites, crystalline aggregates, pigments, and many
others, all of which are composed of molecules and their
congtituent atoms. The protoplasm is alive because of the
highly complex organization of these non-living substances
and the way they interact with one another. Thisisjust like a
watch which isatimepiece only when al of its gears, springs,
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and bearings are organized in a particular way
and interact with one another. Neither the gears
of awatch nor the moleculesin protoplasm can
interact in any way that is contrary to universal
physical laws. Consequently, the more com-
pletely we can understand the functioning of
protoplasm and its constituents on the basis of
chemical principles, the more completely we

can understand the phenomenon of life.
As dready described in Chapter 3, the
= = cytoplasmic matrix or cytosol isthe fluid and
| soluble portion of the cytoplasm that exists
outside the organelles (Suzuki et al., 1986). In
this chapter the physical and chemical nature of

.."-_.... the cytosol will be described.
PHYSICAL NATURE OF CYTOSOL

Like small geometric units can be combined into higher-
order patterns similarly the properties of a living thing (OR CYTOPLASMIC MATRIX)
emerge from the precise arrangement of component The cytosol (cytoplasmic matrix) is a

parts: atoms, molecules, cell parts, cells and so on.

colourlessor greyish, translucent, viscid, gelati-
nousor jelly-likecolloidal substance. Itisheavier
thanwater and capabl e of flowing. In past, therehasbeen alot of controversy about thephysical nature
of the matrix. Different workers advanced different theories about the physical characteristics of the
matrix. Their theories can be represented asfollows :

1. Reticular theory suggests that the matrix is composed of reticulum of fibres or particlesin
the ground substances (Fig. 4.1 A).

2. Alveolar theory was proposed by Butschili in 1892 and according to it, the matrix consists
of many suspended droplets or alveoli or minute bubblesresembling the foams of emulsion. (Fig. 4.1 B).

s N
L-Ey}f.

Fig. 4.1. Physical appearance of protoplasm. A—Reticular, B—Alveolar,
C—Granular, and D—Fibrillar.

3. Granular theory was propounded by Altmann in 1893. Thistheory supportsthe view that
thematrix containsmany granulesof smaller andlarger sizearranged differently. Thesegranuleswere
known as bioplasts (Fig. 4.1 C).

4. Fibrillar theory was proposed by Fleming and it holds that the matrix isfibrillar in nature
(Fig. 4.1 D).

5. Colloidal theory hasbeen forwarded very recently after the el ectron microscopical observa-
tions of the matrix. According to the recent concept, the matrix is partly a true solution, partly a
colloidal system.
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A solution isamixture of liquid called solvent and any chemical substancein solid or liquid
state, called solute. In a solution the particles of solute should be less than 1/10,000 millimetre in
diameter. The solution part of the matrix consists of water as solvent in which various solutes of
biological importance such as glucose, amino acids, fatty acids, electrolytes, minerals, vitamins,
hormones and enzymes remain dissolved.

A colloidal system can be defined as a system which contains aliquid medium in which the
particlesranging from about 1/1,000,000to /10,000 millimetrein diameter, remain dispersed. Thus,
the colloidal state is acondition in which one substance, such as protein or other macromolecule, is
dispersed in another substanceto form many small phases suspended in one continuous phase. Inthis
way every colloidal system consists of two phases : a discontinuous or dispersed phase and a
continuous or dispersion phase. Whole of the protoplasm (cytoplasm + nucleoplasm) isacolloidal
solution, because the main mol ecular componentsof protoplasm— proteins—show all characteristics
of the colloidal state. Proteins form stable colloids because, firstly, they are charged ionsin solution
that repel each other, and, secondly each protein mol ecul e attractswater moleculesarounditindefinite
layers.

Phase Reversal

Cytosol (cytoplasmic matrix) like many colloidal systems, shows the property of phase
reversal. For example, gelatin particles (discontinuous phase) are dispersed through water (continu-
ous phase) in athin consistency that isfreely shakable (Fig. 4.2 A). Such aconditioniscaled a sol.
When the solution cools, gelatin now becomes the continuous phase and the water is in the
discontinuous phase. Moreover, now the solution has stiffened and becomes semisolid and is called

agel.

In gel state the molecules of
colloidal substance remain held to-
gether by various types of chemical

o b | - bonds or bond between H—H, C—H

" . or C—N. Thestability of gel depends
.-_..'l' Lo on the nature and strength of chemi-
o Rt cal bonds. Heating the gel solution

A B will causeit to become sol again, and

Fig.42. Sol and gel state of the cytosol. A—Sol conditionin | the phases are reversed. Under the

which gelatin particles are the discontinuous phase,
water the continuous phase; B—Gel condition in
which gelatin particles form continuous phase (net
work), enclosing water as discontinuous phase.

natural conditions, the phasereversal
of the cytosol (cytoplasmic matrix)
dependsonvariousphysiological, me-
chanical and biochemical activities
of the cell.

CHEMICAL ORGANIZATION OF CYTOSOL
(OR CYTOPLASMIC MATRIX)

Chemically, the cytoplasmic matrix is composed of many chemical elements in the form of

atoms, ions and molecules.

Chemical Elements

Of the92 naturally occurring elements, perhaps46 arefoundinthecytosol (cytoplasmicmatrix).
Twenty four of these are considered essentia for life (called essential elements), while others are
present in cytosol only because they exist in the environment with which the organism interacts. Of
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the24 essential elements, six play especially impor-
tant rolesin living systems. These major elements
are carbon (C, 20 per cent), hydrogen (H, 10 per
cent), nitrogen (N, 3 per cent), oxygen (O, 62 per
cent), phosphorus (P, 1.14 per cent) and sulphur (S,
0.14 per cent). Most organic molecules are built
with these six elements. Another five essential
elementsfound inlessabundancein living systems
are calcium (Ca, 2.5 per cent), potassium (K, 0.11
per cent), sodium (Na, 0.10 per cent), chlorine (Cl,
0.16 per cent) and magnesium (Mg, 0.07 per cent).
Severa other elements, called trace elements, are
alsofoundinminuteamountsinanimalsand plants,

(a) a person meditating; has a very
distinctive brain wave pattern

'JF.'.'.H.'IJI.I-.l I.IIII’I:LI.I'].'. =

(b) The brain wave pattern of the same
person while not meditating

...-+-I....I.-J.I .-I--_ l.-

lons, Nerve impulses and Meditation. Na* are
crucial to electrical activity in the brain, which can
be monitored and recorded.

All matter is composed of atoms. Photo of
individual atoms on the surface of a silicon
crystal developed by tunneling microscopy.

but are nevertheless essential for life. Theseareiron
(Fe, 0.10 per cent), iodine(l, 0.014 per cent), molyb-
denum (Mo), manganese (Mn), Cobalt (Co), zinc
(Zn), selenium (Se), copper (Cu), chromium (Cr), tin
(Sn), vanadium (V), silicon(Si), nickel (Ni), fluorine
(F) and boron (B).

lons

The cytoplasmic matrix consists of various
kinds of ions. Theionsareimportant in maintaining
osmoatic pressure and acid-base balancein the cells.
Retention of ionsin the matrix produces an increase
in osmotic pressure and, thus, the entrance of water
in the cell. The concentration of variousionsin the
intracellular fluid (matrix) differs from that in the
interstitial fluid. For example, in the cell K* and
Mg** can be high, and Na* and Cl—high outside the
cell. In muscle and nerve cells a high order of
difference existsbetweenintracellular K* and extra-
cellular Na*. Free calciumions (Ca*™) may occur in
cells or circulating blood. Silicon ions occur in the
epithelium cells of grasses. The free ions of phos-
phate (primary, H,PO,—and secondary, HPO, ™)
occur in the matrix and blood. These ions act as a
buffering system and tend to stabilize pH of blood
and cellular fluids. The ions of different cells also
include sulphate (SO, ), carbonate (CO; ), bicar-
bonate (HCO; ), magnesium (Mg**) and amino
acids. Cellular functions of certain ions have been
tabulated in Table 4-1.

Contents
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3):16) =i Cellular functions of certain ions. (Source: Sheeler and Bianchi, 1987).

Functions

Element lonic form present
1. Molybdenum MoO,*
2. Cobalt Co?
3. Copper Cut, Cu?*
4. lodine I-
(Heaviest
trace element)
5. Boron BO,*, B,O,*
6. Zinc Zn?*
7. Manganese Mn?*
8. Iron Fe?t, Fe?*
9. Magnesium Mg?*
10.  Sulphur SO,%
11.  Phosphorus PO, H,PO,
12.  Calcium ca?t
13. Potassium K*

Cofactor or activator of certain enzymes
(e.g., nitrogen fixation, nucleic acid metabolism,
adehyde oxidation).

Congtituent of vitamin B,,.

Constituent of plastocyanin and cofactor of respira-
tory enzymes.

Constituent of thyroxin, triiodothyronine
and other thyroid hormones.

Activates arabinose isomerase.

Cofactor of certain enzymes (e.g., carbonic anhy-
drase, carboxypeptidase).

Cofactor of certain enzymes (e.g., several kinases,
isocitric decarboxylase).

Constituent of haemoglobin, myoglobin and cyto-
chromes.

Constituent of chlorophyll; activates ATPase en-
zyme.

Constituent of coenzyme A, biotin, thiamine, pro-
teins.

Constituent of lipids, proteins, nucleic acids, sugar
phosphates, nucleoside phosphates.

Constituent of plant cell walls; matrix component of
bone tissue; cofactor of coagulation enzymes.

Cofactor for pyruvate kinase and K*- stimulated
ATPase.

Electrolytes and Non-electrolytes

The matrix consists of both electro-
lytes and non-electrolytes.

(i) Electrolytes. The electrolytes
play a vital role in the maintenance of
osmotic pressure and acid base equilib-
rium inthe matrix. Mg?* ions, phosphate,
etc., are good examples of the electro-
lytes.

(i) Non-electr olytes. Someof min-
eralsoccur inmatrix innon-ionizing state.
The non-electrolytesof thematrix are Na,
K, Ca, Mg, Cu, I, Fe, Mn, Fl, Mo, Cl, Zn,
Co, Ni, etc. The iron (Fe) occurs in the
haemoglobin, ferritin, cytochromes and
someenzymesascatalaseand cytochrome

lonic compound Molecule
.- | | .
1 AT:T By Bl
— | | p— n .I
I. 1

N H,0 in " H,0j4
| |
o T .
o e "u
o S 7 1
I'I- N " m" " "
Free ions Free ions Intact
electrolyte electrolyte (acid non-
(salt) or base) electrolyte

Fig. 4.3. Electrolytes and non-electrolytes.
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oxidase. The calcium (Ca) occurs in the blood, matrix and the bones. The copper (Cu), manganese
(Mn), molybdenum (Mo), zinc (Zn) are useful as cofactors for enzymatic actions. The iodine and
fluorine are essential for the thyroid and the enamel metabolism, respectively.

TYPES OF COMPOUNDS OF CYTOSOL

Chemical compounds are conventionally divided into two groups : organic and inorganic.
Organic compounds form 30 per cent of atypical cell, rest are the inorganic substances such aswater
and other substances.

Table 4-2 The approximate per centage composition of the human body
| (Source: Roberts, 1986).

Substance Per centage
1. Water 65
2. Protein 18
3. Fat 10
4. Carbohydrate 5
5. Other organic 1
6. Inorganic 1

INORGANIC COMPOUNDS

The inorganic compounds are those compounds which normally found in the bulk of the
physical, non-living universe, such as elements, metals, non-metals, and their compounds such as
water, saltsand variety of electrolytesand non-electrolytes. Inthe previous section, wehave di scussed
a lot about the inorganic substances except the water which will be discussed in the following

paragraph.
Water

The most abundant inorganic component of the cytosol isthe water (the notable exceptionsare
seeds, boneand enamel). Water constitutesabout 65 to 80 per cent of thematrix. Inthematrix thewater
occursintwo forms, viz, free water and bound water. The 95 per cent of thetotal cellular water is
used by the matrix as the solvent for various inorganic substances and organic compounds and is
known asfreewater. Theremaining 5 per cent of thetotal cellular water remainsloosely linked with
protein molecules by hydrogen bonds or other forces and is known as bound water .

Thewater contents of the cellular matrix of an organism depend directly on the age, habitat and
metabolic activities. For instance, the cell sof theembryo have 90to 95 per cent water which decreases
progressively inthecellsof theadult organism. Thecellsof lower aquati c animal scontain comparative
high percentageof thewater thanthe cellsof higher terrestrial animals. Further the percentage of water
in the matrix also varies from cell to cell according to the rate of the metabolism.

Molecular structure of water. The special physical properties of water are found in its
molecular structure. Water is formed by the combination of hydrogen and oxygen through the
formation of covalent bonds, in which atoms by sharing pairs of electrons, become linked together
(Fig. 4.4). Covalent bonds are strong chemical bonds between atoms and contain arelatively large
amount of chemical energy (110.6kilocal ories’Moleor 462 kilojoules/Mole€). In Figure4.4hydrogen
is shown with its one electron which it may share with an oxygen atom. Each oxygen atom has two
electrons which it may share with two hydrogen atoms.

Unique physical properties of water and their biological utility. There are severa
extraordinary properties of water that make it especially fit for its essentia rolein the protoplasmic
systems (i.e., cytosol or matrix). Some of the unique properties of water are the following :



1.Water asasolvent.
Waterismost stableyet ver-
satileof all solvents. Water's
properties as a solvent for
inorgani csubstancesasmin-
eral ions, solids, etc., and
organic compounds such as
carbohydratesand proteins,
depend on water’s dipole
nature. Because of this po-
larity, water can bind elec-
trostatically to both posi-
tively and negatively
charged groups in the pro-
tein. Thus, eachaminogroup
in aprotein moleculeis ca-
pable of binding 2.6 mol-
ecules of water. The sol-
vency is of great biological
importance because all the
chemical reactionsthat take
place in the cells do so in
aqueous solution. The wa-
ter also formsthe good dis-
persion medium for the col-
loidal system of the matrix.

2. Water’s thermal
properties. Water is the
only substance that occurs
in natureinthethree phases
of solid, liquid and vapour
withintheordinary range of
earth’s temperatures. Wa-
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Fig. 4.4. Structure of a water molecule : A— How two hydrogen

atoms share their single electrons with oxygen atom; B—
The hydrogen atoms position themselves to one side of the
oxygen, leaving a relatively negative cloud of electrons
exposed on other side. The electrons of the hydrogen are
maintained close to the oxygen, leaving the hydrogen rela-
tively positivesinceitsprotonisexposed; C— A tetrahedron
isformed due to formation of hydrogen bonds between four

water molecules.

ter hasahigh specific heat : it requires 1 calorie (4.185 joules) to elevate the temperature of 1 gram
of water by 1°C (suchasfrom15to0 16°C). Such ahighthermal capacity of water hasagreat moderating
effect on environmental temperature changes and is a great protective agent for all life.

Water al'so hasahigh heat of vaporization. It requires more than 540 cal ories (2259 joul es) to
change 1 gram of liquid water into water vapour. Thus, water tendsto have aremarkably high boiling
point (100° C) for asubstance of such low relativemol ecular mass. Wereit not for thislucky accident,
itislikely that liquid water would never have existed on earth and woul d have been | ost to outer space.
Further, for terrestrial plantsand animal s, cooling produced by theevaporation of water isanimportant
means of getting rid of excess heat. Moreover, at the other temperature extreme, large amounts of
energy (335joulesor 80 cal per gram) must belost for water to be converted fromtheliquidto thesolid
state. Thisiscalled heat of fusion.Water's melting point being 0° C.

Another important property of water from a biological standpoint is its unique density
behaviour during change of temperature. M ost liquids become continually more densewith cooling.
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Water, however, reachesitsmaximum density at
4° C and then becomes lighter with further cool -
ing. Therefore, ice floats rather than settling on
the bottom of |akes and ponds. This protectsthe
aquatic life from freezing.

3. Surface tension. Water has a high
surface tension. This property, caused by the
great cohesivenessof water molecul es, isimpor-
tant in the maintenance of protoplasmic form
and movement. Despiteitshigh surfacetension,
water haslow viscosity, a property that favours
the movement of blood through minute capillar-
iesand of cytoplasm inside cellular boundaries.

Molecules dissolved in water, lower its
surface tension and tend to collect at the inter-

A basilisk lizard runs across a pond, putting the
water’s surface tension to good use.

face between its liquid phase and other phases.
This may have been important in the development of the plasma membrane, and certainly plays an
important role in the movement of molecules acrossit.

4. Transparency. The water is transparent to light, enabling the specialized photosynthetic
organelles, thechloroplast, insidetheplant cell to absorb the sunlight for the processof photosynthesis.
ORGANIC COMPOUNDS

The chemical substances which contain carbon (C) in combination with one or more other
elementsashydrogen (H), nitrogen (N), sulphur (S), etc., arecalled or ganic compounds. Theorganic
compounds usually contain large molecules which are formed by the similar or dissimilar unit
structure known asthe monomers. A monomer (Gr., mono=one, meros=part) isthe simplest unit of
the organic molecule which can exist freely. Some organic compounds such as carbohydrates occur
in the matrix as the monomers. The monomers usually link with other monomersto form oligomers
(Gr., oligo=few or little, meros=part) and polymers (Gr., poly=many, meros=part). The oligomers
contain small number of monomers, while the polymers contain large number of monomers. The
oligomersand polymers contain large-sized mol ecul es or macromolecul es. When apolymer contains
similar kinds of monomersinitsmacromoleculeit isknown ashomopolymer and when the polymer
iscomposed of different kindsof mono-
mersitisknownastheheter opolymer.

Themain organic compounds of
the matrix are the carbohydrates, lip-
ids, proteins, vitamins, hormones and
nucleotides.

Carbohydrates

The carbohydrates (L.,
carbo=carbon or coal, Gr.,
hydro=water) are the compounds of
thecarbon, hydrogenandoxygen. They
form the main source of the energy of

all living beings. Only green part of
plants and certain microbes have the
power of synthesizing the carbohy-

Simple sugars: Many animals consume sugar like this
butterfly consuming nectar, a solution rich in glucose.
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drates from the water and CO, in the presence of sunlight and chlorophyll by the process of
photosynthesis. All the animals, non-green parts of the plants (viz, stem, root, etc.), non-green plants
(e.g., fungi), bacteria and viruses depend on green parts of plants for the supply of carbohydrates.

Chemically the carbohydrates are polyhydroxy aldehydes or ketones and they are classified as
follows:

A. Monosaccharides (Monomers), B. Oligosaccharides (Oligomers), and C. Polysaccharides
(Polymers).

A. Monosaccharides. The monosaccharides are the simple sugars with the empirical formula
Cn (H,0O)n. They areclassified and named according to the number of carbon atomsintheir molecules
asfollows:

(i) Trioses contain three carbon atoms in their molecules, e.g., glyceraldehyde and dihydroxy
acetone.

(i) Tetroses contain four carbon atomsin their molecules, e.g.,erythrulose and erythrose.

(ii1) Pentoses contain five carbon atomsin their molecules, e.g., ribose, ribul ose, deoxyribose,
arabinose and xylulose.

(iv) Hexoses contain six carbon atomsin their molecules, e.g., glucose, mannose, fructose and
galactose.

(V) Heptoses contain seven carbon atoms in their molecules, e.g., sedoheptul ose.

The monosaccharides usualy exist as isomers. For example, three hexose sugars—glucose,
fructose, and galactose, contain the
same number of carbon, hydrogen and
oxygenatoms(i.e., CsH,,0p), but they
are different sugars because of differ- B
ent arrangements of the atoms within
the molecules. Glucose and galactose
areoptical isomersor sterecisomers.
If a carbon atom is present in a mol-
ecule which has four different chemi-
cal groupsbondedtoit, thegroupscan
be arranged in two distinct spatial ar-
rangements about the carbon atom
(such a carbon atom is often called £
asymmetriccar bon atom). Thesetwo
different arrangements are known as
the mirror-images and a convenient
example of such mirror-image struc-
tures are the two human handswhich areidentically structured but which cannot be superimposed on
each other. Thetwo isomers are designated as ‘D’ or ‘L’ by analogy to D— and L— glyceraldehyde,
which are aldotrioses.

Most of the monosaccharides are optically active, meaning that their asymmetric carbon ()
causetherotation of planeof polarisedlight. Mol ecul esthat rotatethe planeof polarizationtotheright,
asonefacesthelight source, arecalled dextrorotatory and aredesignated d or (+), whilethe opposite
caseislevorotation, designated | or (-). It isimportant to remember that the capitals D and L refer
to structure, whereas the lower case d and | refer to optical activity established before the structure
could be determined (see Dyson, 1978). Thus, one sees references to D (+) -glucose, also called
dextrose. and D (-) -fructose, also called levulose.

Simple carbohydrates: sugarcanes store large
guantities of sucrose in special cells.
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Further, for the sake .

of simplicity, sugars can be Y
represented in a linear| pc=0 H,C— OH CHzOH H|C=O IC —H
straight chain form| | | |

. _ C=0 c=0 HC = OH H—C—OH
(Fig. 4.5). Infact, however, F{C OH | | | |
themoreimportant configu- |H,C —OH  H,C —OH H—C—OH H|C = OH H— |C —
rationisthecyclicone; itis H_é —OH  HC—OH H—C—OH
anisomer having an oxygen | l |
bridge between two of the CH2OH HoC—OH nl= (l: —OH
carbons. Ring formationin- CH2OH
troduces a new asymetric .

. Ribulose) (Ribose) (D. Glucose)
carbon at position one. The @m—se_)\(ﬁm’se)) (\'__,)\(f_J - —
stereochemistry of (Triose) (Pentose) (Hexose)
monosaccharides is such Fig. 4.5. Structure of some monosaccharides.

that theringformediseither
five- or six- membered; a seven-membered ring would involve too much strain. In pentose (five-
carbon) sugars such asribose, afive-membered furanoseringisformed. In hexoses such asfructose
and glucose, a six-membered pyranosering isformed (Fig. 4.6). A useful way of representing the
ring-structures of sugars was proposed by Haworth (1927). The pyranose or furanose ring is
considered to be in the plane perpendicular to the plane of the paper; thus, in gluco-pyranose, carbon
atom 2 and 3 arein front of the paper, and carbon atom 5 and the ring oxygen lie behind the plane of
the paper. The substitute groups are either above or below the plane of the ring (see Ambr ose and
Easty, 1977).

HO CHg H

4KH
H[3 2 OH

OH OH

(o

Fig. 4.6. Ring structures of monosaccharides proposed by Haworth. A—Glucose; B— Fructose; C—Ribose
(after Ambrose and Easty, 1977).

The monosaccharides are the monomers and cannot split further or hydrolysed into the simpler
compounds. The pentoses and hexoses are the most abundantly occurring monosaccharides of the
matrix.

The pentose sugar, ribose istheimportant constituent molecule of the ribonucleic acid (RNA)
and certain coenzymes as nicotinamide adenine dinucleotide (NAD), NAD phosphate (NADP),
adenosinetriphosphate (ATP) and coenzyme A (CoA). Another pentose sugar the deoxyriboseisthe
important constituent of the deoxyribonucleic acid (DNA). Theribulose isapentose sugar whichis
necessary for photosynthetic mechanism.

Theglucose, ahexosesugar, isthe primary source of theenergy for thecell. The other important
hexose sugars of the matrix are the fructose and galactose.

B. Oligosaccharides. The oligosaccharides consist of 2 to 10 monosaccharides (monomers) in
their molecules. The monomers remain linked with each other by the glycosidic bonds or linkages.
Certain important oligosaccharides are as follows :
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(i) Disaccharidescontaintwomonomers,
CH20H CH20H e.g., sucrose, maltose, lactose, etc.
(ii) Trisaccharides contain three mono-
H O mers, e.g.reffinose, mannotriose, rabinose,
H H rhaminose, gentianose and melezitose.
(iii) Tetrasacchar idescontainfour mono-
mers, e.g.,stachyose and scordose.
OH (iv) Pentasaccharidescontainfivemono-
H OH i o mers, e.g., verbascose. _ _

Fig. 4.7. Chemical formulaof lactose. The most abundant ollgosa(_:charld0§ of
the animal and plant cells are the disaccharides
such as sucrose, maltose and lactose. The su-

crose and maltose occur mainly inthe matrix of plant cells, whilethelactose occursexclusively inthe
matrix of animal cells. The molecules of sucrose are composed of D-glucose and D-fructose. The
mol ecules of maltose consist of two molecules of D-glucose. The molecul es of lactose are composed
of twomonomers, viz., D-glucoseand D-gal actose. Likemonosaccharidesall disaccharidesaresweet,

soluble in water and crystallizable.
C. Polysaccharides. The polysaccharides Aol CH,0H
are composed of ten to many thousands monosac-
charidesasthemonomersintheir macromol ecul es. O H
Their empirical formulais (CgH,,Og)n. The mol-
ecules of the polysaccharides are of colloidal size oH II|.OH
having high molecular weights. The polysaccha- .
rides can be hydrolysed into simple sugars.
Polysaccha- o
CH,OH rides can be divided OH H  OH
o 0 K into two main func- Fig. 4.8. Chemical formula of maltose.
o L tional groups : the
.;.OH structural polysac-
charides and the nutrient polysaccharides. The structural polysaccha-
e rides serve primarily as extracellular or intracellular supporting ele-
H HO ments. Included in this group are cellulose (found in plant cell wall),
mannan (ahomopolymer of mannose found in yeast cell walls), chitin
0 (in the exoskeleton of arthropods and the cell walls of most fungi and
some green algae), masses of
- hyal uronic aci d, "
=0 keratin sulphateand globules
L .':. chondroitin  sul-
H  HO. phate (thesethreeare S
H GOl foundin cartilageand
OH H other connective tis-

sues) and the
peptidoglycans (in
bacterial cell wall).
Thenutrient polysaccharides serve asreserves of e ]
monosaccharides and are in continuous metabolic - L ! B ol
turnover. Included in this group are starch (plant =

cellsand bacteria), glycogen (animal cells), inulin | starch is an energy-storage polysaccharide made

Fig. 4.9. Chemical
formula of sucrose.

(plants such as artichokes and dandelions) and of glucose subunits.
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paramylum (an unbranched nutrient and storage ho-
mopolymer of glucose found in certain protozoa, e.g.,
Euglena).

Molecules of some polysaccharides are un-
branched (i.e., linear) chains whose structure may be
ribbon-like or helical (usualy a left-handed spiral).
Other polysaccharides are branched and, like many
proteins, assume a globular form.

Onthechemical basis, thepolysaccharidescanbe
dividedintotwo broad classes: thehomopolysaccharides
and the heteropolysaccharides.

T.S of adipose cells of a mammal
where fat is stored.

Homopolysaccharides. The homopoly-
saccharides contain similar kinds of monosac-
charidesintheir molecules. Themostimportant
homopolysaccharides of the matrix are the
starch, glycogen, paramylum and cellulose.

(a) Starch. Starch is a nutrient, storage
polysaccharide of plant cells (e.g., potato tu-
bers). It usually occursin cells in the form of
grainsor granules(they arelocated inside the
spherical plastids). Starch granules contain a mixture of two different polysaccharides, amylose and
amylopectin, and the relative amounts of these two polysaccharides vary according to the source of
thestarch. Amyloseisan unbranched 1—4 polymer of glucose and may be several thousand glycosyl

Glycogen granules in a liver cell.
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Fig. 4.10. A— Left-handed helix formed by the amylase polysaccharide; B—"Bush”- or “tree-like’
structureof theglycogen molecule. Glucoseunitsarerepresented by circlesandthebranch points
(i.e., 1— 6 linkages) by heavier connections. The A chains are shown by open circles. The B
chains are shown in thelight shaded circles. The C chainis shown in dark shade. The reducing
end (—OH group containing end) is denoted by the letter R.
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unitslong. The polysaccharide chain existsin the form of aleft-handed helix containing six glycosyl
residues per turn (Fig. 4.10 A). The familiar blue colour that is produced when starch is treated with
iodineisbelievedtoresult fromthe coordination of iodineionsintheinterior of the helix. (Infact, such
a colour reaction occurs when helix contains minimum six helical turns or 36 glycosyl units).
Amylopectinisglycogen-likeandisabranched polysaccharide containing many 1—4- andfew 1—6-
linked glucosyl units.

(b) Glycogen. Glycogen or animal starch isabranched, nutrient, storage homopolysaccharide
of all animal cells, certain protozoaand algae. Itisparticularly abundant inliver cellsand musclecells
of man and other vertebrates. Glycogen ismore solublethan starch and existsin the cytoplasm astiny
granules. Glycogen molecules exist in a continuous spectrum of sizes, with the largest molecules
containing many thousands (e.g., 30, 000) of glucose or glycosyl units. Each glycogen molecule
consists of long, profusely branched (* bush’-or ‘tree-like' structure; Fig. 4.12B) chains of a.-glucose
molecules. The glycosidic bonds are established between carbon 1 and 4 of glucose (i.e., o-1—4
linkages) except at the branching points, whichinvolvelinkages between carbon 1 and 6 (i.e., o-1—6
linkages) (Fig. 4.11). A glycogen molecule containsthreetypesof chains— A, B and C. Thereisonly
one C chain which bears many B and A chains and endsin the free reducing group (i.e., carbon 1 of
glucose at the end of C chain bears ahydroxyl or OH group). The B chains are attached directly to
Cchainandbear oneor moreA chains.

The A chain may also belinked to the . u
C chain. [ i
(C) Cellulose. Celluloseismost L '1

common and abundant biological
product on earth. It isamajor compo-
nent of cell wallsof plantsandisalso
found in the cell walls of algae and .
fungi. Cellulose is an unbranched = O F
(straight) structural polysaccharide of
glucose in which the neighboring
monosaccharidesarejoined by f-1—4

hydrogen bonds
cross-linking
cellulose molecules

CH,OH H OHs  CH,OH
.‘) — FO
e o on HEL PR . 102 7OH d i i
0" OH .H HIH = O H HIH H g o . bundle of cellulose
— = I individual cellulose fibre
H OH CH,OH H OH CH,OH celluose molecules molecules

Cellulose structure and function.




82 CELL BIOLOGY
glycosidic bonds. Chain
CHZO('; {-H-0H CH,OH CH,OH | lengthsvary fromseveral
" I - S J =, . 0 | hundred to severa thou-
- _:_0H _1. o r 1 . O'F " "o .- ': * | sand glycosyl units (e.g.,
7 -i)i } nOH " OH | in the agae Valonia, a
| | single molecule of cellu-
OH ol OH OH | lose may contain more
than 20,000 glycosyl
Fig. 4.12. Chemical formula of cellulose. units). Inacellulosemol-

eculesuccessivepyranose
rings are rotated 180° relative to one another so that the chain of sugars takes on a “flip-flop”
appearance (Fig. 4.12). Duetothis, the OH groups of sugar molecul es stick outwards from the chain
in al directions which can form hydrogen bonds with OH groups of neighbouring cellulose chains,
thereby establishing a kind of three-dimensional lattice. Thus, in plant cell walls 2000 cellulose
mol eculesare organized into cross-linked, parallel micr ofibrils(having 25 nm diameter), whoselong
axisisthat of theindividual glucose chain.

(d) Chitin. Chitinisan extracellular structural polysaccharidefound inthe cell walls of fungal
hyphae and the exoskeleton of arthropods. The chemical structure of chitinis closely related to that
of cellulose; the differenceisthat the hydroxyl group of each number 2 carbon atomisreplaced by an
acetamidegroup. Hence, chitinisan unbranched polymer of N-acetylglucosaminecontaining several
thousand successive aminosugar units linked by B-1—4
glycosidic bonds.

The plant cells besides containing starch and the
cellulose contain other polysaccharides such as xylan,
alginic acids (algae), pectic acids, inulin, agar-agar and
hemicellulose. Of these, some polysaccharides provide
mechanical support to the cell, while others are used as
stored food material.

Heter opolysac-charides. Thepolysaccharideswhich
are composed of different kinds of the monosaccharides
and amino-nitrogen or sulphuric or phosphoric acids in
their molecul es are known as heteropolysac-charides. The
most important heteropolysaccharides are as follows:

(a) Hyaluronic acid, keratin sulphate and chon-

Tough, slightly flexible chitin

droitin sulphate. Cartilage tissue contains the related
acidicheteropolysaccharidessuchashyaluronicacid, kera-

supports the otherwise soft
bodies of arthropods and fungi.

CH,OH CH,OH CH,OH CH,OH CH,OH

(¢} (0] 0] () (0]

e} (¢}

OH 0 K oH O\ oH OH OH S

NH I\IIH i\lH Il\lH ;\IH

(13 =0 cC=0 c=0 c=0 C|) =10

l l | l b

CHs CHs CHg CHg 3

Fig. 4.13. A small segment of achitin molecule.
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tin sul phateand chondroitin sulphate. Hy-
aluronic acid is an unbranched
heteropolysaccharide containing repeat-
ing disaccharidesof N-acetylglucosamine
(or D-glucosamine) and glucuronic acid.
Inaddition to cartilage, hyaluronic acidis
also found in other connective tissues, in
the synovial fluid of joints, inthevitreous
humor of theeyes, and alsointhecapsules
that enclose bacteria.

Keratin sulphate, like hyaluronic
acid, is arepeating disaccharide forming
an unbranched chain. Each disaccharide
unit of the polysaccharide consists of D-
galactose and sulphated N-acetylgluc-
osamine. It is found in cartilage and
cornea.

Chondroitin sulphate is a repeat-
ing disaccharide consisting of alternating
glucuronic acid and sulphated N-acetyl
galactosamine residues. It is found in
cartilage, bone, skin, notochord, aortaand
umbilical cord.

(b) Heparin. Heparin is a blood
antlcoaQUIant andfoundintheskin, liver, Chitin is a primary component of the glistening outer
lung, thymus, spleen and blood. Its mol- skeleton of this grasshopper.
ecule contains the repeated disaccharide
units, each having D-glucuronic acid and D-glucosamine.

(c) Proteoglycans, glycoproteins and glycolipids. Polysaccharides also occur in covalent
combination with proteins and lipids, to form the following three types of molecules :

(1) Proteoglycans. The molecules of proteoglycans consist of much longer portion of polysac-
charide and a small portion of protein. They are also called mucoproteins (De Robertis and De
Robertis, Jr., 1987). The proteoglycans are amorphous and form gels which are able to hold large
amounts of water.

The cartilage proteoglycan is found extracellularly in cartilage and bone. In its molecule,
strands of protein, called cor e protein, extend radially fromalong, central hyaluronic acid molecule.
In each core protein strand, three carbohydrate bearing regions may be identified. The first region
contains numerous oligosaccharides, the second region contains keratin sul phate chains and the third
region containschondroitin sulphate chains. Thisarrangement givescartilageitsresilienceandtensile
strength.

(i) Glycoproteins(or glycosaminoglycansor mucopolysacchar ides). Inthese molecul es, the
carbohydrate portion consists of much shorter chainswhich are often branched. Glycoproteins serve
diverserolesin cellsand tissues and include certain enzymes, hormones, blood groups, saliva, gastric
mucin, ovomucoids, serum, albumins, antibodies or immunoglobins (see Table 4.3).

(ii1) Glycolipids. These molecules are covaent combinations of carbohydrate and lipid. The
carbohydrate portion may be asinglemonosaccharideor alinear of branched chain. Glycolipidsform
the component of most cell membranes, e.g., cerebrosides and gangliosides.
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Table 4-3. Carbohydrate content of glycoproteins (Source: Sheeler and Bianchi, 1987).

Glycoprotein Per centage of Function
carbohydrate
1. Ovabumin 1 Hens-egg food reserve
2. Follicle-stimulating 4 Hormone
hormone (FSH)
3. Fibrinogen 5 Blood coagulation protein
4. Transferrin 6 Iron transport protein of blood
plasma
5. Ceruloplasmin 7 Copper transport protein of
blood plasma
6. Glucose-oxidase 15 Enzyme
7. Peroxidase 18 Enzyme
8. Luteinizing 20 Hormone
hormone
9. Heptoglobin 23 Haemogl obin-binding protein
of blood plasma
10. Erythropoietin 33 Hormone
11. Mucin 50-60 Mucus secretion
12. Blood-group 85 Unknown
glycoprotein

Lipids (Fats)

The lipids (Gr., lipos=fats) are the organic compounds which are insoluble in the water but
soluble inthe non-polar organic solvents such as acetone, benzene, chloroform and ether. The cause
of this general property of lipids is the predominance of long chains of aliphatic hydrocarbons or
benzene ring in their molecules. The lipids are non-polar and hydrophobic. The common examples
of lipids are cooking oil, butter, ghee, waxes, natural rubber and cholesteral. Like the carbohydrates,
lipids serve two major rolesin cells and tissues : 1. They occur as constituents of certain structural
componentsof cellssuchasmembranousorganelles; plant pigmentssuch ascar otenefoundin carrots
and lycopene that occursin tomatoes; vitaminslike A, E and K; menthol and eucalyptus oil; and (2)

(a) Fat is an efficient way to
store energy.

they may be stored within cellsasreserve energy sources. Likethe
starch and glycogen, fat is compact and insoluble and providesa
convenient form in which energy-yielding molecules (the fatty
acids) can be stored for use when occasion arises.

Lipids are all made of carbon, hydrogen and sometimes

(b) Wax is a highly saturated lipid.

oxygen. Thenumber of oxy-
gen atoms in a lipid mol-
ecule is aways small com-
pared to the number of car-
bonatoms. Sometimessmall
amounts of phosphorus, ni-
trogen and sulphur are also
present. Natural fatsand oils
are compounds of glycerol
(i.e., glycerine or propane-
1,2, 3triol) and fatty acids.
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They are esters which are formed due to reaction of organic acids with
alcohols. Thereisonly onekind of glycerol : itsmolecular configuration
shows no variation and it is exactly same in all lipids. The formula of H-
glycerol is C;HgO, and following isits molecular structure :

Fatty acids. A fatty acid molecule is amphipathic and has two H
distinct regions or ends:. along hydrocar bon chain, whichishydropho-
bic (water insoluble) and not very reactive chemically, and a car boxylic
acid group whichisionized in solution (COO~), extremely hydrophilic
(water soluble) and readily forms esters and amides. In neutral solutions,
salts of the fatty acids form small spherical droplets or micellesin which
the dissociated carboxyl groups occur at surface and the hydrophobic carbon chains project towards
the centre. In cells, the fatty acids only sparingly occur freely; instead, they are esterified to other
components and form the saponifiable lipids.

A fatty acid molecule may be either saturated or unsaturated. Thesatur ated fatty acidsconsist
of long hydrocarbon chains terminating in a carboxy! group and conform to the general formula:

CH; - (CH,),— COOH

In nearly all naturally occurring fatty acids, nisan even number from 2 to 22. Inthe satur ated
fatty acids, most commonly found in animal tissues, n is either 12 (i.e., myristic acid), 14 (i.e,
palmiticacid) or 16 (i.e., stearicacid). Inunsaturated fatty acids, at least two but usually no more
than six of the carbon atoms of the hydrocarbon chain are linked together by double bonds (- C= C
-), eg., oleic acid, linoleic, linolenic, arachidonic and clupanadonic acids. Double bonds are
important because they increase the flexibility of the hydrocarbon chain, and thereby the fluidity of
biological membranes. Unsaturated fatty acids predominatein lipids of higher plantsand in animals
that live at low temperatures. Lipidsin thetissues of animalsinhabiting warm climates contain larger
guantities of saturated fatty acids.

Essential fatty acids. Someanimals, especially mammals, areunableto synthesize certain fatty
acids and, therefore, require them in their diet. They are called essential fatty acids and include
linoleic acid, linolenic acid and arachidonic acid. Such essential fatty acids haveto be obtained from
plant material by the animal.

Typesof lipids. Thelipids are classified into three main types: 1. simplelipids, 2. compound
lipids and 3. derived lipids.

1. Simplelipids. The simple lipids are alcohol esters of fatty acids:

Lipase
Triglyceride ——— Glycerol + 3 Fatty acids.
(Simplelipids) H,O

©)

H

o
T

H

©)

H
|
C -
|
C-
|
Cll— H

H
Glyceroal

Simple lipids are also of following two types:

(a) Neutral fats (Glyceridesor triglycerides). They are triesters of fatty acids and glycerol.
Neutral fats represent the major type of stored lipid and so accumulate in the cytoplasm.

(b) Waxes. Waxes have ahigher melting point than neutral fats and are the esters of fatty acids
of high molecular weight withtheal cohol except theglycerol. The most important constituent alcohol
of the molecules of waxesisthe cholesteral, e.g., bees wax.

2. Compound lipids. The compound lipids contain fatty acids, alcohols and other compounds
as phosphorus, amino-nitrogen carbohydrates, etc., in their molecules. Some of the compound lipids
areimportant structural componentsof thecell, in particular of cell membranes. The compound lipids
of the cell are of the following types :
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() Phospholipids (or Glycerophos-phatides).
Such type of lipids form the major constituent of cell
membranes. In amolecule of phospholipid two of the
—OH or hydroxy! groupsinglycerol arelinkedtofatty
acids, whilethethird—OH groupislinked to phospho-
ric acid. The phosphate is further linked to a hydro-
philic compound such asetanolamine, choline, inosi-
tol or serine. Each phospholipid molecule, therefore,
has hydrophobic or water-insoluble tail which is com-
posed of two fatty acid chains and a hydrophilic or
water-soluble polar head group, wherethe phosphateis
located. Thus, in effect the phospholipid moleculesare

Waxes give plums their delicate whitish detergents, i.e., whenasmall amount of phospholipidis
S0 EVe) S S EIRUS e Vs spread over the surface of water, there forms a mono-
layer film of phospholipid molecules; in thisthin film,
tail regions pack together very closely facing theair and
their head groups are in contact with the water (Fig.
4.14). Two such films can combinetail totail to makea
phospholipid sandwich or self-sealing lipid bilayer,
which is the structural basis of cell membranes.

Various membranes of cell contain the following
four typesof phospholipids: 1. phosphatidyl cholineor
lecithin; 2. phosphatidyl ethanolamine or cephalin;
3. phosphatidy! serine; and 4. phosphatidyl inositol.
The other important phospholipids of the matrix are the
phosphoinositides (occur mostly in the cells of liver,
brain, muscleand soyabean), plasmal ogensandisositides.
Plasmal ogensareaspecial classof phospholipidswhich
are especially abundant in the membranes of nerve and
muscle cells and are also characteristic of cancer cells. A soap micelle.

L iposomes. When aqueous suspensions of phos-
pholipids are subjected to rapid agitation by using ultrasound (i.e., insonation), the lipid dispersesin
thewater and formsliposomesor lipid vesicles. Liposomesare small spherical bodies(25nmto1um
indiameter) whose surfaceisformed by abilayer of phospholipid moleculesenclosingasmall volume
of the aqueous medium. They exhibit many of the permeability properties of natural membranes, i.e.,
water soluble small moleculesor ions can be enclosed by the liposomesand they can also traversethe
lipid bilayer of latter. Recently, liposomes have been found to have great therapeutic promise, since,
they can be used as vectorsfor the transfer of specific drugs, proteins, hormones, nucleic acids, ions
or any other molecul e into the specific types of animal cells. The contents of the liposomes can enter
thetarget cellsby two routes: 1. Theliposomes can attach to the surface of target cellsand may fuse
withtheplasmamembrane, following whichtheir contentsarerel easedintothecytosol or cytoplasmic
matrix. 2. The entire liposomes may be endocytosed and degraded intracellularly (see Sheeler and
Bianchi, 1987).

(if) Sphingolipids. The sphingolipids occur mostly in the cells of the brain. Instead of the
glycerol, they contain in their molecules amine a cohol (sphingol or sphingosine). For instance, the
myelin sheaths of the nerve fibres contain a lipid known as sphingomyelin which contains
sphingosine and phospholipidsin its molecules.

(ii1) Glycalipids. The glycolipids contain in their molecules the carbohydrates and the lipids.
The matrix of theanimal cells containstwo kinds of glycolipids, viz, cerebrosides and gangliosides.

(a) Cerebrosides. The cerebrosides contain in their molecules sphingosine, fatty acids and
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galactose or glucose. The cerebrosidesaretheimportant lipids of thewhite matter of thecellsof brain
and the myelin sheath of the nerve. The important cerebrosides are the kerasin, cerebron, nervon and
OXynervons.

(b) Gangliosides. The gangliosides have complex molecules which are composed of sphin-
gosing, fatty acidsand one or more mol ecules of glucose, lactose, galactosamine and neuraminic acid.
The gangliosides occur in the grey matter of the brain, membrane of erythrocytes and cells of the
spleen. Gangliosides act as antigens.

One type of ganglioside, called GM 2, may accumulate in the lysosomes of the brain cells
because of agenetic deficiency that resultsin the failure of the cellsto produce alysosomal enzyme
that degrades this ganglioside. This condition is called Tay-Sachs disease and leads to paraysis,
blindness and retarded development of human beings.

3. Derived lipids (or Nonsaponifiable lipids). Some type of
lipids do not contain fatty acids in their constituents and they are of
following three types :

A. Terpenes. Theterpenesinclude certain fat-solublevitamins
(e.g., vitamins A, E and K), carotenoids (e.g., photosynthetic pig-
ments of plants), and certain coenzymes (such as coenzyme Q or
ubiquinone). All theterpenesare synthesized from various numbers of
a five-carbon building block, called isoprene unit (Fig. 4.17). The

isoprene units are bonded together in ahead-to-tail organization. Two | Chlorophyll present in green
isoprene units form a monoter pene, four form a diterpene, six a p'ar"(t_s a;‘; reSpo?St'b'egor
triterpene, and so on. The monoterpenes are responsible for the maxing tnem autotropns.
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Fig. 4.14. Formation of varioustypesof |ipid aggregates. A—Schematic representation of aphospho-
lipid molecule; B—Formation of micelle and monolayer film; C— Formation of a fat
droplet by triglycerides; D—Formation of self - sealing lipid bilayer (e.g., liposome); E—
Cross section of aliposome (after Alberts et al., 1989).
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CH
| ’ CH4(CH,);,—CH=CH — CH— CH —CH,
(cl:H2)12
ﬁH OH NH, OH
(|:H Fig. 4.16. Chemical formula of sphingosine.
CH—OH
ﬁ CH,
CH—NH—C—R |
C—CH=CH,
D ) |
CH,— 0 — IP — CH,CH,— N(CH,), CH,
o
Fig. 4.15. General chemical formula of Fig. 4.17. Isoprene.
sphingomyelin.
characteristicodoursandflavoursof plants
(e.0., geraniol from geraniums, menthol (IIH3
from mint and limoneme from lemons). CH, CH,
Dalicol phosphate is a polyisoprenoid |
(i.e., long chain polymer of isoprene) and J——
is used to carry activated sugars in the HC o T
membrane-associated synthesis of glyco- N
proteins and some polysaccharides. CH, = CHmm— = CH,
The car otenoids are the compound N Mg N
lipids and they form the pigments of the "
animal and plant cells. There are about 70 CH, "
carotenoidsoccurringinbothtypesof cells. e, - c=0
Theimportant carotenoids of cellsarethe HC - N c™=C
o, B and vy carpteln%,_retl nene, xgnth(?- H I I H coocH,
phylls, lactoflavin in milk, riboflavin (vi- CH H
tamin B,), xanthocyanins, coenzyme Q, 8 f 2
anthocyanins, flavones, flavonols and sz
flavonones, etc. Chemically all carotenoids
are long-chain isoprenoids having an al- COOCHs
ternating series of double bonds. They are Fig. 4.18. Chemical formula of chlorophyll.

synthesized by plant tissues and are lo-
cated in the chloroplast lamellae to help in light absorption during photosynthesis. In animal cells,
carotenoids serve as precursors of vitamin A.

The chlorophylls are essential photosynthetic green pigments of the chloroplasts. A chloro-
phyll molecule (Fig. 6.18) consists of a head and atail. The head consists of a porphyrin ring or
tetrapyrrole nucleus from which extends a hydrophobic tail which is made up of a 20-carbon
grouping, calledthephytol. Phytol (C,, H,,) isalongstraight- chainal cohol containingasingledouble
bond. It may be regarded as a hydrogenated carotene (vitamin A). The porphyrins (Gr., porphyra =
purple) are complex carbon-nitrogen moleculesthat usually surround ametal, i.e., it isformed from
four pyrrol rings linked together by methane bridges and metal atom (Mg or Fe) islinked to pyrrol

Contents



rings. In chlorophyll molecule, the porphyrin sur-
rounds a magnesium ion, while in haeme of haemo-
globin, it surrounds an iron ion (Fig. 4.19). Many
other pigmentsof animal cellssuchasmyoglobin and
cytochr omeshaveporphyrinringsintheir molecules.

B. Steroids. The steroids consist of asystem of
fused cyclohexane and cyclopentane rings. All are
derivative of perhydro - cyclopentano - phenan-
threne, which consists of three fused cyclohexane
rings and a terminal cyclopentane ring (Fig. 4.20).
Steroids have widely different physiological charac-
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Fig. 4.19. Chemicd formulaof haeme portion of haemoglobin.
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CH,

Some body builders endanger their health
by taking ‘steroids’.

ergosterol and stigmasterol found in plants. Cholesterol
(Fig. 4.21) isfoundin the plasmamembrane of many animal
cells and also in blood, bile, gallstone, brain, spinal cord,
adrenal glands and other cells. It is the precursor of most
steroid sex hormones and cortisones. 7- dehydr o-choles-
terol is found in the skin where it is responsible for the
synthesis of vitamin D in the presence of sunlight. Er gos-

terol isalso aprecursor of vitamin D.

teristics. For example, some steroids are
hor mones(e.g., sex hormonessuch asestro-
gen, progesterone, testosterone and cortico-
sterone) and affect cellular activities by in-
fluencing gene expression. Some steroids
are vitamins (e.g., vitamin D,) and influ-
ence the activities of certain cellular en-
zymes. Some steroids (e.g., cholic acid) are
fat emulsifier found in the bile.

Alcohols of the steroids are called
sterols. The common examples of the ste-
rols are cholesterol found in animals and

Fig. 4.20. Cyclopentano-perhydro-phenanthrene
nucleus of the steroids.

C. Prostag-
landins. Hy-
droxy de-
rivatives of -

20-carbon Cholesterol plug in artery

polyunsatu-
rated fatty acids are called prostaglandins. They are
found in human seminal fluid, testis, kidney, placenta,
uterus, stomach, lung, brain and heart. There are six-
teen or more different prostaglandins, falling into nine
classes (PGA, PGB, PGC .....PGI). Their main func-
tionisbinding of hormonesto membranesof thetarget
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Fig. 4.21. Chemical formulaof cholesterol.
Proteins

Of all themacromoleculesfoundinthecell, the proteinsare
chemically and physically more diverse. They are important
constituentsof the cell forming morethan 50 per cent of thecell’s
dry weight. The term protein was coined by Dutch chemist G.J.
Mulder (1802—1880) and isderived from Greek word proteios,
which means “of the first rank”.

Proteinsserveasthechief structural material of protoplasm
and play numerous other essential rolesin living systems. They
form enzymes—globular proteins specialized to serve as cata
lysts in virtually all biochemical activities of the cells. Other
proteins are antibodies (immunoglobulins), transport proteins,
storage proteins, contractile proteins, and some hormones. In
every living organism, there are thousands of different proteins,
each fitted to perform a specific functional or structural role.
Indeed, a single human cell may contain more than 10,000
different protein molecules. Chemically, proteinsare polymersof
amino acids.

1. Amino acids. Nobel Laureate Emil Fischer (1902)
discovered that all proteins consist of chains (linear sequence) of
smaller units that he named amino acids. There are about 20
different amino acids (Table 4.4) which occur regularly as con-
stituents of naturally occurring proteins. An organic compound
containing one or more amino groups (—NH,) and one or more
carboxyl groups (—COOH) is known as amino acid. The amino
acidsoccur freely inthe cytoplasmic matrix and constitute the so

cells. Being local chemical me-
diators, prostaglandins are con-
tinuously synthesized in mem-
branes from precursors cleaved
from membrane phospholipids
by phospholipases. Their other
important functionsincludeini-
tiation of contraction of smooth
muscles (thus, helping in child-
birth), aggregation of platelets
and inflammation (i.e., arthri-
tis) (see Albertset al., 1989).

o-amino

group a-carbon
—
H H (0]
i i | next amino
praici:gciirl]npg)ritrg::o H—N—C—C—OH acid in protein
[ —=
a-carboxyl
side chain 7 group

Fig. 4.22. Basic structure of an amino acid.

(©
Common structural proteins
include those of (a) hair,
(b) horn and (c) spider web.

called amino acid pool. Of the
20 commonly occurring amino
acids, 19 may be represented by
the following general formula
(Fig. 4.22).
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The sole exceptionis proline, where the amino group forms part of aring structure. The central
or alpha carbon atom of each amino acid is covalently bonded to four groups: (1) A hydrogen atom,
(2) anamino group (—NH,), (3) anacid (or carboxyl) group, and (4) aside chain called an R-group.
It isthe particular chemical structure of the R-group that distinguishes one amino acid from another.
Thenameand structural formulae of theamino acidsthat regularly occurinproteinsaregivenin Table
4-4,

10=10) SR8 The 20 - naturally occurring amino acids.

Group of amino acid Name of the amino acids, symbols and chemical formulae

A. Aliphatic amino acid

I. Monoaminomonocar- | 1. Glycine (Gly, G H—CH—COOH
boxylic amino acids |
or simpleamino acids. NH,

2. Alanine (Ala, A) CH3—(‘iH—COOH

NH,
3. Vdine(va,V)
CH,
\CH—CH—COOH
CHj NH,
4. Leucine(Leu, L)
CH,
CH— CHZ—C|H—COOH
CH, NH,

5. Isoleucine(lle, I)
CH,—CH 2—/CH—CH—COOH

CH, NH,
I1. Monoamino- 6. Asgpartic acid (Asp, D)
dicarboxylic or HOOC—CH,—CH—COOH
acidic amino acids. |
NH,

7. Glutamic acid (Glu, E)
HOOC—CHZ—CHZ—C|:H—COOH

NH,
I11. Diamino-mono- 8. Lysine(Lys, K)
carboxylic or H,N—CH,—CH,—CH,—CH,—CH—COOH
basic amino acids. |
NH,
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Group of amino acid

Name of the amino acids, symbols and chemical formulae

1V. Hydroxyl con-
taining amino
acids.

V. Sulphur containing
amino acids.

B. Aromatic amino
acids.

C. Secondary amino
acids.

9. Arginine (Arg, R)
NH
I
H,N—C—N H—CHZ—CHZ—CHZ—ClH—COOH

NH,
10. Histidine (His, H)

| CH —CH—COOH
N NH |
TS NH,

11. Serine (Ser, S)
HO—CH 2—(|:H—COOH

NH,
12. Threonine (Thr, T)
CH3—(|:H—C|:H—COOH

OH NH,
13. Cysteine (Cys, C)
HS—CHZ—CllH—COOH

NH,
14. Methionine (Met, M)
CH—S—CH,—CH 2—(|:H—COOH

NH,
15. Phenylalanine (Phe, F)
CH,— (|3H — COOH
NH,
16. Tyrosine (Tyr,Y)
OH CH,— (|3H — COOH
NH,
17. Tryptophan (Try, W)
= CH,— CH— COOH
|
H
18. Proline (Pro, P)
H,C——CH,
CH— COOH

HC_ -
h
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Name of the amino acids, symbols and chemical formulae

D. Amino acid amides.

19. Aspargine (Asn, N)
i

0=C—CH,—CH—COOH

NH,

20. Glutamine (Glu, Q)
NH,

0=C—CH,—CH,—CH—COOH

NH,

In certain amino acids R groupiseither ahydrogen atom (e.g., glycine, the simplest amino acid)

or ahydrophabic aliphatic (e.g., leucine) or aromatic (e.g., pheylalanine)

hydrocarbon. In other cases,

R group contains either an extra carboxyl group of an extraamino group or its equivalent. Glutamic
acid and aspartic acid each have an extracarboxy! (- COOH) group. Lysine and arginine both contain
an additional amino group or equivalent structure. Histidine also contains a N group. Other amino
acidssuch as serine and tyrosine have hydroxyl groupsin their side chains. Of aparticular importance

is the amino acid cysteine which possesses a thiol (SH) group.

2. Formation of proteins. Because amolecul e of the amino acid contains both basic or amino
(—NH,) and acidic or carboxyl (—COOH) group, it can behave as an acid and base at atime. The

peptide bond

/

e o 1
i H R R HFR
Amino acid Amino acid Dipeptide

Fig. 4.23. A chemical reaction showing formation of a dipeptide.

' i | oy 1
NH, —C—C+-OH + H— N — C — C — OH—» NH,— C —CEN—C—C—OH + H,0

molecules of such or-
ganiccompoundswhich
contain both acidic and
basic properties are
known as amphoteric
molecules. Due to am-
photeric molecules, the
amino acids unite with
one another to form
complex and large pro-

tein molecules. When two molecules of amino acids are combined then the basic group (—NH,) of

one amino acid molecule combines with the carboxylic (—COOH)
group of other amino acid and the loss of awater molecul e takes place.
This sort of condensation of two amino acid molecules by —NH—CO
linkage or bond is known as peptide linkage or peptide bond. A
combination of two amino acids by the peptide bond is known as
dipeptide. Whenthreeamino acidsareunited by two peptidebonds, they
formtripeptide. Likewise, by condensation of few or many amino acids
by the peptide bonds the oligopeptides and polypeptides are formed
respectively. The various molecules of polypeptides unite to form the
peptones, proteases and proteins. Thus, protein macromolecules are
the polymers of many amino acid monomers. The size (molecular
weight), shape, and function of proteins are determined by the number,
typeand distribution of theamino acids present inthemolecule. Proteins
occur in awide spectrum of molecular sizes from small molecules such
as the hormone ACTH (or adrenocorticotrophic hormone) which con-
sists of only 39 amino acids and has a molecular weight of 4500, to
extremely large proteins such as haemocyanin (an invertebrate blood
pigment) which consi sts of 8200 amino acidsand hasamol ecul ar weight
greater than 900,000 (see Table 4.5 for additional examples).

Keratin: major protein

component of hair.
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2. Typesof proteins. Many different methods have been used to classify proteins, no method
of their classification being entirely satisfactory :

(1) Classification based on biological functions. According to their biological functions,
proteins are of two main types:

1. Structural proteinswhich include ker atin, the major protein component of hair (cortex),
wool, fur, nail, beak, feathers, hoovesand cornifiedlayer of skin; and collagen, abundantinskin, bone,
tendon, cartilage and other connective tissues.

Table 4-5. I_Vlolec_ular weight and amino acid content of some proteins (Source : Sheeler and
Bianchi, 1987).

Protein Number of amino acids M olecular weight
1. Adrenocorticotrophic 39 4,500
hormone (ACTH)
2. Insulin 51 5,700
3. Ribonuclease 124 12,000
4. Cytochrome-c 140 15,600
5. Horse myoglobin 150 16,000
6. Trypsin 180 20,000
7. Haemoglobin 574 64,500
8. Urease 4,500 473, 000
9. Snail haemocyanin 8, 200 910,000

2. Dynamic or functional proteins which include the enzymes that serve as catalysts in
metabolism, hormonal proteins, respiratory pigments, etc.

(2) Classification based on shape of proteins. According to the shape or conformation, two
major types of proteins have been recognized :

(a) Fibrousproteins. Fibrous proteins are water-insolubl e, thread-like proteins having greater
length than their diameter. They contain secondary protein structure and occur in those cellular or
extracellular structures, where strength, elasticity and rigidity are required, e.g., collagen, elastin,
keratin, fibrin (blood-clot proteins) and myosin (muscle contractile proteins).

(b) Globular proteins. Globular proteins are water-soluble, roughly spheroidal or ovoidal in
shape. They readily gointo colloidal suspension. They havetertiary protein structure and are usually
functional proteins, e.g., enzymes, hor-
mones and immunogl obulins (antibod-
ies). Actin of micro- filaments and tu-
bulins of microtubules are also globu-
lar proteins (see Alberts et al., 1989).

(3) Classification based on solu-
bility char acteristics. Accordingtothis
criterion proteins can be classified into
two main types:

(A) Simple proteins. These pro-
teins contain only amino acids in their
molecules and they are of following
types:

(i) Albumins. These are water
soluble proteinsfound in all body cells Fibrin threads and red blood cells are clearly visible in this
andalsoinblood stream, e.g., lactalbu- blood clot
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min, found in milk and serum albumin found in blood.

(i) Globulins. Theseareinsolubleinwater but aresolublein dilutesalt solutionsof strong acids
and bases, e.g., lactoglobulin found in milk and ovoglobulin.

(i) Glutelins. These plant proteins are soluble in dilute acids and akalis, e.g., glutenin of
wheat.

(iv) Prolamines. These plant proteins are solublein 70 to 80 per cent alcohol, e.g., gliadin of
wheat and zein of corn.

(v) Scleroproteins. They areinsolubleinall neutral solventsandindilutealkalisand acids, e.g.,
keratin and collagen.

(vi) Histones. These are water soluble proteins which are rich in basic amino acids such as
arginine and lysine. In eukaryotes histones are associated with DNA of chromosomes to form
nucleoproteins.

(vii) Protamines. Thesearewater soluble, basic, light weight, ar gininerich polypeptides. They
are bound to DNA in spermatozoa of somefishes, e.g., salmine, of salmon and sturinein sturgeons.

(B) Conjugated proteins. These proteins consist of simple proteinsin combination with some
non-protein components, called pr osthetic gr oups. The prosthetic groupsare permanently associated
with the molecule, usually through covalent and/or non-covalent linkages with the side chains of
certain amino acids. Conjugated proteins are of following types:

(i) Chromopr oteins. Chromoproteins are aheterogeneous group of conjugated proteinswhich
are in combination with a prosthetic group that is a pigment, e.g., respiratory pigments such as
haemoglobin, myoglobin and haemocyanin; catalase, cytochr omes, haemerythrins; visua purple
or rhodopsin of rods of retina of eye and yellow enzymes or flavopr oteins.

(i) Glycoproteins. Glycoproteins are proteins that contain various amounts (1 to 85 per cent)
of carbohydrates. Of the known 100 monosaccharides, only nine are found to occur as regular
constituents of glycoproteins (e.g., glucose, galactose, mannose, fucose, acetylglucosamine,
acetylgalactosamine, acetylneuraminic acid, arabinose and xylose). Glycoproteins are of two main
types: 1. Intracellular glycopr oteinswhicharepresentin cell membranesand haveanimportantrole
inmembraneinteraction and recognition. They al so serveasantigeni c determinantsand receptor sites.
2. Secretory glycoproteinsare plasmaglyco-
proteins secreted by theliver ; thyroglobulin,

(a) DNA (b) Chromosome fiber

secreted by the thyroid gland ; immunoglobu- :'-'_ . = -i'_
linssecreted by theplasmacells; ovoalbumins |  "B="s = e LT T
secreted by the cells of oviduct of hen; ribo- .!:| ‘e : r |
nucleasesand deoxyribonucleases. M ucusand ? el l =
synovial fluid are also glycoproteins with lu- i an o 21;.
bricative properties. g e RS B

(iif) Lipoproteins. Lipid containingpro- | «%"_*® 3 i

teins are called lipoproteins. Their lipid con-
tents are 40 to 90 per cent of their molecular
weight and thistendsto affect the density of the
molecule. Therearefour types of lipoproteins:
1. High density lipoproteins (HDL) or o-
lipoproteins; 2. Low density lipoproteins
(LDL) or B- lipopratiens; 3. Very low density
lipoproteins (VLDL) or pre- B-lipoproteins;
and 4. Chylomicrons. Lipoproteins include
some of the blood plasma proteins, various
types of membrane proteins, lipovitellin of egg
yolk and proteins of brain and nerve tissue.
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(iv) Nucleopr oteins. Nucleoproteins are proteinsin combination with nucleic acids (DNA and
RNA). However, these proteinsare not true conjugated proteinssincethenuclei c acid invol ved cannot
beregarded asprosthetic groups. Nucleoproteinsare of twotypes: 1. Histoneswhich arequitesimilar
inall plantsand animals. Their highly basic nature accounts for the close associations histonesform
with the nucleic acids. Histones are involved in the tight packing of DNA molecules during the
condensation of chromatin into chromosomes for the mitosis. 2. Nonhistones have great heteroge-
neous amino acid composition and are acidic in nature. They have selective combination with certain
stretches of nuclear DNA and, thus, are involved in the regulation of gene expression.

(v) Metalloproteins. Metalloproteins are proteins conjugated to metal ionswhich are not part
of the prosthetic group, e.g., car bonic anhydr ase enzyme contains zinc ions and amino acidsin its
molecule; caer uloplasmin, an oxidase enzyme containing copper; and sider ophilin containsiron.

(vi) Phosphopr oteins. Phosphoproteins are proteins in combination with a phosphate group,
e.g., casein of the milk and ovovitellin of eggs.

3. Structural levelsof proteins. Theprotein assynthesized ontheribosomeisalinear sequence
of amino acids, polymerized by the elimination of water between successive amino acidsto form the
peptide bond, and existing as a randomly coiled chain without specific shape and possessing no
biological (i.e., catalytic) activity. Within seconds of synthesisbeing completed, theproteinfoldsinto
aspecific three-dimensional form, whichisthe samefor al molecules of the sametype of proteinand
which now iscapable of doing catalysis. According to their mode of folding the following four levels
of protein organization have been recognized :

(a) Primary protein structure. The primary protein structure is defined as the particular
sequence of amino acids found in the protein. It is determined by the covalent peptide bondings
between amino acids. Primary structure also includes other covalent linkagesin proteins, for example
thelinkages that may exist between sulphur atoms of cysteine amino acidslocated in the chain of the
proteininsulin. Thefirst proteinto haveitsprimary structure determined wasof insulin, the pancreatic
hormone that regulates glucose metabolism in mammals. Insulin has a molecular weight of 5,800
daltons and contains 51 amino acids. Insulin consists of two polypeptide chains of 21 and 30 amino
acidresidues, calledtheA and B chains, respectively (Fig. 4.24). (Anaminoacidresidueisthat which
is left when the elements of water are split out during polymerization).

Sincetheelucidation of the primary structureof insulinin 1953 by F. Sanger (for which Sanger
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Fig. 4.24. Molecular structure of insulin (After Sheeler and Bianchi, 1987).
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received a Nobel Prize), several hundred proteins have been fully sequenced. Among the fully
seguenced proteinsare ribonucl ease and nearly 100 typesof haemoglobin. For example, Stein and his
coworkers established the amino acid sequence (i.e., primary structure) of theenzymeribonuclease.
Thisenzymeis produced by the pancreas and secreted into the small intestine where it catalyzesthe
hydrolytic digestion of polyribonucleotide chains (RNA). The ribonuclease consists of asingle 124
amino acid polypeptide having a molecular weight of about 12,000.

(b) Secondary protein structure. Secondary structure of the protein isany regular repeating
organi zation of thepolypeptidechain. Therearethreetypesof secondary proteinstructure: (1) Helical
structure(e.g., o-keratin and collagen); (2) Pleated sheet structureor B- structure (e.g., fibroin of
silk); and (3) Extended configuration (e.g., stretched keratin). M ost fibrous proteinshave secondary
structure. In globular protein, too, it isnot uncommon for half of all the residues of each polypeptide
to be organized into one or more specific secondary structures.

Collagen. The collagens (the source of leather, gelatin, glue, etc.) are a family of highly
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Fig. 4.25. Thefour levels of structural organization in protein molecules (after Stansfield, 1969).

characteristicfibrousproteinsfoundinall multicellular animals(e.g., inconnectivetissues). They are
secreted by the fibroblasts constituting most abundant (up to 25 per cent of total body’s proteins)
proteins of mammals. The characteristic feature of collagen (or tropocollagen) molecules is their

=i

stiff, triple-stranded helical struc-
ture(whichwasdiscovered by Rich,
CrickandRama-chandran). Three
collagen polypeptidechainsarel eft- |
handed o-helices or alpha chains,

each is about 1000 amino acid resi- l'".'-";h- i}

-I.'

dues long. These chains are wound u L

around one another in aregular su- : @) ()

perhelix to generatearope-like col- Collagen injections: This man’s facial scar (a) all but
lagen or tropocollagen molecule disappears (b) after cosmetic collagen injections.

which is about 300 nm long and 1.5 nm is diameter (Fig. 4.26).

Collagens are exceptionaly rich in proline (and hydroxyproline; both accounting for more
than 20 per cent of collagen’ samino acids) and glycine. Other dominant amino acids of collagensare
lysine and alanine.
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Sofar, about 20distinct collagen-chainshave
been identified, each encoded by a separate gene.
About 10 types of triplet-stranded collagen mol-
ecules have been found to assemble from various
combinations of 20 types of a-chains. The best
defined aretypesl|, I, 111 and V. Typel collagen
ispresent in the dermis, tendons, ligaments, bone,
cornea, dentine of teeth and interna organs and
accounts for 90 per cent of body’s collagen. Type
I collagen ispresent mainly in cartilage, interver-
tebral disc, embryonic notochord and vitreous
humour of eye. Type |l collagen occursin skin,
cardiovascular system, gastro-intestinal tract and
uterus. TypelV collagen ispresent in basal lami-
nae or basement membranesof epithelia. Typel, |1
andl11 collagensarethefibrillar collagensshowing
typical striated fibres. Type IV collagen lacks a
distinct fibrillar structure.

The individual collagen polypeptide chains
(o-chains) are synthesized on membrane bound
ribosomesandinjectedinthelumen of ER aslarger
precursors, caled pro- a-chains. These precur-
sors have distinct polarity, containing terminal
propeptides at their N- and C- terminus. Each pro-
o~chain then combines with two othersto form a
hydrogen-bonded, triplestranded helical molecule,
called procollagen. Suchaprocollagen of fibrillar
collagens (I, 11, and 111) is serceted from the fibro-
blast in the extracellular space. Due to enzyme
actionitsterminal propeptidesareremoved andthe
procollagenisconvertedintoatr opocollagen mol-
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Fig. 4.26. A— A tropocollagen molecule (colla-
genor superhelix) withthreeintertwined
left-handed a helices ; B— Staggered
arrangement of tropocollagenmolecules
(super helices) in acollagen fibril; C—
Striated appearance of a collagen fibril
under the electron microscope (after
Dyson, 1978).

ecule. Many tropocollagen mol ecul esspontaneously assembleinto theordered arrays, called collagen
fibrils. The collagen fibrils are thin (10 to 300 nm in diameter), cable-like structures, many
micrometres long, exhibiting cross-striations every 67 nm and are clearly visible in the electron
microscope. The collagen fibrils often aggregate into larger bundles which can be seen in light
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The tertiary structure of lysozyme, an
antibacterial enzyme presentin tears.

microscope as collagen fibres. Type IV collagen mol-
ecules assembl e to form a sheet-like meshwork that con-
stitutes a major part of all basal laminae (Martin et al.,
1985, Bur geson, 1988).

(C) Tertiary protein structure. Tertiary protein
structure refers to a more compact structure in which the
helical and non-helical regions of a polypeptide chain are
folded back on themselves. This structure is typical of
globular protein structure, in which it is the non-helical
region that permits the folding. The folding of a polypep-
tide chain is not random but occurs in a specific fashion,
thereby imparting certain steric (i.e., three-dimensional)
propertiesto the protein. For example, in enzymesfolding
brings together active amino acids, which are otherwise
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scattered along the chain, and may form a distinctive cavity or cleft in which the substrate is bound.

The completetertiary structure of aprotein can only be deducted by alaborious analysis of X-
ray scattering patterns from crystals. The first protein to have its secondary and tertiary structure
determined was myoglobin, a153-amino acid, oxygen-binding protein found primarily inred muscle
and largely responsible for the colour of that tissue. The work was done at Cambridge under the
direction of J.C. Kendrew (1961). Although at some points the polypeptide chain does have
secondary structure (alpha-helical structure), the chainismainly characterized by seemingly random
loops and folds.

In atertiary protein the polypeptide chain isheld in position by weak secondary bonds which
are of different types such asionic bonds (or electrostatic bonds or salt or salt bridges); hydrogen
bonds; hydrophobic bonds and disulphide bonds.

(d) Quaternary protein structure. In proteins that are composed of two or more polypeptide

CYTOPLASMIC MATRIX

chains, the quaternary structure refersto the specific orientation
of these chains with respect to one another and the nature of the
interactionsthat stabilizethisorientation. Theindividual polypep-
tide chains of the protein are called sub-units and the active

lr u ..I ] ..-
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protein itself is called multimer. While multimeric proteins
containing up to 32 subunits have been described, the most | .
commonmultimersaredimer s, trimer s, tetramer s, pentamers .
(e.g., RNA polymerase) and decamer s (e.g., DNA polymerase -
[11) (Table4-6). If the protein consists of identical sub-units, | »

it is called homopolymers and is said to have homogeneous | *®

quaternary structure, e.g., the isozymes H, and M, of lactic
dehydrogenase (LDH), enzyme phosphorylase and L -arabinose

isomerase. The enzyme [3-gal actosidase consists of four identi- L. _ _ -
cal polypeptide chains. Lastly, when the sub-units of theprotein The x"ayrg'fg;‘gl')?: pattern of
y in.

aredifferent, the proteiniscalled heter opolymer and issaid to
have a heterogeneous quaternary structure, e.g., haemoglobin and immunoglobulins.Quaternary
proteins are usually joined by hydrophobic forces. Hydrogen bonds, ionic bonds and possibly
disulphide bonds may also participate in forming quaternary structures.

Table 4-6.

Subunits and molecular weight of some multimer proteins (Source: Sheeler and

Bianchi, 1987).
Protein M olecular Subunits
weight Number Designation Molecular weight
1. Haemoglobin A (human)| 64,500 4 Alphachains (2) 15,700
Betachains (2) 16,500
2. Lactate 135,000 4 A chain (0 to 4) 33,600
dehydrogenase B chain (4 to 0) 33,600
3. Immunoglobulin G 150,000 4 Light chains (2) 25,000
Heavy chains (2) 50,000
4. Tryptophan 150,000 4 Alphachains (2) 29,500
synthetase (E.coli) Betachains (2) 45,000
5. Agpartate 306,000 12 C chains (6) 34,000
transcarbamylase R chains (6) 17,000
6. L-arabinose 360,000 6 (identical) 60,000
isomerase (E.coli)
7. Apoferritin 456,000 24 (identical) 19,000
(iron storage protein)
8. Thyroglobulin 670,000 2 (identical) 3,35,000
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Some Examples of Tertiary and Quaternary Proteins

() Ribonuclease. C.B. Anfinsen initiated and confirmed the notion that, acting in concert, the
specific primary structure of a polypeptide and the innate properties of the side chains of its amino
acids causethe polypeptideto spontaneously assumeitshiol ogically activetertiary structure. In 1972,
he got the Nobel Prize for this definitive work. Anfinsen identified four disulphide bridges in the
ribonucl ease protein, suggesting that theenzymeishighly folded (Fig. 4.25). Asisthecasewitha most
all enzymes, the catalytic activity of ribonuclease depends on the maintenance of a particular three-
dimensional shape. In concentrated solutions of 3-mercaptoethanol and urea, the disul phide bridges
of theenzymearebroken and the resultant unfol ding of the polypeptide chainisaccompanied by aloss
of enzyme activity. The enzyme is said to be denatured. If the B-mercaptoethanol and urea are
removed by dialysisand the denatured ribonucl ease reacted with oxygen, the four disul phide bridges
re-form spontaneously, and essentially all the catalytic activity of the protein is restored. Similar
observations have been made with other proteins, that is, they are capable of spontaneously re-
establishing their biologically active tertiary (or even quaternary, e.g., haemoglobin) structure after
having undergone extensive molecular disorganization.

(i1) Haemoglobin. Haemoglobinisone of thefully sequenced protein. Our present understand-
ing of the structure and function of haemoglobin is the outcome of 50 years of research of M. F.
Perutz. He got the Nobel Prizein 1962, alongwith J. C. Kendrew, for their studiesof haemoglobin
and myoglobin. 8

The haemoglobin is a conjugated globular '
protein, that is, it containssome non-protein part. In
al but the lowest vertebrates, haemoglobin is a
tetramer (a heteropolymer). Inlampreys, however,
haemoglobin is monomeric, that is, it contains a
single globin chain like the myoglobin. In humans,
most common type of haemogl obinishaemoglobin
A (HbA), whichconsistsof 574 aminoacidresidues
and has a molecular weight of 64,500. Its second-
ary, tertiary and quaternary structureistypical of all
higher vertebrate haemoglobins. The protein por-
tion of thehaemoglobinmolecule, called globin, is
composed of four polypeptidechains, each of which
is aso globular in shape. The four globin chains
consist of two identical pairs: two alpha chains
(141 amino acids each) and two beta chains (146
amino acids each). The non-protein portion of haemoglobin consists of four iron-containing haem
groups, one associated with each of the four globin chains. Nineteen of the twenty biologically
important amino acids are included in the globin of haemoglobin.

Haemoglobin molecule is highly symmetric; it can be divided into two identical halves, each
consisting of an af3- dimer. The complete tetramer is similar to amildly flattened sphere having a
maximum diameter of about 5.5 nm. Thefour polypeptidechainsarearrangedin suchaway that unlike
chains have numerous stabilizing interactions, whereas, like chains have few. A cavity about 2.5 hm
long and varying in width from about 5 to 10 A° passes through the molecule along the axis. Each
globin chain envelops its haem group in a deep cleft.

(iif) Immunoglobulins. The ability to resist infection by pathogens (viruses, bacteriaand other
unicellular parasites) and by multicellular endoparasites, is called immunity. Specific immune
response function by recognizing particular chemical structures, known as antigens—on the surface

B,

Haemoglobin molecule.
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of invading cells. An anti-
gen can be a protein, lipid,
carbohydrate or any other
molecule. Theseantigensin-
teractwithproteinmolecules
produced by the host, the
immunoglobulins, which
bindtheantigeninmuchthe
same way as an enzyme
binds its substrate. Specific
immuner esponsesinvolve
many different types of
cells. Onetype, theB-lym-
phocyte or B-cell, is ca
pableof producing freeim-
munoglobulins, called an-
tibodies.

An immunoglobulin
(Ig) moleculeisaY -shaped
heteropolymer and is com-
posed of two identical H
(heavy) polypeptide chains

Fig. 4.27. Molecular structure of an immunoglobulin molecule (after
Stansfield, 1986).
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Antibody structure: (a) Ribbon model of an | G mol
ecule (b) Schematic model showing the domain struc-
ture of an 1,G molecule.

and two smaller identical L (Light) polypeptide
chains(Fig. 4.30). Heavy chainscontainantigenic
determinantsinthe“tail” (carboxyl) segments by
which they can be classified as Ig G, Ig M,
Ig A, Ig D or Ig E. Light chains can likewise be
typed as kappaor lambda. Within aH chain class
or L chaintype, these segments exhibit very little
variationin primary structurefromoneindividual
to another and are called constant regions (C).
Theamino (—NH,) ends, however, areextremely
diverse in primary structure, even within a class
and arecalled variable (V) regions. TheV, and
V| regionstogether form two antibody-combin-
ing sites (called antigen - binding sites) for
specific interactions with homologous antigen
molecules. TheC,, region consistsof threeor four
similar segments, presumably derived evolution-
arily by duplication of an ancestral gene and
subsequent modification by mutations; the simi-
lar segments are called domainsand arelabelled
CH,, CH,, CH,, etc. A mature lymphocyte
(plasma cell) produces antibodies with a single
classH chainand asingletypeof L chain, hence,
also asingleantigen-binding specificity. Thefirst
antibodies produced by adevel oping plasmacells
areusually of classlg M.
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Enzymes

Thecytoplasmic matrix and many cellu-
lar organelles contain very important organic
compounds known asthe enzymes. Theword
enzyme(Greek. “inyeast”) had been proposed
by Kuhnein 1878. The enzymes are the spe-
cialized proteinsand they havethe capacity to
act as catalystsin chemical reaction. Likethe
other catalysts of chemical world, the en-
zymesarethe catalystsof thebiological world
and they influence the rate of a chemical
reaction, while themselves remain quite un-
changed at the end of the reaction. The sub-
stance on which the enzymes act is known as
substrate. The enzymes play a vital role in
various metabolic and biosynthetic activities
of the cell such as synthesis (anabolism) of
DNA, RNA and protein molecules and ca
tabolism of carbohydrates, lipids, fats and
other chemical substances. The enzymes of
the matrix and cellular organelles are classi-
fied asfollows:

1. Oxireductases. The enzymes cata
lyzing the oxidation and reduction reaction of
the cell are known as oxireductases. These
enzymes transfer the electrons and hydrogen
ionsfromthe substrates, e.g., hydrogenasesor | Fig. 4.28. Chemical formulaof flavinadeninedinucle-
reductases, oxidases, oxygenases and peroxi- otide (FAD).
dases.

2. Transfer ases. The enzymeswhich transfer following groups from one moleculeto other are
known astransferases: one carbon, aldehydic or ketonic residues, acyl, glycosyl, alkyl, nitrogenous,
phosphorus containing groups and sulphur containing groups.

3. Hydrolases. These enzymes hydrolyse a complex molecule into two compounds by adding
the element of thewater acrossthe bond whichiscleaved. Theseenzymesact on thefollowing bonds-
ester, glycosyl, ether, peptide, other C—N bonds, acid anhydride, C—C, halide and P-N bonds. Certian
important hydrolase enzymes are the proteases, esterases, phosphatases, nucleases and phosphory-
lases.

4. Lysases. The lysase enzymes add or remove group to or from the chemical compounds
containing the double bonds. The lysases act on C-C, C-O, C-N, C-S and C—halide bonds.

5. 1 somer ases. These enzymes catalyse the reaction involving in theisomerization or intramo-
lecular rearrangementsin the substrates, e.g., intramolecular oxidoreductases, intramolecul ar trans-
ferases, intramolecular lysases, cis-trans-isomerases, racemases and epimerases.

6. Ligasesor synthetases. These enzymes catalyze the linkage of the molecules by splitting a
phosphate bond. The synthetase enzymes form C-O, C-S, C—-N and C-C bonds.

According to the chemical nature of the substrate the enzymes have also been classified as
follows:

1. Carbohydrases, 2. Proteases (endopepti dases and exopeptidases), 3. Amylases, 4. Esterases,
5. Dehydrogenases, 6. Oxidases, 7. Decarboxylases, 8. Hydrases, 9. Transferases, and 10. | somerases.

OH OH

Contents
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Theenzymesare specificin action and many factors such as pH, temperature and concentration
of the substrate affect the rate of the activity of enzymes. Certain enzymes occur in theinactive form
(called proenzymes or zymogens) and these are activated by other enzymes known as kinases to
perform catalytic activities. Likewise, the enzymetrypsinogen of the pancreatic cellsisactivatedin
theintestineby theenzymeenter okinaseand theenzymepepsinogen of the Chief cellsof thestomach
is activated by the hydrochloric acid which is secreted by parietal cells.

Prosthetic Groups and Coenzymes

Certain enzymessuch ascytochr omesarethe
conjugated proteins and contain prosthetic group as
metallopor phyrins complex in their molecules.

Certain enzymes cannot function singly but
they canfunction only by theaddition withthesmall
molecules of other chemical substances which are
known as coenzymes. The inactive enzyme (which
cannot functionsingly) isknown astheapoenzyme.
The apoenzyme and coenzyme are collectively
known as holoenzyme. For instance, the enzyme
hydrogenase is an apoenzyme which can function
either with the coenzyme NAD* or NADP.

Some important coenzymes or cofactors are
asfollows:

1. Nicotinamide adenine dinucleotide (NAD)
or Diphosphopyridine nucleotide (DPN), 2. Nicoti-
namide adenine dinucl ectide phosphate (NADP) or
Triphosphopyridinenucleotide (TPN), 3. Flavinad-
enine mononucleotide (FAM), 4. Flavin adenine )
dinuclectide (FAD), 5. Ubiquinone(coenzymeQ or
Q). 6.Lipoicacid(LIPorS,), 7. Adenosinetriphos- H H
phate (ATP), 8. Pyridoxyl phosphate (PALP), 9. H
Tetrahydrofolic acid (CoF), 10. Adenosyl methi- H OH
onine, 11. Biotin, 12. CoenzymeA (CoA), 13. Thia- Fig. 4.29. Chemica formula of nicotinamide
mine pyrophosphate (TPP), 14. Uridine diphos- adenine dinucleotide (NAD?).
phate (UDP).

Isoenzymes

Recently, it hasbeeninvestigated that some
enzymes have similar activitiesand almost simi-
lar molecular structures. Theseenzymesareknown
as isoenzymes. The isoenzymes have relation
with the heredity (L atner and Skillen, 1969, and
Weyer 1968). Thereare about 100isoenzymesin
the cell, e.g., lactic dehydrogenase (L DH) occur
in the form of five identical isoenzymes.

Vitamins

The vitamins are organic compounds of OH OH

diYefse chemical nature. They are requi_red. in Fig. 4.30. Chemical formula of Adenosine
minute amounts for normal growth, functioning triphosphate (ATP).
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and reproduction of cells. The vitamins play an important role in the cellular metabolism and act as
the enzymes or other biological catalysts in the various chemical activities of the cell. Their
importancefor theanimalshasbeen reported by Hopkins, Osbor ne, Mendal, and M cCollum (1912—
1913). Funk (1912) demonstrated the presence of basic nitrogen in them and gave the name
“vitamins’ meaning vital amines to them.

The animal cell

H CHj H CHj cannot synthesize the

CHs CHs, l | l | vitaminsfrom the stan-
C\ /C\ C\ < \ CH-O0H | Gard food and so they

\C C/ \C/ \C/ aretakenalongwiththe

food. Their deficiency
inthe cell causes meta-
bolicdisorder andleads
to variousdiseases. For
example, thedeficiency
of ascorbic acid (Vita
min C) inhibits procol-
lagenhelix formation. Normal collagensare continuously degraded by specific extracellular enzymes,
called collagenases. In scurvy, the defective pro-o-chains that are synthesized, fail to form atriple
helix and are immediately degraded. Consequently, with the gradual loss of the pre-existing normal
collageninthematrix, blood vessel shecome extremely fragile and teeth become

| | l
H

H H

T __

CHj;

Fig. 4.31. Chemica formulaof vitamin A.

looseintheir sockets. Thisimpliesthat inthese parti cul ar tissuesdegradationand 9 N
replacement of collagensisrelatively fast. For example, in bones, the ‘ turnover’ \C
of collagen isvery slow, i.e., in bone, collagen molecule persists for about 10 | _‘
years before they are degraded and replaced (see Alberts et al., 1989). The HO_? 0
vitamins of utmost biological importance have been tabulated in Table 4-7. HO—
Hormones H— cl:
Hormonesarethe complex organic compoundswhich occur intracesinthe |
cytoplasm and regulate the synthesis of mMRNA, enzymes and various other HO—C—H
intracellular physiological activities. The most important hormones are growth CH,OH
hormones, estrogen, androgen, insulin, thyroxine, cortisone, and adrenocortical
hormones, etc. These hormones are synthesized by the ductless or endocrine | Fig- 4.32. Chemi-
glands and transported to various cells of multicellular organisms by blood | ¢a formulaof vite:
vascular system. In cellsthey regulate variousmetabolic activities. For example, ;nc'lg © a7 zERls
the ecdysone hormone has been found to form puffs (Balbiani rings) in the giant '

chromosomes of insects. The hormones activate or depress the gene at the

Hormones control metamorphosis in insects.
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Table 4-7. Vitamins and their characteristics.

Daily
requirement

Sources

Functions

Diseases and symptoms
caused by lack of vitamin

750 pgm

Animal fats (fish liver
ail, egg-yolk, milk, but-
ter, cheese); palm oils;
red peppers, dark green
leafy vegetables (spin-
ach, methi, cabbage);
yellow vegetables (car-
rot, pumpkin) and yel-
low fruits (mango, pa
paya).

Stored in liver;
maintain general
healthandvigour
of epithelial cells.

1. Skin becomes dry and
scaly and so does cornea
of eyes causing xe-
rophthalmia or ‘dry
eye’;

2. Night blindness or nyc-
talopia (inability to see
in dimlight).

2001U
(Sugm)

Fish Tiver ails, Tiver,
egg-yolk, butter, fresh
milk; also produced by
our body when skin-
cholesterol is exposed
to ultra-violet rays of
sunlight.

Involvedinintes-
tinal absorption
of calcium and
phosphorus and
in calcium me-
tabolism and
bone formation.

1. Ricketsin children;

2. Osteomalacia in adults.

Traceamounts
(15 1U)

Vegetable oils (espe-
cially polysaturated
fatty acids); wheat germ
oil; egg-yolk; green
leafy vegetables; to-
mato; milk and butter.

Inhibit catabo-
lism (i.e., oxida
tion) of certain
fatty acidsof cel-
lular membranes.

Hemolytic anemia due to
oxidationof unsaturatedfats
resultinginabnormal struc-
ture and function of mito-
chondria, lysosomes and
plasma membrane of cells.

Traceamounts

Naturally produced by
intestinal bacterig; liver;
fresh green vegetables
(spinach, cabbage, cau-
liflower).

Required for the
formation of pro-
thrombin (an es-
sential compo-
nent of blood-
clotting).

Haemorrhageor bleeding
innew-borninfants; scurvy-
likesymptoms(blood takes
longer to clot).

1.3 mg (boys)
1.2 mg (girls)

Yeast; whole cereals
(e.g., unpoalished rice);
pulses;  oil-seeds,
soyabean; nuts (espe-
cialy groundnut); liver,
pork, sea food, green
leafy vegetables.

1. Essential for
synthesis of
acetylcholine;

2. Rapidly de-
stroyed by heat.

3. Carbohydrate
metabolism.

1. Beriberi. Partial paraly-
sis of smooth muscle of
gastrointestinal tract; pa-
ralysis of skeletal
muscles, atrophy of
limbs.

2. Polyneuritis.

Vitamin
Fat Soluble
Vitamins
1. VitaminA
(Retinol)
2. VitaminD
(Calciferal)
3. VitaminE
(Tocopherol)
4. VitaminK
(Naphtoquinone)
Water Soluble
Vitamins
5. VitaminB
(Thiamine)
6. VitaminB,
(Riboflavin)

1.6 mg (boys)
1.4 mg (girls)

Peas, beans, milk, egg-
white, liver, kidney, ger-
minated cereals and
pulses, growing green
leafy vegetables.

Forms the coen-
zymeFADwhich
is involved in
metabolism of
carbohydrates
and proteins.

1. Blurred vision, cataract
and corneal ulceration;
2. Dermatitis (inflamma-
tion of skin);

3. Cheilosis(crackingof skin
a the corners of mouth
and scaling of lips).
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leafy vegetables (cab-
bage, chauli and cauli-
flower).

2.

3.

wound healing
andironabsorp-
tion;

Protects body
against infec-
tions;

Rapidly de-
stroyed by heat.
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Vitamin Daily Sour ces Functions Diseases and symptoms

requirement caused by lack of vitamin

7. Niacin 18 mg (boys) | Meat, liver, fish,|1. Formsthecoen- Pellagra, a disease
(Nicotinic 15mg (girls) | chicken, yeast, whole| zyme NAD characterisedby threeD’s-
acid) grain, peas, beans,| which is in- dermatitis, diarrhoea and

pulses, nuts (ground-| volved in en- dementia (psychological
nuts) potato, tomato,| ergy-releasing disturbance).
green vegetables, ger- | reactions;
minated seedsand milk | 2. Inlipid metabo-
(Maize is deficient in| lism inhibits
niacin). production of
cholesterol and
helpinfatbreak-
down.
8. VitaminB; [15-2mg Liver, meat, fish|1l. Forms coen- |1 Convulsions,
(Pyridoxin) (salmon), whole cere-| zymesinvolved | 2. Dermatitis of eyes, nose
als, yellow corn, le-| in amino acid and mouth;
gumes, tomatoes, yo- | metabolism in | 3. Retarded growth.
ghurt. brain;
2. Involved in fat
metabolism.

9. Folicacid 50-100mg | Greenleafy vegetables, | 1. Essential for | Macrocytic anaemia (pro-
germinated pulses,| synthesis of | duction of abnormally large
eqggs, liver. DNA. red blood cells).

2. Overcooking
destroysit.

10. Biotin 0.3mg Yead,, liver, egg-yolk, | Actsascoenzyme | 1. Mental depression;
(Vitamin H) milk, kidneys. in metabolism of | 2. Muscular pain, fatigue;

carbohydrates, | 3. Dermatitis;
fatty acids and | 4. Nausea.
nucleic acid.

11. VitaminB;, |0.2-1.0 ugm | Liver, kidney, meat, | Actsascoenzyme | 1. Pernicious anaemia;
(Cyanocoba- fish, eggs, milk, cheese | necessary  for | 2. Malfunctioningof nervous
lamin) DNA synthesis, system.

red blood cell for-
mation, growth
and nerve func-
tion.

12. VitaminC 40 mg Amla, guava, citrus|l. Promotes pro- | Scurvy.A diseasecharacteri-
(Ascorbic fruits (lime, lemon, or- | tein synthesis | sedby swellingof gums, mul-
acid) ange), tomatoes, green| (collagen), | tiplehaemorrhages, anaemia

and weakness.
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particular locus on the chromo-
some. Thus, hormones serve to CHa, = "s
coordinatethevarious activities I CH
concernedwithaparticular func- CH ."
tion, e.g., thehormoneecdyosone . " = CH,
controlsmoulting and metamor-
phosis in insects (Beermann, s CHs.I. ':[
1965). u u I . u u . n "

In mammalian liver cells,
the enzymes which convert glu- = « By .
coseinto glycogen areregulated
by thehormoneinsulin whichis Fig. 4.33. Chemical formula of vitamin D.
synthesized by B-cells of theis-
lets of Langerhans in the pan-
creas. Moreover, the hormonethyroxine, asecretion of thyroid gland, activatesthe enzyme phospho-
rylase to form glucose phosphate from the glycogen.

CH,
CH,4
Fall 0.
o e L CH CH CH
CH3 —"n 1 i | 3 | 3 | 3
(CH2)3 —CH— (CH2)3 —CH— (CH2)3 —CH— CH3
HQ = I..I - . -
- .. o b L -
CH,4
Fig. 4.34. Chemical formula of vitamin E (alphatocopherol).

Nucleic Acids

The nucleic acids are the complex macromolecular organic compounds of immense biological
importance. They control the important biosynthetic activities of the cell and carry hereditary
informationsfrom generationto generation. Thereoccur two typesof nucleic acidsinliving organims,
viz,, Ribonucleicacid (RNA) and Deoxyribonucleicacid (DNA). Both typesof nucleic acidsarethe
polymers of the nucleotides. A nucleotide is composed of nucleoside and phosphoric acid. Even the

CH,OH
c=o0
H,C
q-.l....l .--Io
u
I... 3(l:..I u

Photograph of DNA made by tunneling ) ] )
microscopy. Fig. 4.35. Chemical formulaof cortisone.
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nucleoside is composed of the pentose sugars (Ribose or Deoxyribose) and nitrogen bases (Purines
or Pyrimidines). The purines are adenine and guanine and the pyrimidines are the cytosine,
thymine and uracil. The cytoplasmic matrix contains only RNA, while DNA exclusively remains
concentrated in the nucleus.

The D DNA and RNA have amost similar chemical compositionsexcept afew differences. Both
have been compared in Table 4-8.

PROPERTIES OF CYTOPLASMIC MATRIX

The matrix isaliving substance and it has following physical and biological properties:

Physical Properties
The most of the physical properties of the matrix are dueto its colloidal nature and these are as
follows:

HOCH, | i

H
HOCH, 0
H H
H OH
OH OH

Fig. 4.36. Chemical formulaof ribose sugar. Fig. 4.37. Chemical formula of deoxyribose sugar.

INH2 o)
I
/GC\ N SO N
\ 3¢ 7 H_T ﬁ \CH
| | eoH _
HCQ\S 4C\,‘f, HzN C\N/C\'l\l/
N
: g

Fig. 4.38. Chemical formula of adenine. Fig. 4.39. Chemical formula of guanine.

1. Tyndall’ s effect. When abeam of strong light is passed through the colloidal system of the
matrix at right angles in the dark room, the small colloidal particles which remain suspended in the
colloidal system, reflect the light. The path of the light appears like a cone. Thislight cone is known
as Tyndall’ s cone because this phenomenon has been first of all reported by Tyndall (1820—1893)
in colloids.

2. Brownian movement. The suspended colloidal particles of the matrix always movein zig-

" i I
C C C

Y /

N1/6\50H H—T \|(ID—H H—"I' ﬁ—CHs

0=C0C; 4I(I)H O0=—C¢C C—H =cC C—H

N§ . N
I I 1
H H i

Fig. 4.40. Chemical formulaof Fig.4.41. Chemicalformula  Fig. 4.42. Chemical formula of

cytosine. of uracil. thymine.

Contents
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zag fashion. Thismovement of moleculesis caused by moving water moleculeswhich strikewith the
colloidal molecules to provide motion to them. This type of movement was first of all observed by
Scottish botanist Robert Brown in 1827 in the colloida solution. Therefore, such movements are
knownasBrownian movement. The Brownian movement isthe peculiarity of al colloidal solutions
and depends on the size of the particles and temperature.

Table 4-8.

Comparison of DNA and RNA.

DNA

RNA

1. It contains pentose sugar known as de-
oxyribose.

2. Themoleculecontainsthe phosphoricacid
(phosphate) mol eculewhich connectsvari-
ous sugars with one another.

3. Thenitrogen bases are :

(i) Purines—adenine and guanine.
(i) Pyrimidine—cytosine and thymine.

4. Molecules have four nucleotides as
deoxyadenosine monophosphate, deoxy-
guanosine monophosphate, deoxycytidine
monophosphateand thymidinemonophos-
phate.

5. The molecule contains a double stranded
helix structure in which many nucleotides
remain arranged in pair.

6. DNA isagenetic material and occurs in
chromosomes, nucl eoplasm and mitochon-
dria, etc.

It contains pentose sugar called the ribose.

The molecule contains the phosphoric acid
(phosphate) molecule which connects various
sugars with one another.

Themol eculecontainsfollowing nitrogen bases
inits molecule:

(i) Purines—adenine and guanine.

(ii) Pyrimidines—cytosine and uracil.
Molecules have four nucleotides as adenosine
monophosphate, guanosinemonophosphate, cy-
tidine monophosphate and uridine monophos-
phate.

The molecules consist of single chain of poly-
nucleotides.

RNA isacarrier of genetic informationsand it
playsvery significant rolein the mechanism of
protein synthesis. It mostly occursin nucleolus,

nucleoplasm and cytoplasm.

3. Cyclosis and amoeboid movement. Dueto the phase reversal property of the cytoplasmic
matrix, theintracel lul ar streaming or movement of thematrix takesplace. Thisproperty of intracullular
movement of matrix isknownasthecyclosis. Thecyclosisusually occursinthe sol-phase of thematrix
and is effected by the hydrostatic pressure, temperature, pH, viscosity, etc. The intracellular
movementsof the pinosomes, phagosomesand various cytoplasmic organellessuch asthelysosomes,
mitochondria, chromosomes, centrioles, etc., occur only due to cyclosis of the matrix. The cyclosis
has been observed in most animal and plant cells.

The amoeboid movement depends directly on the cyclosis. The amoeboid movement occursin
the protozoans, leucocytes, epithelia, mesenchymal and other cells. In the amoeboid movement the
cell changesits shape actively and gives out cytoplasmic projections known as pseudopodia. Dueto
cyclosis matrix moves these pseudopodia and this causes forward motion of the cell.

4. Surfacetension. The moleculesintheinterior of ahomogeneousliquid arefreeto moveand
are attracted by surrounding molecules equally in all directions. At the surface of the liquid where it
touchesair or someother liquid, however, they are attracted downward and sidewaysor inward, more
than upward; consequently they are subjected to unequal stress and are held together to form a
membrane. The force by which the moleculesareboundiscalled the surfacetension of theliquid.
The cytoplasmic matrix being a liquid possesses the property of surface tension. The proteins and
lipidsof matrix havelesssurfacetension, therefore, occur at the surfaceand formthemembrane, while
the chemical substances such asNaCl have high surfacetension, therefore, occur in deeper part of the
matrix.
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5. Adsorption. The increase in the
concentration of a substance at the surface
of a solution is known as adsorption
(L.,ad=to, sorbex=to draw in). The phe-
nomenon of adsorption helps the matrix to
form protein boundaries.

6. Other mechanical or physical
propertiesof matrix. Besides surface ten-
sion and adsorption, the matrix possesses
other mechanical properties, e.g., elasticity,
contractility, rigidity and viscosity which
provide to the matrix many physiological
utilities.

7. Polarity of the egg. The colloidal
system due to its stable phase determines
the polarity of the cell matrix which cannot
be altered by centrifugation of other me-
chanical means.

8. Buffersand pH. The matrix hasa
definite pH value and it does not tolerate Surface tension: A baby's first breath is facilitated by a

i anifi t it initspH bal Yet special coating called a surfactant, which the lungs secrete.
S'gr_“ ICantvarl _|ons!n_| .Sp ance. This material acts much like a detergent to decrease the
various metabolic activities produce small surface tension of the fluid layer lining the lungs. Without the
amount of excessacidsor bases. Therefore, surfactant hydrogen bonds in the water lining the small sacs
to protect itself from such pH variation the of the lungs would pull water molecules together so tightly

. . . . that the sacs would collapse.
matrix containscertainchemica compounds
ascarbonate-bicarbonate systemknown asbuffer swhich maintain aconstant state of pH inthematrix.

Biological Properties

The matrix isaliving substance and it has following biological properties:

1. Irritability. The irritability is the fundamental and inherent property of the matrix. It
possesses a sensitivity to stimulation, an ability to transmission of excitation and ability to react
according to stimuli. The heat, light, chemical substances and other factors stimul ate the cytoplamic
matrix to contract.

2. Conductivity. The conductivity is the process of conduction or transmission of excitation
fromtheplaceof itsorigintotheregion of itsreaction. Thematrix of nerve cellspossessesthe property
of the conductivity.

3. Movement. The cytoplasmic matrix can perform movement due to cyclosis. The cyclosis
depends on the age, water contents, heredity factors and composition of the cells.

4. Metabolism. The matrix is the seat of various chemical activities. These activities may be
either constructive or destructive in nature. The constructive processes such as biosynthesis of
proteins, lipids, carbohydrates and nucleic acids are known as anabolic processes, while the
destructive processes such as oxidation of foodstuffs, etc., are known as catabolic processes. The
anabolic and catabolic processes are collectively known as metabolic process.

5. Growth. Dueto the secretory or anabolic activities (Gr., anabolism= athrowing up) of the
cell, new protoplasm continuoulsy increasesin its volume. The increasein the volume of the matrix
causes into the growth of the cell which ultimately divides into daughter cells by the cell division.

6. Reproduction. The cytoplasm has the property of asexual and sexual reproduction.

Contents
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REVISION QUESTIONS

1.  Whatiscytoplasmic matrix ? Describe varioustheoriesregarding the physical nature of the matrix.
Also discuss various properties of the matrix.

2. Whatisthestructural basisfor the unique properties of the water molecule ? How do the properties
of water make it of importance to living systems ?

3. How would you define carbohydrates ? What are the major classes of carbohydrats ? How do the
polysaccharides differ from the protein macromolecules ?

What are the mgjor classes of lipids and what types of functions are served by them ?
Give the structure of triglyceride.

Name two porphyrins and give their functions.

What is the general formula of amino acids ?

What are primary, secondary, tertiary, and quaternary levels of protein structure ? What types of
chemical bondingsareresponsiblefor each of thesestructural levels ?Which of the structural levels
play afundamental direct role in protein functioning ?

9.  Describe the molecular structure of the following proteins : collagens, haemoglobin and immuno-
globulin.

10. Write an essay on immunity and immunoglobulins.

11. How would you define an enzyme ? Describe some main types of enzymes.

12. Give structural formula of ribose and deoxyribose sugars.

13. What are three components of a nucleotide ?

14. List the nitrogenous bases which occur in DNA and RNA.

15. Enumerate the differences between DNA and RNA.

16. Write short notes on the following :
(i) Amino acids ; (ii) ATP; (iii) Vitamins; (iv) Hormones;;
(V) Nucleic acids;; (vi) Brownian movement ; and (vii) Cofactor.

© N O A



Plaana M embrane
and Cdl Wall

plasma membrane encloses every type of cell, both

prokaryoticandeukaryoticcells. It physically separates

the cytoplasm from the surrounding cellular environ-
ment. Plasma membrane is a ultrathin, elastic, living, dynamic
and selective transport-barrier. It is afluid-mosaic assembly of
molecules of lipids (phospholipids and cholesterol), proteins
and carbohydrates. Plasma membrane controls the entry of
nutrientes and exit of waste products, and generates differences
inion concentration between theinterior and exterior of thecell.
Italsoactsasasensor of external signals(for example, hormonal,
immunological, etc.) and alows the cell to react or changein
response to environmental signals. The cells of bacteria and
plants have the plasma membrane between the cell wall and the
cytoplasm. For cells without cell walls (e.g., mycoplasma and
animal cells), plasma membrane formsthe cell surface.

All biological membranesincludingtheplasmamembrane
and internal membranes of eukaryotic cells (i.e., membranes
bounding endoplasmic reticulum or ER, nucleus, mitochondria,
chloroplast, Golgi apparatus, lysosomes, peroxisomes, etc.) are
similar in structure (i.e., fluid-mosaic) and sel ective permeabil-
ity but differing in other functions.

The plasma membrane is aso called cytoplasmic mem-
brane, cell membrane, or plasmalemma. Theterm cell mem-
brane was coined by C. Nageli and C. Cramer in 1855 and the
term plasmalemma has been given by J. Q. Plowe in 1931.

Diatoms. A glassy outer shell and a
selectively permeable plasma mem-
brane help cells maintain relatively
constant internal conditions.

Contents
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ISOLATION AND ANALYSIS

The plasmamembraneisso thin that it cannot be observed by the light microscope. Structure of
the plasmamembrane of various cells has been studied by their isolation from the living systems and
also by their artificia syn-
thesisby usingtheir constitu-
ent molecules (e.g., lipo-
some, see Chapter 4). The
pureandisolated membranes
arethenstudied by biochemi-
cal and biophysical methods.
The purity of isolated mem-
branesis controlled by elec-
tron microscopy, enzyme
analysis and the study of
surface antigens. A variety
of cells such as mammalian
redbloodcell (erythrocytes),
medullated nerve fibres,
Ehrlich mouse ascitestumor
cells, liver cells, striated
muscle, Amoeba proteus, sea
urchin eggs and bacteria,
have been used in studying
the ultra-structure of the
plasma membrane. The
mammalianerythrocytesand
themyelinsheathof thenerve

fibre, however, have pro-
vided the bulk of informa- SEM of neurons. These have been used extensively in

studying the ultra-structure of the plasma membrane.

tion regarding the structure
and properties of the plasmamembrane. For such experiments, human red blood cellsor erythrocytes
havebeen selected by E. Gorter and F. Grendel (1925) for following advantages: these cellsare easy
to obtain and are known to be extremely simple. Since these cells contain no intracellular organelles
or membrane, sotheonly membranestructureto beconsideredisalmost entirely that of thecell surface.
Lastly, the plasma membrane of erythrocytesisrelatively tough and does not readily fragment (See
Lucy, 1975)

Plasmamembranesaremoreeasily isol ated from erythrocytessubjectedto haemolysis. Thecells
aretreated with hypotonic solutions (to be discussed el sewherein the chapter) that dueto endosmosis
produceswelling and thenlossof the heamoglobin content (i.e., haemolysis). Theresulting membrane
iscalledared cell ghost. If haemolysisismild, permeability functionsof themembranecanberestored
by certaintreatment, such aghostiscalledresealed ghost. Butif heamolysisismoredrastic (i.e., there
iscompleteremoval of thehaemogl obin) and thereisno chanceof itsresealing, theresultingmembrane
iscalled white ghost. Whilethe reseal ed ghosts can be used for the study of physiological aswell as
biochemical properties, white ghosts can only be used for the study of biochemical properties.

Thecell wall of yeast, Saccharomyces cerevisiae, can be enzymatically removed by the help of
asnail gut enzyme, and the resultant protoplast serves as a source of plasmamembrane in a manner
similar to that of mammalian erythrocytes.
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CHEMICAL COMPOSITION
Chemically, plasmamembraneand other membranesof different organellesarefoundtocontain
proteins, lipids and carbohydrates, but in different ratios (Table 5-1). For example, in the plasma
membraneof human red blood cell sproteinsrepresent 52 per cent, li pids40 per cent and carbohydrates
8 per cent.

Table 5-1 Chemical composition of some purified membranes (in per centages)
: (Source: Darnell et al., 1986).

Membrane Protein Lipid Carbohydrate

1. Myelin(Nervecell) 18 79 3
2. Plasmamembrane:

(i) Mouseliver 44 52 4

(if) Amoeba 54 42 4

(iii) Human erythrocyte 52 40 8
3. Spinach chloroplast lamellae 70 30 0
4. Mitochondria inner membrane 76 24 0

1. Lipids

Four major classes of lipids are commonly present
intheplasmamembraneand other membranes : phospho-
lipids (most abundant), sphingolipids, glycolipids and
sterols (e.g., cholesterol) (For more details see Chapter
4). All of them are amphipathic molecules, possessing il
both hydrophilic and hydrophobic domains. Therelative membrane
proportions of these lipids vary in different membranes. " proteins
Phospholipidsmay beacidic phospholipids (20 per cent)
suchassphingomyelin or neutral phospholipids (80 per
cent) suchas phosphatidyl choline, phosphatidylserine,
etc. Many membranes contain cholesterol. Cholesterol is
especially abundant in the plasmamembrane of mamma-
lian cellsand absent from prokaryotic cells. Cardiolipin
(diphosphatidyl glycerol) is restricted to the inner mito-
chondrial membrane (see Darnell et al., 1986). g

peripheral
membrane
proteins

2. Proteins Classes of membrane proteins.

Theamount and typesof proteinsinthemembranes
arehighly variable: inthemyelin membraneswhich servemainly toinsulatenervecell axons, lessthan
25 per cent of the membrane mass is protein, whereas, in the membranes involved in energy
transduction (such as internal membranes of mitochondria and chloroplasts), approximately 75 per
cent is protein. Plasma membrane contains about 50 per cent protein.

According to their position in the plasma membrane, the proteins fall into two main types :
integral or intrinsic proteins and peripheral or extrinsic proteins, both of which may be either
ectoproteins, lying or exposing to external or extracytoplasmic surface of the plasma membrane or
endoproteins, lying or sticking out at theinner or cytoplasmic surface of the plasmamembrane. The
intrinsic protei nstendto associatefirmly withthemembrane, whiletheextrinsic proteinshaveaweaker
association and are bound to lipids of membrane by electrostatic interaction. On the basis of their
functions, proteins of plasma membrane can also be classified into three main types : structural
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outside

plasma
membrane

inside

Transport channel Enzyme

2. Tissue-
(glycolipid) ==

1. Self
(glycoprotein)

Cell adhesion

Cell surface markers

Functions of plasma membrane proteins.

proteins, enzymes and
transport proteins (per-
meases or carriers).
Someof themmay act as
antigens, receptor mol-
ecules (e.g., insulin-
binding sites of liver
plasma membrane),
regulatory molecules
and so on. Structural
proteins are extremely
lipophilic and form the
main bulk (i.e., back-
bone) of the plasma
membrane. Enzymes
of plasma membrane
are either ectoenzymes
or endoenzymesandare

Cell surface receptor

Attachment of
cytoskeleton

of about 30 types

(Table5-2). Transport proteinstransport specific substances acrossthe plasmamembrane and other

cellular membranes.
3. Carbohydrates

Carbohydratesare present only in the plasmamambrane. They are present as short, unbranched
or branched chains of sugars (oligosaccharides) attached either to exterior ectoproteins (forming

glycopr oteins) or to the polar ends of phospholipids at t

he external surface of the plasmamembrane

(forming glycolipids). No carbohydrate is located at the cytoplasmic or inner surface of the plasma
membrane. All typesof oligosaccharidesof the plasmamembraneareformed by variouscombinations

of six principal sugars(all of which areglucose-derivativ

es) : D-galactose, D-mannose, L -fucose, N-

acetylneuraminic acid (also called sialic acid), N-acetyl-D-glucosamine and N-acetyl-D-galac-

tosamine.

Someimportant enzymes present in the plasma membrane (Source : Sheeler
Table 5-2. : .
and Bianchi, 1987).

1. Acetyl phosphatase 11.

2. Acetyl cholinesterase 12.
(Ectoenzyme of erythrocyte)

3. Acid phosphatase 13.

4.  Adenosine triphosphatase 14.

5 Mg* ATPase 15.
(Endoenzyme of erythrocyte)

6. Na'-K*ATPase 16.
(Ectoenzyme of erythrocyte)

7. Adenylatecyclase 17.
(Endoenzyme of erythrocyte)

8. RNAase 18.

9. Alkaline phosphatase 19.

10. Aminopeptidase 20.

Cholesterol esterase
Guanylasecyclase

Monoglyceride lipase

NAD-ase (Ectoenzyme of erythrocyte)
Protein kinase (Endoenzyme of erythrocyte)
Phospholipase A

Lactase

Maltase

Sialidase

UDP glycosidase
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STRUCTURE OF PLASMA MEMBRANE

1. Evolution of Fluid Mosaic Model of Membrane

Theexistence of the plasmamembrane of the cell was difficult to prove by direct examination
before 1930's (when electron microscopy was invented) because of technological limitations. The
membraneisbeyond the resol ution of thelight microscope, rendering amorphological approach of its
study quite unfeasible with this instrument. Thus, most of the experimental approaches have been
provided by only indirect evidencesof theexistenceof suchamembranearoundthecells. Letusnarrate
in brief the saga of evolution of presently well accepted fluid-mosaic model of structure of the plasma
membrane:

1. The plasmolysis of plant cells in hypertonic solutions suggests the existence of the plasma
membrane in the plants.

2. The very fact that a cell, especialy an animal cell which has no cell wall, can exist as a
physically defined entity suggeststhat it must have some sort of boundary around it.

3. The presence of plasma membrane can be inferred because protoplasm leaks out of animal
cellswhen cell surfaceis punctured.

4. After performing some 10,000 experimentswith more than 500 different chemicals, in 1899.
Overton concluded that the peculiar osmotic properties of living protoplasts are due to a selective
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(a) using this apparatus Gortel and Grendel concluded that |_-_
RBCs contained enough lipid to form a bilayer.
(b) bimolecular layer of phospholipids.

solubility mechanism. Hydrophobic compounds entered cells more rapidly than hydrophilic ones.
Overton believed this was because of an outer lipoid layer in which hydrophobic compounds were
more soluble. He correctly speculated that thislayer might contain cholesterol, lecithin and fatty oils.

5. Hober (1910) and Fricke (1925) found that the intact cell had low electrical conductivity,
indicating the presence of alipid layer around it.

6. If alipid containing hydrophilic groups (such as the carboxyl groups of fatty acids or the
phosphategroupsof phospholipids) isdissolvedinahighly volatile solvent (e.g., benzene) and several
dropsof it arethen carefully appliedto the surface of thewater, thelipid spreadsout toformathin, one-
molecule-thick or monomolecular film. In this film, it is found that the hydrophilic parts of each
mol ecul e proj ect into thewater surfaceand the hydrophobic partsaredirected up, away fromthewater.

7. 1n 1917, Langmuir (Nobel Laureate of 1932 in chemistry) fabricated a trough or film
balance(Fig. 5.1) for measuring thespecific minimum surfaceareaoccupied by amonomol ecul ar film

Contents
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of lipid and the force necessary to

compressall thelipid moleculesinto yoke and l"I" torsion
thisarea. Langmuir trough consistsof movable indicator™ - ggfge
ashallow trough filled with water on _ needle o
which lipid substance can be spread _:..; g S0 WIrE
to make a monomolecular film. A B o8 _ ﬁ
barrier canbepushed acrossthetrough - lipid fim on water , b;?r‘iz(:_"' i
to compressthe film. - = _-'

8.1n1925, Gorter andGrendel T T—
extracted the lipids from erythrocyte -

. shallow trough

ghostsof avariety of mammals(such Fig. 5.1. Langmuir trough (after Sheeler and Bianchi, 1987).

as dogs, sheep, rabbits, guinea pigs,

exterior goats and humans) and spread

globular them out on monolayersinthe
protein & . Langmuirtrough. Theseinves-
ulee q-. r tigators discovered that the

N areacovered by thelipidmono-
||||o|dI HH“1HI1.H “ molecular layer filmwastwice
molecule thanwhat wasneeded to cover

the surface of the cells from
lipoid which thelipid was extracted.
Consequently, they safely con-
cluded that erythrocyteswere

covered by a layer of lipids
two moleculesthick (lipid bi-

layer or bimolecular lipid

‘ a. .ﬂ!: .:._i__ -1 |'4.II layer) oriented with polar

groups toward the inside and
- y u Sinterior S~ ) outside of the cell.
Fig. 5.2. Theorigina Danielli-Davsonmodel (1935) of membranestruc- : g
ture. The bimolecular layer of lipid moleculesis of undefined f t9, I_3y St?dglng |t:1e sur
thickness and is covered on each side by a continuous layer of ace tension of cells (Harvey

globular proteins (after De Witt, 1977). and Cole, 1931, Danielleand
Harvey, 1935) suggested the

presence of proteinsin

glycoprotei n

Danielli and Davson, backbone k=

proposed a model, i _ -

called sandwich . — I |1 i -_Ilpld
model, for membrane . J layers

structure in which a =

lipidbilayer wascoated A B protein layers c
on its either side with
hydrated proteins

a ciali = |
the plasmamembrane, . osaCCharide 1 M " sialic acid termini
in addition to the lip- e ., e . 1=~
ids, -i

10. In 1935, E 'J ' . '.

Fig. 5.3. Thestructure of plasmamembrane as observed A—at low magnification
(globular proteins) of electron microscope; B— at high magnification of electron microscope.

9 P . ' C—trilaminar model of plasmamembrane showing possiblearrangement
Mutual attraction be- of the lipid, protein and oligosaccharide molecules in the plasma mem-
tweenthehydrocarbon brane (after De Robertis et al., 1970).
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chains of thelipidsand electrostatic forces between the protein and the “ head” of thelipid molecules,
were thought to maintain the stability of the membrane. From the speed at which various molecules
penetrate the membrane, they predicted the lipid bilayer to be about 6.0 nm in thickness, and each of
the protein layer of about 1.0 nm thickness, giving atotal thickness of about 8.0 nm.

The Danidlli-Davson model got support from electron microscopy (Fig. 5.3). Electron micro-
graphs of the plasma membrane showed that it consists of two dark layers (electron dense granular
protein layers), both separated by alighter areain between (thecentral clear areaof lipid bilayer). The
total thickness of the membranes too turned out to be about 7.5 nm.

11. Using evidence from various el ectron micrographs, Robertson in 1960, proposed the unit
memb-ranehypothesis(Fig5.4). Thishypothesisstatesthat all cellular membraneshaveanidentical
trilaminar structure (or dark-light- dark or railway track pattern, see Thor pe, 1984). However,
thickness of the unit membrane has been found to be greater in plasmamembrane (10 nm) thanin the
intracellular membranes of endoplasmic reticulum or Golgi apparatus (i.e., 5to 7 nm).

12.S.J.Singer and G.L .Nicolson (1972) suggested the widely accepted fluid maosaic model of
biol ogical membranes. Accordingtothismodel (Fig. 5.5), the plasmamembrane containsabimolecu-
lar lipid layer, both surfaces of which areinterrupted by protein molecules. Proteinsoccur intheform
of globular moleculesand they are dotted about here and therein amosaic pattern. Some proteinsare
attached at thepolar sur-
faceof thelipid(i.e., the

Fig. 5.4. Schematicdiagram of theRobertsonmodel of membranestructure.
The lipid layer is defined as bimolecular, and the protein is
extended but different on the two faces of the membrane (after
Thorpe, 1984).

"u t

- I- el S S PrOtEN extrinsicproteins); while
pgm n " " = u others(i.e., integral pro-
hvdrophil teins) either partialy

hydrophobic ydrophilic .
tails of lipid r_ - - head group penetrate the bilayer or
of lipid span the membrane en-
tirely tostick out onboth
| .| - . sides(calledtransmem-
_.'_..li_'. 1 .l_ - k) __-_ — brane proteins). Fur-

ther, the peripheral pro-
teins and those parts of
theintegral proteinsthat
stick on the outer sur-
face (i.e., ectoproteins)
frequently contain

chainsof sugar or oligosaccharides(i.e., they areglycoproteins). Likewise, somelipidsof outer surface

areglycolipids.

Thefluid-mosaic mem- oligosaccharide

braneisthoughttobeafarless - "
rigid than was originally sup- -
posed. Infact, experimentson
its viscosity suggest that it is
of a fluid consistency rather
likethe oil, and that thereisa
considerable sideways move-
ment of the lipid and protein
molecules within it. On ac-
count of its fluidity and the
mosaic arrangement of pro-

integral
proteins
L
peripheral
protein

cholesterol

phospholipid

tein molecules, thismodel of
membrane structureisknown

A current representation of the plasma membrane as
proposed by Singer and Nicolson.
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asthe“fluid mosaic model” (i.e., it describesboth properties and organization of the membrane)
fluid mosaic model isfound to be applied to all biological membranesin general, and it is seen

.The

asa

dynamic, ever-changing structure. The proteins are present not to give it strength, but to serve as
enzymes catalysing chemical reactions within the membrane and as pumps moving things acrossit.

Fig. 5.5. Fluid mosaic model of the plasma membrane. A — Simplistic view; B— Complex view
(after Berns, 1983; Sheeler and Bianchi, 1987).
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2. Experimental Evidence in Support of Fluid Mosaic Model of Plasma
Membrane

Thereisagood deal of evidence to support the fluid mosaic model of the plasma membrane:

A.Evidencein support of mosaic ar rangement of proteins. Freeze-fracture el ectron micros-
copy of the plasmamembrane by Branton (1968) reveal ed the presence of bumps and depressions (7
to 8 nmin diameter) which are randomly distributed. These were later shown to be transmembrane

integral protein particles (Fig. 5.7). (For details of freeze-fracture technique, see Chapter 2).

B. Evidence in support of fluid property of lipid bilayer. Mobility of membraneproteins
dueto fluid property of lipid bilayer was demonstrated by a classical experiment of D. Fryeand M.
Edidin (1970). They fused two different types of cultured cells having different surface antigens
(proteins). Thecell fusion isachieved by the use of somefusogen such asaninactivated parainfluenza
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virus, called Sendai virus (named
after acity of Japan). A fusogenis
amembranefusion promotingfac-
tor such as Sendai virus,
lysophosphatides, oleic acid and
an electric field. Sendai virus fa-
cilitatesfusion of theplasmamem-
branesand cytoplasmsof bothcells
to produce a hybrid cell or het-
er okaryon with two types of nu-
clel. If thetwo cellsare originally
[abelled with fluorescent antibod-
ies of different colours, such as
fluor escein (green) and rhodam-
ine(red), itispossibleat the onset
of fusion to recognise the parts of
theplasmamembranecorrespond-
ing to each cell. However, inter-
mixing occurs as the antigens are
dispersed and the two colours be-
comelessand lessdetectable. Af-
ter 40 minutes (at 37° C) theinter-
mixing of two coloursiscomplete
andthetwo antigenscannolonger
be distinguished (Fig. 5.6).

3. Role of Lipid Mol-
ecules in Maintaining
Fluid Property of Mem-
brane

(i) Typesof movements of
lipid molecules. Lipid molecules
very rarely migratefromonelipid
monolayer to other monolayer of
lipidbimolecular layer. Suchatype
of movementiscalledflip-flop or
transbilayer movement and oc-
curs once a month for any indi-
vidual lipid molecule. However,
inmembraneswherelipidsareac-
tively synthesized, suchassmooth

mouse
cell

E?*

membrane
protein

antibodies (N to "

protein, labelled
with fluorescein

=

cell
fusion

human
cell

v

membrane
protein

heterokaryon

antibodies (A) to
human membrane
protein, labelled with

J rhodamine [ ]

iy
mouse membrane L
I n B
-
| |

time = 40 minutes

Fig. 5.6. Fryeand Edidin’ sexperiment demonstrating the mix-
ing of plasma membrane proteins on mouse-human
hybrid cells. Intheplasmamembraneof newly formed
heterokaryon, the mouse and human proteins are
intially confined to their own halves, but they inter-
mixed with time (after Alberts et al., 1989).

ER, thereisarapid flip-flop of specificlipid moleculesacrossthebilayer and there are present certain
membrane-bound enzymes, called phospholipid translocator s(e.g., flippase) to catalyzethisactivity
(Bishop and Bell, 1988). On the other hand, lipid molecules readily exchange places with their
neighbours within a monolayer (~ 107 times a second). This resultsin their rapid lateral diffusion.
Individual lipid moleculesr otate very rapidly about their long axes and their hydrocarbon chainsare
flexible, thegreatest degreeof flexion occurring near the centre of thebilayer and the smallest adjacent

to the polar head groups (Fig. 5.8).



PLASMA MEMBRANE AND CELL WALL 121

(i) Roleof un-

- E = exterior E half
saturated fatsinin- P = protoplasm -
creasngmembrane F = fracure face carbohydrate . _.%
fluidity. A synthetic chain I_.'
bilayer made from a g ‘ o
single type of phos- T =
pholipid changes " i
fromaliquid stateto mﬁﬁir?a?e ' | L " ;.lH ﬁ_ g'rf?er?:
arigid crystalline or ot = :
gel (viscous) state at = . I:. !

a characteristic ||p|d -

freezing point. This bilayer ..Ei .

change of state is .

caledaphasetran- cytoplasm I.-.:l- =B i

sition and the tem- . — — e .l ]

perature at which it ;-half

:)o(\:,f,:; r?f tﬁ:‘;g/[;f Fig. 5.7. Freezefractur.i ng of the plasmamembrane. Thefracture.pl aneoccursat the
; centre of thelipid bilayer and passes over (or under) theintegral membrane

carbon chains are proteins. E=exterior, P=protoplasmic (cytosolic) side, F=fracture face

short or havedouble (after Sheeler and Bianchi, 1987).

bonds. Doublebonds

in unsaturated hydrocarbon chainstend to increase thefluidity of aphospholipid bilayer by making it
moredifficult to pack the chainstogether. Thus, to

ELLEXTERIOR +ansverse diffusion (ﬂ,p_ﬂop) maintain fluidity of the membrane, cells of organ-
"u (~105sec) 5 ismsliving at low temperatures have high propor-
tionsof unsaturated fatty acidsintheir membranes,
than do cells at higher temperatures.

In fact, certain membrane transport pro-

Il cesses and enzyme activities are found to cease
| whentheli pidbilayer’ sviscosity increasesbeyond
i athresholdlevel (Kimelberg, 1977). Incontrast, if
il lipidbilayer’ sfluidity isincreased, themembrane's
d Iateral diffusion
Lateral s
e e e I AL
cyTosoL *® o -k | i _
The possible movements of phOSphOleIdS in a I I | I | | I -I I:!g;zg,p
membrane. § oceurs)
receptorsfor the hormone are withdrawn from the o | I .'|
cell surface, thereby hampering hormone action
(see Sheeler and Bianchi, 1987). i
(iii) Role of cholesterol in maintaining
fluidity of membrane. Eukaryotic plasma mem-
branes are found to contain a large amount of flexion mt""“o”
cholesterol; upto onemol eculefor every phospho- Fig. 5.8. Thetypesof movement possiblefor
lipid molecule. Cholesterol mol eculesorient them- phospholipid molecules in a lipid
selvesin the lipid bilayer in such away that their bilayer (after Alberts et al, 1989).
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hydroxyl groups remain close to polar head
groups of the phospholipids, their rigid
plate-likesteroidringsinteractwithandpartly
immobilise those regions of hydrocarbon
chains that are closest to the polar head
groups, leaving therest of thechain flexible
(Fig. 5.9). Cholesteral inhibits phase transi-
tionby preventing hydrocarbonchainsfrom
coming together and crystallizing. Choles-
terol also tendsto decrease the permeability
of lipid bilayersto small water-soluble mol-
ecules and is thought to enhance both the
flexibility andthemechanical stability of the
bilayer.

4. Membrane Asymmetry

Both lipid and protein moleculeshave
irregular distribution in both monolayers of
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The cholesterol molecules of a membrane are oriented with
their small hydrophilic end facing the external surface of
the bilayer and the bulk of their structure packed in among
the fatty acid tails of the phospholipids.

thelipid bilayer, thisis called membrane asymmetry.
A.Phospholipid asymmetry in plasmamembrane. Thelipid composition and state of fluidity
of two halves of the lipid bilayer are found to be strikingly different. For example, in human

Cil polar o
] ¥ head = i
| rou
g ] 9o i

rigid ™=
planar
steroid
ring
structure

nonpolar
hydrocarbon
tail

Fig. 5.9. Cholesterol molecule(schematic)interactingwith
two phospholipid moleculesinamonol ayer (after

Alberts et al., 1989).

erythrocyte’ s plasma membrane, outer
half contai nsthose phospholipidswhich
have more saturated fatty acid chains,

. Eg':é and inner half contains those phospho-
group lipids which contain terminal amino
groups and less saturated fatty acid
cholesterol chains. As aresult, inner monolayer is
stiffened more fluid than the outer lipid mono-
region layer. Suchaphospholipidasymmetryis
generated in smooth ER. The asymme-
try of glycolipids such as
galactocerebroside, ganglioside, etc., in
more | myelin sheath of nerves (i.e., they are
fluid 1 tound only in the outer half of lipid

rigid ) . . .
region | bilayer) is found to be originated in

lumen of Golgi apparatus. The specific
roleof lipidasymmetry of themembrane
isstill not clear.
B.Proteinasymmetryinplasma
membr ane. Theouter andinner sidesof

the plasma membrane and other mem-

branes do not contain either the same types or equal amounts of the various peripheral and integral
proteins, e.g., erythrocyte' s plasmamembrane.

Proteins of plasma membrane of erythrocytes. When the extracted proteins of the plasma
membrane of human erythrocytes (RBC) are studied by SDS polyacrylamide-gel electrophoresis
(SDS = sodium dodecy! sulphate ; a detergent), approximately 15 major protein bands are detected,
varying in molecular weight from 15,000 to 25,000. M ost of these proteins are found to be peripheral
proteinsof cytosolic face of the plasmamembrane. Important properties of some of theseproteinsare

thefollowing:
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(i) Spectrin and other cy-
toskeleton proteins. Spectrin is
theprincipal component of thepro-
tein meshwork (cytoskel eton) that
underliesthe erythrocyte’ splasma
membrane (Fig. 5.10). It, thus, |tropomyosin
maintains the structura integrity
and biconcave shape of this mem-
brane (Branton et al., 1981).
Spectrin islong, thin, flexible rod
about 100 nm in length. It consti-
tutesabout 25 per cent of themem-
brane associated protein mass
(about 2.5 x 10° copies per cell).
Spectrinisaheter odimer andcon-
sistsof two non-identical, antipar-
alel, loosely intertwind, flexible |

actin

polypeptidechains,i.e., o—spectrin “  bpand3

(~ 240,000 daltons M.W.) and -
spectrin (~220,000daltonsM.W.),
both being attached non-coval ently

ankyrin

glycophorin A

The plasma membrane of the human erythrocyte.

f band4.1

to each other at multiple points
including their ends (i.e., phosphorylated ‘head’ and ‘tail’).

The spectrin heterodi mers sel f-associate head-to-head to form 200 nm long tetr amer s. Thetail
endsof fiveor six spectrintetramersarelinkedtogether by bindingtoshort actin filaments(alsocalled
band 5 proteins; with 43,000 dalton M.W.) and each with 15 actin monomersand to another protein,
called band 4.1 protein (82,000 dalton M.W.). Thesethree proteinsform the“junctional complex”
of deformable, net-like meshwork of the cytoskeleton. Further, the binding of spectrin cytoskeleton
tothecytosolicfaceof theerythrocyte’ splasmamembranedependsonalargeintracellular attachment

protein, called ankyrin (or o chain
band 2.1 protein; 210,000 R " x
daltonM.W.). Ankyrintends 2 _"l
to bind to both B-spectrin .P_.E'_ e e
and to the cytoplasmic do- = =i Bchain flexible link

. A between domains
main of a transmembrane

106 amino
acid long domain

COOH
u

NH,

protein, called band 3 pro-
tein (Shen et al., 1986).
(i) Glycophorin. It
is a smal transmembrane
glycoprotein (single-pass
membrane protein) having
mol ecular weight of 55,000
daltons and 131 amino acid
residues. Thisprotein bears
about 100 sugarson 16 sepa-
rate oligosaccharide side
chains (90 per cent of which
issialic acid). Despitethere
being more than 6 x 10°

junctional
complex

spectrin
dlmer - -Hf
actln
;- .-'
ankyrln band 4.1

band 3 9glycophorin

Fig. 5.10. A—One spectrin molecule from human red blood cell; B—
Schematic drawing of the spectrin based cytoskeleton on the
cytoplasmic side of the human red blood cell membrane.
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exterior
surface

bilayer

interior
surface

Glycophorin A, an integral protein with a single
transmembrane domain.

glycophorin moleculesper céll (i.e.,
erythrocyte), their exact functionis
still not known. However,
glycophorins are found to contain
certain antigenic determinants (car-
bohydrates) for the ABO blood
groupsand M N blood groups. Fur-
ther, sialic acid confersahigh nega-
tive charge to the cell surface of
erythrocyte. This sugar may be im-
portant inthelife cycle of the eryth-
rocytes as it has been shown that
cellslosesiaicacidasthey ageinthe
circulatory system. Correlated with
this is the observation that loss of
sialic acid is a signal for removal
and destruction of an erythrocyte by
the spleen and liver. In thisway the
life span of red blood cells may be
regulated (see King, 1986).

(iif) Band 3 protein. Likethe
glycophorin, band 3protein (93,000

daltons M.W.) is atransmembrane protein, but it isamultipass membrane protein, i.e., its highly
folded polypeptide chain (about 930 amino acid long) extendsacrossthelipid bilayer at least 10times.
Each human erythrocyte contains about 10° and band 3 proteins, each of which forms either adimer
or tetramer in the membrane. Band 3 protein acts as the anion exchange channelsin the membrane.
As the erythrocytes pass through the lungs, they exchange bicarbonate (HCO™) for chloride (CI-)
through these hydrophilic channels during the process of CO, release (chloride shift).

5. Constraints on the Motility of Membrane Molecules

Inthefluid mosaic plasmamembrane,
thereis not complete and independent free-
dom of movement for its different compo-
nent molecules. Themobility of somepart of
lipid molecules is constrained since that
remainstightly boundto someof theintegral
membrane proteins. For example, the mo-
bility of lipid molecules surrounding cyto-
chromeoxidase (anenzymeinvolvedinthe
synthesis of ATP) are immobilized by the
enzyme and makes boundary lipid layer.
The immobilized boundary lipid makes 30
per cent of membranelipidinthemitochon-
drial membrane.

In contrast to lipids, the mobility and
distribution of proteinmoleculesinthemem-
brane is controlled by various ways : (1)
Certainproteinsof membraneareconstrained
by protein-protein interactionsto form spe-

Fig. 5.11. Inter-cellular space.
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cialized ordered regions, representing 2 to 20 per cent of themembrane of asystem, e.g., gapjunctions,
synapsis of neurons and plagues of halobacteria. (2) Certain peripheral proteins (endoproteins) may
form a bridge-like lattice work between integral proteins and restrict their lateral mobility, e.g.,
spectrin-ankyrin-actin cytoskel etal meshwork providesarigidity to the membrane of human erythro-
cytesand doesnot permit theclustering or cappingof integral proteinswhentheappropriateantibodies
or lectinsare added. (3) In nucleated eukaryotic cells, the mobility of the peripheral endoproteinsand
integral proteinsisrestrained by their attachment to the ectoplasmic cytoskel eton. The cytoskeletonis
extensive, including myosin filaments, actin filamentsand micr otubules (Fig. 5.10). Rearrangement
of cytoskeletal components just below the cell surface manifests in the distribution of integral
membrane proteins and also in the cellular motions, endocytosis and exocytosis.

Theinter-cellular space. Inthetissuesof multicellular animals, the plasmamembranes of two
adjacent cells usually remain separated by a space of 10 to 150 A° wide. Thisinter-cellular spaceis
uniform and contains a materia of low electron density which can be considered as a cementing
substance. This substance is found to be amucopolysaccharide (Fig. 5.11).

ORIGIN OF PLASMA MEMBRANE

Thereis hardly any cell structure more important to the immediate health of the cell than the
plasmamembrane. If it isweakened or injured, the cell losesits ability to maintain gradients, to carry
out the selectivetransport of nutrients, and to contain the pool of enzymesand organellesessential for
the homeostasis. In consequence, new membranes may be added to existing membranes without
altering the functions as a barrier and selective transporter. Also for maintaining the characteristic
membrane asymmetry, the membrane must be assembled with precisely the correct moleular topog-
raphy.

Thus, all cellular membranesgrow from pre-existing membraneswhich act astemplatesfor the
addition of new precursors. All cells divide, daughter cells receive afull complement of membrane
systems which undergo growth until the next division, to be passed on to subsequent progeny.
M eanwhile the molecul es within the membrane undergo continuous replacement.

The protein molecules of the plasma membrane are synthesized on both attached and free
ribosomes. Proteins synthesized by free ribosomes may be inserted into the plasma membrane
followingtheir completion and rel easefrom theribosomes. Proteinsof plasmamembrane synthesized
on attached ribosomes of rough ER areinserted firstinto themembrane of RER and thentransferred
to the Golgi apparatus, processed there (e.g., glycosylation) and ultimately are dispatched to the
plasmamembraneviathe secretory vesicles. Likewise, the synthesisof phospholipid mol eculesof the
plasmamembranetakesplaceby thesmooth ER (SER). Liketheproteins, newly synthesizedlipidsare
insertedinto SER membranes, thenthey arepassed to Gol gi apparatusfor theprocessing and ultimately
aredispatchedtotheplasmamembraneviasmall secretory vesicles. Thecytosol al so containsanumber
of phosphoalipidtransport proteinsthat functiontotransfer phospholipid moleculesfromonecellular
membrane to another (e.g., from ER membranes to plasma membranes) (see Sheeler and Bianchi,
1987).

In fact, the process of glycosylation (or glycosidation, i.e., addition of oligosaccharides
containing the sugars such as galactose, fucose and/ or sialic acid, to the molecules of proteins and
phospholipids of the plasmamembrane) iscompleted at thelevel of Golgi apparatus. However, some
sugars are added to the proteins in the lumen of RER.

FUNCTIONS OF PLASMA MEMBRANE

The plasma membrane acts as a thin barrier which separates the intra-cellular fluid or the
cytoplasm from the extra-cellular fluid in which the cell lives. In case of unicellular organisms
(Protophytaand Protozoa) the extra-cellular fluid may befresh or marinewater, whileinmulticellular
organisms the extra-cellular fluid may be blood, lymph or interstitial fluid. Though the plasma
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membraneisalimitingbarrier aroundthecell butit performsvariousimportant physiol ogical functions
which areasfollows:

1. Permeability. Theplasmamembraneisathin, el astic membranearoundthecel | which usually
allows the movement of small ions and molecules of various substances through it. This nature of
plasmamembraneistermed aspermeability. According to permeability following typesof theplasma
membranes have been recognised :

() Imper meableplasmamembr anes. Theplasmamembraneof theunfertilized eggsof certain
fishes alows nothing to pass through it except the gases. Such plasma membranes can be termed as
impermeable plasmamembranes.

(i) Semi-per meableplasmamembr anes. Themembraneswhichallow only water but nosolute
particleto passthrough them are known as semi-permeable membranes. Such membraneshave not so
far been recognised in animal cells.

(ii1) Selective per meable plasma membr anes. The plasmamembrane and other intra-cellular
membrane are very selective in nature. Such membranes allow only certain selected ions and small
mol ecules to pass through them.

(iv) Dialysing plasma membranes. The plasma membranes of certain cells have certain
extraneous coats around them. The basement membranes of endothelial cellsarethe best examples of
extraneous coats. Thistype of plasmamembrane having extraneous coatsaround it, actsasadialyzer.
In these membranes the water molecules and crystalloids are forced through them by the hydrostatic
pressure forces.

Mode of Transport Across Plasma Membrane

The plasma membrane acts as a semipermeabl e barrier between the cell and the extracellular
environment. Thispermeability must behighly selectiveif itisto ensurethat essential moleculessuch
as glucose, amino acids and lipids can readily enter the cell, that these molecules and metabolic
intermediates remain in the cell, and that waste compounds leave the cell. In short, the selective
permeability of the plasma membrane allows the cell to maintain a constant internal environment
(homeostasis). Inconsequence, inall typesof cellsthereexistsadifferenceinionicconcentrationwith
the extracel lular medium (Table 5-3). Similarly, the organelles within the cell often have adifferent
internal environment from that of the surrounding cytosol and organelle membranes maintain this
difference. For example, in lysosomes the concentration of protons (H*) is 100 to 1000 times that of

Table 5-3 Comparison of ion concentration inside and outside of a typical mammalian cell
able 5-s. (Source: Maclean and Hall, 1987).

Component Intracellular Extracellular
concentration (mM) concentration (mM)

Cations:

Na* 5-15 145

K* 140 5

Mg?* 30 1-2

ca?* 1-2 255

H* 4x10—° 4x10—°

(pH 7.4) (pH 7.4)

Anions* :

Cl— 4 110

*  Sincethe cell must contain equal positive and negative charge(i.e., be electrically neutral), the large deficit
in intracellular anions reflects the fact that most cellular constituents are negatively charged, e.g.,
HCO,; PO,%; proteins, nucleic acids, metabolites carrying phosphate and carboxy! groups, etc.
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the cytosol. This gradient is maintained solely by the lysosomal membrane. Transport across the
membranemay bepassiveor active. It may occur viathe phospholipid bilayer or by thehelp of specific
integral membrane proteins, called per meases or transport protens.

A. Passivetransport. Itisatypeof diffusioninwhichanion or moleculecrossingamembrane
moves down its electrochemical or concentration gradient. No metabolic energy is consumed in
passive transport. Passive transport is of following three types:

@) (b)

The effects of osmosis on a plant cell. (a) hypotonic : normal turgor pressure;
(b) hypertonic : no turgor pressure.

1. Osmosis. The plasmamembraneis permeabl e to water molecules. Theto and fro movement
of water molecules through the plasma membrane occurs due to the differences in the concentration
of the solute on its either sides. The process by which the water mol ecul es pass through amembrane
from aregion of higher water concentration to the region of lower water concentration is known as
osmosis(Gr., osmos=pushing). The processin whichthe water moleculesenter intothe cell isknown
asendosmosis, whilethereverse processwhich invol vesthe exit of thewater moleculesfrom the cell
isknown asexosmosis. In plant cellsdueto excessive exosmosi sthe cytoplasm along with the plasma
membrane shrinks away

fromthecell wall. Thispro-
cessisknownasplasmoly-
sis (Gr., plasma=molded,
lysissloosing) (Fig. 5.13).

A cdll contains vari-
ety of solutesin it, for in-
stance, the mammalian
erythrocytes contain the
ionsof potassium (K™), cal-
cium (Ca*), phosphate
(PO,"), dissolved haemo-
globinand many other sub-
stances. If the erythrocyte
isplacedina0.9% solution
of sodiumchloride (NaCl),
then it neither shrinks nor
swells. In such case, be-
causetheintra-cellular and
extra-celluar fluidscontain
same concentration and no
osmosis takes place. This

a) solutes more
concentrated RBC

b) solutes concen-
trations equal inside
and outside RBC

= H,©n

L

Osmosis and the RBC.

c) solutes less
concentrated
outside RBC

H,0
|

H,0
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Fig. 5.12. Schematic diagram showing various types of transports across the membrane : simple diffusion,
passive transport (down an electrochemical gradient) and active transport (against an electro-
chemical gradient) (after Alberts, et al., 1989).

typeof extra-cellular solution

cell wall = -.-.: B o | e aal '-_ " or fluidisknown asisotonic
plasma "r. I | ' LT _l:_.-'i' solqu_n or fluid. Ifthe_cor_l-
membrane .'l+. 3 F centrationof NaCl solutionis
nucleus - .‘ increased above 0.9% then
vacuole = F I' ? _-ﬂ | theerythrocytesare shrinked
I iy L] due to excessive exosmosis.

cytoplasm .l-_ .I= - "_ '.I 1 The solutions which have
'_":' : I' . L - higher concentrations of sol-

- A B = L o © | utesthantheintracellularflu-

idsareknown ashypertonic
Fig. 5.13. Plasmolysis and deplasmolysisin plant cells. Plasmolysis oc- yp

curs when a normal plant cell (A) is placed in a hypertonic ol utl0_n3. Further, if thecpn-
solution. Water |eavesthecell and the plasmamembraneshrinks centration of NaCl solution
away fromthecell wall (B,C). If solutescan penetratetheplasma| decreases below 0.9% the
membrane, the cell will eventually regain water—a process| €rythrocyteswill swell updue
termed deplasmolysis (D) (after De Witt, 1977). toendosmosis. Theextra-cel-
lular solutions having less
concentration of the solutes than the cytoplasm are known as hypotonic solutions.

Dueto endosmosis or exosmosisthe water molecules comein or go out of the cell. The amount
of thewater insidethecell causesapressureknown ashydr ostatic pr essur e. Thehydrostatic pressure
which is caused by the osmosis is known as osmotic pressure. The plasma membrane maintains a
balance between the osmotic pressure of the intra-cellular and inter-cellular fluids.

2.Simplediffusion. Insimplediffusion, transport acrossthemembranetakesplaceunaided, i.e.,
mol ecul esof gasessuch asoxygen and carbon dioxideand small molecules(e.g., ethanol) enter thecell
by crossing the plasmamembrane without the hel p of any permease. During simple diffusion, asmall
mol ecul ein agueous sol ution dissol vesinto the phospholipid bilayer, crossesit and then dissol vesinto
the agueous solution on the opposite side. Thereislittle specificity to the process. Therelative rate of
diffusion of the molecule across the phospholipid bilayer will be proportional to the concentration
gradient across the membrane.

3. Facilitated diffusion. Thisisaspecial type of passive transport, in which ions or molecules
crossthemembranerapidly because specific permeasesinthemembranefacilitatetheir crossing. Like
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small molecules

movement of ions and

(a) simple diffusion

equilibrium

(b) carrier-facilitated diffusion

_'_IT

the simple diffu-
sion, facilitated
diffusion does not
require the meta-
bolicenergy andit
occursonly in the
direction of acon-
centration gradi-
ent. Facilitated dif-
fusionischaracter-

red blood ™ = e i | | X
cell ® = -, : ﬁ
.. n
selectivg:y carrier
permeable protein
membrane

Diffusion in the cell.

ized by thefollow-
ing special fea-
tures: (1) the rate
of transport of the

molecule across

themembraneisfar greater thanwoul d beexpected fromasimplediffusion. (2) Thisprocessisspecific;
each facilitated diffusion protein (called protein channel) transports only a single species of ion or

molecule. (3) There is a maximum rate of
transport, i.e., when the concentration gradi-
ent of moleculesacrossthemembraneislow,
an increase in concentration gradient results
in a corresponding increase in the rate of
transport. Currently, it isbelieved that trans-
port proteins form the channels through the
membrane that permit certain ions or mol-
eculesto passacrossthelatter (seeDar nell et
al., 1986).

Examples of Facilitated Diffusion

(i) lonic transport through charged
por es. Nerveconductionispropagated along
the axonal membrane by action potential
which regulates opening and closing of two
main types of ion channels (i.e., channel
proteinswith water filled pores) : Na* chan-
nels (or voltage-gated Na* channels) and
K* channels (or k* leak channels). At the
point of stimulation there is a sudden and
several hundred foldincreasein permeability

glucose
binding
pad B | sl ey
Irk ® 0. O
;'r' l_'-.. —— H"'I'_ sl
recovery l Jerspon
N i l.r.lll e
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.y | 4 e | -H-I-
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e

Facilitated diffusion.

to Nat, which reachesits peak in 0.1 millisecond (i.e., the membrane potential may depolarise from
—90mV and overshoot to + 50 mV). At theend of the period, the membrane again becomes essentially
impermeableto Na*, but the K* permeability increases and thision leaks out of the cell, repolarising
thenervefibre. Inother words, during therising phase of thespike, Na* enter through theNa*" channels,
and in descending phase K* is extruded through the K* channels.

Suchion channelsal so occur inother typesof cellssuch asmuscle, spermand unfertilized ovum.
They arenot coupledtoanenergy source(ATP), sothetransport they mediateisalwayspassive (“down
hill”), allowing specific ions mainly Na*, K*, Ca?* and CI— to diffuse down their electrochemical
gradient acrossthelipid bilayer (Hille, 1984). Further, anion channel is made of integral proteins of
neural membrane. This protein has two functional elements: (1) aselectivefilter which determines
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the kind of ion that will be transported ;

external medium : dehydrated . . .
a P%;Tﬁvsg}?” - g E K3i ion (2) agatewhich by opening and closing
a .

o " the channdl, regulates the ion flow. In
both Na*- and K*- channels, the gating
¢ 1| mechanismiselectrically drivenand is
=l controlled by the membrane potential,

™

|- ol lllalﬂ!l . -1 {1} | without theneed of other energy source.
i) _I i A AT 1 the resting condition (steady state)
" ||| both Na* and K* channels are closed.

ol

With depolarisation, the Na* channel is
5 BREE . nitroxide- opened and during repolarisation, it
i '. g labelled=™ _ & _ closes again and K* channel opens.
w Cysteine residue r - lci . h s (Ca2+-
Rlosed = pydrated L | Calcium ion channels (Ca
K* ion channels) occur in axonal membranes
cytoplasm open

and other membranesfor theentrance of
Use of EPR spectroscopy to monitor changes in conformation | Ca2* ionsin the cell. Ca2* ions have a
of a bacterial K* ion channel as it opens and closes. fundamental role in many cellular ac-
tivities such as exocytosis, endocytosis, secretion, cell motility, cell growth, fertilization and cell
division. In the neuronal membrane, there are a number of Ca?* channels that are driven by the

membrane potential and are essential in the rel ease of neurotransmitters (acetylcholing).

2. D-hexose per mease of erythrocyte. The plasmamembrane of mammalian erythrocytesand
other body cells, contain specific channel proteinsfor thefacilitated diffusion of glucoseintothecells.
They are called glucose transporter, glucose permease or D-hexose per mease. After the glucose
istransported into the erythrocyte, it israpidly phosphorylated (by hexokinase enzymeand ATP) to
formglucose-6-phosphate. Oncephosphorylated, theglucosenolonger |leavesthecell; moreover, the
concentration of the simple glucose in the cell islowered. As aresult, the concentration gradient of
glucose across the membrane is increased, allowing the facilitated diffusion to continue to import
glucose. Sinceno cellular membrane (except themitochondrial membranes) containsany permeasefor
facilitated diffusion of phosphorylated compounds, so a cell can retain any type of molecule by
phosphorylating them, e.g., ATP and phosphorylated nucleosides are never released from the cells
containing a normal intact plasma membrane. However, permeases for ATP and ADP do existina
mitochondrial membrane to allow these molecules to move acrossit.

The D-hexose permease of the erythrocyteisan integral and transmembrane protein of 45,000
daltons M.W. It accountsfor 2 per cent of erythrocyte membrane protein. D-hexose permease, most
probably operatesin thefollowing way : the binding of glucoseto asite on the exterior surface of the
permeasetriggersaconformational changeinthepolypeptide. Thischange somehow generatesapore
in the protein that allows the bound glucose to pass through the membrane.

3. Anion exchange per mease of erythrocyte. Band 3 polypeptide of plasmamembrane of the
erythrocytes and other cellsis an ion exchange per mease protein which catalyzes an one-for-one
exchange of anions such as chloride (Cl—) and bicarbonate (HCO,™) across the membrane (called
chloride shift; erythrocyte has 100,000 times more permeability of Cl— than other cells). Therapid
flux of anionsintheerythrocytefacilitatesthetransportinthebl ood of CO, fromthetissuestothelungs.
Waste CO, that is released from cell into the capillary blood, diffuses across the membrane of
erythrocyte. Initsgaseousfrom, CO, dissolves poorly in agueous sol utions such as blood plasma, but
inside the erythrocyte the potent enzyme car bonic anhydrase convertsit into a bicarbonate anion :

carbonic
Co, + H,O H™ + HCO;”
anhydrase

proton bicarbonate
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This process occurs while the haemoglobin in the erythrocyte is releasing its oxygen into the
blood plasma. The removal of oxygen from haemoglobin induces a change in its conformation that
enablesagl obin histidine (amino acid) sidechainto bindto the proton produced by carbonic anhydrase
enzyme. The bicarbonate anion formed by carbonic anhydraseistransported out of the erythrocytein
exchange for achloride (ClI-) anions:

HCO,~ + CI- HCO,- + CI-
(in) (out) (out) (in)

Asthetotal volume of the blood plasmais about twice that of the total erythrocyte cytoplasm,
this exchange triples the amount of bicarbonate that can be carried by blood as awhole. Without the
presenceof an anion exchange protein (i.e., band 3 protein), bi carbonate anionsgenerated by carbonic
anhydrase would remain within the erythrocyte and blood would be unableto transport all of the CO,
produced by tissue. Theentireexchange processiscompl eted within 50 millisecond (ms) duringwhich
time 5 x 10° HCO,"ions are exported from the cell. The processisreversed in the lungs: HCO,"
diffusesinto the erythrocytein exchangefor aCl~. Oxygen binding to haemoglobin causes release of
the proton from haemoglobin. The CO, diffuses out of the erythrocyte and is eventually expelled in
breathing. The exact mechanism of anion transport by the Band 3 proteinis still unknown.

B. Activetransport. Activetransport usesspecific transport proteins, called pumps, which use
metabolic energy (ATP) to moveionsor moleculesagainst their concentration gradient. For example,
in both vertebrates and invertebrates, the concentration of sodium ion isabout 10 to 20 times higher
in the blood than within the cell. The concentration of the potassium ion isthe reverse, generally 20
to40timeshigher insidethecell. Such alow sodium concentration insidethe cell ismaintained by the
sodium-potassium pump. Therearedifferent typesof pumpsfor thedifferent typesof ionsor molecules
such as calcium pump, proton pump, etc.

Examples of Active Transport
1. Na"- K*- ATPase. Itisanion pump or cation exchange pump which isdriven by energy

extracellular

e e space
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cytoplasm P
E, conformation
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|
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Schematic concept of the Na*/K* —ATPase transport cycle.
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of one ATP molecule to export three Na*
ions outside the cell in exchange of the
import of twoK*ionsinsidethecell. Electri-
cal organsof edsarefoundtobeveryrichin
this enzyme or pump. N*- K*- ATPaseisa
transmembrane protein which is a dimer
havingtwo subunits: onesmaller unitwhich
is a glycoprotein of 50,000 daltons M.W.,
having a unknown function ; and another
larger unit having 1,20,000 daltons M. W.
The larger subunit of Na'- K*- ATPase
performstheactual function of cationtrans-
port. It hasthreesitesonitsextracytoplasmic
surface: twositesfor K*ionsand onesitefor
theinhibitor ouabain. Onitscytosolic side,
the larger subunit contains three sites for
threeNa*ionsand also hasonecatalytic site
for a ATP molecule. It is believed that the
hydrolysis of one ATP molecule somehow
drives conformational changesin the Na*-
K*- ATPase that allows the pump to trans-
port three Na* ions out and two K* ions
inside the cell (Fig. 5.15).

2. Calcium ATPase. Calcium pump
or Ca2*-ATPase pumps Ca2*-ionsout of the
cytosol, maintaining alow concentration of
it inside the cytosol. In some types of cells
such aserythrocytes, thecalcium pumpsare
located in the plasma membrane and func-
tion to transport Ca?* ions out of thecell. In
contrast,inmusclecells, Ca2*-ionpumpsare
located in the membrane of ER or sarco-
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Fig. 5.14. Schematicdrawingshowinganiontransportthrough
the erythrocyte membranein the capillariesand in
the lungs. Band 3 protein (= anion exchange per-
mease) catalyzes the exchange of the anions : Cl-
and HCO,~ acrosstheerythrocyte membrane (after
Darnell et al., 1986).

The proton pump.

plasmicreticulum. TheCa?*-ATPasetransportsCat*
from the cytosol to the interior of the sarcoplasmic
reticulum for causing the relaxation of the muscle
cells. Release of Ca?* ions from the sarcoplasmic
reticulum into the cytosol of muscle cells causes
contraction of themusclecells. Sarcoplasmicreticu-
lum tends to concentrate and store Ca2* ions by the
help of following two types of reservoir proteins: (1)
Calsequestrin (44,000 daltons M.W. ; highly acidic
protein) whichtendstobind upto 43 Ca2* ionswithit.
(2) High affinity Ca?*- binding proteinwhichbinds
Ca?* ions and also reduces the concentration of free




PLASMA MEMBRANE AND CELL WALL 133

Contents

Ca?* ionsinside the sarcoplasmic reticulum vesicles and decreases the amount of energy needed to
pump Ca?* ionsinto it from the cytosol.

A calcium pump is

a 100,000 M.W., polypeptide, forming 80 per cent of integral membrane

protein of sarcoplasmic reticulum. Init, hydrolysis of one ATP molecule transports two Ca* ionsin

the counter-transport of ol
3. Proton pump or
H*-pump. Thelysosomal

ne Mg?*ion.

| |
H

membrane contains the Na’ K*and ouabain

ifs 3 " binding site
ATP-dependent proton ._:_ i -
pump that transports pro- - .J . .
tons from the cytosol into sodium e 1 n ':l SRR potassium
thelumenof theorganelle, i

keeping theinterior of ly-
sosomes very acidic (pH

eletrochemical oy B . eletrocg_emical
gratlicnt .||]|-|_ |_| i luddai gradient
-.. n

Na* binding = Na* - K* ATPase

4.5105.0). The pH of the : site. = My of 0 [ pump E_'
cytosol is about 7.0 (Fig. = - -_' = rﬁ - -
ATP = " = ADP +Pi
Proton pumps also 2.k

occur inmitochondriaand

chloroplasts where they | Fig. 5.15. The Na'- K* ATPasein the plasma membrane actively pumps Na*

participate in the genera-
tion of ATP from ADP.
They also cause acidifica-
tion of the mammalian

out and K* into a cell against their electrochemical gradients. For
every molecule of ATP hydrolyzed inside the cell, 3 Na" ions are
pumped out and 2K* ions are pumped in (after Albertset al., 1989).

stomach. In the apical membrane of aparietal cell or oxyntic cell (which sercete HCI or H* CI-) are

located ATP-dependent p

roton pumps. Hydrolysis of ATPis coupled to the transport of H* ions out

of the cell (into stomach lumen). HCI production, thus, involves three types of transport proteins: 1.

anion-exchange protein; 2. chloride (CI~) permeases; and 3. ATP- dependant proton (H*) pump.
Uniport, symport and antiport. Those carrier proteinswhich simply transport asingle solute

from one side of the membrane to the other ; are called uniports. Others function as coupled

transporters,inwhichthetransfer of onesolutedepends

N
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brane of the
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on the ssmultaneous transfer of a second solute, either in

lysosomal ™ J_I:- ATP thesamedirection (symport) or inthe oppositedirection
== ADP + Pi

(antiport). Both symport and antiport collectively form

- the cotransport. Most animal cells, for example, must
take up glucose from the extracellular fluid, where the

.'l. concentration of the sugar is relatively high, by passive

H transport through the glucose carriers (such as D-hexose

I permease) that operate as the uniports. By contrast,

H Al intestinal and kidney cells must take up glucosefromthe
.._.- 3 lumen of the intestine and kidney tubules, respectively,
o= _.".. where the concentration of the sugar is low. These cells

actively transport glucose by symport with Na* ions
whoseextracellular concentrationisvery high. Theanion

Fig. 5.16. The proton pump of the mem-| exchangepermeaseof human erythrocytesoperatesasan

Igygzosome (after | antiport totheexchangeof CI-for HCO,~ (Albertsetal.,
): 1989).




134  CELL BIOLOGY

C.Bulktransport by theplasmamembrane. Cellsroutinely import and export largemol ecules
across the plasma membrane. Macromolecul es are secreted out from the cell by exocytosis and are
ingested into the cell from outside through phagocytosis and endocytosis.

1.Exocytosis. Itisasocalled emeiocytosisandcell vomiting. Inall eukaryoticcells, secretory
vesiclesarecontinually carrying new plasmamembraneand cellular secretionssuch asproteins, lipids
and carbohydrates(e.g., cellulose) fromthe Gol gi apparatusto the plasmamembraneor to cell exterior
by the process of exocytosis. The proteins to be secreted are synthesized on the rough endoplasmic
reticulum (RER). They passinto the lumen of the ER, glycosidated and are transported to the Golgi
apparatus by ER-derived transport vesicles. In the Golgi apparatus the proteins are modified,

concentrated, further glycosidated,
sorted and finally packaged into
vesicles that pinch off from trans
Golgi tubulesand migratetoplasma
membrane to fuse with it and re-
lease the secretion to cell’s exte-
rior. Incontrast, small moleculesto
be secreted (e.g., histamine by the
mast cells) are actively transported
from the cytosol (where they are
synthesized on the free ribosomes)
into preformedvesicles, wherethey
are complexed to specific macro-
molecules (e.g., a network of
proteoglycans, incaseof histamine;
Lawson et al., 1975), so that, they
can be stored at high concentration

transported co-transported ion
molecule
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Fig. 5.17. Carrier proteins of membrane functioning as uniports,
symports and antiports (After Albertset al., 1989).

without generating an excessive osmoatic gradient.
During exocytosisthevesiclemembraneisincorporated into the plasmamembrane. Theamount
of secretory vesicle membrane that istemporarily added to the plasma membrane can be enormous:

The process of engulfment by a
leucocyte ingesting a yeast particle.

in a pancreatic acinar cell discharging digestive en-
zymes, about 900 um? of vesiclemembraneisinserted
into the apical plasmamembrane (whose areaisonly
30 um?) when the cell is stimulated to secrete.

2. Phagocytosis. Sometimes the large-sized
solid food or foreign particles are taken in by the cell
through the plasmamembrane. The process of inges-
tion of large-sized solid substances (e.g., bacteriaand
parts of broken cells) by the cell is known as phago-
cytosis (Gr., phagein=to eat, kytos=cell or hollow
vessdl).

Occurrence of phagocytosis. The process of
phagocytosis occurs in most protozoans and certain
cells of multicellular organisms. In multicellular or-
ganisms such as mammals, the phagocytosis occurs
very actively ingranular leucocytesandinthecellsof
mesoblasticorigin. Thecellsof themesoblasticorigin
arecollectively known asthecellsof macr ophagicor
reticuloendothelial system. The cells of macroph-
agic system are histiocytes of the connective tissue,
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thereticular cellsof the hemopoietic
organs (bone marrow, lymph nodes
and spleen) and the endothelial cells
which form the lining of capillary
sinusoid of the liver, adrenal gland
and hypophysis. The cells of mac-
rophagic system can ingest bacteria,
Protozoa, cell debris or even colloi-
dal particlesby theprocessof phago-
cytosis.

Process of phagocytosis. In
phagocytosis, first thetarget particle
isbound, to the specific receptorson
the cell’s surface (processis called
adsor ption),then the plasma mem-
brane expands along the surface of
theparticleand eventually engulfsit.
Vesicle formed by phagocytosis is
called phagosomeanditistypically
1to2umorlarger indiameter, much
larger than those formed during pi-
nocytosisand receptor-mediated en-
docytosis. The phagosomes migrate
totheinterior of thecell andfusewith
the pre-existing lysosomes (to form
phagolysosome). Thefoodisdigested
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A summary of the phagocytic pathway.

by the hydrolytic enzymes (acid hydrolase) of the lysosomes and the digested food is ultimately
diffused to the surrounding cytoplasm. In addition to the normal set of lysosomal hydrolases,
macrophage’ s lysosomes contain enzymes that generate hydrogen peroxide (H,O,) and other toxic
chemicals that aid in the killing of the bacteria. The undigested food is expelled from the plasma
membrane by the process of ephagy or egestion. In macrophages, the undigested parts of ingested
material such asthe cell walls of micro-organisms, accumulate within lysosomes asresidual bodies.
Accumulation of residual bodies may be onereason why macrophageshaveavery short lifetime(i.e.,

lessthan afew days).

Kinds of phagocytosis. Ac-
cordingtothephysical and chemical
nature of foreign substance follow-
ing types of phagocytosishave been
recognised :

(i) Ultraphagocytosis or
colloidopexy. The processinwhich
plasma membrane ingests smaller
colloidal particles is known as
colloidopexy or ultraphagocytosis,
e.g., leucocytes and the macroph-
agic cells of mammals.

(if) Chromopexy. When the
cellingestscolloidal chromogen par-

|
. g
(b) The Didinium's meal is
almost over.

(a) Here an egg-shaped protist Didinum
illustrates phagocytosis by ingesting the smaller paramecium.
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ticles phagocytotically the processis known as chromopexy, e.g., some mesoblasitc cells.

3. Endocytosis. In endocytosis, small regions of the plasma membrane fold inwards or
invaginate, until it has formed new intracellular membrane limited vesicles. In eukaryotes, the
following two types of endocytosis can occur : pinocytosis and receptor-mediated endocytosis.

() Pinocytosis. Pinocytosis(Gr., pinein=to drink; ‘ cell drinkng’) isthe non-specific uptake of
small dropletsof extracellular fluid by endocyticvesiclesor pinosomes, having diameter of about 0.1
um to 0.2 um. Any material dissolved in the extracellular fluid is internalized in proportion to its
concentrationin thefluid. The process of pinocytosiswasfirst of all observed by Edwar d in Amoeba
and by L ewis (1931) in the cultured cells.

Thelight microscopy has shown that in Amoeba tiny pinocytic channelsare continually being
formed at the cell surfaceby invagination of the plasmamembrane. Fromtheinner end of each channel
small vacuol esor pinosomesare pinched off, and these movetowardsthe centre of thecell, wherethey
fusewith primary lysosomes, toformfood vacuol es. Ultimately, ingested contentsaredigested, small
breakdown products such as sugars and amino acids diffuse to cytosol.

Micropinocytosis. Electron microscopic observations have been made on the pinocytotic
process at sub-cellular or sub-microscopic level in the cells. The pinocytosis which occurs at sub-
microscopic level is known as micropinocytosis. In the process of micropinocytosis, the plasma
membraneinvaginatesto from small vesicles of 650 A°diameter. These closed vesiclesare not coated
by clathrin protein and they move across the cytoplasm of endothelial cells (which line the blood
capillaries) to fuse with opposite plasma membrane discharging their contents. This is called
transcytosis(Simionescue, 1980). Suchtranscellular passage of fluidsisalso found to occur in other
types of cells such as Schawn and satellite cells of nerve ganglion, macrophages, muscle cells and
reticular cells, etc., but in them vesicles are coated by clathrin (see Albertset al., 1989).

(i) Receptor-mediated endocytosis. In this type of endocytosis, a specific receptor on the
surface of the plasmamembrane “recognizes’ an extracellular macromolecule and bindswithiit. The
substance bound with the receptor is caled the ligand. Examples of ligands may include viruses,
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Fig. 5.18. The process of phagocytosis and endocytosis (after Darnell et al., 1986).

small proteins (e.g., insulin, vitellogenin, immunoglobin, transferrin, etc.), vitamin B,,, cholesterol
containing LDL or low density lipoprotein, oligosaccharide, etc. The region of plasma membrane
containing the receptor-ligand complex undergoes endocytosis. The whole process of receptor-
mediated endocytosis, includes the following events :

Contents
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1. Interaction of ligands and cell surface receptors. The macromolecules (ligands) bind to
complementary cell-surface receptors. There are more than 25 different types of receptorswhich are
involved in receptor-mediated endocytosis of different types of molecules. Such areceptor isatrans-
membrane protein which contains two specific binding sites: (1) ligand-binding site at the externa
surface of plasma membrane ; and (2) coated-pit binding site at the inner or cytosolic face of the
plasmamembrane.

2. Formation of coated-pits and coated-vesicles. The endocytic cycle begins at specialized
regionsof the plasmamembrane, called coated-pits. Coated-pitsare depressionsof plasmamembrane
having acoat of bristle-likestructuretowardstheir cytosolic side. Theligand-loaded receptorsdiffuse
intothesecoated-pits. A coated-pit may accommodateabout 1000 receptorsof assorted variety. Infact,
coated-pits serve as molecular filters and selective concentrating devices, since, they tend to collect
certainreceptorsand leave others. They increasetheefficiency of internalization of aparticular ligand
more than 1000-fold and also carry minor components of extracellular fluid. The life-time of each
coated-pit isquiteshort—withinaminuteor so of beingformed, itinvaginatesintothecell and pinches
off toformthecoated-vesicles. Thecoat of coated pitsand coated vesi clesismade up of protein, called
clathrin and certain other proteins. A molecule of clathrin is composed of three large polypeptide
chainsand threesmaller polypeptidechains, al of whichtogether form athree-legged structure, called
triskelion. A number of triskelionsassembleinto abasket-like network of hexagonsand pentagonson
the cytoplasmic surface of the membranes (Pear se and coworkers, 1981, 1987).

3. Fusion of endocyticvesicleand endosome. Onceacoated vesicleisformed, theclathrinand
associ ated proteinsdissociatefromthevesicle
membrane and return to the plasma mem-
branetoform anew coated-pit (Schmid and
Rothman, 1985). The resultant endocytic
vesicle gets fused with pre-existing
endosomes and ultimately its contents are
utilized by the cell.

Endosomeor receptosome. Recently
it has been found that in the cells exists a
complex set of heterogeneous membrane-
bound tubesand vesicles, called endosome,
which extendsfrom the periphery of thecell
to the perinuclear region, whereit lies quite
close to Golgi apparatus. Thus, endosomes
may be of two types : (i) peripheral
endosomes just beneath the plasma membrane and (ii) perinuclear or internal endosomes. The
interior of the endosomeisacidic (pH 5-6) dueto the presence of ATP-driven proton (H*) pumpsin
itsmembrane that pumps H* ionsinto the lumen from the cytosol (Sly and Doisy, 1984). Endosomes
lack in degradative enzymes.

Thus, viareceptor-mediated coated-vesicles, theligandsaredd ivered totheperipheral endosomes
which slowly move inward to become perinuclear endosomes. These perinuclear endosomes are
converted into endolysosomesandtheninto lysosomes duetofollowing threeactivities: 1. thefusion
of transport vesicles from the Golgi apparatus, (Note. Transport vesicles capture a cargo of
molecules, e.g., proteins, fromthelumen of one compartment asthey pinch off fromitsmembraneand
then discharge that cargo into another compartment as they fuse with it. Thus, in such vesicular
transport, the transported proteins do not cross any membrane and they aretransferred from lumen to
lumen). 2. continuous membrane retrieval, and 3. increased acidification (Helenius and coworkers,
1983, 1987). The endosomal compartment also acts as the main sorting station in the endocytic
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pathway. The acidic environment of
the endosome causes di ssociation of
ligands from their receptors. Such
ligands are destined for destruction
inthelysosomesalongwiththeother
non-membrane-bound contentsof the
endosome. Thereceptor-proteinsare
either returned to the same plasma
membrane domain from which they
comeor they gotolysosomesand are
degraded.

Example of receptor-medi-
ated endocytosis. Most animal cells
are found to have aregulatory path-
way for the uptake of cholesterol.
Most cholesterol istransportedinthe
blood intheform of particlesof low-
density proteins or LDL. Each of
theselargespherical particles(22nm
indiameter) containsacor e of about
1500 cholesteryl ester mol eculessur-
rounded by a lipid monolayer and
also contains a single large protein
mol ecul e (apoprotein). Whenthecell
needscholesterol for membranesyn-
thesis, it synthesizes receptor pro-
teins for LDL particles and inserts
theminto its plasmamembrane. The
human LDL receptor isasingle-pass
transmembrane glycoprotein which
iscomposed of about 840 aminoacid
residues, only 50 of which stick out
from cytoplasmic side of plasma
membrane to form the coated-pro-
tein-binding site. The LDL - bind-
ing site of the receptor is exposed to
cell surface. TheL DL receptorsmove
laterally within lipid bilayer, until
they become associated to the newly
formed coated-pits. Sincecoated-pits
constantly pinch off to form coated-
vesicles, theL DL particlesarebound
toreceptorsinthecoated-pitsandare
rapidly internalized. After shedding
their clathrin-coats the endocytic
vesicles deliver their contents to
endosomes. |n endosomes, the LDL

particles and their receptors are separated from each other ; the receptors are returned to the plasma
membrane, while LDL ends up in thelysosomes. In the lysosomes, the cholesteryl estersinthe LDL
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Fig. 5.19. An endocytic pathway : ligands which are
endocytosed viacoated pits, aredelivered tothe
peripheral endosomes and then move sequen-
tially toperinuclear endosomes, endolysosomes
and lysosomes (Alberts et al., 1989).
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particlesare hydrolyzed to free chol esterol molecules, which thereby become availableto the cell for
new membrane synthesis. If too much free cholesterol accumulates in a cell, this stops cell’s own
cholesterol synthesisand the synthesisof L DL -receptor proteins, so that lessamount of cholesterol is
made and less amount of it is taken up by the cell (Brown and Goldstein, 1984, 1986).

Ener gy utilisation by phagocytosisand endocytosis. Unlike pinocytosis, which isaconstitu-
tive process that occurs continuously, the phagocytosis is a triggered process in which activated
receptorstransmit signalsto the cell interior to initiate the response (Wright and Silver stein, 1983).
Both phagocytosi sand pinocytosi sare active mechanismsin the sensethat the cell requiresenergy for
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their operation. During phagocytosi shy |eukocytesoxygen consumption, glucoseuptakeand glycogen
breakdownall increasesignificantly. Themechanismof endocytosisisfoundtoinvol vethecontraction
of microfilaments of actinand myosin present in the peripheral cytoplasm (ectoplasm) which causes
the plasma membrane to invaginate and to form the endocytic vacuole (pinosome/phagosome).
Involvement of actin microfilamentsis demonstrated by the action of the drug cytochalasin B which
inhibits endocytosis and disorganizes actin microfilaments.

Membrane fusion during exocytosis and endocytosis. Both exocytosis and endocytosis
involvethefusion of initially separate regions of lipid bilayer and occur in at least two steps: first the
two bilayers come into close apposition, it is called bilayer adher ence, and then they fuse together
(Thisis caled bilayer joining). Both of these steps are believed to be mediated by some types of
specific proteins, called fusogenic proteins (Blumenthal, 1987).

DIFFERENTIATIONS OF CELL SURFACE

The cell surface of certain cells performs various physiological activities such as absorption,
secretion, transportation, etc. To perform such specialized functions certain modifications are
inevitable in the plasma membrane of such cells. Such cell surface differentiations may include
microvilli, invagination, basement membrane and many types of cell-to-cell interconnections or
junctions (Table 5-4).

ap:le) =l sahe Types of junctions between animal cells (Source : Maclean and Hall, 1987).

1. Impermeable junctions: (i) Tight junctions
(ii) Septate junctions
2. Adhering junctions: (iii) Belt desmosomes

(iv) Spot desmosomes
(v) Hemidesmosoms

3. Communicating junctions: (vi) Gap junctions
(vii) Chemical synapsis

1. Invaginations

The bases (inner ends) of
certain cells, such as the cells of
the kidney, perform active trans-
portation and contain many in-
vaginations or infoldings of the
plasmamembrane. At the base of
thesefolds, theredevel opsasepta
and, thus, narrow compartments
of basal cytoplasm are formed.
Theseinfoldingscontainmany mi-
tochondria. These mitochondria
alongwiththeenzymesof plasma
membrane possibly provide en-
ergy rich compound, viz, ATPto
the plasma membrane for the ac-
tive transportation of solutes.

2. Microvilli

Microvilli are finger-like, Fig. 5.21. Infoldings of plasma membrane.
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dlender projectionsof plasmamembranewhich arefoundin mesothelial cells, hepatic cells, epithelial
cellsof intestine(striated bor der), uriniferoustubules(brush border), gall bladder, uterus, growing
oocyte and yolk sac. Microvilli increase the effective surface of absorption. For example, asingle
epithelial cell of intestine may have as many as 3000 microvilli and in asquare millimetre of intestine
theremay be 200,000,000. Thesemicrovilli are0.6t0 0.8 umlong and 0.1 umin diameter. Thenarrow
spaces between the microvilli form akind of sieve through which substances may pass during the
process of absorption. Within the cytoplasmic core of amicrovillusfine microfilamentsare observed
which in the underlying cytoplasm form ater minal web. The microfilaments contain actin and are
attachedto thetipsof themicrovilli by a-actinin; their functionisto produce contraction of microvilli.

3. Basement Membrane

Theinterfacebetweenall epitheliaand underlying connectivetissueismarked by anon-cellular
structure called basement membrane. This membrane comprisestwo basic layers: 1. Basal lamia
whichisincontact withtheepithelial basal plasmamembraneandiscomposed of finefeltwork of fibrils
of collagen of TypelV that are embedded in an amorphous matrix. It issecreted by theepithelia cells.
2. Reticular layer exists just beneath the basal lamina and is composed of fine reticular fibres of
reticulin protein. The reticular fibres are embedded in a ground substance. The reticular layer is
synthesized by underlying connective tissue into which it is merged (Wheater et al., 1979). The
basement membrane provides structural support for epitheliaand may constitute an important barrier
to the passage of materials between the epithelial and connective tissue compartments.

4. Tight Junctions (Zonula Occludens)
The cells of both vertebrate and invertebrate animals display junctions that are designed to

prevent or reducetheflow of evensmall
molecul es between the lateral surfaces
of adjacent cells. Such junctions are
particularly characteristicsof epithelial
tissues. In higher animals these are
termed tight junctionsand ininverte-
brates these are called septate junc-
tions (see M aclean and Hall, 1987).

Tight junctions are situated be-
low the apical border (often below the
microvillar surface) of the epithelial
cells and act as permeability barriers.
Thus, &l nutrients are absorbed from
theintestineinto oneside of the epithe-
lial cell andthenrel eased fromtheother
side into the blood because tight inter-
cellular junctions do not allow small
molecules to diffuse directly from the
intestine lumen into the blood. Alsoin
pancreatic acinar tissue, they prevent
theleakageof pancreatic secretory pro-
teins, including digestve enzymes, into
the blood.

Tight junctions are composed of
thin bands that completely encircle a
cell and arein contact withthinbandsof

solute molecules

tight
junction #
membrane
proteins

g =

intercellular
space

lipid n
bilayer

solute molecules

cytoplasm

tight

i

lipid
bilayer

Tight junctions.

junction
membran&

proteins cytoplasmy




142 CELL BIOLOGY

tight junction
adherens junction

gap junction

A junctional complex.

adjacent cells. In a thin section, in the tight
junction two adjacent plasma membranes
appear to befused at aseries of points. How-

microvillus
ever, inthree-dimensional structure, revealed
by freeze-fracturetechnique (Pinto da Silva
and Kachar, 1982), the tight junctions ap-
pear asanetwork of ridgesonthecytoplasmic )
half of the membrane, with complementary | = tht tonofila-
groovesintheouter half. Theridgesappear to Junggﬁns_ s hents
becomposed of tworowsof proteinparticles, | jesmosomel
asin zipper, each one belonging to the adja- R
cent cells. Thelinesof theseparticlesproduce SPOt w 8
the sealing and for this reason have been | 9eSmosome hemides.

namedsealingstrands. Often, sealing strands mosome
form a series of interconnected and .-|:

anastamosing lines, likearow of stitchesina - " _-F
quilted surface. basal | 'm—rIIE' = = B

Ininvertebrates, septatej UNCLioNSPer- | jamina | S e . o S0l
form the functions similar to tight junctions. | Fig. 5.22. Schematic diagram of the principal types of
They differ fromthetight junctionsinthat the cell junctions, as found in the intestinal epi-
proteinsthat straddlethegaps, occur inparal - thelial cell (after Darnell, et al., 1986).
lel rowsor septae. Also in them adjacent plasmamembrane surfaces are not in direct contact, so that
the junctional proteins themselvesform the seal.

5. Desmosomes

Desmosomes are abundantly found in tissues that have to withstand severe mechanical stress,
such as skin epithelia, bladder, cardiac muscle, the neck of uterusand vagina. Their presencein such
tissuesallows thetissuesto function as el astic sheetswithout theindividual cellsbeingtorn onefrom
another. Desmosomes are of following three types:

(i) Belt desmosomes (Zonula adherens). They are generally found at the interface between
columnar cells, just below theregion of tight junctions. They form aband that form agirdlearound the
inner surfaceof the plasmamembrane. Thisband containsaweb of 6to 7 nm actin microfilamentsand
another group of interwovenintermediatefilamentsof 10 nm. Actinmicrofilamentsarecontractileand
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intermediate filamentsplay astructural role. At belt
desmosome, theplasmamembranesof adjacent cells
areparallel, thicker than usual and 15to0 20 nm apart.
Theintercellular spacebetweenthemisfilledwithan
amorphous material.

(if) Spot desmosomes (Macula adherens).
The spot desmosomesact likerivetsor “ spot welds’
to hold epithelial cellstogether at points of contact.
They represent localized circular areas of contact
about 0.5 um in diameter, in which the plasma
membranes of two adjacent cells are separated by a
distance of 30 to 50 nm. The intercellular core or
central stratum between the two membranes con-
sistsof specificdesmosomal material richinproteins
and mucopolysaccharides. Under eachfacing plasma
membrane of the spot desmosome, thereisadiscoi-
dal intracellular plaque, 15to 20 nm thick, having
non-glycosylated proteins such as desmoplakins|,
I1,and |11 (Muellar and Franke, 1983). Numerous
10-nm thick intermediate filaments of keratin pro-
tein, called tonofilaments, converge towards the

il
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teins such as collagen and other proteinsto the cell.

6. Gap Junctions (Nexus)

plaque. Thesefilamentsformaloopin
a wide arc and course back into the
cytoplasm. In addition, there arethin-
ner filamentsthat arisefromeachdense
plaque and traverse the plasma mem-
branetoform*“trans-membranelink-
ers’ in the intercellular space. These
linkers provide mechanical coupling
and chemically are made of
glycosylated proteins, called
desmogleins| and ||, with the carbo-
hydrate moiety exposed toward the
intercellular space (Steinber g, 1984).
While the tonofil-aments provide the
intracellular mechanical support, the
cellular adhesion at the desmosome
depends mainly on the extracellular
coating material.

(iii) Hemidesmosomes. They
are half desmosomes which resemble
spot desmosomes but join the basal
surface of an epithelial cell to abasal
lamina. They anchor extracellular pro-

Many cells of the tissues of higher animals are coupled together by interconnecting gap
junctions, nexus or communicating junctions. The presence of gap junctions explainstheionic or
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electronic connec-
tions between adja-
cent cells, i.e., there

are some cellswhich ol
core

microvillus

are electrically |gamem

coupled and havere-

gions of low resis-

tance in the mem- ;:I . .

branethroughwhich | onofilament = plasma membrane

there is a rather free

flow of el ectrical cur- 7 ..:'H

= "m = sealin
lr..- |*. '_'; strang =
rent carried by ions. "-_.:|'| la'-l-.:.-
Such electrical cou- 5 - g
pling isfound exten- ':"- " id.f
sively in embryonic 5 - :
cells. In adult tissues il e
itisusually foundin -
epithelia, cardiac A "
cells and liver cells. intercellularyon¢ jnction
Skeletal musclesand space

most neurons do not Fig. 5.24. Tightjunqi ons. A—Thgadj acentpl asrnamgnbran&sarethfirmly

. at the sealing strand which is composed of two rows of particles, as
Sh,OW electrical cou- inzipper ; B— Three-dimensional representations (after De Robertis
pling. and De Robertis Jr., 1987; Maclean and Hall, 1987).

In fact, gap
junctionsare found to permit molecules such asinorganic
ions, sugars, amino aci ds, nucleotidesand vitaminsto pass
with comparative freedom between one cell and another
within atissue, but they prevent larger molecules, such as
proteins, nucleic acids and polysaccharides from being
transferred. This observation aso explains the phenom-
enon of metabolic cooperation or metabolic coupling
betweencells,i.e., cellscantransfer toneighbouring cells, " g
themol ecul eswhich cannot besynthesi zed by thereci pient
cells. For example, in the tissue-culture experiments, the
mutant cellswhich aredeficientintheenzymethymidine ikl
kinase can be shown by autoradiography to be capable of B over
DNA synthesis only when grown in a culture vessel to- |interceliu® ‘g Ba -
gether with the wild type cells (Hooper and Subak- s""c‘;foplasm hydraphlidohants
Sharpe, 1981). This observation shows that required
thymidine has been passed from a wild-type cell to a
mutant cell, presumably via gap junctions. There are
certain other molecules such as AMP, ADP, ATP and
CcAMP that can pass through gap junctions.

A gap junction appears as a plague-like contact in
which theplasmamembranesof adjacent cellsareinclose
apposition, separated by a space of only 2 to 4 nm.
Structurally, gap junctions consist of hollow channels round which aseriesof six protein subunitsare
located ; achannel hasadiameter of about 1.5t0 2 nm. A singlemajor protein (amacromol ecular unit,
called connexon) of 27000 daltons has been isolated from rat liver preparati ons consisting of almost
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puregapjunctionmaterial (Hertzbergetal.,1981),
A connexon appears as an annulus of six subunits
surrounding the channel. It is believed that the
diding of the subunits caused the channel to open
and close. The permeability of channel of gap
junctionisregulated by Ca?*ions; if theintercellu-
lar Ca?* ion level increases, the permeability is -
reduced or abolished. The gap junctions or
connexonsof adjacent cellsarebelievedtolineup
to provide a continuous channel, made up of two
connexons opposed end to end (Fig. 5.26).

CELL COAT

The plasma membrane is surrounded and
protected by thecell coat. Sometimes, thecell coat
isalsocalledglycocalix, becauseit containssugar
units in glycoproteins and polysaccharides. The
cell coat isfound to be equivalent to the oligosac-
charide side chains of glycolipids and glycopro-
teins that stick out from the cell surface and are
covalently attached to protein moieties. However,
in many type of cells, there is a separate “fuzzy
layer”, beyond the cell coat, which is composed
mainly of carbohydratesandissecreted by thecell.

The cell coat can be stained with PAS (see
Chapter 2) or Alcian bluefor thelight microscopy

Fig. 5.25. Spot desmosome (after De Robertis
and De Robertis Jr., 1987).
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(six subunits) traversing the lipid bilayers of two plasma membranes
(after De Robertis and De Robertis Jr., 1987).

and with lanthanum or ruthe-
nium red for the electron mi-
croscopy. By theuse of lectins,
the carbohydrates can be spe-
cifically observed. Lectins are
proteinswhicharenormally de-
rived from the plants and they
tend to bind to the cell surface
and cause agglutination. They
are used as recognition mol-
eculesfor thesugar components
of glycoproteins. Concanava-
lin A isalectin which has been
isolated from jack beansand is
specificfor theglucoseand man-
nose residues. Another lectin,
called germ agglutinin, is spe-
cific for N-acetylglucosamine.
These lectins may be labelled
with fluorescent dyes or with
electron-dense materials for
electron microscopic observa
tion.
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Thecell coatisal0to 20 nmthick layer andisindirect contact withtheouter | eafl et of theplasma
membrane. In Amoeba, the cell coat isformed by finefilaments— 5 to 8 nm thick and 100 to 200 nm
long. Chemically, the cell coat has negatively charged sialic acid termini, on both glycoproteins and
gangliosides. Thisacid tendsto bind theionsof Ca?* and Na*. The strength of the cell coat variesfrom
cell to cell. For example, the cell coat of the intestinal epithelium is quite strong—it resists vigorous
mechanical and chemical attacks; in other cells the coat is|abile and may be depleted by washing or
enzyme exposure (L uft, 1976).

The cell coat is the secretion product of the cell that is incorporated into the cell surface and
undergoes continuousrenewal . Asalready discussed, theglycoproteinsof glycocalyx aresynthesized
ontheribosomesof RER and their final assembly with oligosaccharide moiety isattained inthe Golgi
apparatus.

Extracellula Materials

Incertaincells, outsidethecell coat proper andthefuzzy layer existtheextracellular materials,
e.g., jelly coat of eggs of fishes and amphibians, the basal laminae of epithelia, the matrix material in
which cartilage and bone cells are embedded and the cell wall of plant cells. In these extracellular
materials the most conspi cuous components are collagens and mucopolysaccharides (glycosamin-
oglycans).

Functions of Cell Coat

In addition to the protection of the plasma membrane, the cell coat performs the following
important functions:

(i) Filtration. The extraneous coats sometimes act asfilters. For instance, the extraneous coats
surrounding theblood capill ariesof most vertebrates, especially thekidney glomerulusact asfilter and
regulate the passage of moleculesthrough it. The extracellular coats of connectivetissues containthe
chemical compound hyalur onate which controlsthe diffusion.

(i) Maintenance of the micro-environment of the cell. The extraneous coats of animal cells
can affect the concentrations of different substances at the surface of the cell. For example, amuscle
cell with itsexcitable plasmamembrane which issurrounded by aglycocalyx isfound to maintain the
micro-environment of muscle cell by trapping the sodium ions.

(ii1) Enzymes. The cell coat of intestinal microvilli are found to contain a variety of enzymes
whichareinvolvedintheterminal digestion of carbohydratesand proteins. For exampleit containsthe
enzyme akaline phosphatase.

(iv) Immunological propertiesof theextraneous coats. Some substances of extraneouscoats
provide immunological propertiesto the cell. Asfor instance the plasma membrane of mammalian
erythrocytesisfound to contain some specific, genetically determined substances (carbohydratesand
proteins) correspondingtothe A, B and O blood groups. Themajor sialoglycoproteinsof thered blood
cell membranecarry theM and N antigensthat appear infrequently in man. The cell coat also contains
the receptor sites for the influenzavirus and for various lectins.

(v) Histocompatibility. The cell coats of some cells contain some antigens which provide
histocompatibility,i.e., they permit therecognition of the cellsof oneorganism and rejection of other
cellsthat areforeignto it (e.g., the rgjection of grafts from another organism).

CELL WALL

Theplant cell isalwayssurrounded by acell wall and thisfeaturedistinguishesthemfromanimal
cells. The cell wall is a non-living structure which is formed by the living protoplast (A plant cell
withoutitscell wall iscalledaprotoplast ; Albertsetal.,1989). In most of theplant cells, thecell wall
is made up of cellulose, hemicellulose, pectin and protein. In many fungi, the cell wall is formed of
chitinandinbacteria, thecell wall containsprotein-lipid-polysaccharidecomplexes. Thus, thecell wall
isarigid and protectivelayer around the plasmamembrane which providesthe mechanical support to
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thecell. Thecell wall al so determinestheshape of plant cells. Duetothe shapeof cell wallsmany types
of plant cell as the parenchymatous, collenchymatous, etc., have been recognised.

Chemical Composition

Chemically speaking, the plant cell wall iscomposed of avariety of polysaccharides (carbohy-
drates), lipids, proteins and mineral deposits, all exhibiting distinct staining reactions (Table 5-5).

Table 5-5. Chemical nature and staining reaction of various components of plant cell wall.

Substance Chemical unit Staining reaction

1. Cedlulose Glucose Chlorzinc iodide (stains violet)

2. Hemicellulose Arabinose, xylose, mannose, No specific stain
glucose and galactose

3. Pectin Glucuronic and galacturonic acid Ruthenium red

4. Lignin Coniferyl acohol (e.g., hydroxy- Phloroglucinol hydrochloride
phenyl propane) (stains rose); chlorzinc iodide

(stainsyellow)

5. Cuticular substances Fatty acids Sudan |11 (stains orange)

6. Mineral deposits Calcium and magnesium -
as carbonates and silicates

The polysaccharides of cell wall include cellulose, hemicelluloses, pectin compounds and
lignins.

(2) Celluloseisalinear, unbranched polymer, consi sting of straight polysaccharidechainsmade
of glucose unitslinked by 1-4 - bonds (called glycosidic bonds ; see Chapter 4) (Note : Complete
hydrolysis of cellulose yields D-glucose and its partial hydrolysis yields disaccharide units, cello-
biose.) These arethe glucan chainswhich by intra-and intermol ecular hydrogen bonding producethe
structural units known as micr ofibrils, observable under el ectron microscopy and having toughness
likethe rubber. Each microfibril isribbon-likeflat fibre being 10 nmwide and 3 nm thick (or 25to0 30
nmin diameter) and iscomposed of about 2000 glucan chainsinit. According to aclassical estimate,
each cellulose microfibril comprises three micelles or elementary fibrils : each elementary fibril
contains about 100 cellulose molecules and each cellulose molecule is made up of 40 to 70 glucan
chains (see Thorpe, 1984) (i.e., One microfibril = 3x 100 x 70 = 21000 glucan chains). Often

numerousmicrofibrilsget associated
to form the macr ofibrils having up
to 0.5 ym diameter and observable
under the light microscopy. Cellu-
loseissynthesized by awidevariety
of cells that include bacteria (e.g.,
acetobacter,agrobacter and rhizo-
bium), algae, fungi, cryptogamsand
seed plants. (2) Hemicelluloses are
short but branched heteropolymers

of variouskindsof monosaccharides "= . -
. o

such asarabinose, xylose, mannose, | F, & . g

galactose, glucose and uronic acid. . - .l_

Some of the common hemicellulo- i

ses go under the names xylans, ﬁ
arabinoxylans, glucomannans,
galactomannans and xyloglucans. The structure of collagen.
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(3) Pectinsare water soluble, heterogeneous branched polysaccharidesthat contain many negatively
charged D-gal acturoni c acid residuesal ong with D-glucuronic acid residues. Becauseof their negative
charge, pectins are highly hydrated and intensely bind cations. When Ca2* is added to a solution of
pectin molecules, it cross-links them to produce asemirigid gel. Such Ca?* cross-links are thought to
helpholdcell-wall component together. (4) M annan isahomopolysaccharideof mannoseandisfound
inthe cell wall of yeast, fungi and bacteria. (5) Agar isapolysaccharide, found inthe cell wall of sea
weeds and containing D-and L-galactose residues. (6) Lignin isabiological plastic and non-fibrous
material. It occursonly inmaturecell wall sandismade of aninsolublehydrophobic aromatic polymer
of phenolic alcohols (e.g., hydroxyphenyl propane). (7) The chitin isapolymer of glucosamine.

Glycoproteins (present up to 10 per cent in primary cell wall) are hydroxyproline- rich proteins
(likethecollagen). Inthem, many short oligosaccharidesidechainsareattached to hydroxyprolineand
serine side chains. Thus, more than half the weight of glycoprotein is carbohydrate. These glycopro-
teins are known to act like the glue to increase the strength of the wall.

Cutinisasoabiological plasticandismadeof fatty acids (waxes). Suberin isawater-resistant
substance, comprisig of fatty acidsand found inthe cork and cell wall of many plants. Spor opollenin
isalipoidal polymer forming tough wall (with species-specific patterns) of pollen grains.

Miner al depositsoccurin cuticleintheform of cal ciumand magnesium carbonatesand silicates.
Deposits of calcium compounds are found in the cell wall of cruciferous and cucurbitaceous plants.
Silicate deposits are common in the cell wall of Graminae family.

Structure

The cell wall iscomplex in nature and is differentiated in the following layers :

(i) Primary cell wall; (ii) Secondary cell wall; (iii) Tertiary cell wall.

(i) Primary cell wall. Thefirst formed cell wall isknown as
primary cell wall. It is the outermost layer of the cell and in the
immature meristematic and parenchymatous cells it forms the
only cell wall. The primary cell iscomparatively thin and perme-
able. Certain epidermal cellsof theleaf and the stem also possess
the cutin and cutin waxes which make the primary cell wall
impermeable. The primary cell wall of the yeast and thefungi is
composed of the chitin.

(i) Secondary cell wall. The primary cell wall isfollowed
by secondary cell wall. Thesecondary cell wall isthick, permeable
and lies near the plasmamembrane of thetertiary cell wall, if the
latter occurs. Itiscomposed of three concentric layers(S;, S, and
S;) which occur one after another. Chemically the secondary cell
wall is composed of compactly arranged macrofibrils of the
cellulose, in between which sometimes occurs lignin as ainter-
fibrillar material.

(iii) Tertiary cell wall. In certain plant cells, there occurs | SEM of a secondary cell wall
another cell wall beneath the secondary cell wall whichisknown
as tertiary cell wall. The tertiary cell wall differs from the primary and secondary cell wall in its
morphology, chemistry and staining properties. Besidesthe cellul ose, thetertiary cell wall consists of
another chemical substance known asthe xylan.

Middle lamella. The cells of plant tissues generally remain cemented together by an inter-
cellular matrix known asthe middle lamella. The middle lamellais mainly composed of the pectin,
lignin and some proteins.

Contents



PLASMA MEMBRANE AND CELL WALL

149

Ultrastructure

Electron microscopy has shown that the cell wall is constructed on the same architectural
principlewhich applied well in the construction of animal bonesand such common building materials

asfibreglass (plastic + glassfibres) or reinforced
concrete(concrete+ metal framework), i.e., strong
fibres (e.g., cellulose microfibrils) resistant to
tension embedded in an amorphous matrix (com-
prising hemicellulose, pectin and proteins) resis-
tant to compression. In the primary cell wall, the
fibres and matrix molecules are cross-linked by a
combination of covalent bonds and non-covalent
bonds to form a highly complex structure whose
composition isgenerally cell-specific (Fig. 5.28).
Infact, hemicellulosemolecules(e.g., xyloglucans)
arelinked by hydrogen bondsto the surface of the
cellulose microfibrils. Some of these hemicellu-
lose molecules are cross-linked in turn to acidic
pectin molecules (e.g., rhamnogal acturonans)
through short neutral pectin molecules (e.g.,
arabinogalactans). Cell wall glycoproteins are
tightly woven into the texture of the wall to com-
plete the structure of matrix.

In the multilamellar secondary cell wall,
cellulose microfibrils arelaid down in layers, the
microfibrilsof eachlayer running roughly parallel
with each other but at an angle to those in other
layers (Fig. 5.27).

Plasmodesmata. Everylivingcell inahigher
plant is connected to itsliving neighbours by fine

= inner layer (S;)
-i flat spiral
..I'I middle layer (S,)
" (10-20°)
microfibrillar
angle

intercellular
substance

outer layer (S,)
microfibrillar
angle (about 50°)

primarywall

Fig. 5.27. Structure of a cell wall showing middie
lamella, primary cell wall and three re-
gions(S,, S,and S)) of the secondary cell
wall (after Thorpe, 1984).

cytoplasmic channels, each of whichiscalledaplasmodesma (Gr., desmos=ribbon, ligament; plural,

cellulose
microfibril

hemicellulose
molecule

Fig. 5.28. Ultrastructureof primary cell wall showinginter-
connections between the two major components
of theprimary cell wall : thecellulosemicrofibrils
and the matrix (after Albertset al., 1989).

plasmodesmata) which passthrough the

Ca?" bridges between_ aCidi‘l: pef“” intervening cell walls. The plasma mem-
pectin molecule _mo-e cuie braneof onecell iscontinuouswiththat of
l -l" : its neighbour at each plasmodesma. A

_._r._ . pl asmodesma is a roughly cylindrical,
pectin membrane-lined channel with adiameter

= molecule | of 20to 40 nm. Running from cell to cell

throughthecentreof most plasmodesmata
is a narrower cylindrical structure, the
desmotubule, whichremains, continuous
with elements of the SER membranes of
each of the connected cells. Between the
outside of the desmotubule and the inner
face of the cylindrical plasmamembrane
is an annulus of cytosol, which often
appearstobeconstricted at eachend of the
plasmodemata. These constrictions may
regulatetheflux of moleculesthroughthe
annulusthat joinsthetwo cytosols (Gun-
ning, 1976, 1983).

glyco-
protein
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Plasmodesmata are formed around the elements of smooth endoplasmic reticulum that become
trapped during cytokinesis(of mitotic cell division) withinthenew cell wall that will bisect the parental
cell. Plasmodesmatafunctioninintercellular communication, i.e., they allow moleculesto passdirectly
from cell to cell. For example, plasmodesmata are especially common and abundant in the walls of
columns of cells that lead toward sites of intense secretion, such as in nectar-secreting glands
(trichomes of Abutilon nectaries). In such cells there may be 15 or more plasmodesmata per square
micrometer of wall surface, whereasthereisoften|lessthan 1 per square micrometer in other cell wall
(Gunning and Hughes, 1976).

In fact, experimental  endontasm
. - 2 Smooth endoplasmic
evidence has suggested Fhat L - A cytoplasm,_ reticulum
the plasmodesmata mediate L - :‘ s - desmotubule
transport between adjacent J " . '." el
. primary o s "
plant cells, much asgapjunc- __."'|I cell wall® & "
tions of animal cells. They | i ~uT
s iﬁ' e o =, .
alow the passage of mol- ey - middle "
ecules with molecular | g 'l r | k. . lamella
weights of less then 800 - P plasme® -.'—h;
daltons. Transport through | plasmo- * = = l|| membrane
the plasmodesmata is also | desmata lining the cytosolic
found under compl Tl Gl
plexregula- A connecting two B
tionswhichmay involveCa?* adjacent cells
and protein phosphorylation. Fig. 5.29. A—Plasmodesmatapiercethecell wall and connect all cellsin
Thus, no dye movement is theplant together toform symplast ; B—Detail sof thestructure
obser,ved between the cells of aplasmodesma (after Alberts et al., 1989).

of therooot cap and the root apex or between epidermal and cortical cellsin either roots and shoots.
However, certain plant viruses such as TMV can en-

particles large plasmodesmata in order to use this route to pass
. = embedded | from cell to cell. Tobacco mosaic virus is known to
" in ER and

plasma synthesize aprotein, called P30 (30,000 dalton M.W.)
membrane | that nullifies the normal regulatory mechanisms of
plasmodesmata (Zaitlin and Hull, 1987).

dhesioilonllz Lignification. Thestructure of cell wall is stabi-
cell wall lized by the deposition of lignininthe cell wall matrix.
annulus Such aprocess of lignification wasrequired in connec-

olasma tion with the transition from aquatic to the terrestrial
membrane | Plantlifeduringorganicevolutionof plants. A lignified
cell wall is composed of microfibrils of cellulose em-
bedded in the matrix containing large amount of lignin.
Usually the primary cell wall becomes more lignified
Plasmodesmata. than secondary cell wall.

Functions of Cell Wall

The chief function of cell wall in plant cellsisthat it provides mechanical strength to the latter.
Like the exoskeleton or endoskeleton of animals, cell wall acts like a skeletal framework of plants.
Particularly in vascular plants, the cell walls provide the main supporting framework.

Despiteitsstrength, the plant cell wall isfully per meableto water and solutes. Thisisbecause
thematrix isriddled with minutewater-filled channel sthrough which freediffusion of water and water
soluble substances such as gases, salts, sugars, hormones and like can take place. Moreover, the
molecules of the matrix are strongly hydrophilic (“water-loving”) with the result that in normal
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circumstancesthe cell wall is saturated with water like asponge (e.g., primary cell wall is60 per cent
water by weight). The cross-linked structure of the cell wall is, however, found to slightly impedethe
diffusionof small moleculessuchaswater, sucroseand K*. Theaveragediameter of the spacesbetween
the cross-linked macromolecules in most cell wall is about 5 nm, thisis small enough to make the
movement of any globular macromoleculeswith aM.W. much above 20,000 daltonsextremely slow.
Therefore, plants must subsist on molecules of low molecular weight, and any intercellular signaling
molecules that have to pass through the cell wall must also be small and water soluble. In fact, most
of theknown plant signaling mol ecul es, such asgrowth regul ating substances—auxins, cytokininsand
gibberellins—have molecular weights of less than 500 daltons.

During lignification, lignin is deposited in spaces between the cellulose mol ecul es, making the
cell wall much more rigid, and rendering it imper meable. Once lignification is complete the
protoplasm can no longer absorb materials from outside the cell, which, therefore, dies. Hence,
lignifiedtissueisalwaysdead. Thus, alignifiedtissuebecomeswell adapted for twotypesof functions:
(2) It providesthe mechanical strength dueto its ligno-cellulose composition. (2) It transports water
and salts, since, lignification involves loss of the protoplasm resulting in the formation of a hollow
waterproof tube.

Origin and Growth of Cell Wall
The mechanism of cell wall formation includes the following steps:

1. Formation of matrix. Most cell wall
matrix components are transported via vesicles
derived from the Golgi apparatusand secreted by
exocytosis at the plasmamembrane. Golgi appa
ratus of the plant cells is involved mainly in
producing and secreting a very wide range of
extracellular polysaccharides, rather thanthegly-
coproteinstypical of animal cells. Thisisperhaps
due to following facts : (1) Each of the polysac-
charidesof cell wall matrix ismadeof two or more
sugars; (2) At least 12 types of monosaccharides
areusedintheir polymerization; (3) Most of these
polysaccharides are branched ; and (4) Many
covalent modifications are introduced in the
polysaccharides after they are synthesized. It is . )
estimated that several hundred different enzymes Schematie g::r?tr igl?:,;,?eneramd

hemicellulose

areengagedintheassembly of thepolysaccharide

componentsneededtoformatypi-
cal primary cell wall. Most of these
enzymes are found in the endo-
plasmic reticulum and Golgi ap-
paratus. Someenzymes, whichare
concerned with later covalent
maodificationsof thepolysacchar-
ides, are found in the cell wall
itsalf.

Since, thecell wall variesin
composition and morphology at

Cell wall growth studied in a moss leaf cell; progressive growth of differentlocationsaroundthecell,
cell wall microfibrils after 4 hours (left) and after 10 hours (right). the Golgi-derived vesiclesaredi-
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rected at specific regions of the plasma
membrane by the help of cytoskeleton
(i.e., microtubules and microfilaments).
For example, we can consider the case of
formation of new primary cell wall that
separatestwodaughter cellsafter thekaryo-
kinesisof mitosis. At theend of telophase,
abarrel-shaped or disc-likeregion, called
phragmoplast (Gr., phragma = hedge,
enclosure; plasso = to form) formsin the
planeof former spindleequator. Thephrag-
moplast comprises a double-ring of short
microtubules on either side of, and termi-
nating at, the division plane, and a set of
microfilamentsare coaligned withthemi-
crotubules. Golgi derived vesicles con-
taining cell wall precursors, especialy
pectin, are guided inward aong these
oriented microtubul esuntil they reachthe
phragmoplast, where they fuse with one
another to formthe cell plate (Fig. 5.30).
Cdll plate, at thisstage, comprisesfollow-
ing structures: (1) central middlelamella;
(2) primary cell walls on both sides of
middle lamella ; and (3) plasma mem-

Golgi apparatus cell plate
u

= . " microtubules

daughter
nucleus

chromo-
somes =

plasma= " =

membrane "W
cell wall_ 'I"I.'-I

space

vesicles from
Golgi apparatus

Fig. 5.30. Schematic representation of a cell of a higher
plant as seen at telophase in mitosis. In the phragmoplast
region, a region of membranes and microtubules, a cell
plate formsand grows until it separates the cytoplasm into
two daughter cells. The cell plate develops asamembrane-
delimited structure enclosing a space in which new cell-
wall will form. The Golgi apparatus contributes many
vesicles to the phragmoplast membrane; the vesicle mem-
branes apparently are incorportated into the membrane of
thecell plate and the vesicle contents enter theforming cell
wall (after Novikoff and Holtzman, 1970).

cytosol

distal ends of cellulose microfibrils
being integrated into pre-existing wall

plasma
membrane

cellulose
synthase

microtubule
attached to plasma
membrane

Fig. 5.31. A model explaining the mode of orientation of newly deposited cellulose microfibrils
according to orientation of cortical microtubules (after Alberts et al, 1989).
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brane lining cytoplasm of each daughter cell. Ultimately, the microtubular ring moves centrifugally
outward asGolgi vesiclescontinueto add precursorstothegrowing cell plate. Thecell platefuseswith
the mother cell wall to create two separate daughter cells. It is not clear which component of the
phragmopl ast—the microtubul es or the actin filaments (or both)—are responsible for the movement
and guidance of the Golgi derived vesicles (see Albertset al, 1989).

2. Synthesisand orientation of cellulosemicrofibrils. Inmost plants, celluloseissynthesized

on the external surface of the cell by a plasma
membrane bound enzyme complex, called cellu-
lose synthetase which uses a sugar nucleotide
precursor supplied from the cytosol, probably
UDP- glucose (Delmer, 1987). Asthey are being
synthesized, the nascent cellulose chains sponta-
neously assemble into microfibrils that form a
layer on the surface of the plasma membrane (a
lamella) inwhichall themicrofibrilshave moreor
less the same alignment (Note. Each cellulose | microtubule =
molecule has apolarity, havingal' and a4' end).
Cdlulose synthetase compl exes are thought to be
associated with the ends of growing microfibrils
and the sugars present in the extracellular matrix A model of cellulose fibril deposition
are polymerized into cellulose at these “terminal

lipid bilayer
rosette

cytoplasm

complexes’. Extension of a cellulose microfibril is presumably achieved by lateral movement of the
enzyme complex in thefluid phase of plasmamembrane, with the microfibril “ spun out” on the outer
surface of the membrane behind the moving enzyme complex (Fig. 5.31). The direction in which the
complex moves and the orientation of the microfibril depend on some interactions between the
membrane complex and the underlying cytoplasmic microtubules (i.e., microtubules of cell, cortex,
Herth, 1985). Because the cellulose is synthesized at the plasma membrane, each new wall lamella
formsinternally tothelast formedlamella. Thecell wall, therefore, consistsof concentrically arranged
lamellae, with the oldest on the outside (Brown, 1985).

REVISION QUESTIONS

1.

> w

Describe various models of plasma membrane and explain which of these modelsis dynamic and
why ?

Describe the ‘Fluid mosaic model’ of the plasma membrane. On the basis of this model explain
different functions of the plasma membrane.

Describe the chemical composition of plasma membrane.

Discuss in detail various functions of the plasma membrane.

What iscell wall ?Describethe chemical composition, structure, originand function of theplant cell
wall.

Writeshort notesonthefollowing: 1. Cell wall : itsstructureand function ; 2. Desmosome; 3. Active
transport ; 4. Endocytosis ; 5. lon pumps ; 6. Nexus ; 7. Receptor-mediated endocytosis ;
8. Plasmodesmata.

Differentiate between the following :

(i) Phagocytosis from pinocytosis;;

(i) Passive transport from active transport ;

(iii)  Macula adherens from macula occludens ;

(iv)  Primary cell wall from secondary cell wall.

Draw awell labelled diagram of “Fluid mosaic model” of the plasma membrane.

Describe the mode of origin and growth of cell wall.



Endoplasmic
Reticulum (ER)

he cytoplasmic matrix is traversed by a complex
network of inter-connecting membrane bound vacu

olesor cavities. Thesevacuol esor cavitiesoftenremain
concentrated in the endoplasmic portion of the cytoplasm;
therefore, known as endoplasmic reticulum, a name derived
fromthe fact that in thelight microscopeit lookslikea“net in
the cytoplasm.” (Eighteenth-century European ladies carried

purses of netting .
caledreticules). ribosome

Thename“en-
doplasmic reticu-
lum” was coined in
1953by Porter,who
in1945had observed |cisternae of
itin electron micro- |endoplasmic

i reticulum
graphs of liver cells. | ™Tpe rough endoplasmic reticulum (RER).

Fawcett and Ito
(1958), Thiery (1958) and Rose and Pomerat (1960) have
made various important contributions to the endoplasmic
reticulum.

OCCURRENCE

Theoccurrenceof theendoplasmicreticulumvariesfrom
cell to cell. The erythrocytes (RBC), egg and embryonic cells
lack in endoplasmic reticulum. (Note. In the reticulocytes
(immature red blood cells) which produce only proteins to be
retained in the cytoplasmic matrix (cytosol) (e.g., haemoglo-
bin), the ER is poorly developed or non-existent, although the

mucigen
granules

Drawing of a mucus - secreting
goblet cell from the rat colon
showing presence of RER.
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cell may containmany ribosomes). The spermatocyteshave poorly devel oped endoplasmicreticulum.
The adipose tissues, brown fat cells and adrenocortical cells, interstitial cells of testes and cells of
corpusluteum of ovaries, sebaceouscellsand retinal pigment cellscontain only smooth endoplasmic
reticulum (SER). Thecellsof thoseorganswhich areactively engagedinthesynthesisof proteinssuch
asacinar cellsof pancreas, plasmacells, goblet cellsand cells of some endocrine glands are found to
containrough endoplasmicreticulum (RER) whichishighly devel oped. The presence of both SER
and RER in the hepatocytes (liver cells) isreflective of the variety of theroles played by theliver in
metabolism.

ER AND ENDOMEMBRANE SYSTEM

The endoplasmic reticulum isthe main component of the endomembrane system, also called
the cytoplasmic vacuolar system or cytocavity networ k. This system comprises following struc-
tures: (1) The nuclear envelope, consisting of two non-identical membranes, one opposed to the
nuclear chromatin and other separated from the first membrane by a perinuclear space (both forming
acisternae), thetwo membranesbeingin contact at thenuclear pores; (2) Theendoplasmicreticulum;
and (3) the Golgi apparatus, which is mainly related to some of the terminal processes of cell
secretion. GERL (or Golgi, ER and lysosome) refers to a special region of endomembrane system,
which ismore related to the Golgi apparatus and isinvolved in the formation of lysosomes.

The entire endomembrane system represents a barrier separating cytoplasmic compartments.
Themembrane of each component of thissystem hastwo faces: (i) thecytoplasmic or protoplasmic
faceand (ii) theluminal face(Fig. 6.1). Theluminal facebordersthe perinuclear cisternae, thecavities
of ER and SER, and the Golgi elements. It also correspondsto the interior of the secretory granules,
the lysosomes and peroxisomes and also to faces of mitochondrial membranes confronting to outer
mitochondrial chamber.

MORPHOLOGY

Morphologically, theendoplasmicreticulummay occur inthefollowingthreeforms: 1. Lamellar
form or cisternae (A closed, fluid-filled sac, vesicle or cavity iscalled cisternae) ; 2. vesicular form
or vesicle and 3. tubular form or tubules.
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Fig. 6.1. Two faces of membranes of endomembrane system. In each membrane the luminal faces are
showninthick lines, whilethe cytoplasmic facesare depicted by thinlines. Ribosomesarea ways
located on the cytoplasmic or matrix side (after De Robertis and De Robertis, Jr., 1987).
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1. Cisternae. Thecisternaearelong, flattened, sac-like, unbranchedtubuleshavingthediameter

of 40 to 50 um. They
remain arranged
paralely in bundles or
stakes. RER usually ex-
ists as cisternae which
occur in those cells
which have synthetic
rolesasthecellsof pan-
creas, notochord and
brain.

2.Vesicles. The
vesiclesareoval, mem-

I i'
L] .f
III. .ll L}
.'::" ﬂ- 'h e |
lll l.- J
_ I
'l. 'y .
I.- ' L _| i

cisternae

vesicles

tubules

Fig. 6.2. Various components of the endoplasmic reticulum.

brane-bound vacuolar
structureshavingthedi-
ameter of 25 to 500 um. They often remain isolated in the cytoplasm and occur in most cells but
especially abundant in the SER.

3. Tubules. Thetubules are branched structures forming the reticular system along with the
cisternae and vesicles. They usually have the diameter from 50 to 190 um and occur almost in all the
cells. Tubular form of ER is often found in SER and is dynamic in nature, i.e., it is associated with
membrane movements, fission and fusion between membranes of cytocavity network (see Thor pe,
1984).

ULTRASTRUCTURE

The cavities of cisternae, vesiclesand tubules of the endoplasmic reticulum are bounded by a
thin membrane of 50 to 60 A°thickness. The membrane of endoplasmic reticulumisfluid-mosaiclike
the unit membrane of the plasma membrane, nucleus, Golgi apparatus, etc. The membrane, thus, is
composed of a bimolecular layer of phospholipids in which ‘float’ proteins of various sorts. The
membrane of endoplasmic reticulum remains continuous with the membranes of plasmamembrane,
nuclear membraneand Gol gi apparatus. Thecavity of theendoplasmicreticulumiswell developedand
acts as a passage for the secretory products. Palade (1956) has observed secretory granulesin the
cavity of endoplasmic reticulum.

Sometimes, the cavity of RER isvery narrow with two membranesclosely apposed and ismuch
distendedincertaincellswhichareactively engagedinproteinsynthesis(e.g., acinar cells, plasmacells
and goblet cells). Weibel et al., 1969, have cal cul ated that thetotal surface of ER containedin 1ml of
liver tissueis about 11 square metres, two-third of which is of rough type (i.e., RER).

TYPES OF ENDOPLASMIC RETICULUM

Twotypesof endoplasmicreticulum havebeen observedin sameor different typesof cellswhich
areasfollows:

1. Agranular or Smooth Endoplasmic Reticulum

This type of endoplasmic reticulum possesses smooth walls because the ribosomes are not
attached with itsmembranes. The smooth type of endoplasmic reticulum occursmostly inthose cells,
which are involved in the metabolism of lipids (including steroids) and glycogen. The smooth
endoplasmic reticulumis generally found in adipose cells, interstitial cells, glycogen storing cells of
theliver, conduction fibresof heart, spermatocytes and leucocytes. The muscle cellsarealsorichin
smooth type of endoplasmic reticulum and here it is known as sarcoplasmic reticulum. In the
pigmented retinal cellsit existsin the form of tightly packed vesicles and tubes known as myeloid
bodies.
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Glycosomes. Although the SER formsacontinuous systemwith RER, it hasdifferent morphol -
ogy. For example, in liver cellsit consists of atubular network that pervades major portion of the
cytoplasmic matrix. Thesefinetubulesare present in regionsrich in glycogen and can be observed as
dense particles, called glycosomes, in the matrix. Glycosomes measure 50 to 200 nmin diameter and
contain glycogen along with enzymesinvolved in the synthesis of glycogen (Rybicka, 1981). Many
glycosomesattached to the membranesof SER havebeen observed by el ectron microscopy intheliver
and conduction fibre of heart.

2. Granular or Rough Endoplasmic Reticulum

The granular or rough type of en-
doplasmic reticulum possesses rough
walls because the ribosomes remain at-
tached with its membranes. Ribosomes
play avital roleinthe process of protein
synthesis. The granular or rough type of
endoplasmic reticulum is found abun-
dantly in those cells which are active in
proteinsynthesissuchaspancreaticcells,
plasmacells, goblet cells, and liver cells.
Thegranular type of endoplasmicreticu- The ER extends throughout the cell. Note the clusters of
lum takes basiophilic stain due to its ribosomes (0.02 um wide) and the mitochondrion at the
RNA contents of ribosomes. The region o] G0 e
of the matrix containing granular type of endoplasmic reticulum takes basi ophilic stain and isnamed
asergastoplasm, basiophilic bodies, chromophilic substancesor Nissl bodiesby early cytologists.

In RER, ribosomes are often present as polysomes held together by mRNA and are arranged in
typical “rosettes’ or spirals. RER contains two transmembrane glycoproteins (called ribophorins |
and |1 of 65,000 and 64,000 dalton MW, respectively), to which are attached the ribosomes by their
60S subunits.

Annulate Lamellae

Usually the endoplasmic reticulum has no pores or annuli init but in certain casesthe pores or
annuli have been reported, e.g., ER of invertebrates, ovocytes and spermatocytes of the vertebrates.
These annuli resemble with the pores or annuli of the nuclear membranes. Like the annuli of nuclear
membranes it contains a diaphragm across it (Ward and Ward, 1968) and possesses an octagonal
symmetry (M aul, 1968). The annulate lamellae (pores) of the ER arise by the evagination from the
nuclear envelope and have their association with the ribosomes (M erriam 1959; K essel, 1963).

ISOLATION AND CHEMICAL COMPOSITION

Themembranesof theendopl asmicreti culum canbei sol ated by subjectinghomogenized tissues
todifferential centrifugation. Electron microscopy of such ER preparationsreveal sthat themembranes
disrupt to form closed vesicles (~100 nm diameter) of either a rough or a smooth form. These
membranous entities were coined the term “microsomes’ by Claude in 1940, and the relationship
between microsomes and the el ements of endoplasmic reticulumin theintact cell was established by
Palade and Siekevitz in 1956.

Microsomes derived from rough ER are studded with ribosomes and are called rough or
granular microsomes. The ribosomes are always found on the outside surface, the interior being
biochemically equivalent to the lumina space of the ER. Homogenate also contains smooth or
agranular micro-somes which lack attached ribosomes. They may be derived in part from smooth
portion of the ER and in part from fragments of plasma membrane, Golgi apparatus, endosomes and




158 CELL BIOLOGY

mitochondria. Thus, while rough
microsomes can be equated with
rough portions of ER, the origin of
smooth microsomes cannot be so
easily assigned. However, sincethe
hepatocytesof liver containexceed-
ingly largequantitiesof smoothER,
therefore, most of the smooth mi-
crosomesin liver homogenates are
derived from smooth ER (see
Albertset al., 1989).

Asrough microsomes can be
readily purified in functional form,
they areespecially useful for study-
ing many biochemical processescar-
ried out by the ER, eg., protein
synthesis, glycosylation and lipid
synthesis.

Inrat liver, themembranesof
microsomes are 60 to 70 per cent
protein and 30 to 40 per cent phos-
pholipid by weight. Thus, ER mem-

granular
microsomes

5

-+

el
agranular-flll:r -

microsomes microsomes

granular
.I endoplasmic
retlculum

agranular
endoplasmic
reticulum

ol
free ribosomes

branes contain more proteins, both
in amount and kind (having about
33 types of polypeptides) than the
plasma membrane. They are also
(Thorpe, 1984).

Fig. 6.3. Three-dimensiona structure of endoplasmic reticulum
showing microsomes and ribosomes.

richer in phosphotidyl- choline and poorer in sphingomyelin

ENZYMES OF THE ER MEMBRANES

Themembranesof theendoplasmicreti culum arefoundto containmany kindsof enzymeswhich
areneeded for variousimportant synthetic activities. Some of the most common enzymesarefound to
havedifferent transverse distribution in the ER membranes (Table 6-1). The most important enzymes
are the stearases, NADH-cytochrome C reductase, NADH diaphorase, glucose-6-phosphotase and
Mg++ activated ATPase. Certain enzymes of the endoplasmic reticulum such as nucleotide diphos-
phateareinvolvedinthebiosynthesisof phospholipid, ascorbicacid, glucuronide, steroidsand hexose
metabolism. The enzymes of the endoplasmic reticulum perform the following important functions:

1. Synthesisof glycerides, e.g., triglycerides, phospholipids, glycolipids and plasmalogens.

2. Metabolism of plasmal ogens.

3. Synthesisof fatty acids.

4. Biosynthesisof thesteroids, e.g., cholesterol biosynthesis, steroid hydrogenation of unsatur-
ated bonds.

5. NADPH,+O,—requiring steroid transformations: Aromatization and hydroxylation.

6. NADPH,+O,—requiring steroid transformations : Aromatic hydroxylations, side-chain
oxidation, deamination, thio-ether oxidations, desul phuration.

7. L-ascorbic acid synthesis.

8. UDP-uronic acid metabolism.

9. UDP-glucose dephosphorylation.

10. Aryl-and steroid sul phatase.

Contents
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Table 6.1 Transverse distribution of various enzymes in the membranes of endoplasmic
'o | reticulum (Source: Thorpe, 1984).

Enzymes Surfacelocalization

1 Cytochrome b, Cytoplasmicface
(involved in synthesis of unsaturated
fatty acids)

2. NADH- Cytochrome b, reductase Cytoplasmicface

3. NADP- Cytochrome c reductase Cytoplasmicface

4. Cytochrome P-450 Both on cytoplasmic
(most abundant) and luminal face

5. ATPase Cytoplasmicface

6. 5’-nuclectidase Cytoplasmicface

7. Nucleoside pyrophosphatase Cytoplasmicface

8. GDP-mannosy! transferase Cytoplasmicface

9. Nucleoside diphosphatase Luminal face

10. Glucose -6- phosphatase Luminal face
(histochemical marker enzyme)

11.  Acetanilide-hydrolysing esterase Luminal face

12.  B- glucuronidase Luminal face

ORIGIN OF ENDOPLASMIC RETICULUM

The exact process of the origin of endoplasmic reticulum is still unknown. But because
membranesof ER resemblewiththenuclear membraneand plasmamembraneand al soat thetel ophase
stagethe ER membranesarefoundtoformthenuclear envel ope. Therefore, itisnormally assumed that
the ER has originated by evagination of the nuclear membranes. Seikevitz and Palade (1960) have
reportedthat thegranular typeof ER hasoriginatedfirst and|ater it synthesizesthe agranul ar or smooth
type of endoplasmic reticulum.

Thesynthesisof membranesof ER isfound to proceedinthefollowing direction: RER — SER.
Infact, membranebiogenesisisamulti-step processinvolving, first, thesynthesi sof abasic membrane
of lipidandintrinsic proteinsand thereafter theaddition of other constituentssuch asenzymes, specific
sugars, or lipids. The process by which amembrane is modified chemically and structurally iscalled
membranedifferentiation. The ER (especialy SER) isthe organelle containing the main phospho-
lipid synthesizing and translocating enzymes (i.e., there occurs an intense flip-flop of lipid compo-
nents). Theinsertion of proteinsinto ER membranesoccursat thelevel of RER. Most of theseproteins
areformed onmembrane-bound ribosomes. However, someof theseare synthesized by freeribosomes
inthe cytosol (cytoplasmic matrix) and then areinserted into the membrane. For exampl e, theenzyme
NAD-cytochrome-b5-reductaseissynthesi zedinthecytosol (cytoplasmicmatrix) and thenbecomes
incorporated in various parts of the endomembrane system (i.e., RER, SER and Golgi apparatus) and
in the outer mitochondrial membrane (Bor ghese and Gaetani, 1980).

FUNCTIONS OF ENDOPLASMIC RETICULUM

Theendoplasmicreticulumactsassecretory, storage, circulatory and nervoussystemfor thecell.
It performsfollowing important functions:

A. Common Functions of Granular and Agranular Endoplasmic Reticulum
1. The endoplasmic reticulum provides an ultrastructural skeletal framework to the cell and
gives mechanical support to the colloidal cytoplasmic martix.
2. Theexchange of moleculesby the process of osmosis, diffusion and active transport occurs

through the membranes of endoplasmic reticulum. Like plasma membrane, the ER membrane has
permeases and carriers.
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3. The endoplasmic membranes contain many enzymes which perform various synthetic and

— metabolic activities. Further the endoplasmic
reticulum providesincreased surfacefor vari-
ous enzymatic reactions.

4. The endoplasmic reticulum acts as
anintracellular circulatory or transporting sys-
tem. Various secretory products of granular
endoplasmicreticulumaretransportedtovari-
ous organelles as follows: Granular ER—
agranular ER — Golgi membrane—lysosomes,
transport vesiclesor secretory granules. Mem-
brane flow may also be an important mecha-
nism for carrying particles, molecules and
ionsinto and out of the cells. Export of RNA

Some Bedouin women have a smooth ER problem. andnUdeOprmanSfroandeuStocytOplasm

Because this woman's clothing leaves little or no skin| May also occur by this type of flow (see De
exposed to sunlight, her smooth ER may not be able to| Robertisand De Robertis, Jr., 1987).
make enough of the vitamin D to maintain strong, healthy 5. The ER membranes are found to

conductintra-cellular impul ses. For example,

the sarcoplasmic reticulum trans-
mitsimpul sesfromthesurfacemem-
brane into the deep region of the
musclefibres.

6. The ER membranes form
the new nuclear envelope after each
nuclear division.

7. The sarcoplasmic reticu-
lumplaysaroleinreleasing calcium
when the muscle is stimulated and
actively transporting calcium back
intothesarcopl asmicreticulumwhen
thestimulation stopsand themuscle
must be relaxed.

B. Functions of Smooth
Endoplasmic Reticulum

Smooth ER performsthe fol-
lowing functions of the cell : . -
. . . .l n | u u -
1. S\/ntheﬂg of I|p|(_js. SER o L - _.- o
performs synthesis of lipids (e.g., iy 2 g .

-
-
. — o m—
phospholipids, cholesterol etc)and | ==~ = =g ma e "'h A o

lipoproteins. Studies with radioac- | = & -l_l y = = i & Sl
tive precursors have indicated that | "= !._' = - J-. = - 3 - — e 1-1'|_ F
the newly synthesized phospholip- . .-:'?_l-l;' 1, # E_! . ey, _- '_
ids are rapidly transferred to other L= = = n B ® '
cellular membranes by the help of F e i il
specific cytosolic enzymes, called tubular form of ER sheet form of ER

phospholipid exchange proteins.
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2. Glycogenolysisand blood glucose homeostasis. The process of glycogen synthesis(glyco-
genesis) occursin the cytosol (in glycosomes). The enzyme UDPG-glycogen transferase, which is
directly involved in the synthesis of glycogen by addition of uridine diphosphate glucose (UDPG)
to primer glycogen is bound to the glycogen particles or glycosomes.

SERisfound related to glycogenolysis or breakdown of glycogen. An enzyme, called glucose-
6- phosphatase (amarker enzyme) exists as an integral protein of the membrane of SER (e.g., liver
cell). Generally, this enzyme acts as a glucogenic
phosphohydrolase that catalyzes the release of free glucose
molecule in the lumen of SER from its phosphorylated formin
liver (Fig. 6.4). Thus, this process operatesto maintain homeo-
static levels of glucose in the blood for the maintenance of
functions of red blood cells and nerve tissues.

3. Sterol metabolism. The SER contains several key
enzymesthat catalyzethe synthesisof cholester ol whichisalso Bﬁl

. . nzym glucose-6-
a precursor substance for the biosynthesis of two types of =® phosphate

compounds— the steroid hormones and bile acids : .l:.ll | ..F_
glucos€ Pi 3
oo X i

lumen of endoplasmic
reticulum

trix 3
W

glycogen

() Cholesterol biosynthesis. The cholesterol is synthe-

sized from the acetate and its entire biosynthetic pathway | =
involvesabout 20 steps, each step catalyzed by an enzyme. Out 'r-[o general "l ¥
of these twenty enzymes, eleven enzymes are bounded to SER fcirculationy "

membranes, rest nine enzymes are the soluble enzymes|ocated o mitochondrion
in the cytosol and mitochondria.  Examples of SER-bound
enzyme include HM G-Co A reductase and squalene syn-
thetase (see Thor pe, 1984).

(i) Bileacid synthesis. Thebiosynthesisof thebileacids

Fig. 6.4. Diagram of the interven-
tion of thesmooth endoplasmicreticu-
lumin glycogenolysiswith the conse-
quent release of glucose. The enzyme

represents a very complex pattern of enzymes and products.
Enzymesinvolved in the biosynthetic pathway of bileacidsare
hydroxylases, mono-oxygenases, dehydrogenases, isomerases
and reductases. For exampl e, by the help of theenzyme choles-
ter ol 7a-hydr oxylase, thecholesterol isfirst convertedinto 7o-
hydroxyl cholesterol, whichisthen convertedinto bileacidsby

(E), glucose-6- phosphatase, i spresent
in the membrane and has a vectorial
deposition by which it receives the
glucose-6-phophate from the matrix
surface. Theproduct glucosepenetrates
the lumen of the endoplasmic reticu-

lum (after De Robertis et al., 1975).

the help of hydroxylase enzymes. The latter reaction requires
NADPH and molecul ar oxygen and depends on the enzymes of
Electrontransport chains of SER such ascytochr ome P-450 and NADPH-cytochr ome-c-reductase

(ii1) Steroid hormone biosynthesis. Steroid hormones are synthesized in the cells of various
organs such as the cortex of adrenal gland, the ovaries, the testes and the placenta. For example,
cholesterol isthe precursor for both types of sex hormones—estrogen and testosterone—madein the
reproductive tissues, and the adrenocorticoids (e.g., corticosterone, aldosterone and cortisol) formed
in the adrena glands. Many enzymes (e.g., dehydrogenases, isomerases and hydroxylases) are
involved in the biosynthetic pathway of steroid hormones, some of which are located in SER
membranes and some occur in the mitochondria. This biosynthetic pathway hasthefollowing steps:

11-Deoxycortisol Aldosterone

Acetate— Cholesterol — Pregnenolone — Progesterone < (SER) (Mitochondria)
(Cytosol) (SER) (Mitochondria) (SER) 11- Deoxycortisterone  Cortisol

(SER) (Mitochondria)

4. Detoxification. Protectively, the ER chemically modifiesxenobiotics(toxic materialsof both
endogenous and exogenous origin), making them more hydrophilic, hence, more readily excreted.
Amongthesematerialsaredrugs, aspirin (acetyl-salicylic-acid), insecticides, anaesthetics, petroleum
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products, pollutants and carcinogens (i.e., inducers of cancer; e.g., 3-4- benzopyr ene and 3-methyl
cholanthrene).

Theenzymesinvolvedinthe detoxification of aromatic hydrocarbonsarearyl hydr oxylases. It
is now known that benzopyrene (found in charcoal -broiled meat) is not carcinogenic, but under the
action of aryl hydroxylase enzymeintheliver, it isconverted into 5, 6-epoxide, which isapowerful
carcinogen (see De Robertisand De Robertis, Jr., 1987).

A widevariety of drugs (e.g., phenobarbital), when administrated to animals, they bring about
theproliferation of the ER membranes (first RER and then SER) and/ or enhanced activity of enzymes
related to detoxification (Thor pe, 1984).

5. Other synthetic functions. SER plays arole in the synthesis of triglycerides in intestinal
absorptive cellsand of visual pigmentsfrom vitamin A by pigmented epithelial cell of retina. In plant
cells, SER forms the surface where cellulose cell walls are being formed.

C. Functions of Rough Endoplasmic Reticulum

The major function of the rough ER is the synthesis of protein. It has long been assumed that
proteins destined for secretion (i.e., export) from the cell or proteins to be used in the synthesis of
cellular membranes are synthesized on rough ER-bound ribosomes, while cytoplasmic proteins are

mMRNA tRNA
\ ) i SRP_
[ ] » Ll GDP
_
L n
| & |
Signal peptide a .
on nascent SRP . E
olypeptide ==
polypep SRP n GTP ] GDP/ GDP =
Cytosol receptor i
N
-
ER lumen - BiP or
other
Translocon chaperone

A schematic model for the synthesis of a secretory protein on a membrane - bound ribosome of the RER.

translated for the most part on free ribosomes. In fact, the array of the rough endoplasmic reticulum
provides extensive surface areafor the association of metabolically active enzymes, amino acidsand
ribosomes. Thereismoreefficient functioning of these material sto synthesi ze proteinswhen oriented
on amembrane surface than when they aresimply in solution, mainly because chemica combinations
between mol ecules can be accomplished in specific geometric patterns.

Themembrane-bound ribosomesare attached with specific binding sitesor r eceptor sof rough
ER membrane by their large 60S subunit, with small or 40S subunit sitting on top like a cap. These
receptors are membrane proteins which extend well into and possibly through the lipid bilayer. The
receptor proteins with bound ribosomes can float laterally like other membrane proteins and may
facilitateformation of the polysomeand probably transl ationwhich requiresthat mMRNA and ribosome
move with respect to each other.

Further, the secretory proteins, instead of passing into the cytoplasm, appear to passinstead into
the cisternae of the rough ER and are, thus, protected from protease enzymes of cytoplasm. It is
calculated that about 40 amino acid residueslong segment at the— COOH end of the nascent protein
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remainsprotectedinsidethetunnel of ‘free’ or ‘bound’ ribosomesandrest of thechain, with—NH, end,
isprotected by thelumen of RER. The passage of hascent polypeptide chaininto the ER cisternatakes
place during translation leaving only asmall segment exposed to the cytoplasm at any onetime.

How the polypeptide chain getsthrough thelipid bilayer isnot so clear, butitisquite reasonable
to propose that the membrane proteins serving as ribosomal receptors also has a very fine channel
through its core that opens into the cisterna of the rough ER. The chain may have great flexibility,
permitting theamino acidsto snaketheir way singlefilethroughtheproposed pore. Assoonasgrowing
polypeptide chain reaches the cisterna, it folds into its secondary and tertiary structures and thus
trapped in the cisterna of the rough ER.

Protein glycosylation. Thecoval ent additionof sugarstothesecretory proteins(i.e., glycosylation)
isoneof themajor bi osyntheticfunctionsof rough ER. Most of theproteinsthat areisol atedinthelumen
of RER beforebeing transported to the Gol gi apparatus, lysosomes, plasmamembraneor extracel lular
space, areglycopr oteins(anotableexceptionisalbumin) . In contrast, very few proteinsin thecytosol
(cytoplasmic matrix) are glycosylated and those that carry them have adifferent sugar modification.

The process of protein glycosylation in RER lumen is one of the most well understood cell
biologica phenomena. During this process, asingle species of oligosaccharide (which comprisesN-
acetyl-glucosamine, mannose and glucose, containing atotal of 14 sugar residues) is transferred to

[ | - 1"
n

N S L. . |
L, - Mg+ g i

"

u ‘-l- T l.l N IIF u F

Example of a reaction catalyzed by a glycosyltransferase.

proteinsinthe ER. Becauseitisalwaystransferred to the NH,, group onthe side chain of an asparagine
residue of the protein, this oligosaccharide is said to be N-linked or asparagine-linked (Fig.6.5 A).
Thetransfer iscatalyzed by amembrane-bound enzyme(i.e., glycosyl transfer ase) withitsactivesite
exposed on the luminal surface of the ER membrane. The preformed precursor oligosaccharide is
transferred en bloc to the target asparagine residue in a single enzymatic step almost as soon as that
residue emergesin thelumen of ER during protein translocation (Fig.6.5 B). Sincemost proteinsare
co-trangdlationally imported into the ER, N-linked oligosaccharides are almost always added during
protein synthesis, ensuring maximum accessto thetarget asparagineresidues, which arepresentinthe
seguences—Asn-X-Ser or Asn-X-Thr (whereXisamino acid except proline). Thesetwo sequences, thus,
function as signals for N-linked glycosylation.

The precursor oligosaccharideis held in the ER membrane by aspecial lipid molecule, dolicol
(thecarrier). Theoligosaccharideislinkedtothedolicol by ahigh-energy pyr ophosphatebond which
activatestheoligosaccharidefor itstransfer fromthelipidto an asparaginesidechain (i.e., it provides
activation energy for theglycosylationreaction). Theoligosaccharideisbuilt up sugar by sugar onthe
membrane-bound dolicol (towardsthe cytosolic side) prior toitstransfer to aprotein. Sugarsarefirst
activated in the cytosol (cytoplasmic matrix) by the formation of nucleotide-sugar intermediates
(e.g., UDP-glucose, UDP-N-acetyl glucosamine, and GDP-mannose), which then donatestheir sugar
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Fig. 6.5. N-linked glycosylation of proteinin RER. A—T he structure of asparagine-linked oligosaccharide.
The sugars shown in shaded form form the ‘core-region’ of this oligosaccharide. For many
glycoproteins, only the core sugars survive the extensive oligosaccharide trimming processin the
Golgi apparatus, B—Mode of transfer of the oligosaccharide to the asparagine residues of the
nascent protein inside RER lumen (after Alberts et al., 1989).

(directly orindirectly) tothelipidinan orderly sequence. At somestep of thisprocess, thelipid-linked
oligosaccharideisflipped from the cytosolic to theluminal side of the ER membranes. Dolicol islong
and very hydrophobic : its 22 five-carbon units can span the thickness of lipid bilayer morethan three

times, so that the attached

oligosaccharide is firmly
anchored to the mem-
brane.

While till in RER
lumen, threeglucoseresi-
dues and one mannose
residue are quickly re-
moved fromtheoligosac-
charides of most glyco-
proteins. Such oligosac-
charide “trimming” or
“processing” continuesin
the Golgi apparatus
(Hirschbergand Snider,
1987; Kornfeld and
Kornfeld, 1985). If agly-
coprotein is to contain a
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Fig. 6.6. Diagram explaining the signal hypothesis (after De Robertis and
De Robertis, Jr., 1987).
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terminal glucose, fucose or sialic acid, then those sugars are added in the Golgi apparatus where the
appropriate sugar transferase enzymes are localized.

The signal hypothesis. The proteins for the secretion, the lysosomes and the membrane
formation, are synthesized on the membrane bound ribosomes. The free and bound ribosomes were
foundtobecontinuously interchanging and show nodifferencesbetweenthem. Thesignal hypothesis
was proposed by Blobel and Sabatini (1971) to explain how the ribosomes which are meant for the
biosynthesisof secretory type proteinsget specifically attached to RER membranes. Accordingtothis
hypothesis, the mRNA is able to recognize free or bound ribosomes. It is postulated that the mRNA
for secretory proteinscontainaset of special signal codonslocalized after theinitial codon AUG. Once
theribosome “recognizes’ the signal the ribosome becomes attached to the membrane of ER and the
polypeptide penetrates. It is also postulated that at the luminal surface thereis asignal peptidase
enzymethat removesthesignal peptide. Thus, themRNA producesapr eprotein of larger molecular
weight thanthefinal protein. Thissignal peptidehasbetween 15to 30 amino acidswhicharegenerally
hydrophobic. Suchasignal peptideprobably establishestheinitial association of theribosomewiththe
membrane, but someproteinfactorsareinvolved. A signal recognition protein (SRP) complex binds
tothenascent signal peptideand stopsthetrandation until it reachesthe ER membrane. Itissuggested
that aSRP receptor or docking protein whichisapore-containing integral membrane protein of ER,
removes the SRP block, allowing for the translocation of the polypeptide into lumen of RER.

REVISION QUESTIONS

1

2.
3.

What is endoplasmic reticulum ? Describe the types, structure and functions of the endoplasmic
reticulum ?

What functions seem relegated mostly to smooth endoplasmic reticulum ?

Proteins destined for secretion are transl ated primarily by the rough endoplasmic reticulum instead
of by free ribosomes. What factors probably account for this selectivity ?

Write short notes on the following :
(i) Endomembrane system; (ii) Signal theory; (iii) Microsomes; (iv) Glycosomes; (v) Enzymes of
ER; and (vi) Origin of endoplasmic reticulum.
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functions such as biosynthesis of polysaccharides,

packaging (compartmentalizing) of cellular synthetic
products(proteins), productionof exocytotic(secretory) vesicles
and differentiation of cellular membranes, there occursacom-
plex organelle called Golgi complex or Golgi apparatusinthe
cytoplasm of animal and plant cells. The Golgi apparatus, like
the endoplasmic reticulum, is a canalicular system with sacs,
but unlikethe endoplasmicreticulumit hasparallely arranged,
flattened, membrane-bounded vesicles which lack ribosomes
and stainable by osmium tetraoxide and silver salts.

HISTORICAL

For the performance of certain important cellular

Anltalianneurologist (i.e., physician) CamilloGolgiin i

1873 discovered and developed the silver chromate method

(termed la reazione nera) for study- .
ing histological detail sof nervecells. .J'

He, thus, opened anew field of scien- o
tific inquiry, called neuromor-
phology. In 1898, Golgi found that
Purkinje cells (i.e., nerve cells of ce-
rebral cortex of brain) of barn owl
contained an interna reticular net-
work which stains black with the sil- Camillo Golgi
ver stain. He caled this structure (1844 - 1926)

apparatoreticolareinterno (= inter-
nal reticular apparatus). By reporting the existence of such an
organelleinsidecell, heinadvertently raised astorm of contro-
versy inthe scientificworld, whichiscommonly known asthe
Golgi controversy.

trans-Golgi
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Schematic model of a portion of a
Golgi complex from an epithelial cell
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The Golgi controversy. Since the refractive index of the Golgi apparatusis similar to that of
cytosol (cytoplasmic matrix), the Golgi apparatusin theliving cell was difficult to observe with the
light microscopy, and thisled to many controversiesregardingitstruenature. For years, it wasthought
to be an artifact of variousfixation and staining procedures. In other words, many scientists believed
that structure observed during numerousmicroscopy proceduresandtermedtheGolgi, did not actually
existintheliving cells (see Berns, 1983). For instance, Holmgren (1900) described a clear system
of clear canals, which hecalledtr ophospongium. Thoughthisstructurewasearlier described asbeing
homologouswithinternal reticular apparatus, thiscomparison waslater dropped. Par at and Painleve
(1924) suggested vacuome theory : they believed that al plant and animal cells have only two
fundamental but morphologically independent cytoplasmic components, i.e., vacuome (watery
vacuoles) or canal sstainablewith neutral red, andthechodriome, consisting of lipoidal mitochondria.
They mixed up with Golgi apparatus and Holmgren's canalicular system and thought these were
formed by thedeposition of metallic silver or osmiumonthevacuoles(seePurohit, 1980). S.R. Cajal,
a contemporary of Golgi and Spanish histologist, was a solid supporter of Golgi during the years of
controversy. Cajal referred to Golgi nets as the Golgi-Holmgren canals. He refined the Golgi’s
method of staining and becameapioneer student of the nervoussystem. Caja verified Golgi’ sfinding
of a special internal cell complex and observed its morphology and behaviour under a variety of
metabolic states. In the year 1906, Camillo Golgi and S. R. Cajal were jointly awarded the Nobel
Prize. Nath (1930) using fresh eggs of the frog and later on, Nath and Nangia (1931) using telostean
fish eggs, demonstrated that the vacuome and the Golgi apparatus were independent cytoplasmic
organelles as were the mitochondria. Thus, not until electron microscopic studieswere performed in
the 1950' s was the Golgi recognized and accepted as a legitimate cell organelle.

Dueto their presumed high lipid contents, Golgi
apparatuses were caled lipochondria (Baker, 1951,
1953). Since originally these were known to be net-
works, they were also called “dictyosomes’ (Gr.,
dictyes=net). Currently, the term Golgi apparatusis
more prevalent one, than many other names such as
Golgi complex, Golgiosome, Golgi bodies, Golgi
material, Golgi membrane, etc. The Golgi apparatus
of the cells of plantsand lower invertebratesisusually
referred to as Golgi body or dictyosome.

OCCURRENCE

TheGolgi apparatusoccursinall cellsexcept the
prokaryotic cells(viz., mycoplasmas, bacteriaand blue
greenalgae) and eukaryoticcellsof certainfungi, sperm
cells of bryophytes and pteridiophytes, cells of mature
sieve tubes of plants and mature sperm and red blood
cells of animals. Their number per plant cell can vary
fromseveral hundred asintissuesof cornrootandalgal
rhizoids(i.e., morethan25,000inalgal rhizoids, Siever s,
1965), toasingleorganellein somealgae. Certainalgal
cellssuch as Pinularia and Microsterias, contain larg-
est and most complicated Golgi apparatuses. In higher
plants, Golgi apparatuses are particularly common in
secretory cellsand in young rapidly growing cells.

In animal cells, there usually occurs a single

Golgi apparatus, however, its number may vary from | the various functions of the Golgi complex are
animal toanimal andfromcell tocell. Thus, Paramoeba summarised in this diagram.
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specieshastwo Gol gi apparatusesand nervecells, liver cellsand chordate oocyteshave multiple Golgi
apparatuses, there being about 50 of them in the liver cells.

DISTRIBUTION

secretory vesicles leaving the
trans region

trans
region

sacs

& transfer vesicles from the rough ER

Cisternae are central, flattened closed
compartments.

Inthecellsof higher plants, the Golgi bodiesor
dictyosomes are usually found scattered throughout
the cytoplasm and their distribution doesnot seemto
be ordered or localized in any particular manner
(Hall et al., 1974). However, in animal cells the
Golgi apparatus is a localized organelle. For ex-
ample, in the cells of ectodermal or endodermal
origin, the Golgi apparatusremainspolar and occurs
in between the nucleus and the periphery (e.g., thy-
roid cells, exocrine pancreatic cells and mucus-pro-
ducinggoblet cellsof intestinal epithelium) andinthe
nerve cellsit occupies a circum-nuclear position.

MORPHOLOGY
The Golgi apparatus is morphologically very
similar in both plant and animal cells. However, itis
extremely pleomorphic : in some cell types it ap-
pears compact and limited, in others spread out and

reticular (net-like). Its shape and form may vary depending on cell type. Typicaly, however, Golgi
apparatusappearsasacomplex array of interconnectingtubules, vesiclesand cisternae. Therehasbeen

much debate concerning the ter-
minology of the Golgi’'s parts.
The classification given by D.J.
Morre (1977) is most widely
used. Inthisscheme, thesimplest
unit of the Golgi apparatusisthe
cisterna. This is a membrane-
bound spaceinwhichvariousma
terials and secretions may accu-
mulate. Numerous cisternae are
associated with each other and
appear in a stack-like (lamellar)
aggregation. A group of thesecis-
ternae is called the dictyosome,
andagroup of dictyosomesmakes
upthecell’ sGolgi apparatus. All
dictyosomesof acell haveacom-
mon function (see Ber ns, 1983).

The detailed structure of
three basic components of the
Golgi apparatuscanbestudied as

Fig. 7.1.

Golgi

J_L = =™ lumen

trans face

k.

I secretory
vesicle

Golgi vesicle

cis face

Three-dimensional drawing of a Golgi apparatus;; itis
drawn from el ectron micrographs of asecretory animal
cell (after Alberts et al., 1989).

follows (Fig.7.1) :
1. Flattened Sac or Cisternae

Cisternae (about 1 um in diameter) are central, flattened, plate-like or saucer-like closed
compartmentswhichareheldin parallel bundlesor stacksoneabovetheother. In each stack, cisternae
are separated by a space of 20 to 30 nm which may contain rod-like elements or fibres. Each stack of
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cisternae forms a dictyosome which may contain 5to 6 Golgi cisternaein animal cells or 20 or more
cisternaein plant cells. Each cisternais bounded by a smooth unit membrane (7.5 nm thick), having
alumen varying in width from about 500 to 1000 nm (see Sheeler and Bianchi, 1987).

Polarity. Themarginsof each cisternaare gently curved so that the entire dictyosome of Golgi
apparatustakeson abow-like appearance. Thecisternaeat the convex end of thedictyosome comprise
proximal, forming or cis-face and the cisternae at the concave end of the dictyosome comprise the
distal, maturing or trans-face. Theforming or cisface of Golgi islocated next to either the nucleus
or aspecialized portion of rough ER that lacksbound ribosomesandiscalled” transitional” ER. Trans
face of Golgi islocated near the plasma membrane. This polarization is called cis-trans axis of the
Golgi apparatus.

2. Tubules

A complex array of associated vesicles and anastomosing tubules (30 to 50 nm diameter)
surround the dictyosome and radiate from it. In fact, the peripheral area of dictyosomeisfenestrated
(lace-like) in structure.

3. Vesicles

Thevesicles (60 nm in diameter) are of three types:

(i) Transitional vesicles are small membrane limited
vesicleswhicharethought toformashblebsfromthetransitional
ER to migrate and converge to cis face of Golgi, where they
coalasce to form new cisternae.

(i) Secretory vesicles are varied-sized membrane-lim-
ited vesicles which discharge from margins of cisternae of
Golgi. They, often, occur between the maturing face of Golgi
and the plasma membrane.

(i) Clathrin-coated vesicles are spherical protuber-
ances, about 50 pmin diameter and with arough surface. They
arefound at the periphery of the organelle, usually at theends | secetory vesicles leaving the trans
of single tubules, and are morphologically quite distinct from region.
the secretory vesicles. The clathrin-coated vesicles are known
to play arolein intra-cellular traffic of membranes and of secretory products, i.e., between ER and
Golgi, aswell as, between GEL R region and the endosomal and lysosomal compartments.

The GERL Region

Golgi apparatusisadifferentiated portion of theendomembrane system foundinboth animal and
plant cells. This membranous component is spatially and temporally related to the endoplasmic
reticulum (ER) on one side and by way of secretory vesicles, may fuse with specific portions of the
plasmamembrane. To thetransface of Golgi isassociated thetrans-reticular Golgi, TGN (=trans-
Golgi-network ; Alberts et al., 1989) or GERL (=Golgi + smooth ER + lysosomal), in which acid
phosphatase enzyme (a characteristic lysosomal enzyme) makesitsfirst appearance. GERL isfound
to be involved in the origin of primary lysosomes and of melanin granules ; in the processing,
condensing and packaging of secretory material in endocrine and exocrine cells; and in lipid
metabolism (Novikoff, 1976). GERL isalso aregion of sorting of cellular secretory proteins.

Zones of Exclusion

A Golgi body or Golgi apparatus is surrounded by a differentiated region of cytoplasm where
ribosomes, glycogen, and organelles such as mitochondriaand chloroplasts are scarce or absent. This
iscalledzoneof exclusion (Morre etal., 1971) or Golgi ground substance(Sj ostrand and Hanzon,
1954). Endoplasmic reticulumwithin the zone of exclusion hasasmooth surface (lacking ribosomes),



170 CELL BIOLOGY

and coated vesicles of the Golgi apparatus are restricted to thisregion. Similar zones of exclusion are
associated with microtubules (Por ter, 1966), centrioles (Bainton and Far quhar, 1966), and regions
of centriole formation (Sor okin, 1968).
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Fig. 7.2. Theposition and orientation of the Golgi apparatusin the secretory pathway. A—The components
asthey might be seen by el ectron microscopy of thin sections; B—A three-dimensional reconstruc-
tion of Golgi apparatus (after Thorpe, 1984).

ISOLATION AND CHEMICAL COMPQOSITION

Initially, Golgi apparatus was isolated only from cells of the epididymis, however, in recent
years, it has been isolated from number of plant and animal cells. Theisolation of Golgi apparatusis
brought about mainly by gentle homogeni zationfoll owed by differential and gradient homogeni zation.
Gentle homogenization is preferred to preserve the stacks of cisternae. Dueto itslow density, Golgi
apparatuses tend to form a distinct band in gradient centrifugation. The isolated Golgi apparatusis
washed with distilled water for purifying it, though, its secretory components are lost (see Thor pe,
1984).

Chemically, Golgi apparatus of rat liver contains about 60 per cent lipid material. The Golgi
apparatus of animal cells contains phospholipidsin the form of phosphatidyl choline, whereas, that
of plant cells contains phosphatidic acid and phosphatidyl glycerol. The Golgi apparatus also
contains avariety of enzyme (Table 7-1), some of which have been used as cytochemical markers.

Cytochemical Properties of Golgi Apparatus

Different parts of Golgi apparatus have been histochemically identified by specific staining
properties (Thorpe, 1984 ; Albertset al., 1989) :

1. Osmium tetroxide (O,O,) selectively impregnates the outer face (cis face) of the Golgi
apparatus. This stain adheres well to lipids, especially phospholipids and unsaturated fats.

2.Phosphotungsticacid (H,PO,. 12WO,. 24H ,0) selectively stainthematuring or transface
of Golgi stack. Thisstain isan anionic stain having special affinity for polysaccharidesand proteins.

3. Glycosyl transferaseand thiamine pyrophosphatase can belocalized cytochemically in
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thetranscisternae of Golgi apparatus. Transferase enzymesare found to belocated in the membranes
of Golgi, notinthelumen of cisternae (Thor pe, 1984).
4. Acid phosphatase enzymeis cytochemically marked in the GERL region.

bl Someimportant enzymesof the Golgi appar atusof animal cells (Sour ce: Thor pe, 1984;
Table 7.1. Rastogi, 1988).

Enzymes: classand types Function

. Glycosy! transferases : Glycoprotein biosynthesis
Sialyl transferases Transfers sialic acid from CMP-sidlic acid
Galactosyl transferases Transfer galactose to lipids or proteins

. Sulpho-and glycotransferases: Glycolipid biosynthesis
Sulphotransferase Transfer of sulphate from activated donor
Lysolecithin acetyltransferase Transfer of acyl groups to phospholipid
Glycero-phosphate phosphatidy! Transfer of phosphatidyl group
transferase

C. Oxireductases: Oxidation and reduction

6. NADH- cytochrome c-reductase

7. NADPH- cytochrome c-reductase

D. Phosphatases: Hydrolysis of phospholipids

8. Glucose-6-phosphatase

9. Thiamine pyrophosphatase

(Nucleoside diphosphatase)

OrwmDNDE>

Removal or addition of hydrogen
Removal or addition of hydrogen

Removal of phosphate
Hydrolysis of inorganic pyrophosphate

10. ATPase

11. Acid phosphatase

E. Phospholipases: Hydrolysisof lipids
12. Phospholipase A,

13. Phospholipase A,

F. Kinases: Phosphorylation

14. Casein phosphokinases

G. Mannosidases: Removal of mannose
15. Mannosidase | and 11

Removal or addition of phosphate
Removal of phosphate

Removal of non-specific fatty acid chains from
phospholipids
Removal of fatty acid chains

Phosphorylation of casein

Removal of mannose residue from oligosaccharide

ORIGIN

Origin of Golgi apparatusinvolvestheformation of new cisternaeand thereisgreat variationin
shape, number and size of cisternae in each stack (dictyosome). The process of formation of new
cisternaemay be performedby any of thefollowing methods: 1.1ndividual stacksof cisternaemay arise
fromthe pre-existing stacks by division or fragmentation. 2.The alternative method of origin of Golgi
isbasedon denovoformation. Infact, variouscytol ogical and biochemical evidenceshaveestablished
that themembranesof the Gol gi apparatusareoriginated from the membranes of the smooth ER which
inturn have originated from the rough ER. The proximal Golgi sacculesareformed by fusion of ER-
derived vesicles, whiledistal saccules” givetheir al” tovesicleformation and disappear. Thus, Golgi
saccules are constantly and rapidly renewed.

Thecellsof dormant seedsof higher plantsgenerally lack Golgi apparatuses but they do display
zone of exclusion having aggregation of small transition vesicles. Photomicrographs of cellsin early
stages of germination suggest progressive development of Golgi bodiesin these zones of exclusion;
and the development of Golgi apparatuses coincides with the disappearance of the aggregation of
vesicles (see Sheeler and Bianchi, 1987).

FUNCTIONS

Golgi vesiclesareoften, referredto asthe“trafficpolice” of thecell (Dar nell etal ., 1986). They
play akey rolein sorting many of cell’s proteins and membrane constituents, and in dir ecting them
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Fig. 7.3. A model of formation of Golgi apparatus from endoplasmic reticulum (A—C) and subsequent
developmental stages: formation of stack of cisternae (C and D), formation of secretory vesicles (E)
division (F,G) (after Sheeler and Bianchi, 1987).
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Fig. 7.4. The compartmentalization of the Golgi ap-
paratus. GIcNAc = N-actyl-glucosaminega
lactose; NANA = N-acetyl neuraminicacid
(sidlic acid) (after Alberts et al., 1989).

to their proper destinations. To perform this
function, the Golgi vesicles contain different
setsof enzymesindifferent typesof vesicles—
cis, middle and trans cister nae—that react
with and modify secretory proteins passing
through the Golgi lumen or membrane pro-
teinsand glycoproteinsthat aretransiently in
the Golgi membranes asthey are en routeto
theirfina destinations(Fig.7.4). Forexample,
aGolgi enzymemay add a“signal” or “tag”
such asacarbohydrate or phosphate residues
to certain proteins to direct them to their
proper sitesinthecell. Or, aproteolytic Golgi
enzyme may cut a secretory or membrane
protein into two or more specific segments
(e.g., molecular processing involved in the
formation of pancreatic hormone insulin :
preproinsulin— proinsulin— insulin).
Recently, inthefunction of Golgi appa
ratus, subcompartmentalization with a divi-
sion of labour hasbeen proposed betweenthe
cis region (in which proteins of RER are
sorted and some of them are returned back
possibly by coated vesicles), and the trans
region inwhich the most refined proteinsare
further separated for their delivery to the
variouscell compartments(e.g., plasmamem-
brane, secretory granules and lysosomes)
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(Fig.7.5; Rothman 1981 ; Rothman
and L eonard, 1984).

Thus, Golgi apparatusisacen-
tre of reception, finishing, packag-
ing, and dispatch for a variety of
materialsin animal and plant cells:

1. Golgi Functions in Plants

GOLGI APPARATUS

In plants, Golgi apparatus is
mainly involved in the secretion of
materials of primary and secondary
cell walls(e.g., formation and export
of glycoproteins, lipids, pectins and
monomers for hemicellulose, cellu-
lose, lignin, etc.). During cytokinesis
of mitosis or meiosis, the vesicles
originating from the periphery of
Golgi apparatus, coalesce in the
phragmoplast area to form a semi-
solidlayer, calledcell plate. Theunit
membraneof Golgi vesiclesfusesdur-
ing cdll plate formation and becomes
part of plasmamembrane of daughter
cells (For details see Chapter 5).
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Fig. 7.5. Diagramillustrating the hypothetical dual function of cisand trans cisternae of the Golgi apparatus.
The closed circles correspond to ER proteinsthat are removed from the rims of cisand middie Golgi
cisternae (“refiners’) and return to the ER (dashed arrow). The open circles represent secretory
proteins which are destined for secretion or incorporation into organelles (lysosomes, plasma
membrane) (after Sheelar and Bianchi, 1987).
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2. Golgi Functions in Animals

In animals, Golgi apparatus is involved in the packaging and exocytosis of the following
materials: 1. Zymogen of exocrine pancreatic cells; 2. Mucus (=a glycoprotein) secretion by goblet
cellsof intestine ; 3. Lactoprotein (casein) secretion by mammary gland cells (Merocrine secretion) ;
4. Secretion of compounds (thyroglobulins) of thyroxine hormone by thyroid cells; 5. Secretion of
tropocollagen and collagen ; 6. Formation of melanin granules and other pigments; and 7. Formation
of yolk and vitelline membrane of growing primary oocytes. It is also involved in the formation of
certain cellular organelles such as plasma membrane, lysosomes, acrosome of spermatozoa and
cortical granules of avariety of oocytes.

Golgi L I " . l|
complex wr r i

(a) Vesicular transport model (b) Cisternal maturation model (c) "Combined" model

Three models depicting the dynamics of transport through the Golgi complex. (a) In the vesicular transport
model, cargo (dark dots) is carried in an anterograde direction by transport vesicles, while the cisternae
themselves remain as stable elements. (b) In this model, the cisternae progress gradually from a cis to a trans
position and then disperse at the TGN, (c) In this model, the cisternae progress from cis to trans, at the same
time that cargo is carried forward at a more rapid pace in anterograde vesicles and Golgi resident enzymes are
carried backward in retrograde vesicles.

REVISION QUESTIONS

1. DescribetheGolgi apparatus. Whichistheproxi-
mal and which isthe distal face ? What types of
vesicles arise from Golgi membranes ?

2. Write an essay on “Golgi apparatus and secre-
tion”.

3. Describevariousfunctions of Golgi apparatusin
the cells.

4. There appears to be aregular turnover of Golgi
membranes. Accordingtotheavailableevidence,
where do the membranes come from, and what

happens to them.

5. Write short notes on the following :
(i) TheGolgi controversy : (ii) Morre' s classifi- Photograph showing how proteins are
cation of Golgi ; (iii) GERL region; (iv) Isolation delivered to the cell's Golgi apparatus for

of Golgi apparatus; (v) Enzymes of Golgi appa- processing in vesicles that bud from the ER.
ratus ; (vi) Compartmentalization of Golgi apparatus.



Lysosomes.

Lysosomes

he lysosomes (Gr., lyso=digestive + soma=body)

are tiny membrane-bound vesicles involved in in-

tracellular digestion. They contain avariety of hydro-
lytic enzymes that remain active under acidic conditions. The
lysosomal lumenismaintained at an acidic pH (around 5) by an
ATP-driven proton pumpinthemembrane. Thus, theseremark-
ableorganellesareprimarily meant for thedigestion of avariety
of biological materialsand secondarily cause aging and death of
animal cellsand also avariety of human diseasessuch ascancer,
gout, Pompe’ s disease, silicosisand I-cell disease.

HISTORICAL

During early el ectron microscopic studies, rounded dense
bodies were observed in rat liver cells. These bodies were
initially described as“ perinuclear densebaodies’. C. deDuve,
in 1955, renamedtheseorganellesas’ lysosomes’ toindicatethat
the internal digestive enzymes
only became apparent when the

membrane of these organelles .
waslysed (See Reid and L eech,

1980). However, the term lyso-

some means lytic body having - 8

digestive enzymes capable of

lysis(viz., dissolutionof acell or -

tissue; (De Robertis and De
Robertis, Jr., 1987).

Lysosomes were investi- .._I .
gated accordingtofollowingtwo .
schools: (1) C. deDuveand his =

coworkers (1963, 1964, 1974) Christian de Duve (Born 1917,
workedin Belgium and their ap- won Nobel Prize in 1974).

Contents
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proachwashbiochemical one. (2) Alex Novikoff and hisresearch group (1962, 1964) workedin United
States and their approach was morphological and cytochemical. For the discovery of lysosomes and
abrilliant series of experiments on them, de Duve shared the 1974 Nobel Prize for physiology with
Palade and Claude, both were pioneer cell biologists.

OCCURRENCE

Thelysosomesoccur in most animal and few plant cells(Table8-1). They areabsent in bacteria
and mature mammalian erythrocytes. Few lysosomes occur in muscle cells or in acinar cells of the
pancreas. Leucocytes, especially granulocytes are a particularly rich source of lysosomes. Their
lysosomesare solarge-sized that they can be observed under thelight microscope. Lysosomesareal so
numerousinepithelial cellsof absorptive, secretory and excretory organs(e.g., intestine, liver, kidney,
etc.). They occur in abundancein the epithelial cellsof lungsand uterus. Lastly, phagocytic cellsand
cells of reticuloendothelial system (e.g., bone marrow, spleen and liver) are also rich in lysosomes.

STRUCTURE

The lysosomes are round vacuolar structures which remain filled with dense material and are
bounded by single unit membrane. Their shape and density vary greatly. Lysosomesare 0.2 to 0.5um
in size. Since, size and shape of lysosomes vary from cell to cell and time to time (i.e. they are
polymorphic), their identification becomes difficult. However, on the basis of the following three
criteria, acellular entity canbeidentified asalysosome: (1) It should bebound by alimitingmembrane;
(2) It should containtwo or moreacid hydrol ases; and (3) It should demonstratethe property of enzyme
latency when treated in away that adversely affects organelle’ s membrane structure.

Table 8-1 Examples of plant and animal cells, tissues and or gans containing lysosomes (Sour ce:
| Sheeler and Bianchi,1987).

A. Animal tissues B. Protozoa

1. Liver 15. Leucocytes

2. Kidney 16. Amoeba

3. Nervecdls 17. Tetrahymena

4. Bran 18. Paramecium

5. Intestinal epithelium 19. Euglena

6. Lung epithelium C. Plants

7. Macrophages 20. Onion seeds
(of spleen, bone marrow, liver and 21. Barley seeds
connective tissue) 22. Corn seedlings

8. Thyroid gland 23. Yeast

9. Adrenal gland 24. Neurospora

10. Bone D. Tissue culture cells

11. Urinary bladder 25. Hel A cdlls

12. Prostate 26. Fibroblasts

13. Uterus 27. Chick cells

14. Ovaries 28. Lymphocytes

ISOLATION AND CHEMICAL COMPOSITION

Lysosomesare very delicate and fragile organelles. Lysosomal fractions have beenisolated by
sucrose-density centrifugation (or I sopycnic centrifugation) after mild methodsof homogeni zation.
Sincetheoriginal deDuve' sisolatedlysosomal fractionswerehaving contaminationsof mitochondria,
microsomes and microbodies, so, in 1960's it was investigated that rats injected with dextran or
Triton WR-1339, incorporated these compoundsinto their lysosomes, thereby altering their density

Contents
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and making their cleaner separation possible

by differential centrifugation and density gra-

dients (see Reid and L eech,1980). - 0.05 205 um .
Lysosomestendtoaccumul atecertaindyes e - S,

(vital stainssuch asNeutral red, Niagara, Evans Acid hydrolases u

blue) and drugs such asanti-malarial drug chlo- - :?ﬂ::ssgssmp y

roquine. Such‘loaded’ Iysogomescan be dem- = glycosidases 'I_

onstrated by fluorescence microscopy. B lipases .
Thelocation of thelysosomesinthecell | phosphatase

can also be pinpointed by varioushistochemi- i :‘;}E’Sﬁiﬁg ase

cal or cytochemical methods. For example, 1 i

lysosomesdemonstratetheproperty of metach- - ‘s

romasia with toluidine blue and give a posi- . " pH~5 -

tive acid Schiff reaction (see Chapter 2). pH 7.2 " -~

Metachromasia is the property exhibited by R - o

certain pure dyestuffs, chiefly basic stains,of = —

colouring certaintissueelementsinadifferent -". .'1

colour. Certain lysosomal enzymes are good I ATP ADP | + Pi

histochemical markers. For example, acid

phosphataseistheprincipal enzymewhichis | rig 81, A lysosome showing itsvarious

used asamarker for thelysosomesby the the characteristics (after Albert et al., 1989).

use of Gomori’'staining technique
(Gomori,1952). Specific stainsare al so used for other lysosomal enzymessuch asB- glucuronidase,
aryl sulphatatase, N-acetyl-B-glucosaminidase and 5-br omo-4-chlor oindolacetate ester ase.

Lysosomal Enzymes

Accordingtoarecent estimate,alysosomemay contai n upto40typesof hydrolyticenzymes(see
Alberts et al.,1989). They include proteases (e.g., cathepsin for protein digestion), nucleases,
glycosidases(for digestion of polysaccharidesand glycosides), lipases, phospholipases, phosphata-
sesand sulphatases(Table 8-2). All lysosomal enzymesare acid hydrolases, optimally active at the
pH5 maintai ned within lysosomes. The membrane of thelysosome normally keepsthe enzymes|atent
and out of the cytoplasmic matrix or cytosol (whose pH is about ~7.2), but the acid dependency of
lysosomal enzymes protectsthe contents of the cytosol (cytoplasmic matrix) against any damage even
if leakage of lysosomal enzymes should occur.

The so-called latency of the lysosomal enzymesis due to the presence of the membrane which
isresistant to the enzymesthat it encloses. Most probably thisis dueto the fact that most lysosomal
hydrolases are membrane-bound, which may prevent the active centres of enzymesto gain accessto
susceptible groupsin the membrane (see Reid and L eech,1980).

Table 8-2. Some lysosomal enzymes and their substrates (Source: Sheeler and Bianchi, 1987).

Enzyme Substrate
A. Proteasesand peptidases ] ) ]
1. Cathepsin A,B,C,D and E Various proteins and peptides
2. Collagenase Collagen
3. Peptidases Peptides

B. Nucleases
4. Acid ribonuclease
5. Acid deoxyribonuclease

RNA
DNA




178 CELL BIOLOGY
Enzyme Substrate
Phosphatases
6. Acid phosphatase Phosphate monoesters

7. Phosphodiesterase

Enzymes acting on oligosaccharide
chainsof glycoproteinsand glycolipids
8. b-galactosidase

9. Acetylhexosaminidase

10. b-Glucosidase

11. & Glucosidase

12. aMannosidase

13. Sialidase

Enzymesactingon glycosaminoglycans
14. Lysozyme

15. Hyaluronidase

16. b-Glucuronidase

Enzymesacting on lipids

17. Phospholipase

18. Esterase

Oligonucleotides, phosphodiesters

b-Galactosides

Acetylhexosaminides, heparin sulphate
b-Glucosides

Glycogen

aMannosidase

Siaic acid derivatives

Mucopolysaccharides, bacterial cell wall
Hyaluronic acid, chondroitin sulphates
Polysaccharides, mucopolysaccharides

L ecithin, phosphatidyl ethanolamine
Fatty acid esters

Lysosomal Membrane

The lysosomal membrane is slightly thicker than that of mitochondria. It contains substantial
amountsof carbohydratematerial, particularly sialic acid. Infact, most lysosomal membrane proteins
are unusually highly glycosylated, which may help protect them from the lysosomal proteasesin the
lumen. The lysosomal membrane has another unique property of fusing with other membranes of the
cell. This property of fusion has been attributed to the high proportion of membrane lipids present in
themicellar configuration (L ucy,1969). Surfaceactiveagentssuch asliposol ublevitamins(A,K,D and
E) and steroid sex hormoneshave adestabilizinginfluence, causing release of lysosomal enzymesdue
toruptureof lysosomal membranes. Onthecontrary, thecortisone, hydrocorti soneand other drugstend
to stabilize the lysosoma membrane and have an anti-inflammatory effect on the tissue.

Theentire process of digestioniscarried out within thelysosome. Most lysosomal enzymesact
in an acid medium. Acidification of lysosomal contents depends on an ATP-dependent proton pump
which is present in the membrane of the lysosome and accumulates H* inside the organelle
(Reijngond,1978). Lysosomal membraneal so containstransport proteinsthat allow thefinal products
of digestion of macromoleculesto escape so that they can be either excreted or reutilized by the cell.

KINDS OF LYSOSOMES (POLYMORPHISM IN LYSOSOMES)

Lysosomes are extremely dynamic organelles, exhibiting polymorphism in their morphol ogy.
Followingfour typesof lysosomeshavebeen recognizedin different typesof cellsor at different times
inthe same cell. Of these, only thefirst isthe primary lysosome, the other three have been grouped
together as secondary lysosomes.

1. Primary Lysosomes

These are also called storage granules, protolysosomes or vir gin lysosomes. Primary lysos-
omes are newly formed organelles bounded by a single membrane and typically having adiameter of
100 nm. They contain the degradative enzymeswhich have not participated in any digestive process.
Eachprimary lysosomecontainsonetypeof enzymeor another anditisonly inthesecondary lysosome
that the full complement of acid hydrolasesis present.

2. Heterophagosomes

They area socalled heter ophagicvacuoles, heter olysosomesor phagol ysosomes. Heterophago-
somesareformed by thefusion of primary lysosomeswith cytoplasmic vacuol escontaining extr acel -
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lular substancesbrought into the
cell by any of avariety of endocytic
processes (e.g., pinocytosis,
phagocytosisor receptor-mediated
endocytosis, see Chapter 5). The
digestion of engulfed substances
takes place by the enzymatic ac-
tivities of the hydrolytic enzymes
of the secondary lysosomes. The
digested material haslow molecu-
lar weight and readily passess
throughthemembraneof thelyso-
somes to become the part of the
matrix (Fig. 8.2).

3. Autophagosomes

They arealsocalledautoph-
agic vacuole, cytolysosomes or
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Fig. 8.2. Diagram of awhiteblood cell (neutrophil) ingesting bacteria.
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autolysosomes. Primary lysosomes are able to digest intracellular structuresincluding mitochon-
dria, ribosomes, peroxisomes and glycogen granules. Such autodigestion (called autophagy) of
cellular organelles is a normal event during cell growth and repair and is especially prevaent in
differentiating and dedifferentiating tissues (e.g., cells undergoing programmed death during meta-
morphosisor regeneration) and tissue under stress. Autophagy takes several forms. In some casesthe
lysosomeappearsto flow around the cell structureand fuse, enclosingitinadoublemembrane sac, the
lysosomal enzymeshbeinginitially confined betweenthemembranes. Theinner membranethen breaks
down and the enzymes are able to penetrate to the enclosed organelle.In other cases, the organelleto
bedigestedisfirst encased by smooth ER, forming avesiclethat fuseswith aprimary lysosome (Fig.
8.4). Lysosomes also regularly engulf bits of cytosol (cytoplasmic matrix) which is degraded by a

process, called micr oautophagy.

As digestion proceeds, it becomes increasingly difficult to identify the nature of the original
secondary lysosome (i.e., heterophagosome or autophagosome) and the more general term digestive
vacuoleis used to describe the organelle at this stage.

4. Residual Bodies

They are also called telolyso-
somes or dense bodies. Residual
bodies are formed if the digestion
inside the food vacuole is incom-
plete. Incomplete digestion may be
due to absence of some lysosomal
enzymes. The undigested food is
present in the digestive vacuole as
theresiduesand may taketheform of
whorls of membranes, grains, amor-
phousmasses, ferritin-likeor myelin
figures (Fig.8.3).

Residual bodies are large,
irregular in shape and are usually
quite electron-dense. In some cells,
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Fig.8.3. Lysosomes of the kidney cells of rat, showing the
presence of residues (A).
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such as Amoeba and other potozoa, theseresidual bodiesareeliminated by defecation. Inother cells,
residual bodiesmay remainfor along timeand may |oad the cellstoresultintheir aging. For example,
pigment inclusions (age pigment or lipofuscin granules) foundinnervecells(alsoinliver cells, heart
cells and muscle cells) of old animals may be due to the accumulation of residual bodies.

ORIGIN

The biogenesis (origin) of the lysosomes requires the synthesis of specialized lysosomal
hydrolasesand membrane proteins. Both classesof proteinsare synthesized inthe ER and transported
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A summary of the autophagic pathway.

throughtheGol gi apparatus, thentransported from
the trans Golgi network to an intermediate com-
partment (an endolysosome) by meansof trans-
port vesicles (which are coated by clathrin pro- " |

tein; Fig. 8.4). Thelysosomal enzymes are glyco-
lipofuscin I-;%

x exocytosis

proteins, containing N-linked oligosaccharidesthat
are processed in aunique way in the cis Golgi so
that their mannose residues are phosphorylated.
These mannose 6-phosphate (M 6P) groups are
recognized by M 6P-receptor s (which are trans-

re5|dual L
body

membraneproteins) inthetransGol gi network that
segregates the hydrolases and helps to package
them into budding clathrin-coated vesicleswhich
quickly lose their coats. These transport vesicles
containing the M 6P-receptors act as shuttles that
move the receptors back and forth between the
trans Golgi network and endolysosomes. Thelow
pH inthe endolysosomedissociatesthelysosomal
hydrolases from this receptor, making the trans-
port of the hydrolases unidirectional.

FUNCTIONS OF LYSOSOMES

Theimportant functionsof lysosomesareas
follows:
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1. Digestion of large extracellular particles. The lysosomes digest the food contents of the
phagosomes or pinosomes. The lysosomes of leucocytes enable the latter to devour the foreign
proteins, bacteria and viruses.

2.Digestion of intracellular substances. Duringthestarvation, thelysosomesdigest thestored
food contents, viz., proteins, lipids and carbohydrates (glycogen) of the cytoplasm and supply to the
cell neccessary amount of energy.
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Fig. 8.4. Recently understood mechanism of the origin of three types of lysosomes : phagolysosome,
lysosome (the classical secondary lysosome) and autophagolysosome. Transport vesicles (the
classical primary lysosomes) originate from trans Gol gi network to fuse with endolysosomewhich
contains already endocytosed materials for digestion (after Albertset al., 1989).

3. Autolysis. In certain pathological
conditionsthe lysosomes start to digest the
various organelles of the cellsand this pro-
cessisknown as autolysis or cellular au-
tophagy. When a cell dies, the lysosome
membrane ruptures and enzymes are liber-
ated. These enzymes digest the dead cells.
Inthe processof metamorphosisof amphib-
iansand \tuni catesmany embryonictissues,
e.g., dills, fins, tail, etc., aredigested by the
lysosomes and utilized by the other cells.

4. Extracellular digestion. Thely-
sosomes of certain cells such as sperms
discharge their enzymes outside the cell
duringtheprocessof fertilization. Thelyso- The lysosomes of sperms discharge their enzymes out-
somal enzymes digest the limiting mem- side the cell during the process of fertilization. Here a
branes of the ovum and form penetration human sperm is being seen fertilizing an egg.
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path in ovum for the sperms. Acid hydrolases are rel eased from osteoclasts and break down bone for
the reabsorption; these cells also secrete lactic acid which makes the local pH enough for optimal
enzyme activity. Likewise, preceding ossification (boneformation), fibroblasts release cathepsin D
enzyme to break down the connective tissue (Dingle, 1973).

LYSOSOMES AND DISEASE

Malfunctioning of lysosomes often resultsin various
pathological disorders affecting the life of the cell or an
individual. Some of these are inborn diseases, caused by
gene mutation (e.g., I-cell disease, gout, Pompe’s disease,
Tay-Sach’s disease, etc.) and others are induced by some
environmental pollutants (e.g., silicosis). Typically, the ac-
cumulated materials (e.g., low-molecular weight materials,
drugs, dyes, etc.) may cause malignant transformation of
cells by bringing about |eakage of lysosomal enzymes that
attack the genetic material inthe DNA.

LYSOSOMES IN PLANTS

Two out of the three siblings in this picture
Plants contain several hydrolases, but they are not | are suffering from Pompe’s disease, a

aways as neatly compartmentalized as they are in animal |3 inborn disease.

cells. Many of these hydrolases are found bound to and functioning withinthevicinity of thecell wall
and are not necessarily contained in membrane-bound vacuol es at these sites. Many types of vacuoles
and storage granules of plants are found to contain certain digestive enzymes and these granules are
considered aslysosomesof plant cell (Gahan, 1972). Accordingto M atile (1969) the plant lysosomes
can be defined as membrane-bound cell compartments containing hydrolytic digestive enzymes.
Matile (1975) has divided vacuoles of plantsinto following three types:

1. Vacuoles

Thevacuoleof amatureplant cell isformed fromtheenlargement and fusion of smaller vacuoles
present in meristematic cells; these provacuol es, which are believed to be derived from the ER and
possibly the Golgi and contain acid hydrolases. These lysosomal enzymes are associated with the
tonoplast of large vacuol e of differentiating cells. Sometimes, mitochondriaand plastidsare observed
inside the vacuol e suggesting autophagy in plants (Swanson and \Webster, 1989).

2. Spherosomes

The spherosomes are membrane-bounded, spherical particles of 0.5 to 2.5 um diameter,
occurring in most plant cells. They have afine granular structureinternally whichisrichinlipidsand
proteins. They originate from the endoplasmic reticulum (ER). Oil accumulates at the end of astrand
of ERandasmall vesicleisthen cut off by constrictiontoform particles, called pr ospher osomes. The
prospherosomes grow in size to form spherosomes. Basically, the spherosomes areinvolved in lipid
synthesis and storage. But, the spherosomes of maize root tips (M atile, 1968) and spherosomes of
tobacco endospermtissue(Spichiger, 1969) havebeenfoundrichinhydrolytic digestiveenzymesand
so have been considered as lysosomes. Like lysosomes they are not only responsible for the
accumulation and mobilization of reserve lipids, but also for the digestion of other cytoplasmic
components incorporated by phagocytosis.

3. Aleurone Grain

The aeurone grains or protein bodies are spherical membrane-bounded storage particles
occurring in the cells of endosperm and cotyledons of seeds. They are formed during the later stages
of seed ripening and disappear in the early stages of germination. They store protein (e.g., globulins)
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and phosphateintheformof phytin.
Matile (1968) has demonstrated
that aleurone grains from pea seed
contain awide range of hydrolytic
enzymes including protease and
phosphatasewhich arerequired for
the mobilization of stored protein
and phosphate, although the pres-
ence of other enzymes such as f3-
amylase and RNAase suggest that
other cell constituents may also be
digested. Thus, like spherosomes,
aleuronegrainsstorereserve mate-
rials, mobilize them during germi-
nation and in addition form acom-
partment for the digestion of other
cell components(Hall etal., 1974).
Thealeuronegrainsarederivedfrom
the strands of the endoplasmic
reticulum.

Duringgermination of barley
seed, the activity of hydrolases is
foundto becontrolled by hormones
suchasgibberellicacid (Fig. 8.5).
Gibberellicacid, aplant growthhor-
mone, isreleased by the embryo to
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Fig. 8.5. Role of hormone and hydrolytic enzymes in seed
germination. A—Ultrastructure of seed before germi-
nation; B—During germination, gibberellins (G) pass
from the embryo to the aleurone layer, where the de
novo synthesisof hydrolyticenzymesisinduced. These
enzymes break down the macromolecular stored re-
serves and the low molecular weight products are

transported to the embryo, where they function as
nutrients (after Thorpe, 1984).

B

thealeuronelayer where, inturn, the hydrol asesare rel eased to the endosperm. Thishormone operates
by derepressing appropriate genesin the aleurone cells, which then begin to crank out new hydrolytic

proteins (see Thor pe, 1984).

Extra-cellular Digestion by Plants

Plant cellsare generally unableto engulf large particles, presumably because of therestrictions
imposed on the cell by cell wall. The secretion of hydrolases to carry out extracellular digestion,
therefore, becomes an important process. Hydrolases are commonly secreted by fungi, enabling the
organism to degrade and grow on macromoleculesit cannot transport into the cell. Higher plantsalso
secrete hydrolases, a notable example being the insectivorous pitcher plants, which produce a
proteinase-containing liquid in which victims are trapped and digested.

REVISION QUESTIONS

1.  What are the lysosomes ? Describe their origin, structure and function.

2. Describe the method of isolation of lysosomesin the cells of plants and animals. Add a note about
histochemical marking of lysosomal components : membrane and enzymes.

3. Describethe process of autophagy. What is the ultimate fate of the digestive vacuole ?
4.  Write short notes on the following :
(i) Polymorphism in lysosomes;

(if) Lysosomes and disease;

(iif) Lysosomal enzymes;
(iv) Lysosomes of plants.
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M icrobodies:
Per oxisomes and
Glyoxysomes

T he cells of Protozoa, fungi, plants, liver and kidney
of vertebrates contain membrane-bound, spherical
bodiesof 0.2to 1.5 ym diameter in close associ ation of
endoplasmic reticulum, and mitochondria or chloroplast, or
both. These organelles have a central granular or crystalloid
core containing some enzymes and are called microbodies.
Microbodies use molecular oxygen like mitochondria, but in-
stead of having cytochromesand capacity of ATPsynthesislike
them, they contain flavin-linked oxides and catalases for the
hydrogen peroxide metabolism and also enzymesfor fatty acid
metabolism. Peroxisomesdiffer frommitochondriaand chloro-
plasts in many ways. Most notably, these organelles are sur-
rounded only by a single membrane, and they do not contain
DNA (genome) or ribosomes. However, they resemble ER in
being self-replicating membrane bound organelle.

HISTORICAL

Since the mid-1950s electron microscopists have ob-
served small structures or bodiesin cellsthat on morphological
grounds have been aptly termed microbodies. C.de Duve and
P.Baudhuin (1966) coinedtheterm per oxisomefor themicro-
bodies of mammalian systems and studied their structure and
function. Leaf peroxisomes were first isolated from spinach
leaf homogenate(i.e., frommesophyll cells) by Tolbert’ sgroup
inMichigenin1968. Glyoxylatecyclecontaining peroxisomes,

Peroxisomes illuminated by fluorscent protein.



MICROBODIES: PEROXISOMES AND GLYOXYSOMES 185

called glyoxysomes, werediscoveredin 1969 by Beever sintheendoplasm cell sof germinating castor
bean (Ricinus).
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Peroxisome showing central crystalloid core in plant and animal cell.

MICROBODIES : STRUCTURE AND TYPES

Microbodiesare spherical or oblatein form. They are bounded by asingle membrane and have
aninterior or matrix whichisamorphousor granular. Microbodiesare most easily distinguished from
other cell organellesby their content of catal ase enzyme. Catal ase can bevisualized with the electron
microscope when cells are treated with the stain DAB (i.e., 3, 3'-diaminobenzidine). The product is
electron opaque and appears as dark regions in the cell where catalase is present. By applying this
technique microbodies have been observed by electron microscopy and subsequently isolated from
various mammalian tissues such asliver, kidney, intestine and brain.

Thetechnique of isolation of microbodiesfrom animal and plant tissuesincludesthefollowing
steps: 1. Tissues are ground very carefully to save microbodies from disruption. 2. The homogenate
istreated with differential centrifugation to obtain afraction of the cell homogenate whichisrichin
microbodies. 3. The enriched fraction is subjected to i sopycnic ultra-centrifugation on discontinuous
or continuous sucrose density gradient.

Recent biochemical studies have distinguished two types of microbodies, namely per oxisomes
and glyoxysomes. These two organelles differ both in their enzyme complement and in the type of
tissueinwhichthey arefound. Per oxisomesarefoundinanimal cellsandintheleavesof higher plants.
They contain catal asesand oxidases(e.g., D-amino oxidaseand urate oxidase). Inboth they participate
in the oxidation of substrates, producing hydrogen peroxide which is subsequently destroyed by

catalase activity :

Reduced substrate C FADH, <>H202

1. D

Oxidized substrate FAD O,
2. HO,—-»HO+ O,

In plant cells, peroxisomes remain associated with ER, chloroplasts and mitochondriaand are
involved in photorespiration. Glyoxysomes occur only in plant cellsand are particularly abundant in
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germinating seedswhichstorefatsasareservefood material. They containenzymesof glyoxylatecycle
besides the catal ases and oxidases. Glyoxysomes remain intimately associated with lipid bodies, the
spherosomes and contain enzymes for fatty acid metabolism and gluconeogenesis (i.e., formation of
glucosefrom various non-carbohydrate precursors as succinatein thiscase). Apart from peroxisomes
and glyoxysomes, a number of other terms have been used to describe microbodies, including
cytosomes, phragmosomes and crystal-containing bodies. A detailed discussion of each type of
microbody can be made asfollows:

PEROXISOMES

Peroxisomes occur in many animal cells and in awide range of plants. They are present in all
photosynthetic cellsof higher plantsin etiolated | eaf tissue, in coleoptiles and hypocotyls, in tobacco
stem and callus, in ripening pear fruits and aso in Euglenophyta, Protozoa, brown algae, fungi,
liverworts, mosses and ferns.

Structure

Peroxisomes are variable in size and shape, but usually appear circular in cross section having
diameter between 0.2 and 1.5um (0.15 to 0.25 um diameter in most mammalian tissues; 0.5 uminrat
liver cells). They haveasinglelimiting unit membrane of lipid and protein mol ecul es, which encloses
their granular matrix. Insomecases(e.g., inthefestuciod grasses) thematrix containsnumerousthreads
or fibrils, whilein othersthey are observed to contain either an amorphous nucleoid or adenseinner
corewhichinmany speciesshowsaregular crystall oid structure(e.g., tobacco leaf cell, Newcomb and
Frederick, 1971). Littleisknown about thefunction of the core, except that it isthe site of theenzyme
urate oxidaseinrat liver peroxisomes and much of the catalasein some plants (seeHall et al., 1974).

Functions of Peroxisomes

Peroxisomes are found to perform following two types of biochemical activities:

A. Hydrogen per oxide metabolism. Peroxisomesare so-called, because they usually contain
one or more enzymes (i.e., D-amino acid oxidase and urate oxidase) that use molecular oxygen to
remove hydrogen atoms from specific organic substrates (R) in an oxidative reaction that produces
hydrogen peroxide (H,0O,) :

RH,+0, - R+ H,0,

Catalase (which forms 40 per cent of total peroxisome protein) utilizes the H,O, generated by
other enzymesin the organelleto oxidize avariety of other substances—including alcohols, phenals,
formic acid and formal dehyde—by the “peroxidative” reaction:

H,0,+R"H,— R+ 2H,0

This type of oxidative reaction is particularly important in liver and kidney cells, whose
peroxisomes detoxify varioustoxic moleculesthat enter the blood stream. Almost half of acohol one
drinksis oxidized to acetaldehyde in this way. However, when excess H,O, accumulatesin the cell,
catalase converts H,0O, to H,O :

2H,0, - 2H,0+0,

H,O,and aging. Most cytosolic H,O, is produced by mitochondria and membranes of ER,
athoughtherearealso H,O, -producing enzymeslocalized inthe cytoplasmic matrix. Catal ase actsas
a“safety valve” for dealingwiththelargeamountsof H,O, generated by peroxisomes, however, other
enzymes such as glutathione per oxidase; are capable of metabolizing organic hydroperoxides and
alsoH,0,, inthe cytosol (cytoplasmic matrix) and mitochondria. The production of superoxideanion
(O,7) inmitochondriaand cytosol (cytoplasmic matrix) isregul ated mainly by theenzymesuper oxide
dismutase. All of these protective enzymes are present in high levelsin aerobic tissues.
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Recently, apossiblerelationship has been stressed between peroxidesand freeradicals (such as
superoxide anion—O,~)with the process of aging. These radicals may act on DNA molecule to
produce mutationsaltering thetranscriptioninto mRNA and thetranslationinto proteins. Inaddition,
free radicals and peroxides can affect the membranes by causing peroxidation of lipids and proteins.
For these reasons reducing compounds such as vitamin E or enzymes such as superoxide dismutase
could play arolein keeping the healthy state of acell.

B. Glycolate cycle. Peroxisomes of plant leaves contain catalaze together with the enzymes of
glycolate pathway, as glycolate oxidase, glutamate glyoxylate, serine-glyoxylate and asparate-o-
ketoglutarate aminotransferases, hydroxy pyruvate reductase and malic dehydrogenase. They aso
contain FAD, NAD and NADP coenzymes. Theglycolatecycleisthought to bring about theformation
of the amino acids—glycine and serine—from the non-phosphorylated intermediates of photosynthetic
carbon reduction cycle, i.e., glycerate to serine, or glycolate to glycine and serine in a sequence of
reactions which involve chloroplasts, peroxisomes, mitochondria and cytosol (Tolbert, 1971). The
glycolate pathway also generates C, compounds and serves as the generator of precursorsfor nucleic
acid biosynthesis.

Photorespiration. In green leaves, there are peroxisomes that carry out a process called
photor espir ation whichisalight-stimulated production of CO, that is different from the generation
of CO, by mitochondria in the dark. In photorespiration, glycolic acid (glycolate), a two-carbon
product of photosynthesisis rel eased from chloroplasts and oxidized into glyoxylateand H202 by a
peroxisomal enzymecalled glycolicacid oxidase. Later on, glyoxylateisoxidizedinto CO,and for mate:

CH,OH. COOH + O, ——— CHO-COOH + H,0,
CHO—COOH +H,0, ——— HCOOH + CO,+ H,0

Photorespiration is so-called because light induces the synthesis of glycoalic acid in chloroplasts.
The entire processinvolvesintervention of two basic organelles: chloroplasts and peroxisomes.

Lastly, photorespirationisdriven by atmospheric conditionsinwhichthe O, tensionishighand
the CO, tension low. Apparently O, competes with CO, for the enzyme ribulose diphosphate
car boxylasewhichnormally isthekey enzymein CO, fixationduring photosynthesis. When O, isused
by the enzyme, an unstable intermediate is formed which breaks down into 3-phosphoglycer ateand
phosphoglycolate. Thelatter tendstoincreasetheglycolateconcentration by removal of itsphosphate
group and, therefore, more glycolate is available for additional oxidation and CO, release.

Photorespiration is a wasteful process for the plant cell, since, it significantly reduces the
efficiency of the process of photosynthesis (i.e., it returns aportion of fixed CO, to the atmosphere).
Itisaparticular problemin C; plantsthat aremorereadily affected by low CO, tensions; C, plantsare
much more efficient in thisregard (see Chapter 11).

C. B-oxidation. Peroxisomes of rat liver cells contain enzymes of 3-oxidation for the metabo-
lism of fatty acids. They are capable of oxidizing palmitoyl-CoA (or fatty acyl-CoA) to acetyl-CoA,
using molecular oxygen and NAD as electron acceptors (L azar ow and de Duve, 1976). The acetyl-
CoA formedby thisprocessis, eventually, transported tothemitochondriawhereit entersintothecitric
acid cycle. If, alternatively, acetyl-CoA remainsin the cytosal, it isreconverted into fatty acidsand
ultimately to neutral fats. 3-oxidation pathway of the peroxisomesisvery similar totheonethat occurs
inmitochondriawith onevery important exception. Inmitochondria, theflavin dehydrogenasedonates
its electrons to the respiratory chain. It does not react with molecular oxygen. In peroxisomes, the
dehydrogenase reacts directly with O, and in so doing generates H,0O,. Mitochondria contain no
catalase and, therefore, cannot deal with the formation of toxic hydrogen peroxide. For peroxisomes
thisis not a problem.



188 CELL BIOLOGY

D. Other functions. Mammalian cells do not contain D-amino acids, but the peroxisomes of
mammalian liver and kidney contain D-amino acid oxidase. It issuggested that thisenzymeis meant
for D-amino acidsthat arefoundinthecell wall of thebacteria. Thus, the presumed roleof thisenzyme
is to initiate the degradation of D-amino acid that may arise from breakdown and absorption of
peptidoglycan material of intestinal bacteria.

Uric acid oxidase (uricase) isimportant in the catabolic pathway that degrades purines. Thus,
peroxisomes are unusually diverse organelles and even in different cells of a single organism may
contain very different sets of enzymes. They can also adapt remarkably to changing conditions. For
example, yeast cells grown on sugar have tiny peroxisomes. But when some yeasts are grown on
methanol, they develop large-sized peroxisomes that oxidize methanol; when grown on fatty acids,
they develop large peroxisomes that break down fatty acidsto acetyl-CoA (Veenbuis, et al., 1983).

Biogenesis of Peroxisomes

At onetimeit was thought that the membrane ‘shell’ of the peroxisomesisformed by budding
of the endoplasmic reticulum (ER), while the ‘content’ or matrix is imported from the cytosol
(cytoplasmic matrix). However, thereis now evidence suggesting that new peroxisomes alwaysarise
from pre-existing ones, being formed by growth and fission of old organellessimilar to mitochondria
and chloroplasts.

Thus, peroxisomes are a collection of organelles with a constant membrane and a variable
enzymatic content. All of their proteins (both structural and enzymatic) are encoded by nuclear genes
and are synthesized in the cytosol(cytoplasmic matrix) (i.e., on the free ribosomes). The proteins
present in either lumen or membrane of the peroxisome are taken up post-trandationally from the
cytosol (cytoplasmic matrix). For example, catal ase enzymeisatetrameric haeme-containing protein
that is made in the cytosol (cytoplasmic matrix) as the haeme-free monomers ; the monomers are
imported into thelumen of peroxisomes, wherethey assembleinto tetramersinthe presence of haeme.
Catalase and many peroxisomal proteins are found to have a signal sequence (comprising of three
amino acids) whichislocated near their carboxyl endsand directsthemto peroxisome(Gould, K eller
and Subramani, 1988). Peroxisomes contain receptors exposed on their cytosolic surface to
recognize the signal on the imported proteins. All of the membrane proteins of the peroxisomes,
including signal receptor proteins, are imported directly from the cytosol (cytoplasmic matrix). The
lipidsrequired to make new peroxisomal membrarneare a so imported from the cytosol (cytoplasmic
matrix), possibly being carried by phospholipid transfer proteinsfromsitesof their synthesisinthe
ER membranes (Y affe and K ennedy, 1983).

Symbioticorigin. Onehypothesis(de Duve, 1969) holdsthat the peroxisomesisavestigeof an
ancient organellethat carried out al of the oxygen metabolismin the primitiveancestorsof eukaryotic
cells. Whentheoxygen, produced by photosynthetic bacteria, first begantoaccumul ateintheprimitive
atmosphere of earth, it would have been highly toxic to most types of cells. Peroxisomes may have
served to lower the concentration of oxygen in such cellswhile also exploiting its chemical reactivity
to carry out useful oxidative reactions. This hypothesis also holds that the later development of
mitochondriarendered the peroxisome largely obsol ete because many of the same reactions—which
had formerly been carried out in peroxisomes without producing energy—were now coupledto ATP
formation by means of oxidative phosphorylation.

GLYOXYSOMES

Glyoxysomes are found to occur in the cells of yeast, Neurospora, and oil rich seeds of many
higher plants. They resemblewith peroxisomesin morphological details, except that, their crystalloid
core consists of dense rods of 6.0 um diameter. They have enzymes for fatty acid metabolism and

Contents
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gluconeogenesis, i.e., conver-
sion of stored lipid molecules
of spherosomesof germinating
seedsintothemolecul esof car-
bohydrates.

Functions

Glyoxysomes perform
following biochemical activi-
ties of plantscells:

1. Fatty acid metabo-
lism. Duringgerminationof oily
seeds, thestored lipidmolecules
of spherosomesarehydrolysed
by the enzymelipase (glycerol
ester hydrolase) toglycerol and
fatty acids. The phospholipid
molecul esare hydrolysed by the enzyme phospholipase. Thelong chainfatty acidswhich arereleased
by the hydrolysis are then broken down by the successive removal of two carbon or C, fragmentsin
the process of B-oxidation.

[B-Oxidation. During B-oxidation process, thefatty acid isfirst activated by enzymefatty acid
thiokinaseto afatty acyl-CoA which isoxidized by a FAD-linked enzyme fatty acyl-CoA dehydro-
genase into trans-2-enoyl-CoA. Trans-2-enoyl-CoA is hydrated by an enzyme enoyl hydratase or
crotonaseto producethel -3- hydr oxyacyl-CoA,whichisoxidizedby aNAD linked L-3-hydroxyacyl-
CoA dehydrogenaseto produce 3-K eto acyl-CoA. The 3-keto acyl-CoA loosesatwo carbon fragment
under the action of the enzymethiolase or B-keto thiolase to generate an acetyl-CoA and anew fatty
acyl-CoA with two less carbon atoms than the original. This new fatty acyl-CoA is then recycled
through the same series of reactions until the final two molecules of acetyl-CoA are produced. The
complete B-oxidation chain can be represented as follows:

Glyoxysome localization within plant seedlings.

Activation Oxidation
Fatty acid —_— Fatty acyl - COoA —— trans-2-Enoyl-CoA
Fatty acid Fatty acyl- Hydration
thiokinaset+CoA CoA dehydro- (Enoyl-hy-
genase + FAD dratase)
Thiolytic
cleavage Oxidation
Fatty acyl-CoA ¢——— 3ketoacyl-CoA L-3-hydroxyl -CoA
+ B-ketothiolase L-3-hydroxy
Acetyl-CoA acyl-CoA
dehydrogenase
+NAD

In plant seeds B-oxidation occurs in glyoxysomes (Cooper and Beevers, 1969). But in other
plant cells B-oxidation occurs in glyoxysomes and mitochondria. The glyoxysomal B-oxidation
requires oxygen for oxidation of reduced flavorprotein produced as a result of the fatty-acyl-CoA
dehydrogenase activity. In animal cells B-oxidation occursin mitochondria.

In plant cells, the acetyl-CoA, the product of B-oxidation chainis not oxidized by Krebscycle,
because it remains spatially separated from the enzymes of Krebs cycle, instead of it, acetyl-CoA
undergoes the glyoxylate cycle to be converted into succinate.
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2. Glyoxylatecycle. Theglyoxylatepathway occursinglyoxysomesanditinvolvessomeof the
reactions of the Krebs cyclein which citrate isformed from oxal oacetate and acetyl-CoA under the
action of citrate synthetase enzyme. Thecitrateissubsequently convertedintoisocitr ate by aconitase
enzyme. The cyclethen involvesthe enzymatic conversion of isocitrate to glyoxylate and succinate
by isocitratase enzyme:

Isocitratase

Isocitrate ——— Glyoxylate + Succinate
The glyoxylate and another mole of acetyl-CoA form amole of malate by malate synthetse:

Malate synthetase
Acetyl CoA+Glyoxylate ———  Malate

Thismalateisconverted to oxal oacetate by mal ate dehydrogenasefor the cycleto be compl eted.
Thus, overall, the glyoxylate pathway invioves:

2 Acetyl-CoA + NAD* —————— Succintiate + NADH + H+

Succinate is the end product of the glyoxysomal metabolism of fatty acid and is not further
metabolized within this organelle.

Thesynthesi sof hexoseor gluconeogenesi sinvol vesthe conversion of succinateto oxal oacetate,
which presumably takes placein the mitochondria, sincethe glyoxysomesdo not containthe enzymes
fumarase and succinic dehydrogenase. Two molecules of oxaloacetate are formed from four
molecules of acetyl-CoA without carbon loss. This oxaloacetate is converted to phosphoenol
pyruvatein the phosphoenol pyruvate carboxykinase reaction with theloss of two moleculesof CO,:

2 Oxaloacetate + 2ATP—— 2 Phosphoenol pyruvate + 2CO, + 2ADP

The phosphoenol pyruvate is converted into monosaccharides (e.g., glucose, fructose), disac-

charide (sucrose) and polysaccharide (starch) by following reation :

Phosphoenal pyruvate —— > Triose-phosphate —— Fructose-1,
6 - diphosphate
\!
UDP Glucose ¢«— Glucose-1-phosphate <~  Glucose-6- «—— Fructose-6-
\2 phosphate phosphate
+Fructose-6 ADP Glucose \2 \2
phospate \2 (Glucose) (Fructose)
Sucrose (Starch)

REVISION QUESTIONS

What are microbodies ? Describe the symbiotic origin theory of the peroxisomes.

Define the terms peroxisome and glyoxysome.

What would be the most likely role of peroxisomein cells lacking mitochondria ?

What is the function of the glyoxylate cycle ?

What is photorespiration and how do peroxisomes contribute ?

Write an account of structure, synthesis, function and histochemical localization of the catalase
enzymein eukaryotic cells.

7.  Describe the mode of biogenesis and various functions of peroxisomes in animal cells.
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With wings beating 60 times per sec-
ond, the ruby-throated hummingbird
has a metabolic rate 50 times that of
ahuman. The muscles of its wings are
packed with mitochondria, which sup-
ply the ATP needed to meet the bird’s
energy demands.

Mitochondria

T he mitochondria (Gr., mito=thread, chondrion =gran

ule) are filamentous or granular cytoplasmic or
ganellesof al aerobiccellsof higher animal sand plants
and also of certain micro-organismsincluding Algae, Protozoa
and Fungi. Theseareabsentinbacterial cells. Themitochondria
havelipoproteinframework which containsmany enzymesand
coenzymes required for energy metabolism. They also contain
aspecific DNA for the cytoplasmic inheritance and ribosomes
for the protein synthesis.

HISTORICAL

Themitochondriawerefirst observed by K olliker in1850
asgranular structuresinthestriated muscles. In 1888, heisolated
them from insect muscles (which contain many slab-like mito-
chondria; Fig. 10.1) and showed that they swelled inwater and
contain amembrane around them. In 1882, Flemming named
themasfila. Richard Altmann (1890) devel opedaspecificstain
that had useful specificity for the mitochondria. He named this
organelle, the bioblast. Altmann correctly speculated that
bioblasts were autonomous elementary living particles that
made a genetic and metabolic impact on the cells. The present
namemitochondriawasassigned by Benda (1897-98) to them.
Hestained mitochondriawithaizarinandcrystal violet. Michae-
lis (1900) used the supravital stain Janus green to demonstrate
that mitochondriawere oxidation-reduction sitesinthe cell. In
1912, Kingsbury suggested that the oxidation reactions medi-
ated by mitochondria were normal cellular processes. Otto
Warburg (1883-1970), who is considered as ‘the father of
respirometry’,in1910isolated mitochondria(*largegranules’)
by low-speed centrifugation of tissues disrupted by grinding.
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He showed that these granules con-
tained enzymes catalyzing oxidative cristae
cellular reactions. slab-like
Variousstepsof glycolysiswere |~ Mitochondria
discovered by two German biochem-
isssEmbdenandM eyerhof [Gustav G.
Embden (1874-1933) ;0ttoF. M eyer hof
(1884-1951)]. Meyerhof got Nobel Prize
in1922 alongwith Englishbiophysicist
A.V.Hill, for thediscovery of oxygen
andmetabolismof lacticacidinmuscle
(i.e., production of heat in muscle).
L ohmann (1931) discovered ATPin
muscle. Lipmann (Germanbiochemist
inU.S. ; born 1899) discovered coen-
zymeA and showed itssignificancein
intermediary metabolism. In 1941, he
introduced the concept of “high en-
ergy phosphates’ and “high energy
phosphatebonds” (i.e., ATP) inbioen-
ergetics. War bur glinkedthephenom- i
enonof ATPformationtotheoxidation
of glyceraldehyde phosphate.

sheet of
flight
muscle

Fig. 10.1. Mitochondriaof theflight muscleof adragonfly, showing
profuse cristae.

M eyer hof showedtheformationof ATP
from phosphopyruvate and Kalckar related oxidative phosphoryalation to respiration. Sir Hans
Adolph Krebs(Germanbiochemistin England; born1900),in 1937, worked out variousreactionsof the
citricacid cycle(or tricarboxylicacid or TCA cycle). Hiscontribution wasremarkable, because, upto
that timeradioactively labelled compoundswerenot availablefor biological studiesand cellular sites
of the reactions were not known with certainty. Krebs received the Nobel Prize in 1953 along with
Lipmann for hisdiscovery of thecitric acid cycle.

Kennedy and L ehninger (1948-1950) showedthat thecitricacid cycle(Krebscycle), oxidative
phosphorylation and fatty acid oxidation took placein the mitochondria. In 1951, L ehninger proved
that oxidative phosphorylationrequiresel ectrontransport. Amongtheseearly investigatorsof ET Sthe
Nobel Prizerecipientswere\War bur g, Szent-Gyor gyi and K uhn. In1961, M itchell proposedthehighly
acclaimed“ chemiosmotic-coupling hypothesis’ for the ATP-productioninmitochondria. Hegot the
Nobel Prizein 1978 for the devel opment of thismodel .

Palade (1954) described theultrastructureof cristale. In 1963, Nassand Nassdemonstrated the
presenceof DNA fibr esinthe matrix of mitochondriaof embryoniccells. Attardi, Attardi and Aloni
(1971) reported the 70S type ribosomesinside the mitochondria.

Previously the mitochondria have been known by various names such as fuchsinophilic
granules, par abasal bodies, plasmosomes, plastosomes, fila, ver micules, bioblastsandchondriosomes.

DISTRIBUTION OR LOCALIZATION

The mitochondria move autonomously in the cytoplasm, so they generally have uniform
distributioninthecytoplasm, butinmany cellstheir distributionisvery restricted. Thedistributionand
number of mitochondria (and also of mitochondrial cristae) are often correlated with type of function
thecell performs. Typically mitochondriawith many cristaeareassoci ated with mechanical and osmotic
work situations, where there are sustained demands for ATP and where spaceis at a premium, e.g.,
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between muscle fibres, in the basal infolding of kidney
tubule cells, and in a portion of inner segment of rod and

conecellsof retina. Myocardia musclecellshavenumerous =
largemitochondriacalled sar cosomes, that reflectthegreat | SPe'™M head

amount of work done by these cells. Since the work of . -. ‘ . .. =
hepatic cells is mainly biosynthetic and degraditive, and o

: - e
work locationsarespread throughout thecell, inthesecells, "

sourcesof ATP production distributed throughout the cell.
Oftenmitochondriaoccur ingreater concentrationsat work mitochondria

it may bemoreefficient tohaveal argenumber of “ low key” iy ."-.__.l

sites, for example, intheoocyte of Thyonebriaeus, rowsof dense . |
mitochondriaareclosely associated with RER membranes, fibres a.:f ﬁﬁ.

where ATPisrequiredfor protein biosynthesis. Mitochon- Wy
driaareparticularly numerousinregionswhere ATP-driven - i L
osmoticwork occurs, e.g., brush border of kidney proximal E et _;I

tubules, the infolding of the plasma membrane of dogfish ¥ -
salt glands and Mal pighian tubules of insects, the contrac- Jﬂ _-:.' "
tilevacuoles of some protozoans (Paramecium). Non-my- | Piasma Y icrotubules
elinated axons contain many mitochondria that are poor _ _

ATP factories, since each has only asingle crista. In this é\pg%s;}ﬁté%"mfAéhfzﬂlngﬂgiﬂgm
case, thereisagreat requirementfor monoamineoxidase,an | microtubule and mitochondria.
enzymepresent in outer mitochondrial membranethat oxi-
datively deaminates monoaminesincluding neurotransmitters (acetylcholine).

ORIENTATION

The mitochondria have definite orientation. For example, in cylindrical cellsthe mitochondria
usually remain orientated in basal apical direction and lie parallel to the main axis. Inleucocytes, the
mitochondria remain arranged radially with respect to the centrioles. As they move about in the

membrane

mitochondria

.= e

P TE ot

.l u
flagellar ~ ®
axoneme

myofibril

cardiac muscle
Fig. 10.2. Location of mitochondrianear high ATP utilization : A— In cardiac muscles; B— In sperm tail
(after Albertset al., 1989).

mitochondriaform long moving filamentsor chains, whilein othersthey remain fixed in one position

wherethey provideATPdirectly toasiteof high ATPutilization, e.g., they are packed between adjacent

myofibrilsinacardiac musclecell or wrapped tightly around theflagellum of sperm (Fig.10.2).
MORPHOLOGY

Number. The number of mitochondriain acell depends on the type and functional state of the
cell. Itvariesfromcell tocell and from speciesto species. Certain cell scontain exceptional ly largenumber
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of themitochondria, e.g., the Amoeba, Chaoschaoscontain 50,000; eggsof seaurchin contain 140,000
to 150,000 and oocytesof amphibianscontain 300,000 mitochondria. Certaincells, viz, liver cellsof rat
contain only 500to 1600 mitochondria. The cellsof green plantscontainless number of mitochondria
in comparison to animal cellsbecausein plant cellsthe function of mitochondriaistaken over by the
chloroplasts. Some algal cellsmay contain only one mitochondrion.

Shape. Themitochondriamay befilamentousor granular inshapeand may changefromoneform
to another depending upon the physiological conditionsof the cells. Thus, they may be of club, racket,
vesicular, ring or round-shape. Mitochondriaaregranular in primary spermatocyteor rat, or club-shaped
inliver cells(Fig.10.3).

Time-lapsemicrocinematography of living cell sshowsthat mitochondriaareremarkably mobile
and plastic organelles, constantly changing their shape. They sometimes fuse with one another and
then separate again. For example, in certain euglenoid cells, the mitochondria fuse into areticulate
structure during the day and dissociate during darkness. Similar changes have been reported in yeast
species, apparently in response to culture conditions (see Reid and L eech 1980).

Size. Normally mito-

chondriavaryinsizefrom0.5 - itochondi
pumMto 2.0 ym and, therefore, o - L p MECCTONGTE. -.__I"I-I:-.'I-_.
arenot distinctly visible un- N, . RIS

der the light microscope. .

|
Sometimes their length may I_||--=I _|.'.I! o nuclei - 4 :I:::__I

reach upto 7 um. =S 1 :[Tl
Structure. Eachmito- IE =
I L | ] [ ]
chondrion is bound by two s ll'li::". nucleolus ._d-': et

highly specialized mem- . e -
branesthat play acrucial part A Rat (primary B Turtle (liver cell)

in its activities. Each of the spermatocyte) _ . - -
mitochondrial membraneis6 mitochondria ~ ® i nJd gl !I' L

nm in thickness and fluid-
mosaicinultrastructure. The
outer membrane is quite
smooth and hasmany copies
of atransport protein called
porinwhichformslargeagque-

lei "
ous channels through the | ¢ Mammal et =L
lipidbilayer. Thismembrane, ey ezl D Turtle (iver cell
thus, resembles a sieve that Fig.10.3. Mitochondria of different type of animal cells.

ispermeabletoall molecules

of 10,000 daltonsor less, including small proteins. Inside and separated from the outer membrane by
a6-8nmwidespaceispresenttheinner membrane(Fig.10.4). Theinner membraneisnot smooth but
isimpermeable and highly convoluted, forming aseries of infoldings, knownascristae, inthe matrix
space.

Thus, mitochondria are double membrane envel opesin which the inner membrane dividesthe
mitochondria spaceintotwodistinct chambers: 1. Theouter compartment, peri-mitochondrial space
ortheinter-membr anespacebetween outer membraneandinner membrane. Thisspaceiscontinuous
intothecoreof thecrestsor cristae. 2. Theinner compartment,inner chamber or matrix space, which
isfilledwithadense, homogeneous, gel-likeproteinaceousmaterial, calledmitochondrial matrix. The
mitochondrial matrix contains lipids, proteins, circular DNA molecules, 55S ribosomes and certain
granuleswhich arerelated to the ability of mitochondriato accumulateions. Granules are prominent
inthemitochondriaof cellsconcernedwiththetransport of ionsand water, including kidney tubulecells,
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epithelial cells of the small intestine, and the
osteoblastsof bone-forming cells. Further, the
inner membranehasan outer cytosol or C face
toward the perimitochondrial space and an
inner matrix or M facetoward matrix.
Ingeneral, thecristaeof plant mitochon-
dria are tubular, while those of animal mito-
chondriaarelamellar or plate-like(Hall, Flow-
ersand Roberts, 1974), but,inmany Protozoa
and in steroid synthesizing tissues including
the adrenal cortex and corpus luteum, they
occur asregularly packedtubules(Tyler,1973).
The cristae greatly increase the area of inner
membrane, so that in liver cell mitochondria,
thecristaemembraneis3—4timesgreater than
theouter membranrearea. Somemitochondria,
particularly thosefrom heart, kidney and skel-
etal muscles have more extensive cristae ar-
rangements than liver mitochondria. In com-
parisontothese, other mitochondria(e.g., from
fibroblasts, nerve axons and most plant tis-
sues) haverelatively few cristae. For example,

..._. ribosome
.= outer membrane

. inner membrane
outer chamber
matrix

= DNA molecule

.'-._ F, particle

" cristae

Fig. 10.4. Alongitudinally cut mitochondrion showing
itsinternal structure.

mitochondria in epithelial cells of carotid bodies (or glomus car otica which are chemoreceptors,
sensitiveto changesin blood chemistry and lienear the bifurcations of carotid arteries) haveonly four

granule
inner

itS nuMerous oxysomes.

subunits (oxy-
somes)

mitoribosomes

cytosol or C

tochondrial space

matrix space

Fig. 10.5. A mitochondrion in sectional view to show

to five cristae and mitochondria from
non-myelinated axons of rabbit brain
have only asingle crista.

Attachedto M faceof inner mito-
chondrial membranearerepeated units
of stalked particles, called elementary
particles,inner membranesubunitsor

membrane

face

of cristae | oxysomes(Fig.10.5). They areasoiden-

o Membrane | tifiedasF, particlesor Fy-F, particles
matrix or M | andare meant for ATPsynthesis(phos-
face of cristae | porylation) and alsofor ATPoxidation
outer (i.e., actingasATPsynthetaseand AT-

_ meml;reemi Pase) (Racker,1967). F;-F, particlesare

regularly spacedat intervalsof 10nmon
theinner surfaceof inner mitochondrial
membrane. According to some esti-
mates, there are 10* to 10° elementary
particles per mitochondrion. When the
mitochondrial cristae are disrupted by
sonic vibrationsor by detergent action,
they producesubmitochondrial vesicles
of inverted orientation. Inthesevesicles,
Fo-F, particles are seen attached on
their outer surface(Fig.10.6). Thesesub-
mitochondrial vesicles are able to per-

inner
membrane
or cristae
membrane
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formrespiratory chain phosphorylation. However, intheabsenceof F -F, particles, thesevesicleslose
their capacity of phosphorylation as shown by resolution (i.e., removal by ureaor trypsin treatment)
andreconstitution of theseparticles(Fig.10.6).

sites of rupture
of membrane

= .~ outer
TS """ membrane b
L A . ]
9 . |
k. = inner = .
- membrane = '|5 treatment | - '- 9 | "
u with trypsin 5 @ i "k i u . .f
- &c:tio.n.' - alf 1 °, -: reconstitutic?n' 1 r..
- d r or urea I-T et
] n
.t cristae % - . o
d . . submitochondrial soluble .:
B submitochondrial vesicles almost Fy ATPase the reconstituted vesicles
LI (res \i/;?(l)crlesmain completely lacking ~ Molecules XL e e mbrane
. . p y c spheres (no oxidative i
mitochondrion phosphorylation) hosphorviati spheres (restoration of
phosphorylation) oxidative phosphorylation)

Fig. 10.6. Method of formation of small mitochondrial vesicleshaving oxysomesontheir surface. Experimental
resultsof resolution and reconstitution of oxysomesalso have been shown (after Sheeler and Bianchi,
1987).

ISOLATION
Mitochondria have been studied by following three types of methods :

1. Direct Observation of Mitochondria

Theexaminationof mitochondriainliving cellsissomewhat difficult becauseof their low refractive
index. However, they can be observed easily in cells cultured in vitro, particularly under darkfield
illumination and phase contrast microscope. Such an examination has been greatly facilitated by
colourationwithvital stain Janusgr een which stainsliving mitochondriagreenishblueduetoitsaction
with cytochrome oxidase system present in the mitochondria. This system maintainsthevital dyein
itsoxidized (coloured) state. Inthesurrounding cytoplasmthestainisreducedtoacol ourlessleukobase.

Fluorescent dyes (e.g., rhodamine 123), which are more sensitive, have been used in isolated
mitochondria and intact cultured cells. Such stains are more suitable for in situ metabolic studies of
mitochondria

2. Cytochemical Marking of Mitochondrial Enzymes

Different partsof mitochondriahavedistinct marker enzymesfor histochemical markings, such
ascytochr omeoxidaseforinner membrane, monoamineoxidasefor outer membrane, malatedehydr o-
genasefor matrix and adenylatekinasefor outer chamber.

3. Isolation

Mitochondriacan be easily isolated by cell fractionation brought about by differential centrifu-
gation. Homogeneousfractionsof mitochondriahave been obtained fromliver, skeletal muscle, heart,
and some other tissues. Indifferential centrifugation mitochondriasediment at 5000 to 24000 g, while
inliving cellsat the ultracentrifugation (20,000 to 400,000 g) mitochondriaare deposited intact at the
centrifugal pole.
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The two mitochondrial
membraneshavebeen separated
by density gradient centrifuga-
tion. Theouter membraneissepa-
rated by causing a swelling
which can be brought about by
breakage followed by contrac-
tion of inner membraneand ma-
trix. Certain detergents such as
digitonin and lubrol are often
usedfor thispurpose. Sinceouter
membrane is lighter and much
stronger, centrifugal force is
needed to separate it. When
outer membraneisremovedwith
digitonin, theso-calledmitoplast
isformed. Mitoplastincludesin-
ner membranewithunfoldedcris-
taeand matrix. Mitoplastisfound
to carry out oxidative phospho-
rylation. Theisolated outer mem-
brane is revealed by negative
staining and shows a “folded-
bag” appearance (Fig.10.7). Such
isolation of two membranesand
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Fig. 10.7. Actionof digitoninonliver mitochondrionto producemitopl ast
and“folded-bag” of outer membrane(after DeRobertisand De
Robertis, Jr., 1987).

compartments has enabled lo-

calization of various enzyme systems of mitochondria.

CHEMICAL COMPOSITION

The gross chemical composition of the mitochondriavariesin different animal and plant cells.
However the mitochondriaare found to contain 65 to 70 per cent proteins, 25to 30 per cent lipids, 0.5
per cent RNA and small amount of the DNA. Thelipid contents of the mitochondriaare composed of
90 per cent phospholipids(lecithinand cephalin), 5 per cent or lesscholesterol and 5 per cent freefatty
acidsandtriglycerides. Theinner membraneisrichinonetypeof phospholipid, called car diolipinwhich
makesthismembraneimpermeableto avariety of ionsand small molecules(e.g., Na*, K*, Cl-, NAD*,
AMP, GTP, CoA and so on).

The outer mitochondrial membrane has typical ratio of 50 per cent proteins and 50 per cent
phospholipids of ‘unit membrane’. However, it contains more unsaturated fatty acids and less
cholesteral. It hasbeen estimated that inthe mitochondriaof liver 67 per cent of thetotal mitochondrial
proteinislocatedinthematrix, 21 per centislocatedintheinner membrane, 6 per centissituatedinthe
outer membraneand 6 per centisfoundinthe outer chamber. Each of thesefour mitochondrial regions
contains a special set of proteins that mediate distinct functions :

1. Enzymesof outer membr ane. Besidesporin, other proteinsof thismembraneincludeenzymes
involved in mitochondrial lipid synthesis and those enzymes that convert lipid substratesinto forms
that aresubsequently metabolizedinthematrix. Certainimportant enzymesof thismembranearemono-
amineoxidase, rotenone-insensitive NA DH-cytochrome-C-reductase, kynurenine hydroxyal ase, and
fatty acid CoA ligase.
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2. Enzymes of intermembrane space. This space contains several enzymesthat usethe ATP
mol ecul es passing out of the matrix to phosphorylate other nucleotides. The main enzymesof thispart
are adenylate kinase and nucleoside diphosphokinase.

3.Enzymesof inner membrane. Thismembranecontainsproteinswiththreetypesof functions:
1. thosethat carry out theoxidati onreactionsof therespiratory chain; 2. anenzymecomplex, called ATP
synthetase that makes ATP in matrix ; and 3. specific transport proteins (see Table 10-1) that
regulate the passage of metabolites into and out of the matrix. Since an electrochemical gradient,
that drivesATPsynthetase, i sestabli shed acrossthismembraneby therespiratory chain, itisimportant
that themembranebeimpermeabletosmall ions. Thesi gnificant enzymesof inner membraneareenzymes
of electrontransport pathways, viz., ni cotinamideadeninedinucl eotide (NAD), flavinadeninedinucle-
otide (FAD), diphosphopyridine nucleotide (DPN) dehydrogenase, four cytochromes (Cyt. b, Cyt. c,
Cyt.c,, Cyt. aand Cyt. a,), ubiquinone or coenzyme Q,,, non-heme copper andiron, ATP synthetase,
succinate dehydrogenase; B-hydroxybutyrate dehydrogenase; carnitive fatty acid acyl transferase
(Fig.10.8).

4. Enzymesof mitochondrial matrix. Themitochondrial matrix containsahighly concentrated
mixture of hundredsof enzymes, including thoserequired for the oxidation of pyruvateand fatty acids
and for the citric acid cycle or Krebs cycle. The matrix also contains several identical copies of the

mitochondrial DNA, special 55S mitochondrial ribosomes, tRNAS

C face cristae M face
and various enzymes required for the expression of mitochondrial membrane
genes. Thus, the mitochondrial matrix contains the following en- TG
zymes: mal atedehydrogenase, i socitratedehydrogenase, fumarase, deh.
aconitase, citrate synthetase, o-keto acid dehydrogenase, 3-oxida- I
tionenzymes. M oreover, themitochondrial matrix containsdifferent choline
nucl eotides, nucl eotide coenzymesand inorgani c el ectrol ytes—K*, deh.
HPO,~,Mg*™,Cl~and SO,". _I_

succinate
MITOCHONDRIA AND CHLOROPLASTS AS deh.
TRANSDUCING SYSTEMS "
a-glycero-

In cells, energy transformationtakespl acethroughtheagency phosphate
of two main transducing systems (i.e., systemsthat produce energy "
transformation) represented by mitochondriaand chloroplasts. These
two organelles of eukaryotic cells in some respects operate in

opposite directions. For example, chloroplasts are present only in
plant cells and especially adapted to capture light energy and to
transduceit into chemical energy, whichisstoredin covalent bonds
between atoms in the different nutrients or fuel molecules. In
contrast, themitochondriaarethe” power plants’ or “ power houses’
that by oxidation, releasethe energy containedinthefuel molecules
and make other forms of chemica energy (Fig.10.9). The main
function of chloroplastsisphotosynthesis, whilethat of mitochon-
driais oxidative phosphorylation. Finaly, photosynthesisisan  |Fig. 10.8. A part of inner mito-

ender gonicreaction, whichmeansthat it capturesenergy; oxidative chondrial membrane
phosphorylation is an exer gonic reaction, meaning that it releases (cristae) showing the
energy. Table10-2 hasenlisted someof thebasicdifferencesbetween distribution of differ-
these two transducing systems. ent dehydrogenases

and cytochromesonM

faceand Cface.
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Transport systems of inner mitochondrial membrane
Table 8-1. (Source: Sheeler and Bianchi, 1987).
System Exchange

1. Decarboxylatecarrier | Exchange for mole-for-mole basis of malate, succinate, fumarate and phosphate
between matrix and cytosol.

2. Tricarboxylate carrier Exchangeon mole-for-molebasiscitrateandisocitratebetween matrix and cytosol .
3. Agpartate-glutamate Exchange aspartate for glutamate across

carrier membrane.

4. o-Ketoglutarate- Specifically exchangeo.-ketoglutaratefor
malatecarrier malateacrossmembrane.

5. ADP-ATP carrier Exchange of ADP for ATP.

FUNCTIONS

The mitochondria perform most important functions such as oxidation, dehydrogenation,
oxidative phosphorylation and respiratory chain of the cell. Their structure and enzymatic system are
fully adapted for their different functions. They aretheactual respiratory organsof the cellswherethe
foodstuffs, i.e., carbohydratesandfatsarecompl etely oxidisedinto CO,and H,O. Duringthebiol ogical
oxidation of the carbohydrates and fats large amount of energy is released which is utilized by the
mitochondriafor synthesis of the energy rich compound known asadenosinetriphosphateor ATP.
Because mitochondriasynthesize energy rich compound ATP, they areal so known as* power houses’
of thecell. Inanimal cellsmitochondriaproduce 95 per cent of ATPmolecules, remaining 5 per centis
being produced during anaerobic respiration outside the mitochondria. In plant cells, ATP is aso
produced by the chloroplasts.

Adenosine triphosphate or . motility, contraction -
ATP e :
. . w=a" biosynthesis of cell material  pf .

TheATPconsistsof apurine _-'
base adenine, a pentose sugar ri- R —— o
bose and three molecules of the 5 "
phosphoric acids (Fig. 4.30). The s " transmission of impulses mmm
adenine and ribose sugar collec- L biolumi
. . . u ioluminescence R B
tively constitutethenucleosidead- i'
enosine which by having one, two —
or three phosphate groups forms SA;:: Jf'o':r'n e S11870Y ttra”Sport - ATP
the adenosine monophosphate o S G Sl
(AMP), adenosine diphosphate 1
(ADP) and adenosinetriphosphate
(ATP) respectively. INATPthelast " — T | )
phosphategroupislinkedwithADP = E 'i_ ] ™ -
by a special bond known as “en- | carbohydrate, fat B CO,+H,0
ergy rich bond” becausewhenthe fules exhaust
last phosphate group of the ATPis Fig. 10.9. Diagrammaticrepresentationof theenergy lib-
rel easedthelargeamount of energy eration in mitochondrion and its utilization in
isreleased as shown by thefollow- variouscellular functions.
ing reaction :

A—P~P~-P = A-P~-P + Pi +7300calories

ATP ADP Phosphate group
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In the above reaction, we have seen that by the breaking of the energy rich bond about 7300
caloriesof energy arereleased, whilethe common chemical bond rel easesonly 300 cal oriesof energy.
Thechemical reactionswhich synthesizetheenergy richbond or~Pbond requiregreat amount of energy
which is supplied by the oxidation of the foodstuffs in the mitochondria. The utility of energy rich
phosphate bond (~P) of the ATP isthat great amount of energy is kept stored in the ready statein a
very limited space of thecell. Thestored chemical energy isdisposed of very quickly at thetime of the
needinvariouscellular functionssuch asrespiratory cycle, proteinand nucleic acid synthesis, nervous
transmission, cell division, transportation and bioluminescence, etc.

Table 9-2 Differences between photosynthesis and oxidative phosphorylation (Source: De
" |Robertis and De Robertis, Jr., 1987).

Photosynthesis

Oxidative phosphorylation

Uses H,O and CO,
Liberates O,
Hydrolyzes water
Endergonicreaction

No oA~ ONDE

Takes place in chloroplast

Occursin the presence of light; thus, periodic

CO, + H,0 + energy — foodstuff

. Independent of light; thus continuous
. Usesmolecular O,

. Liberates CO,

Forms water

Exergonicreaction

. Foodstuff + O,— CO,+ H,0O + energy
Takes placein mitochondria

N oA wWNE

Becausetheterminal phosphatelinkagein ATPiseasily cleavedwithreleaseof freeenergy, ATP
acts as an efficient phosphate donor in alarge number of different phosphorylation reactions. In this
way, ATP actsasacarrier moleculelikethe acetyl CoA and as coenzyme likethe CoA or NAD.

Recently, besides ATP, certain other energy rich chemical compounds have been found to be
activeinthecellular metabolism. Thesearecytosinetriphosphate(CTP),uridinetriphosphate(UTP)
and guanosinetriphosphate (GTP). These compounds, however, derivetheenergy fromthe ATPby
nucleosi dedi phosphokinases (Fig. 10.9 and Fig.10.10). Theenergy for the production of ATPor other
energy rich moleculesis produced during the breakdown of food molecul esincluding carbohydrates,
fatsand proteins (catabolic and exer gonic activities).

OXIDATION OF CARBOHYDRATES

Thecarbohydratesen-
ter in the cell in the form of
monosaccharides such as
glucose or glycogen. These
hexose sugars are first bro-
kendowninto 3-carboncom-
pound (pyruvic acid) by a
series of chemical reactions
known by many enzymes.
The pyruvic acid enters in
themitochondriaforitscom-
pleteoxidationinto CO, and
water. The reactions which
involve in the oxidation of
glucose into CO, and water
areknowntoformthemeta-
bolicpathwaysandthey can
begrouped under thefollow-
ing heads :

exergonic_processes endergonic processes
|
" ATP megp mechanical energy
= (cyclosis, contractility,
_". mmesmm Cell division)
d — .l L}
anaerobic " .I
glycolysis
. }.'-_ active
..._-' [ ] S transport
l. .l I-..
oxidative -'-.- 'I. nerv.e conduction
hosphorylation I
phosphory - .-'. and transmission
[ | n ADP - u n
i | 9
i bioluminescence
heat
Fig. 10.10. Diagrammatic representation of uses and synthesis of ATP.
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0] Glycolysis or Embden-Meyerhof pathways (EMP) or Embden-Meyerhof-Parnas pathways
(EMPP);

(i)  Oxidativedecarboxylation;

(i)  Krebscycle; citricacid cycleor tricarboxylic acid cycle;

(iv)  Respiratory chain and oxidative phosphorylation.

1. Glycolysis

Under anaerobic conditions (i.e., in the absence of oxygen) glucoseisdegraded into lactic acid
or lactate by aprocesscalled glycolysis(i.e., lysisor splitting of glucose), e.g., it commonly occursin
vertebrate muscles when the energy demand in heavy exercise exceeds the available oxygen. [Note:
Accordingto Circular No. 200of Committeeof Editorsof Biochemical JournalsRecommendations(1975)
theending atein lactate, pyruvate, oxal oacetate, citrate, etc., denotes any mixture of freeacid and the
ionizedform(s) (accordingtopH) inwhich cationsarenot specified (seeM artin Jr ., etal., 1983). Most
modern textbooks though have adopted this convention for all of the carboxylic acids, but we prefer
to stick to the old pattern). If glycolysisis carried out under aerobic conditionsthe final products are
pyruvic acid and coenzyme NADH. Glycolysisisachieved by aseriesof 10 enzymesall of whichare
located in the cytosol (cytoplasmic matrix). Asshown in Figure 10.11, in this chain of reactions, the
product of oneenzymeservesasasubstratefor thenext reaction. Tofacilitateitsanalysis, thesequence
of glycolysiscan be subdivided into following threemain steps:: (i) Activation (stagel); (ii) Cleavage
(stagell); and (iii) Oxidation (stagelll).

(Y Activation. Inreactions1to3theglucosemoleculeisconvertedintofr uctose-1-6- diphosphate.
Thisstep usestwo moleculesof ATPandinvolvesthefollowing enzymes: hexokinase, phosphoglucose
isomerase (or phosphohexoisomerase) and phosphofructokinase.

(i) Cleavage. In reactions 4 and 5, fructose -1-6-diphosphate splits into two (3-carbon) end
products, glycer aldehyde-3-phosphatemol ecul es. During the step of cleavageonly two enzymesare
used: aldolase (fructoaldolase) and triose isomerase ( triosephosphate isomerase).

(i) Oxidation. Inreactions6to 10, two molecul esof glyceraldehyde-3-phosphateare oxidized
and ultimately convertedintotwo moleculesof pyr uvicacid. Thisstep producesfour moleculesof ATP
by substrate-level-phosphor ylation andinvolvesthefollowing enzymes: phosphoglyceric dehydro-
genase(glycera dehyde phosphate dehydrogenase), phosphoglycerickinase, phosphoglyceromutase,
enolase and pyruvic kinase.

Thenet energy yield of chainreactionsof glycolysisistheproduction of two ATPmoleculesfrom
onemol ecul eof glucose. Under aerobic conditions, theend productsof glycolysisarepyruvicacidand
reduced coenzyme NAD (i.e., NADH). NADH carriestwo electrons, taken from glyceraldehyde-3-
phosphate and contains little energy. However, under anaerobic conditions, pyruvic acid remainsin

the cytosol (cytoplasmic matrix) and is used as a hydrogen acceptor and converted into lactic acid :
Lactic dehydrogenase

Pyruvicacid Lacticacid+ NAD + Energy
+NADH
In above case, the following equation represents the overall reaction of glycolysis:
CgH1,06+ Pi + 2ADP ———— 2C,HO;+ 2ATP+H, 0O
Glucose Lacticacid
Further, pyruvic acid isconverted into ethyl a cohol viaacetal dehyde by yeast, Saccharomyces
cerevisaein the absence or deficiency of oxygen. Thisprocessiscalled alcoholic fermentation :
Glycolysis -CO, +2H
CH;,04 — CH,COCOOH — CH,CHO —— CH,CH,OH
Glucose Pyruvicacid Acetaldehyde Ethyl a cohol
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However, inthecellsof higher plantsunder anaerobic conditions, pyruvic acidisconvertedinto

either ethyl al cohol or any organicacid suchasmalicacid, citricacid, oxalicacid andtartaricacid. The

Glycogen
+P & Phosphorylase

Glucose-1-phosphate
-

++
ATP MeEpEkiTEee ADP L Phosphoglucomutase + Mg

++ o
Glucose (e Mg Glucoseﬁhosl.)ﬁate
CeHyy Os—P

L} - FEEN  UEE 0 UEEE O
" .
P Glucose -6- H,0 Phosphohexoisomerase
phosphatase

CGH1206
—

Fructose-6-phosphate
C6H11 OG_P

ATP
Phosphofructose-1-kinase
= ADP

Fructose 1-6 diphosphate I

Fructoaldolase

1 e [} L}
Dihydroxyacetone phosphate = L Glyceraldehyde-3-phospate I
CsHs0;—P i CHyO4—P (x2
l3-5 3-—l— Trlose_ .353 .( )
isomerase

Phosphoglyceric dehydrogenase
= +ATP + NAD
T E— . L [ ]
1-3,diphosphoglyceric acid
o P=C3HO,—P (x2) (NADH,) |

2ADP 'E
3-Phosphoglyceric-1-kinase
2 ATP -m
L____BEE -
3-Phosphoglyceric aci
C;H,0,—P (x2)

Phosphoglyceromutase

+Mg++

I |
2-Phosphoglyceric acid

Enolase Mg**

= H,0
Phosphophenol pyruvic acid
C;H,04P (x2)
2ADP ™
Pyruvic kinase Mg**
2 ATP ==
| Pyruvic acid
| C,H,0, (x2)

Fig. 10.11. Glycolysis or Embden-Meyerhof pathways showing the step-wise degradation of glucose to
pyruvic acid.
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anaerobic respiration of higher plants and fermentation of bacteria and yeast have the following
differences:

(i) Fermentation is an extracellular process, i.e., the respiratory substrate (i.e., sugar, etc.) is
present outside the cell and that too in the liquid medium, while the process of anaerobic respiration
isintracellular, i.e., therespiratory substrateis present inside the cell.

(i) Theenzyme(zymase) needed for fermentationissuppliedfromthemicro-organismlikeyeast,
whiletheenzymes(zymase-complex) requiredfor theprocessof anaerobicrespirationarepresentinthe
same cell of the higher plant in which the processis occurring.

However, both processes produce similar end-products as follows :

Anaerobic

Respiration
CH, O — > 2CHOH + 2CO, + Energy
Glucose or Fermentaion Ethyl Carbon

acohol dioxide

2. Oxidative Decarboxylation

In aerobic organisms, sincepyruvic acid still containsalarge amount of energy, it must undergo
further degradation, but this time inside the mitochondria. Thisis done in three consecutive steps :
oxidativedecar boxylation (remova of carboxyl or—COOH group), K r ebscycleandoxidativephospho-
rylation. Pyruvic acid directly enters the mitochondrial

matrix andisconvertedintoacetyl-CoA by thehelpof ahuge Pyruvic acid
enzyme, cdled pyruvicacid dehydr ogenase(Fig.10.12). The -
two NADH molecules (which are generated during glyco- CH,~C—COOH

lysis) cannot penetrate directly into the mitochondria, so
their electronsaretransferred to dihydr oxyacetone phos-
phate, which shuttles them into the mitochondria. This

Pyruvic
| dehydrogenase

process utilizesone ATP moleculefor each NADH ; inall ¥ co,
two ATP molecules are consumed for two NADH mol- Active acetaldehyde
ecules. When both of these NADH passthrough ETS, they :
tend to generate 6 ATP molecules. (CH;-C-H) T TP
Pyruvicacid dehydrogenaseand itsaction. Some- Pyruvic dehydrogenase
n

timestwo enzymesthat catalyze sequential reactionsform

anenzymecomplex andtheproduct of thefirst enzymedoes “p(gc acid

not have to diffuse through the cytoplasm to encounter the ( 's> La)
second enzyme. The second reaction beginsassoon asthe Acetyl-ipoid acid
firstisover. Somelargeenzyme(multienzyme) aggregates o s

carry out whole series of reactions without losing contact CHS_é';_H S>La

with the substrate. For example, the conversion of pyruvic

acid to acetyl CoA proceedsin three chemical steps, all of Pyruvic dehydrogenase
which take place on the same large multienzyme complex * ((:g%%)ém 2
(i.e., pyruvate dehydrogenase). Pyruvic acid dehydroge-

naseoccursinthemitochondrial matrix andislarger than a Acetyl-Co A

ribosome in size. It contains multiple copies of three en- G

zymesnamdly pyruvivcacid dehydr ogenase, dihydr olipoyl CH,—C~S-CoA

transacetylaseanddihydrolipoyl dehydrogenase. Italso
containsfivecoenzymes(e.g., NAD, coenzymeA, etc.) and
two regulatory proteins (e.g., protein kinase and protein Fig. 10.12. Theoxidativedecarboxyla-
phosphatase ; both regulating the activity of pyruvic acid tionof pyruvicacidtoacety!
dehydrogenase, turning it off whenever ATP levels are coenzyme A.

high).
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Thus, during oxidative decarboxylation of one molecule of pyruvic acid, one mole of CO, is
produced and oneNAD isreducedto NADH. Theend product of thisreactionisa2- carbon compound,
theacetyl gr oup whichisattached to coenzymeA to producethe carrier molecule, called acetyl CoA.

Role of coenzymesin mitochondria. Some coenzymes have a central role in mitochondrial
function. CoenzymeA (CoA) ispart of agroup (Table10-3) that i sderived from anucleoside (adenine-
D-ribose) and contai nspantothenicacid (avitamin of B complex) linkedtotheriboseby pyrophosphoric
acid. CoA canbeeasily transformedintoan ester at thethiol end(—SH) by acetyl group making acetyl-
CoA. Acetyl-CoA isacarrier moleculein which acetyl group islinked by reactive bonds so that they
canbetransferred efficiently to other mol ecul es. Thesamecarrier moleculewill often participateinmany
different biosyntheticreactionsinwhichitsgroup (i.e., acetyl group) isneeded, e.g., growingfatty acid.

Other mitochondrial coenzymesarenicotinamideadeninedinucleotide(NAD*) whichcontains
thevitaminnicotinicacidof B complexandflavin mononucleotide(FM N) andflavin adeninedinucleotide
(FAD), bothof whichcontainriboflavinor vitaminB,. NAD*, FMN and FAD areimportant coenzymes
not only in mitochondria but also in chloroplasts.

Some important coenzymes which act as carrier molecules in transfer of a group
1Ll SHREE  (Sourcer Albertset al., 1989).

Coenzyme Group transferred

1. ATP phosphate

2. NADH, NADPH hydrogen and electron (hydrogen ions)
3. Coenzyme A acetyl

4. Biatin carboxyl

5. S- Adenosyl-methionine methyl

3. Krebs cycle

Two acetyl CoA molecules, produced above by oxida-
tion of one molecule of glucose pass through a series of
reactions of Krebs cycleto produce CO,, H,O and electrons.
Enzymes and coenzymes of Krebs cycle are located in the
mitochondrial matrix (someof them such assuccinicdehydro-
genase, are attached to M face of inner mitochondrial mem-
brane). Asillustratedin Figure10.13, theKrebscycleinvolves
the condensation of the acetyl group with oxaloacetic acid to
makecitricacid (6-carboncompound). Thisstepisdirected by
theenzymecitratesynthase. Fromcitricacid, H,Oisreleased
twice by aconitase enzymeto produceisocitric acid. Thisis
followed by a decarboxylation (loss of CO,) by isocitric
dehydrogenase, producing5carbonoi- ketoglutaricacid. CO,
isreleased by oi- ketoglutar atedehydr ogenaseinthepresence
of CoA toproducesuccinyl - CoA which changesby succinyl

) ’ " In this computer graphics image of ATP,
kinaseenzyme(alsocalled succinyl CoA synthetase) intoad- | adenosine is blue, pentose is white and

carbon compound, the succinicacid (at thisstageone GTPis | the phosphate groups are red.

generated by substrate level phosphorylation). The next en-
zymeof Krebscycle, the succinic dehydr ogenase convertssuccinic acid into fumaric acid and then
fumar ase enzyme produces malic acid. The mediation of malate dehydr ogenase enzyme produces
oxaloacetic acid, and thereby closesthe Krebscycle.

At each turn of the Krebs cycle, four pairs of hydrogen atoms are removed from the substrate
intermediates by enzymatic dehydrogenation and two CO, molecules are released. These hydrogen

Contents
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atoms ( or equivalent pairs of electrons) enter therespiratory chain, being accepted by either NAD* or
FAD. Three pairsof hydrogen moleculesare accepted by NAD™, reducingitinto NADH, and one pair
by FAD, reducingitinto FADH, (thispair of electronscomesdirectly from thesuccinic dehydrogenase
reaction). Since it takes two turns of the cycle to metabolize the two acetyl groupsthat are produced
by glycolysisfrom one molecule of glucose, atotal of six moleculesof NADH and two of FADH, are
formed. During Krebscycle are al so produced two ATP molecules(i.e., viaGTP molecul es).

L et usconsider thespecificfunction of theKrebscycle. Whenalogistobeburnedinafireplace,

the log must first
bechoppedupinto Pyruvic acid = _
smaller chunks of Fatty acids _ﬁﬁtyl COA-I
fuel. Glucose, the Amino acids =™ CoA-SH
fuel for metabo- _m 1 —r -
lism, must also be = L e
: ax,  condensing o
brokenintosmaller Oxaloacetic acid enzyme CeHeO
pieces.Inglycoly- C,H,06 I_ R S
ss,_g_lucoselsflrst NADH+H+_. ;' Malic _ Aconitase
sphtlntotwopyru- Y G +H,0
vicacidmolecules. NAD* e
Then, each pyru- Malic acid EIS-%OSHS acid
vic acid molecule CoHeOs 6 O m—
is broken into Aconitase
threecarbondiox- +H,0
idefragments: One H,0 Fumarase .
co oY | e d Iso-citric acid
molecule Is Fumaric acl C.H.O
givén off during| L GO« | —
= NADP* n Iso-citric

OXIdaII\{e de?ar- FADH Succinic CIET I
boxylation (i.e., dehydrogenase NDPH+H* = ™ nase +Mn**
CO”V?rS' O_n . of s id I Oxalo-succinic
pyruvic acid into uccinic aci acid

C,HsO, i —
acetyl-CoA) and = e "
two CO, mol- .

| . Succinyl CoA co,
ecu es are given u synthetase + Mg+t -
off in the Krebs r a-Ketoglutaric
cycle. Thus, two Succinyl-CoA  + CO, o acid CgHgO
turns of Krebs - el
cycle will com- i s -l
.

pletely break up NADH+H+  Lipoic acid, Thymine It
one glucose mol- pyrophosphate, CoA,
ecule. In fact o-Ketoglutarate dehydrogenase
chopping off alog Fig. 10.13. Krebs cycleor tricarboxylic acid cycle.

intokindlingwood
doesnot oxidizethewood. Nor doeschopping glucoseinto smaller carbon fragment oxidizetheglucose.
TheKrebscycleitself releasesno energy, but astheglucosebreaksup, it al sofreesthe hydrogen atoms
attached to the carbons. Each hydrogen atom contains one proton (H*) and one electron (7). The
electronswhicharerel eased during compl eteoxidation of glucose(i.e., glycolysis, oxidativedecarboxy-
lationand Krebscycle) carry most of the energy of theglucose. Inthefinal stageof cell respiration, the
electron transport system, these electrons will at last rel ease their energy to the cell.
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4. Respiratory Chain and Oxidative Phosphorylation

Two molecules of FADH, and six molecules of NADH produced in Krebs cycle (from two
moleculesof acetyl-CoA) are oxidized by molecular O,inarespiratory chain or electron transport
system or ET Sinvolving a series of enzymesand coenzymes.

Intheelectrontransport system, the successive el ectron acceptorsare at lower and lower energy
levels. With each transfer to alower energy level, the electronsrel ease some of their potential energy.
That iswhy thisseriesiscalled an electron cascade, likeacascade of falling water. At each stage, the
released energy isused to form ATP. Since electron transport invol ves oxidation aswell as phospho-
rylation(i.e., ADP+P=ATP)thisprocessby whichcell systemtrapschemical energy iscalled oxidative
phosphorylation (Fig10.14). Thepassageof el ectronsfromNAD tooxygengenerates3ATPmolecules,
whereas the passage of electrons from FAD to oxygen generates only 2 ATP molecules.

- 10H* - msm

NADH ..f 4H* Succinate o H

2
NAD* Fumarate H,0O 1/20, + 2H*
Electron - transport chain.

(A) Compoundsthat occur inETS.Fol-
lowing five types of compounds are associ-

ated with electron transport system of inner i
mitochondrial membrane: -i. ]

high
g'-'-

(i) Pyridine-linked dehydrogenases

require as their coenzyme either NAD* or A .

NADP"* bF’th of which can accept two elec- L nicotinamide nucleotides, ATP
tronsat atime. Thereareabout 200 dehydro- |
genasesforwhichNAD™- linked compounds
such as pyruvic acid dehydrogenase, are :
involvedinETS. B 5 y .

(if) Flavin-linked dehydr ogenases(of- | @ - wi #ATP
tencalledflavopr oteinsor FPs) requireeither ) = |
FAD or FMN. Both are prosthetic groups % —
whoseisoalloxazinering can accept two hy- |C e
drogen atoms. Flavin- linked enzymes are i ~ Ertoomroms AP
commonly involved in anumber of enzyme a7
systems such asfatty acid oxidation, amino |D e T
acid oxidation and Krebscycleactivity (e.g.,
succinic dehydrogenase or SDH). L e ——— OXY (€] - hydrogen

(iii) Ubiquinones were so named be- | {7 Ene water

causeof their occurrenceinsomany different | g 10.14. Electron transfer in respiratory cascade or
organismsandtheir chemical resemblanceto electron transport system.
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quinone. They arefound in severa different formsincluding the plastoquinonesof chloroplasts. The
formof ubiquinonespresent inmitochondriaisoftencalled coenzymeQ,,(CoQ,,0r Q). CoQ,,isalipid
soluble and accepts two hydrogen atoms (or two protons and two electrons) at atime.

(iv) Cytochromesareproteinscontainingiron-porphyrin (haem) groups. Therearealargenumber
of cytochromesin cells; most arefound in mitochondria, although somealsofunctionintheERandin
chloroplasts. Mitochondriahavefivetypes of cytochromeswhich are arranged in thefollowing order
inaninner membrane: cyt. b, cyt. c;.,cyt.c, cyt. aandcyt. a,. All of themtransfer electronsby reversible
valence changes of theiron atom (trivalent ferric or Fe**—=bivalent ferrous or Fe**).

(v) Iron-sulphur proteins(Fe,S, andFe,S,) areelectron carriersof mitochondriacontainingiron
and sul phur inequal amounts. Theironisreversibly oxidized duringtheel ectrontransfer. Iron- sul phur
proteins transfer one electron at atime.

NADH dehydrogenase p-c,, complex cytochrome

complex (monomer) (dimer) oxidase complex
- " (dimer)

j | =i~ ™~ ]

inner j — ] R’ .. Ga—
mitochondrial - [, Res— | | S | ——
membrane | | " | 8 |

matrix " L m = -
space

intermembrane -
space = .
TIT I s EIE " s VIC e  mEppIEEpEEI
ririetefl Ar e R e e
inner Ii 1 _r: » .'._.,(\-:
membranes - . I'_ I. :\D%Q_o‘.. ey o . .
s WA SRR T
i o v ﬂ,--.ﬂ:l‘.‘_fe_,...'lgﬁl:

- dehydro- g= = |
matrix genase 1/20,
m e
ol i
NADH 2H* 2H* 2H
(from oxidative 5 4
reactions) NAD* H,0

Fig. 10.15. Respiratory enzyme complexes. A—Therelative sizes and shapes of the three respiratory enzyme
complexes, B—Mode of transfer of H* through the three respiratory enzyme complexes of inner
mitochondrial membrane (after Sheeler and Bianchi, 1987; Albertset al., 1989).

All thesecomponentsof ET Sarearranged intheinner mitochondrial membraneinthefollowing
sequence: NAD-linked succinic dehydrogenase (SDH), flavoprotein (FAD), non-haemiron protein or
iron-sul phur protein, flavoprotein (FAD), cytochromeb, ubiquinoneor coenzymeQ, ,, cytochromec;,
cytochromec, cytochrome a, cytochrome a, and three coupling sites, where phosphorylation coupled
with oxidation leadsto production of ATP.

(B) Threecomplexes. Evidently abovedescribed componentsof ETSoccur inthemitochondria
intheform of followingthreecomplexes(Greenetal., 1967; Capaldi etal., 1982; Weissetal., 1987):

(i) TheNADH-dehydr ogenasecomplex. Itisthelargest of therespiratory enzymecomplexes, with
amass about 800,000 daltons and more than 22 polypeptide chains. It accepts electronsfrom NADH
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and passesthem through aflavin and at least five iron-sul phur centresto ubiquinone (Q) that transfer
its electrons to the next complex, the b-c;, complex. This complex spans the inner mitochondrial
membrane and is able to transl ocate protons acrossit from M sideto C side (Fig.10.15).

(i) Theb-clcomplex. Itcontainsat |east 8 different polypeptidechainsandisthoughttofunction
asadimer of about 500,000 daltons. Each monomer containsthree haemes bound to cytochromesand
iron-sulphur protein. This complex accepts electrons from ubiquinone (Q) and passes them to
cytochromec, asmall peripheral membraneproteinthat carriesitselectronsto the cytochromeoxidase
complex. In the topology of this complex the Q-site may be in the middle of the membrane in the
hydrophobic area and the cytochrome c-site on the C side.

(iii) Thecytochromeoxidasecomplex. It comprisesat | east eight different pol ypeptidechainsand
isisolated as adimer of about 300,000 daltons, each monomer contains two cytochromes (a, a;) and
two copper atoms. Thiscomplex accepts el ectronsfrom cytochrome ¢ and passesthem to oxygen and
isthought totraversethemitochondrial membrane, protruding onboth surfaces. Suchatransmembrane
orientation is associated with the vectorial transport of protons across the membrane.

Thecytochromeoxidasereactionisestimatedtoaccount for 90 per cent of thetotal oxygenuptake
inmost cells. Thetoxicity of the poisonssuch as cyanideand azideisduetotheir ability to bind tightly
to this complex and thereby block all electron transport.

(C) Fy-F,complexor couplingfactors. One om
of the main proteins in the inner mitochondrial L o -B"-
membraneisthemultisubunit couplingfactor (Fig. Yo . :_.
10.16), the enzyme that actually synthesizes ATP L . ol

andsimultaneoudly actingasapr oton pump. A quite
similar enzyme complex islocated in thethylakoid
membranesof chloroplastsandintheplasmamem- ]

brane of bacterial cell. The coupling factor hastwo Cytof'asmifc - it 'y
L . surface o "
principal components: . . S embrane _ :-_ ., "
(a) Fy-complex. It is an integral membrane f e
complex, composed of very hydrophobic proteins— =3
3 or 4 distinct polypeptides and one proteolipid— pe— —

which together span the mitochondrial membrane.
FO - complex possesses the proton translocating
mechanism. FO-compl ex canbeextracted only with
strong detergents.

(b) F;-particle. AttachedtotheFOcomplexis
F, particle, acomplex of fivedistinct polypeptides:
alpha(o), beta(B), gamma(y), delta(d) and epsilon
(¢), withthe probable composition of o, 3;yd¢. F;
forms the knob or ‘tadpole’ that protrudes on the
matrix sideof theinner mitochondrial membrane. F,
particle can be detached from the membrane by
mechanical agitation and is water soluble. When
physically separated fromthemembrane, F, particle
iscapableonly of catalysingthe hydrolysisof ATP
into ADP and phosphate. Hence, it is often called

bactrial plasma
membrane

Fig. 10.16. Model of molecular structureof F,
and F, partilces in the bacterial
plasmamembrane. Thecoreof F,
particleisan a,, 3, complex. Thed
polypeptide of F, and probably
theyareinvolvedinbinding F, to
the membrane-embedded F -par-
ticle. The role of & subunit of F,
complexisnotknown (after Darnell
etal., 1986).

the F,-ATPase. However, its natural function isthe synthesis of ATP.

(D) Redox reactionsand r edox couples. Themovementsof el ectronsbetween cellular reductants
and oxidantsrepresent aformof energy transfer incells. A reductant (or r educing agent) isasubstance
that loses or donates electrons to another substance; the latter substance isthe oxidant (or oxidizing

Contents
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agent). Conversely, an oxidant isasubstancethat accepts el ectronsfrom another substance, thelatter
being thereductant. Reactionsthat involvethemovement of el ectronsbetweenreductantsand oxidants
arecalledredoxreactions.

Different chemical substanceshavedifferent potential sfor donating or accepting electrons. The
tendency of hydrogen to dissociate:

~—2H"+2e~

thereby releasing electrons, is used as a standard against which the tendencies of other substances
to release or accept electronsis measured. The electron donor (e.g., H, in the above reaction) and the
electron acceptor (e.g., 2H* intheabovereaction) arecalled ar edox couple or half cell. Thetendency
of any chemical substanceto lose or gain electronsis called the redox potential and ismeasured in
volts(V). Measurements are made using an el ectrode that has been standardized against the H, —2H*
couple whose redox potential is set at 0.0 under standard conditions (pH 0.0, IM(H*), 25° C and 1
atmosphere pressure). This potential is noted by the symbol Eo. For biochemical reactions which
normally occur at pH 7.0, theredox potential of theH,—2H* coupleis —0.421V; standardredox potentials
at pH7.0 are noted by the symbol E".

Any substance with amore positive E'0 value than another has the potential for oxidizing that
substance (i.e., removing electrons from the substance with the more negative E‘'o value). The greater
thedifferenceinredox potentials, thegreater theenergy changesinvolved. Thechangein standardfree
energy changes, AG®” isrelated to E'0 asfollows:

AG” =nFAFE o
wherenisthenumber of electronsexchanged per molecule, FistheFar aday (96,406 JV),and E'0isthe
differenceinredox potential betweenthemorepositiveand morenegativemembersof theredox couple.
For example, theoxidizedformof cytochromec (E'ovalue="*0.254V) can oxidize thereduced form of
cytochromeb (E’0 value=+ 0.030V) by removal of two electrons. The difference between the redox
potentials of thetwois:
+0.254—+0.030)=+0.224V , therefore,
AG” =-2(96,406JV)(0.224V)
=-43.19kJ( per mole of each cytochrome).

(E) ATP synthesis. The potentials drop in three large steps, one across each major respiratory
enzymecomplex. Thechangeinredox potential betweenany twoelectroncarriersisdirectly proportional
to the free energy released by an electron transfer between them. Each complex acts as an ener gy-
conver sion-deviceto harnessthisfree-energy change, pumping H* acrosstheinner membraneto create
an electrochemical proton gradient as electrons
pass through. The energy conversion mechanism
underlying oxidativephosphorylationrequiresthat
each protein complex beinserted acrosstheinner
mitochondrial membraneinafixed orientation, so
that all protons are pumped in the same direction
out of thematrix space. Suchavectorial or ganiza-
tion of membraneproteinshasbeen experimentally
proved.

Justasaflow of water fromahigher toalower |
level can be utilized to turn a water wheel or a
hydroel ectric turbine, the energy released by the | =24 i
flow of theprotonsdownthegradientisutilizedin
thesynthesisof ATP (seeReid and L eech, 1980).
Similarly, resultant el ectrochemical proton gradi- The structure of the ATP synthase.

Intermembrane
space
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entisharnessedtomake ATPby F - F, complex (acting asA TP synthetaseand proton pump), through
which the protonsflow back into the matrix (Fig. 10.17). The ATP synthetaseisareversible coupling
devicethat normally convertsaback-flow of protonsinto ATP phosphate-bond energy, but it can also
hydrolyze ATP(into ADPand phosphate) to pump protonsintheoppositedirection, if theel ectrochemi-
cal proton gradient is reduced.

Thechemiosmotictheory. Several hypotheseshavebeen proposed to explainthemechanismof
electrochemical link between respiration and phosphorylation insideinner mitochondrial membrane.
Most accepted oneisthat of Mitchell’schemiosmotic couplingtheory, proposedin 1967. According
tothistheory, theinner membraneof themitochondriaactsasatransducer converting theenergy which
isprovided by anelectrochemical gradient, intothechemical energy of ATP. Inthismodel (Fig.10.18A),
themembraneisimper meabletobothH* and OH " ions. For thisreason, if pH differencesareestablished
acrossthe membrane, they act asenergy-rich gradients. The electron transport systemisorganizedin
“redox loops” within the membrane, and the electrons are passed from one carrier to another on the
respiratory chain. Atthesametime, protons(H*) areejectedtoward thecytoplasmicside(Cside), while
OH remain on matrix side. Thisvectorial movement of protonscreatesadifferenceinpH (i.e., lower
pH on the C side and higher onthe M side), which resultsin an electrical potential (Fig. 10.18B).

H*

H* H* . . .
. inner mitochondrial "
L H H* membrane nH
"
H+ - H | |
| | | n
& -1
|
I I Fo
— —
matrix ' . matrlx
space - space

u
ADP + |:| F1 b-q ADP +.P|.
ATP| _l
ATP

A | — 9 nm
B

Fig. 10.17. ATP synthetase (F-F, ATPase) is areversible coupling device that interconverts the energies of
theelectrochemical proton gradient and chemical bonds. The ATP synthetase can either synthesize
ATP by harnessing the proton motive force (A) or pump protons against their electrochemical
gradient by hydrolyzing ATP (B). The direction of operation at any given instant depends on the
net free-energy change for the coupled processes of proton transl ocation across the membrane and
the synthesis of ATP from ADP and Pi (after Albert et al., 1989).

Calling A pH the pH gradient and Ay (deltapsi ) theresulting electrical gradient invalts, the

energy produced A Pistheproton motivefor ce:
AP=Ay +23RT/FApH

where R is the universal gas constant, T the absolute temperature, and F the Faraday constant.

Thechemiosmotictheory postul atesthat the primary transformationsoccurringintherespiratory
chain guidethe osmotic wor k heeded to accumulateions. The energy generated by electron transport
isconserved in the energy-rich form of aH*ion gradient. Thisgradient providesthedriving forcefor
the inward transport of phosphate and potential for generating ATP. ADP is brought into matrix in
exchangefor ATP, i.e.,, cotransport. Asindicated in Figure 10.18C, thisgradient through the action of
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the proton pump of the F-F,, drives the oxidative phosphorylation of ADP to form ATP by which

mechanism free energy is conserved :

ADP+Pi == ATP+H,0

Inthisreaction H,O isalso formed because
of the dehydration, which leadsto theremoval of
H*and OH ions.

Inrecent years, muchexperimental evidence
has supported the validity of Mithchell’s chemi-
osmoatic theory. However, there is some dispute
over the number of H* ions translocated out dur-
ing two-electron transportation from NADH to
oxygen. AccordingtoL ehninger andBrand (1979)
these may be 9 to 12 in number instead of 6 as
claimed by Mitchell (1967). However, Mitchell
and M oyle (1979) have reasserted their original
claim of 6 H* translocation.

(F) Ener geticsof glucoseoxidation. Of the
686,000 calories contained in amole of glucose,
lessthan 10 per cent (i.e., 58,000 calories) can be
released by anaerobic glycolysis. Thecell isable
to store only 45 per cent of the chemical energy
liberated by thecombustion of glucoseintheform
of ATP(i.e., only 36 ATPmolecules). Therest of
the energy is dissipated as heat or used for other
cell functions.

At this stage, let us do stocktaking of ATP
generation during aerobic respiration of onemole
of glucose. We have seen that glycolysis and
Krebscyclecaneachgenerate2moleculesof ATP
per molecule of glucose by substrate level phos-
phorylation (total 4 ATP molecules). In addition
10NADH (i.e.,2NADHinglycolysis,2NADHin
oxidative phosphorylation and 6NADH in Krebs
cycle) and2FADH, areproducedwhichareequiva:
lentto 34 ATPmolecules. Thus, atotal of 3BATP
molecules are produced per glucose molecule
oxidized. However,inmost eukaryoticcells2mol-

membrane
C-side M-side
2H NADH
o -2e*
u
2H+_ u - -
= oH*+ 20H-
2H- o" o o
] —
2H* g 2e~ Hzo
ol
2H _ 280 o 20n-
u
u
oH* meel 26—
S oA
A " om 2H* mw HZO
) u
H,0 20H
pH
H+ gradient - (Ht)
(OH— 2H
lower + — higher
pPH) + pH
B + electrical potential
ADP +Pi
]
I - "\TPase
H* I L] i B
C I ATP +
H,O

Fig. 10.18. Diagramexplainingchemiosmoticcoupling
according to Mitchell. A—During electron
transport H* ions are driven to the C side of
inner mitochondrial membrane; B—Thispro-
cessproducesapH gradientandanelectrical
potential acrossthe membrane; C—thisgra-

dient drivesthe proton pump of the ATPase

and ATP is synthesized from ADP and Pi
(after De Robertisand DeRobrtisJr., 1987).

ecules of ATP are used in the transportation of 2 mole of NADH produced during glycolysisinto the
mitochondrion (viathemalateshuttle) for their further oxidation (viaETS). Hence, thenet gainof ATP
is38-2=36 mol ecul es; since one high energy phosphate bond isequal t0 36.8 kJ; s0 36ATP=1325kJ

or 36,000caories:

CgH,04+36Pi + 36ADP+60,+6H,0 —6CO,+36ATP+12H,0

Glucose Inogranic
phosphate

(360,000 calories
or 1325 kJ)
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TheP/Oratio. Inthe electron tranport chain, since the formation of ATP occursin three steps,
the equation can be written as follows:

NADH +H*+3ADP+3Pi +1/20, - NAD" + 4H,0+3ATP

Oneway of indicating the ATPyield from oxidative phosphorylationisthe P/O ratio, whichis
expressed as the moles of inorganic phosphate (Pi) used per oxygen atom consumed. Thus, in above
equationtheP/Oratiois3because3Pi and 1/2 O, areused. Ontheother hand, whenasubstrateisoxidized
via aflavoprotein-linked dehydrogenase, only 2 mol of ATPareformed, i.e.,, P/Oratiois 2.

B-OXIDATION OF FATTY ACIDS

Inthe mitochondriaof all cells, enzymesin the outer (e.g., thiokinase or acyl - CoA synthetase)
andinner (e.g., carnitine) membranemediatethemovement of freefatty acidsderivedfromfat molecules
into themitochondrial matrix. Inthematrix, each fatty acid moleculeexistsintheform of “ activefatty
acid” or “fatty acyl CoA” andisbrokendowncompletely by acycleof reactions, called B-oxidation that
trimstwo carbons(i.e., oneacetyl group) at atimefromitscarboxyl end (B-end), generatingonemolecule
of acetyl - CoA ineachturn of cycle (Fig. 10.19). The acetyl- CoA producedisfed into Krebscycleto
befurther oxidized.

Energetics of fatty
acid oxidation. During -
oxidation, two ATP mol-
ecules are utilized for the
activation of a fatty acid
(e.g., 16-carboncontaining

R—CH,~CH,~COOH

ATP
CoA-SH
O

FAD

1
R-CH,~CH,~C-SCoA &y i

palmitic acid); thus, one |(|3 - '_.l_ ~ FSDHZ
ATP is used by acyl-CoA \cH, c-scoa f ¢ = " R CH_C.L Yo con
synthetase outside the mi- " o - I "
tochondria; another ATP + B & ‘ '

(i.e., GTP)isused by mito- o 1 ?  CH,C-S-CoA I OHZO
chondrial acyl-CoA syn- | R-C-S-CoA M
thetase. During oxidationof R-CH(OH)-CH,—C-S-CoA
afatty acid, water isadded " o .

and 4 hydrogen atoms are - = NAD
removed, forming one CoASH By, O 0O .-I...NADH

FADH, molecule and one
NADH molecule, from2car-
bon atoms nearest to CoA.
When electrons of FADH,

R-C-CH,—C-S-CoA

Fig. 10.19. The oxidation of fatty acids by the 3-oxidation
helical scheme.

and NADH are passed
through ETS, they release 5SA TP moleculesfor each of thefirst 7 acetyl - CoA moleculesformed by [3-
oxidationof pamiticacid, i.e., 7x5=35ATPmolecules. 3 - oxidation of palmiticacid producesintotal
8 mol of acetyl - CoA, each of which on oxidation by Krebs cycle produces 12ATP molecules; thus,
making 8 x 12 = 96ATP moleculesviathisroute. By deducting 2ATP used for initial activation of the
fatty acid, anetgainof 129ATP(i.e., 35+96—2=129) isachieved. Intermsof energy 129 ATPmolecules
contain 4747 kJ (129 x 36.8 kJ). Asthefree energy of combustion of palmitic acidis9791 kJ/mol, the
process of 3-oxidation captures as ATP molecules on the border of 48 per cent of the total energy of
combustion of thefatty acid (see M ayesand Granner, 1985).

OXIDATION OF PROTEINS
Before proteinscan beintroduced into the mainstream of metabolism (catabolism) they must be

splitinto amino acids. Theprocessisaccomplished by protease enzymessimilar to the process occurs
in digestion. Each peptide bond is severed with the introduction of a water molecule, a hydrolytic
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reaction. Next, nitrogen isremoved from amino acids by any one following two processes: oxidative
deamination and transamination.

During oxidativedeamination, theamino group of theamino acidissplit off fromtherest of the
molecule, formingammonia(NH,). Theremainder of theamino acidthenentersthemain metabolicstream
asaketo acid. Water isrequired for this process and two hydrogens are removed by coenzyme NAD.
The ammonia formed during deamination may be immediately excrerted or organized into another
mol ecul e before excretion; for exampl e, in human beingtheammoniaisconvertedinto ureamol ecules
by the liver cells before being sent via the blood to the kidney. The energy derived from oxidative
deamination dependsupontheaminoacidinvol ved. For example, oxidativedeamination of glutamicacid
involvesits conversion into a-ketoglutaric acid, which is oxidized by the Krebs cycle:

NAD — NADH,
Glutamicacid o-Ketoglutaricacid
@minoacid) "\ (keto acid)
H,O NH,

Inthiscase, high-energy phosphateswould be created by thetransfer of hydrogenfromNADH,,
(formed in deamination) through the cytochrome system.

Transamination reaction consi stsof an amino group being shifted from onemol ecul eto another
inexchangefor anoxygen. For exampl e, duetotransaminationaminoacid glutamicacid being converted
into o-ketoglutaric acid, asis shown by following reaction:

Glutamicacid + Oxaloaceticacid ———— o-Ketoglutaricacid + Aspartic acid

(aminoacid) (ketoacid) (ketoacid) (aminoacid)

Inthis case, the amino group isnot lost completely but istransferred to one of the substrates of
Krebscycle. Oxal oaceticacidlosesitsoxygenand picksuptheNH,, group and becomestheaminoacid,
aspartic acid. Thus, oneamino acid isconverted into keto acid, while another keto acid istransformed
intoanaminoacid. Theusual purposeof suchreactionsistomaintainaparticul ar balanceamong amino
acids and substrates rather than providing grist for the metabolic mill.

Some amino acids such as aanine, cysteine, glycine, hydroxyproline, serine and threonine
undergo enzymatic reaction to become pyruvic acid which enters mitochondriaand is changed into
acetyl-CoA and oxidized by Krebs cycle. Some other amino acids such as phenylalanine, tyrosine,
tryptophan, lysine and leucine form acetyl-CoA directly without first forming the pyruvic acid.

OTHER FUNCTIONS OF MITOCHONDRIA

Besidesthe ATP production, mitochondriaserve thefollowing important functionsin animals:

1.Heat productionor ther miogenesis. Aswehaveal ready discussed earlier that only 45 per cent
of the energy released during the oxidation of glucoseis captured in the form of ATP, the rest 55 per
cent is either lost as heat or used to regulate body temperature of warm-blooded animals. In some
mammals, especially young animal sand hibernating species, thereisaspeciaizedtissuecalledbrown
fat. Thistissue, typically located between the shoul der blades, isespecially important in temperature
regulation; it produceslarge quantitiesof body heat necessary for arousal fromhibernation. Thecolour
of brown fat comesfrom itshigh concentration of mitochondria, which aresparsein ordinary fat cells.
The mitochondriaappear to catalyze el ectron transport in the usual way but are much lessefficient at
producing ATP. Hence, a higher than usual fraction of the oxidatively released energy is converted
directly toheat (called non-shiveringther miogenesis).

2.Biosyntheticor anabolicactivities. Mitochondriaal so performcertain biosyntheticor anabolic
functions. Mitochondriacontain DNA andthemachinery neededfor proteinsynthesis. Therefore, they
canmakelessthanadozen different proteins. The proteinssofar identified are subunitsof the AT Pase,
portions of the reductase responsiblefor transfer of electronsfrom CoQ to theiron of Cyt ¢, and three
of the seven subunitsin cytochrome oxidase. Altogether, no morethan 5-10 per cent of mitochondrial
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componentscan beattributed
to mitochondrial genes.

Somebiosyntheticfunc-
tions of mitochondria are of
primary benefit to the rest of
thecell. For exampl e, thesyn-
thesis of haeme (needed for
cytochromes, myoglobinand
haemoglobin) begins with a
mitochondrial reaction cata-
lyzed by the enzyme, deltaor
d-aminolevulinic acid syn-
thetase. Likewise, someof the
early steps in the conversion
of cholesterol to steroid hor-
mones in the adrenal cortex
are also catalyzed by mito-
chondrial enzymes.

3. Accumulation of
Ca?" and phosphate. In the
mitochondria of osteoblasts
present in tissues undergo-
ing calcificationlargeamount
of Ca?* and phosphate (PO, )
tend to accumulate. In them
microcrystalline, electrone-

Pyruvic acid

Intermembrane o (cg)

space i

Summary of the major activities during aerobic
respiration in a mitochondrion.

dense deposits may become visible. Sometimes, the mitochondria assume storage function, e.g., the

extra cellular

&L
-
y f

cytoplasm

:l = tubule

:I- vesicle

plasma membrane
matrix I:. =i . protuberance

invagination

T
-~ -'3' mitochondrion

Fig. 10.20. Hypothetical diagrams showing the origin
of mitochondriafrom plasmamembrane.

mitochondriaof ovumstorelarge
amounts of yolk proteins and
transforminto yolk platel ets.
BIOGENESIS OF MITO-
il CHONDRIA
'.II Regardingtheoriginof the
mitochondria, several hypoth-
o eses have been postulated which
'tl areasfollows:

1. “de novo” origin. Ac-
cording to this hypothesis, the
mitochondria are originated “de

tubule

mitochondrion
Ig‘ direct evidence in suppport of
“de novo” hypothesis for the
B originof themitochondriathere-
fore, it isdiscarded now.

2. Origin from the endo-

plasmic reticulum or plasma

exracellular matrix

vesicle

novo” (L.anew) fromthesimple
building blocks such as amino
acidsand lipids. But, thereisno

E
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membrane. Accordingto M or rison (1966) thenew mitochondriamight havebeen originated fromthe
endoplasmicreticulum or plasmamembrane(Fig.10.20). Thishypothesisal so could not providedirect
evidences, therefore, it isnot well accepted at present time.

3. Origin by division of pre-existing mitochondria. The electron microscopic and radio-
autographic observations of the culture cells have shown clearly that the new mitochondria are
originated by the growth and division of pre-existing mitochondria. On average, each mitochondrion
must doublein massand then dividein half oncein each cell generation. Mitochondriaare distributed
between the daughter cells during mitosis and their number increase during interphase. Electron
microscopic studies of Neurospora crassa (L uck, 1963) and HeL a cells (Attardi et al., 1975) have
suggested that organelle division begins by an inward furrowing of theinner membrane, asoccursin
cell divisoninmany bacteria(Fig. 10.21). After elongating, oneor morecentrally located cristaeform
apartition by growing acrossthe matrix and fusing with the oppositeinner membrane. This separates
the matrix into two compartments. The outer membrane then invaginates at the partition plane,
constricting until thereis membrane fusion between thetwo inner mem-

branewalls. Thus, two separable daughter mitochondriaare formed.
Mitochondriaassemiautonomousor ganelles. Recently thestudy = iy
of mitochondrial and chloroplast biogenesis became of great interest "
becauseit was demonstrated that these organelles contain DNA as well '.I.E .!
asribosomesand are ableto synthesize proteins. Theterm semiautono- |l « 5t
mous or ganelleswas applied to the two structuresin the recognition of I
these findings. Thisterm also indicated that the biogenesis was highly
dependent on the nuclear genome and the biosynthetic activity of the
ground cytoplasm. Itiswell established now that themitochondrial mass
grows by the integrated activity of both genetic systems, which coop-
erate in time and space to synthesize the main components. The mito-

chondrial DNA codesfor themitochondrial, ribosomal andtransfer RNA e
andfor afew proteinsof theinner membrane. M ost of the proteins of the b
mitochondrion, however, result fromtheactivity of thenuclear genesand - |-'I . :I
are synthesized on ribosomes of the cytosol (cytoplasmic matrix). The I I

cooperation of two genomes hasbeen greatly clarified by studiesonthe
mol ecul ar assembly of cytochromeoxidase(Saltzgaber etal.,1977). This
cytochrome, as studied in Saccharomyces cerevisiae is made up of
seven polypeptide subunitsfor acombined mol ecul ar weight of 139,000

daltons. Threeof the polypeptidesare coded by mt DNA and assembled

on mitochondrial ribosomes. They are very hydrophobic and high in I'J Ih |-
mol ecular weight (23,000—40,000daltons). Theremaining four subunits
are coded by nuclear DNA and made on cytoplasmic ribosomes. These

are hydrophilic polypeptides of lower molecular weight (4500-14,000 AN '." : -
daltons). i
Mitochondrial DNA. Mitochondrial DNA (mt DNA) moleculeis |Ir |_I ¥

relatively small, simple, doubl e-stranded and except for theDNA of some
algaeand protozoans, itiscircular. Thesize of mitochondrial genomeis e '_J'
very muchlargeinplantsthaninanimals. Thus, mt DNA variesinlength b'-.;-.'ql' .
from about 5 umin most animal speciesto 30 pum or soin higher plants. =
Themt DNA islocalizedinthematrix andisprobably attachedtotheinner |Fig. 10.21. Fission of amito-
membrane at the point where DNA duplication starts. This duplication chondrion by par-
is under nuclear control and the enzymes used (i.e., polymerases) are 0@ iEELer

. ft Th
imported from the cytosol. (1382; orpe,
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Mitochondrial ribosomes. Mitochondriacontainribosomes(called mitoribosomes) and polyri-
bosomes. In yeast and Neurospora, ribosomes have been ascribed to a 70S class similar to that of
bacteria ; in mammalian cells, however, mitoribosomes are smaller and have atotal sedimentation
coefficient of 55S, withsubunitsof 35Sand 25S(Attar di etal., 1971). Inmitochondria, ribosomesappear
to betightly associated with the inner membrane.

Mitochondrial protein synthesis. Asalready described, mitochondiracan synthesize about 12
different proteins, which areincorporated into theinner mitochondrial membrane. These proteinsare
very hydrophobic (i.e., they are proteolipids). Thus, on the mitoribosomes are made the following
proteins : three largest subunits of cytochrome oxidase (Fig. 10.6), one protein subunit of the
cytochrome b-c, complex, four subunits of ATPase and afew hydrophobic proteins. One of the best
known differences between the two mechanisms of protein synthesis (i.e., in the cytosol and in the
mitochondrial matrix) isintheeffect of someinhibitors. Themitochondrial proteinsynthesisisinhibited
by chloramphenicol, while synthesisin the cytosol (cytoplasmic matrix) isnot affected by thisdrug.
In contrast, cycloheximide hasthe reverse effect.

I mport mechanism of mitochondrial proteins. Most mitochondria proteinsarecoded by nuclear
genes and are synthesized on free ribosomesin the cytosol (cytoplasmic matrix). Theimport of these
polypeptides involves similar mechanism both in mitochondria, and chloroplasts. The transport
processesinvolved have been most extensively studiedin mitochondria, especially inyeasts(Attar di
and Schatz, 1988). A protein istranslocated into the mitochondrial matrix space by passing through
sites of adhesion between the outer and inner membrane, called contact sites. Translocationisdriven
by both ATP hydrolysis and the electrochemical gradient across the inner membrane, and the
transported protein isunfolded asit crossesthe mitochondrial membranes. Only proteinsthat contain
a specific signal peptide are translocated into mitochondria and chloroplasts. The signal peptideis
usually located at theaminoterminusandiscleaved off afterimport (Fig. 10.23A). Transport totheinner
mitochondrial membrane can occur asasecond stepif ahydrophobicsignal peptideisalsopresentin
the imported protein; this second signal peptide is unmarked when thefirst signal peptideis cleared
(Fig. 10.23B). Inthecaseof chloroplasts, import fromthestromainto thethylakoid likewiserequiresa
second signal peptide.

Mitochondrial lipid biosynthesis. Thebiogenesi sof new mitochondriaand chloroplastsrequires
lipidsin addition to nucleic acids and proteins. Chloroplasts tend to make the lipidsthey require. For

example, in spinach leaves, al cellular fatty

acid synthesistakesplacein thechloroplast. S

Themajor glycolipids of the chloroplast are .:l- Ty

also synthesized locally. L “annn
Mitochondria, on the other hand, im- I I II 'Iil

port most of their lipids. In animal cellsthe

phospholipids— phosphatidyl-cholineand L | I L I
phosphatidyl-serine—aresynthesizedinthe "I
ER and then transferred to the outer mem- '-' ". LI -

| | e | |
cytosol (cytoplasmic matrix)
Fig. 10.22. Modéd of cytochromeoxidaseof yeast show-

braneof mitochondria. Thetransfer reactions
arebelievedtobemediated by phospholipid

excha_ngepr (_)tei ns,; theimportedlipidsthen ing topographical relationship of its seven
moveintotheinner membrane, presumably at subunitsand itsrelation with cytochromec
contact sites. Inside mitochondria, some of (after Thorpe, 1984).

the imported phospholipids are decarboxy-

lated and converted into cardiolipin

(diphosphatidyl glycerol). Cardiolipinisa“ double” phospholipid that containsfour fatty - acid tails;
itisfound mainly in theinner mitochondrial membrane, whereit constitutes about 20 per cent of the
total lipids.

Contents
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Fig. 10.23. A—Proteinimport by mitochondrial matrix throughsinglesignal; B— Import of proteins
fromthecytosol (cytoplasmic matrix) tothemitochondrial intermembranespaceor inner
membrane through two (or multiple) signals (after Albert et al; 1989).

Prokryotic Origin or Symbiont Hypothesis

Early cytologistssuchasAltmann and Schimber (1890) havesuggested thepossibility of origin
of the mitochondriafrom the prokaryotic cells. According to their hypothesis, the mitochondriaand
chloroplasts may be considered as intra-cellular parasites of the cells which have entered in the
cytoplasm of eukaryotic cellsin early evolutionary days, and have maintained the symbiotic relations
withtheeukaryatic cells. Themitochondiraare supposed to bederived fromthebacterial cells(purple
bacteria) while chloroplasts are supposed to be originated from the blue green algae (see M ar gulis,
1981). DuetothesereasonsAltmann suggested thename* bioblasts’ to themitochondriaand heal so
hinted about their self-duplicating nature.

Recent cytological findings have also suggested many homol ogies between the mitochondria
and the bacterial cells. The similarities between the two can be summarised asfollows:

1. Similarity in inner mitochondrial membraneand bacterial plasmamembrane. (i) Inthe
mitochondriathe enzymesof therespiratory chain arelocalized ontheinner mitochondrial membrane
likethebacteriainwhichthey remainlocalizedintheplasmamembrane. Thebacterial plasmamembrane
resembleswith theinner mitochondrial membranein certain respects.

(ii) The plasma membrane of certain bacterial cells gives out finger-like projections in the
cytoplasm known asmesosomes. The mesosomes can be compared with mitochondrial crests. Salton
(1962) has reported respiratory chain enzymesin the mesosomes.
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(iii) Because the
outer mitochondrial
membrane resembles
with the plasma mem-
brane, therefore, it may

beassumedthat themi- i _ nucleus

tochondrial matrix and - L™ I

theinner mitochondrial .h

membrane represent| = | ol y

the symbiont which
might be enclosed by
the membrane of the
cellular origin (outer
mitochondrial mem-
brane).

2. Similarity in
DNA molecule. The
DNA molecule of the
mitochondria is circu-
lar like the DNA mol-
ecule of the bacterial
cells. Further therepli-
cation process of the
mitochondrial DNA is
alsosimilartobacterial
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chondrial ribosomes
aresmallinsizeandre-
sembl e the ribosomes of the bacteria.
4. Similarity in the process of
protein synthesis. Theprocessof pro-
tein synthesis of both mitochondria
and bacteria is fundamentally same
becausein both, the processof protein
synthesis can be inhibited by same
inhibitor known as chloramphenicol.
Further, themitochondriafor the
process of protein synthesis depend
partially on the mitochondrial matrix
and DNA and partially on the nucleus
and cytoplasm of the eukaryatic cells.
Thisshowsthe symbiotic natureof the
mitochondria
Duetotheabove-mentionedsimi-
laritiesbetween the bacteriaand mito-

These degenerating muscle fibers are from a biospy of a patient
and show accumulations of red staining “blotches” just beneath
the cell's plasma membrane, which are due to abnormal prolif-
eration of mitochondria.

chondria, the symbiont hypothesis postulated that the host cell (eukaryotic cell) represented an
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anaerobic organism which derives the required energy from the oxidations of food by the process of
glycolysis. Whilethemitochondriarepresent the symbiontswhichrespireaer obically and containthe
enzymes of Krebscycleand respiratory chain. The symbionts seem to be capableto get the energy
by oxidativephosphorylation fromthepartially oxidised food (pyruvicacid) of thehost cell.

REVISION QUESTIONS

What are the characteristic structural features of mitochondirathat aid in their identification ?

Why are mitochondria termed as the “ power houses’ of the eukaryotic cells ?

What isthe major function of mitochondria ?

What differences exist in structure and function between the inner and outer membranes of the

mitochondria?

Wouldyouexpect plant cell sto havethe Embden-Meyerof glycolytic pathway ?Explainyour answer.

What is the significance of acetyl-coenzyme A and where does it come from ?

What isan oxidative decarboxylation ? Give an example.

Of what value to the cell isacyclic process such as the Krebs cycle ?

Define the terms redox reactions and redox potential. Explain Mitchell's chemiosmotic coupling

theory.

10. Definethefollowing : electron transport; respiratory chain; oxidative phosphorylation; cytochrome
oxidase. Summarize various schemes for coupling electron transport to ADP phosphorylation.

11. Whatisafermentation, and why isit needed by some cells ?

12. What isthe special function of brown fat mitochondria and how isit carried out ?

13. Describe the B-oxidation of fats.

14. Describethe biogenesis of the mitochondria.

15. Explain why arethe mitochondriaconsidered as semiautonomous organelles.

16. Describe the energetics of glucose oxidation and compareit with that of fat oxidation.

17. Giveashort account of symbiotic origin of mitochondriaand chloroplasts.

18. Compare the functions of mitochondria and chloroplasts.
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Plastids

(Chloroplasts, Photosynthesis
and Vacuoles)

the presence of two types of membrane-bounded com
partments— vacuoles and plastids. Both organelles are

related to theimmobile life-style of plant cells.
Plastidsarepresentinall living plant cellsandin Euglena
(a protozoan). They are small bodies found free in the cyto-
plasm. Plastids are often more or less spherical or disc-shaped
(1 umto 1 mm in diameter), but may be elongated or lobed or
show amoeboid characteristics. Their other identifying features
are their double bounding membranes, the possession of
plastoglobuli (spherical lipid droplets; storeof lipidssurplusto
current requirements) and an internal membrane fretwork of
many discreteinternal vesicles. All plastidsin aparticular plant
speciescontainmultiplecopiesof samerelatively small genome
(DNA) and 70S-type ribosomes. They are self-replicating or-
ganellescontaining aprotein-synthesi zing capacity comparable
tothat of mitochondria. They performmostimportant biological
activitiesasthe synthesis of food and storage of carbohydrates,
lipids and proteins. Plastids are absent in the cells of fungi,
bacteria, animals and male sperm cells of certain higher plants.

HISTORICAL

Chloroplasts were described as early as seventeenth cen-
tury by Nehemiah Grew and Antonievan L eeuwenhoek. The
term plastid was used by Schimper in 1885 ; he also classified
theplastidsof plants. A. M eyer in1883, F. Schmitzin1884 and
A.F.W. Schimper in1885madedetailed cytological studiesof
these cell organelles and showed that chloroplastsalwaysarise

Plant cellsarereadily distinguished from animal cellsby

plastid
starch
globules

Starch filling plastids in potato
cells.
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from pre-existing chloroplasts. In 1918, Wilstatter and Stoll isolated and characterized the green
pigments—chlorophyllsaandb. K. Porter and S. Granick (1947) described theultrastructureof grana
of chloroplasts. The studies of Julius Sachsin the mid-nineteenth century show that chlorophyll was
confined to the chloroplasts and was not distributed throughout the plant cell. He also showed that
sunlight caused chloroplasts to absorb carbon dioxide and that chlorophyll isformed in chloroplasts
only in the presence of light.

Dutrochet (1837) recognized that chlorophyll was essential to oxygen evolution by plants.
L iebig, in 1845 indicated that carbon dioxidewasthe source of all organic compounds synthesized by
green plants. In 1845, von Mayer recognized that green plants convert the solar energy into the
chemical energy of organic matter :

sunlight
CO, + H,O ————— Organic matter + O,
green plants

In 1862, Sachs proved that starch was synthesized by plants in a light-dependent reaction
(photosynthesis).

In 1931, an American bhiochemist, Cornelius van Niel observed that a certain type of
photosynthetic bacteriafixed carbon dioxidein the presence of hydrogen sulphide. In thisprocessno
oxygen was evolved. Instead globules of sulphur were formed as awaste product. He concluded that
during bacterial photosynthesis carbon dioxide was not split, rather hydrogen sulphide was broken
down, the resultant hydrogen reduced carbon dioxide and sulphur was left behind :

6 CO, + 12 H,S —— C4 H,,0; + 6H,0 + 12S

ThisledvanNiel tohypothesizethat (1) oxygen produced during photosynthesisof higher plants
comesfrom water and not from carbon dioxide. (2) Water isthe hydrogen donor. (3) CO, molecules
areincorporated intact into carbohydrates. He proposed the following reaction for al photosynthetic
organisms:

light
Cco, + 2H,A _ (CH,0) + 2A + H,O
chlorophyll
Hydrogen Hydrogen Reduced Dehydrogenated
acceptor donor acceptor donor
(H,00r H,S) (V20,0r9)

In1932, Emer son and Arnold carried out theflashing light experiment and showed theexi stence
of light and dark reactions. They introduced the concept of photosynthetic unit (or PS1) whichis
thought to be activated when light impinges on a photosynthetic unit.

An English biochemist, Robert Hill (1937) demonstrated photolysis of water by isolated
chloroplastsin the presence of suitable electron acceptor (e.g., ferricyanide)

illuminated
chloroplast
2H,0 + 4Fe3t —_— O, + 4H'+ 4Fe?t
Ferricyanide Ferrocyanide

In1941, Ruben and K amen used O to show that in photosynthesis oxygen comesfromwater.
Calvin and Benson (1948) showed that phosphoglycerate was an early product of CO, fixation. In
1954, Arnon, Allenand W hatley used ¥ CO, to show fixation of CO, by isolated chloroplasts. M elvin
Calvin (1945-1954) made experiments with unicellular green alga Chlorella and used radioactive
formof CO, (}4CO,) towork out thoseanabolic reactionsby which CO, isfixedinto hexosesand other
carbohydrates. These reactions are found to be independent of light and are called dark reactions,
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biochemical reactions, Calvin cycle or C, cycle (since it involves the formation of a 3-carbon
product). Calvin was awarded the Nobel prize in 1960.

Hill and Bendall (1960), proposed Z-shemefor electron transport fromwater to NADPH during
photosynthesis. It linked the two photosystems—PS | and PS 1.

In 1966, two Australianworkers, M .D. Hatch and G.R. Slack suggested an alternative pathway
for carbon fixation in corn and some other hot-weather plants. Itiscaled C, cycle, sinceit involves
afour carbon compound.

TYPES OF THE PLASTIDS

Theterm ‘plastid’ isderived from the Greek word “plastikas’ (= formed or moulded) and was
used by A.F.W. Schimper in 1885. Schimper classified the plastids into following types according
to their structure, pigments and the functions:

1. Leucoplasts

Theleucoplasts (Gr., leuco = white; plast = living) are the colourless plastids which are found
inembryonicand germcells. They area sofound in meristematic cellsandin thoseregionsof theplant
which are not receiving light. Plastids |ocated in the cotyledons and the primordium of the stem are
colourless (leucoplastes) but eventually become filled with chlorophyll and transform into chloro-
plasts. Trueleucoplastsoccurinfully differentiated cellssuch asepidermal andinternal plant tissues.
They never become green and photosynthetic. True leucoplasts do not contain thylakoids and e