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FOrREWORD

“Today’s Biochemistry is Tomorrow’s Medicine” rightly said by many is truly justified by Dr (Brig) MN Chatterjea
and Dr Rana Shinde in their Textbook of Medical Biochemistry. Authors’ sincere efforts are appreciated both by students
and faculty who have been using this book, which is meeting most of the requirements of MCI regulations. I have
found lot of appreciation and greater acceptance in India and abroad for which authors have put in special efforts to
cover wide spectrum of current topics in medical biochemistry through constant review and changes from time-to-
time. This popular book itself is a good guide and a tool to both undergraduate students and teachers in medical
biochemistry.

Prof T Venkatesh PhD FACBI

Director

National Referral Centre for Lead Poisoning in India
Professor, Department of Biochemistry and Biophysics
Past President, ACBI

St John’s National Academy of Health Sciences
Bengaluru, Karnataka, India



FOrREWORD

Iam very happy to write the foreword for this edition of the Textbook of Medical Biochemistry. In keeping with its prior
editions, the authors have given full attention to include the advancements occurred in the field of clinical biochemistry.
I am a practicing clinical chemist in community hospital who used tools in basic concepts of the subject, when
teaching students the art and science of clinical biochemistry. I encourage the teachers in medical schools in India
and abroad to use the book for teaching the subject of clinical biochemistry. I am a strong advocate of teaching the
fundamental concepts in biochemistry to medical students, clinical laboratory technologists and clinical pathologists
to advance their understanding of the subject.

The authors are well-known teachers and have spent decades in this field. This edition is enriched with relevant
subject information for those who are seeking to understand medical biochemistry. I recommend the book for medical
students at undergraduate as well as postgraduate levels.

I am sure the medical college community in India and abroad will welcome this edition of Textbook of Medical
Biochemistry.

Dr Vijaykant B Kambli PhD MBA FACB DABCC
Director

Quality Assurance and Point of Care Testing
Former Director, Clinical Biochemistry
Department of Pathology

Norwalk Hospital

Norwalk, Connecticut, USA



FOrREWORD

The discipline of biochemistry has expanded by leaps and bounds. It is an independent subject with a separate
examination in almost all medical colleges. Though there are a few books on biochemistry written by Indian
authors, there is need for a comprehensive yet simplified textbook. I am happy that the Textbook of Medical
Biochemistry, written by Dr (Brig) MN Chatterjea and Dr Rana Shinde, fulfils this need. Both authors have long
experience in teaching biochemistry to undergraduate and postgraduates. They have tried their best to make the
text simple and lucid and at the same time have also incorporated the recent developments in the subject. The
textbook is useful not only for undergraduates but also for postgraduates in biochemistry and others registering
for diplomate examination of the National Board of Examinations.
I hope the book will receive appreciation as well as encouragement from all biochemists.

Dr C Sita Devi MD FAMS FIMSA

Vice President-Lab Services

Retd. Principal and Professor
Department of Biochemistry

Andhra Medical College
Vishakhapatnam, Andhra Pradesh, India



FOrREWORD

I am pleased to go through the Textbook of Medical Biochemistry written by Dr (Brig) MN Chatterjea and Dr Rana
Shinde. The book makes a lucid reading, is full of necessary facts for medical students, and the text is clinically
oriented.

Both the authors are well-known teachers of repute and have really tried to make the book simple as well as
useful for medical students at undergraduate and postgraduate levels.

The book though similar to many other such textbooks, is unique for its clarity and comprehension. I am sure
students and teachers will gladly accept the book.

Dr KP Sinha MD PhD (Lond)
Ex-Professor and Head
Department of Biochemistry
Patna Medical College
Patna, Bihar, India



PrEFACE TO THE EIGHTH EDITION

It is a great pleasure to present the Eighth Edition of Textbook of Medical Biochemistry to our beloved teachers and
students.

The main framework of the book has been retained, without much changes, new additions have been made,
some portions rewritten in certain chapters.

Few teachers wanted that the university question types and MCQs be added at the end of each chapter which
were in existence in first three editions but later removed to reduce pages. To quote, "I suggest that short type of
questions and multiple choice questions should be included at the end of each chapter in future edition of the book."
We have included the same in the topics pertaining to MBBS.

We feel confident that this edition will fulfil the requirement of the undergraduate students as per MCI
recommendations and also meet the needs and expectations of postgraduate students of Biochemistry. As the book
is clinically oriented, it will be of much help to PG students of other disciplines, viz. Pathology /medicine/pediatrics,
etc.

Colour printing has been used to make the book more attractive, easy recording and highlighting the important
portions like Clinical Aspects/Significance and Biochemistry Importance.

The overall objective of the book has been to provide concise yet authoritative coverage on the basics of
Biochemistry with clinical approach to understand the disease processes. The important points in the text to be
remembered by the students have been highlighted in bold and italicised prints.

We do not claim to the perfect. Errors/mistakes may creep-up due to oversight/or printing errors. We shall look
forward for any valuable comments and useful suggestions from teachers and students so that errors are rectified
and suggestions are taken into account for future.

We sincerely thanks Shri Jitendar P Vij (Chairman and Managing Director), Mr PG Bandhu (Director-Sales), and
Mr Tarun Duneja (Director-Publishing) for their untiring work and keen efforts to bring out the new revised edition
of the book.

Dr (Brig) MN Chatterjea
Rana Shinde






Prerace 1o THE FIRST EDITION

Biochemistry holds a key position in the curricula of medical colleges under Indian universities, and is one of the
basic preclinical science subjects for first professional MBBS students.

Biochemistry is being transformed with astonishing rapidity and current efflorescence in the knowledge in
this subject has necessitated that it should be learnt separately from physiology. The three basic science subjects
make a plinth for the house of medicine. A sound and comprehensive learning of biochemistry will help a medical
student understand medicine and pathology more clearly.

A large number of books on biochemistry for medical students are available in the market—both international
and Indian. Many of the international books are voluminous and too difficult for our students of medicine to
handle and comprehend.

The Textbook of Medical Biochemistry for the medical students is the outcome of the joint efforts of a medical and
a nonmedical biochemist, who possess considerable experience in teaching biochemistry to undergraduate and
postgraduate medical students of Indian universities.

We have tried our utmost to ensure that the language used is lucid and simple, makes an easy-reading, and the
text provides an intelligent and comprehensive study. At the same time, we have attempted to maintain a high
standard after incorporating the recent developments and concepts.

Though the book is primarily meant for the first professional MBBS students, certain chapters have been dealt
with in greater detail to meet the requirements of postgraduates, viz. MSc, MD (Biochemistry) students and those
preparing for Diplomate in NBE. It meets the requirements of students of medical, dental science, agricultural
science, home science, and others who have to take a basic course in biochemistry.

The text of the book is spread over 40 chapters and special mention has been made to introduce to the reader
some recent topics such as cyclic nucleotides—cyclic AMP and cyclic GMP, prostaglandins, prostacyclins, throm-
boxanes and leukotrienes, immunoglobulins, recombinant DNA technology, clinical significance of enzymes and
isoenzymes, radioisotopes and their clinical and therapeutic uses, etc.

Recently, much importance has been given to self-study by students in small groups and to avoid or to restrict
to the minimum the traditional way of learning based on “didactic” lectures. Keeping this in view, we have
included in the beginning of each chapter the “major concepts” and “specific objectives” of the chapter for the
information of the readers so that medical students know what to study and learn. The text of each chapter has
been written keeping in view the objectives so that students can make a self-study. We wish to emphasise that
these are “behavioural objectives” and are self-explanatory.

In our several years of teaching experience, we have observed that medical students have a “fear-complex”
that biochemistry involves too many structural formulae and chemical equations. Though this is unavoidable to
some extent for proper understanding of the subject, we have tried to restrict the chemical formulae to the
minimum and used them to explain certain reactions.

At the end of each chapter we have given “essay type” or “short notes type” questions which we have
compiled from the examination papers of different Indian universities. It will be seen that there is repetition of
some questions, but the framing of the question and language is different.

We have also tried to give some 15 to 30 MCQs (with answers at the end) in each chapter which may be useful
for the medical students for their homework.

While writing the chapters and compiling the questions, we have consulted syllabi of several Indian universi-
ties to cover all the topics prescribed for undergraduate and postgraduate medical students. We have included a
large number of tables and comparative discussions wherever possible to meet the needs of the students. Our aim
has been to provide a comprehensive, self-contained textbook of biochemistry to effectively satisfy the curricular
requirements of medical students of Indian universities.
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In addition, our main target has been to make the book clinically-oriented. We have given the clinical
significance and biomedical importance wherever it is applicable. Biochemical aspects of certain pathological
conditions, specially those due to abnormal metabolism, have been discussed in detail. We earnestly hope that the
book will be of help to both the undergraduate and postgraduate medical students and their teachers.

No one can be perfect, and there could have been some flaws or shortcomings in the book. We will welcome
constructive criticism and comments, if any, along with fruitful suggestions to improve the text in its future
editions.

In writing a textbook of this nature, one has to take help from others and this book is no exception. We are
highly indebted to our colleagues and friends, and other authors whom we have consulted in compiling this book.

Our thanks to Mrs KN Valsa and Mrs Gracy for their untiring efforts and forbearance in typing the manu-
script.

We are also grateful to Shri Jitendar P Vij (Chairman and Managing Director), and Mr YN Arjuna, Editorial
and Publishing Consultant, of Jaypee Brothers Medical Publishers (P) Ltd. for their sincere and untiring efforts in
transforming the typed manuscript to printed form.

MN Chatterjea
Rana Shinde
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Major Concept

CELL AND CELL ORGANELLES:
CHEMISTRY AND FUNCTIONS

To study the molecular and functional organisation of a cell and its subcellular organelles.

Specific Objectives

1. To know importance of cell, and the types: Prokaryotic and eukaryotic cell.
2. Learn the essential differences of a prokaryotic cell and eukaryotic cell.

3. Draw a diagram of an eukaryotic cell showing different cell organelles.
4

. Study the following cellular organelles:
*  Nucleus—its structure and functions.

*  Mitochondrion, the power house of a cell. Learn its structure and functions.

*  Study endoplasmic reticulum, its types, structure and functions.

* Learn structure and functions of golgi complexes.

e Study about lysosomes, their functions, inherited disorder—I cell disease.

» Learn about peroxisomes: Their structure and functions.
*  Study the structure and functions of cytoskeleton.

All organisms are built from cells. All animal tissues
including human are also organised from collections of
cells. Thus cell is the fundamental unit of life. If cell
dies, tissue dies and it cannot function.
Modern cell theory can be divided into the following
fundamental statements:
e Cells make up all living matter
e All cells arise from other cells
* The genetic information required during the
maintenance of existing cells and the production
of new cells passes from one generation to the
other next generation
* The chemical reactions of an organism that is its
metabolism, both anabolism and catabolism, takes
place in the cells.

Types of Cells

In general two types of cells exist in nature. They are:
1. Prokaryotic cells
2. Eukaryotic cells

1. Prokaryotic Cells

Typical prokaryotic cells (Greek: Pro-before and karyon-
nucleus) include the bacteria and cyanobacteria. Most
studied prokaryotic cell is Escherichia coli (E. coli).

Characteristics

e It has a minimum of internal organisation and
smaller in size

¢ Itdoesnothave any membrane bound organelles.

¢ Its genetic material is not enclosed by a nuclear
membrane

¢ Its DNA isnot complexed with histones. Histones
are not found in prokaryotic cells

¢ Its respiratory system is closely associated with
its plasma membrane and

¢ Its sexual reproduction does not involve mitosis
or meiosis.

2. Eukaryotic Cells

The eukaryotic cells (Greek: Eu-true and karyon-nucleus)
include the protists, fungi, plants and animals including
humans. Cells are larger in size (Fig. 1.1).

Characteristics

e It has considerable degree of internal structure
with a large number of distinctive membrane
enclosed having specific functions

* Nucleus is the site for informational components
collectively called chromatin
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Fig. 1.1: Schematic representation of an eukaryotic cell with cell organelles

* Sexual reproduction involves both mitosis and
meiosis

¢ The respiratory site is the mitochondria

¢ In the plant cells, the site of the conversion of

radiant energy to chemical energy is the highly
structural chloroplasts.

Essential differences of prokaryotic and
eukaryotic cells are given in Table 1.1.

Table 1.1: Essential differences between prokaryotic and eukaryotic cells

Prokaryotic cell

Eukaryotic cell

1. Smallerin size 1 to 10 pm 1. Largerin size 10 to 100 um or more
2. Mainly unicellular 2. Mainly multicellular (with few exceptions). Several
different types present
3. Single membrane, surrounded by rigid cell wall 3. Lipid bilayer membrane with proteins
4. Anaerobic or aerobic 4. Aerobic
5. Not well defined nucleus, only a nuclear zone with 5. Nucleus well defined, 4 to 6 um in diameter, contains DNA
DNA and surrounded by a perinuclear membrane
Histones absent Histones present
6. No nuclei 6. Nucleolus present, rich in RNA
7. Cytoplasm contains no cell organelles 7. Membrane bound cell organelles are present
8. Ribosomes present free in cytoplasm 8. Ribosomes studded on outer surface of endoplasmic
reticulum present
9. Mitochondria absent. Enzymes of energy 9. Mitochondria present Power house of the cell.
metabolism bound to membrane Enzymes of energy metabolism are located in
mitochondria
10. Golgi apparatus absent. Storage granules 10. Golgi apparatus present—flattened single membrane
with polysaccharides vesicles
11. Lysosomes—absent 11. Lysosomes present—single membrane vesicle containing
packets of hydrolytic enzymes
12. Cell division usually by fission, no mitosis 12. Cell division—by mitosis
13. Cytoskeleton—absent 13. Cytoskeleton—present
14. RNA and protein synthesis in same compartment 14. RNA synthesised and processed in nucleus. Proteins
synthesised in cytoplasm
15. Examples are bacteria, cyanobacteria, rickettsia 15. Examples: Protists, fungi, plants and animal cells



A. Cell Organelles

Eukaryotic cells contain many membrane-bound
organelles that carryout specific cellular processes. Chief
organelles and their functions are as follows:

1. Nucleus: The nucleus contains more than 95 per cent
of the cell’s DNA and is the control centre of the
eukaryotic cell.
® Nuclear envelope: A double membrane structure
called the nuclear envelope separates the nucleus
from the cytosol.
® Nuclear pore complexes: These are embedded in
the nuclear envelope. These complex structures
control the movement of proteins and the nucleic
acid ribonucleic acids (RNAs) across the nuclear
envelope.
® Chromatin: DNA in the nucleus is coiled into a
dense mass called chromatin, so named because
it is stained darkly with certain dyes.
* Nucleolus: A second dense mass closely associated
with the inner nuclear envelope is called nucleolus.
® Nucleoplasm: Nucleoplasm of nucleus contain
various enzymes such as DNA polymerases, and
RNA polymerases, for m-RNA and t-RNA synthe-
sis.
Functions

* DNA replication and RNA transcription of DNA
occur in the nucleus. Transcription is the first step
in the expression of genetic information and is the
major metabolic activity of the nucleus.

¢ The nucleolus is nonmembranous and contains
RNA polymerase, RNAase, ATPase and other
enzymes but no DNA polymerase. Nucleolus is
the site of synthesis of ribosomal RNA (r-RNA).

* Nucleolus is also the major site where ribosome
subunits are assembled.

Outer membrane Inner membrane

i

Intermembrane space

Cristae

74

Matrix

Fig. 1.2A: A mitochondrion—shows half split to show the inner
membrane with cristae
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2. Mitochondrion: Mitochondrion is the power house of
cell (Figs 1.2A and B).

* Number: The number of mitochondria in a cell
varies dramatically. Some algae contain only one
mitochondrion, whereas the protozoan Chaos
contain half a million. A mammalian liver cell
contains from 800 to 2500 mitochondria.

e Size: They vary greatly in size. A typical mam-
malian mitochondrion has a diameter of 0.2 to
0.8 i and a length of 0.5 to 1.0 um.

® Shape: The shape of mitochondrion is not static.
Mitochondria assume many different shapes
under different metabolic conditions.

Structure and Functions

The mitochondrion is bounded by two concentric
membranes that have markedly different properties and
biological functions.

Mitochondrial Membranes

(a) Outer mitochondrial membrane: The outer mito-
chondrial membrane consists mostly of phospholipids
and contains a considerable amount of cholesterol. The
outer membrane also contains many copies of the protein
called Porin.

Functions of Porin and other Proteins

(i) These proteins form channels that permit sub-
stances with molecular weights of less than < 10,000
to diffuse freely across the outer mitochondrial
membrane.

Other proteins in the outer membrane carry out
various reactions in fatty acid and phospholipid
biosynthesis and are responsible for some oxidation
reactions.

(ii)

Quter

membrane . -
Cristae with
Inner inner membrane
membrane particles
Inter-
membrane Matrix
space

Fig. 1.2B: Cross-section of a mitochondrion—
showing various layers and cristae
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(b) Inner mitochondrial membrane: The inner mitochond-
rial membrane is very rich in proteins and the ratio of
lipid to proteins is only 0.27:1 by weight. It contains high
proportion of the phospholipid cardiolipin. In contrast
to outer membrane, the inner membrane is virtually
impermeable to polar and ionic substances. These sub-
stances enter the mitochondrion only through the
mediation of specific transport proteins.
¢ Cristae: The inner mitochondrial membrane is highly
folded. The tightly packed inward folds are called
“cristae”.

Functional changes: It is now known that mitochondria
undergo dramatic changes when they switch over from
resting state to a respiring state. In the respiring state,
the inner membrane is not folded into cristae, rather it
seems to shrink leaving a much more voluminous inter
membrane space.

(c) Intermembrane space: The space between the outer
and inner membranes is known as the intermembrane
space. Since the outer membrane is freely permeable to
small molecules, the intermembrane space has about the
same ionic composition as the cytosol.

(d) Mitochondrial matrix: The region enclosed by the
inner membrane is known as the mitochondrial matrix.

Composition of matrix: The enzymes responsible for
citric acid cycle and fatty acid oxidation are located in
the matrix. The matrix also contains several strands of
circular DNA, ribosomes and enzymes required for the
biosynthesis of the proteins coded in the mitochondrial
genome. The mitochondrion is not, however, genetically
autonomous, and the genes encoding most mitochondrial
proteins are present in nuclear DNA.

Functions

* Many enzymes associated with carbohydrates, fatty
acids and nitrogen metabolism are located within the
mitochondrion. Enzymes of electron transport and
oxidative phosphorylation are also located in different
areas of this cell organelle.

Table 1.2 gives the names of some of the important
enzymes and their location.

e The mitochondrion is specialised for the rapid
oxidation of NADH (reduced NAD) and FAD. H,
(reduced FAD) produced in the reactions of glycolysis,
the citric acid cycle and the oxidation of fatty acids.
The energy produced is trapped and stored as ATP,
for future use of energy in the body.

CLINICAL ASPECT

A disease known as Luft’s disease involving mitochondrial
energy transduction has been reported. Further mitochondrial
DNA can be damaged by free radicals. Age related
degenerative disorders such as Parkinson’s disease,
cardiomyopathy may have a component of mitochondrial
damage.

3. Endoplasmic reticulum (ER): Eukaryotic cells are
characterised by several membrane complexes that are
interconnected by separate organelles. These organelles
are involved in protein synthesis, transport, modification,
storage and secretion.

Varying in shape, size and amount, the endoplasmic
reticulum (ER) extends from the cell membrane, coats
the nucleus, surrounds the mitochondria and appears
to connect directly to the Golgi apparatus. These memb-
ranes and the aqueous channels they enclose are called
cisternae.

Outer membrane

» Cytochrome bg
» Cytochrome bgreductase
» Fatty acid CoA

synthetase
* FA elongation system

* Phospholipase A

* Nucleoside
diphosphokinase

Table 1.2: Location of some of the important enzymes in mitochondrion

Intermediate space
* Adenylate kinase
¢ Sulphite oxidase

¢ Nucleoside diphospho-
kinase

Inner membrane

Cytochromes b, C, C,
aand ag

NADH dehydrogenase
Succinate dehydrogenase

Ubiquinone

Electron-transferring flavo-
proteins (ETF)

Vector ATP synthase
(FoFy)
B-OH-butyrate
dehydrogenase
Carnitine palmityl
transferases

All translocases

Matrix

Pyruvate dehydrogenase
complex (PDH)

Citrate synthase
Aconitase

Isocitrate dehydrogenase
(ICD)

o-oxoglutarate
dehydrogenase

Malate dehydrogenase
FA oxidation system

Ornithine transcarbamoylase

Carbamoyl phosphate
synthetase |



Types: There are two kinds of endoplasmic reticulum
(ER):

(i) Rough surfaced ER, also known as ergastoplasm.
They are coated with ribosomes. Near the nucleus,
this type of ER merges with the outer membrane
of the nuclear envelope.

(i) Smooth surfaced ER: They do not have attached
ribosomes.

Functions

(a) Function of rough ER: Rough ER synthesises memb-
rane lipids, and secretory proteins. These proteins are
inserted through the ER membrane into the lumen of
the cisternae where they are modified and transported
through the cell.

(b) Function of smooth ER: Smooth endoplasmic
reticulum is involved:

(i) Inlipid synthesis and
(ii) Modification and transport of proteins synthesised
in the rough ER

Note: A number of important enzymes are associated
with the endoplasmic reticulum of mammalian liver
cells. These include the enzymes responsible for the
synthesis of sterol, triacylglycerol (TG), Phospholipids
(PL) and the enzymes involved in detoxification of
drugs. Cytochrome P,5, which participates in drug
hydroxylation reside in the ER.

4. Golgi complexes (or Golgi apparatus): They are also
called Dictyosomes. Each eukaryotic cell contains a
unique stack of smooth surfaced compartments or
cisternae that make up the Golgi complex. The ER is
usually closely associated with the Golgi complexes,
which contain flattened, fluid filled golgi sacs.

The Golgi complex has a Proximal or Cis compart-
ment, a medial compartment and a distal or trans
compartment.

Recent evidence suggests strongly that the complex
serves as a unique sorting device that receives newly
synthesized proteins, all containing signal or transit
peptides from the ER. It is interesting to note that those
proteins with no signal or transit peptides regions are
rejected by the Golgi apparatus without processing it
further and remain as cytoplasmic protein.

Functions

(i) On the proximal or cis side, the Golgi complexes
receive the newly synthesised proteins by ER via
transfer vesicles.

The post-translational modifications take place in
the golgi lumen (median part) where the carbo
hydrates and lipid precursors are added to proteins
to form glycoproteins and lipoproteins respec-
tively.

(11)
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(iii) On the distal or trans side they release proteins
via modified membranes called secretory vesicles.
These secretory vesicles move to and fuse with the
plasma membrane where the contents may be
expelled by a process called exocytosis.

5. Lysosomes: Lysosomes are cell organelles found in cells

which contain packet of enzymes. Lysosome word

derived from Greek word Gree, meaning lysis (loosening).

Discovered and described for the first time as a new

organelle by the Belgian Biochemist de Duve in 1955.

e Size: Mean diameter is approximately 0.4 u (varies in
between that of microsomes and mitochondria). They
are surrounded by a lipoprotein membrane.

e Lysosomes are found in all animal cells, except
erythrocytes, in varying numbers and types.

e pH: pH inside the lysosomes is lower than that of
cytosol. The lysosomal enzymes have an optimal pH
around 5. Acid phosphatase is used as a marker
enzyme for this organelle.

Enzyme Groups Present in Lysosomes

Essentially the enzymes about 30 to 40, are hydrolytic in
nature. They can be grouped as follows:

Lysosomal Enzymes

1. Proteolytic enzymes e Cathepsins (Proteinase)
e Collagenase
e Elastase
2. Nucleic acid e Ribonucleases
hydrolysing enzymes ¢ Deoxyribonucleases
3. Lipid hydrolysing e Lipases
enzymes e Phospholipases

e Fatty acyl esterases
4. Carbohydrate e a-glucosidase
splitting enzymes e [B-galactosidase
e Hyaluronidase
e Aryl sulphatase, etc.
5. Other enzymes e Acid phosphatase
* Catalase, etc.

* As long as the lysosomal membrane is intact, the
encapsulated enzymes can act only locally. But when
the membrane is ruptured, the enzymes are released
into the cytoplasm and can hydrolyse external
substrates (biopolymers).

Biomedical Importance

e In autophagic processes, cellular organelles such as
mitochondria and the endoplasmic reticulum undergo
digestion within the lysosome. The enzymes are active at
postmortem autolysis.

e In the death of a cell, lysosomal bodies disintegrate,
releasing hydrolytic enzymes into the cytoplasm with the
result that the cell undergoes autolysis.

3dNO NOILI3S
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e There are good evidences that the metamorphosis of
tadpoles to frogs, the regression of the tadpole’s tail is
accomplished by the lysosomal digestion of the tail cells.

» Bacteria are digested by white blood cells by engulfment
of the bacteria and lysosomal action.

e The acrosome, located at the head of the spermatozoa, is
a specialised lysosome and is probably involved in some
way in the penetration of ovum by the sperm.

Hence these enzymes lack Mannose-6-P (the marker) and
are secreted into plasma leading to high plasma level. They
are not targeted to lysosomes

{
Lysosomes are deficient in certain hydrolases, and do not
function properly

J

They accumulate partly digested cellular material, manifesting
as “inclusion bodies”

SRR SRS 6. Peroxisomes: Peroxisomes are small organelles also

1. Allergic responses and arthritic conditions: Released
enzymes from ruptured lysosomal membrane can hydrolyse
external biopolymers (substrates) leading to tissue damage
in many types of allergic responses and arthritic conditions.

In Gout: Urate crystals are deposited around joints. These
crystals when phagocytosed cause physical damage to
lysosomes and release of enzymes producing inflammation
and arthritis.

2. Inherited disorders: A number of hereditary diseases
involving the abnormal accumulation of complex lipids or
polysaccharides in cells of the afflicted individual have now
been traced to the absence of key acid hydrolases in the
lysosomes of these individuals.

3. |-Cell disease: |-cell disease is a rare condition in which
lysosomes lack all of the normal lysosomal enzymes.

e The disease is characterised by severe progressive
psychomotor retardation and a variety of physical signs,
with death often occurring in the first decade.

e Cultured cells from patients with I-cell disease was found
to lack almost all of the normal lysosomal enzymes. The
lysosomes thus accumulate many different types of
undegraded molecules forming inclusion bodies.

e Samples of plasma from patients with the disease were
observed to contain very high activities of lysosomal
enzymes; this suggested that the enzymes were being
synthesised but failed to reach their proper intracellular
locations and were instead being secreted.

e Mannose-6-P is the marker. Studies have shown that
lysosomal enzymes from patients with I-cell disease lack a
recognition marker. Cultured cells from patients with I-cell
disease found to be deficient in the enzyme GIcNAc
phosphotransferase, leading to lack of normal transfer of
GIcNAc-1-P in specific mannose residues of certain
lysosomal enzymes. Hence they can not be targeted to
lysosomes. Sequence of events in genesis of I-cell
disease:

Mutations in DNA
)
Mutant GIcNAc phosphotransferase
U
Lack of normal transfer of GIcNAc-1-P to specific mannose
residues of certain enzymes destined for lysosomes

L

called Microbodies, present in eukaryotic cell. The parti-
cles are approximately 0.5 p in diameter. These subcellular
respiratory organelles have no energy-coupled electron
transport systems and are probably formed by budding
from smooth endoplasmic reticulum (ER).

Functions
(i) They carryout oxidation reactions in which toxic
hydrogen peroxide (H,0,) is produced, which is
destroyed by the enzyme catalase.

(i) Recently it has been shown that liver peroxisomes
have an unusually active B-oxidative system
capable of oxidising long chain fatty acids (C 16 to
18 or > C 18)

The B-oxidation enzymes of peroxisomes are rather
unique in that the first step of the oxidation is catalysed
by a flavoprotein, an “acyl Co-A oxidase”

Acyl-CoA + O, — 0, B unsaturated
acyl-CoA + H,0,

H,0, produced is destroyed by catalase.

Peroxisomes may be absent in inherited disorder
Zellweger’s syndrome (Refer to Chapter on fatty acid
oxidation).

7. Cytoskeleton: For many years, biochemists have
considered the cytosol a compartment containing soluble
enzymes, metabolites and salts in an aqueous but gel like
environment.

Studies now support the idea that this compartment
contains actually a complex network of fine structures
called (a) microtubules, (b) microfilaments and
(c) microtrabeculae.

(a) Microtubules: They are long unbranched slender
cylindrical structures with an average diameter of about
25 nm. The structures are made primarily by the self-
assembly of the heterodimer, tubulin having molecular
weight 50,000.

Functions

* An important function of microtubules is their role
in the assembly and disassembly of the spindle
structures during mitosis.



¢ They also provide internal structure to the cell and
helps in maintenance of shape of the eukaryotic cell.

* Asthey seem to associate with the inner face of plasma
membrane, they may be involved in transmembrane
signals.

(b) Microfilaments: They are more slender cylinder like
structures made up of the contractile protein actin. They
are linked to the inner face of the plasma membrane.

Function

These structures may be involved in the generation of
forces for internal cell motion.

(c) Microtrabeculae: They appear to be very fragile tubes
that form a transient network in the cytosol.

Function

It is not yet clearly understood and established fully
whether or not soluble enzymes are associated or
clustered with these structures to form unstable multi-
enzyme complexes.

B. Cytoplasm (Cytosol)

This is the simplest structure of the cell. Organelles free
sap is called as cytosol. Many metabolic reactions take
place in cytosol where substrates and cofactors interact
with various enzymes. There is no specific structure for
cytosol. It has a high protein contents. The actual physio-
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chemical state of cytosol is poorly understood. A major
role of cytosol is to support synthesis of proteins on the
rough endoplasmic reticulum by supplying cofactors and
energy.

Cytosol also contains free ribosomes often in the
polysome form. They contain many different types of
proteins and ribosomal RNA or r-RNA. They exist as 2
subunits and act as the site of protein synthesis.

Functions of Various Subcellular organelles

e Cytosol: Involved in protein synthesis, purine synthesis,
carbohydrate metabolism, HMP shunt. Lipid metabolism-
FA synthesis, cholesterol synthesis, partly heme synthesis,
urea formation and pyrimidine synthesis.

* Mitochondria: Power house of the cell, ETC and ATP
synthesis, TCA cycle, B-oxidation of fatty acids, ketone body
formation, partly heme synthesis, urea synthesis,
gluconeogenesis, pyrimidine synthesis.

* Nucleus: DNA replication and transcription.

e Endoplasmic reticulum: Biogenesis of proteins,
lipoproteins, drug metabolism, ethanol oxidation, synthesis
of cholesterol (partly).

e Golgy body: Maturation of synthesised proteins, protein
sorting, packaging and secretion.

* Lysosomes: Degradation of proteins carbohydrates, lipids
and nucleotides.

3dNO NOILI3S
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Major Concept

BIOLOGICAL MEMBRANES:
STRUCTURE AND FUNCTION

To study the structure and function of cell membrane (Plasma membrane as a prototype)

Specific Objectives
A 1.
2. Learn about proteins present and types:
(i) Integral membrane proteins
(ii) Peripheral membrane proteins
(iiiy Transmembrane proteins
3. Learn about nature of carbohydrates
4. Learn how lipid bilayer is formed

Learn the chemical composition of the membrane—Lipids and its types.

B. Study the fluid mosaic model structure of membrane and additional structures—Lipid rafts and caveolae

C. Learn about special structural characteristics of red cell membrane

1. Integral protein: Glycophorins, and Band-3-Protein

2. Peripheral proteins: Spectrin, Actin, Ankyrin and Band 4, 1 Protein

D. Function:
(a) lon channels, lonophores, water channels, gap junctions
(b) Transport mechanisms
1. Passive or simple diffusion
2. Facilitated diffusion

3. Active transport—Learn about uniport system, and co-transport system—symport and antiport

(c) Mechanisms of transport of macromolecules
1. Exocytosis
2. Endocytosis: Learn about
(i) Phagocytosis

(i) Pinocytosis—Mechanism of receptor mediated absorptive pinocytosis

3. Inherited disorders
(i) Leber’s hereditary optic neuropathy (LHON)
(ii) Cystic fibrosis.

The plasma membrane, a prototype cell membrane,
studied extensively. It separates the cell contents from
the outer environment. Such a membrane barrier that
separates cellular contents from the environment is an
absolute necessity for life. Plasma membranes have
selective permeability that mediate the flow of molecules
and ions into and out of the cell. They also contain mole-
cules at their surfaces that provide for cellular recognition
and communication.

Eukaryotic cells contain many internal membrane
system that surround the cell organelles. Each internal
membrane system is specialised to assist in the function
of organelle it surrounds.

I. Chemical Composition
of the Membranes

Membranes are composed of lipids, proteins and
carbohydrates. The relative content of these components
varies widely from one type of membrane to another, but
typically it contains, 40 per cent of the dry weight is lipids,
about 60 per cent proteins and 1 to 10 per cent carbo-
hydrates. All membrane carbohydrate is covalently
attached to proteins or lipids.

Table 2.1 shows the composition of different memb-
ranes—content of lipids, proteins and carbohydrates as
per centage of dry weight.
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Table 2.1: Composition of different membranes: Content of lipid,
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protein and carbohydrates as percentage of dry weight

Type of membranes Lipid Protein Carbohydrate
¢ Plasma membrane (mammals) 43 49 8
¢ Nuclear membrane 35 59 3
¢ Outer mitochondrial membrane 48 52 Trace
¢ Inner mitochondrial membrane 24 76 Trace
* Endoplasmic reticulum 44 54 2
¢ Myelin 75 22 8

Table 2.2: Composition of different membranes:

Content of various lipids as percentage of total lipids

Type of Various types of lipids
membranes Cholesterol  Lecithin Cephalin Phosphatidyl- Sphingo-  Glycolipid
serine myelin
* Plasma membrane (mammals) 20 19 12 7 12 10
¢ Nuclear membrane 8 45 20 8 2 0
» Outer mitochondrial membrane 8 45 20 2 4 0
¢ Inner mitochondrial membrane 0 85 25 0 8 0
« Endoplasmic reticulum 5 48 19 4 5 0
e Myelin 28 11 17 6 7 29

Table 2.2 shows the content of lipids as percentage Types of Lipids Present in Biomembranes
of total lipid.
(a) Lipids: Lipids are the basic structural components of
cell membranes. (Refer to chapter on Chemistry of Lipids

1. Fatty acids: They are major components of most
membrane lipids. The nonpolar tails of most membrane
lipids are long chain fatty acids attached to polar head

for details of lipids). groups, such as glycerol-3-P.
Lipid molecules have a “polar’ or ionic head hence ! ]
hydrophilic and the other end is a ‘nonpolar’ and About 50 per cent of the fatty acid groups are

hydrophobic tail. Hence they are amphipathic (Fig. 2.1). saturated, i.e. they contain no double bond. The most
common saturated fatty acid groups in membrane lipids

in animals contain 16 to 18 carbon atoms. The other half
of fatty acid molecules contain one or more double bonds,
"Polar” head i.e. unsaturated or polyunsaturated fatty acids. Oleic acid
(hydrophilic) is the most abundant unsaturated fatty acid in animal
membrane lipids; others are arachidonic acid, linoleic
and linolenic acids. The degree of unsaturation determines
the fluidity of the membranes.

2. Glycerophospholipids: They are another group of
“Nonpolar” tails major components of biomembranes. Phosphatidyl-
{iyeropliobic) ethanol amine (cephalin), phosphatidylcholine (Lecithin)
and phosphatidylserine are among the most of common
glycerophospholipids.
3. Sphingolipids: They comprise another group of lipids
found in biological membranes specially in the tissues
of nervous system. There are three types of sphingolipids
sphingomyelin, cerebrosides and gangliosides. About
6 per cent of the membrane lipids of grey matter cells
in the brain are gangliosides.

4. Cholesterol: Cholesterol is another common component
Fig. 2.1: Basic lipid structure—polar of the blomem.brar.les of ar'um'als but not_ 9f plants and
head and nonpolar tails prokaryotes. It is oriented with its hydrophilic polar heads
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exposed to water and its hydrophobic fused ring system
and attached hydrocarbon groups buried in the interior.
Cholesterol helps to regulate fluidity of animal
membranes.

(b) Proteins: Main types of membrane proteins are
(Fig. 2.3):

1. Integral membrane proteins (also called intrinsic
membrane proteins): These proteins are deeply
embedded in the membrane. Thus portions of these
proteins are in Van der Waals contact with the
hydrophobic region of the membrane.

2. Peripheral membrane proteins (also called extrinsic
proteins): These may be weakly bound to the surface of
the membrane by ionic interactions or by hydrogen bonds
that form between the proteins and the ‘polar” heads of
the membrane lipids. They may also interact with integral
membrane proteins. They can be removed without
disrupting the membrane.

3. Transmembrane proteins: Some of the integral proteins
span the whole breadth of the membrane and are called
as transmembrane proteins. The hydrophobic side chains
of the amino acids are embedded in the hydrophobic
central core of the membrane. These proteins can serve
as receptors for hormones, neurotransmitters, tissue
specific antigens, growth factors, etc.

(c) Carbohydrates: Occurs in cell membranes and in
Lipoproteins. Approximately 5 per cent of the weight of
cell membranes is carbohydrate, in the form of
glycoproteins and glycolipids.

Their presence on the outer surface of the plasma
membrane, the glycocalyx, has been shown with the use
of plant lections, protein agglutinins that bind specific
glucosyl residues.

Example: Concanavalin—A binds o-glucosyl and
o-mannosyl residues.

Glycophorin is a major integral membrane
glycoprotein of human erythrocytes. It has 130 amino acid
residues and spans the lipid membrane, with polypeptide
regions outside both the external and internal
(cytoplasmic) surfaces. Carbohydrate chains are attached
to the amino terminal portion outside the external surface.

Carbohydrates are also present in apoprotein B of
plasma lipoproteins.

The carbohydrate chains of many glycoproteins show
structural variation from one molecule to another, a
phenomenon known as microheterogeneity.

Formation of Lipid Bilayer

Membrane glycerophospholipids and sphingolipids
spontaneously form bilayers, which is the basis of living
biological membranes.

Lipid bilayers are oriented with their hydrophobic
tails inside the bilayer while hydrophilic “polar” heads
are in contact with the aqueous solution on each side.
Not all lipids can form bilayers. A lipid bilayer can form
only when the cross-sectional areas of the hydrophobic
tail and hydrophilic polar head are about equal. Glycero-
phospholipids and sphingolipids fulfil this criteria and
hence can form bilayer. The lysophospholipids have only
one fatty acyl group, it cannot form the bilayer as the
polar heads are too large, similarly cholesterol also cannot
form bilayers as the rigid fused ring systems and
additional nonpolar tails are too large.

The hydrophobic effect and the solvent entropy
provide the driving force for the formation of lipid
bilayer. A lipid bilayer is about 6 nm across and this is so
thin that it may be regarded as a two-dimensional fluid.
Lipid molecules in a bilayer are highly oriented (Fig. 2.2).

Fluid Mosaic Model of Membrane Structure

The fluid mosaic model of membrane structure proposed
by Singer and Nicholson in 1972 is now accepted widely.
The membrane proteins, intrinsic proteins (integral)
deeply embedded and peripheral proteins loosely
attached, float in an environment of fluid phospholipid
bilayers. It can be compared like icebergs floating in sea
water (Figs 2.3 and 2.4).

Early evidences for the model point to rapid and ran-
dom redistribution of species—specific integral proteins
in the plasma membrane of an interspecies hybrid cell
formed by the artificially induced fusion of two different
parent cells. It has subsequently been shown that it is not
only the integral proteins, the phospholipids also undergo
rapid redistribution in the plane of the membrane. This
diffusion within the plane of the membrane is termed
translational diffusion. It can be quite rapid for a
phospholipid molecule. Within the plane of the memb-
rane, one molecule of phospholipid can move several
micrometers per second. The phase changes, and thus
the fluidity of the membrane are highly dependant upon
the lipid composition of the membrane.

Aqueous phase

Polar
heads
Quter
Nors leaflet
polar
tails
Inner
leaflet
Polar
heads

Aqueous phase
Fig. 2.2: Lipid bilayer
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Fig. 2.3: Proteins in fluid bilayer

Effect of temperature: In a lipid bilayer, the hydrophobic

chains of the fatty acids can be highly aligned or ordered

to provide a rather stiff structure.

® As the temperature increases, the hydrophobic side
chains undergo a transition from the ordered state
which is more gel like or crystalline to a disordered
state, taking on a more liquid like or fluid arrange-
ment. The temperature at which the structure
undergoes the transition from ordered to disordered
state, i.e. melts, is called the transition temperature
(Tm). The longer and more saturated fatty acid chains
interact more strongly with each other via their longer
hydrocarbon chains and thus cause higher values of
Tm. Hence, higher temperatures are required to
increase the fluidity of the bilayer. On the other hand,
unsaturated bonds that exist in the “Cis” configuration
tend to increase the fluidity of a bilayer by decreasing
the compactness of the side chains packing without
diminishing the hydrophobicity. The phospholipids

Oligosaccharides
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of cellular membranes generally contain at least one
unsaturated fatty acid with at least one "Cis” double
bond.

Effects of Fluidity of Membrane

The fluidity of membrane significantly affects its

functions:

* As membrane fluidity increases, its permeability to
water and other small hydrophilic molecules also
increases.

* As fluidity increases, the lateral mobility of integral
proteins also increases.

Additional Special Features of Some Membranes

In addition to fluid mosaic model, some additional
features of membrane structures and functions have
recently come up. The following two structures which
currently drawn attention are:

(a) Lipid rafts: They are dynamic areas of the exoplasmic
leaflet of the lipid bilayers enriched in cholesterol and
sphingolipids.

Function: They are involved in signal transduction
and possibly other processes.

(b) Caveolae: They are probably derived from lipid rafts.

Many of the caveolae contain a special protein called
caveolin-1, which probably may be involved in their
formation from lipid rafts. By electron microscope
they look like flask-shaped indentations of the cell memb-
ranes.

Functions: They also take part in signal transduction.
Proteins detected in caveolae include various components
of the signal transduction system, e.g. the insulin receptor
and some G-proteins, the folate receptor, and endothelial
nitric oxide synthase (eNOS).

Lipid
bilayer

proteins

Peripheral
protein

Fig. 2.4: Fluid mosaic model of biomembrane
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Special Structural Characteristics of
Red Cells Membranes

The same integral proteins and peripheral proteins, as
discussed above, are present in cell membrane of nearly
all vertebrate erythrocytes. The nature and function of
these proteins require special mention.

1. Integral proteins: Two major integral proteins are
found in red cells membrane. They are:

(a) Glycophorin and

(b) Band-3-Protein.

(a) Glycophorins (Fig.2.5): Glycophorins are glyco-
proteins. It contains 60 per cent carbohydrates by weight.
The oligosaccharides bound to glycophorin are linked to
serine, threonine and asparagine residues.

Red blood cells membrane contains about 6 x 10°
glycophorin molecules. The polypeptide chain of glyco-
phorin contains 130 amino acid residues. A sequence of
23 hydrophobic amino acid residues lies within the non-
polar hydrocarbon phase of the phospholipid bilayer,
tightly associated with phospholipids and cholesterol.
This 23 amino acid residue sequence has an o-helical
conformation.

Function

¢ Some of the oligosaccharides of glycophorin are the
M and N blood group antigens.

e Other carbohydrates bound to glycophorin are sites
through which the influenza virus becomes attached
to red blood cells.

(b) Band-3-Protein (Fig. 2.6): It is another major integral
protein found in red cell membrane. It is dimeric having
molecular weight of 93,000. The polypeptide chain of the
dimer is thought to traverse the membrane about a dozen

Oligosaccharide chains

Extracellular l "

space l

[l
= Lile

Cytosol

Glycophorin
integral protein
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Non-
<— polar
tails

Fig. 2.5: Glycophorin integral protein

Oligosaccharides

i

Band-3-protein
Extracellular
space

Polar

NH®

NHO
Fig. 2.6: Band-3-protein

time. Both the C and N terminals of band-3-protein are
on the cytosolic side of the membrane. The N-terminal
residues extend into the cytosol and interact with compo-
nents of the cytoskeleton.

Function: Band-3-protein plays an important role in the
function of red blood cells. As red blood cells flow through
the capillaries of the lungs, they exchange bicarbonate
anions (HCOj;™.) produced, by the reaction of CO, and
H,0, for chloride (CI") ions. This exchange occurs by way
of a channel in band-3-protein, which forms a Pore
through the membrane. Thus band-3-protein is an
example of a membrane transport protein.

2. Peripheral proteins: The inner face of the red blood
cells membrane is laced with a network of proteins called
cytoskeletons that stabilises the membrane and is
responsible for the biconcave shape of the cells:

The special peripheral membrane proteins participate
in this stability of red cells are:

® Spectrin

* Actin

* Ankyrin and Band 4, 1 protein.

® Spectrin: Spectrin consists of an o-chain, having
molecular weight 240,000 and a B-chain having
molecular weight 220,000. It is a fibrous protein in
which the polypeptide chains are thought to coil
around each other to give an o-§ dimer, 100 nm long
and 5 nm in breadth.
Spectrin dimers are linked through short chains
of actin molecules and band 4, 1 proteins to form a,
B, tetramers.

e Actin: In red blood cells and other nonmuscle cells,
actin is a component of the cytoskeleton. An erythrocyte
contains 5 x 10° actin molecules. About 20 actin
molecules polymerise to form short actin filaments.



e Ankyrin: The network of spectrin, actin and band 4,
1 protein forms the skeleton of the red blood cell, but
none of these proteins is attached directly to the
membrane. The network of proteins is instead atta-
ched to another peripheral protein called ankyrin.

Ankyrin has a molecular weight 200,000. The
protein has 2 domains: One binds to spectrin, and the
other to the N-terminal region of band-3-protein that
extends into the cytoskeleton.

It is now known that the protein network can also
be bound directly to glycophorin (integral protein) or
to band-3-protein.

CLINICAL ASPECT

Hereditary spherocytosis and hereditary elliptocytosis
are inherited genetic abnormalities of red cells in which red
cells are of abnormal shape. In hereditary spherocytosis the
red cells are spherical and in hereditary elliptocytosis they
are ellipsoidal. These defects in shape of red blood cells lead
to increased haemolysis, anaemia and jaundice. These
abnormally shaped red blood cells are fragile and have
shorter life than normal erythrocytes.

Defect: They result from mutations in the genes
coding for proteins of the membrane. The abnormality
may be from defective spectrin that is unable to bind either
ankyrin or band 4, 1 protein and in some cases band 4, 1
protein is absent.

[I. Functions: Transport Systems

An essential role of biomembranes is to allow movement
of all compounds necessary for the normal function of a
cell across the membrane barrier. These compounds
include a vast array of substances like sugars, amino acids,
fatty acids, steroids, cations and anions to mention a few.
These compounds must enter or leave the cells in an
orderly manner for normal functioning of the cell.

A. 1. Ion Channels

Ion channels are transmembrane channels, pore like
structures composed of proteins. Specific channels for
Nat, K*, Ca**, and Cl~ have been identified.

Cation conductive channels are negatively charged
within the channel and have an average diameter of about
5 to 8 nm.

All ion channels are basically made up of trans-
membrane subunits that come together to form a central
pore through which ions pass selectively.

All channels have gates, and are controlled by
opening and closing.

Types of Gates
Two types of gated channels. They are:

a. Ligand gated channels: In this a specific molecule
binds to a receptor and opens the channel.
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Example: Acetylcholine receptor is present in post-
synaptic membrane. It is a complex of five subunits,
having a binding site for acetylcholine.

Acetylcholine released from the presynaptic region
binds with the binding site of postsynaptic region, which
triggers the opening of the channel and influx of Na*.

b. Voltage gated channels: These channels open or close
in response to changes in membrane potential.

Some properties of ion channels

e Composed of transmembrane protein subunits.

* Highly selective.

» Well regulated by presence of “gates”.

e Two main types of gates: Ligand-gated and voltage gated.

« Activities are affected by certain drugs.

e Mutations of genes encoding transmembrane proteins
can cause specific diseases.

2. Ionophores

Certain microorganisms can synthesise small organic
molecules, called ionophores, which function as shuttles
for the movement of ions across the membrane.

Structure: These ionophores contain hydrophilic centres
that bind specific ions and are surrounded by peripheral
hydrophobic regions.

Types: Two types:

(a) Mobile ion carriers: Like valinomycin (Refer uncoup-
lers of oxidative phosphorylation).

(b) Channel formers: Like gramicidin.

3. Water Channels (Aquaporins)

In certain cells, e.g. in red blood cells, and cells of the
collecting ductules of the kidney, the movement of water
by simple diffusion is enhanced by movements of water
through water channels, composed of tetrameric
transmembrane proteins called aquaporins. About five
distinct types of aquaporins have been recognised.

CLINICAL ASPECT

Recently mutations in the gene encoding AP-2 (Aqua-
porin 2) protein, have been shown to be the cause of
one type of nephrogenic diabetes insipidus.

4. Gap Junction

Certain cells develop specialised regions on their memb-
ranes for intercellular communications which are in close
proximity.

Function: They mediate and regulate the passage of ions
and small molecules upto 1000 to 2000 mol wt, through a
narrow hydrophilic core connecting the cytosol of
adjacent cells.

Structure: They are primarily composed of protein, called

connexon which contains four membrane spanning
o-helices.

3dNO NOILI3S
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B. Types of Transport Mechanisms

The following are three important mechanisms for
transport of various compounds across the bio-membrane
(a) Passive or simple diffusion

(b) Facilitated diffusion and
(c) Active transport

(a) Passive or simple diffusion: It depends on the

concentration gradient of a particular substance across
the membrane. The solute passes from higher concen-
tration to lower concentration till equilibrium is
reached. The process neither requires any carrier
protein nor energy. It operates unidirectionally.

Initial rate (v) at which a solute (s) diffuses across
a phospholipid bilayer is directly proportional to the
concentration gradient across the membrane ([s] out
— [s] in) and inversely proportional to the thickness
(t) of the membrane. Thus,

D ([s] out —[s] in)
v t

D is the diffusion coefficient, which is expressed
in terms of area divided by time.

The diffusion of molecules across a bilayer is des-
cribed by a “Permeability coefficient”, which is equal
to the diffusion coefficient (D) divided by the thickness
of the membrane (t).

Examples: water, gases, pentose sugars.

Factors affecting net diffusion:

Concentration gradient: The solutes move from high
to low concentration.

Electrical potential: Solutes move toward the solution
that has the opposite charge. The inside of the cell
usually has a negative charge.

Hydrostatic pressure gradient: Increased pressure will
increase the rate and force of the collision between
the molecules.

Temperature: Increased temperature will increase
particle motion and thus increase the frequency of
collisions between external particles and the memb-
rane.

Permeability coefficient: Net diffusion also depends
on the permeability coefficient for the membrane.

(b) Facilitated diffusion: It is similar to passive diffusion

in that solutes move along the concentration gradient.
But it differs from passive diffusion in that it requires
a carrier or transport protein. Hence the rate of
diffusion is faster than simple diffusion. The process
does not require any energy and can operate bidirec-
tionally.

Mechanism of facilitated diffusion has been
explained by ping-pong model. (For details of
facilitated diffusion and ‘ping-pong” model—refer to
chapter on Digestion and Absorption of Carbohy-
drates).

Example: D-fructose is absorbed from intestine by
facilitated diffusion.

(c) Active transport: Active transport occurs against a
concentration gradient and electrical gradient. Hence
it requires energy. About 40 per cent of the total
energy requirement in a cell is utilised for active
transport system. It requires the mediation of specific
carrier or transport proteins.

Types of transport system: Transport systems can
be classified as follows:

Transport system

| |
Uniport system Co-transport system

Symport Antiport

1. Uniport system: This system involves the transport
of a single solute molecule through the membrane.
Example: Glucose transporters in various cells.

2. Co-transport system: D-Glucose, D-Galactose and
L-amino acids are transported into the cells by Na* -
dependant co-transport system. Na* is not allowed
to accumulate in the cells and it is pumped out by
“sodium pump”.

(i) Symport system (Fig. 2.7): It is a co-transport
system in which the transporter carries the two
solutes in the same direction across the membrane.

(ii) Antiport system (Fig. 2.8): It is a type of co-
transport system in which two solutes or ions are
transported simultaneously in opposite directions.
Example: Chloride and bicarbonate ion exchange
in lungs in red blood cells.

C. Transport of Macromolecules

The mechanism of transport of macromolecules such as
proteins, hormones, immunoglobulins, low density
lipoproteins (LDL) and even viruses takes place across
the membrane by two independant mechanisms.

Phospholipid

li? !E [bllayer

Fig. 2.7: Symport: Transport of two different molecules (or ions) in
same direction
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bilayer Fig. 2.10: Endocytosis—results from the contact
of two outer surfaces monolayers

Phospholipid

Types of macromolecules released by exocytosis:
They fall into 3 categories.
(i) They can attach to the cell surface and become peri-
pheral proteins, e.g. antigens.
(ii) They can become part of extracellular matrix, e.g.
collagen and glycosaminoglycans (GAGs)

(iif) Hormones like insulin, parathormone (PTH) and
catecholamines are all packaged in granules,
processed within cells to be released upon appro-
priate stimuli.

2. Endocytosis (Fig. 2.10): All eukaryotic cells are conti-
nuously ingesting parts of their plasma membrane.
Endocytic vesicles are formed when segments of
plasma membrane invaginates enclosing a minute
volume of extracellular fluid (ECF) and its contents.
The vesicle then pinches off as the fusion of plasma
membranes seal the neck of the vesicle at the original
site of invagination. The vesicle fuses with other mem-
brane structures and thus transports of its contents to
other cellular compartments.

Factors required for endocytosis: Endocytosis requires

Fig. 2.8: Antiport: Transport of two different molecules (or ions) in
opposite direction

1. Exocytosis
2. Endocytosis.

1. Exocytosis (Fig. 2.9): Most cells release macromole-
cules to the exterior by the process called exocytosis.
This process is also involved in membrane remodel-
ling when the components synthesised in the Golgi
apparatus are carried in vesicles to the plasma
membrane. The movement of the vesicle is carried out
by cytoplasmic contractile elements in the micro-
tubular system.

Mechanism: The innermembrane of the vesicle fuses
with the outer plasma membrane, while cytoplasmic
side of vesicle fuses with the cytoplasmic side of

plasma membrane. Thus, the contents of vesicles are the following:
. ’ L, . ¢ Energy: Usually derived from ATP hydrolysis.
externalised. The process is also called reverse pino- o Cat

cytosis. The process induces a local and transient
change in Ca** concentration which triggers exocyto-
sis.

¢ Contractile element in the cell-probably the
microfilament system.

Fate: Most endocytic vesicles fuse with primary lyso-
somes to form secondary lysosomes which contain
O~O hydrolyic enzymes, and are, therefore, specialised orga-
OOO nelles for intracellular disposal. Vesicular contents are
o) o) digested liberating simple sugars, amino acids, etc. which
o 8 N\ / diffuse out of the vesicles to be reutilised in the cytoplasm.

Types of endocytosis: The endocytosis is of following

types:
Endoriytosis
Oo | |
Oo «Phagocytosis +Pinocytosis
|
. . L S *Fluid phase * Receptor mediated
Fig. 2.9: Exocytosis—involves the contact of two inside surface pinocytosis absorptive pinocytosis

(cytoplasmic side) monolayers
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1. Phagocytosis: Phagocytosis (Greek word-Phagein-to
eat) is the engulfment of large particles like viruses,
bacteria, cells, or debris by macrophages and granulo-
cytes. They extend pseudopodia and surround the
particles to form phagosomes which later fuse with
lysosomes to form Phagolysosomes in which the
particles are digested. Biochemical mechanism is
called respiratory burst, in which O, consumption
is increased and lead to formation of superoxide ion
O;.

Superoxide anion O; is converted to H,O, and other free
radicals OH" and OCI", etc. which are potent microbial agent.

O; +O; + 2H" - H,0, + O,

The electron transport chain system responsible for the
“respiratory burst” is “NADPH oxidase”. In resting phagocyte
itis in an inactive form, consisting of cytochrome b 558 + two
polypeptides (heterodimer).

The NADPH oxidase system is activated by recruitment
in plasma membrane by two more cytoplasmic polypeptides.
Thus:

2 Cytoplasmic
polypeptides
Cytbssg + 2 Polypeptides Cytbsgg
(Inactive NADPH oxidase) +
4 Polypeptides

(Active NADPH oxidase)

NADPH oxidase is activated upon contact with various
ligands like complement fragment C5a, chemotactic
peptides, etc.

Events resulting in activation of the NADPH oxidase
system involve G proteins, activation of phospholipase C
and generation of inositol-1, 4, 5-triphosphate (P3). The P;
mediates a transient increase in the level of cytosolic Ca**,
which is essential for the induction of the respiratory burst.

Killing of bacteria within phagolysosomes appears to
depend on the combined action of elevated pH, superoxide
ions or other “free radicals” like H,O,, OH®, and HOCI
(hypochlorous acid) and on the action of certain bactericidal
peptides, called defensins and other proteins, e.g. cathepsin
G and certain cationic proteins present in phagocytic cells.

Macrophages are extremely active and may ingest 25 per
cent of their volume per hour. In such a process, a macrophage
may internalize 3 per cent of its plasma membrane each minute
or the entire membrane every 1/2 hour.

CLINICAL ASPECT

Chronic granulomatous disease has been recently
implicated due to defective phagocytosis and respiratory burst.
The disease is characterised by:
e Recurrent infections
e Widespread granuloma formation in various tissues
like lungs, lymph nodes, skin, etc.

Mutation of gene affecting polypeptide
chains of NADPH-oxidase system

l

Diminished production of superoxide ions
and other free radicals

{

Phagocytosis and killing of
bacteria is diminished

Recurrent infection and
formation of granulomas to wall
off surviving bacteria

Fig. 2.11: Sequence of events that occur
in chronic granulomatous disease

Defect: The disorder is attributed to mutations in the genes
encoding the four polypeptides that constitute the active
NADPH oxidase system.

The granulomas are formed as attempts to wall off bacteria
that have not been killed due to genetic deficiencies in the
NADPH oxidase system (Fig. 2.11).

2. Pinocytosis: It is a property of all cells and leads to
the cellular uptake of fluid and fluid contents.

(a) Fluid phase pinocytosis: It is a nonselective
process in which uptake of a solute by formation
of small vesicles is simply proportionate to its
concentration in the surrounding extracellular
fluid (ECF). The formation of these vesicles is an
extremely active process.

(b) Receptor mediated absorptive pinocytosis
(Fig. 2.12): By coated vesicles and endosomes

All eukaryotic cells have transient structures like
coated vesicles and endosomes that are involved in the
transport of macromolecules from the exterior of the cells
to its interior.

Approximately 2 per cent of the external surface of
plasma membrane are covered with receptors and charac-
teristic coated pits. Cell surfaces are rich in receptor
proteins that can combine with macromolecules (ligands).
The membrane bound receptors with macromolecules
move laterally into “coated pits”. These coated pits are
rapidly pinched off and are internalised as coated
vesicles.

The coated vesicles about 100 nm in diameter have a
very characteristic brittle coat on their outer surface. The
vesicles are covered with an unusual peripheral protein
called clathrin, having molecular weight of 1,85,000.

The protein dynamin which binds and hydrolyses
GTP, is necessary for the pinching off of clathrin-coated
vesicles from the cell surface.
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Fig. 2.12: Receptor mediated absorptive pinocytosis

Near the periphery of the cell’s interior, another struc-
ture called endosome (also called receptosome), having
diameter 0.3 to 1 i found. They do not contain hydrolytic
enzymes, are less dense than lysosomes and have an
internal pH of 5.0.

The internalised coated vesicles fuse with the
endosomes and discharge their macromolecules into the
interior of the endosomes. The low pH breaks the linkage
between receptor-macromolecule, with a simultaneous
release of clathrin, macromolecule, free receptors and
membrane fragments, most of which recycle back to the
plasma membrane to replenish the population of
receptors and coated pits.

The macromolecules containing endosomes now
move, by the help of microtubule to further interior of the
cells where they fuse with lysosomes or become associated
with vesicles derived from the Golgi apparatus (Fig. 2.12).
Example: The low density lipoproteins (LDL) molecule
bound to receptors are internalised by means of coated
pits.
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CLINICAL ASPECT

Receptor mediated endocytosis with viruses are responsible
for many diseases, viz.

» Hepatitis virus affecting liver cells

» Poliovirus affecting motor neurons

e AIDS affecting T cells.

Iron toxicity also occurs with excessive uptake due to
endocytosis.

DISEASES DUE TO GENETIC MUTATIONS

1. Leber’s Hereditary Optic Neuropathy (LHON)

In this disease mutations in genes encoding mitochondrial
membrane proteins involved in oxidative phosphorylation can
produce neurologic and vision problems.

2. Cystic Fibrosis

Inheritence: A recessive genetic disorder, prevalent among
whites in N America and certain parts of Northern Europe.

Clinical Features: The disease is characterised by:

» Chronic bacterial infections of the respiratory tract and
sinuses

¢ Fat maldigestion due to pancreatic exocrine insufficiency

« Infertility in males due to abnormal development of the vas
deferens, and

e Elevated levels of chloride in sweat, greater than > 60
mmol/L.

Defect

Cystic fibrosis transmembrane protein (CFTR) is a cyclic
AMP dependant regulatory protein for chloride channel.
Gene for CFTR has been identified on chromosome 7. This
gene is responsible for encoding CFTR protein, a polypeptide
of 1480 amino acids which regulates chloride channel.
Genetic mutation produces an abnormal CFTR, which
produces an abnormality of membrane CI- permeability
resulting to increased viscosity of many bodily secretions.
The commonest mutation found involves deletion of three
bases resulting to loss of phenylalanine in 508 position.

Prognosis: Itis bad, life threatening and serious complication
is recurrent lung infections due to overgrowth of bacteria in
viscous secretions. Efforts are in progress to use gene therapy
to restore the activity of CFTR protein.
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CHEMISIRY OF

CoHNASPET E R CARBOHYDRATES

Major Concepts

B.
C.
D.
E.

What are carbohydrates? Their general properties and biomedical importance.
List the monosaccharides of biological importance and learn their properties.
List the disaccharides of biological importance and learn their properties.
Study the chemistry and properties of various polysaccharides.

Study the chemistry and functions of proteoglycans.

Specific Objectives

A

D.

ES

Definition: Carbohydrates are defined chemically as
aldehyde or ketone derivatives of the higher polyhydric
alcohols, or compounds which yield these derivatives on
hydrolysis.

1. Define carbohydrates in chemical terms.

Classify carbohydrates into four major groups with examples of each group.

Describe the biomedical importance of carbohydrates.

Learn the general properties of carbohydrates with reference to glucose.

List and describe the monosaccharides of biological importance, viz. trioses, tetroses, pentoses, hexoses, etc. Example of both
aldoderivatives and ketoderivatives.

Study important properties of monosaccharides.

Study the sugar derivatives of biological importance.

» Deoxy sugars « Amino sugars * Amino sugar acids—Neuraminic acid « Glycosides—Learn the chemistry and biological/medical
importance, viz. cardiac glycosides, ouabain, phlorizin, etc. « Define “aglycone”.

1. List the disaccharides of biological importance.

2. Study the chemistry and properties of three important disaccharides.

3. What are invert sugars and what is “inversion”? Learn about lactalose, a Keso disaccharide and its clinical importance.

4.

L

a

el SR OIS

CUnY

Differentiate sucrose from either lactose or maltose.
earn the chemistry and properties of polysaccharides of biological importance.
Homopolysaccharides (homoglycans)
Starch: Chemistry and properties. Differentiate between amylose and amylopectin (in tabular form)
Glycogen (animal starch)—Chemistry and properties.
Inulin—Chemistry and physiological importance.
Cellulose —'Roughage’ value.
Dextrins and Dextran—Differentiate. Use of dextran as plasma expander.
teropolysaccharldes (heteroglycans). Example—Mucopolysaccharides (glycosaminoglycans)
Sulphate free acid MPS—Hyaluronic acid and chondroitin
Sulphate containing MPS
¢ Chondroitin sulphate—A, B, C and D
e Keratan sulphate
¢ Heparin and Heparitin sulphate
3. Neutral MPS—BIlood group substances. Learn chemistry of each MPS, distribution in body, and its biological importance.
Relation of MPS to mucopolysaccharidoses.
Learn chemistry and functions of proteoglycans.

b.

!\’!—‘IU"#.‘*’!\’!—‘

CARBOHYDRATES CLASSIFICATION

Carbohydrates are divided into four major groups—
monosaccharides, disaccharides, oligosaccharides and
polysaccharides.
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1. Monosaccharides: (also called ‘simple’ sugars) are
those which cannot be hydrolysed further into simpler
forms.

General formula : C, H,,0O,

They can be subdivided further:

(a) Depending upon the number of carbon atoms they
possess, as trioses, tetroses, pentoses, hexoses, etc.

(b) Depending upon whether aldehyde (- CHO) or ketone
(- CO) groups are present as aldoses or ketoses.

General formula Aldosugars Ketosugars

e Trioses Glyceraldehyde Dihydroxyacetone
(C3HgO,)

» Tetroses Erythrose Erythrulose
(C4HgO,)

* Pentoses Ribose Ribulose
(C5H1005)

e Hexoses Glucose Fructose
(CGHIZOG)

2. Disaccharides: Those sugars which yield two mole-
cules of the same or different molecules of monosac-
charide on hydrolysis.

General formula : C,(H,0),,,

Examples

¢ Maltose yields 2 molecules of glucose on hydrolysis.

* Lactose yields one molecule of glucose and one
molecule of galactose on hydrolysis.

® Sucrose yields one molecule of glucose and one
molecule of fructose on hydrolysis.

* Lactulose a ketodisaccharide

3. Oligosaccharides: Those sugars which yield 3 to 10
monosaccharide units on hydrolysis, e.g. Maltotriose.

4. Polysaccharides (Glycans): Those sugars which yield
more than ten molecules of monosaccharides on hydro-
lysis.

General formula: (C(H,,05),

Polysaccharides are further divided into two groups:

a. Homopolysaccharides (homoglycans): Polymer of
same monosaccharide units.

Examples—Starch, glycogen, inulin, cellulose,
dextrins, dextrans.

b. Heteropolysaccharides (heteroglycans): Polymer
of different monosaccharide units or their deri-
vatives.

Example—Mucopolysaccharides (glycosamino-
glycans).

Biomedical Importance of Carbohydrates

e Chief source of energy.

e Constituents of compound lipids and conjugated proteins.

« Degradation products act as “promoters” or ‘catalysts’.

e Certain carbohydrate derivatives are used as drugs like
cardiac glycosides/antibiotics.

e Lactose principal sugar of milk—in lactating mammary
gland.

e Degradation products utilised for synthesis of other
substances such as fatty acids, cholesterol, amino acid, etc.

e Constituents of mucopolysaccharides which form the
ground substance of mesenchymal tissues.

e Inherited deficiency of certain enzymes in metabolic
pathways of different carbohydrates can cause diseases,
e.g. galactosemia, glycogen storage diseases (GSDs),
lactose intolerance, etc.

e Derangement of glucose metabolism is seen in diabetes
mellitus.

General Properties in Reference to Glucose

Asymmetric carbon: A carbon atom to which four
different atoms or groups of atoms are attached is said to
be asymmetric (Fig. 3.1).

Van’t Hoff’s rule of ‘n”: The number of possible isomers
of any given compound depends upon the number of
asymmetric carbon atoms the molecule possesses.

CHO

|
H— C—OH

R
Fig. 3.1: Asymmetric carbon

According to Van’t Hoff’s rule of ‘n’; 2" equals the
possible isomers of that compound, where, 11 = represents
the number of asymmetric carbon atoms in a compound.

Stereoisomerism: The presence of asymmetric carbon
atoms in a compound gives rise to the formation of
isomers of that compound. Such compounds which are
identical in composition and differs only in spatial
configuration are called stereoisomers.

Two such isomers of glucose—D-Glucose and
L-Glucose are mirror image of each other (Fig. 3.2).

D-Series and L-Series: The orientation of the H and OH
groups around the carbon atom just adjacent to the termi-
nal primary alcohol carbon, e.g. C-atom 5in glucose deter-
mines the series. When the — OH group on this carbon is
ontheright,itbelongs to D-series, when the— OH group
is on the left, it is a member of L-series (Fig. 3.3).

Most of the monosaccharides occurring in mammals
are D-sugars, and the enzymes responsible for their
metabolism are specific for this configuration.



ﬁ ﬁ cancels each other. Such a mixture is said to be Racemic.
C—H C—H Resolution: The separation of optically active isomers
| l from a racemic mixture is called resolution.
F— f—OH Ho—cth
T TR CYCLIC STRUCTURES »
ey P As the two reacting groups aldehyde and alcoholic group 2
belong to the same molecule, a cyclic structure takes place. | ==
H— C—OH HO— C—H If the open-chain form of D-Glucose, which may be Cz)
called as Aldehydo-D-Glucose is taken, and condense the —
CH,OH CH,OH aldehyde group on carbon-1, with the alcoholic-OH group =
D.Ghicose L-Ghicose on carbon-5, two different forms of glucose are formed. | (&}

Fig. 3.2: Stereoisomers of glucose
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has no optical activity, since the activities of each isomer

When the OH group extends to right, it is a-D-Glucose
and it extends to left, it is B-D-Glucose (Fig. 3.4).

Anomers and anomeric carbon: Carbon-1, after cycliza-

|C|) ﬁ tion has four different groups attached to it and thus it
C—H C—H becomes now asymmetric. The two cyclic compounds, o
| | and B have different optical rotations, but they will not
H—C—OH HO—C—H be same because the compounds as a whole are not
| mirror-images of each other. Compounds related in this
CH,OH CH,0H way are called anomers and carbon-1, after cyclisation
D-Glycerose L-Glycerose becomes asymmetric is called now anomeric carbon atom

(D-Glyceraldehyde) (L-Glyceraldehyde

Fig. 3.3: D- and L-series

Optical activity: Presence of asymmetric carbon atoms
also confers optical activity on the compound. When a
beam of plane-polarised light is passed through a
solution exhibiting optical activity, it will be rotated to
the right or left in accordance with the type of compound,
i.e. the optical isomers or enantiomorphs; when it is
rotated to right, the compound is called
* Dextrorotatory (D or + sign),

when rotated to left, the compound is called
e Laevorotatory (I or —sign).

Racemic: When equal amounts of dextrorotatory and
laevorotatory isomers are present, the resulting mixture

(Fig. 3.4).

MUTAROTATION

Definition: When an aldohexose is first dissolved in water
and the solution is put in optical path so that plane
polarized light is passed, the initial optical rotation shown
by the sugar gradually changes until a constant fixed
rotation characteristic of the sugar is reached. This pheno-
menon of change of rotation is called as mutarotation.

Explanation: Ordinary crystalline glucose happens to
be in the o-form. The above change in optical rotation
represents a conversion from o-Glucose to an equilibrium
mixture of o and B-forms. The mechanism of muta-
rotation probably involves opening of the hemiacetal
ring to form traces of the aldehyde form, and then

HO\ /H H\ /0 H\ /OH
g 01/ Gl
I I |
H—C—OH H—C—OH H—C—OH
HO—C—H e HO—T—H — Ho—lc—H 5
H—C—OH H— C—OH H-—(I}-—OH
H—(|3— H— C4s—OH H-—-T
CH,OH CH,OH CH,OH
pB-D-Glucose Aldehydo-D-Glucose a-D-Glucose

Fig. 3.4: C, after cyclisation becomes asymmetric—it is called “anomeric” carbon and a-D-glucose
and B-D-glucose are “anomers”
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recondensation to the cyclic forms. The aldehyde form is
extremely unstable and exists only as a transient
intermediate.

Experimental evidence: Tanret provided the correct
interpretation. He prepared two isomeric forms of D-
Glucose by crystallisation under different conditions:

e When D-Glucose is crystallised from water or
dilute alcohol at room temperature, o-D-Glucose
separates, having initial specific rotation of +112°
which changes to fixed rotation +52.5°.

* Ontheother hand, when crystallisation takes place
from water at temperature above 98°C, a different
B-form of glucose separates, having initial specific
rotation of +19° which changes to fixed rotation

+52.5°.
a-D-Glucose p-D-Glucose
+112° > +52.5°¢ +19°

This work of Tanret showed that glucose exists in
isomeric forms which in solution changes into the same
equilibrium mixture regardless of which form is
dissolved. In glucose solutions—approx 2/3 of the sugar
exists as the B-form and 1/3 as a-form, at equilibrium
(Fig. 3.5).

a-D-Glucofuranose
0.5%

o-D-Glucopyranose
37%

Free Aldehydo-
D-Glucose

/ 0.003%

p-D-Glucofuranose
0.5%

Y

B-D-Glucopyranose
62%

Fig. 3.5: Pyranose and furanose forms
of glucose in solution

HAWORTH PROJECTION

(a) Pyranoses: Haworth in 1929 suggested that the
six-membered ring forms of the sugars be called
Pyranoses, because Pyran possesses the same ring of 5
carbons and oxygen.

(b) Furanoses: Similarly Haworth designated sugar
containing 5-membered rings as the furanoses, because
furan contains the same ring.

The Pyranose forms of the sugars are internal hemi-
acetals formed by combination of the aldehyde or ketone
group of the sugar with the OH group on the 5th carbon
from the aldehyde or ketone group. Similarly, the
furanose forms of the sugars are formed by reaction
between the aldehyde or ketone group with the OH
group on the 4th carbon from the aldehyde or ketone
group (Fig. 3.6).

Epimers and epimerisation: Two sugars which differ

from one another only in configuration around a single

carbon atom are termed Epimers.

Examples

¢ Glucose and galactose are examples of an epimeric
pairs which differ only with respect of C, (Fig. 3.7).
Similarly, mannose and glucose are epimers in respect
of C,.

Epimerisation: Process by which one epimer is converted
to other is called epimerisation and it requires the enzyme
epimerase, e.g. conversion of galactose to glucose in liver.

MONOSACCHARIDES

MONOSACCHARIDES
OF BIOLOGICAL IMPORTANCE

(a) Trioses: Both D-glyceraldehyde and dihydroxy-
acetone occur in the form of phosphate esters, as

H H OH H

26
LT T T No
OH OH H OH

aldehydo D-glucose

l

CH,OH
C OH
H /|5 H
H 10/
CR OH H \ 0
OHN\J3
C C
H OH H OH

(f-D-Glucopyranose

a-D-Glucopyranose

Fig. 3.6: Haworth projection
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CHO CHO CHO
H—(I.'Jz—OH H—(I'J—OH HO—(|32—H
HO—C—H HO-(I;‘—H HO—C—H
H—C4—OH HO—C4—H H—C—OH
H—C—OH H—C—OH H—G—0H
CH,0H CH,OH CH,OH
D-Glucose D-Galactose D-Mannose

Fig. 3.7: Epimers

intermediates in glycolysis. They are also the precursors
of glycerol, which the organism synthesises and
incorporates into various types of lipids.

(b) Tetroses: Erythrose-4-P occurs as an intermediate in
hexosemonophosphate shunt which is an alternative
pathway for glucose oxidation.

(c) Pentoses

e D-ribose is a constituent of nucleic acid RNA; also as
a constituent of certain coenzymes, e.g. FAD, NAD,
coenzyme A.

e D-2-deoxyribose is a constituent of DNA.

* Phosphate esters of ketopentoses—D-ribulose and
D-xylulose occur as intermediates in HMP shunt.

¢ L-xylulose is a metabolite of D-glucuronic acid and is
excreted in urine of humans afflicted with a hereditary
abnormality in metabolism called pentosuria.

* L-fucose (methyl pentose): occurs in glycoproteins.

e D-Lyxose: It forms a constituent of lyxoflavin
isolated from human heart muscle whose function is
not clear.

(d) Hexoses

1. D-Glucose: (Synonyms: Dextrose, Grape Sugar)

e Itis the chief physiological sugar present in normal
blood continually and at fairly constant level, i.e. about
0.1 per cent.

e Alltissues utilise glucose for energy. Erythrocytes and
Brain cells utilise glucose solely for energy purposes.

® Occurs as a constituent of disaccharide and poly-
saccharides.

e Stored as glycogen in liver and muscles mainly.

* Shows mutarotation.

a-form Constant rotation p-form
+i12i———— t525° ¢ +18°

2. D-galactose: Seldom found free in nature. In combi-
nation it occurs both in plants and animals.

®  Occurs as a constituent of milk sugar lactose and also
in tissues as a constituent of galactolipid and
glycoproteins.

e [tisanepimer of glucose and differs in orientation of
H and OH on carbon-4.

¢ Itisless sweet than glucose and less soluble in water.

¢ Itis dextrorotatory and shows mutarotation.

a-form Specific rotation p-form
+1507° — +80° +—— +43¥

* On oxidation with hot HNO;, it yields dicarboxylic
acid, mucic acid; which helps in its identification, since
the crystals of mucic acid are not difficult to produce
and have characteristic shape.

3. D-fructose: It is a ketohexose and commonly called

as fruit sugar, as it occurs free in fruits.

e Itisvery sweetsugar, much sweeter than sucrose and
more reactive than glucose. It occurs as a constituent
of sucrose and also of the polysaccharide inulin. It is
laevorotatory and hence is also called laevulose.

e Exhibits mutarotation.

a-form Specific rotation B-form
-2 ———————»> -92° «— -1335°

Biomedical Importance

Seminal fluid is rich in fructose and sperms utilise
fructose for energy. Fructose is formed in the seminiferous
tubular epithelial cells from glucose.

4. D-mannose: It does not occur free in nature but is
widely distributed in combination as the polysaccharide
mannan, e.g. in ivory nut. In the body, it is found as a
constituent of glycoproteins.

5. Sedoheptulose: It is a ketoheptose found in plants of
the sedum family. Its phosphate is important as an
intermediate in the HMP-shunt and has been identified
as a product of photosynthesis.
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IMPORTANT PROPERTIES OF
MONOSACCHARIDES

1. Iodocompounds: An aldose when heated with conc.
HI loses all of its oxygen and is converted into an iodo-
compound.

Conc. HI
» lodohexane
(CgHaal)

Glucose

Since the resulting derivative is a straight chain
compound related to normal hexane, thereby suggesting
the lack of any branched chains in structure of glucose.
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2. Acetylation or ester formation: The ability to form
sugar esters, e.g. acetylation with acetyl chloride (CHj;"
COCl) indicates the presence of alcohol groups. Due to
alcoholic -OH groups, it can react with anhydrides and
chlorides of many organic and inorganic acids, like acetic
acid, phosphoric acid, sulphuric and benzoic acids to form
esters of corresponding acids.

3. Osazone formation: It is a useful means of preparing
crystalline derivatives of sugars.

Osazones have characteristic
* Melting points
e Crystal structures, and
e Precipitation time and thus are valuable in identi-
fication of sugars.

Preparation: They are obtained by adding a mixture of
phenylhydrazinehydrochloride and sodium acetate to the

3 steps of osazone reaction

sugar solution and heating in a boiling water bath for 30
to 45 minutes. The solution is allowed to cool slowly
(not under tap) by itself. Crystals are formed. A coverslip
preparation is made on a clean slide and seen under the
microscope.

Basis of reaction: The reaction involves only the carbonyl
carbon (i.e. aldehyde or ketone group) and the next
adjacent carbon. Reactions that take place with an
aldosugar is shown in Figure 3.8. First phenyl hydrazone
is formed and then the hydrazone reacts with two
additional molecules of phenylhydrazine to form the
osazones. The reaction with a ketose is similar.

Types of Crystals (Fig. 3.9)

® Glucosazone crystals: These are fine, yellow needles
in fan-shaped aggregates or sheaves or crosses,
typically described as Bundle of Hay. Melting point
=204 to 205°C.
Note: Glucose, mannose and fructose due to simila-
rities of structures form the same osazones. But since
the structure of galactose differs on C-4, that part of
the molecule unaffected in osazone formation, it
would form a different osazone.

® Lactosazone crystals: These are irregular clusters of
fine needles and look like a Powder puff.

® Maltosazone: These are star-shaped and compared
to Sunflower petals.

4. Interconversion of sugars: Glucose, fructose and
mannose are interconvertible in solutions of weak

Phenyl hydrazine
1. H—C=O+H; N. NH. CgHs » H—C=N—NH—CgHs
l ™ |
H—C—OH H,0 H—C— OH
l |
R R
Aldohexose Phenyl hydrazone
2. H—([3=N—NH—CGH5 H—C=N-—NH.Cg Hg
H—c[:—o H+HN — NH—CgHs NHs Ammonia c=0
> |
R R
Phenyl hydrazone Aniline Intermediate Ketoderivative
3. H—C=N—NH.CgHg H— C=N—NH—CgHs
C=O+H2 N—NH_CGHs = C=N—NH_CsH5
[ TN i |
R H,0 R

OSAZONE

Fig. 3.8: Osazone formation
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Glucosazone crystals Maltosazone Lactosazone
Bundle of hay crystals crystals
(Needle shape) (Sunflower shape) (Cotton ball shape)

Fig. 3.9: Osazone crystals

alkalinity such as Ba(OH), or Ca(OH), (Fig. 3.10). These
interconversions are due to the fact that all give the same
Enediol form, which tautomerizes to all three sugars. This
interconversion of related sugars by the action of dilute
alkali is referred to as Lobry de Bruyn-Van Ekenstein
reaction.

5. Oxidation to produce sugar acids: When oxidised
under different conditions, the aldoses may form:
e Monobasic Aldonic acids or
e Dibasic Saccharic acids or
* Monobasic uronic acids containing aldehyde
groups thus possessing reducing properties.

1. Aldonic acids: Oxidation of an aldose with Br,—
water converts the aldehyde group to a - COOH group
aldonic acid Br, reacts with water to form hypobromous
acid, HOBr, which acts as the oxidising agent.

2. Saccharic or aldaric acid: Oxidation of aldoses with
conc. HNO; under proper conditions converts both
aldehyde and primary alcohol groups to -COOH groups,
forming dibasic sugar acids, the saccharic or aldaric
acids.

Examples
D-Glucose ¥ D-Glucaric acid
D-Galactose » Mucic acid

3. Uronic acids: When an aldose is oxidised in such a
way that the primary alcohol group is converted
to—COOH group, without oxidation of aldehyde group,
a uronic acid is formed. They exert reducing action due
to presence of free -CHO group.

Example Examples
Br. D-Glucose » D-Glucuronic acid
D-Glucose T :) # D-Gluconic acid D-Galactose » D-Galacturonic acid
2
H—C=0
HO—(i':—H
R Mannose
vt
H— | =0 H—C—OH (I:"HZOH
H—?—OH < - (I3I—OH < - C|3=
I
R R R
Glucose Common “Enediol form” Fructose

Fig. 3.10: Interconversions of sugars in weak alkalinity-
Lobry de Bruyn-Van Ekenstein reaction

OML NOILO3S
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Biomedical importance of D-Glucuronic acid

In the body D-Glucuronic acid is formed from Glucose in liver
by uronic acid pathway, an alternative pathway for glucose
oxidation. It occurs as a constituent of certain mucopoly-
saccharides. In addition, it is of importance in that it conjugates
toxic substances, drugs, hormones and even bilirubin (a break
down product of Hb) and converts them to a soluble nontoxic
substance, a glucuronide, which is excreted in urine.

6. Reduction of sugars to form sugar alcohols: The
monosaccharides may be reduced to their corresponding
alcohols by reducing agents such as Na-Amalgam.
Similarly, ketoses may also be reduced to form keto-
alcohol.

Examples

* D-Glucose yields D-Sorbitol.

® D-Galactose yields D-Dulcitol.

* D-Mannose yields D-Mannitol.

e Ketosugar D-Fructose yields D-Mannitol and
D-Sorbitol.

Practical Application

In microbiology sugar alcohols have been used to identify
type of bacteria. Different bacteria gives different pattern.

7. Action of acids on carbohydrates: Polysaccharides

and the compound carbohydrates in general are hydroly-

zed into their constituent monosaccharides by boiling

with dilute mineral acids (0.5 to 1.0 N) such as HCI or

H,SO,.

e With conc. mineral acids the monosaccharides are
decomposed.

e Pentoses yield the cyclic aldehyde “furfural”
(Fig. 3.11). Twelve percent (12%) HCl has been found
most satisfactory for decomposition.

Practical Application

1. The reaction is used for the quantitative determination of
pentoses and compound carbohydrates containing pentoses.
Furfural can combine with phloroglucinol to form a relatively
insoluble compound, furfural phloroglucide, which may be
used in estimating the furfural formed in the reaction as a
measure of the pentose present.

2. Hexoses are decomposed by hot strong mineral acids to
give hydroxymethyl furfural, which decomposes further to
produce laevulinic acid, formic acid, CO and CO, (Fig. 3.12).
The furfural products thus formed by decomposition with
strong mineral acid can condense with certain organic
phenols to form compounds having characteristic colours.
Thus it forms basis for certain tests used for detection of
sugars.

H—C=0 H—(I3—O
He a0 12% HCI ﬁ—
H—C—OH HC
| o
H—C—OH 3 H0 chi
CH,0OH He —1
Pentose sugar Furfural

Fig. 3.11: Formation of furfural derivative

H—C=0

H— (|3=O
H—C—OH 3 H,0 ﬁ
HO—C—H
Conc. T _ B 0
H—C—OH H,SO40rHCl —  He
H—C—OH L!
CH,OH c|:H, oH
D-Glucose
Hydroxymethyl furfural
CO +CO, H. COOH

Levulinic acid
Fig. 3.12: Hydroxymethyl furfural formation

Examples

e Molisch’s test: With a-naphthol (in alcoholic solution) gives
red-violet ring. A sensitive reaction but non-specific, given
by all sugars.

e Seliwanoff’s test: With resorcinol, a cherry-red colour is
produced. It is characteristic of D-fructose.

Other tests are Anthrone test, Bial-orcinol test, etc.

8. Action with alkalies: With alkalies, monosaccharides
react in various ways:

(a) In dilute alkali: The sugar will change to the cyclic o
and B forms with an equilibrium between the two
isomeric form (See mutarotation).

* On standing: A rearrangement will occur which
produce an equilibrated mixture of glucose,
fructose and mannose through the common
“enediol” form (see interconversion).

e Ifitis heated to 37°C, the acidity increases, and a
series of Enols are formed in which double bond
shifts from the oxygen-carbon atoms (Fig. 3.13).

(b) In conc. alkali: The sugar caramelises and produces

a series of decomposition products, yellow and brown
pigments develop, salts may form, many double bonds



H—C—OH CH,0H C,Hs0,
C—OH C—OH (l',"—' OH
k T
||:{ (|3 2Hs0,
1, 2-Enediol 2, 3-Enediol 3, 4-Enediol

Fig. 3.13: Enediols formation

between C-atoms are formed, and C bond C bonds may
rupture.

9. Reducing action of sugars in alkaline solution: All
the sugars that contain free sugar group undergo
enolisation and various other changes when placed in
alkaline solution. The enediol forms of the sugars are
highly reactive and are easily oxidised by O, and other
oxidising agents and forms sugar acids. As a consequence
they readily reduce oxidising ions such as Ag*. Hg*, Bi***,
Cu** (cupric) and Fe(CN)s ™.

Practical Application

This reducing action of sugars in alkaline solution is utilised

for both qualitative and quantitative determinations of sugars.

Reagents containing Cu** (ic) ions are most commonly used.

These are generally alkaline solution of cupric sulphate

containing

e Sodium potassium tartarate (Rochelle salt) and strong
alkali NaOH/KOH as in Fehling’s solution (not used
now).

» Sodium citrate and weak alkali sodium carbonate as in
Benedict’s Qualitative reagent.

Functions of Ingredients

® Sodium citrate/Rochelle salt in the reagents prevent
precipitation of cupric hydroxide or cupric carbonate
by forming soluble, slightly dissociable complexes

Chemistry of Carbohydrates 31

which dissociate sufficiently to provide supply of
readily available Cu** (cupric) ions for oxidation.

* The alkali of the reagents enolises the sugars and
thereby causes them to be strong reducing agents.
Enolization is better in weak alkali than strong
alkali.

Reaction: When a solution of reducing sugar is heated
with one of the alkaline copper reagents, the following
reactions occur (given in box below).

The Cu** (ic) ions take electrons from the enediols and
oxidize them to sugar acids, and are, in turn reduced to Cu*
(ous) ions. The Cu* (ous) ions combine with -OH™ ions to form
yellow cuprous hydroxide, which upon heating is converted
to red cuprous oxide. The appearance of a yellow to red
precipitate indicates reduction and the quantity of sugar present
can be roughly estimated from colour and amount of precipitate.

wn
m
()
—
o
=
—
=
o

OTHER SUGAR DERIVATIVES OF
BIOMEDICAL IMPORTANCE

1. Deoxy sugars: Deoxy sugars represent sugars in
which the oxygen of a—OH gr. has been removed, leaving
the hydrogen. Thus, -CHOH or -CH,OH becomes —-CH,
or —CHj;. Several of the deoxy sugars have been
synthesised and others are natural products.

Deoxy sugars of biological importance are:
¢ 2-deoxy-D-Ribose is found in nucleic acid (DNA).
* 6-deoxy-L-Galactose is found as a constituent of
glycoproteins, blood group substances and
bacterial polysaccharides.

Practical Application

Feulgen-staining reaction for 2-deoxy-sugar derivatives in
tissues is based upon the reaction of 2-deoxy-sugars with
Schiff’s reagent.

BENEDICT'S QUALITATIVE TEST: BASIS

Sugar + Alkali > 'ENEDIOLS'
(Reducing agent)
+
Cu**(ic)  « Derived from copper complex
| of tartarate/citrate
reduced
Heating 5
Cu,0 < CuOH +—— OH™ + Cu (ous) + Produces mixture of sugar
(Cuprous oxide- (Cuprous hydroxide- acids

red) yellow colour)
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2. Amino sugars (hexosamines): Sugars containing an
-NH, group in their structure are called amino sugars.

Types: Two types of amino sugars of physiological

importance are:

* Glycosylamine: The anomeric —OH group is replaced
by an -NH, group.

Example: A compound belonging to this group is

Ribosylamine, a derivative of which is involved in the

synthesis of purines.

*  Glycosamine (Glycamine): In this type, the alcoholic
— OH group of the sugar molecule is replaced by
- NH, group. Two naturally occurring members of
this type are derived from glucose and galactose, in
which — OH group on carbon 2 is replaced by — NH,
group, and forms respectively Glucosamine and
Galactosamine (Fig. 3.14).

Biomedical Importance

e N-acetyl derivative of D-Glucosamine occur as a consti-
tuent of certain mucopolysaccharides (MPS).

e Glucosamine is the chief organic constituent of cell wall of
fungi, and a constituent of shells of crustaceae (crabs,
Lobsters, etc), where it occurs as Chitin, which is made of
repeating units of N-acetylated glucosamine. Hence
Glucosamine is often called as Chitosamine.

e Galactosamine occurs as N-acetyl-Galactosamine in
chondroitin sulphates which are present in cartilages,
bones, tendons and heart valves. Hence Galactosamine
is also known as Chondrosamine.

e Antibiotics: Certain antibiotics, such as Erythromycin,
carbomycin, contain amino sugars. Erythromycin contains
dimethyl amino sugar and carbomycin 3-amino-D-Ribose.
Itis believed that amino sugars are related to the antibiotic
activity of these drugs.

3. Amino Sugar Acids
Neuraminic acid: It is an amino sugar acid and
structurally an aldol condensation product of pyruvic
acid and D-Mannosamine. Neuraminic acid is
unstable and found in nature in the form of acylated
derivatives known as Sialic acids (N-acetyl Neura-
minic acid —NANA).

CH,0OH CH,0H
H o H OH % H
H H
G
OH H OH H
(0] OH H OH
2 2
H NH, H NH,

D-Glucosamine D-Galactosamine

Fig. 3.14: Hexosamines of biomedical importance

* Muramic acid: Another amino sugar acid which
is structurally a condensation product of D-
Glucosamine and Lactic Acid.

Biomedical Importance

e Neuraminic acid and sialic acids occur in a number of
mucopolysaccharides and in glycolipids like gangliosides.

e A number of nitrogenous oligosaccharides which contain
neuraminic acid are found in human milk.

« Certain bacterial cell walls contain muramic acid.

* Neuraminidase is the enzyme which hydrolyses to split
“NANA” from the compound.

4. Glycosides

Definition: Glycosides are compounds containing a
carbohydrate and a noncarbohydrate residue in the same
molecule. In these compounds the carbohydrate residue
is attached by an acetal linkage of carbon-I to the non-
carbohydrate residue. The noncarbohydrate residue
present in the glycoside is called as Aglycone. The agly-
cones present in glycosides vary in complexity from
simple substances as methyl alcohol, glycerol, phenol or
abase such as adenine to complex substances like sterols,
hydroquinones and anthraquinones. The glycosides are
named according to the carbohydrate they contain. If it
contains glucose, forms glucoside. If galactose, it forms
galactoside and so on.

Biomedical Importance

Glycosides are found in many drugs, spices and in the
constituents of animal tissues. They are widely distributed in
plant kingdom.

e Cardiac glycosides: It is important in medicine because
of their action on heart and thus used in cardiac
insufficiency. They all contain steroids as aglycone
component in combination with sugar molecules. They are
derivatives of digitalis, strophanthus and squill plants, e.g.

Digitonin —— P 4 Galactose + Xylose
+ Digitogenin
(Aglycone)

e Quabain:A glycoside obtained from strophanthus sp. is of
interest as it inhibits active transport of Na* in cardiac
muscle in vivo (Sodium Pump inhibitor).

e Phloridzin: A glycoside obtained from the root and bark of
Apple tree. It blocks the transport of sugar across the
mucosal cells of small intestine and also renal tubular
epithelium; it displaces Na* from the binding site of
‘carrier protein’ and prevents the binding of sugar
molecule and produces glycosuria.

e Other glycosides include antibiotics such as streptomycin.



DISACCHARIDES

Three most common disaccharides of biological impor-
tance are: Maltose, Lactose and Sucrose. Their general
molecular formula is C;,H,,0;; and they are hydrolysed
by hot acids or corresponding enzymes as follows:

C1oHp 041 + HyO — CgH 04 + CgHp,04

Thus on hydrolysis:

H,0

Maltose » D-Glucose + D-Glucose
H,0

Lactose » D-Glucose + D-Galactose
H,0

Sucrose » D-Glucose + D-Fructose

The disaccharides are formed by the union of two
constituent monosaccharides with the elimination of one
molecule of water. The points of linkage, the glycosidic
linkage varies, as does the manner of linking and the
properties of the disaccharides depend to a great extent
on the type of the linkage. If both of the two potential
aldehyde/or ketone groups are involved in the linkage
the sugar will not exhibit reducing properties and will
not be able to form osazones, e.g. sucrose. But if one of
them is not bound in this way, it will permit reduction
and osazone formation by the sugars, e.g. Lactose and
Maltose.

PROPERTIES OF DISACCHARIDES

1. Maltose: Maltose or malt sugar is an intermediary in
acid hydrolysis of starch and can also be obtained by
enzyme hydrolysis of starch. In the body, dietary starch
digestion by Amylase in gut yields maltose, which
requires a specific enzyme maltase to form glucose. It is
a rather sweet sugar and is very soluble in water. Since
it has one aldehyde ‘free’ or potentially free (Fig. 3.15) it
has reducing properties, and forms characteristic
osazones, which has characteristic appearance
‘Sunflower’ like. As anomeric carbon of one glucose is
free, can form o and B forms and exhibit mutarotation.
On hydrolysis Maltose yields two molecules of glucose.

2. Lactose: Lactose is milk sugar and found in appreciable
quantities in milk to the extent of about 5 per cent and
occurs at body temperature as an equilibrium mixture of
the ocand B forms in 2:3 ratio. It is not very soluble and is

6 CH,0H

Fig. 3.15: Maltose (o form)
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not so sweet. Itis dextrorotatory. Specific enzyme which
hydrolyses is lactase present in intestinal juice. On
hydrolysis it yields one molecule of D-Glucose and one
molecule of D-Galactose. Because it contains galactose
as one of its constituents, it yields mucic acid on being
treated with Conc HNO; after hydrolysis.

As one of the aldehyde group is free or potentially
free (Fig. 3.16), it has reducing properties and can form
osazones. Lactosazone crystals have typical hedgehog
shape or powder puff appearance. As anomeric carbon
of glucose is free, can form o and B forms and exhibits
mutarotation.

6CH, OH

0-f-D-Galactopyranosyl-(1 — 4)-3-D-glucopyranoside

Fig. 3.16: Lactose (3 form)

Fearon’s Test: Serves to distinguish lactose simulta-
neously from sucrose and monosaccharides like glucose,
galactose and fructose. A mixture of lactose and
methylamine hydrochloride solution + NaOH solution,
when heated in water bath at 56°C for %2 hour and then
cooled by standing at room temperature, an intense red
colour develops.

3. Sucrose: Ordinary table sugar is sucrose. It is also called
as ‘Cane sugar’, as it can be obtained from sugarcane.
Also obtained from sugar beet, and sugar maple. Also
occurs free in most fruits and vegetables, e.g. pineapples,
and carrots. It is very soluble and very sweet and on
hydrolysis yields one molecule of D-Glucose and one
molecule of D-Fructose. The specific enzyme which
hydrolyses sucrose is sucrase present in intestinal juice.
As both aldehyde and ketone groups are linked together
(001> 2), it does not have reducing properties, and cannot
form osazones. As both anomeric carbons are involved
in ‘linkage’, it does not exhibit mutarotation (Fig. 3.17).

1CH,OH
6 CH,OH 2

H OH OH H

O-u-D-Glucopyranosyl-(1 — 2)-f-D-fructofuranoside

Fig. 3.17: Sucrose
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Invert Sugars and ‘Inversion’

Sucrose is dextrorotatory (+62.5°) but its hydrolytic
products are laevorotatory because fructose has a greater
specific laevorotation than the dextrorotation of glucose.
As the hydrolytic products invert the rotation, the
resulting mixtures of glucose and fructose (hydrolytic
products) is called as Invert Sugar and the process is
called as Inversion. Honey is largely ‘invert sugar” and
the presence of fructose accounts for the greater sweetness
of honey.

4. Lactulose: A ketodisaccharide

Structure: It is O-a-D-galctopyranosyl-(1—4)-B-D-
fructofuranose

Source: Heated milk (small amounts). Mainly obtained
synthetically.

Clinical significance: Not hydrolysed by intestinal
enzymes, but fermented by intestinal bacteria. It is used
clinically in medicine as an osmotice laxative.

Differences Between Sucrose and Lactose

Detailed differentiation of lactose from sucrose has been
given in Table 3.1.

Biomedical Importance of Disaccharides

e Various food preparations, such as baby and invalid foods
available, are produced by hydrolysis of grains and contain
large amounts of maltose. From nutritional point of view
they are thus easily digestible.

¢ In lactating mammary gland, the lactose is synthesised
from glucose by the duct epitheliumand lactose present
in breast milk is a good source of energy for the newborn
baby.

e Lactose is fermented by ‘Coliform’ bacilli (E. coli) which
is usually non-pathogenic (lactose fermenter) and not by
Typhoid bacillus which is pathogenic (lactose non-
fermenter). This test is used to distinguish these two
microorganisms.

e ‘Souring’ of milk: Many organisms that are found in milk,
e.g. E. coli, A. aerogenes, and Str. lactis convert lactose of
milk to lactic acid (LA) thus causing souring of milk.

e Sucrose if introduced parenterally cannot be utilised,
but it can change the osmotic condition of the blood and
causes a flow of water from the tissues into the blood. Thus
clinicians use it in oedema like cerebral oedema. If
sucrose or some other disaccharides are not hydrolysed in
the gut, due to deficiency of the appropriate enzyme,
diarrhoea is likely to occur.

Table 3.1: Differentiation of lactose from sucrose

Lactose
1. Known also as ‘milk sugar’ 1.
2. Structurally one molecule of D-Glucose and one 2.

molecule of D-Galactose are joined together by
glycosidic linkage (8 1 — 4)

3. Hydrolysed to give one molecule of glucose and &
one molecule of galactose
4. Specific enzyme which hydrolyses is called 4.
lactase, which is present in intestinal juice
5. Dextrorotatory disaccharide 5
6. As anomenic carbon is free, can form o and 8 6.
forms and exhibits mutarotation
7. Specific rotation of the solution is +55.2° 7.
8. Can reduce alkaline copper sulphate solution like 8.
Benedict's qualitative reagent, Fehling’s solution
9. Does not reduce Berfoed’s solution 9.
10. Forms Osazone. Lactosazone crystals have typical 10.
hedge-hog shape or Powder puff
11. Hydrolytic products on treatment with conc. HNO, 11.
can form “mucic acid”
12. Fearon’s test is positive 12.
13. Can be synthesised in lactating mammary gland 13.
from glucose
14. In lactating mother lactose may appear in urine, 14.

producing Lactosuria

Sucrose

Common table sugar (cane sugar)
Structurally one molecule of D-Glucose and one
molecule of D-Fructose joined together (o 1— 2)

Hydrolysed to give one molecule of glucose and

one molecule of fructose

Specific enzyme which hydrolyses is called

Sucrase (Invertase) which is present in intestinal juice
Also dextrorotatory (+66.5°), but hydrolytic

products are laevorotatory (—19.5°) Hydrolytic

products are called invert sugars and process is called Inversion.
As both anomenic carbons are involved in

linkage, cannot form o and B-forms

Does not exhibit mutarotation

Does not reduce alkaline copper sulphate

solution

Does not reduce Berfoed’s solution

Cannot form osazones

Cannot form mucic acid

Fearon’s test is negative
Not so

Not so



OLIGOSACCHARIDES

Biomedical Importance: Integral membrane proteins
contain covalently attached carbohydrate units, oligo-
saccharides, on their extracellular face. Many secreted
proteins, such as antibodies and coagulation factors also
contain oligosaccharide units. These carbohydrates are
attached to either the side-chain O, atom of serine or
threonine residues by O-glycosidic linkages or to the side
chain nitrogen of Asparagine residues by N-glycosidic
linkages. N-linked oligosaccharides contain a common
pentasaccharide core consisting of three mannose and
two N-acetyl glycosamine residues. Additional sugars are
attached to this common core in many different ways to
form the great variety of oligosaccharide patterns found
in glycoproteins.

The diversity and complexity of the carbohydrate
oligosaccharide units of glycoprotein suggest that they
are rich in information and are functionally important.
Carbohydrates participate in molecular targeting and
cell-cell recognition. The removal of glycoproteins from
the blood is accomplished by Surface Protein Receptors
on Liver cells, e.g. Asialo-glycoprotein receptor. Many
newly synthesised glycoproteins such as, immuno-
globulins (antibodies) and peptide hormones, contain
oligosaccharide carbohydrate units with terminal sialic
acid residues. When the function of particular protein is
over, in hours or days, terminal sialic acid residues are
removed by Sialyses on the surface of blood vessels. The
exposed galactose residues of these trimmed proteins are
detected by the asialoglycoprotein receptors on liver cell
membrane. The complex of the asialoglycoprotein and
its receptor is then internalised by the liver, by
“endocytosis”, to remove the trimmed glycoprotein from
the circulating blood. The oligosaccharide units actually
mark the passage of time and determines when the
proteins carrying them should be taken out of circulation.
The rate of removal of sialic acid from glycoproteins is
controlled by the structure of the protein itself. Thus,
proteins can be designed to have life times ranging from
a few hours to many weeks depending on the
physiological and biological needs.

POLYSACCHARIDES

® Polysaccharides are more complex substances. Some
are polymers of a single monosaccharide and are
termed as Homopolysaccharides (Homoglycans), e.g.
starch, glycogen, etc.

® Some contain other groups other than carbohydrates
such as hexuronic acid and are called as Heteropoly-
saccharides (heteroglycans), e.g. Mucopolysaccha-
rides.
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Wheat Rice

Potato

Fig. 3.18: Starch grains under microscope

HOMOPOLYSACCHARIDES (HOMOGLYCANS)

1. Starch

Starch is a polymer of glucose, and occurs in many plants

as storage foods. It may be found in the leaves, and stem,

as well as in roots, fruits and seeds where it is usually
present in greater concentration.

e Starch granules: Appear under microscope as
particles made up of concentric layers of material.
They differ in shape, size and markings according to
the source (Fig. 3.18). Starchy foods are mainstay of
our diet.

e Composition of starch granule: It consists of two
polymeric units of glucose called (i) Amylose and
(ii) Amylopectin, but they differ in molecular
architecture and in certain properties (Table 3.2).

® Solubility: Starch granules are insoluble in cold water,
but when their suspension is heated, water is taken
up and swelling occurs, viscosity increases and starch
gels or pastes are formed.

® Reaction with I,: Both the granules and the colloidal
solutions react with Iodine to give a blue colour. This
is chiefly due to amylose, which forms a deep-blue
complex, which dissociates on heating. Amylopectin
solutions are coloured blue-violet or purple.

e Ester Formation: Starches are capable of forming
esters with either organic or inorganic acids.

* Hydrolysis of starch: It yields succession of
polysaccharides of gradually diminishing molecular

size.
Course of Hydrolysis Reaction with Iodine
Starch Blue

l

Soluble starch Blue
l

Amylodextrin Purple
l

Erythrodextrin Red
l

Achroodextrin Colourless
l

Maltose
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Table 3.2: Differentiation of amylose and amylopectin

Amylose

. Ocecurs to the extent of 15 to 20%

Low molecular weight—approx. 60,000

. Soluble in water

Gives blue colour with dilute iodine solution
Structure

Unbranched

Straight chain

250 to 300 D-Glucose units linked by

ol — 4 linkages

« Twists into a helix, with six glucose units per turn

aRwNPR
.

Amylase Maltase
s Starch » Maltose » Glucose
+
Dextrins
acid
e Starch —» Glucose
Hydrolysis

Enzyme (amylase) hydrolysis ends at maltose. It is not
quantitative conversion, traces of dextrins are also
formed. For formation of glucose, it requires the enzyme
maltose. But if the hydrolysis is accomplished by acids
much of the starch will be converted into glucose.

* Types of amylases: Two broad classes of amylases
exist as:
— «a-amylase is present in saliva and pancreatic
juice,
— B-amylaseis present in sprouted grains and malts.
Both of them hydrolyse only a-glycosidic linkage.
o-amylase produces a random cleavage of glycosidic
bonds well inside the starch molecule yielding a mixture
of maltose and some fragments larger than maltose
(dextrins), whereas, B-amylase splits off maltose moietes
liberating successive maltose units commencing at the
non-reducing end of the starch molecule and ends in
Limit dextrin.

2. Glycogen

Glycogen is the reserve carbohydrate of the animal, hence
it is called as animal starch. It has been shown to be
present in plants which have no chlorophyll systems, e.g.
in fungi and yeasts. It is also found in large amounts in
oysters and other shell fish. In higher animals, it is
deposited in the liver and muscle as storage material
which are readily available as immediate source of
energy. It is dextrorotatory with an [o] D 20° = +196° to
+197°. Formation of glycogen from glucose is called as
Glycogenesis and breakdown of glycogen to form glucose
is called as glycogenolysis. Postmortem glycogenolysis

OAWN R

Amylopectin

. Occurs 80 to 85%
. High molecular weight—approx. 5,00,000
. Insoluble in water, can absorb water and swells up

Gives reddish-violet colour with |, solution

» Highly branched structure

More D-Glucose

Units joined together

Structure similar to glycogen

Main stem has

o-1 — 4 glycoside bonds

At branch point a1 — 6 linkage, Approx 80 branches. One
branch after every 24 to 30 D-Glucose units

is very rapid but ceases when the pH falls to 5.5 due to
lactic acid formed from glucose.

* Molecular weight: The molecular weight varies from
1,000,000 to 4,000,000.

® Solubility: Glycogen is not readily soluble in water
and it forms an opalascent solution. It can be
precipitated from opalascent solution by ethyl alcohol,
and in drying, it forms a pure white powder.

e Action of alkali: Glycogen is not destroyed by a hot
strong KOH or NaOH solution. This property is made
use of in the method for determining it quantitatively
in tissues.

* Action withiodine: Glycogen gives a deep-red colour.
In this respect it resembles erythrodextrin.

Structure: Glycogens have a complex structure of highly
branched chains. It is a polymer of D-Glucose units and
resemble amylopectin. Glucose units in main stem are
joined by a1l — 4 glucosidic linkages and branching
occurs at branch points by a1 — 6 glucosidic linkage. A
branch point occurs for every 12 to 18 glucose units
(Fig. 3.19).

3. Inulin

It is a polymer of D-fructose and has a low molecular
weight (MW = 5000). It occurs in tubers of the Dehlia, in
the roots of the Jerusalem artichoke, dandelion and in
the bulbs of onion and garlic. It is a white, tasteless

/ o — 4 linkage

Fig. 3.19: Branched structure of
glycogen—showing linkages



powder. It is levorotatory and gives no colour with
iodine. Acids hydrolyse it to D-fructose; similarly it is
also hydrolysed by the enzyme inulinase, which
accompanies it in plants. It has no dietary importance in
human beings as inulinase is absent in human.

Biomedical Importance

e Itis used in physiological investigation for determination of
the rate of glomerular filtration rate (GFR).

e Ithas been also used for estimation of body water (ECF)
volume.

4. Cellulose

Cellulose is a polymer of glucose. It is not hydrolyzed
readily by dilute acids, but heating with fairly high
concentrations of acids yields, the disaccharide Cellobiose
and D-Glucose. Cellobiose is made up of two molecules
of D-Glucose linked together by B-Glucosidic linkage
between C, and C, of adjacent glucose units.

Biomedical Importance

Cellulose is a very stable insoluble compound. Since, itis the
main constituent of the supporting tissues of plants, it forms a
considerable part of our vegetable food. Herbivorous animals,
with the help of bacteria, can utilise a considerable proportion
of the cellulose ingested, but in human beings no cellulose
splitting enzyme is secreted by Gl mucosa, hence it is not
of any nutritional value. But it is of considerable human
dietetic value that it adds bulk to the intestinal contents
(roughage) thereby stimulating peristalsis and elimination
of indigestible food residues.

5. Dextrins

When starch is partially hydrolysed by the action of acids
or enzymes, it is broken down into a number of products
of lower molecular weight known as dextrins (see
hydrolysis of starch). They resemble starch by being
precipitable by alcohol, forming sticky, gummy masses.

Biomedical Importance

e Dextrin solutions are often used as mucilages (mucilages
on the back of the postage stamp)

e Starch hydrolysates consisting largely of dextrins and
maltose are widely used in infant feeding.

Limit Dextrin: It is a well defined dextrin. This is the
product remaining after the f-Amylase has acted upon
starch until no further action is observed.

6. Dextrans

Itisapolymer of D-Glucose. Itis synthesised by the action
of Leuconostoc mesenteroides, a non-pathogenic gram
+ve cocci in a sucrose medium. Exocellular enzyme
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produced by the organisms bring about polymerisation
of glucose moiety of sucrose molecule, and forms the
polysaccharide known as Dextrans. They differ from
dextrins in structure. They are made up of units of a
number of D-Glucose molecules, having o1 — 6, a1l — 4
or ol — 3 glycosidic linkages, within each unit and the
units are joined together to form a network.

Clinical Aspect

Dextran solution, having molecular wt approx. 75,000 have
been used as Plasma Expander. When given 1V, in cases of
blood loss (haemorrhage), it increases the blood volume.
Because of their high viscosity, low osmotic pressure, slow
disintegration and utilisation, and slow elimination from the
body they remain in blood for many hours to exert its effect.

Disadvantage: Only disadvantage is that it can interfere
with grouping and cross-matching, as it forms false
agglutination (Roleux formfation). Hence blood sample for
grouping and cross-matching should be collected before
administration of dextran in a case of haemorrhage and
blood loss, where blood transfusion may be required.

7. Agar

Itis a homopolysaccharide. Made up of repeated units of
galactose which is sulphated. Present in seaweed. It is
obtained from them.

Biomedical Importance

e In human:Used as laxative in constipation. Like cellulose,
itis not digested, hence add bulk to the faeces (“roughage”
value) and helps in its propulsion.

e In microbiology: Agar is available in purified form. It
dissolves in hot water and on cooling it sets like gel. It is
used in agar plate for culture of bacteria.

HETEROPOLYSACCHARIDES
(HETEROGLYCANS)—
MUCOPOLYSACCHARIDES (MPS)

Jeanloz has suggested the name Glycosaminoglycans
(GAG) to describe this group of substances. They are
usually composed of amino sugar and uronic acid units
as the principal components, though some are chiefly
made up of amino sugar and monosaccharide units
without the presence of uronic acid. The hexosamine
present is generally acetylated. They are essential
components of tissues, where they are generally present
either in free form or in combination with proteins.
Carbohydrate content varies. When carbohydrate content
is > 4 per cent, they are called Mucoproteins and when
< 4 per cent they are called as Glycoproteins.
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CLASSIFICATION

Although there is no agreement on classification, the
nitrogenous heteropolysaccharides (mucopolysac-
charides) are classified as follows:

Chemistry of Biomolecules

MPS

[ 1
Neutral A(iidic

| 1
Sulphate free Sulphate containing

I. Acidic Sulphate free MPS

1. Hyaluronic Acid

A sulphate free mucopolysaccharide. It was first isolated
from vitreous humour of eye. Later it was found to be
present in synovial fluid, skin, umbilical cord, haemolytic
streptococci and in rheumatic nodule. It occurs both free
and salt-like combination with proteins and forms so-
called ground substance of mesenchyme, an integral part
of gel-like ground substance of connective and other
tissues.

Composition: It is composed of repeating units of
N-acetyl glucosamine and D-Glucuronic acid. On hydro-
lysis, it yields equimolecular quantities of D-Gluco-
samine, D-Glucoronic acid and acetic acid (Fig. 3.20).

Functions: (See below under proteoglycans)

Hyaluronidase: An enzyme present in certain tissues,
notably testicular tissue and spleen, as well as in several
types of pneumococci and haemolytic streptococci. The
enzyme catalyses the depolymerisation of hyaluronic
acid and by reducing its viscosity facilitates diffusion of
materials into tissue spaces. Hence the enzyme,
sometimes, is designated as spreading factor.

Biomedical Importance

e The invasive power of some pathogenic organisms may
be increased because they secrete hyaluronidase. In the
testicular secretions, it may dissolve the viscid substances
surrounding the ova to permit penetration of spermatozoa.

e Clinically the enzyme is used to increase the efficiency of
absorption of solutions administered by clysis.

2. Chondroitin

Another sulphate free acid mucopolysaccharide. Found
in cornea and has been isolated from cranial cartilages. It

B1—>4

N-Acetyl glucosamine
(Acetylation on C,)

differs from hyaluronic acid only in that it contains N-
acetyl galactosamine instead of N-acetyl glucosamine.

II. Sulphate Containing Acid MPS

1. Keratan Sulphate (Kerato Sulphate)

A sulphate containing acid MPS. Found in costal cartilage,
and cornea has been isolated from bovine cornea. It has
been reported to be present in Nucleus pulposus and the
wall of aorta.

Composition: It is composed of repeating disaccharide
unit consisting of N-acetyl glucosamine and galactose.

N-acetyl — Galactose — N-Acetyl
Glucosamine Glucosamine

There are no uronic acids in the molecule. Total sulphate
content varies, but ester SO, is present at C; of both
N-acetyl glucosamine and galactose.

Types: Two-types have been described. They are found
in tissues combined with proteins.

e Keratan SO, I: It occurs in cornea. In this type,
linkage is between N-acetyl glucosamine and
Asparagine residue to form the N-glycosidic
bonding.

e Keratan SO, II: It occurs in skeletal tissues. In this
type, the linkage to protein is by way of -OH
groups on serine and threonine residues of the
protein.

2. Chondroitin Sulphates

They are principal MPS in the ground substance of
mammalian tissues and cartilage. They occur in
combination with proteins and are called as
Chondroproteins.

Four chondroitin sulphates have been isolated so
far. They are named as chondroitin SO, A, B, C and D.
a. Chondroitin SO, A: It is present chiefly in cartilages,
adult bone and cornea.

Structure: It consists of repeating units of N-acetyl-D-
Galactosamine and D-Glucuronic acid. N-Acetyl galac-
tosamine is esterified with SO, in position 4 of galacto-
samine (Fig. 3.21).

b. Chondroitin SO, B:Itis present in skin, cardiac valves
and tendons. Also isolated from aortic wall and lung
D-Glucuronic

N-Acetyl
acid Glucosamine
n

Hyalobiuronic acid group

f1—-3

Fig. 3.20: Structure of hyaluronic acid
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N-acetyl 1= 4 : =3 N-acetyl
D-Gal-amine Bt 3 D-G|IJC}:;OI‘IIC Bt » D-Gal-amine
SO,atC, L S0, atC,
Chondroitin SO4 A
(92)
o
N-acetyl 314 : 153 N-acetyl
D-Gal-amine 1> > L"d”fg”‘c ‘- » D-Gal-amine |
SO4atC, 2ul SO4atC, o
=
Chondroitin SO, B g
o
N-acetyl 1 4 . 13 N-acetyl
D-Gal-amine Bl »  D-Glucuronic B » D-Gal-amine
SO, at Cg acid SO, at Cg

Chondroitin 80, C

Fig. 3.21: Structure of chondroitin SO,

parenchyma. It has L-iduronic acid in place of glucuronic
acid which is found in other chondroitin sulphates. It
has a weak anticoagulant property, hence sometimes it
is called as B-Heparin. As it is found in skin, it is also
called as Dermatan sulphate.

Structure: It consists of repeating units of L-iduronic acid
and N-acetyl galactosamine. Sulphate moiety is present
at C, of N-acetyl galactosamine molecule.

L-Iduronic acid: It is an epimer of D-Glucuronic acid.
Metabolically it is formed in the liver from D-Glucose.

c. Chondroitin SO, C: It is found in cartilage and ten-
dons. Structure of chondroitin SO, C is the same as that
of chondroitin SO, A except that the SO, group is at posi-
tion 6 of galactosamine molecule instead of position 4.
d. Chondroitin SO, D: It has been isolated from the
cartilage of shark. It resembles in structure to chondroitin
SO, C except that it has a second SO, attached probably
at carbon 2 or 3 of uronic acid moiety.

3. Heparin

Itis also called a-Heparin. It is an anticoagulant present
in liver and it is produced mainly by mast cells of liver
(Originally isolated from liver). In addition, it is also

D-Glucosamine al—>4

NH, gr of C, contains
S04 and OH gr.
of Cg sulfated

L-Iduronic acid N

found in lungs, thymus, spleen, walls of large arteries,
skin and in small quantities in blood.

Structure: Itis a polymer of repeating disaccharide units
of D-Glucosamine (Glc N) and either of the two uronic
acids-D-Glucuronic acid (Glc UA) and L-Iduronic acid
(IDUA) (Fig. 3.22). The -NH, group at C, and OH group
at C; of D-Glucosamine (Glc N) are sulphated. A few may
contain acetyl group on C, of D-Glucosamine. In addition,
the OH group of C, of uronic acids, D-Glucuronic acid
and/or L-Iduronic acid, are sulphated. Initially, all of the
uronic acids are D-Glucuronic acid (Glc UA), but
“5-epimerase” enzyme converts approximately 90 per
cent of the D-Glucuronic acid residues to L-Iduronic acid
(IDUA) after the polysaccharide chain is fully formed.
Hence, in fully formed Heparin molecule 90 per cent
or more of uronic acid residues are L-Iduronic acid.

Properties: It is strongly acidic due to sulphuric acid
groups and readily forms salts. Molecular weight of
Heparin varies from 17,000 to 20,000. It occurs in combi-
nation with proteins as proteoglycans. The protein
molecule of heparin proteoglycan is unique, consisting
chiefly Serine and Glycine residues. Approximately 2/3
of the serine residue contain GAG chains. Linkage with

al—4
D-Glucosamine

(90%) g

OH gr. at
C, sulfated

Fig. 3.22: Structure of heparin
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protein molecule is usually with GalN and serine/
sometimes with threonine.

Functions: (See below under Proteoglycans).

Heparin antagonist: The anticoagulant effects of heparin
can be antagonised by strongly cationic polypeptides such
as protamines, which bind strongly to heparin, thus
inhibiting its binding to antithrombin III.

CLINICAL ASPECT

Inherited Deficiency: Individuals with inherited deficiency of
antithrombin 11l have been reported who are prone to develop
frequent and widespread clots.

4. Heparitin Sulphate

Isolated from amyloid liver, certain normal tissues such
as human and cattle aorta, and from the urine, liver and
spleen of patients with gargoylism (Hurler’s syndrome).
This compound has negligible anticoagulant activity. It
seems to be structurally similar to heparin, but has a:
e Lower molecular weight,
* Some of the amino groups carry acetyl groups and
percentage of -SO, groups are smaller.
e Unlike heparin, its predominant uronic acid is
D-Glucuronic acid (Glc UA).
Recently it has been shown that it is present on cell
surfaces as proteoglycan and is extracellular.

I1l. Neutral MPS

* Many of the neutral nitrogenous polysaccharides of
various types are found in pneumococci capsule. Type
specificity of pneumococci resides on specific poly-
saccharides present on capsule (“hapten”). Prepa-
rations of capsular polysaccharides from Type-1
pneumococci yield on hydrolysis glucosamine and
Glucuronic acids.

® Blood group substances: These contain peptides or
amino acids as well as carbohydrates. Four monosac-
charides are found in all types of blood group sub-
stances regardless of source: Galactose, fucose, Galac-
tosamine (acetylated) and acetylated glucosamine.
Non-reducing end groups of acetyl glucosamine,
galactose and fucose are associated with blood group
specificities of A, Band H respectively (Fig. 3.23). The
amino acid composition of blood group substances is
peculiar in that S-containing and aromatic amino acids
are absent.

¢ Nitrogenous neutral MPS firmly bound proteins, e.g.
ovalbumin (contains mannose and glucosamine).

PROTEOGLYCANS—CHEMISTRY
AND FUNCTIONS

Chemistry

® Proteoglycans are conjugated proteins. Proteins called
“core” proteins are covalently linked to glycosamino-
glycans (GAGs).

¢ Any of the GAGs viz. hyaluronic acid (HA); keratan
sulphates I and II, chondroitin sulphates A, B, C,
heparin and heparan sulphate can take part in its
formation.

® The amount of carbohydrates in proteoglycans is
much greater (upto 95%) as compared to glycopro-
teins.

Linkages: Three types of linkages between GAG and
coreprotein is observed.

* O-glycosidic linkage: Formed between N-acetyl
galactosamine (GalNAc) and serine or threonine
of the core protein.

Example: Typically seen in keratan SO, II.

* N-glycosylamine linkage: Formed between
N-acetyl glucosamine (GIcNAc) and amide N of
asparagine (ASn) of core protein.

Example: Typically seen in keratan SO, and
N-linked glycoproteins.

* O-glycosidic linkage: Formed between xylose
(Xyl) and serine of the protein. This bond is unique
to proteoglycans.

Functions of Proteoglycans

e As a constituent of extracellular matrix or ground
substance: Interacts with collagen and elastin

* Acts as polyanions: GAGg present in proteoglycans are
polyanions and hence bind to polycations and cations such
as Na and K. Thus attracts water by osmotic pressure into
extracellular matrix contributing to its turgor.

e Acts as a barrier in tissue: Hyaluronic acid in tissues acts
as a cementing substance and contributes to tissue barrier
which permit metabolites to pass through but resist
penetration by bacteria and other infective agents.

e Acts as lubricant in joints: Hyaluronic acid in joints acts
as a lubricant and shock absorbant. Intraarticular injection
of hyaluronic acid in knee joints is used to alleviate pain in
chronic osteoarthritis of knee joints.

* Rolein release of hormone: Proteoglycans like hyaluronic
acid are present in storage or secretory granules, where
they play part in release of the contents of the granules.

e Role in cell migration in embryonic tissues: Hyaluronic
acid is present in high concentration in embryonic tissues
and is considered to play an important role in cell migration
during morphogenesis and wound repair.
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Gene Structures formed Specificity and
Blood groups
Gene giving precursors B1-3 Type XIV
orl—4 B1-3 Pneumococcus
Gal — GNAc Gal glycoprotein
| B1-—>3 I(_In)
Gal NAc o
| —
R o
H-gene =
(Addition of L-fucose B1-3 —
to precursor) orl—4 B1-3 =
Gal ——— GNAc Gal o
al—2 | Bp1->3 ‘H’
Gal-NAc
I
R
A gene
(Addition of Gal NAc B1-3
to H active substance) al—>3 orl—4 B1—-3
Gal Gal GNAc —— Gal
NAc al—>2 | B1—3 ‘A
Gal NAc
I
R
B gene
(Addition of Gal to p1—-3
H active substance) al—>3 orl—4 B1—3
@ Gal GNAc — Gal
al—>2 | B1—>3 ‘B’
Gal NAc
Key |
R

Gal = Galactose

G NAc = N-acetylated glucosamine
Gal NAc = N-acetylated galactosamine
R = Protein core

Fig. 3.23: Structure of blood groups—ABO system

Role in glomerular filtration: Proteoglycans like hyalu-
ronic acid is present in basement membrane (BM) of
glomerulus of kidney where it plays important role in charge-
selectiveness of glomerular filtration.

Role as anticoagulant in vitro and in vivo:

— In vitro, heparin is used as an anticoagulant. 2 mg/10
ml of blood is used. Most satisfactory anticoagulant as
it does not produce a change in red cell volume or
interfere with its subsequent determinations.

— Invivo, heparin is an important anticoagulant. It binds
with factor IX and XI, but its most important action is
with plasma antithrombin Ill. Binding of heparin to
lysine residues in antithrombin Il produces confor-
mational change which promotes the binding of the
latter to serine protease thrombin which is inhibited,
thus fibrinogen is not converted to fibrin.

Four naturally occurring thrombin inhibitors in
plasma are:
(i) Antithrombin 111 (75% of the activity)
(ii) o,-macroglobulin contributes remainder
(iii) Heparin cofactor Il
(iv) o4-antitrypsin
The last two shows minor activity.

e Role as a coenzyme: Heparin acts in the body to increase
the activity of the enzyme Lipoprotein lipase. Heparin
binds specifically to the enzyme present in capillary walls,
causing a release of the enzyme into the circulation. Hence
heparin is called as Clearing factor.

e Asareceptor of cell: Proteoglycans like heparan sulphate
are components of plasma membrane of cells, where they
may act as receptors and can participate in cell adhesion
and cell-cell interactions.
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* Role in compressibility of cartilages: Chondroitin
sulphates and hyaluronic acid are present in high concen-
tration in cartilages and have a role in compressibility of
cartilage in weight bearing.

e Role in sclera of eye: Dermatan sulphate is present in
sclera of the eye where it has an important function in
maintaining overall shape of the eye.

* Roleincornealtransparency:Keratan sulphate | is present
in cornea of the eye and lie between the collagen fibrils. It
plays animportantrole in maintaining corneal transparency.

Biomedical Importance/Clinical Aspect

Mucopolysaccharidoses: The mucopolysaccharidoses are
agroup of related disorders, due to inherited enzyme defect,

I. Questions (Essay type and short notes)

1. What are carbohydrates? Classify them giving suitable

examples.

Classify carbohydrates and give their importance.

Describe the chemistry and functions of glycogen.

4. Mention five characteristic reactions of an aldose hexose
which occurs in our body.

5. Explain the mutarotation of carbohydrates. Describe in
brief the structure and important properties of the
following.

a. Glycogen b. Starch

6. Describe the chemistry and functions of mucopoly-

saccharides.

® N

Differentiate

Amylose and amylopectin,
Sucrose and Iactose,

Starch and glycogen
Hyaluronic acid and heparin,
Dextrins and dextran

©po T

Short Notes

a. Mutarotation
b. Mucopolysaccharides or glycosaminoglycans (GAG)
c. Glycosides

Il. MCQs (Give one correct answer)

1. Milk sugar is:
a. Mannose
c. Glucose
e. Fructose
2. Glucose and galactose are epimers and they differ
structurally in orientation of H and OH on:

b. Galactose
d. Lactose

a. G b. C;
c G d. G
e. C,

Chemistry of Carbohydrates 43

in which skeletal changes, mental retardation, visceral involve-
ment and corneal clouding are manifested to varying degrees.
Defect/defects in these disorders result in:
e Widespread deposits in tissues of a particular MPS
* In excessive excretion of MPS in urine.

At least six types of mucopolysaccharidoses have
been described. The enzyme deficiency and the clinical
findings are tabulated (Table 3.3).

Detection of MPS in urine: Cetyl trimethyl ammonium
bromide test: Take 5 ml of fresh urine from the suspected
casein a test tube. Add 1.0 ml of 5 per cent cetyl trimethyl
ammonium bromide (Cetavlon) in 1 M citrate buffer (pH-
6.0). Mix and allow to stand at room temperature for %2
hour. A heavy precipitate is given in gargoylism.
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3. Cane sugar is:
a. Glucose
c. Fructose
e. Galactose
4. Which of the following is not a reducing sugar?
a. Lactose b. Maltose
c. Sucrose d. Fructose
e. Galactose
5. o-D-glucose and B-D-glucose are related by:
a. Epimers b. Anomers
c. Mutarotation d. Ketoaldo pair
e. Ketoenol pair
6. The stable ring formation in D-glucose involves:

b. Sucrose
d. maltose

a. Ciand C, b. Ciand C))
c. Cand Gy d. C,and C5
e. Ciand C,
7. Table sugar which is used in making tea is:
a. Glucose b. Lactose
c. Mannose d. Sucrose
e. Maltose
8. Reduction of glucose with Ca in water produces:
a. Sorbitol b. Dulcitol

¢. Mannitol d. Glucuronic acid
e. Fructose
9. Starch and glycogen are polymers of:
a. Frutose b. Mannose
c. B-D-Glucose d. o-D-glucose
e. Galactose
10. The reducing ability of a carbohydrate is due to the
presence/or formation of:
a. A free carboxyl group  b. A free hydroxyl group
c. Enediol formation d. Presence of a 1-4 linkage
e. Formation of ring structure
11. Which of the following is not a polymer of glucose:
a. Amylose b. Inulin
c. Cellulose d. Dextrins
e. Glycogen
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12.

13.

14.

Chemistry of Biomolecules

Invert sugar is:
a. Lactose b. Sucrose
¢. Mannose d. Fructose

e. Hydrolytic products of sucrose
The carbohydrate reserve in human body is:

a. Starch b. Cellulose

c. Glucose d. Glycogen

e. Inulin

A disaccharide linked by o 1-4 glycosidic linkage is:
a. Lactose b. Sucrose

c. Cellulose d. Maltose

e. Cellobiose

15. A polymeric unit of starch which has a branched structure

16.

17.

18.

is:

a. Glucose

c. Isomaltose
e. Cellobiose
The repeating unit in hyaluronic acid is:
a. Glucuronic acid and galactose

b. Glucuronic acid and galactosamine
G

d

b. Amylopectin
d. Amylose

. Glucuronic acid and glucosamine
. Glucuronic acid and N-acetyl glucosamine
e. Glucuronic acid and N-acetyl galactosamine

The repeating disaccharide unit in cellulose is:
a. Dextrin b. Sucrose
c. Maltose d. Dextrose

e. Cellobiose
Inversion is related to:
a. Dextrose

c. Sucrose

e. Lactose

b. Fructose
d. Maltose

19.

20.

21.

22.

23.

Seliwanoff’s test is answered by:

a. Glucose b. Fructose
c. Galactose d. Mannose
e. Lactose

The sugar residues of amylase are:
Fructose units only

In B1—4 linkage

In o1— 4 linkages

Galactose units only

Both galactose and fructose units
Muc1c acid is produced by oxidation of:

Pan o

a. Glucose b. Galactose
c. Fructose d. Mannose
e. Sucrose

Spermatozoa in seminal fluid utilises the following sugar
for its metabolism:

a. Galactose b. Glucose
c. Sucrose d. Fructose
e. Mannose

Match the following:

B. Furfural,
D. Sialic acid

A. Fructose and mannose

C. Galactosamine

1. Acid catalysed dehydration of pentose

2. A constituent of the heteropolysaccharide of
cartilage.

3. A derivative of neuraminic acid

4. Mild alkaline treatment of glucose

Answers to MCQs

1. d 2. e 3. b 4. ¢ 5. b 6. C
7. d 8. a 9.d 10. ¢ 11 b 12. e
13.d 14. d 15. b 16. d 17. e 18. e
19. b 20. ¢ 21. b 22..d 23. 1-B, 2-C, 3-D, 4-A).



CoHNASPET E R

CHEMISIRY OF LIPIDS

Major Concepts

A. What are lipids, their classification and biomedical importance.

B. List the derived lipids of biological importance and learn their chemistry and properties.

C. List the simple lipids of biological importance and learn their chemistry and properties.

D. List the compound lipids of biological importance and learn their chemistry and properties.

Specific Objectives

A. 1. Define lipids. What are “Bloor’s” criteria to call a compound as lipid?
2. Classify lipids. Learn the three major groups with examples of each group.
3. Study the biomedical importance of lipids in general.
B. 1. Listthe derived lipids of biological importance.
2. + Learn about fatty acid—definition and classification.
e Study nomenclature of fatty acids and isomerism in unsaturated fatty acids.
e Learn about essential fatty acids—their chemistry, functions and deficiency manifestations. Learn docosahexaenoic acid, (DHA)
3. Learn the chemistry, properties and biomedical importance of glycerol.
4. + Learn about chemistry, properties, occurrence, distribution and biomedical importance of cholesterol.
e Study other sterols of biological importance.
C. 1. Listthe simple lipids of biological importance
2. + Study in detail the simple lipid triacylglycerol (TG) (neutral fat). Learn the chemistry and important physical and chemical
properties of TG.

» Learn how fats and oils can be identified: Saponification number, acid number, Polenske number, Reichert-Meissl number,

lodine number, acetyl number.
D. 1. Listthe compound lipids of biological importance.
2. Study in detail about chemistry and functions of phospholipids.

* Define phospholipid. ¢ Classify the various phospholipids ¢ Learn the chemistry and properties of phospholipids ¢ Study the
various types of phospholipases and their site of action and products formed < Study the inherited disorder “Niemann-Pick
disease” ¢ Learn the functions of phospholipids and clinical importance of dipalmitoyl lecithin (DPL).

3. List important glycolipids of biological importance.
a. Study the chemistry, types and properties of cerebrosides. Learn about the inherited disorder “Gaucher’s disease”.
b. Study the chemistry, types and properties of gangliosides. Learn about the inherited disorder “Tay-Sach'’s disease”.
4. Differentiate in a tabular form cerebrosides and gangliosides.
5. Study the chemistry of sulfatides and learn about inherited disorders metachromatic leukodystrophy, Fabry’s disease and Krabbe’s
disease.
LIPIDS Bloor’s Criteria
What are Lipids? According to Bloor, lipids are compounds having the
following characteristics:
The lipids constitute a very important heterogenous * They are insoluble in water.
group of organic substances in plant and animal tissues, e Solubility in one or more organic solvents, such
and related either ﬂCtuﬂlly or potentially to the fﬂtty as ether’ Chloroform, benzene, acetone, etC, Yo
acids. Chemically they are various types of esters of called fat solvents.
different alcohols. In addition to alcohol and fatty acids, e Some relationship to the fatty acids as esters either
some of the lipids may contain phosphoric acid, actual or potential.

nitrogenous base and carbohydrates. e Possibility of utilisation by living organisms.
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Thus, lipids include fats, oils, waxes and related com-
pounds. An oil is a lipid which is liquid at ordinary
temperature. Distinction between fats and oils is a purely
physical one. Chemically they are all esters of glycerol
with higher fatty acids.

Biomedical Importance

e Lipids are important dietary constituent and acts as fuel
in the body. In some respects lipid is even superior to
carbohydrates as a raw material for combustion, since, it
yields more energy per gm (9.5 C/gm as compared to
carbohydrates 4.0 C/gm).

e Can be stored in the body in almost unlimited amount in
contrast to carbohydrates.

e Some deposits of lipids may exert an insulating effect in
the body, while lipids around internal organs like kidney,
etc. may provide padding and protect the organs.

e Building materials: Breakdown products of fats can be
utilised for building biological active materials.

 Lipids supply so called Essential fatty acids (EFA), which
cannot be synthesised in the body and are essential in the
diet for normal health and growth.

e The nervous system is particularly rich in lipids especially
certain types and are essential for proper functioning.

* Some vitamins like, A, D, E and K are fat soluble, hence
lipid is necessary for these vitamins.

« Lipoproteins and phospholipids are important constituents
of many natural membranes such as cell walls and cell
organelles like mitochondrion, etc.

» Lipoproteins are also ‘carriers’ of triglycerides, cholesterol
and PL in the body.

CLASSIFICATION OF LIPIDS

Bloor’s Classification is generally adopted with a few
modifications as follows:

I. Simple Lipids

Esters of fatty acids with various alcohols:

(a) Neutral fats (Triacylglycerol, TG): These are triesters
of fatty acids with glycerol.

(b) Waxes are esters of fatty acids with higher mono-
hydroxy aliphatic alcohols.

* True waxes are esters of higher fatty acids with
cetyl alcohol (C,,H33;0H) or other higher straight
chain alcohols.

® Cholesterol esters are esters of fatty acid with
cholesterol.

e Vit A and Vit D esters are palmitic or stearic acids
esters of Vit A (Retinol) or Vit D respectively.

[I. Compound Lipids
Esters of fatty acids containing groups, other than, and
in addition, to an alcohol and fatty acids.

(a) Phospholipids: They are substituted fats contain-
ing in addition to fatty acid and glycerol, a phosphoric

acid residue, a nitrogenous base and other substituents.
Examples: phosphatidyl choline (Lecithin), phosphatidyl
ethanolamine (Cephalin), phosphatidyl inositols
(Lipositols), phosphatidyl serine, plasmalogens,
sphingomyelins, etc.

(b) Glycolipids: Lipids containing carbohydrate moiety
are called glycolipids. They contain a special alcohol
called sphingosine or sphingol and nitrogenous base in
addition to fatty acids but does not contain phosphoric
acid or glycerol. These are of two types:

e (Cerebrosides

® Gangliosides

(c) Sulpholipids: Lipids characterised by possessing sul-
phate groups.

(d) Aminolipids (Proteolipids)

(e) Lipoproteins: Lipids as prosthetic group to proteins.

[ll. Derived Lipids

Derivatives obtained by hydrolysis of those given in
group I and II, which still possess the general
characteristics of lipids.
(a) Fatty acids may be saturated, unsaturated or cyclic.
(b) Monoglycerides (Monoacylglycerol) and Diglycerides
(Diacylglycerol).
(c) Alcohols
e Straight chain alcohols are water insoluble alcohols
of higher molecular weight obtained on hydrolysis
of waxes.
e Cholesterol and other steroids including Vit D.
* Alcohols containing the B-ionone ring include Vit
A and certain carotenoids.
* Glycerol.

IV. Miscellaneous

¢ Aliphatic hydrocarbons include isooctadecane found
in liver fat and certain hydrocarbons found in bees
wax and plant waxes.

¢ Carotenoids

® Squalene is a hydrocarbon found in shark and mam-
malian liver and in human sebum.

e Vitamins E and K.

DERIVED LIPIDS

FATTY ACIDS

Definition: A fatty acid (FA) may be defined as an organic
acid that occurs in a natural triglyceride and is a mono-
carboxylic acid ranging in chain length from C4 to
about 24 carbon atoms. FA are obtained from hydrolysis
of fats.



TYPES OF FATTY ACIDS

Straight chain FA: These may be:

e Saturated FA: Those which contain no double
bonds.

e Unsaturated FA: Those which contain one or more
double bonds.

(a) Saturated FA: Their general formula is C,H,,,; COOH
Examples:

e Acetic acid CH,;COOH

® Propionic acid C,H;COOH

* Butyric acid C;H,COOH

e Caproic acid Cs;H,;COOH

e Palmitic acid C,5 H;COOH

e Stearic acid C,; H35COOH and so on.

Saturated fatty acids having 10 carbon or less number
of carbon atoms are called as lower fatty acids, e.g. acetic
acid, butyric acid, etc. Saturated fatty acids having more
than 10 carbon atoms are called higher fatty acids, e.g.
palmitic acid, stearic acid, etc. Milk contains significant
amount of lower fatty acids.

(b) Unsaturated FA: They are classified further according

to degree of unsaturation.

(1) Mono unsaturated (Monoethenoid) fatty acids: They

contain one double bond.

Their general formula is C, H,,,_; COOH

Example: Oleic acid C,;;H;; COOH is found in nearly all

fats (formula 18 : 1; 9).

(2) Polyunsaturated (Polyethenoid) fatty acids: There are

three polyunsaturated fatty acids of biological

importance.

e Linoleic acid series (18 : 2; 9, 12): It contains two
double bonds between C9 and C10; and between C12
and C13. Their general formula is C H,,_; COOH.
Dietary sources: Linoleic acid is present in sufficient
amounts in peanut oil, corn oil, cottonseed oil,
soyabean oil and egg yolk.

e Linolenic acid series (18:3; 9,12, 15): It contains three
double bonds between 9 and 10; 12 and 13; and 15
and 16. Their general formula is C H,,,_s COOH.
Dietary Source: Found frequently with linoleic acid,
but particularly present in linseed oil, rapeseed oil,
soybean oil, fish visceras and liver oil (cod liver oil).

e Arachidonic acid series (20 : 4; 5, 8, 11, 14): It con-
tains four double bonds. Their general formula:
C,H,,, COOH
Dietary source: Found in small quantities with linoleic
acid and linolenic acid but particularly found
in peanut oil. Also found in animal fats including
Liver fats.

Note: These three polyunsaturated fatty acids, viz. linoleic
acid, linolenic acid and arachidonic acid are called as
“Essential fatty acids (EFA)”. They have to be provided
in the diet, as they cannot be synthesised in the body.
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(c) Branched chain FA: Odd and even carbon branched

chain fatty acids occur in animal and plant lipids, e.g.

e Sebaceous glands: Sebum contain branched chain FA

® Branched chain FA is present in certain foods, e.g.
phytanic acid in butter.

CLINICAL ASPECT

Virulent strains of tubercle bacilli, Mycobacterium
tuberculosis, show a “cord-like growth” and lipid factor termed
“cord factor” has been isolated from them. It is chemically
“trehalose-6-6’-dimycolate” and is present in extremely small
quantity on bacterial surface and appears to be responsible
for virulence of the organism.

(d) Substituted fatty acids: In hydroxy fatty acid and
methyl fatty acid, one or more of the hydrogen atoms
have been replaced by — OH group or — CH; group
respectively. Both saturated and unsaturated hydroxy
fatty acids, particularly with long chains, are found in
nature, e.g. cerebronic acid of brain glycolipids, Ricinoleic
acid in castor oil.

(e) Cyclic fatty acids: Fatty acids bearing cyclic groups
are present in some seeds, e.g.
* Chaulmoogric acid obtained from chaulmoogra
seeds,
* Hydnocarpic acid.

Biomedical Importance

Both of them have been used earlier for long time for
treatment of leprosy.

(f) Eicosanoids: These are derived from eicosapolyenoic
FA.

Eicosapolyenoic FA

Prostanoids + Leukotrienes LTs
+ Lipoxins LXs

« Prostaglandins (PGs)
« Prostacyclins (PGI)
= Thromboxanes (Tx)

Nomenclature of Fatty Acids

(a) The most frequently used systemic nomenclature is
based on naming the fatty acids after the hydrocarbon
with the samenumber of carbonatoms, “oic” beingsubs-
tituted for the final “e” in the name of the hydrocarbon.
* Saturated acids end in “anoic” e.g. octanoic acid and

e Unsaturated acids with double bonds end in enoic,
e.g. octadecenoic acid (oleic acid).
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(b) Carbon atoms are numbered from the - COOH carbon
(carbon No. 1). The carbon adjacent to -COOH gr. i.e.
carbon number 2 is known as o~carbon, carbon atom 3
is B-carbon and the end —CHj carbon is known as the
o-carbon ('Omega’ carbon).

(c) Various conventions are used for indicating the
number and position of the double bonds, e.g. 9 indicates
a double bond between carbon atoms 9 and 10 of the
fatty acids, for this Asign is used, e.g. A9 denotes double
bond between 9 and 10 C.

(d) A widely used convention is to express the fatty acids
by formula to indicate:

¢ The number of carbon atoms

¢ The number of double bonds and

* The positions of the double bonds.

For example oleic Acid (mol. formula C;;H,;; COOH)
has one double bond between C, and C,, thus:

10 9
CH, (CH,), -CH = CH (CH,), - COOH

According to above criteria, it is expressed as 18:1; 9,
[18 indicates the number of carbon atoms, 1 indicates the
number of double bond and 9 indicates the position of
the double bond].

Isomerism

Two types of isomers can occur in an unsaturated fatty
acid.
(a) Geometric Isomers: They depend on the orientation
of the radicals around the axis of the double bonds. If
the radicals are on the same side of the bond, it is called
as “cis” form. If the radicals are on the opposite side, a
‘trans’ form is produced. ‘Cis’ form is comparatively
unstable and is more reactive.

Example: Oleic acid and elaidic acid both have same
molecular formula —C,;H;;COOH

CH; -(CH,),-CH CH;- (CH,), - CH
Il Il
HOOC - (CH,),-CH CH-(CH,), -COOH
(“Cis” form) (‘Trans’ form)

(b) Positional Isomers: A variation in the location of the
double bonds along the unsaturated fatty acids chain
produces isomer of that compound. Thus, oleic acid
could have 15 different positional isomers.

ESSENTIAL FATTY ACIDS

Three polyunsaturated fatty acids, linoleic acid, linolenic
acid and arachidonic acid are called “essential fatty
acids” (EFA). They cannot be synthesised in the body and
must be provided in the diet. Lack of EFA in the diet can
produce growth retardation and other deficiency
manifestation symptoms.

Which EFA is Important?

Linoleic acid is most important as, arachidonic acid can
be synthesised from linoleic acid by a three stage reaction
by addition of acetyl-CoA. Pyridoxal phosphate is neces-
sary for this conversion. Biologically arachidonic acid is
very important as it is precursor from which prosta-
glandins and leukotrienes are synthesised in the body.

Why EFA cannot be Synthesised?

Introduction of additional double bonds in unsaturated
fatty acid is limited to the area between — COOH group
and the existing double bond and that it is not possible
to introduce a double bond between the — CH; group
at the opposite end of the molecule and the first
unsaturated linkage. This would explain body’s inability
to synthesise an EFA from oleic acid.

Functions of EFA: (Biomedical Importance)

e Structural elements of tissues: Polyunsaturated fatty
acids occur in higher concentration in lipids associated with
structural elements of tissues.

e Structural element of gonads: Lipids of gonads also
contain a high concentration of polyunsaturated fatty acids,
which suggests importance of these compounds in
reproductive function.

e Synthesis of prostaglandins and other compounds:
Prostaglandins are synthesised from Arachidonic acid by
cyclooxygenase enzyme system. Leucotrienes are
conjugated trienes formed from arachidonic acid
in leucocytes by the Lipoxygenase pathway.

e Structural element of mitochondrial membrane: A
deficiency of EFA causes swelling of mitochondrial
membrane and reduction in efficiency of oxidative
phosphorylation. This may explain for increased heat
production noted in EFA deficient animals.

e Serum level of cholesterol: Fats with high content of
polyunsaturated fatty acids tends to lower serum level of
cholesterol.

e Effect on clotting time: Prolongation of clotting time is
noted in ingestion of fats rich in EFA.

e Effect on fibrinolytic activity: An increase in fibrinolytic
activity follows the ingestion of fats rich in EFA.

e Role of EFA in fatty liver: Deficiency of EFA produces
fatty liver.

e Role in vision: Docosahexaenoic acid (22:6n-3) is the
most abundant polyenoic fatty acids present in retinal
photoreceptor membranes. Docosahexaenoic acid is
formed from dietary linolenic acid. It enhances the electrical
response of the photoreceptors to illumination. Hence
linolenic acid is necessary in the diet for optimal vision.

Deficiency manifestations: A deficiency of EFA has not
yet been unequivocally demonstrated in humans. In
weaning animals, symptoms of EFA deficiency are
readily produced. They are:



* Cessation of growth.

e Skin lesions: Acanthosis (hypertrophy of prickle
cells) and hyperkeratosis (hypertrophy of stratum
corneum). Skin becomes abnormally permeable to
water. Increased loss of water increases BMR.

¢ Abnormalities of pregnancy and lactation in adult
females.

e Fatty liver accompanied by increased rates of
fatty acids synthesis, lessened resistance to stress.

¢ Kidney damage.

CLINICAL ASPECT

Human deficiency: Some cases of

e Eczema like dermatitis,

» Degenerative changes in arterial wall and

« Fatty liver in man may be due to EFA deficiency.
There are also some reports that administration of EFA in
such cases may produce:
— Some improvement of eczema in children kept on

skimmed milk,

— Prevent fatty liver (some cases) and
— Lowering of cholesterol levels.
Infants and babies with low fat diet develop typical skin
lesions which has shown to be improved with EFA (linoleic
acid).

Fate of EFA: EFA undergoes B-oxidation after necessary
isomerisation and epimerisation, like other unsaturated
fatty acids.

CLINICAL ASPECT
Abnormal Metabolism of EFA

Abnormal metabolism of EFA, which may be concerned with
dietary insufficiency, has been noted in a number of disease
like cystic fibrosis, hepatorenal syndrome, Crohn’s disease,
acrodermatitis enteropathica, Sjogren’s syndrome, Cirrhosis
and Reye’s syndrome.

Docosahexaenoic acid: DHA (W3, 22:6)

Docosahexaenoic acid (DHA) is a polyunsaturated fatty
acid which is synthesized from o-linolenic or obtained
directly from dietary fish oil. This fatty acid is present in
high concentrations in retina, cerebral cortex, tastes and
sperms.

DHA is particularly needed for development of the
brain and retina and is supplied via the placenta and
milk. In EFA deficiency, nonessential polyenoic acids of
the W9 family replace the essential fatty acids in
phospholipids (PL), other complex lipids and
membranes.

Clinical Aspect

Low blood levels of DHA have been reported in patients
with Retinitis Pigmentosa.
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Triene: Tetraene Ratio

Triene: tetraene ratio in plasma lipids can be used to
diagnose the extent of essential fatty acid deficiency.

ALCOHOLS

Alcohols contained in the lipid molecule includes
glycerol, cholesterol and the higher alcohols, e.g.
cetylalcohol, C;;H33COOH (usually found in waxes).

1. Glycerol: Glycerol is commonly called as “glycerin” it
is the simplest trihydric alcohol as it contains three
hydroxyl groups in the molecule (Fig. 4.1).

CH,0H
CHOH
ClinOH

Fig. 4.1: Glycerol

e [tis colourless oily fluid with a sweetish taste.
e [tis miscible with water and alcohol in all proportions
but is almost insoluble in ether.

Source

Industrial

¢ Itis obtained as a by-product of soap manufacture.

e Itis also obtainable in the fermentation of glucose by
changing conditions in such a way as to decrease the
formation of CO, and alcohol.

Physiological

e Endogenous source: Main source is from lipolysis of
fats in adipose tissue.

e Exogenous source: Dietary Approx. 22 per cent of

glycerol directly absorbed to portal blood from the
gut.

Test

Acrolein test: The presence of glycerol is detected by
acrolein test. Glycerol when dehydrated with heat and
KHSO, produces “acryl aldehyde” which has pungent
or acrid odour (Fig. 4.2).

Uses of Glycerol

(a) Industrial: Glycerol finds many uses in industry, as a
result of its solubility, its solvent action and its

CH,0H 2H,0 <|3|Hz
CHOH T » CH
Dehydrated I
CH,OH with heat CHO
+ KHSO,
Glycerol Acrolein

(Acryl Aldehyde)

Fig. 4.2: Acrolein test
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50 Chemistry of Biomolecules

hygroscopic nature. Many pharmaceuticals and

cosmetic preparations have glycerol in their formulas.

(b) In medicine: Nitroglycerine is used as a vasodilator.

* Glycerol therapy in cerebrovascular (CV) diseases

reduces cerebral oedema.

(c) Physiological: In body, glycerol has a definite

nutritive value. It can be converted to glucose/and
glycogen, the process called as gluconeogenesis.

Unsaturated Alcohols

Among the unsaturated alcohols found in fats, many of
them are pigments. These include:

(a) Phytol (Phytyl alcohol): A constituent of chlorophyll.

(b) Lycophyll: A polyunsaturated dihydroxy alcohol
which occurs in tomatoes as a purple pigment.

(c) Carotene: Easily split in the body at the central point
of the chain to give two molecules of alcohol, vitamin
A.

(d) Sphingosine or sphingol: An unsaturated amino
alcohol present in body as a constituent of phospho-
lipid, sphingomyelin and various glycolipids.

Steroids and Sterols

1. The steroids are often found in association with fat.

2. They may be separated from the fat, after the fat is
saponified, since they occur in unsaponifiable residue.

3. All of the steroids have a similar cyclic nucleus
resembling phenanthrene (ring A, B and C) to which
a cyclopentane ring (ring D) is attached. It is
designated as cyclopentano perhydro-phenanthrene
nucleus (Fig. 4.3).

4. Methyl side chains occur typically at positions 10 and
13 (constituting carbon atoms 19 and 18 respectively).

5. A side chain at position 17 is usual. If the compound
has one or more —OH groups and no carbonyl or
carboxyl groups, it is called a ‘sterol” and the name
terminates in —"0l”. Most important sterol in human
body is cholesterol.

ABC-PHENANTHRENE
RING

7 D-CYCLOPENTANE

RING

Fig. 4.3: Cyclopentanoperhydrophenanthrene nucleus

CHs CH,

CH

Molecular
formula is CZTH 450“

2 CH,— (CH,);—CH
CH,

CH,

[OH]

Fig. 4.4: Cholesterol

CHOLESTEROL

Structure: Cholesterol is the most important sterol in
human body. Its molecular formula is C,,H,;OH. Its
structural formula is given in Figure 4.4,
e It possesses “cyclopentanoperhydrophenan-
threne nucleus”.
e Ithasan—-OH group at C.
e Ithasanunsaturated double bond between C;and
Ce
e It has two -CHj groups at C;j and Cyj;.
¢ It has an eight carbon side chain attached to C;.

Properties: The name cholesterol is derived from the
Greek word meaning solid bile. It occurs as a white or
faintly yellow, almost odourless, pearly leaflets or
granules. It is insoluble in water, sparingly soluble in
alcohol and soluble in ether, chloroform, hot alcohol, ethyl
acetate and vegetable oils. It easily crystallises from such
solutions in colourless, rhombic plates with one or more
characteristic notches in the corner (Fig. 4.5). It is not
saponifiable. Its melting point is 147 to 150° C. Since it
has an unsaturated bond, it can take up two halogen
atoms.

Source
e Exogenous: Dietary cholesterol, approximately
0.3 gm/day. Diet rich in cholesterol are butter,
cream, milk, egg yolk, meat, etc. A hen’s egg
weighing 2 oz gives 250 mg cholesterol
e Endogenous: Synthesised in the body from acetyl
CoA, approximately 1.0 gm/day.
Occurrence: Itis widely present in body tissues. Choleste-
rol is found in largest amounts in normal human adults

]
o

Fig. 4.5: Cholesterol crystals




brain and nervous tissue 2 per cent, in the liver about 0.3
per cent, skin 0.3 per cent and intestinal mucosa 0.2 per
cent, certain endocrine glands, viz. adrenal cortex contain
some 10 per cent or more, corpus luteum is also rich in
cholesterol. The relatively high content of cholesterol in
skin may be related to vit D formation by UV rays and
that in the adrenal gland and gonads to steroid hormone
synthesis. Cholesterol is present in blood and bile and is
usually a major constituent of gallstones.

Forms of cholesterol: Cholesterol occurs both in free form
and in ester form, in which it is esterified with fatty acids
at—OH group at C; position. The ester form of cholesterol
is also referred as bound form. The various fatty acids,
which form cholesterol esters, are as follows:

e Linoleic acid 50%
e QOleic acid 18%
e Palmitic acid 11%
e Arachidonic acid 5%
* And other fatty acids  16%

Free cholesterol is equally distributed between plasma
and red blood cells, but the latter do not contain esters.
In brain and nervous tissue, free form predominates,
whereas in adrenal cortex it occurs mainly as esterified
form.

Esterification of cholesterol: Esterification occurs as
follows:

¢ Some cholesterol esters are formed in tissues by
the transfer of acyl groups from acyl-CoA to
cholesterol by acyl transferases.

* But most of the plasma cholesterol esters are
produced in the plasma itself by the transfer of an
acyl group (mostly unsaturated acyl group) from
the B-position of lecithin to cholesterol with the
help of the enzyme lecithin cholesterol acyl
transferase (LCAT).

» Lysolecithin +
Cholesterol ester

Biomedical Importance of Cholesterol

1. Norum’s disease: A genetic deficiency of LCAT produces
Norum'’s disease due to the failure of esterification of
cholesterol at the cost of lecithin. The disease is characterised
by:

« Risein free cholesterol T

»  Rise in lecithin in plasma T and

« Fall in cholesterol ester, | lysolecithin | and

o-lipoproteins | in plasma.

Lecithin + Cholesterol

Chemistry of Lipids 51

2. Normal level and physiological variations: Normal level
of serum total cholesterol in an adult varies from 150 to 250
mg per cent. About 40 to 50 mg% occurs as free cholesterol
(approx 30% of total) and 110-200 mg% as cholesterol esters
(approximately 70%).

3. Variations of cholesterol level

e Age:Blood cholesterol level is low at birth (50-70% of
the values in normal adults) and it gradually increases
with age. After 55 years there is a tendency to decrease
again.

« Sex and race: Sex and race have little effect, but in
case of women, the level is increased just before and
decreased during the menstrual period.

e Pregnancy: The level is also increased during
pregnancy, when a progressive rise in free cholesterol
and a fall in ‘ester’ fraction is observed.

4. Pathological variations: Refer to chapter on “Cholesterol
metabolism”.

Colour Reactions of Sterols

(a) Liebermann-Burchard reaction: A chloroform solution
of a sterol, when treated with acetic anhydride and conc.
H,SO, gives a grass-green colour. The usefulness of this
reaction is limited by the fact that various sterols give
the same or similar colour. This reaction forms the basis
for a colorimetric estimation of cholesterol by Sackett’s
method (Basis of the reaction—see above).

(b) Salkowski test: When a chloroform solution of the
sterol is treated with an equal volume of conc. H,50,
develops a red to purple colour. The heavier acid, which
forms a layer below assumes a yellowish colour with a
green fluorescence, whereas the upper chloroform layer
becomes bluish red first, and gradually turns violet-red.

(c) Zak’s reaction: When glacial acetic acid, (aldehyde
free), solution of cholesterol is treated with ferric chloride
and conc. H,SO,, produces a red colour. This reaction
forms a basis for the colorimetric estimation of choles-
terol (Zak’s method).

*Basis of Liebermann-Burchard Reaction

conc H,SO,

Cholesterol ————F———P 3,5—Cholestadiene
HO ¥ v
(Loses a molecule

of water at C; and
gets oxidised

Converted to polyenes
(acts as chromophore)
+
Sulphonic acid
{
[Cholesta-Polyene-
sulphonic acid]
(gives green colour)

OML NOILO3S
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OTHER STEROLS OF
BIOLOGICAL IMPORTANCE

1. 7-Dehydrocholesterol

It is an important sterol present in the skin. This differs
from cholesterol only in having a second double bond,
between C; and Cg (Fig. 4.6).

Source: In man, 7-dehydrocholesterol may be obtained
partly by synthesis from cholesterol in skin and/or
intestinal wall.

Biomedical Importance

In the epidermis of skin, UV rays of sunshine change 7-dehyd-
rocholesterol (pre-cholecalciferol) to cholecalciferol (vitamin
Dj). Hence 7-dehydrocholesterol is called as provitamin-
D,.This explains the value of sunshine in preventing rickets, a
disease produced from vitamin D deficiency.

2. Ergosterol

It is a plant sterol, first isolated from ergot, a fungus of
rye and later from yeast and certain mushrooms.
Structurally this sterol has the same nucleus as
7-dehydrocholesterol but differs slightly in its side chain
(Fig. 4.7).

Biomedical Importance

When irradiated with UV rays (long wave 265 um) ergosterol
is changed to vitamin D, by the opening of the ring B of the
sterol. Hence ergosterol is called as Provitamin-D,, over-
irradiation may produce toxic products (Fig. 4.8).

CH, CH
] Pk
CH, CH—(CHy);—CH

CHj
8
OH g 7

6
Fig. 4.6: 7-Dehydrocholesterol (Provitamin D3)
CH, CH, CHy
| I /

GH, GH—CH=CH—CH—C{
CH,
:
OH ‘ 7
6

Fig. 4.7: Ergosterol (Provitamin-D,)

Ergosterol
(Provitamin D,)

Lumisterol

Reduction
Tachysterol ———» AT-10

l (Dihydrotachysterol)

Vitamin D,
(Calciferol)

l over-irradiation

e

I Toxisterols J

LSuprasterolsl

Fig. 4.8: Irradiation of ergosterol

3. Stigmasterol and Sitosterol

They are plant sterols, occurring in higher plants. They
have no nutritional value for human beings.

Biomedical Importance

Sitosterol appears to decrease the intestinal absorption of both
exogenous and endogenous cholesterol, thus lowering the
blood cholesterol level.

4. Coprosterol (Coprostanol)

Occurs in faeces as a result of the reduction of cholesterol
(by hydrogenation of double bond). This is brought about
by bacterial action, double bond between C5 and C, is
saturated. Rings A and B (between C atoms 5 and 10) is
“cis” (cf. cholesterol, it is “trans”).

5. Other important steroids of biomedical importance

These include the bile acids, adrenocortical hormones,
gonadal hormones, D vitamins, cardiac glycosides and
some alkaloids. In cardiac glycosides, sterols form an
important part, i.e. “aglycone” of the structure.

SIMPLE LIPIDS

NEUTRAL FATS
(TRIGLYCERIDES OR TRIACYLGLYCEROL)

Neutral fats (TG) are all triesters of the trihydric alcohol,
glycerol with various fatty acids. The type formula for a
neutral fat (TG) is given in (Fig. 4.9), in which R; R, R,
represent fatty acid chains which may or may not all be
the same. Naturally occurring fats have apparently the
D-structural configuration.

Physical Properties

1. Neutral fats are colourless, odourless and tasteless
substances. The colour and taste of some of the naturally
occurring fats is due to extraneous substances.



CH;—0—C—R;
O
Il

|
Il

Fig. 4.9: Type formula for neutral fat

2. Solubility: They are insoluble in water but soluble in
organic fat solvents.

3. Specific gravity: The specific gravity of all fats is less
than 1.0, consequently all fats float in water.

4. Emulsification: Emulsions of fat may be made by
shaking vigorously in water and by emulsifying agents
such as gums, soaps and proteins which produce more
stable emulsions.

Biomedical Importance of Emulsification

The emulsification of dietary fats in intestinal canal, brought
about by bile salts, is a prerequisite for digestion and absorption
of fats.

5. Melting point and consistency: The hardness or consis-
tency of fats is related to their MP glycerides of lower FA
melt at lower temperature than those of the higher fatty
acids, and the unsaturated fatty acids glycerides at still
lower temperature.

Chemical Properties

1. Hydrolysis
The fats may be hydrolysed with:
® Super heated steam,
* By acids, or alkalies, or
e By the specific fat spliting enzymes lipases
(Fig. 4.10).

LIPASES

Lipases are enzymes which hydrolyse a triglyceride
yielding fatty acids and glycerol.

Sites: Lipases are found in human body in following
places.

(a) Lingual lipase in saliva, (b) gastric lipase in gastric
juice, (¢) pancreatic lipase in pancreatic juice, (d)
intestinal lipase in intestinal epithelial cell, (e) adipolytic
lipase in adipose tissue, and (f) serum lipase.

Pancreatic lipase is peculiar in that it can hydrolyse

ester bonds in positions 1 and 3 preferentially, than in
position 2 of TG molecule.
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CH,— O—C—Cy7 Ha; CHt2OH

0]

[ S
Hydrolysis
CH——0—C~—Cy7 Hy3 YRy

0 CH,0H

CH;— O—C—Cy7 Hy3

CHOH + 3 C47 Hy3COOH

Oleic acid

Triolein Glycerol

Fig. 4.10: Hydrolysis of neutral fat (NF)

Saponification: Hydrolysis of a fat by an alkali is called
saponification. The resultant products are glycerol and
the alkali salts of the fatty acids, which are called “soaps”.

H,O
Triolein + 3NaOH — Glycerol + 3C;;H3;COO Na
(Sodium oleate) (soap)

Soaps are cleansing agents because of their emulsi-
fying action. Some soaps of high molecular weight and a
considerable degree of unsaturation are selective germici-
des, others such as Na-ricinoleate, have detoxifying
activity against diphtheria and tetanus toxins.

2. Additive Reactions

The unsaturated fatty acids present in neutral fat exhibits
all the additive reactions, i.e. hydrogenation, haloge-
nation, etc. Oils which are liquid at ordinary room
temperature, on hydrogenation become solidified. This
is the basis of vanaspati (Dalda) manufacture, where
inedible and cheap oils like cotton seed oil are
hydrogenated and converted to edible solid fat.

3. Oxidation

Fats very rich in unsaturated fatty acids such as linseed
oil undergo spontaneous oxidation at the double bond
forming aldehydes, ketones and resins which form
transparent coating on the surfaces to which the oil is
applied. These are called drying oils and are used in the
manufacture of paints and varnishes.

4. Rancidity

The unpleasant odour and taste developed by most
natural fats on aging is referred to as rancidity.

Cause of rancidity: Rancidity may be caused by the
following:

e Hydrolysis of fat yields free fatty acids and
glycerol and/or mono and diglycerides. Process
is enhanced by presence of lipolytic enzymes
lipases, which in the presence of moisture and
warm temperature bring about hydrolysis rapidly.

* By various oxidative processes, oxidation of
double bonds of unsaturated glycerides may form
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54  Chemistry of Biomolecules

“peroxides”, which then decompose to form
aldehydes of objectionable odour and taste. The
process is greatly enhanced by exposure to light.

Prevention of rancidity: Vegetable fats contain certain
substances like vitamin E, phenols, hydroquinones,
tannins and others which are antioxidants and prevents
development of rancidity. Hence vegetable fats preserve
for longer periods than animal fats.

IDENTIFICATION OF FATS AND OILS

Sometimes it becomes necessary to
* Identify a pure fat.
® Assess the degree of adulteration.
e Determine the proportions of different types of fat in
a mixture.
Besides the characteristic melting point and congeal-
ing point several other chemical values (“chemical cons-
tants”) have been used.

1. Saponification Number

Definition: The number of mgms of KOH required to
saponify the free and combined FA in one gram of a given
fat is called its saponification number.

Basis: The amount of alkali needed to saponify a given
quantity of fat will depend upon the number of -COOH
group present. Thus fats containing short chain fatty
acids will have more —COOH groups per gram than long-
chain fatty acids and this will take up more alkali and
hence will have higher saponification number.
Examples: Butter containing a larger proportion of short-
chain fatty acids, such as butyric and caproic acids, has
relatively high saponification number from 220 to 230.
Oleomargarine, with more long chain fatty acids, has a
saponification number of 195 or less.

2. Acid Number

Definition: Number of mgms of KOH required to neutra-
lize the fatty acids in a gm of fat is known as the acid
number.

Significance: The acid number indicates the degree of
rancidity of the given fat.

3. Polenske Number

Definition: Itis the number of millilitre of 0.1 normal KOH
required to neutralise the insoluble fatty acids (those not
volatile with steam distillation) from 5 gram of fat.

4. Reichert-Meiss| Number

Definition: It is the number of millilitres of 0.1 (N) alkali
required to neutralise the soluble volatile fatty acids distil-
led from 5 gm of fat.

Significance: The Reichert-Meissl measures the amount
of volatile soluble fatty acids. By saponification of fat,
acidification and steam distillation, the volatile soluble
acids may be separated and determined quantitatively.

Butter fat is the only common fat with a high Reichert-
Meissl number and this determination, therefore, is of
interest in that it aids the food chemist in detecting butter
substitutes in food products.

5. lodine Number

Definition: lodine number is defined as the number of
grams of iodine absorbed by 100 gm of fat.

Significance and use: lodine number is a measure of the
degree of unsaturation of a fat. The more the iodine
number, the greater the degree of unsaturation. The
determination of iodine number is useful to the chemist
in determining the quality of an oil or its freedom from
adulteration.

Example: lodine number of cotton seed oil varies from
103 to 111, that of olive oil from 79 to 88, and that of
linseed oil from 175 to 202. A commercial lot of olive oil
which has an iodine number higher than 88 might have
been adulterated with cotton seed oil. Again a batch of
linseed oil with iodine number lower than 175 might also
have been adulterated with the cotton seed oil.

6. Acetyl Number

Some of the fatty acid residues in fats contain -OH groups.
In order to determine the proportion of these, they are
acetylated by means of acetic anhydride. Thus an acetyl
group is introduced wherever a free -OH group is
present. After washing out the excess acetic anhydride
and acetic acid liberated, the acetylated fat can be dried
and weighed and the acetic acid in combination deter-
mined by titration with standard alkali after it has been
set free. The acetyl number is thus a measure of the
number of —-OH group present.

Definition: The number of mgms of KOH required to
neutralise the acetic acid obtained by saponification of 1
gm of fat after it has been acetylated.

Examples: Castor oil because of its high content of ricino-
leic acid has a high acetyl number.

Acetyl numbers of some oils:

e (Castor oil 146-150
e Cod liver oil 1.1

e (Cotton seed oil 21-25

e Qlive oil 10.5, etc.

It can be used to detect adulteration.



COMPOUND LIPIDS

PHOSPHOLIPIDS: CHEMISTRY AND FUNCTIONS

Definition: Phospholipids are compound lipids, they
contain in addition to fatty acids and glycerol/or other
alcohol, a phosphoric acid residue, nitrogen containing
base and other substituents.

Classification: Classification given by Celmer and Carter
is used, which is based on the type of alcohol present in
the phospholipids. Thus they are classified mainly into
following three groups:

Classification of Phospholipids

e Glycerophosphatides: In this glycerol is the alcohol
group. Examples: Phosphatidylethanolamine (cepha-
lin), phosphatidylcholine (Lecithin), phospatidylserine,
plasmalogens, phosphatidic acid, cardiolipins and phos-
phatides.

e Phosphoinositides: In this group, inositol is the alco-
hol, e.g. phosphatidyl inositol (lipositol).

e Phosphosphingosides: Alcohol present is sphingosine
(also called as sphingol), an unsaturated amino alcohol,
e.g. sphingomyelin.

Following are the chemical and other properties of
phospholipids in reference to phosphatidyl choline
(lecithin).

PHOSPHATIDYL CHOLINE (LECITHIN)

It is widely distributed in animals in liver, brain, nerve
tissues, sperm and egg-yolk, having both metabolic and
structural functions. In plants, particularly abundant in
seeds and sprouts. Lecithin has been prepared syntheti-
cally also (Fig. 4.11). On hydrolysis, lecithin yields:
(a) glycerol, (b) fatty acids, (c) phosphoric acid and
(d) nitrogenous base choline. Depending on the position
of phosphoric acid-choline complex, on o, or B carbon,
o-lecithin and B-lecithin can form.

Properties

1. Physical properties: When purified it is a waxy, white
substance, becomes brown when exposed to air (auto-
oxidation), is hygroscopic, mixes well with water to form

(0]
1 (o] g R
CH—0O—C—hRy
0 | #
Il 2
R;—C—O0O—CH
BCHZ—O—F—O—CHZ—CHZ—N"—CHs
OH\_ CHa}
S
Phosphoric acid Choline

Fig. 4.11: Lecithin (Phosphatidylcholine)
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cloudy, colloidal solution, and is soluble in ordinary fat
solvents except acetone.

2. Chemical properties

*  When aqueous solution of lecithins are shaken with
H,SO,, choline is split off, forming phosphatidic acid.

® When lecithins are boiled with alkalies or mineral
acids, not only choline is split off, phosphatidic acid
is further hydrolysed to glycerophosphoric acid and
two molecules of fatty acids.

Lecithin LO’ Phosphatidic acid + choline

. H,0 o
Phosphatidic ———2—— Glycerophosphoric acid +
acid 2 fatty acids

PHOSPHOLIPASES (DAWSON)

Dawson found several types of phospholipases. They
hydrolyse phospholipids (lecithin) in a characteristic way.

Types of Phospholipases
Phospholipase ‘A’ (A;): This is found in human and
other mammalian tissues. The enzyme produces
degradation of lecithin. Also isolated from cobra
venom.

e Phospholipase ‘B’: This is found in association with
‘A’ and found in mammalian tissues. Also it is isolated
from certain fungus like Aspergillus sp. and penicillium
notatum.

e Phospholipase ‘C’: This is found in plant kingdom
mainly. Clostridium welchii produces phospholipase
‘C’” and has been isolated from certain venoms.
Recently isolated from mammalian brain.

® Phospholipase ‘D’: This is found only in plants, e.g.
cabbage, cotton seed, carrots, etc. Not important for
human body.

® Phospholipase, A,: This has recently been described.
Responsible for degradation of PL in humans.

Specific Site of Action of Phospholipases (Fig. 4.12)

e Phospholipase A,: Attacks ‘B’ position and form
Lysolecithin + one mol. fatty acid.

e Phospholipase A;: Attacks ester bond in position 1 of
phospholipid.

® Phospholipase B: (also called lysophospholipase)
Attacks lysolecithin and hydrolyses ester bond in o
position and forms glyceryl phosphoryl choline + 1
mol. fatty acid.

® Phospholipase C: Hydrolyses phosphate ester bond
and produces o, B-diacyl glycerol + phosphoryl
choline.

® Phospholipase D: Splits off choline and phosphatidic
acid is formed.
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Phospholipase A, |

Nsol Phospholipase B
for which substrate is lysolecithin

0]
Il &

| Phospholipase D |

0
Il

.
]

OH ¥

Phospholipase A, |

CHa

CH,— O-4-P — 0~ CH,— CH,—N*=—CH,

CH,4

Phospholipase C

Fig. 4.12: Site of action of phospholipases

o}
I
1cH,—0—C—R,

2
Rz_C_O—CH

| o)
3 [
CHz—O—r— O— CH,—— CH,NH,

\ J

~
OH Ethanolamine

Phosphoric acid

Fig. 4.13: Cephalin

OTHER PHOSPHOLIPIDS OF
BIOLOGICAL IMPORTANCE

1. Phosphatidyl Ethanolamine (Cephalins) (Fig. 4.13)

Cephalins are structurally identical with Lecithins, with
the exception that the base ethanolamine replaces choline.
Both o and B cephalins are known. They occur with
lecithin, particularly rich in brain and nervous tissues.

2. Phosphatidyl Inositol (Lipositols)

Inositol is an alcohol, a cyclic compound hexa hydroxy
cyclohexane with molecular formula C;H,,O. It replaces
the base choline of lecithin. Inositol as a constituent of
phospholipids was first discovered in acid fast bacilli.
Later, it was found to occur in brain and nervous tissues,
moderately in soybeans, and also occurs in plant
phospholipids.

0
Il
5 1CH,—O0—C—R,
I 2
R;—C—O—cCH - R
2
3 II I
CH;— O0—P— 0—CH,— CH——COOH
RN § b
S Serine

Phosphoric acid
Fig. 4.14: Phosphatidylserine

3. Phosphatidyl Serine

A cephalin like phospholipid (Fig. 4.14) contains amino
acid serine in place of ethanolamine found in brain and
nervous tissues and small amount in other tissues. Also
found in blood.

4. Lysophosphatides

These are phosphoglycerides containing only one acyl
radical in o position, e.g. lysolecithin.

Formation: They can be formed in two ways:

* By the action of phospholipase A,.

e Alternatively, can also be formed by interaction of
lecithin and cholesterol in presence of the enzyme
Lecithin cholesterol acyl transferase (LCAT), so that
cholesterol ester and lysolecithin are formed.

Lecithin + Cholesterol

J [caT]

Lysolecithin + Cholesterol ester



1CH,—0—CH=CH—R;

(0]
Il 2
R;—C—0O—CH o
| i
CH;— O—P— O—CH;—— CH;—NH,
o« ;i
OH e

Ethanolamine
(May be replaced by choline)

Fig. 4.15: Plasmalogens

|
R{—C—C =0 —»Ry— CH=CH—OH
Aldehyde
H H (Enol form)

Aliphatic aldehyde reacts with-OH

group of glycerol

Fig. 4.16: Condensation of enol form of aldehyde with glycerol

5. Plasmalogens (Fig. 4.15)

The plasmalogens make up an appreciable amount, about
10 per cent of total phospholipids of brain and nervous
tissue, muscle and mitochondria. These compounds
yield on hydrolysis (a) one molecule each of long chain
aliphatic aldehyde, (b) a fatty acid, (c) glycerol -PO,, and
(d) a nitrogenous base which is usually ethanolamine,
but may be sometimes choline.

When hydrolysed, the unsaturated ether group at C,
position yields a saturated aldehyde such as palmitic or
stearic aldehyde, and thus gives a +ve reaction when
tested for aldehydes with Schiff’s reagent (fuchsin-
sulphurous acid), after pretreatment of the phospholipid
with mercuric chloride.

CERAMIDE
AL
f Sphingosine )
/ \
P i
CHy— (CHy);57— CH=CH—CH—CH—NH—C —R;
e —t
CH, Fatty acid
|
(0]

|
Phosphoric acid {0 =pP—O0H
O—CH;—CH,—N" (CHs),

Choline

Fig. 4.17: Sphingomyelin
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The above group may be considered in effect, to
represent the condensation of the enol form of an
aliphatic aldehyde with a glycerol — OH group (Fig. 4.16).
6. Sphingomyelins (phosphatidyl sphingosides) (Fig.
4.17): Found in large quantities in brain and nervous
tissues, and very small amount in other tissues. It does
not contain glycerol. In place of glycerol, it contains an
18 carbon unsaturated amino alcohol called ‘sphingosine’
(sphingol).

On hydrolysis: Sphingomyelin yields; one molecule
of fatty acid + phosphoric acid + nitrogenous base choline
+ one molecule of complex unsaturated amino alcohol
sphingosine (sphingol).

Sphingosine molecule in which a fatty acyl group is
substituted on the -NH, group is called as ceramide and
when a phosphate group is attached to ceramide, it is
called ceramide phosphate. When choline is split off from
sphingomyelin, ceramide phosphate is left.
Sphingomyelinase is the enzyme which hydrolyses
sphingomyelin to form ceramide and phosphoryl choline.

CLINICAL ASPECT OF SPHINGOMYELINS—
NIEMANN-PICK DISEASE

Large accumulations of sphingomyelins may occur in brain,
liver and spleen of some persons suffering from Niemann-
Pick disease.

Itis an inherited disorder of sphingomyelin metabolism in
which sphingomyelin is not degraded, as a result
sphingomyelin accumulates. It is a lipid-storage disease
(lipidoses).

Inheritance: Autosomal recessive.
Enzyme defect: Deficiency of the enzyme sphingo-
myelinase, a lysosomal enzyme.

Clinical features: It affects children, arises at birth or infancy.
The child presents with gradual enlargement of abdomen,
enlargement of liver (hepatomegaly), enlargement of spleen
(splenomegaly), and manifests progressive mental
deterioration (due to accumulation of sphingomyelins in
brain). Other lipids and cholesterol are usually normal or may
be slightly elevated.

Prognosis: Usually fatal, progressive downhill course. Over
80 per cent of infants die within 2 years.

7. Phosphatidic Acid and Phosphatidyl Glycerol
Phosphatidic acid is important as an intermediate in the
synthesis of TG and phospholipids, but is not found in
any great quantities in tissues (Fig. 4.18).

8. Cardiolipin

A phospholipid found in mitochondria (inner membrane)
and bacterial wall. It is formed from phosphatidyl
glycerol. Chemically, it is diphosphatidyl glycerol. On
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Fig. 4.18: Phosphatidic acid

Hydrolysis: Cardiolipin yields: 4 mols of fatty acids +
2 mols of phosphoric acid + 3 mols of glycerol (Fig. 4.19).
This the only phosphoglyceride that possesses antigenic
properties.

Functions of Phospholipids

e Structural: Phospholipids participate in the lipoprotein
complexes which are thought to constitute the matrix of
cellwalls and membranes, the myelin sheath, and of such
structures as mitochondria and microsomes.

In this role, they impart certain physical characteristics

¢ Unexpectedly high permeability towards certain non-
polar (hydrophobic) molecules,

e Lysis by surface active agents—detergents, bile salts,
etc.

e Rolein enzyme action: Certain enzymes require tightly
bound phospholipids for their actions, e.g. mitochondrial
enzyme system involved in oxidative phosphorylation.

e Role in blood coagulation: Phospholipids play an
essential part in the blood coagulation process. Required
at the stage of:

e Conversion of prothrombin to thrombin by active factor
X, and

¢ Possibly also in the activation of factor VIII by activated
factor IX.

Platelets provide the chief source of PL and that part of

total lipid content of the platelets which contribute to

intrinsic blood coagulation process is called platelet

factor 3.

o CH,—O0—C—Ry
P
R,—C—O0—C—H
| (0]
i
CHy—o—F o
OH

Phosphatidic acid

H—C—O0H

Glycerol

Role in lipid absorption in intestine: Lecithin lowers
the surface tension of water and aids in emulsification of
lipid water mixtures, a prerequisite in digestion and
absorption of lipids from Gl tract.

Role in transport of lipids from intestines: Exogenous
TG is carried as lipoprotein complex, chylomicrons, in
which PL takes an active part.

Role in transport of lipids from liver: Endogenous TG
is carried from Liver to various tissues as lipoprotein
complex Pre-B-lipoprotein (VLDL), PL is required for
the formation of the lipoprotein complex.

Role in electron transport: Probably PL help to couple
oxidation with phosphorylation and maintain electron
transport enzymes in active conformation and proper
relative positions.

Lipotropic action of lecithin: Choline acts as a lipotropic
agent as it can prevent formation of fatty liver. As lecithin
can provide choline it acts as a lipotropic agent.
lon transport and secretion: Phospholipids are in some
way implicated in the mechanism of secretion is
suggested by the observation that phospholipids,
specially phosphatidic acid and phosphoinositides
turnover is proportional to the rate of secretion of cells
liberating such products as hormones, enzymes, mucins
and other proteins.

Membrane phospholipids as source of arachidonic
acid: Phospholipids of membrane are hydrolysed by
phospholipase A, and provide the unsaturated fatty acid
arachidonic acid, which is utilised for synthesis of
Prostaglandins and leukotrienes.

Insulation: Phospholipids of myelin sheaths provide the
insulation around the nerve fibres.

Cofactor: Phospholipids are required as a cofactor for
the activity of the enzyme lipoprotein lipase and
triacylglycerol lipase.

Role of phosphatidyl inositides metabolite in Ca**
dependent hormone action: Some signal must provide
communication between the hormone receptor on the
plasma membrane and intracellular Ca** reservoirs. The
best candidate appears to be the products of phosphatidyl
inositides metabolism. Phosphatidyl inositol, 4,5-P, is
hydrolysed to myo-inositol 1,4, 5-P5 and diacyl glycerol
through the action of a phosphodiesterase. Myoinositol-
P; at 0.1-0.4 umol/litre, releases Ca** ions from a variety
of membrane and organelle preparations.

OH

I
CHz—o—ﬁa—o—CHz 0

| Il
0 ﬁH—C—O—C—Ra

Ry—C—0O—CH,

Phosphatidic acid

Fig. 4.19: Cardiolipin (diphosphatidyl glycerol)



CLINICAL IMPORTANCE

(a) Dipalmityl lecithin (DPL): DPL acts as a surfactant and
lowers the surface tension in lung alveoli. The lung alveol
contains 2 types of cells.

e Type-I: These are thin cells which line the much of alveolar
surface, and

e Type-ll: These are granular pneumocytes, round cells
and contain lamellar inclusions. These inclusions contain
surfactant, DPL, which is secreted from these cells by
exocytosis.

Surface activity is that phenomenon whereby the surface
tension of the air-alveolar lining interface is lowered with
expiration due to presence of DPL. In absence of normal surface
activity, if DPL is absent, the alveolar radius becomes smaller
with expirations, the wall tension rises and the alveoli
collapse. Absence of DPL, in premature foetus, produces
collapse of lung alveoli, which produce respiratory distress
syndrome (hyaline-membrane disease).

(b) Lecithin-Sphingomyelin Ratio (L/S ratio): L/S ratio in

Amniotic fluid has been used for the evaluation of fetal

lung maturity. Prior to 34 weeks gestation, the amniotic fluid

lecithin and sphingomyelin concentrations are approximately
equal. After this time, there is a marked increase in lecithin
and L/S ratio increases to greater than 5 at term.

e A L/S ratio of > 2 or > 5 indicate adequate foetal lung
maturity and suggests that respiratory distress after
delivery is not likely to develop.

e Delivery of a premature low weight fetus, with L/S ratio
approximately 1 or <1, indicate that the infant will
probably develop respiratory distress or hyaline
membrane disease.

(c) Estimation of lecithin: Estimation of lecithin phosphorus
in amniotic fluid has been considered to be clinically more
useful. A lecithin phosphorus value of 0.100 mg/100 dl indicates
adequate foetal lung maturity.

GLYCOLIPIDS

1. CEREBROSIDES (GLYCOSPHINGOSIDES)

Cerebrosides occur in large amounts in the white matter
of brain and in the myelin sheaths of nerve. They are not
found in embryonic brain but develops as medullation
progresses. In smaller amounts they appear to be very
widely distributed in animal tissues. In medullated nerves
the concentration of cerebrosides are much higher than
in non-medullated nerve fibres.

Structure: A cerebroside is considered to be built on the
following:

FA of high molecular weight
Sphingosine
Usually galactose but

sometimes may be glucose.
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There is no glycerol, no phosphoric acid and no nit-
rogenous base. Thus, a cerebroside, on hydrolysis, yields:

* A sugar, usually galactose, but sometimes glucose

* A high molecular weight fatty acid and

e Thealcohol, sphingosine or dihydrosphingosine.

Thus they contain nitrogens though there is no
nitrogenous base.

Types of cerebrosides: Individual cerebrosides are differ-

entiated by the kinds of fatty acids in the molecule. Four

types of cerebrosides have been isolated and their fatty
acids have been identified. They are:

e Kerasin: Contains normal lignoceric acid, Cy;H,;
COOH as fatty acid. Lignoceric acid is synthesi-
zed from ‘acetate’, by repeated condensation of C,
units.

® Cerebron (Phrenosin): Contains hydroxy lignoceric
acid, also called cerebronic acid. This fatty acid is
directly formed by hydroxylation (at 2 position) of
lignoceric acid.

¢ Nervon: Contains an unsaturated homologue of
lignoceric acid called nervonic acid (C,;H,5 COOH).
Nervonic acid has one double bond, appears to be
formed by elongation of oleic acid, i.e. from a C3 to
a C,, monounsaturated fatty acid.

¢ Oxynervon: Contains hydroxy derivative of nervonic
acid.

Psychosin

By prolonged hydrolysis of any cerebroside with Ba
(OH),, FA is removed and it yields psychosin (sphingo-
sine + sugar). Psychosin can be further hydrolysed to
yield sphingosine and galactose.

CLINICAL ASPECT OF CEREBROSIDES

Gaucher’s Disease

An inherited disorder of cerebrosides metabolism (lipidosis).

e Inheritance: It is autosomal recessive.

* Enzyme defect: Deficiency of the enzyme B-Gluco-
cerebrosidase, a lysosomal enzyme. Normally this
enzyme hydrolyses glucocerebrosides to form ceramide
and glucose. In absence of the enzyme, the cerebrosides
cannot be degraded in the body, as a result large amounts
of glucocerebrosides, usually kerasin accumulate in RE
cells viz., liver, spleen, bone marrow and also brain.
Complex lipids appear to collect within mitochondria of
the RE cells. Biochemically, there is characteristically
elevation in serum acid phosphatase level.

Clinical features: Adults as well as infants are affected.

(a) In infancy and childhood: Fairly acute onset, with rapid
course and death in several years. The infant loses weight,
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fails to grow, progressive mental retardation. Initially ther*
e is spasticity, later on followed by flaccidity.

(b) In adult: Progressive enlargement of spleen (spleno-
megaly) which may reach to umbilicus or below. Charac-
teristic bone pain due to marrow cells replaced by histiocytes
loaded with the lipids. As a result leads to progressive
anaemia, leucopenia and thrombocytopenia, tendency to
get secondary infections and bleeding tendency.

2. GANGLIOSIDES

Klenk, in 1942, isolated from beef brain, a new class of
carbohydrate rich glycolipids which he called as gang-
liosides. Gangliosides have been isolated from ganglion
cells, neuronal bodies and dendrites, spleen and RBC
stroma. The highest concentrations are found in gray
matter of brain. Gangliosides are the most complex of
the glycosphingolipids. They are large complex lipids,
their molecular weights varies from 180,000 to 250,000.

Structure: Although the exact structures of the ganglio-
sides are not definitely established. On hydrolysis, gang-
liosides yield the following:
e Along chain FA (usually C5 to C,,).
* Alcohol-sphingosine.
* A carbohydrate moiety which usually contains:
— Glucose and/or galactose,
— One molecule of N-acetyl galactosamine, and
— Atleast one molecule of N-acetyl neuraminic
acid (NANA) (also called ‘sialic acid”).
Brain gangliosides are known to be complex and
mono-, di-, trisialogangliosides containing 1 to 3 sialic
acid residues have been described.

Types of gangliosides: Over 30 types of gangliosides have
been isolated from brain tissue.

Four important types are:

GM-1, GM-2, GM-3 and GD-3. Their structures are
shown in Figure 4.20.

B1—>4 B1—4
Gal — Gal Nac > Gal » Glc >
p1—->3
a2—3
NANA
B1—4 p1—>4
Gal Nac > Gal » Glc B
la2—>3
NANA
p1—4
Ta2-53
NANA
IV. GD-3
al2—>8 a2—>3
NANA > NANA » Gal
R4
Gle
4

Key:
Gal = Galactose

Gal NAC = N-acetylated galactosamine
Glc = Glucose
NANA = N-acetylneuraminic acid

Fig. 4.20: Structure of some common gangliosides



CLINICAL IMPORTANCE

The simplest and common ganglioside found in tissues
is GM;, which contains ceramide, one molecule of
glucose, one molecule of galactose and one molecule of
neuraminic acid (NeuAc).

Gm, is amore complex ganglioside derived from Gmy
is of considerable biologic interest, as it is now known to
be the receptor in human intestine for cholera toxin.

Biomedical Importance

Gangliosides are mainly components of ‘membranes’. The
sugar units and sialic acid sections of the molecule are “water-
soluble” (i.e. “hydrophilic”) and —vely charged, whereas the
ceramide portion is ‘lipid soluble’ (i.e. “hydrophobic”). The latter
appears to be embedded in the membrane lipids, whereas
the hydrophilic sections, with its charged units protrudes
externally towards the medium. The gangliosides, therefore,
can serve as specific membrane binding sites (receptor
sites) for circulating hormones and thereby influence various
biochemical processes in the cell.

CLINICAL ASPECT

(a) Tay-Sachs Disease (GM, Gangliosidosis)
Accumulation of gangliosides in brain and nervous tissues
takes place. The affected ganglioside is GM,. The Enzyme
deficiency is hexosaminidase A.

Inheritance: Autosomal recessive.

Normal degradation of GM, requires the action of
a specific hydrolyzing enzyme hexosaminidase A, which
removes the terminal Gal-NAc. Subsequently the other
components are hydrolysed by other specific enzymes. In
absence of the enzyme Hexosaminidase A, GM, cannot be
degraded and accumulates.

This rare inherited disorder is associated with:

e Progressive development of idiocy and blindness in
infants soon after birth. This is due to widespread injury
to ganglion cells in brain (cerebral cortex) and retina.

e A cherry-red spot about the macula, seen ophthal-
moscopically, is pathognomonic and is caused by
destruction of retinal ganglion cells, exposing the
underlying vasculature.

« There may be seizures and association of macrocephaly.
Prognosis is bad, usually death follows:

(b) GM; Gangliosidosis
It is due to a deficiency of the enzyme B-galactosidase,
leading to accumulation of GM; gangliosides, glycoproteins
and the mucopolysaccharide karatan sulphate.

The inheritance pattern and symptoms are similar to Tay-
Sach’s disease.

Table 4.1 gives the differentiation of cerebrosides and
gangliosides.
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3. SULPHOLIPIDS

Lipids material containing sulphur has long been known
to be present in various tissues and has been found in
liver, kidney, testes, brains and certain tumours.

Most abundant in white matter of brain. Several
types of sulfur containing lipids have been isolated from
brain and other tissues. In general, they appear to be
sulfate esters of glycolipids, the sulphate group is
esterified with OH gr. of hexose moiety of the molecule.

CLINICAL ASPECT

1. Metachromatic Leucodystrophy (MLD): It is an
inherited disorder in which sulfatide accumulates in
various tissues. Sulphatide is formed from ‘galactocere-
broside’ through esterification of OH group on C; of
galactose with H,5O, (SO, at C; of Gal). Ratio of cerebro
side: to sulphatide in brain normally is 3:1. In this
disorder, it is altered to 1:4.

Enzyme deficiency: Deficiency of enzyme sulphatase
called as Aryl sulfatase A.

Sulphatase

H,0

» Galactocerebroside
+ H,S0,

Sulphatides

Types: Two clinical types are seen.

(a) Late infantile type: Usually manifests before 3 years,

gross involvement of CNS:

® Defects in locomotion, weakness, ataxia, hypotonus,
and paralysis

e Difficulties in speech

¢ There may be optic atrophy.

(b) Adult type: Initially associated with psychiatric

manifestations but subsequently progressive dementia.

2. Fabry’s disease: An inherited disorder, a lipid storage

disease (lipidosis).

e Inheritance: X-linked dominant, full symptoms only
in males.

* Enzyme deficiency: o-galactosidase. The enzyme is
found normally in liver, spleen, kidney, brain and
small intestine.

e Nature of lipid that accumulates ceramide trihexo-
side (globotriosyl ceramide)

e Clinical manifestations: Skin rash (reddish purple),
Pain in lower extremities (painful neuropathy), Lipid
accumulates in the endothelial lining of blood vessels,
may produce vascular thrombosis. Progressive renal
failure—due to extensive deposition of lipids in glome-
ruli. Occasionally manifestations of cardiac enlarge-
ment. Eye involvement: Corneal opacities, cataracts,
vascular dilatation.
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Table 4.1: Similarities and differentiation of cerebrosides and gangliosides

Cerebrosides

I. Similarities

Both are compound lipids

Both are glycolipids and contain carbohydrates

Both contain sphingol (sphingosine) as an alcohol

Both are found in large quantities in brain and nervous tissue

agrwNE

Il. Dissimilarities
1. Occur in white matter of brain and in myelin sheaths
2. Not found in embryonic brain but develops as
medullation progresses
3. Function: Nerve conduction in myelin sheath
4. Carbohydrate content—usually galactose sometimes
glucose

5. Long chain fatty acids are—Lignoceric acid and
nervonic acid/and their OH-derivatives

6. On basis of FA content 4 types of cerebrosides viz.
kerasin, cerebron (phrenosin), nervon, and
oxynervon

7. Cerebrosides on prolonged hydrolysis with Ba(OH),,
FA is removed and yield psychosin

8. Cerebrosides are degraded by the enzyme
glucocerebrosidase, a lysosomal enzyme

9. Inherited deficiency of “enzyme”
B-glucocerebrosidase produces the disease
Gaucher’s disease

10. Do not act as cell membrane receptors

3. Krabbe’s Disease

* An inherited disorder of lipid metabolism, a lipid
storage disease (lipidosis)

* Enzyme deficiency: Galactocerebrosidase (B-galacto-
sidase). The enzyme normally catalyzes the hydrolysis
of galactocerebrosides and it splits the linkage
between ceramide and galactose

Galactocerebrosides

a-galacto-

cerebrosidase H,0

Ceramide + Galactose

e Nature of lipid accumulating: Galactosyl ceramide
e Clinical manifestations:
— Severe mental retardation in infants
— Total absence of myelin in central nervous system
— Globoid bodies found in white matter of brain.

Note: Galactocerebroside is an important component of
myelin

Gangliosides

Both do not have glycerol, phosphoric acid, and nitrogenous base.

1. Highest concentration in grey matter of brain

2. Found in ganglion cells, neuronal bodies and
dendrites

3. Transfers biogenic amines

4. Carbohydrate content is more. In addition to
glucose/galactose, contains One mole of Gal-NAC, One or
more of N-acetyl neuraminic acid (NANA)-(sialic acid)

5. Contains long chain fatty acids C 18 to C 24

6. More than 30 types have been isolated. Four
important types are: GM-1, GM-2, GM-3, GD-3

7. Notso

8. GM-2 gangliosides are degraded by the enzyme
hexose aminidase A, GM-1 gangliosides are degraded by
B-galactosidase.

9. Inherited deficiency of
a. Enzyme “Hexosaminidase A” produces
Tay-Sach’s disease (GM-2 gangliosidosis)
b. Enzyme p-galactosidase produces GM-1 gangliosidosis

10. Gangliosides can serve as a ‘specific membrane binding site’

on cell membrane for circulating hormones and thereby
influences various metabolic processes in cells

® Diagnosis: Depends on the determination of galacto-
cerebrosidase activity in leucocytes and cultured skin
fibroblasts.
® Prognosis: Fatal.
Table 4.2 summarises some of the sphingolipidosis
with enzymes involved nature of lipid accumulating and
clinical symptoms.

AMPHIPATHIC LIPIDS

Lipids as such are insoluble in water, since they contain
a predominance of “nonpolar” hydrocarbon groups. But
fatty acids, phospholipids (PL), bile salts, and to a lesser
extent cholesterol contain “Polar” groups. Hence, the part
of the molecule is hydrophobic or water insoluble and
part is hydrophilic or water soluble. Such molecules are
called amphipathic.
Orientation of amphipathic lipids: Amphipathic lipids
get oriented at oil-water interfaces with the polar groups
in the water phase and the non-polar groups in the oil
phase (Fig. 4.21A).
® Membrane bilayers: Orientation of amphipathic lipids
as above forms the basic structure of biological mem-
branes (Fig. 4.21B).
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Table 4.2: Some examples of sphingolipidoses

Disease Enzyme deficiency Lipid accumulating (see key below)  Clinical symptoms
¢ Niemann-Pick disease Sphingomyelinase Cer + p-choline sphingomyelin Enlarged liver and spleen, mental
retardation, fatal in early life
* Gaucher’s disease B-glucosidase Cer + Glc glycosylceramide Enlarged liver, massive splenomegaly,
erosion of long bones, mental f‘lﬂ,
retardation in infants 'e)
* Tay-Sachs disease Hexosaminidase B Cer — Glc — Gal(NeuAc) + Gal NAC Mental retardation, muscle weakness, e |
GM, ganglioside blindness 6
* Metachromatic Arylsulphatase A Cer — Gal — Gal + O SO, Mental retardation, demyelination, =
leukodystrophy 3 sulfogalactosyl ceramide psychologic disturbances in adults —
e Fabry’s disease a-Galactosidase Cer — Glc — Gal + Gal Skin rash, renal failure (full symptoms é
Globotriaosyl ceramide only in males X-linked recessive) o
* Krabbe’s disease B-Galactosidase Cer + Gal galactosyl ceramide Mental retardation myelin almost absent

Key : Cer — Ceramide
Glc — Glucose
Gal — Galactase
Neu-Ac — N-acetyl neuraminic acid
+ Denotes site of deficient enzyme reaction

Polar
O} hydrophilic
v , group Nonpolar
Nonpolar or phase
hydrophobic group

Ed  AMPHIPATHIC LIPID

Aqueous
phase
Aqueous phase

M

"Oil" or nonpolar phase

MMH Mu 8] (a). LIPOSOME (UNILAMELLAR)

Aqueous phase
B LIPID BILAYER

Aqueous phase

£y

Aqueous Lipid
compartment bilayers

[ (b). LIPOSOME (MULTILAMELLAR)
MICELLE

Figs 4.21A to D: Formation of lipid bilayer membrane, micelle, and
liposomes from amphipathic lipids
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Micelles: When a critical concentration of these amphi-
pathic lipids is present in an aqueous medium, they
form micelles. Micelles formation, facilitated by bile
salts, is prerequisite for fat digestion and absorption
from the intestine (Fig. 4.21C).

Liposomes: Liposomes are formed by sonicating an
amphipathic lipid in an aqueous medium.
Characteristic of liposomes: They consist of spheres
of lipid bilayers that enclose part of the aqueous
medium (Fig. 4.21D).

Uses of Liposomes

They are of potential clinical use, particularly when
combined with tissue-specific antibodies, as carriers of

I. Questions (Essay type and short notes)

SR

What are lipids? Classify them giving suitable example.
Describe the chemistry and functions of phospholipids.
Describe the chemistry and functions of cholesterol.
Describe the chemistry and functions of lecithin.
Describe classification of lipids and write in details about
phospholipids.

What are phospholipids? Describe the classification and
functions of phospholipids.

Differentiate

a. Phospholipids are glycolipids
b. Cerebrosides and gaugliosides

Short Notes

1.

a. Glycolipids

c. Sphingomyelin
e. Cerebrosides
g. Reacidity

b. Essential fatty acids
d. Cholesterol

f. Phospholipids

h. Lipoproteins

MCQs (Give one correct answer)

Depot fats of mammalian cells comprise mostly of:

a. Cholesterol b. Cholesterol esters

c. Phospholipids d. Cerebrosides

e. Triacylglycerol

When choline of lecithin is replaced by ethanolamine the
product is

a. Spingomyelin

c. Plasmalogens

e Phosphatidic acid.
Which of the following is a hydroxyl fatty acid:
a. Oleic acid b. Ricinoleic acid
c. Caproic acid d. Stearic acid

e. Arachidonic acid.
Acrolein test is answered by:
a. Cholesterol

c. Glycosides

e. Saturated fatty acid.

b. Cephalin
d. Lysolecithin

b. Glycerol
d Sphingol

10.

drugs in the circulation, targeted to specific organs, e.g.in
cancer therapy,

They are being used for gene transfer into vascular cells,
and

As carriers for topical and transdermal delivery of drugs
and cosmetics.

Emulsions: They are larger in size and formed usually
by non-polar lipids (e.g. T-G) are mixed with water
(aqueous medium). They are stabilised by emulsi-
fying agents such as amphipathic lipids (e.g.
phosphatidyl choline) which form a surface layer
separating the main bulk of non-polar material from
the water.

The smell of the fat turned rancid is due to:

a. Presence of vit E b. Presence of quiniones
c. Phenols d. Volatile fatty acids

e. Cholesterol.

Phospholipids are important cell membrane components
because:

They have glycerol

They can form bilayers in water

They have both polar and nonpolar portions

They combine covalently with proteins

. All of above.

Which one of the following is not a phospholipid?

P oo T

a. Lecithin b. Plasmalogen
c. Lysolecithin d. Gangliosides
e. Cephalin

A fatty acid which is not synthesised in human body and
has to be supplied in the diet:

a. Palmitic acid b. Oleic acid

c. Linoleic acid d. Stearic acid

e. Valeric acid.

In cephalin choline is replaced by:

a. Serine b. Ethanolamine

c. Betaine d. Sphingosine

e. Inositol

The triacyl glycerol present in plasma lipoproteins are
hydrolysed by:

a. Lingual lipase
c. Co-lipase
e. Adipokinetic lipase.

b. Pancreatic lipase
d. Lipoprotein lipase

11. Phosphatides occur in:

12.

a. Myelin sheath

c. Inerythrocyte

e None of the above.
Which of the following is not essential fatty acid?
a. Oleic acid b. Linoleic acid

c. Arachidonic acid d. Linolenic acid

e. All of the above.

b. Stablilises chylomicrons
d. All of the above



13.

14.

15.

16.

17.

18.

19.

The calorific value of lipid is:
a. 4.0 Kcal/gm

c. 9.0Kcal/gm

e 12.0 kcal/gm.

Rancidity of butter is prevented by the addition of:

a. Vitamin D b. Tocopherols

c. Presence of biotin d. Presence of copper

e. Presence of lead

Sphingolyelins on hydrolysis yield:

a. Glycerol, fatty acids, phosphoric acid, choline

b. Glycerol, Sphingosine choline and fatty acids

c. Sphingosine, phosphoric acid, glycerol and inositol

d. Sphingosine, fatty acids, phosphoric acid and cholien
e. Glycerol, fatty acids, phosphoric acid and ethanol amine.
Inherited deficiency of enzyme cerebrosidase produces:
a. Fabry’s disease b. Niemann-Pick disease

c. Gaucher’s disease d. Tay-Sach’s disease

e. Krabbe’s disease.

Phosphatidic acid on hydrolysis yields:

a. Glycerol, fatty acids, phosphoric acid, cholien

b. Glycerol, fatty acids, phosphoric acid

c. Glycerol, fatty acids, phosphoric acid, glucose

d. Sphingol, fatty acids, phosphoric acid

e. Sphingol, fatty acids, choline

The maximum number of double bonds present in essential
fatty acids is:

b. 6.0 Kcal/gm
d. 15Kcal/gm

a. 1 b. 2
C 3 d. 4
@ 5

Cerebrosides are composed of:

Sphingosine, fatty acids, glycerol, phosphoric acid
. Sphingosine, fatty acids galactose
Glycerol, fatty acids, galactose
. Glycerol, fatty acids, galactose, sphingol
Sphingosine, glucose, fatty acids, glycerol.

Poanos
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20. All the following are constituents of ganglioside molecule
except:
a. Glycerol
c. Hexose sugar
e. Long chain fatty acid
21. An alcoholic amine residue is present in which of the
following lipids?
a. Phosphatidic acid
c. Glucocerebroside
e. Sphingomyelin
22. Sphingosine is the backbone of all the following except:
a. Cerebroside b. Ceramide
c. Sphingomyelin d. Lecithin
e. Ganglioside
23. Match the following;:
a. Neutral fat
Phosphatidic acid
Cardiolipin
Hydrolysis results in an aliphatic aldehyde
Hydrolysis yield 4 mols of fatty acids, 3 mols glycerol
and 2 mols of phosphates
3. Hydrolysis yields 2 mols of fatty acids, one mole of
glycerol and one mole of phosphoric acid
4. Hydrolysis yields one mole of fatty acid, and mole of
long chain aliphatic alcohol
5. Hydrolysis yields 3 mols of fatty acids and one mole of
glycerol .

b. Sialic acid
d. Sphingosine

b. Cholesterol
d. Ganglioside
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b. Plasmalogens
d. Wax

= e e

Answers to MCQs

1. e 2. b 3. b 4. b 5.d 6. c
7. d 8. ¢ 9.b 10.d 11.d 12. a
13. ¢ 14.b 15.d 16.c 17.b 18.d
19.b 20.a 2l.e 22.d

23. 1-B, 2-E, 3-C, 4-D, 5-1.



PROSTAGLANDINS—

cwarter CHEMISTRY AND FUNCTIONS

5

Major Concepts
A. What are eicosanoids? Study the classification, chemistry, biosynthesis and catabolism of prostaglandins.

B. Study the important functions of PGs.

C. What are prostacyclins and thromboxanes, their important role in the thrombus formation? Study the chemistry and functions of leucotrienes

and lipoxins.

Specific Objectives

A. 1. Study what is prostanoic acid?

2. How prostaglandins are classified, the major four groups and their structural features.

Study the important functions of PGs and,
The limitations of PGs as drugs.

w
NEDNE RO

Differentiate in a tabular form PG-I, from Tx.

PROSTAGLANDINS

A generic term for a family of closely related biologically
‘active’ lipids, now called as eicosanoids.

Prostaglandins (PGs)

Have been detected in almost every mammalian tissue and
body fluids;

Their production increases or decreases in response to
diverse stimuli or drugs;

They are produced in minute amounts;

Broad spectrum and diverse biological effects;

Not stored in body; and

They have also been found to modulate cyclic AMP activity
in cells either by activating or inhibiting adenyl! cyclase
activity.

The term is now used to describe a family of closely

related derivatives of hypothetical C,, molecule named
Prostanoic acid (Fig. 5.1).

Classification: Prostaglandins and related compounds
are now classified under the heading Eicosanoids as these
compounds are derived from Eicosa (20 C) Polyenoic FA
(Fig. 5.2).

Study how PGs are synthesised and catabolised in the body. Also study the important inhibitors-stimulants of PG synthesis.
Study the occurrence and distribution of PGs in the body and its mechanism of action.

Study the chemistry and functions of prostacyclins (PG-I,), thromboxanes (Tx), leucotrienes (LTs) and Lipoxins (LXs)

11 13 15 17 19

Fig. 5.1: Prostanoic acid

They are classified mainly in two groups:
(a) Prostanoids (PGs), and
(b) Leucotrienes (LT’s) and Lipoxins (Lxs)
Prostanoids are further subdivided into three groups
as follows:
1. Prostaglandins (PGs)
2. Prostacyclins (PGI)
3. Thromboxanes (Tx)

CHEMISTRY OF PROSTAGLANDINS

According to structures, PGs can be divided in four main
groups

(a) PG-E group: PGE-1, PGE-2 and PGE 3

(b) PG-F group: PGF,, PGF,, and PGF;,



Eicosanoids

Cyclooxygenase Lipoxygenase

+ Leukotrienes
(Lts)
* Lipoxins
(Lxs)

Prostanoids
(Pg)

* Prostaglandins
(Pgs)

= Prostacyclins
(Pg-i)
+ Thromboxanes
(Tx)

Fig. 5.2: Classification of eicosanoids

(c) PG-A group: PG-A;, PG-A,, 19-OH PG-A,, 19-OH
PG-A,
(d) PG-B group: PG-B,, PG-B,, 19-OH PG-B,
19-OH PG-B,
Besides above 14 PGs, PG-C and PG-D group have
also been recognised.

Characteristic Features of Structures

1. All naturally occurring PGs are 20C fatty acids
containing a cyclopentane ring (Fig. 5.3). Structures
are based on parent saturated acid called ‘prostanoic
acid.

2. Al PGs have the following salient structural features
e —OH group at 15 position,

e Trans double bond at 13 position

3. Differences in the four main groups is due to

difference in structure of cyclopentane ring.

Primary Prostaglandins: Six PGs of the E and F series
are referred to as primary PGs because none is precursor
of the other. A new type of Prostaglandin has been
isolated from human seminal plasma which has been
designated as PG x.

Occurrence and Distribution: PGs were first discovered
in seminal plasma and vesicular glands. They are
ubiquitous in mammalian tissues and have been detected
and isolated from pancreas, kidney, brain, thymus, iris,
synovial fluid, CS fluid, etc. Recently identified in human
amniotic fluid and umbilical cord vessels. Thirteen diffe-
rent PGs have been isolated and identified from seminal
fluid and together they amount to 300 pg/ml of semen
and has been found to contain PG-E series, PG-F series
(except PG-F;,), PG-A and PG-B series with 19-OH
derivatives.
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A. Similarities
All have one-OH group at 15 and a “trans” double

bond at 13
9 COOH
/// & 20
13 OH15
B.Differences
COOH
CH
4 3
2
“'lilil /// 15 0
13 OH
OH PGE-1
OH COOH
CH
4 3
‘ / 15 20
13 OH
OH PGF-1a
O COOH
10 4 CH,4
P \ys 20
n 13 OH
0 PG-A COOH
4 CH,
P \s 20
13 OH

PG-B

Fig. 5.3: Showing the structural similarities and differences of PGs

Release: Apart from the presence of PGs in tissues,
spontaneous release of these substances from many sites
have been demonstrated. These include:

¢ Cat superfused somatosensory cortex and cere-
bellar cortex,
Frog intestine,
Human medullary carcinoma of thyroid,
Pheochromocytoma, and
Kaposi’s sarcoma.

METABOLISM OF PROSTAGLANDINS

Biosynthesis: PGs are synthesised aerobically from
polyunsaturated fatty acid arachidonic acid (5, 8, 11, 14—
eicosatetraenoic acid) with the help of a multienzyme
complex now called Prostaglandin H Synthase (PGHS)

OML1 NOILI3S
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which consists of two components: (a) Cyclo-oxygenase
system and (b) Peroxidase system. PGHS is present as
two isoenzymes PGHS-1 and PGHS-2. About
1 mg of PG is normally synthesised in man everyday.
Steps of Synthesis
* Synthesis of prostaglandins start with the release of
acyl hydrolase specially phospholipase A, from either
lysosomes or cell membrane. This enzyme hydrolyses
membrane phospholipid and liberates lysophospho-
spolipid and arachidonic acid. This is the rate
limiting reaction of synthetic pathway and requires
Ca** as cofactor. Dietary arachidonic acid also used.
e Arachidonic acid thus liberated is next converted to
PG by oxidative cyclisation with the help of cyclo-
oxygenase of PGHS present in endoplasmic
reticulum, microsome and cell membrane. The
enzyme system contains oxygenases, isomerases and
reductase. The system requires:
¢ Consumption two molecules of O, (aerobic),
* Reduced glutathione and tetrahydrofolate (FH,),
and
e Haem as a cofactor.

PLin Diet

cell membrane

e Initially PGE, and PG-F,, are produced from cyclic
endoperoxides, and subsequently others are derived
(Fig. 5.4).

Suicide enzyme: Cyclooxygenase is also called Suicide
enzyme. Switching off of PG formation is partly achieved
by remarkable property of cyclooxygenase that of self-
catalysed destruction, that is why it is a suicide enzyme.
Once formed rapid destruction takes place.

Formation of Different PGs

* By cyclooxygenase enzyme system, the first unstable
cyclic endoperoxide formed is PG-G,.

e PG-G, is then converted to cyclic endoperoxide
PG-H, by peroxidase component.

PG-G,

! [Peroxidase |

PG-H,

* PG-H, is the precursor for “prostanoids”—PGs,
PG-I, and Tx

e First PG to form is usually PG-E,, sometimes it may
be PG-D,/PGF,,

Stimulants

* Angiotensin
* Bradykinin

* \Vasopressin
* Thrombin

+ Trauma

Phospholipase-A,
(Acylhydrolase)

* Hypoxia
« Epinephrine

Inhibitors

V * Glucocorticoids

\

LYSO-
PHOSPHOLIPID
ARACHIDONIC
ACID
: Jv cyclo-oxygenase of
EOS"HOZ ' PGHS
» FH4
* Haem ¢

CYCLIC-ENDO-PEROXIDES |

!

= Aspirin

* Indomethacine

+ Brufen and other
NSAIDs

©

Peroxidase
PG-G, » PG-H,
Peroxidase system
PG-F,, PG-E,
Dehydrogenase and
isomerase

PG-A,, PG-B,, PG-C,

Fig. 5.4: Showing biosynthetic pathway and regulation of PGs



Formation of different PGs are shown below:

PG-H, » PG-E,
1 or PG-D,
G-sH
PG-H, > PG-F,,
(in brain and kidneys)
PG-Eg ¥ PG-Bs and
PG-As
PG-Ag » PG-Cs

® Group 1 PGs can be formed from dietary linolenic
acid:

Prostanoids
PGE,, PGF,,,

Diet

y=2H
v-Linolenate
+2c
dihomo-y-
linolenic
acid

Arachidonic acid
Leukotrienes
LTA;, LTC4, LTD4

* Group 2 PGs can be formed from dietary a-linolenic
acid:

Diet
a-Linolenic
acid
Prostanoids
=2H PGE4
Octadecatetra- PGF
enoic acid PGDM
+2¢ 4 PGI :
) i 3
Emogatetra —» 5 8, 11, 14, 17- TXA.
enoicacid _2H Eicosapenta- 2
nle acld \ Leucotrienes
4 > LTAs

Diet
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Inhibitors and Stimulants of PG-Synthesis

e “False” substrate, e.g. 5, 8, 11, 14—eicosatetraynoic acid
(TYA)

* Mepacrine: inhibits phospholipase A,

¢ Glucocorticoids: Completely inhibits the transcription of
PGHS-2 (but not PGHS-1)

e Aspirin, indomethacin, ibuprofen (brufen), phenylbutazone,
fenclozic acid and other nonsteroidal antiinflammatory
agents (NSAIDS): Aspirin-inhibits cyclooxygenase of both
PGHS-1 and PGHS-2 by acetylation. Other NSAIDs inhibits
cyclooxygenase by competing with arachidonic acid.

e Cu** and dihydrolipoamide inhibits PG-E formation, but
increases that of PG-F.

Stimulants

e Trauma, hypoxia, angiotensin Il, bradykinin, vasopressin
increase PG synthesis by activating phospholipase A,.

e Catecholamines: They also enhance PG synthesis by
changing inactive cyclooxygenase to its active form.

e Addition of G-SH stimulates the formation of PGE at the
expense of PG-F.

« Addition of TSH to bovine thyroid cells in vitro has been
reported to increase PG synthesis, probably it stimulates
the phospholipase A, and release more of arachidonate.

Catabolism

PGs are very rapidly removed from circulation and

metabolised in lungs, brain, liver and other tissues. Some

80 to 90 per cent or more is destroyed during a single

passage through the liver/or the lungs.

The initial and major steps for both PG-E and PG-Fs is:

® Oxidation of secondary alcohol group at C;5. This
is achieved by a widely distributed PG-Specific
dehydrogenase called, 15-OH-PG-dehydrogenase
(PGDH). This is the rate limiting step in catabolic
pathway.

e The above is followed by reduction of the A'® double
bond. The resulting dihydroderivatives have little or
no biological activity.

¢ [Itis followed by B-oxidation and w-hydroxylation and
oxidation of the side chains.

MECHANISM OF ACTION OF
PROSTANOIDS (PGs, PG-l, AND Tx)

Prostanoids bind to specific receptors on the Plasma
membrane of target cells and brings about changes in
concentration of “Second messengers” which may be
cyclic AMP, Ca** or even cyclic GMP, which then
mediate the biological effects.

Examples:

® PGEs: They mostly act through second messenger
“Cyclic AMP”.
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® PG-Fs and Tx-A,: These may use Ca*™ as second
messenger in some tissues.

® PG-F,,: Action is probably mediated through Cyclic-
GMP as second messenger in some tissues.

FUNCTIONS OF PROSTAGLANDINS

Prostaglandins have numerous and diverse effects.

Diversity is awesome and bewildering. Not only is the

spectrum of actions broad, but also different PGs show

different activities both qualitatively and quantitatively.

1. GV, System

Antihypertensive action: In most species and in most

vascular beds, PG-Es and PG-As are potent vasodilators.

BP: Systemic BP generally falls in response to PGE and

PG-As.

2. Haematological Response

¢ Capillary permeability is increased by PGs-E;, E,, F,,
and F,,. Intradermal injection of PGs in man causes
wheal and flare similar to histamine.

® Platelets: PGE, is a potent inhibitor of human platelet
aggregation. Thus PGE, has proved useful for har-
vesting and storage of blood platelets for therapeutic
transfusion.

3. Action on GI Secretions

(a) Gastric Secretion: PGs E;, E,and A, (Not F,,) inhibit
gastric secretion, whether basal or stimulated by feeding,
histamine or pentagastrin. There is decrease in volume,
acid and pepsin content. Action is believed to be exerted
directly on secretory cells through c-AMP. Based on this,
PGs have been used for preventing or alleviating gastric
ulcers.

(b) Pancreatic Secretion: Its action is opposite. There is
increase in volume, bicarbonate and enzyme content of
pancreatic juice.

(c) Intestinal Secretion

Mucus secretion is increased. There is substantial
movement of water and electrolytes into intestinal lumen.
PG-E, given orally in human volunteers produces watery
diarrhoea.

4. Effects on Smooth Muscles

(a) G,I, Musculature

® Invitro responses vary widely with species, segment,
type of muscle and type of PGs. In human beings
PG-E and F produce contraction of longitudinal
muscle from stomach to colon.

¢ Invivo effects are variable in man. Diarrhea, cramps
and reflux of bile have been noted in human volun-
teers given PG-E orally (Purgative action).

CLINICAL ASPECT

In medullary carcinoma of thyroid, PGs are released by the
tumour tissue, and is responsible for accompanying flushing,
diarrhea and occasional hypercalcaemia seen. Hypercal-
caemia is probably due to bone resorption by PGs.

(b) Bronchial muscle: In general, PG-Fs contract and PG-
Es relax bronchial and tracheal musculatures in various
species including man. Thus PGE; and E, has been used
for treatment of status asthmaticus.

(c) Uterine Muscle

® In vivo, whether pregnant or not, always show con-
traction by PGE,, E, and PG-F,, when administered
IV. The response is prompt and dose-dependent and
takes the form of a sharp rise in tonus with super-
imposed rhythmic contractions.

CLINICAL APPLICATION

Thus PGE, at arate of 0.5 pg/ml has been used for induction
of labour at or near term. Same PG in higher doses 5 ug/ml
has been reported to be effective in therapeutic termination of
pregnancy in first and second trimesters (abortifacient).

5. Metabolic Effects and Action on Endocrine Organs

e Lipolysis: PG-Es inhibit adenyl cyclase and lowers
cyclic AMP level, thus decreasing Lipolysis.

e PGEs have also some Insulin like effects on carbo-
hydrate metabolism.

e Exert PTH-like (Parathormone) effects on bone,
resulting to mobilisation of calcium from bone
producing hypercalcaemia

e Exerts thyrotropin like effects on thyroid gland.

e Stimulation of steroid production by adrenal cortex
(Steroidogenesis)

® Luteolysis: Prompt subsidence of progesterone secre-
tion and regression of corpus luteum follows paren-
teral injection of PGF,,in a wide variety of mammals.
This effect interrupts early pregnancy, which is
dependent on luteal Progesterone. Mechanism of
Luteolysis is uncertain, but it may involve block of
the normal ovarian response to circulating
gonadotrophins.

6. Renal action: Intravenous infusion of PGE and A
produces:
* Substantial increase in renal plasma flow (RPF) T
e Increasein GFR T
* Increased urinary flow (diuresis) T

Mechanism: PGE, decreases cyclic AMP level | in renal
tubule cells and opposes the cyclic AMP mediated action
of Vasopressin on water reabsorption in tubules. Thus



PG-E, reduces the resorption of water in distal tubules

and collecting ducts and produce increased urinary flow

(dilute and hypotonic urine) T

® Qutput of Na* and K" is increased (natriuresis and
kaliuresis) T

e PGEs stimulate renin secretion from JG cells.

For relation of kinins with PGs in renal tissue: (Refer
chapter on Water and Electrolyte Balance and Imbalance)

APPLIED ASPECT

Inhibitors of PGE synthesis may be used in treating diabetes
insipidus resulting from vasopressin (ADH) insufficiency.

7. Role of PGs in inflammation: PGEs and PG-D, relea-
sed at the site of trauma or burn, produce vasodilatation,
increases capillary permeability, erythema and wheal
formation.

CLINICAL ASPECTS

Role of PG-D, in anaphylaxis: When PG-D, is injected in

nanomole amounts into human skin it causes:

e Increased vasodilatation, vasopermeability resulting
wheal and flare (it is nonpruritic), and

e Influx of polymorphs locally.

When inhaled, PG-D, produces bronchoconstriction.

* PG-D, has been suggested as an important media-
tor of anaphylaxis.

e Treatment with Aspirin has eliminated such attacks
suggesting that cyclooxygenase product PG-D, is
directly involved in such cases.

8. Immunological response: PGEs secreted by macro-
phages may modulate or decrease the functions of B and
T lymphocytes. They may also reduce the proliferation
of lymphocytes in response to lymphocyte mitogenic
factors.

Functions of PGs (Summary)

+ Antihypertensive: Lowers BP{

e Inhibits platelets aggregation

« Inhibits gastric secretion

e Stimulates Gl musculature (purgative action)

e Bronchodilatation, used in treatment of bronchial asthma

e Increases uterine contraction, can be used as aborti-
facient

- Renal action: Increases RPF T, increase in GFR T, diure-
sis, natriuresis, and kaliuresis

e Stimulates renin secretion from JG cells.

* Metabolic effects:
» Decreases lipolysis |

Insulin like effect

PTH like effect—produces hypercalcaemia

TSH like effect

Steroidogenesis

Luteolysis

Prostaglandins—Chemistry and Functions 71

LIMITATIONS OF USE OF PGs AS DRUGS

Though PGs may be useful as drugs in certain conditions,
as discussed under actions of PGs above, but use of PGs
as drugs is limited due to following factors:

1. Short Duration of Action: PGs are metabolised very

rapidly in tissues and they have a short duration of action.

2. Lack of Tissue Specificity

* PG-E,in addition to causing uterine smooth muscle
to contract, when induction of labour is desired, it
causes GI smooth muscle to contract as well, leading
to cramping and diarrhoea.

® Same compound when inhaled into the nostrils dilates
bronchi and alleviates the attack of asthma but
simultaneously it irritates mucosa of throat causing
pain and coughing.

Analogues of PGs: Analogues of PGs by introducing CH;

group specially at 15 position are being tried,
*  Which by inhibiting the enzyme can prolong the

action,

¢ Secondly, can change the tissue specificity.

CHEMISTRY AND FUNCTIONS OF
PROSTACYCLINS AND THROMBOXANES

Prostacyclins Vs. Thromboxanes: Both prostacyclins
(PG-1,) and thromboxanes (Tx) are produced from cyclic
endoperoxide PG-H, (Fig. 5.5 and 5.6). Cyclic endoper-
oxide first formed in PG synthesis is PG-G,, which is
converted to PG-H,, an immediate precursor of PGI, and
Tx. Both cyclic endoperoxides have a very short V: life
(t¥%2 = 5 minutes at 37°C) but they are biologically very
active, and have powerful effect on contraction of GI
smooth muscles, bronchial muscles and umbilical cord
vessels. Main differentiating points between prostacyclins
(PGI,) and thromboxane (Tx) are shown in Table 5.1.

Applied Aspect of PG-l, and Tx

1. Prevention of thrombus formation in health: Platelets
attempting to stick to blood vessel wall release endo-
peroxides, which is converted to prostacyclin (PG-I,) by
endothelial cells of blood vessel wall. PH-I, by its vaso-
dilatation effects and inhibition of platelet aggregation,
repel the platelets and prevent them from sticking and
forming a “nidus” and thus opposes thromboxane
activity. A balance between these two biochemical
processes is critical for the thrombus formation.

2. Injury to blood vessel wall: Injury to blood vessel wall
decreases PG-1, formation and thus reduces the anti-
aggregatory action of PG-I,. Unopposed action of TX-A,
in such cases cause platelet aggregation and thrombus
formation.
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Table 5.1: Differentiation of prostacyclins and thromboxanes

Prostacyclins (PGl,) Thromboxanes (Tx)
1. Structure
Contains cyclopentane ring. No cyclopentane ring is present but, contains an oxane ring.
2. Site of formation:
o Principally formed in vascular endothelium; other Principally formed in platelets; other sites are neutrophils,
; sites are heart, kidneys. lungs, brain, kidney, spleen.
— B3 Synthesis
= Synthesised from cyclic endoperoxide PG-H, by Also synthesised from cyclic enoperoxide PG-H, by the
9 the enzyme Prostacyclin synthase. action of the enzyme Thromboxane synthase.
== 4. Mechanism of action
(&) Principally by increasing cyclic AMP level T in Principally by decreasing cyclic AMP level | in target cells,
‘u’g target cells. Can also use Ca*™* as second messenger in some tissues
specially in muscle fibres.
5. Functions
Principally two: Has opposite action:
* Inhibits platelet aggregation * Enhance platelets aggregation
» Produces vasodilatation * Produces vasoconstriction
The above two prevent thrombus formation. The above two favors thrombus formation.

It opposes thromboxane action.
Other functions:

» Inhibits gastric secretion * Produces contraction of smooth muscles

 Produces renal vasodilatation and GFRT » Also induces release of serotonin, Ca* and ADP.

e Increases ‘renin’ production from JG Cells

* Relaxes smooth muscles * Does not relax smooth muscles.

» Inhibitors: Ageing, Hyperlipaemia, Vit. E * Imidazoles and dipyridamole: which inhibit
deficiency. Exposure to ionising radiations. ‘thromboxane synthase’ and stops synthesis.

(TxA,) a potent aggregator of platelets and vasoconstrictor

- %?_[22:2 o is not formed.

e\fs’fe sy, + At the sametime aspirin also inhibits production of
e s prostacyclin (PGl,) by endothelial cells which opposes

platelet aggregation and is a vasodilator.
Prostacyelin Lowers prBetsot?re Raises THromb xines * Butunlike platelets, the endothelial cells regenerate cyclo-
(PG-1,) (TX-A,) oxygenase within a few hours. Thus, the overall balance
shifts towards formation of PGl, which opposes

I \)\,b\a% platelets aggregation.
Bt Platelet © .
aggregation Clinical Uses
* Treatment and management of angina and evolving
Cyclic Cyclic myocardial infarction.

AMP T AMP | « For prevention of stroke and death in patients with transient

cerebral ischaemic attacks.
Fig. 5.5: Showing physiological antagonism between prostacyclin

(PG-1;) and thromboxane (TX-A,) 2. Role of marine fish lipids: Most predominant UFA in

fish foods is 5, 8, 11, 14, 17-Eicosapentaenoic acid

CLINICAL ASPECTS (EPA), which decreases plasma cholesterol and tri-

1. Aspirin as effective antiplatelet aggregator: Aspirin acylglycerol; inhibits the synthesis of TxA,. Thus, low
(acetyl salicylic acid) has been found to be a most effective levels of TxA, reduce platelet aggregation and
drug which prevents platelet aggregation. thrombosis reducing the risk of myocardial infarction.

Platelets are extremely sensitive to aspirin and a very small
amount of aspirin (30 mg) can act as anti-platelet aggregator

for 24 hours. LEUCOTRIENES-LTs

Mechanism _ A newly discovered family of conjugated trienes formed
* Aspirinirreversibly acetylates the platelets cyclooxygenase  from eicosanoic acids in leucocytes, mast cells, and
system and inhibits the enzyme so that thromboxane A, macrophages by the lipoxygenase pathway, in response



Vascular endothelium

Arachidonate

[ Cyclooxygenase |

Peroxidase

Prostacyclin
synthase

PG-G,

PG-H,

PROSTACYCLINS
PG-l,

+ Cyclic AMP T
* Inhibits platelets
aggregation

Prostaglandins—Chemistry and Functions 73

Platelets
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= Aggregation of
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Fig. 5.6: PG-l, and Tx-A,—Formation and actions

to both immunologic and noninflammatory stimuli. LTs
possess no ring in its structure but have three characteri-
stic conjugated double bonds.

Synthesis: LTs are synthesised from arachidonate by
the addition of hydroxyperoxy groups to arachidonic acid
and produces hydroperoxy eicosa-tetraenoates (HPETE).

Different Types of HPETE: Depending on the position of
addition, three types of HPETE have been found.

Arachidonate

Lipoxygenase

O, oxidation
system

Hydroperoxy eicosa-tetraenoate (HPETE)

Three types of HPETE are:

e 5-HPETE: Most common and the major product of
5-Lipoxygenase reaction in polymorphs, basophils,
mast cells and macrophages.

e 12-HPETE: Product of 12-lipooxygenase and occurs
in platelets, pancreatic endocrine islet cells and glome-
rular cells of kidney.

e 15-HPETE: Occurs in reticulocytes, eosinophils and
T-cells.

Functions of LTs

LTs in general appear to act as mediators in inflammation
and anaphylaxis.

e Capillary Dilatation and Vascular Permeability: As little
as one n-mol of LT-C,, D, or E, elicits erythema and wheal
formation like histamine (wheal and flare response), also
increases vascular permeability.

» Action on Bronchial Muscles: Inhalation of LTs (C,4, D,
or E,) causes bronchospasm.

e Mucus Secretion: LTs-C, and D, have been shown to be
remarkably potent stimulators of mucus secretion from
human airway tissue.

» Chemotaxis and Chemokinetic Action: LTs-B,has been
found to stimulate chemotaxis and chemokinesis of
neutrophils and eosinophils, which are found in large
numbers at the site of inflammation.

* SRS-A (slow-reacting substance of anaphylaxis): SRS-
A which is produced by mast cells during anaphylactic
reaction, has now been shown to be mixture of LTs-like
LT-C,, D, and E,. These leukotrienes are responsible
for intense vasoconstriction of bronchial muscles,
vasodilatation and increased vascular permeability
seen in anaphylactic/allergic reactions.

Formation of Different Types of LTs is shown on next
page diagrammatically:
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5HPETE  (Leucotrienes are mainly

formed from 5 HPETE)

H,0 (Loss of H;0)

Forms Labile allylic epoxide called LT-A,

H,0 Glutathione-S
transferase
LT-B, Glutathione
LT-C,
y-Glutamyl!
transpeptidase Glutamate
LT-D,
Cysteinyl-Glycine
dipeptidase Glycine
LT-E,

Formation of Lipoxin Lx-A, is shown below in the
box.

Applied Aspects

e Lipoxygenase system is not inhibited by aspirin and
other anti-inflammatory drugs.

e Prolonged use of aspirin: Prolonged use of aspirin for
certain conditions like arthritis, etc. depresses cyclo-
oxygenase system and PG synthesis but enhances
lipoxygenase system and synthesis of LTs, which may lead
to bronchospasm and produce aspirin-induced
(iatrogenic) bronchial asthma.

e Lipoxygenase inhibitor: Recently it has been shown that
LT-B, plays a key role in causing and amplification of
mucosal injury in ulcerative colitis. Zileuton, a selective
5-lipoxygenase inhibitor, is being studied for its
therapeutic efficacy in ulcerative colitis.

LIPOXINS

Lipoxins are a family of conjugated tetraenes recently
discovered arising in leucocytes by lipoxygenase pathway.
Types: Several lipoxins have been found to be formed
Lx-A, to Lx-E, in a manner similar to the formation of
leukotrienes as stated above.

Formation: They are formed by the combined action of
more than one lipoxygenase introducing more oxygen
into the molecule from arachidonic acid.

Function of Lipoxins: Evidences support a role of lipoxins
in vasoactive and immunoregulatory function, e.g. as
counter-regulatory compounds (chalones) of the immune
response.

Arachidonic acid |

1

5-Lipoxygenase |

\-.

5-Lipoxygenase I 0,

5-HPETE

Peroxidase

5-HETE

s

15-HPETE

o

Peroxidase |

.

15-HETE

5-Lipoxygenase

v

5-Lipoxygenase

Leucotriene A,
(LT-Ay)

» Lipoxin A,
(Lx-Ay)



I. Questions (Essay type and short notes)

1. Describe the chemistry and functions of prostaglandins.

Short Notes

a. Prostaglandins
c. Thromboxanes

b. Prostacyclins
d. Leucotrienes

Differentiate

a. Prostacyclins and Thromboxanes.

Il. MCQs (Give one correct answer)
1. PG-Es lower cyclic AMP level in:

a. Lungs b. Adipose tissue
c. Thyroids d. Platelets
e. Spleen

2. All PGs have a structure based on prostanoic acid which

contains a cyclopentane ring and has carbon atoms:

a. 10 b. 15
c. 18 d. 20
e. 25

3. Regarding arachidonic acid the following statements are

all true except:

a. Can be synthesised from linoleic acid.

b. Itis a 20 carbon fatty acid with five double bonds.
c. Itis a precursor of PG-I,

d. It can form cyclic endoperoxide PG-H,

e. Itisa precursor of Tx-A,

4. PG-E, wheninfused intravenously has the following action

on kidneys:

a. Decrease the renal plasma flow (RFP)

b. Decrease in GFR

c. Increases reabsorption of water

d. Increases excretion of sodium

e. Decreases rennin secretion from JG Cells

5. The release of arachidonic acid from membrane

phospholipids is inhibited by:

a. A specific protein induced by glucocorticoids

b. By administration of aspirin

c. Administration of non-steroid anti-inflammatory
(NSIDS)

10.

11.
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d. Catecholamines

e. All of the above.

PG Synthesis is increased by activating phospholipases by:

a. Mepacrine b. Angiotensin I

c. Glucocorticoids d Indomethacin

e. Aspirin

All of the following functions typifies either PG-I, or

Tx-A,, except:

a. PG-I, contracts coronary arteries

b. PG-I, dilates coronary arteries

c. Tx-A, contracts coronary arteries

d. Tx-A, Promotes platelets aggregation

e. PG-I, inhibits platelets aggregation

PG-E is catabolised by oxidation of secondary hydroxyl

group at

a. C, position

c. Cy5 position

e. None of the above

The leucotrienes are characterised by all of the following

except:

a. Are formed from arachidonate

b. Enzyme responsible for conversion of arachidonate to
leucotrienes is lipoxygenase system

c. One of LTs stimulates chemotaxis and chemokinesis of
neutrophils

d. All of them contain cyclopentane ring

e. SRS-A is a mixture of LT-C,, LT-D, and LT-E,

PG-Synthesis is aerobic process and requires two molecules

of reduced:

b. C;; position
d. all of the above

a. FAD b. NAD*
c. FMN d. Glutathione
e. NADP*

All prostaglandins have in common in addition to
cyclopentane ring one double bond between positions:

a. Csand Cq b. C;and Gy

c. Cyand Cy d. C;and Cy,

e. CzandCyy

Answers to MCQs

2. d
8. ¢

3. b 4. d 5. a 6. b
9.d 10.d 11.e.

1. b.
7. a
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CHEMISTRY OF PROTEINS

CoHNASPET E R AND AMINO AClDS

6

Major Concepts
To know what are proteins and their biomedical importance.

To learn the classification and properties of proteins.
Learn the structure of protein.

cow>

Specific Objective
A. 1. Define protein.

To learn what are amino acids, their classification and properties.

2. Describe the biomedical importance of protein and learn composition of proteins.

B. Basic monomeric unit of protein is amino acid.

=

Classify amino acids.
Learn the nonstandard amino acids.
Learn the occurrence of amino acids.

Learn the general functions of amino acids.
Learn the physical and chemical properties of amino acids.
Classify proteins.

PNOORWDN

What are amino acids? Learn the basic structure of amino acid.

List essential amino acids, semiessential amino acids and non-essential amino acids and why they are called so.

¢ Based on size and shape, ¢ Based on functions, < Based on solubility, structure and physical properties—Most commonly
employed classification. According to this, proteins are classified as simple, conjugated and derived proteins.

2. + Learn the physical and chemical properties of proteins.

e Learn precipitation reaction of proteins and its application.

e Learn various colour reactions of protein due to specific amino acid.
¢ Learn the peptide linkage in a protein molecule and learn few biologically important peptides.

D. «  Study the primary structure of protein.

»  Study the secondary structure of protein, linkages and types such as o-helix, B-pleated sheet structure, Triple helix, and Random coil.
* Learn the tertiary structure, bonds involved in tertiary structure formation.

» Learn the quaternary structure, bonds that make it and examples.

* What is denaturation of protein? Learn various factors that cause denaturation, its application and the changes a protein molecule

undergoes after denaturation.
e Study the criteria of purity of protein.

INTRODUCTION

In 1839 Dutch chemist G] Mulder while investigating
substances such as those found in milk, egg found that
they could be coagulated on heating and were nitroge-
nous compounds. Swedish scientist JJ Berzelius
suggested to Mulder that these substances should be
called proteins. The term is derived from Greek word
Proteios means “primary”, or “holding first place” or
“pre-eminent” because Berzelius thought them to be most
important of biological substances. And now we know
that proteins are fundamental structural components of
the body. They are nitrogenous “macromolecules”
composed of many amino acids.

BIOMEDICAL IMPORTANCE OF PROTEINS

Proteins are the main structural components of the
cytoskeleton. They are the sole source to replace Nitrogen
of the body.

Biochemical catalysts known as enzymes are proteins.
Proteins known as immunoglobulins serve as the first line
of defence against bacterial and viral infections.

Several hormones are protein in nature.

Structural proteins furnish mechanical supportand some
of them like actin and myosin are contractile proteins and
help in the movement of muscle fibre, microvilli, etc.
Some proteins present in cell membrane, cytoplasm and
nucleus of the cell act as receptors.



e The transport proteins carry out the function of trans-
porting specific substances either across the membrane
or in the body fluids.

e Storage proteins bind with specific substances and store
them, e.g. iron is stored as ferritin.

« Few proteins are constituents of respiratory pigments and
occur in electron transport chain or respiratory chain, e.g.
cytochromes, hemoglobin, myoglobin.

e Under certain conditions proteins can be catabolised to
supply energy.

e Proteins by means of exerting osmotic pressure help in
maintenance of electrolyte and water balance in body.

COMPOSITION OF PROTEINS

In addition to C, H, and O which are present in carbo-
hydrates and lipids, proteins also contain N. The nitrogen
content is around 16 per cent of the molecular weight of
proteins. Small amounts of S and P are also present. Few
proteins contain other elements such as I, Cu, Mn, Zn
and Fe, etc.

Amino acids: Protein molecules are very large molecules
with a high molecular weight ranging from 5000 to
25,00,000. Protein can be broken down into smaller units
by hydrolysis. These small units the monomers of
proteins are called as amino acids. Proteins are made up
from, 20 such standard amino acids in different sequences
and numbers. So an indefinite number of proteins can be
formed and do occur in nature. Thus proteins are the
unbranched polymers of L- o--amino acids.

The L- o-amino acid has a general formula as shown
below:

(HOOC] —C —[NH, |

I—0Oapg—2D

R is called a side chain and can be a hydrogen,
aliphatic, aromatic or heterocyclic group. Each amino
acid has an amino group -NH,, a carboxylic acid group
— COOH and a hydrogen atom each attached to carbon
located next to the - COOH group. Thus the side chain
varies from one amino acid to the other.

AMINO ACIDS

CLASSIFICATION AND
STRUCTURE OF AMINO ACIDS

Amino acids can be classified into 3 groups depending
on their reaction in solution.

A. Neutral

B. Acidic and

C. Basic.
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A. Neutral amino acids: This is the largest group of
amino acids and can be further subdivided into aliphatic,
aromatic, heterocyclic and S-containing amino acids.

(a) Aliphatic Amino Acids:

1. Glycine (Gly) or a-amino acetic acid.
H —tI:H
(optically inactive)
2. Alanine (Ala) or a-amino propionic acid.
[NR2]
CHs—c::—

H

(72]
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3. Valine (Val) or a-amino-isovaleric acid.

HsC \
/CH —<::— COOH
HsC 5

4. Leucine (Leu) or a-amino-isocaproic acid.

NH,

\CH—CH2—<::— COOH
/ H

5. Isoleucine (Ile) or a-amino-B-methyl valeric acid.

HaC

H3C\CH2
NP
CH— C—[COOH]
7
HyC H

All of the above are simple monoamino monocarboxy-
lic acids. The next from the neutral group of amino acids
are hydroxy amino acids. Since they contain — OH group
in their side chains.

6. Serine (Ser) or a-amino-B-hydroxy propionic acid.

Hzc—clz“—
p

H



78  Chemistry of Biomolecules

7. Threonine (Thr) or a-amino-B-hydroxybutyric acid.

i
HsC—gH—C—

o
H

(b) Aromatic Amino Acids

Second subgroup of neutral amino acids consists of
aromatic amino acids.

8. Phenylalanine (Phe) or a-amino-B-phenyl propionic
acid.

o
=
-
=
o
-
(&)
(11
(7]
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OCHz—T—

H

9. Tyrosine (Tyr) or parahydroxy phenylalanine or
o-amino-B-parahydroxy phenylpropionic acid.

@—cw—{:—
X

(c) Heterocyclic Amino Acids: Third group belongs to
heterocyclic amino acids.

10. Tryptophan (Trp) or a-amino-B-3-indole propionic
acid. This amino acid is often considered as aromatic
amino acid since it has aromatic ring in its structure.

CHZ—(ls—
NH )
11. Histidine (His) or a-amino-B-imidazole propionic
acid.
NH,
@CHZ— rI:—
HN H

N

Histidine is basic in solution on account of the
imidazole ring and often considered as Basic Amino acid.

(d) Imino Acids
12. Proline (Pro) or Pyrrolidone-2-carboxylic acid.

O

NH

13. Hydroxyproline (Hyp) or 4 hydroxy pyrrolidone-2

carboxylic acid.
HO
-

NH

Proline and Hydroxyproline do not have a free -NH,
group but only a basic pyrrolidone ring in which the
Nitrogen of the Imino group is in a ring but can still
function in the formation of peptides. These amino acids
are therefore called as imino acids.

(e) 'S’ containing amino acids: The fourth subgroup of
neutral amino acids contains two sulphur containing
amino acids.

14. Cysteine (Cys) or a-amino-B-mercaptopropionic
acid.

NH,

|
CH,— C—[COOH

S
H

Two molecules of cysteine make cystine (cys-cys) or
dithio B, B-o. aminopropionic acid. The S-S linkage is
called as disulphide bridge.

T |

—<|:— H,C —§—8—CH,— tI:H—

H H

NH,

15. Methionine (Met) or o--amino y-methylthio-n-butyric
acid.
tay
CHy— CH,— (I:—
H
B. Acidic amino acids: These amino acids have two

—COOH groups and one - NH, group. They are therefore
monoaminodicarboxylic acids.

16. Aspartic acid (Asp) or o--amino succinic acid.

HOOC
CI:HZ—(:_“,—
H
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Asparagine (Asn) or y-amide of a-aminosuccinic acid. ~ Non-standard Amino Acids

N, A. The compounds similar to basic structure of amino
. | acids but do not occur in proteins. Examples of some of
those are:
Nz ﬁ gH’ Gt(|: e B-alanine: They found in coenzyme A.
) H e Taurine: They found in bile acids (I'ﬁ
¢ Ornithine and citrulline: They are intermediates in | 7
17. Glutamic Acid (Glu) or o--aminoglutaric acid. urea cycle =
e Thyroxine (T,) and Tri-iodo Thyronine (T,): Thyroid [,
hormones synthesised from tyrosine. =
| e vy-aminobutyric acid (GABA): A neurotransmitter g
CHz—CHz—{I:— produced from glutamic acid. o

e B-amino isobutyric acid: These are end product of
pyrimidine metabolism.

e §-aminolaevulinic acid (8-ALA): These are inter-
mediate in haem synthesis.

H

Glutamine (Gln)-Amide of Glutamic Acid or §-amide of

o-aminoglutaric acid. * S-adenosyl methionine (SAM): These are methyl
donor formed from L-methionine
® 3,4-dihydroxy phenyl alanine (DOPA): A precursor
of mela nine pigment.

CH,— CH,— C—[COOH] B. D-amino acids: These are non-standard amino acids—
I Amino acids normally isolated from animal and plants are
L-amino acids. But certain D-amino acids are found in
bacteria and antibiotics and in brain tissues of animals.
D-glutamic acid and D-Alanine are constituents of
bacterial cell walls.
D-amino acids are found in certain antibiotics, e.g.
gramicidin-S, Actinomycin-D.

H

C. Basic amino acids: This class of amino acids consists
of those amino acids which have one - COOH group and
two -NH, groups. Thus they are diamino monocarboxy-
lic acids. Arginine, lysine and hydroxylysine are included

in this group. e Animal tissues contain L-amino acids which are
18. Arginine (Arg) or o-amino- 8-guanidino-n-valeric acid. deaminated by L-amino acid oxidase. But there is also
present D-amino acid oxidase the function of which
2 was not known. Now D-amino acids like D-aspartate
e gHz—-éHz—gHz— G(L_ and D—serine hgve been founc% in br‘ain t‘issue. This
explains the existence of D-amino acid oxidase.
C—NH H

| Functions of Amino Acids

Apart from being the monomeric constituents of proteins and

19. Lysine (Lys) or a- e-diamino caproic acid. peptides, amino acids serve variety of functions.
(&) Some amino acids are converted to carbohydrates and
are called as glucogenic amino acids.
% 5 y B (b) Specific amino acids give rise to specialised products, e.qg.
CH,—CH;—CH;—CH,— aC—[COOH » Tyrosine forms hormones such as thyroid hormones,
(T3, T4), epinephrine and norepinephrine and a
H pigment called melanin.
e Tryptophan can synthesise a vitamin called niacin.
20. Hydroxylysine (Hyl) or o-e-diamino-6-hydroxy-n-  Glycine, arginine and methionine synthesise creatine.
valeric acid. e Glycine and cysteine help in synthesis of Bile salts.
e Glutamate, cysteine and glycine synthesise glutathione.
« Histidine changes to histamine on decarboxylation.
4 5 Y B | e Serotonin is formed from tryptophan.
CH,—CH—CH;—CH,— aC—[COOH]| « Glycine is used for the synthesis of haem.
| | | e Pyrimidines and purines use several amino acids for
H their synthesis such as aspartate and glutamine for
pyrimidines and glycine, aspartic acid, Glutamine and
As already mentioned histidine is also classified as serine for purine synthesis.

basic amino acid.
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(c) Some amino acids such as glycine and cysteine are used
as detoxicants of specific substances.

(d) Methionine acts as “active” methionine (S-adenosyl-
methionine) and transfers methyl group to various
substances by transmethylation.

(e) Cystine and methionine are sources of sulphur.

Essential Amino Acids

Nutritionally, amino acids are of two types: (a) Essential
and (b) Non-essential. (c) There is also a third group of
semi-essential amino acids.

(a) Essential amino acids: These are the ones which are
not synthesised by the body and must be taken in diet.
They include valine, leucine, isoleucine, phenylalanine,
threonine, tryptophan, methionine and lysine. For
remembering the following formula is used—MATT VIL
PHLY.

(b) Non-essential amino acids: They can be synthesised
by the body and may not be the requisite components of
the diet.

(c) Semi-essential amino acids: These are growth
promoting factors since they are not synthesised in
sufficient quantity during growth. They include arginine
and histidine. They become essential in growing children,
pregnancy and lactating women.

Occurrence of amino acids: All the standard amino acids
mentioned above occur in almost all proteins. Cereals are
rich in acidic amino acids Asp and Glu while collagen is
rich in basic amino acids and also proline and hydroxy-
proline.

New Amino Acids

In addition to 20 L-amino acids that take part in protein
synthesis, recently two more new amino acids described.
They are:

A. Selenocysteine - 21st amino acids

B. Pyrrolysine - 22nd amino acid

A. Selenocysteine

Selenocysteine is recently introduced as 21st amino acid.

Selenocysteine occurs at the “active site” of several

enzymes.

Examples include:

® Thioredoxin reductase

® Glutathione peroxidase which scavenges peroxides,

® De-iodinase that converts thyroxine to tri-
iodothyronine

® Glycine reductase

* Selenoprotein P, a glycoprotein containing 10
selenocysteine residues, found in mammalian blood.
It has an antioxidant function and its concentration
falls in selenium deficiency.

Selenocysteine arises co-translationally during its
incorporation into peptides. The UGA anticodon of the
unusual tRNA designated tRNA%, normally signals
STOP.

The ability of the protein synthesising apparatus to
identify a selenocysteine specific UGA codon involves
the selenocysteine insertion element, a stem-loop
structure in the untranslated region of the m-RNA.

Selenocysteine-tRNA®* is first charged with serine by
the Ligase that charges tRNA®**. Subsequent replacement
of the serine oxygen by selenium involves seleno-
phosphate formed by Selenophosphate synthetase.

H

H—Se— CHy—C—C00"

NH3*
(Selenocysteine)
i
Se + ATP — AMP + Pi +H—Se—||=—o-
o

Reaction catalysed by selenophosphate synthetase
In a simpler way, the reaction that occurs
Selenophosphate

synthetase
Se + ATP » Se—P + AMP + Pi
Serine + Se-P » Secys + Pi
(Selenocysteine)

B. Pyrrolysine—the 22nd Amino Acid

Recently it has been claimed as 22nd amino acid by some
scientists. The STOP codon UAG can code for
pyrrolysine.

PROPERTIES OF AMINO ACIDS

A. Isomerism: Two types of isomerism are shown by
amino acids basically due to the presence of asymmetric
carbon atom. Glycine has no asymmetric carbon atom
in its structure hence is optically inactive.

(a) Stereoisomerism: All amino acids except glycine exist
in D and L isomers. As described in the chapter on carbo-
hydrates it is an absolute configuration. In D-amino acids
— NH, group is on the right hand while in L-amino acids
it is oriented to the left. It is the same orientation of - OH
group of the central carbon of glyceraldehyde (Fig. 6.1).

COOH COOH
[NH]— (l;— H H—C—|NH,
d .
L-Amino acid D-Amino acid

Fig. 6.1: L and D-forms of amino acid



Natural proteins of animals and plants generally
contain L-amino acids. D-amino acids occur in bacteria.

(b) Optical Isomerism: All amino acids except glycine
have asymmetric carbon atom. Few amino acids like
isoleucine and threonine have an additional asymmetric
carbon in their structures. Consequently all but glycine
exhibit ‘optical” activities and rotate the plane of plane
polarised light and exist as dextrorotatory (d) or
laevorotatory (I) isomers. Optical activity depends on
the pH and side chain.

B. Amphoteric Nature and Isoelectric pH: The -NH, and
-COOH groups of amino acids are ionizable groups.
Further, charged polar side chains of few amino acids
also ionise. Depending on the pH of the solution these
groups act as proton donors (acids) or proton acceptors
(bases). This property is called as amphoteric and
therefore amino acids are called as ampholytes. At a
specific pH the amillno acid carries both the charges in
equal number and exists as dipolar ion or “Zwitterion”.
At this point the net charge on it is zero, i.e. positive
charges and negative charges on the protein/amino acid
molecule equalizes. The pH at which it occurs without
any charge on it is called pI or isoelectric pH. On the
acidic side of its pI amino acids exist as a cation by
accepting a proton and on alkaline as anion by donating
a proton.

C. Physical Properties: They are colourless, crystalline
substances, more soluble in water than in polar solvents.
Tyrosine is soluble in hot water. They have high melting
point usually more than 200°C. They have a high dielectric
constant. They possess a large dipole moment.

D. Chemical Properties
I. Due to Carboxylic (—COOH) Group

1. Formation of esters: They can form esters with alcohols.
The COOH group can be esterified with alcohol.
Treatment with Na,CO; solution in cold releases the free
ester from ester hydrochloride.
2. Reduction to amino alcohol: This is achieved in pre-
sence of lithium aluminium hydride.
3. Formation of amines by decarboxylation: Action of
specific amino acid decarboxylases, dry distillation or
heating with Ba(OH), or with diphenylamine evolves
CO, from the —COOH group and changes the amino
acid into its amine (Fig. 6.2).

In vivo, the amino acids can be decarboxylated by
the enzyme decarboxylase and forms the corresponding
amines.

NH,
R—CH Ba (OH),
CO, T+ R — CH, — NH,
COOH Heat
Amino acid Amine

Fig. 6.2: Formation of amine (decarboxylation)
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4. Formation of amides: Anhydrous NH; may replace
alcohol from its combination with an amino acid in an
amino acid ester so that an amide of amino acid and a
molecule of free alcohol is produced (Fig. 6.3).

r|~|H2 NH,
R—CH+NH; ——— R——CH + C,HsOH
O  Alcohol
COOC,Hs c?
NS
NH,

Amino acid ester Amino acid amide

Fig. 6.3: Formation of amide

Il. Properties Due to Amino (—NH,) Group

1. Salt formation with acids: The basic amino group
reacts with mineral acids such as HCI to form salts like
hydrochlorides (Fig. 6.4).

COOH COOH

H,C——NH, + HCl —— H,C——NH,CI

Glycine Glycine hydrochloride

Fig. 6.4: Salt formation of amino acid

2. Formation of acyl derivatives: Amino group reacts
with acyl anhydride or acyl halides such as benzoyl
chloride and give acyl amino acids like benzoyl glycine
(hippuric acid). Incidentally, this is one of the
mechanisms of detoxication in which glycine is used and
this also forms the basis of one of the liver function tests.

3. Oxidation: Potassium permanganate or H,O, oxidises
the NH, group and converts the amino acid into imino
acid which reacts with water to form NH; and o-keto-
acid.

4. Reaction with HNO,: Like other primary amines, the
amino acids except proline and hydroxyproline react
with HNO, (nitrous acid) libering N, from NH, group.
This forms the basis of Van Slyke’s method for
determining -NH, group (Nitrogen) (Fig. 6.5).

5. Reaction with CO,: The amino acid anion present in
an alkaline solution may react with CO, through NH,
group to form a carbaminoacid anion.

6. Reaction with formaldehyde: Formaldehyde reacts

with the-NH, group to form a methylene compound.
Application: Because of the presence of free basic
amino group in the amino acid molecule its amount
cannot be estimated directly by titration with a
standard alkali. On addition of neutral formaldehyde
it combines with the amino group to form either
methylene amino acid or dimethylol amino acid. Both
these products are strong acids and may be estimated
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NH,

R—C——COOH

OH

H

a-Amino acid

» R——C——COOH + N, T +H,0
H

o-Hydroxy acid

Fig. 6.5: Reaction with HNO,

NH, HCHO

/N =CH2

v

R—CH +
COOH

R—CH + H,0

COOH

Fig. 6.6: Reaction of glycine with formaldehyde-Basis of Sorensen’s formol titration

by titration with a standard alkali. This is known as
“Sorensen’s” formol titration method (Fig. 6.6).

7. Specific colour reactions: Reactions with Ninhydrin,
Millon’s test, Sakaguchi test, Hopkins-Cole test are
discussed under properties of proteins.

Identification of N-terminal Residue

(a) N-terminal residue can be identified by using a reagent
that bonds covalently with its o-NH, group. Because the
bond is stable to hot acid hydrolysis, the derivative of
the N-terminal residue can be identified by
chromatographic procedures after the protein has been
hydrolysed.

Two reagents are commonly used

1. Sanger’s reagent: The reagent contains 1-fluoro-2,
4-dinitrobenzene (FDNB). It reacts with free -NH, group
in an alkaline medium

OZNQ N—?H —COo0"
R
NO’l alkali

O,N NH—CH—COO™+ HF

R

The reaction can also take place with the N-terminal
-NH, group of the polypeptide chain. The compound so
formed can be isolated after protein hydrolysis and
identified. Sanger was first to sequence a polypeptide.
He determined the complete primary structure of the
hormone insulin.

2. Reaction with Dansyl Chloride: The N-terminal
-NH, group can also combine with Dansyl chloride

Edman Reaction
R

HOOC—C—NH;+S§=C=N

H

R
NH=—C—NH—C — COOH

S H

(1-dimethyl aminonaphthalene-5-sulphonyl chloride) to
form a fluorescent dansyl derivative which can be isolated
and identified.

(b) Edman reaction: A similar reaction with -NH, group
can occur with the reagent phenyl isothiocyanate and thus
enables the identification of the N-terminal amino acid
(Refer box in right side).

Sequenator

Edman and G. Begg have perfected an automated amino
acid sequenator for carrying out sequential degradation
of peptides by the phenylisothiocyanate procedure
(Edman’s reaction).

Automated amino acid sequencers now widely used,
which permit very rapid determination of the amino acid
sequences of polypeptides upto 100 amino acid
approximately.

Amino acids are determined sequentially from
N-terminal end. The phenyl thiohydantoin amino acid
liberated is identified by high performance liquid
chromatography (HPLC).
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HoC—NH;"" NH,— CH,

Fig. 6.7: Chelation of glycine with Ca**. Name of compound is
calcium diglycinate

Ill. Properties of Amino acids Due to Both NH, and
COOH Groups

In addition to the property of reacting with both cation
and anion, the amino acids form chelated, co-ordination
complexes with certain heavy metals and other ions.

These include Cu**, Co**, Mn** and Ca*™*. An example of
chelated complex of Ca and glycine is given in Figure 6.7.

CLINICAL APPLICATION

Chelates are non-ionic and therefore amino acids may be
used to remove calcium from bones and teeth. It is possible
that the amino acids resulting from the breakdown of enamel
and dentine could in this way form soluble calcium complexes
thereby causing a loss of calcium and the development of
caries.

PROTEINS

CLASSIFICATION OF PROTEINS

Proteins are classified:
I. On the basis of shape and size
II. On the basis of functional properties
ITI. On the basis of solubility and physical properties.

I. On the basis of shape and size

* Fibrous proteins: When the axial ratio of length: width
of a protein molecule is more than 10, it is called a
fibrous protein.

Examples: o-keratin from hair, collagen.

Globular protein: When the axial ratio of length: width
of a protein molecule is less than 10, it is called as
globular protein.

Examples: Myoglobin, haemoglobin, ribonuclease, etc.

I1. On the basis of functional properties: The second way
of classifying proteins makes use of their functional
properties, such as:

e Defence proteins: Immunoglobulins involved in
defence mechanisms.

Contractile proteins: Proteins of skeletal muscle
involved in muscle contraction and relaxation.

® Respiratory proteins: Involved in the function of
respiration, like haemoglobin, myoglobin, cyto-
chromes.

Structural proteins: Proteins of skin, cartilage, nail.
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® Enzymes: Proteins acting as enzymes.
® Hormones: Proteins acting as hormones.

ITI. On the basis of solubility and physical properties:
However, both the above classification schemes
have many overlapping features. Therefore a third most
acceptable scheme of classification of proteins isadopted.
According to this scheme proteins are classified on the
basis of their solubility and physical properties and are
divided in three different classes.

A. Simple proteins: These are proteins which on complete
hydrolysis yield only amino acids.

B. Conjugated proteins: These are proteins which
in addition to amino acids contain a non-protein group
called prosthetic group in their structure.

C. Derived proteins: These are the proteins formed from
native protein by the action of heat, physical forces or
chemical factors.

A. Simple Proteins

These are further subclassified based on their solubilities
and heat coagulabilities. These properties depend on the
size and shape of the protein molecule. Major subclasses
of simple proteins are as follows:

1. Protamines

These are small molecules and are soluble in water, dilute
acids and alkalies and dilute ammonia and non-
coagulable by heat. They do not contain cysteine,
tryptophan and tyrosine but are rich in arginine. Their
isoelectric pH is around 7.4 and they exist as basic
proteins in the body. They combine with nucleic
acids to form nucleoproteins.

Examples: Salmine, sardinine and cyprinine of fish
(sperms) and testes.

2. Histones

These are basic proteins, rich in arginine and histidine,
with alkaline isoelectric pH. They are soluble in water,
dilute acids and salt solutions but insoluble in ammonia.
They do not readily coagulate on heating. They form
conjugated proteins with nucleic acids (DNA) and
porphyrins. They act as repressors of template activity
of DNA in the synthesis of RNA. The protein part of
hemoglobin, globin is an atypical histone having a
predominance of histidine and lysine instead of
arginine.

Examples: Nucleohistones, chromosomal nucleoproteins
and globin of haemoglobin.

For details of Histone case refer to chaper on chemistry
of Nucleic acids.
3. Albumins

These are proteins which are soluble in water and in
dilute salt solutions. They are coagulable by heat and are
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changed to products that are insoluble in water and
solutions of salt. The albumins may be precipitated
(salted out) of solution by saturating the solution
with ammonium sulphate. Albumins have low
isoelectric pH of pI 4.7 and therefore they are acidic
proteins at the pH 7.4. They are generally deficient in
glycine.

Examples: Plant albumins: Legumelin in legumes, leuco-
sin in cereals.

Animal source: Ovalbumin in egg, lactalbumin in milk.

4. Globulins

Globulins are insoluble in water but soluble in dilute
neutral salt solutions. They are also heat coagulable.
Vegetable globulins coagulate rather completely. They
are precipitated (salted out) by half saturation with
ammonium sulphate or by full saturation with sodium
chloride. Globulins bind with heme, e.g. hemopexin, with
metals, e.g. transferrin, ceruloplasmin and with car-
bohydrates, e.g. immunoglobulins.

Examples: In addition to above, ovoglobulin in eggs,
lactoglobulin in milk, legumin from legumes.

5. Gliadins (Prolamines)

Alcohol soluble plant proteins, insoluble in water or salt
solutions and absolute alcohol, but they dissolve in 50 to
80 per cent ethanol. They are very rich in proline, but
poor in lysine.

Examples: Gliadin of wheat and hordein of barley.

6. Glutelins

These are plant proteins, insoluble in water or neutral
salt solutions, but soluble in dilute acids or alkalies. They
are rich in glutamic acid. They are large molecules and
can be coagulated by heat.

Examples: Oryzenin of rice and glutelin of wheat.

7. Scleroproteins or Albuminoids

These are fibrous proteins with great stability and very
low solubility and form supporting structures of animals.
In this group are found keratins, collagens and elastins.

(a) Keratins: These are characteristic constituents of
chidermal tissue such as horn, hair, nails, wool, hoofs and
feathers. All hard keratins on hydrolysis yield as part of
their amino acids, histidine, lysine and arginine in the
ratio of 1:4:12. The soft or pseudokeratins such as those
occurring in the outermost layers of the skin do not have
these amino acids in the same ratio. In neurokeratin the
ratio is 1:2:2. Human hair has a higher content of cysteine
than that of other species itis called a-keratin. B-keratins
are deficient in cysteine and, rich in glycine and alanine.
They are present in spider’s web, silk and reptilian scales.

(b) Collagen: A protein found in connective tissue and
bone as long, thin, partially crystalline substance.

Insoluble in all neutral (salt) solvents. Is converted into a
tough, hard substance on treatment with tannic acid. This
is the basis of tanning process. Collagen can be easily
converted to gelatin by boiling by splitting off some amino
acids.

Gelatin is highly soluble and easily digestible. It forms a
gel on cooling and is provided as diet for invalids and
convalescents. It is not a complete protein as it lacks an
amino acid tryptophan which is an essential amino acid.

(c) Elastins: These are the proteins present in yellow
elastic fibre of the connective tissue, ligaments and
tendons. They are rich in non-polar amino acids such as
alanine, leucine, valine and proline. They do not contain
cysteine, methionine, 5-hydroxylysine and histidine. They
are formed in large amount in the uterus during
pregnancy. Elastins are hydrolysed by pancreatic elastase
enzyme.

B. Conjugated Proteins

Conjugated proteins are simple proteins combined with
a non-protein group called prosthetic group. Protein part
is called apoprotein, and entire molecule is called
holoprotein.

1. Nucleoproteins

The nucleoproteins are compounds made up of simple
basic proteins such as protamine or histone with Nucleic
Acids as the prosthetic group. They are proteins of cell
nuclei and apparently are the chief constituents of
chromatin. They are most abundant in tissues having
large proportion of nuclear material such as yeast,
asparagus tips in plants, thymus, other glandular organs
and sperm.

Deoxyribonucleoproteins: It contain DNA as prosthetic
group, are found in nuclei, mitochondria and chloro-
plasts.

Ribonucleoproteins: It occur in nucleoli and ribosome
granules. They have RNA as prosthetic group.

Examples: Nucleohistone and nucleoprotamine.
2. Mucoproteins or Mucoids

Mucoproteins are the simple proteins combined with
mucopolysaccharides (MPS) such ashyaluronicacid and
the chondroitin sulphate. They contain large quantities
of N-acetylated hexosamine (>4%) and in addition
substances such as uronic acid, sialic acid and
mucopolysaccharides are also present. Water soluble
mucoproteins have been obtained from serum, egg white
(o-Ovomucoid) and human urine. These water soluble
mucoproteins are not easily denatured by heat or readily
precipitated by picric acid or trichloroacetic acid. They
have hexosamine and hexose sugars as the prosthetic
groups. Mucoproteins are present in large amounts in
umbilical cord. They are also presentin all kinds of mucins
and blood group substances. Several gonadotropic



hormones such as FSH, LH and HCG are mucoproteins.
Insoluble mucoproteins are found in egg white
(B-ovomucoid), vitreous humour and submaxillary
glands.

3. Glycoproteins

Glycoproteins are the proteins with carbohydrate moiety
as the prosthetic group. Karl Meyer suggested that these
proteins carry a small amount of carbohydrates <4 per
cent such as serum albumin and globulin. Carbohydrate
is bound much more firmly in the glycoproteins than the
mucoprotein. Glycoproteins include mucins, immuno-
globulins, complements and many enzymes. They carry
mannose, galactose, fucose, xylose, arabinose in their
oligosaccharide chains.

4. Chromoproteins

These are proteins that contain coloured substance as the
prosthetic group.

(a) Haemoproteins: All hemoproteins are chromoproteins

which carry haem as the prosthetic group which is a red

coloured pigment found in these proteins.

* Haemoglobin: Respiratory protein found in RB Cells
(See chapter on haemoglobin for details).

e Cytochromes: These are the mitochondrial enzymes
of the respiratory chain.

® Catalase: This is the enzyme that decomposes H,0,
to water and O,.

® Peroxidase: It is an oxidative enzyme.

(b) Others

e Flavoprotein: It is a cellular oxidation-reduction
protein which has riboflavin a constituent of B-
complex vitamin as its prosthetic group. This is yellow
in colour.

e Visual purple: It is a protein of the retina in which the
prosthetic group is a carotenoid pigment which is
purple in colour.

5. Phosphoproteins

These are the proteins with phosphoric acid as organic
phosphate but not the phosphate containing substances
such as nucleic acids and phospholipids. (a) Casein and
(b) Ovovitellin are the two important groups of
phosphoproteins found in milk, egg-yolk respectively.
They contain about 1 per cent of phosphorus. Similar
proteins are stated to be present in fish eggs. They are
sparingly soluble in water, and very dilute acid in cold
but readily soluble in very dilute alkali. The phosphoric
acid which is esterified through the -OH groups of serine
and threonine is liberated from organic combination by
warming with NaOH and can only be detected by
Ammonium Molybdate.
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6. Lipoproteins

The lipoproteins are formed in combination with lipids
as their prosthetic group (Refer chapter on Metabolism
of Lipids).

7. Metalloproteins

As the name indicates, they contain a metal ion as their
prosthetic group. Several enzymes contain metallic
elements such as Fe, Co, Mn, Zn, Cu, Mg, etc.

Examples: Ferritin: Contains Fe, Carbonic Anhydrase:
Contains Zn, Ceruloplasmin: Contains Cu.

C. Derived Proteins: This class of proteins includes those
protein products formed from the simple and conjugated
proteins. It is not a well defined class of proteins. These
are produced by various physical and chemical factors
and are divided in two major groups.

(a) Primary derived proteins: Denatured or coagulated
proteins are placed in this group. Their molecular weight
is the same as native protein, but they differ in solubility,
precipitation and crystallisation. Heat, X-ray, UV rays,
vigorous shaking, acid, alkali cause denaturation and give
rise to primary derived proteins. There is an intramole-
cular rearrangement leading to changes in their properties
such as solubility. Primary derived proteins are synony-
mous with denatured proteins in which peptide bonds
remain intact.

1. Proteans: These are insoluble products formed by the
action of water, very dilute acids and enzymes. They are
predominantly formed from certain globulins.

Example: Myosan: From myosin, Edestan: From elastin
and Fibrin: From fibrinogen.

2. Metaproteins: They are formed from further action of
acids and alkalies on proteins. They are generally soluble
in dilute acids and alkalies but insoluble in neutral sol-
vents, e.g. acid and alkali metaproteins.

3. Coagulated proteins: The coagulated proteins are
insoluble products formed by the action of heat or alcohol
on native proteins.

Examples: include cooked meat, cooked egg albumin and
alcohol precipitated proteins.

(b) Secondary derived proteins: These are the proteins
formed by the progressive hydrolysis of proteins at their
peptide linkages. They represent a great complexity with
respect to their size and amino acid composition. They
are roughly called as proteoses, peptones and peptides
according to relative average molecular size.

1. Proteoses or albumoses: These are the hydrolytic
products of proteins which are soluble in water and are
coagulated by heat and are precipitated from their
solution by saturation with Ammonium Sulphate.
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2. Peptones: These are the hydrolytic products of proteo-
ses. They are soluble in water, not coagulated by heat
and not precipitated by saturation with Ammonium
sulphate. They can be precipitated by phosphotungstic
acid.

Examples: Protein products obtained by the enzymatic
digestion of proteins.

3.

Peptides: Peptides are composed of only a small

number of amino acids joined as peptide bonds. They
are named according to the number of amino acids
present in them.

Dipeptides—made up of two amino acids,
Tripeptides—made of three amino acid, etc. Peptides
are water soluble and are not coagulated by heat, are
not salted out of solution and can be precipitated by
phosphotungstic acid.

Hydrolysis: The complete hydrolytic decomposition of a
protein generally follows the stages given below:

Protein— Protean— Metaprotein— Proteose
Aminoacids¢ Peptides« PeptoneQ

Note: The products from protein to peptone give a
positive Biuret reaction and are relatively large molecules.
The dipeptide and amino acids do not give Biuret positive
reaction and therefore are called as Abiuret products.

Table 6.1: Molecular weight of some proteins °

GENERAL PROPERTIES OF PROTEINS

Taste: They are tasteless. However, the hydrolytic pro-
ducts (derived proteins) are bitter in taste.

Odour: They are odourless. When heated to dryness
they turn brown and give off the odour of burning
feather.

Molecular weight: The proteins in general have a
large molecular weight. Proteins therefore are
macromolecules. Molecular weight is determined by
physical methods such as osmotic pressure measure-
ment, depression in freezing point, light scattering
effect, X-ray diffraction, turbidity measurement and
now by methods such as analytical ultracentri-
fugation, molecular sieving by gel filtration and SDS-
polyacrylamide gel electrophoresis. Mol. Wt. of some
common proteins is shown in Table 6.1.

e Serum Albumin 69,000
e Serum y-globulin 176,000
¢ Fibrinogen 330,000
¢ Haemoglobin 67,000
e Cytochrome-C 15,600
e Pepsin 35,500
e Catalase 250,000

Viscosity of protein solutions: The viscosity of
protein varies widely with the kind of protein and its
concentration in solution. The viscosity is closely
related to molecular shape, long molecules (fibrous
proteins) being more viscous than globular proteins.
Thus fibrinogen can form a more viscous solution
than albumin.

Hydration of proteins: Polar groups of proteins such
as -NH, and -COOH become hydrated in presence of
water and swell up when electrolytes, alcohol or
sugars that form complexes with water are added to
protein solutions. There is competition for water and
the degree of hydration of protein is decreased. They
dehydrate protein and precipitate it from solution.
Heat coagulation of proteins: Several proteins
coagulate forming an insoluble coagulum. Coagu-
lation is maximum at the isoelectric pH of the protein.
During coagulation, protein undergoes a change
called as denaturation. Denatured proteins are
soluble in extremes of pH and maximum precipitation
occurs at isoelectric pH (pl) of the protein.

Amphoteric nature of proteins: In any protein
molecule there are amino acids which carry -COOH
or -NH, groups in their side chains. These groups can
undergo ionisation in solution producing both anions
and cations. In addition to the side chains of polar
amino acids, N-terminal -NH, group and C-terminal
-COOH group may also ionise. Depending on the pH
few groups act as proton donors while few as proton
acceptors. Therefore proteins are ampholytes and act
both as acids and bases. At a specific pH called an
isoelectric pH (pl) a protein exists as a dipolarion or
“Zwitterion” or “Hybrid” ion, carrying equal number
of positive and negative charges on its ionizable
groups. So the net charge on protein molecule at its
isoelectric pH is zero.

On the acidic side of its isoelectric pH, a protein
exists as a cation by accepting a proton and migrates
towards anode in an electrical field; while on the alka-
line side of its pl a protein exists as anion by donating
a proton and migrates towards cathode. This property
is made use of in electrophoresis to separate different
proteins depending on the charge present in them at
a particular pH.

Precipitation of proteins: Proteins can be precipitated
from solutions by a variety of +ve and —ve ions. Such
precipitation is of importance in the isolation of
protein, in the deproteinisation of blood and other
biological fluids and extracts for analysis and in the
preparation of useful protein derivatives.
1. Precipitation By +ve Ions: The +ve ions most
commonly used are those of heavy metals such
as Zn*?, Ca*?, Hg*?, Fe*?, Cu*?, and Pb*2. These



metals precipitate protein at the pH alkaline to
its isoelectric pH. At this pH, protein is dissociated
as an anion-proteinate. The metal ions combine
with the -COO~ group to give insoluble precipi-
tate of metal proteinate. On acidification the metal
ions can be removed from the protein or by preci-
pitation of metals by sulphuric acid. Metal protein
precipitates are dissolved by addition of strong
alkali.

Biomedical Application

e The use of AQNO; in cauteries is based on this property.
It precipitates the proteins of tissues as Ag-salts.

¢ Another application of this property is the use of proteins
as antidotes to metallic poisons. Egg white, milk and
other proteins can be used to precipitate metal ions. The
metallic protein precipitate must be removed from the
stomach by an emetic or by stomach-tube to prevent the
liberation and absorption of the poisonous metal.

2. Negative ion precipitation: Negative ions combine
with proteins when the pH of the medium is on
the acidic side of its isoelectric pH. Acidic pH
makes the protein to exist as Protein* and forms
precipitate with —ve ions. NH,-group is the
reacting group in this case. Among the more
common precipitants involving —ve ion precipi-
tation are Tungstic acid, phosphotungstic acid,
trichloroacetic acid, picric acid, tannic acid,
ferrocyanic acid and sulphosalicylic acid. When
these agents are added to protein solution at
proper pH, the protein precipitates as its salt. The
precipitate is found to be soluble in alkali.

CLINICAL APPLICATION

e Tricholoroaceticacid, Tungstic acid, are commonly used
for the preparation of protein-free filtrate of blood and other
biological materials prior to analysis of few constituents
such as sugar, urea by specific methods.

COLOUR REACTIONS OF PROTEINS

Proteins produce colour in certain reactions. These
reactions are not quite specific for a protein molecule as
such but are due to characteristic groups of particular
amino acids present in it.

1. Xanthoproteic reaction: The aromatic aminoacids such
as phenylalanine, tyrosine and tryptophan present in the
protein give yellow precipitate when heated with conc.
HNOj;. On addition of alkali, the precipitate turns orange
due to nitration of the aromatic ring. Collagen and gelatin
do not give a positive reaction.

2. Millon’s test: This is a specific test for tyrosine of
protein. Protein gives a white ppt with Millon’s reagent

Chemistry of Proteins and Amino Acids 87

(10% mercurous chloride in H,5S0O,) on heating. On
addition of NaNO, the precipitate turns pink-red.

3. Sakaguchi test: This is a specific test for arginine of
the protein. Sakaguchi reagent consists of alcoholic
o-naphthol and a drop of sodium hypobromite.
Guanidine group of arginine (HN=C-NH,) is responsible
for the formation of red colour.

4. Hopkins-Cole reaction (Glyoxylic acid reaction):
Reagent containing glyoxylic acid which may be prepared
by reduction of oxalic acid with sodium amalgam. Protein
containing tryptophan gives this test positive. The
reaction is characteristic of tryptophan. Gelatin, collagen
do not contain tryptophan and hence do not give this
test positive. Nitrates, chlorates, nitrites and excess
chlorides prevent the reaction. A number of aldehydes
other than glyoxylic acid give similar colour reactions
with tryptophan.

5. Nitroprusside reaction: Proteins with free -SH group
of cysteine give reddish colour with sodium nitroprusside
in ammoniacal solution. Many proteins give this test
positive after heat coagulation or denaturation indicating
the liberation of free -SH groups.

6. Sullivan reaction: For the determination of cysteine
and cystine. Red colour is produced when cysteine con-
taining protein is heated with sodium 1, 2 naphthoqui-
none -4-sulfonate in the alkaline medium in presence of
Na,5,0,.

7. Lead acetate test (unoxidised sulphur test): This test is
specific for sulfur containing amino acid. The protein
containing S-containing amino acids is boiled with strong
alkali to split out sulphur as sodium sulphide which reacts
with Lead acetate to give black precipitate of Pb S.

8. Biuret reaction: When urea is heated it forms biuret.

I I
T =0 CI‘,=0
Nz Heat TH . NH
T'Hz c=0
T=° rlle2
NH, Biuret
Urea
(2 moles)

If a strongly alkaline solution of biuret is heated with
very dilute copper sulphate a purple-violet colour is
obtained. The colour depends upon the presence of 2 or
more peptide linkages.
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Thus dipeptides and free amino acids do not give the

biuret test. Only Histidine can give a positive reaction.
Biuret test is due to co-ordination of cupric ions with the
unshared electron pairs of peptide nitrogen and the oxygen
of water to form a coloured co-ordination complex.

9. Ninhydrin reaction: Ninhydrin is a powerful oxidising
agent and causes oxidative decarboxylation of a-amino
acids producing an aldehyde with one carbon less than
the parent amino acid. The reduced Ninhydrin Hydrin-
dantin then reacts with ammonia which has been
liberated and one molecule of ninhydrin forming a blue-
coloured compound. A molecule of CO, is evolved
indicating the presence of a-amino acid.

Peptide Linkage and Peptides

The -COOH group of one amino acid can be joined to
the -NH, group of another by a covalent bond called as
peptide bond. In the process of formation of a peptide
bond a molecule of water is eliminated.

H O _ HH
L0 ]
RipesCa i e s
NH, .. H’ COOH

e

o]
o

|
R—C—C—N—C—R, + H,0
|‘|~1H2 éOOH
Peptide bond

When two aminoacids are joined together by one

peptide bond, such a structure is called as dipeptide. A
third amino acid can form a second peptide bond through
its free -COOH end and is called tripeptide. Thus it is
the peptide linkage which holds various amino acids
together in a specific sequence and number. Peptides
varying from the simplest dipeptide to very long
polypeptides are present in human body and serve
specific functions. Chains that contain fewer than 50
amino acid residues are called peptides or oligopeptides.

Characteristics of Peptide Bond (Fig. 6.8)

The C-N backbone bonds in each peptide group have
some double-bond character and do not rotate.

Fig. 6.8: Ball and stick model showing the ¢ and y angles between
two adjacent peptide groups (Ramachandra angles)

e The other backbone bonds designated C,—N and
C,—C, are theoretically free to rotate, since they are
true single bonds.

* But if the R group attached to the central o carbon
alone is large enough, it will prevent complete rotation
around the C,~N and C,-C bonds.

e  Moreover, if these bonds are rotated in relation to each
other, angles will be found where the two H atoms
(O atoms) of the peptide bonds would overlap each
other and obstruct free rotation.

® Thus each pair of successive peptide bonds has two
kinds of constraints on the freedom of rotation of the
C,—C and C,-N single bonds.

¢ The angle of rotation of the C,-N bond is called the
¢ (Phi) angle and that of C,—C bond the y (Psi) angle.
These angles are called Ramachandran angles.

e For any given pair of ¢ and y angles one can predict
whether the conformation is allowed or not (from
Ramachandran plot).

Biologically Important Peptides

Some small peptides which have significant biological activity
are formed as a result of hydrolysis of large proteins while
some are formed by synthesis.

e Glutathione: This is a tripeptide consisting of glutamic
acid, cysteine and glycine. By virtue of easy dehydro-
genation it gets converted to disulphide form and function
in oxidation-reduction systems (Refer Glutathione in chapter
of Protein Metabolism).

e Carnosine: This is a dipeptide of B alanine and histidine.
Anserine is methyl carnosine. They are water soluble
dipeptides of voluntary muscle (Refer to Metabolism of
Histidine).

e Bradykinin: Bradykinin (9 amino acids) or Kallidin | and
Kallidin 11 (10 amino acids) have relaxant effects on smooth
muscle.



e Oxytocin and Vasopressin:Found in pituitary gland, these
are cyclic peptide hormones made up of 9 amino acids.
(Refer Pituitary Hormones).

e Angiotensins: The enzyme Renin is released from kidneys
and acts on globulin fraction of plasma to release a peptide
Angiotensin | (10 amino acids) which has only a slight
effect on blood pressure, Angiotensin | is then converted to
Angiotensin Il by splitting off two amino acids which has
eight amino acid, has greater effect on BP. Removal of one
residue aspartic acid from Angiotensin Il results in formation
of Angiotensin Ill (7 amino acids) which plays role in
pathology of hypertension (Refer Renin-angiotensin
system).

e Gastrin, Secretin and Pancreozymin: Are gastrointestinal
peptides which act as hormones which stimulate secretion
of bile and other enzymes of digestive juices.

e B-Corticotropin (ACTH), and B MSH: Are peptides which
are hormones.

e Antibiotics: Penicillin, gramicidin, polymyxins, bacitracins,
actinomycin, chloramphenicol are all peptides which act
as antibiotics.

e Certain microbial peptides are toxic. The cyanobacterial
peptides, microcystin and nodularin are lethal in large
doses. On the other hand, small quantities promote the
formation of hepatic tumours.

e Peptide synthesised by microbial agents, like bleomycin
can be used therapeutically as antitumour agent.

e Brain Peptides: Certain brain cells have receptors that
bind opiates like morphine and have been termed
endorphins (endogeneous morphine). Dynorphin is a
peptide of 13 amino acids which is called superopioate since
it is significantly potent. Peptide fragments from brain that
reduce intestinal motility are met-enkephalins and
leuenkephalin both pentapeptides.

STRUCTURAL ORGANISATION
OF PROTEINS

Protein structure is normally described at four levels of
organisation.

A. Primary Structure: Primary structure is the linear
sequence of amino acids held together by peptide bonds
inits peptide chain. The peptide bonds form the backbone
and side chains of amino acid residues project outside
the peptide backbone. The free -NH, group of the terminal
amino acid is called as N-terminal end and the free
-COOH end is called as C-terminal end. It is a tradition
to number the amino acids from N-terminal end as No. 1
towards the C-terminal end. Presence of specific amino
acids at a specific number is very significant for a
particular function of a protein. Any change in the
sequence is abnormal and may affect the function and
properties of protein.

B. Secondary Structure: The peptide chain thus formed
assumes a three dimensional secondary structure by way
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of folding or coiling consisting of a helically-coiled, zig-
zag, linear or mixed form. It results from the steric
relationship between amino acids located relatively near
each other in the peptide chain. The linkages or bonds
involved in the secondary structure formation are hydro-
gen bonds and disulfide bonds.

* Hydrogen bond: These are weak, low energy non-
covalent bonds sharing a single hydrogen by two
electronegative atoms such as O and N. Hydrogen
bonds are formed in secondary structure by sharing
H-atoms between oxygen of CO and nitrogen of
-NH of different peptide bonds. The hydrogen bonds
in secondary structure may form either an a-helix or
B-pleated sheet structure.

e Disulphide bonds: These are formed between two
cysteine residues. They are strong, high energy
covalent bonds.

1. o-Helix: A peptide chain forms regular helical coils
called a-helix. These coils are stabilised by hydrogen
bonds between carbonyl O of 1st amino and amide N of
4th amino acid residues. Thus in o-helix intra chain
hydrogen bonding is present. The o-helices can be either
right handed or left handed. Left handed a-helix is less
stable than right handed o-helix because of the steric
interference between the C = O and the side chains. Only
the right handed o-helix has been found in protein
structure.

Each amino acid residue advances by 0.15 nm along
the helix, and 3.6 amino acid residues are present in one
complete turn. The distance between two equivalent
points on turn is 0.54 nm and is called a pitch.

Small or uncharged amino acid residues such as
alanine, leucine and phenylalanine are often found in
o-helix. More polar residues such as arginine, glutamate
and serine may repel and destabilise a-helix. Proline is
never found in o-helix. The proteins of hair, nail, skin
contain a group of proteins called keratins rich in
o-helical structure (Fig. 6.9).

a-Helices May be Amphipathic

Normally on the surface of proteins, a-helices may be wholly
or partially buried in the interior of a protein. The amphipathic
helix, a special case in which residues switch between
hydrophobic and hydrophilic about every 3 or 4 residues. It
occurs where a-helices interface with both a polar and a non-
polar environment.

Occurrence: Amphipathic a-helices occur in plasma
lipoproteins, in certain polypeptide hormones, in certain
antibiotics, human immunodeficiency virus glycoproteins,
certain venoms, and calmodulin-regulated protein kinases.

2. B-Pleated Sheet Structure: B-Keratins present in
spider’s web, reptilian claw, fibres of silk form almost
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5-4 A° pitch

3.6 amino acid
residues per turn

l

z—x}--------J0=0

Fig. 6.9: a-Helix

fully extended chain. A conformation called B-pleated
sheet structure is thus formed when hydrogen bonds are
formed between the carbonyl oxygens and amide hydro-
gens of two or more adjacent extended polypeptide
chains. Thus the hydrogen bonding in B-pleated sheet
structure is interchain. The structure is not absolutely
planar but is slightly pleated due to the angles of bonds.
The adjacent chains in B-pleated sheet structure are either
parallel or antiparallel, depending on whether the amino
to carbonyl peptide linkage of the chains runs in the same
or opposite direction. In both parallel and antiparallel
B-pleated sheet structures, the side chains are on opposite
sides of the sheet. Generally glycine, serine and alanine

R
|
H

)

{
P

Beta sheet
|

are most common to form B-pleated sheet. Proline occurs
in B-pleated sheet although it tends to disrupt the sheets
by producing kinks. Silk fibroin, a protein of silkworm
is rich in B-pleated sheets (Fig. 6.10).

3. Triple Helix: Collagen is rich in proline and hydroxy-
proline and cannot form o-helix or B-pleated sheet. It
forms a triple helix. The triple helix is stabilised by both
noncovalent as well as covalent bonds. Interchain
hydrogen bonds between different peptide chains are
formed which are almost perpendicular to the long axis
of a-helix. In addition, interchain additional cross links,
secondary amide bonds of peptide bonds also are
responsible for triple helix.

Note: Many globular proteins have mixed secondary

structure of o-helix, B-pleated sheet and non-helical,

non-pleated structures called random coil.

4. Reverse Turns or B-bends: Since the polypeptide chain
of a globular protein changes direction two or more times
when it folds, the conformations known as reverse turns
or B-bends are important elements of secondary structure.
Reverse turns usually occur on the surfaces of globular
proteins where there is little steric hindrance to resist a
change in the direction of the polypeptide chain.

Types of Reverse Turns: Two major types, Type I and
Type II of reverse turns, each spanning 4 amino acid
residues, are particularly common. In each type the
carbonyl oxygen of the first residue is hydrogen bonded
to the amide hydrogen of the fourth residue, stabilising
a loop of 10 atoms. Type I and Type II reverse turns
differ by a 180° rotation of the central amide plane of
the loop. The third residue of a Type-Il reverse turn can
only be glycine because the side chains of all other amino
acid residues are too large to fit into the restricted space.
Because the five-membered ring of proline has little

Chain 1

Chain 2

Fig. 6.10: (H --- O) Hydrogen bond—f-pleated sheet



Fig. 6.11: B-o-f unit

Fig. 6.12: Greek key

Fig. 6.13: B-meander

conformational mobility, it is ideally suited for the
second residue in a reverse turn.

5. Super Secondary Structures: Various combinations of
secondary structure, called super secondary structure, are
commonly found in globular proteins.

These are:

* B-a-P unit (Fig. 6.11)

* Greek key (Fig. 6.12)

* B-meander (Fig. 6.13)

1. B-a-P Unit: The B-o-B unit consists of two parallel -
pleated sheets connected by an intervening strand of o~
helix (Fig. 6.11).

2. Greek Key: Another common super secondary struc-
ture is called a Greek Key, a conformation that takes its
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name from a design often found on classical Greek pottery
(Fig. 6.12).

3. B-meander: The B-meander consists of five B-pleated
sheets connected by reverse turns (Fig. 6.13). The
B-meander contains nearly as many hydrogen bonds as
an o-helix, and its common occurrence probably reflects
the stability conferred by this extensive hydrogen
bonding.

C. Tertiary structure: The polypeptide chain with
secondary structure mentioned above may be further
folded, superfolded twisted about itself forming many
sizes. Such a structural conformation is called tertiary
structure. It is only one such conformation which is
biologically active and protein in this conformation is
called as native protein. Thus the tertiary structure is
constituted by steric relationship between the amino
acids located far apart but brought closer by folding. The
bonds responsible for interaction between groups of
amino acids are as follows:

® Hydrophobic interactions: Normally occur between
nonpolar side chains of amino acids such as alanine,
leucine, methionine, isoleucine and phenylalanine.
They constitute the major stabilising forces for tertiary
structure forming a compact three-dimensional
structure.

Hydrogen bonds: Normally formed by the polar side
chains of the amino acids.

Ionic or electrostatic interactions: These are formed
between oppositely charged polar side chains of
amino acids, such as basic and acidic amino acids.
Van der Waal Forces: Occur between nonpolar side
chains.

Disulfide bonds: These are the S-S bonds between
-SH groups of distant cysteine residues.

D. Quaternary Structure: Many proteins are made up
of only one peptide chain. However, when a protein
consists of two or more peptide chains held together by
non-covalent interactions or by covalent cross-links, it
is referred to as the quaternary structure. The assembly
is often called as oligomer and each constituent peptide
chain is called as monomer or subunit. The monomers of
oligomeric protein can be identical or quite different in
primary, secondary or tertiary structure.

Examples: Protein with two monomers (dimer) is an
enzyme called creatine phosphokinase (CPK).
Haemoglobin and lactate dehydrogenase (LDH) are
tertramers consisting of four monomers. Apoferritin, an
apoprotein of ferritin, an iron binding and storage protein
contains 24 identical subunits. An enzyme aspartate
transcarbamoylase has 72 subunits in its structure.
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CLINICAL ASPECT

Diseases Resulting from Altered
Protein Conformation

A. Prions and Prion Diseases

Prions: Prions are infectious proteins that contain no nucleic
acid. Earlier thought to be an infectious agent or a virus. This
infectious protein-prions was discovered in 1982 by Stanley
Prusiner.

Abnormal or pathological prions cause several fatal
neurodegenerative disorders known as “transmissible
spongiform encephalopathies” (TSESs) or Prion Diseases.

Types of Prions: There are two isoforms:
(a) Normal or physiologic PrP—called (PrPc) or PrP-Sen.
(b) Abnormal or pathologic Prp—called PrPsc or PrP-res.

(a) Normal or physiologic PrPc: It consists of 253aa found
in leucocytes and nerve cells. Gene of this PrP is located in
short arm of chromosome 20. This protein is heat sensitive
and protease sensitive.

(b) Abnormal or pathologic PrP: The pathologic isoform is
heat resistant and protease resistant. This form is associated
with TSEs or prion diseases.

Defect: The basic defect involves alteration of a-helical
structure into B-pleated sheet.

Both PrPc and PrP-Sc have identical primary structural and
post-translational modification but different tertiary and
quarternary structures.

PrPc is rich in a-helix but PrP-Sc consists predomi-
nantly of B-sheet. This structural change occurs when PrP-c
interacts with the pathologic isoform Pr-Psc.

Pr-Psc serves as a template upon which the a-helical
structure of Pr-Pc becomes the B-sheet structure charac-
teristic of Pr-Psc.

Prion Diseases: May manifest themselves as genetic,
infectious or sporadic disorders. The disease can occur in
humans and also in animals. Prion diseases can be trans-
mitted by the protein alone without involvement of DNA or
RNA.

Clinically rapidly progressive dementia sets in with
neurological defects and ataxia.
(a) In humans: The disease is called “Creutzfeldt-Jakob
Disease” (CJD).

Other human forms of the disease are:

* Gerstmann-Straussler-Scheinker Disease (GSSD), and

e Fatal familial insomnia (FFI)—rare.
(b) In animals: It produces:

e Scrapie in sheep—From this the term ‘Pr-Psc’ derived.

* Bovine spongiform encephalopathy (BSE) in cattle.

Also known as ‘Mad Cow Disease’.

Pathological Changes
Each of the above disease is characterised by spongiform
changes, astrocytic gliosis and neuronal loss resulting from
deposition of insoluble proteins in stable amyloid fibrils.

The protofilaments of amyloid fibrils contain pairs of
B-sheets in a helical form that are continuously hydrogen
bonded all along the fibrils.

Pr Psc is rich in  sheet with many hydrophobic aminoacyl
side chains exposed to solvent. PrPsc molecules therefore
associate strongly with one another, forming insoluble
protease-resistant aggregates.

B. Alzheimer’s Disease

Refolding or misfolding of another protein endogenous to
human brain tissue, B-amyloid is also a prominent feature of
Alzheimer’s disease found in old age.

The characteristic senile plaques and neurofibrillary bundles
contain aggregates of the protein, B-Amyloid, a polypeptide
produced by proteolytic cleavage of a larger protein known as
Amyloid precursor protein (APP).

In Alzheimer’s disease patients, levels of 3-amyloid become
elevated, and this protein undergoes a conformational
transformation from a soluble o-helix rich state to a state
rich in B-sheet and are prone to self-aggregation.

Apolipoprotein E has been implicated as a potential
mediator of this conformational transformation. (For details
Refer to Chapter 17).

DENATURATION OF PROTEINS

Conformation of a protein molecule is extremely sensitive
to changes in their environment. In denaturation, there
is a disruption of native or biologically active protein
conformation when the environment is altered.
1. Definition: Denaturation may be defined as a disrup-
tion of the secondary, tertiary, and wherever applicable
quaternary organisation of a protein molecule due to
cleavage of noncovalent bonds.
Note: Primary structure of protein molecule, i.e. peptide
bond is not affected.
2. Energy Changes: The average “free energy” of
denaturation is only 12 + 5 Kcal/mol. equivalent to the
disruption of three or four hydrogen bonds. Proteins,
therefore, are characterised by a narrow range of thermo-
dynamic stability.
3. Agentsthat cause denaturation: Various agents which
can disrupt the conformation are:
® Physical agents: Heat, UV light, ultrasound, and high
pressure. Even violent shaking can denature the
protein.
® Chemical agents: Organic solvents, acids/alkalies,
urea and various detergents.
The disruption/disorganisation of the protein mole-
cules results in alteration of the chemical, physical and
biological characteristics of the protein.

Alterations in Protein Molecules after Denaturation

(a) Chemical alterations
e Greatly decreased solubility specially at pl of the protein.
Maximum precipitation as floccules occur at pl of the protein.

7
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Behaviour of Denatured Albumin

Acidic-pH pH < pl
Native
(Sol)
Heat

Pre (denatured)

(coagulum) (Insol) irreversible

Pr* (Denatured)

(Sol) Heat Alkaline-pH
Alkali added
HO™ Alkali OH~
pH<pl & > Pre o > Pr-
H* (Denatured) H* (Denatured)
(Flocculation) (Soluble)
reversible pH > pl
pH = pl
e Many chemical groups which were rather inactive become
exposed, e.g. -SH group. = Heterogeneous solute
e Denaturation can be reversible. ;
(b) Phys:cgl alteratlor]s . . 7 .-- Homogeneous solute
e Confers increased viscosity of the solution. sote |11 £ T L
» Rate of diffusion of the protein molecules decreases. in }
(c) Biological alterations solution Sa;gir:ttéon
e Increased digestibility by proteolytic enzymes has been
found in the case of certain denatured proteins.
» Denaturation destroys enzymal and hormonal activity.
» Biologically becomes inactive.

4. Relationship of denaturation, flocculation and
coagulum formation: The relationship is explained above
schematically in case of albumin. The box above shows
the behaviour of denatured albumin.
® Denatured albumin is soluble in extremes of pH.
e Maximum precipitation occurs at pI of the protein,
i.e. albumin, as floccules (flocculation).
* Denatured protein as floccules, is reversible and
soluble in extremes of pH.
* When the floccules at pl is heated further, it
becomes dense coagulum which is irreversible,
and is not soluble in extremes of pH.

5. Reversibility and irreversibility of denatured protein

* Reversibility: The example of reversibility or
controlled denaturation is shown by treatment of
protein ribonuclease with urea and -mercaptoetha-
nol, when the disulphide bridges are broken and the
polypeptide chain uncoils. On slow re-oxidation of
the denatured protein without urea, the protein is
converted into original native protein with original
tertiary structure.

* Irreversibility: An example of irreversible or uncon-
trolled denaturation occurs in the boiling of an egg
during which the tertiary structure of the protein is
irreversibly destroyed with the formation of a disorga-
nised mass of polypeptide chains.

Solute added ———»

Fig. 6.14: Purity of proteins by solubility

Criteria of Purity of Proteins

The purity or homogeneity of an isolated protein can be
tested by employing various methods.

1. Solubility curve: When the solute is added repeatedly
inincreasing quantity to the solvent, the solute in solution
rises proportionately and produces a sloping straight line
in its solubility curve. When the solution gets saturated,
it fails to hold the solute in solution any further. Thus a
single sharp break occurs in straight line at saturation
point. More than one break in the line or a non-linear
curve indicates non-homogeneity of the sample (Fig. 6.14).

2. Molecular weight: Molecular weight determined by
electrophoresis, gel filtration or ultracentrifugation
indicates the purity of protein.

3. Ultracentrifugation: Analytical ultracentrifugation
gives a sharp moving boundary between the pure solvent
and solute containing layer.

4. Electrophoresis: Electrophoretic mobility and a
homogeneous sharp level indicates that the protein is
pure.
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5. Chromatography: The particles of a pure protein
emerge out of the chromatography column as one single
peak of eluent.

6. Immunoreactivity: The antibodies raised against a pure
protein will show only one sharp spike on immunodiffu-
sion or immunoelectrophoresis.

AMINOACIDURIAS

Increased excretion of amino acids than normal.

Types: Aminoacidurias can be divided into two groups:

Overflow aminoaciduria: There is some metabolic
defect, as a result there occurs an increase in plasma
level of one or more amino acids which exceeds the
capacity of normal renal tubules to reabsorb them.
Renal aminoaciduria: In this the plasma concentration
of amino acids is normal but because of defects in renal
tubular reabsorption of amino acids, an increase
amount of one, several or all amino acids escape in
urine.

(a) “Overflow” Aminoacidurias
The generalised aminoaciduria found:

In severe liver diseases like acute yellow atrophy and
sometime in cirrhosis liver, leucine and tyrosine are
excreted in urine. Tyrosine crystallises in sheaves or
tufts of fine needles; leucine in spherical shaped
crystals, yellowish in colour and with radial and
circular striation. Both are insoluble in acetone and
ether; but soluble in acids and alkalies.

Similarly aminoacidurias occur in wasting diseases.
Metabolic defects affecting a single amino acid or a
small group include inherited disorders like phenyl
ketonuria, maple-syrup disease, histidinaemia, and
histidinuria, etc.

(b) Renal Aminoacidurias
The defect may be:

I. Questions (Essay type and short notes)

1.

2.

b

Describe the classification of proteins with suitable
examples.

What are proteins? Classify them giving suitable examples
in each group.

What is the primary structure of proteins? Discuss the
biochemical functions of proteins.

Classify proteins, give their biological importance.

What are proteins? Classify them and give important tests
for it. Describe briefly biological importance of proteins.
Describe the structure of proteins. Discuss how proteins
are precipitated.

What are proteins? Classify proteins.

1. Denaturation of proteins

2. Structure of proteins

Specific to one reabsorption mechanism as in
cystinuria, in which there is failure to reabsorb cyst,
lys, arg and ornithine (a common transport defect)
and in Hartnup disease, in which there is failure of
reabsorption of all monoamino-monocarboxylic acids.
Nonspecific: Generalised aminoaciduria seen:

* InFanconi syndrome: In which there is also failure
to reabsorb glucose, phosphates, ammonia and
other organic acids, e.g. LA

e In Wilson’s disease: In which in addition to
aminoaciduria (Ala, Asp, Glutamic acid) there is
associated glycosuria, uric acid and phosphate
excretion.

* An increase number of amino acids are excreted
by patients suffering from muscular dystrophies
and by their mothers and siblings. Among these
are Methionine or valine, Isoleucine or leucine,
methionine sulfoxide or sarcosine methyl
histidine.

¢ A generalised hyperaminoaciduria commonly
occurs in lead intoxication and in persons exposed
to other heavy metals like Hg, Cd and Uranium.
Aminoaciduria in these cases appear to be due to
impaired tubular reabsorption.

* More than 1.0 gm of peptides is excreted daily by
the average normal human adult, which accounts
for about 1/2 the urinary amino N, and about 2
per cent of total N.

e Large quantities of B-amino isobutyric acid
(BAIB) are excreted in the urine of a small
proportion (about 5% of otherwise normal people).
It has also been found in various pathologic states,
sometimes with other amino acids. Itis apparently
due to disturbance in the metabolism of thymine
and dihydrothymine, which are precursors of this
amino acid.

Short Notes

Essential amino acids
Properties of amino acids
Thin layer chromatography
Two colour reactions of proteins
Amphoteric property of amino acids proteins
Conjugated proteins
Electrophoresis
Isoelectric point
Separation and identification of proteins
Sclero proteins (Albuminoids)
. Biuret reaction
Paper chromatography.
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Differentiate

a. Denaturation and coagulation

b. Primary and secondary structure of proteins

c. Primary derived proteins and secondary derived
proteins

d. Tertiary and quarternary structure of proteins

e. Protamines and prolamines.

. MCQs (Give one correct answer)

The number of helices present in a collagen molecule is:
a. 1 b. 2

@ 3 d. 4

e. None of the above

Which bond is present in the primary structure of protein?
a. Ester bond b. Disulfide bond

c. Hydrogen bond d. Ionic bond

e. Peptide bond

The Phosphoprotein present in the egg yolk is:

a. Ovalbumin b. Avidin

c. Ovo mucoid d. Ovovitellin

e. Ovoglobulin

All of the following are sulfur containing amino acids found
in proteins except:
a. Cysteine

c. Cystine

e. Homocysteine
Which of the following amino acid is optically inactive

a. Aminoacetic acid b. Serine

c. Methionine d. Lysine

e. Proline

With the exception of glycine, all amino acids found in
proteins are:

a. Optically inactive
c. Of L-configuration
e. Of D-configuration
In protein structure, the o-helix and B-pleated sheet are
examples of:

a. Primary structure b.
c. Tertiary structure d.
e. Subunit structure
Glutathione is a:

a. Dipeptide b.
c. Oligopeptide d.
e. None of the above

Match the following;:

Acidic b.
Basic d.
Optically inactive

Argine

Glutamic acid

Glycine

Proline

Tyrosine

b. Threonine
d. Methionine

b. Dextrorotatory
d. Laevorotatory

Secondary structure
Quaternary structure

Polypeptide
Tripeptide

Aromatic
Imino

e Sl TSI

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
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An essential amino acid in man is:
a. Proline b. Threonine
c. Asparate d. Tyrosine
e. Serine
An amino acid that does not form an o-helix is:
a. Asparagine b. Tyresine 7,
c. Tryptophan d. Proline m
e. Valine (@)
Denaturation of proteins involves breakdown of: :I
a. Secondary structure o
b. Tertiary structure =
C. Quaternary structure g
d. None of the above o
e. All of the above

In denaturation of proteins, the bond which is not broken:
a. Disulfide bond b. Peptide bond

c. Hydrogen bond d. Ionic bond

e. None of the above

The protein present in hair is:

a. Elastin b. Prolamine
c. Keratin d. Gliadin
e. None of the above

The pl of albumin is:

a. 3.6 b. 4.7

c. 5.0 d. 6.1

e. None of the above

Some amino acids are termed non-essential as they:

a. Are not component of tissue proteins

b. Have no role in metabolism

c. May be synthesised in the body from ‘essential” amino
acids

d. May be synthesised in body in prolonged fasting

e. None of the above

Which of the following is a dipeptide:

a. Glutathione b. Oxytocin

c. Homocysteine d. Anserine

e. Protamine

In which category keratin belong;:

a. Protamines b. Globulins

c. Conjugated proteins d. Histones

e. Albuminoids

Ninhydrin reaction gives a purple colour and evolves CO,

with:

a. Peptide bonds

c. Egothioneine

e. Serotonin

Histones are proteins which:

Are indential to protamiens

Are proteins rich in lysine and arginine

Are covalently bound to DNA

Have high molecular weights

. None of the above

Match the following;:

A. Covalent bond

C. Hydrogen bond

E. S-Sbond

b. Histamine
d. Asparagine

pan o

B. o-Helix
D. Hydrophobic bond
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1. Formed between side chains of alanine, valine and Answers to MCQs

phenyl alanine
. 1. ¢ 2. e 3.d 4. b 5. a 6. c
. Bond formed between two cysteine mols 7 b 8 d 9. 1.C,2-A, 3-E, 4-D, 5B 10. b
e

: ﬁfgi‘if;‘zrif —— 11.d 12 13.b 14 ¢ 15 b 16. c
: Y 17.d 18.e 19.d 20.b

Sharing of hydrogen between nitrogen and oxygen . 21. 1.D, 2.-E, 3-A, 4.B, 5-C.
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Major Concepts

PLASMA PROTEINS—
CHEMISTRY AND FUNCTIONS

Learn principal proteins present in plasma, their properties and functions in the body.

Specific Objectives
1. What are plasma proteins? What is the normal level in blood?

2. Learn briefly the different methods by which plasma proteins can be separated. ¢ Precipitation by “Salting out”, including Cohn'’s fractionation.

« Electrophoresis.
3. Learn the normal values of both the methods.

4. Learn characteristics and properties of individual plasma proteins. ¢« Albumin: Site of synthesis and properties ¢ Globulins: Different
types o, B and y-globulins ¢ Learn site of synthesis of each and their properties.  Fibrinogen: Site of synthesis and properties.

5. Study the important functions of plasma proteins in the body.

6. Learn briefly about « orosomucoid ¢ o-fetoprotein ¢ Haptoglobin ¢ C-reactive protein ¢ Bence-Jones’ Proteins, ¢ Transferrin,

» Caeruloplasmin.

7. Study briefly variations of plasma proteins, increase/and decrease and their causes.

PLASMA PROTEINS

The chief solids of plasma are the proteins, which are
about 7.0 to 9.0 gm%. The human plasma proteins are a
mixture of simple proteins such as albumins and
conjugated proteins such as glycoproteins, lipoproteins,
etc.

SEPARATION OF PLASMA PROTEINS

Various methods have been used to separate out
the individual proteins in plasma. A brief outline is given
as follows:

(a) Precipitation by salting out: By this method, different
concentrations of salt solutions are used to precipitate
the various fractions of proteins which are then
separated. Salt solutions which have been used are
e Ammonium sulphate solution and
¢ Mixture of sodium sulphate and sodium sulphite
solution.

(b) Fractionation of plasma proteins by ethanol (Cohn’s
fractionation)

(c) More recent methods include: Separation of plasma
proteins by paper electrophoresis (Tselius, 1937), gel elec-
trophoresis, Imnmunoelectrophoresis, ultra centrifugation,
gel filtration and column chromatography, etc.

(a) Salting Out Methods: Using the “salting out” techni-
ques, three proteins have been separated and they are:
albumin, globulins, and fibrinogen.

Globulins are precipitated by half-saturation with

ammonium sulphate, whereas albumins are precipitated
only on full saturation. Fibrinogen is best precipitated
by 1/5th saturation with ammonium sulphate. Among
the globulins, there is a fraction which canbe precipitated
by 1/3rd saturation of ammonium sulphate and is termed
as euglobulins (‘true’ globulins) and the rest is called as
pseudoglobulins (‘false” globulins). Euglobulins are
insoluble in distilled water but soluble in dilute salt
solutions (say NaCl), but Pseudoglobulin is soluble even
in distilled water.
(b) Cohn’s Fractionation: Cohn used varying concen-
trations of ethanol at low temperature to separate out
fractions of proteins which are called fraction I, II, etc.
Each fraction is itself a mixture of proteins but contained
one of the proteins predominantly.

Cohn’s Fractions

e Fraction | is rich in fibrinogen

e Fraction Il is y-globulins

e Fraction Ill contains o and B-globulins including iso-
agglutinins and Prothrombin

» Fraction IV contains o and B-globulins

* Fraction V contains predominantly albumin
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Advantage of this Fractionation

¢ Solventused in the procedure can be readily removed
by evaporation.

e Mild procedures adopted in fractionation of the
proteins do not cause denaturation of the proteins.

CLINICAL USE

Cohn’s method is useful for obtaining purified proteins on a
large scale for therapeutic purposes.

(c) Electrophoresis: Original paper electrophoresis was
followed by more sensitive agar gel electrophoresis,
cellulose acetate membrane electrophoresis, starchgel
electrophoresis and immunoelectrophoresis. By paper
electrophoresis, the serum can be separated into a
number of fractions, viz, albumin, globulins o, o, Band
y-globulins. Depending on sensitivity of the method -
globulins can be resolved into B, and B,.

Note
If plasma is used instead of serum, a band of fibri-
nogen fraction is seen between B and y-globulins.
Using modern analytical methods, more than 80
proteins have been identified in plasma. Many of
them occur only in trace amount and are either
enzymes or transport proteins.
Values of different proteins as obtained by standard
precipitation methods and by paper electrophoresis are
given in Table 7.1.

Table 7.1: Normal values of plasma proteins

Total Proteins = 7.0 to 7.5 Gm%

By Precipitation By Paper Electrophoresis

(Gm %) (% of total proteins)

* Albumin 3.7t05.2 50 to 70%
* Globulins 1.8t0 3.6 29.5 to 54%

¢ ay-globulins 0.1t0 0.4 2.0 t0 6.0%

e ay-globulins 0.4t0 0.8 5.0 to 11.0%

¢ B-globulins 0.5t01.2 7.0 to 16.0%

¢ 7y-globulins 0.7t01.5 11.0 to 22.0%
» Fibrinogen 0.2t0 0.4

(200 to 400 mg%)
A:G ratio = 2.5 t0 1.0 to about 1.2 to 1.0 most frequently 2:1

Electrophoretic pattern in some common diseases is
shown in Figure. 7.1.

Electrophoretic Pattern in different diseases

Diseases Electrophoretic

pattern

Albumin |, a,-globulin increased
markedly T, y-globulin 1
y-globulin increased T

* Nephrosis

e Chronic liver

disease diffuse in nature (polyclonal)
« Infectious y-globulin T
hepatitis 0, and o,-globulins |

» Diabetes mellitus a,-globulins, small
increase T

e Rheumatoid y-globulin increase T

arthritis (RA) slight to moderate,
a,-globulin T
 Systemic lupus y-globulin T
erythematosus a,-globulin T
(SLE)
* Sarcoidosis y-globulin T, a,-globulin T
B-globulin T
 Lymphatic y-globulin
leukaemia
« Myelogenous and  vy-globulin T

monocytic leukaemia
e Multiple myeloma Sharp paraprotein
band in 3 to y-region

(M band-monoclonal)

CHARACTERISTICS OF INDIVIDUAL
PLASMA PROTEINS

A. Albumin: It is the most abundant and fairly homo-
genous protein of plasma, with a molecular weight of
69,000. Approximately half of the total proteins of plasma
is albumin. It has a low isoelectric pH (pI = 4.7). The pro-
tein migrates fastest in electrophoresis at alkaline pH and
precipitates last in “salting out” or alcohol precipitation
methods. It is a simple protein, consisting of a single
polypeptide chain, having 585 amino acids, having 17
interchain disulphide (5-S) bonds. The protein is
precipitated with full saturation of ammonium sulphate.
The molecule is ellipsoidal in shape, measuring 150A x

o

30A.

Site of Synthesis: Albumin is mainly synthesised in liver.
Rate of synthesis is approx. 14.0 gms/day. Albumin is
initially synthesized as a “Preproprotein”. Its signal
peptide is removed as it passes into the cisternae of the
rough endoplasmic reticulum, and a hexapeptide at the
resulting aminoterminal is subsequently cleaved off
further along the secretory pathway.

FUNCTIONS OF ALBUMIN

e It exerts low viscosity.

e Contributes 70 to 80% of osmotic pressure and plays
an important role in exchange of water between tissue fluid
and blood.

» Also undergoes constant exchange with the albumin present
in extracellular spaces of muscles, skin and intestines.

¢ Helps in transport of several substances viz. FFA (NEFA/
UFA), unconjugated bilirubin, Ca** and steroid hormones.

e Certain drugs also bind to albumin, e.g. sulphonamides,
aspirin, penicillin, etc. and are transported to target tissue.

e Nutritive function: Albumin in plasma is in a dynamic state
with a rapid turnover with a specific half-life. It is delivered
to cells where it is hydrolysed and cellular proteins are
synthesised.
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The pattern of serum proteins on Globulins
electrophoresis may be used in sAballe B %
the diagnosis of diseases. :

Normal pattern

Normal % of Total
Values Proteins
. ' n
AbURIR U 106 Primary immune Impaired synthesis of m
a,-Globulin 2-6% deficiency immunoglobulins. Usually ()
o,-Globulin ~ 5-11% familial. =
B-Globulin  7-16% o
v-Globulin - 11-22% Multiple myeloma Paraprotein band between o, E
and end of y region. Normal =
Total y-globulin often decreased. (@)
Grams/100 ml Paraproteins are also found in
Albumin 3.6-5.2 other diseases.
o,-Globulin  0.1-0.4 Nephrotic syndrome Albumin lost into urine and

a,-Globulin  0.4-0.8
B-Globulin ~ 0.5-1.2
y-Globulin ~ 0.7-1.5

sometimes y-globulin, increase
in a,-globulin

Decreased albumin, increased
production of other unidentified
proteins which migrate in By
region, causing impaired [y
resolution

Cirrhosis of liver

Infection Elevated «, proteins and o,
protein, usually decreased

albumin

Quite often accompained by
decreased y-Globulin

Chronic lymphatic
leukaemia

If plasma is used instead of
serum, fibrinogen band gives
the appearance of a paraprotein,
leading to misleading diagnosis

Plasma should
not be used

o, (antitrypsin) deficiency
associated with emphysema of
the lung in adults, and juvenile
cirrhosis

o4-antitrypsin
deficiency

Fig. 7.1: Electrophoresis pattern of serum proteins

CLINICAL IMPORTANCE B. Globulins: Globulins are separated by half-saturation

. ) ) i with ammonium sulphate, molecular weight ranges from

Decrease in albumin concentration: Concentration of g4 ) t 13,00,000. By electrophoresis, globulins can be
albumin decreases in: severe protein calorie malnutrition . . . . .
(PCM), liver diseases like cirrhosis of liver, (albumin synthesis separajced nto dlff(?rent fractions, YIZ‘ oq-globulins, o,-
impaired), nephrotic syndrome (albumin is lost in urine). globulins, B-globulins and y-globulins.

Decrease in albumin concentration leads to oedema formation. Site of synthesis: o-and B—globulins are synthesised
Oedema occurs when total proteins fall below about5.0gm%  ip the liver. But y-globulins are synthesised by plasma
and albumin level below approx. 2.5 gmb%. cells and B-cells of lymphoid tissues (RE system).
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NATURE OF DIFFERENT
FRACTIONS OF GLOBULINS

I. a-GLOBULINS: They are glycoproteins and are
further classified into o, and o, depending on their
electrophoretic mobility.

Some of the a;-globulins of clinical importance are
discussed below:

1. oy-acid glycoprotein: Also called as orosomucoid.
Concentration in normal plasma is 0.6 to 1.4 gm per litre
(average = 0.9). Its carbohydrate content is about 41 per
cent. Orosomucoid is considered to be a reliable
indicator of acute inflammation.

Functions of Orosomucoid

e Orosomucoid binds the hormone progesterone and
functions as a transport protein for this hormone.

* Probably serves to carry needed carbohydrate constituents
to the sites of tissue repair following injury, since it has a
high carbohydrate content (41%).

Clinical Importance

Increase: Consistently rises in acute and chronic
inflammatory diseases, in cirrhosis of the liver and in
many malignant conditions.
Decrease: Low concentrations (abnormally low) occurs
in generalised hypoproteinaemic conditions, viz.
hepatic diseases, cachexia, malnutrition and in
nephrotic syndrome.
2. oy-fetoglobulin (a;-fetoprotein): It is present in high
concentrations in foetal blood during mid-pregnancy.
Normal adult blood has less than 1 pg/100 ml. It may
increase during pregnancy.

CLINICAL IMPORTANCE

Presence of o,-fetoprotein is useful diagnostically in
determining presence of hepatocellular carcinoma or
teratoblastomas (tumour marker). (Refer Chapter on
Tumour markers).

3. oy-globulins-inhibitors: Some of the o,-globulins act
as inhibitors of coagulation and also inhibit some
digestive enzymes like trypsin and chymotrypsin.

4. oy-antitrypsin (0y-AT): It is o -antiproteinase. Mole-
cular weight: approx. 45,000 to 54,000. Isoelectric point
plis 4.0. Normal value in adults: 2 to 4 gm /Litre (approx.
290 mg/ml). The protein is highly polymorphic, the
multiple forms can be separated by electrophoresis. It is
synthesised by liver and it is the principal protease
inhibitor (Pi) of human plasma. It inhibits trypsin, elastase
and certain other proteases by forming complexes with
them.

Note
A very low or absent a;-globulin band in electro-
phoresis suggests oy-antitrypsin deficiency (0y-AT).

Phenotypes: Several phenotypes of o,-antitrypsin have
been identified. The most common phenotype is MM
(allele PiM) associated with normal antitrypsin activity.
Other alleles are Pi%, Pi%, Pi¥, and Pi~ (null). The homo-
zygous phenotype ZZ suffers from severe deficiency of
o;-antitrypsin and susceptible to lung disease (emphy-
sema) and cirrhosis of the liver.

Increases of serum o;-antitrypsin: In response to inflam-
mation; acute, subacute and chronic. It is considered as
one of the acute phase reactant and increased in trauma,
burns, infarction, malignancy, liver disease, etc. Chronic
hepatocellular diseases and biliary obstruction, either
normal or increased. In pregnancy and also during
contraceptive medication. Neonates have serum concen-
trations much below adult values, but show gradual
increase with age and achievement of adult levels is rapid.

Decreases in serum oy-antitrypsin: In protein losing
disorders, e.g. nephrotic syndrome, diffuse hypoprotein-
aemias, in emphysema of lungs and in juvenile cirrhosis
liver.

CLINICAL SIGNIFICANCE

1. Role in Emphysema Lung: A deficiency of o,-AT has a
role in certain cases, approx. 5 per cent, of emphysema of
lung. This occurs mainly with ZZ phenotype who synthesise Pi?.

Biochemical mechanism

* Normally o4-AT protects the lung tissues from injurious
effects by binding with the proteases, viz. active elastase.
A particular methionine (358 residue) is involved in binding
with the protease.

Thus,
Active elastase + o,-AT

!

Inactive elastase: a,,-AT complex

2

No proteolysis of lung — No tissue damage

* When o4-AT is deficient or absent the above complex
with active elastase does not take place and active elastase
brings about proteolysis of lung and tissue damage.

Active elastase + No or | o,-AT
d
Active elastase — proteolysis of lung
(complex does not form)
Tissue damage

2. Relation of smoking with emphysema: Smoking
oxidises the methionine (358 residue) of o,-AT and thus
inactivates the protein, hence such a,-AT molecule
cannot bind to the protease ‘active elastase’ and thus
proteolysis of lung and tissue damage occurs accelerating
the development of emphysema.
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Site of Synthesis: It is synthesised in liver, where eight
copper atoms are attached to a protein, apocaerulo-
plasmin.

Note

e IV administration of o,,-AT has been proposed as an
adjunct in the treatment of patients with emphysema
due to o,,-AT deficiency.

e Recently, by protein engineering, attempts are being
made to replace methionine at 358 by “another residue”
that would not get oxidised by smoking. The resulting
mutant new o,-AT can afford protection against the
protease by inactivating it.

Level of caeruloplasmin with age and sex: There is low
concentrations at birth, gradually increases to adult levels,
and slowly continues to rise with age thereafter. Adult
females have higher concentrations than males.

Functions of Caeruloplasmin
Genetherapy in a,-AT Deficiency « Although caeruloplasmin is notinvolved in copper transport,

Attempts are being made to develop gene therapy for 90 per cent or more of total serum copper is contained in
emphysema due to a-AT deficiency. caeruloplasmin. ] -
Use of a modified adenovirus (a pathogen of the respiratory o |t malnly.functlons asa ferrox:da;e and heIp§ in oxidation
tract) into which the gene for o,-AT has been inserted. The (conversion) of Fe™ to Fe™" which can be incorporated
virus would then be introduced into the respiratory tract by into transferrin.
an aerosol, hoping that pulmonary epithelial cells would
express the gene and secrete o,-AT locally. This has been
successful in experimental animal.
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Clinical Importance

3. Role in cirrhosis: Juvenile hepatic cirrhosis has also been

correlated with o,;-AT deficiency. In this condition molecules
of Pi? (ZZ phenotype) accumulate and aggregate in the
cells of the cisternae of the endoplasmic reticulum of
hepatocytes. The hepatocytes cannot secrete this particular
type of o,-AT. Thus PiZ protein of o,;,-AT is synthesised but
not released from the hepatocytes. Aggregation is due to
formation of polymers of mutant o.,-antitrypsin, the polymers
forming via a strong interaction between a specific loop in
one molecule and a prominent B-pleated sheet in another,
called loop-sheet polymerisation . The aggregates lead
to damage to liver cells leading to hepatitis and cirrhosis—
accumulation of massive amount of collagen resulting to
fibrosis.

Role as a tumour-marker: o4-AT has been used as a
tumour marker. It is increased in germ cell tumours of
testes and ovary.

As an Inhibitor of Fibrinolysis: o4-AT is one of the most
important inhibitors to fibrinolysis along with a,-antiplasmin
and a,-macroglobulin. All these inhibitors block the action
of plasmin on fibrinogen.

. 0,-GLOBULINS

Caeruloplasmin

Itis a copper containing o,-globulin, a glycoprotein
with enzyme activities. Molecular weight is = 151,000.
It has eight sites for binding copper-contains about
eight atoms of copper per molecule-%2 as cuprous
(Cu*) and % as cupric (Cu*). It carries 0.35 per cent
Cu by weight. Normal plasma contains approx. 30
mg/100 ml and about 75 to 100 ng of Cu may be
present in 100 ml of plasma. It has enzyme activities,
e.g. copper oxidase, histaminase and ferrous oxidase.

Increase: It is found in pregnancy, inflammatory processes,
malignancies, oral oestrogen therapy and contraceptive pills.
Decrease: In Wilson’s disease and in Menke’s disease.

2.

Haptoglobin

This is another o,-globulin present in plasma of
clinical importance. It is composed of two kinds of
polypeptide chains, two ai-chains (possibly three) and
only one form of B-chain.

Site of formation: It is synthesised principally in liver
by hepatocytes and to a very small extent, in cells of RE
cells.

Phenotypes: Three phenotypes have been described, viz.
1-1,2-1 and 2-2.

Clinical variation in concentration: Haptoglobin (Hp)
increases from a mean concentration of 0.02 gm/L at
birth to adult levels (10x) within the first year of life. As
old age approaches, haptoglobin level increases, with a
more marked increase being seen in males.

Functions of Haptoglobin

The function of haptoglobin is to bind free Hb by its
a-chain and minimises urinary loss of Hb. Abnormal Hb
such as Bart's-Hb and Hb-H have no a-chains and hence
cannot be bound.

Combining power of Hp with free Hb varies with different
phenotypes. Average binding capacity of Hp, irrespective
of phenotype, can be taken approx. as 100 mg/dl.

After binding, Hp-Hb complex circulates in the blood, which
cannot pass through glomerular filter and ultimately the
complex is destroyed by RE cells.
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Fates of free Hb and Hp-Hb complex shown below

Hb Renal
(MW 65,000) ——» glomeruli

Excreted in urine
——3 Or precipitated in

kidney tubules

as haemosiderin

Fe is lost to body

Hb + Hp — Hb-Hp ——> Kidney glomeruli
(MW (MW complex oL
65,000) 90,000) (MW 155,000) cannot be excreted
v
Catabolised by
liver cells

(Fe is saved and reutilised)

CLINICAL IMPORTANCE

e Serum Hp concentration is found to be increased in
inflammatory conditions.

» Determination of free Hp (or Hp-binding capacity) has been
used to evaluate the degree of intravascular haemo-
lysis which can occur in mismatched blood transfusion
reactions and in haemolytic disease of the newborn (HDN).

e Used also to evaluate the rheumatic diseases.

. B-GLOBULINS

B-Lipoproteins (LDL)
For this refer chapter on Lipoproteins.

=

N

Transferrin

It is non-heme iron-containing protein and formerly
used to be called as siderophilin. It exists in plasma as
Bi-globulin, a glycoprotein with molecular weight
70,000 approximately and it is a true carrier of Fe.
Protein part is apotransferrin, a single chain
polypeptide about the size of albumin and can bind
two atoms of Fe to form transferrin. Its concentration
in normal plasma is 1.8 to 2.7 gm/litre (average 2.3
gm/litre). It has capacity tobind 3.4 mg of Fe per litre
or 1.46 mg of Fe™* per Gm of transferrin. Nor
mally transferrin is about 33 per cent saturated with
Fe.

Site of synthesis: The protein is synthesised principally
and largely in liver. There is also evidence of its synthesis
in bone marrow, spleen, and lymph nodes, perhaps by
lymphocytes.

Functions of Transferrin

e Sole function is the transport of Fe between intestine and
site of synthesis of Hb and other Fe containing proteins.

¢ Recentlyithas also been seen that unsaturated transferrin
has a bacteriostatic function which is attributed to
sequestration of Fe required by microorganisms.

Clinical Importance

Increase: Serum transferrin levels are seen increased in
Iron deficiency anaemia and in last months of pregnancy.

Decrease: Parallels to albumin in conditions like protein
calorie malnutrition (PCM), cirrhosis of the liver, nephro-
tic syndrome, acute illness such as trauma, myocardial
infarction and malignancies or other wasting diseases.
(For details refer to Chapter on Iron Metabolism).

3. C-reactive Protein

It is also a B-globulin. It is present in concentration
less than 1 mg/100 mlin the adult male. It precipitates
with group C polysaccharide of pneumococci, in the
presence of Ca**, hence it is named as “C-reactive
protein”. Two electrophoretic forms appear on
immunoelectrophoresis:

¢ CRP alone in the y-band,

* a CRP complex with an acidic mucopolysac-

charide termed m-CRP in the B-region.

Clinical Significance and Functions

e |t can bind heme and bears some chemical and antigenic
relation to liver catalase.

 Itcan bind to T-lymphocytes and can activate complement.

e Avrole in the formation of heme proteins or as an ‘opsonin’
in augmenting immunity has been proposed.

e |t is a sensitive, if not non-specific, indicator of the early
phase of an inflammatory process.

e |t remains increased in presence of solid tumours, but not
in conditions which impair immune response such as
leukaemias or Hodgkin's disease.

4. Haemopexin

It is a B-globulin and migrates electrophoretically in
the globulin region in the electrophoretogram.
Molecular weight: 57,000 to 80,000. Normal value in
adults = 0.5 to 1.0 gm/L. The level of hemopexin is
very low at birth but reaches adult values within the
first year of life. It is synthesised by parenchymal cells
of liver.

Functions of Haemopexin

The principal function of haemopexin is to bind and remove
circulating haem which is formed in the body from breakdown
of Hb, myoglobin or catalase. It binds heme (ferroprotopor-
phyrin IX) and several other porphyrins in 1: 1 ratio. The haem-
haemopexin complex is removed by the parenchymal cells of
liver.

Clinical Significance

Decrease: (i) In haemolytic disorders, serum hemopexin
is decreased, (ii) At birth in newborns, (iii) Administration
of diphenylhydantoin.



Increase: (i) Pregnant mothers have increased serum levels,
(ii) In diabetes mellitus, (iii) Duchenne muscular
dystrophy, (iv) Some malignancies, especially melanomas.

5. Complement Clq

Complement is a collective term for several plasma
proteins that are precursors for certain active proteins
circulating in blood. These proteins participate in
immune reaction in the body. After the formation of
immune complexes, C1q is the first complement factor
that is bound. The binding takes place at the ‘Fc” or
constant part of the IgG or IgM molecule. The binding
triggers the classical complement pathway.

Properties: It is thermolabile and is destroyed by heating
at 56°C x ¥4 hour, normal value in adult 0.15 gm/L, Mol.
wt 400,000, it can bind heparin and bivalent ions such as
Ca*.

Clinical Significance

Decrease: Decrease in plasma C1q concentration is used
as an indicator of circulating antigen-antibody complexes.
Thus levels are decreased: In active immune disease such
as SLE, (i) In disorders of protein synthesis, (ii) In
increased protein loss in intestinal diseases.

Increase: Levels are increased (i) In certain chronic
infections (ii) In rheumatoid arthritis.

IV. B,-MICROGLOBULINS

Itis a low molecular weight peptide containing 100 amino
acid residues and is excreted in urine. It is present in urine
to the extent of only 0.01 mg/100 ml. It has also close
structural resemblance to immunoglobulins.

CLINICAL SIGNIFICANCE

e Peterson et alin 1969 first reported that the level of serum
or urine B,-microglobulin (B,-M) is increased in renal
diseases and it is a reflection of impairment of func-
tion of glomerular membrane or renal tubules. Since
then much attention has been focussed on the clinical
significance of elevated serum or urine ,-M level and renal
diseases, inflammatory disorders and malignant tumours.
Hence B,-M is now receiving much attention as a
tumour marker also.

e Furthermore, it was reported that the measurement of
B,-M is useful to discover renal damage caused by
administration of antibiotics like gentamycin and also to
check the advance of renal diseases before administration
of antibiotics.

» Recently it has been stressed that increase in serum ,-M
in hepatic diseases indicates active inflammatory processes
occurring in liver. This requires further evaluation.

Plasma Proteins—Chemistry and Functions 103

Variations of B,-M in Various Diseases

e Urinary B,-M level is elevated in Wilson's disease
(Hepatolenticular degeneration), renal diseases like
chronic nephritis, chronic cadmium poisoning,
Fanconi syndrome.

e Serum B,-M level is elevated in Chronic nephritis,
myelomatosis, systemic lupus erythematosus (SLE),
Malignant tumours, abnormal pregnancies, chronic
rheumatism, and Behcet syndrome.

Acute Phase Proteins (or Reactants)

Levels of certain proteins in plasma increase during acute
inflammatory states or secondary to certain types of tissue
damage. These proteins are called Acute phase proteins
or reactants.

They include:

e (C-reactive protein (CRP)

e Haptoglobin (Hp)

* o,-antitrypsin

* q,-acid glycoprotein (orosomucoid) and
°

fibrinogen
These proteins (except fibrinogen) discussed above.

Role of Interleukins
Interleukin-1 (IL-1), a polypeptide released from mono-
nuclear phagocytic cells (macrophages) seems to be the
principal stimulator of the synthesis of the majority of
acute phase reactants by liver cells.

Interleukin-6 (IL-6) also plays a role and in conjunction
with IL-1 appear to work at the level of gene transcription.

V. y-GLOBULINS

These are immunoglobulins having antibody activity.
(Refer chapter on Immunoglobulins).

OTHER PROTEINS OF
CLINICAL INTEREST

1. Bence-Jones’ Protein

An abnormal protein occurs in blood and urine of
people suffering from a disease called multiple
myeloma (a plasma cell tumour). Defined as
monoclonal light chains present in the urine of
patients with paraproteinaemic states. Either
monoclonal ‘" or ‘A’ light chains are excreted in
significant amounts in about 50 per cent cases of
multiple myeloma. It has a molecular weight 45000,
and has sedimentation coefficient of 3.5 S. Sometimes
the chains excreted may be a ‘dimer” of L-chains.

Identification—Heat Test
¢ The protein is identified easily in urine by a
simple Heat Test. On heating the urine 50 to 60°C,
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Bence-Jones’ proteins are precipitated, but when
heated further it dissolves again. Reverse occurs on
cooling.
® Best detected by zone electrophoresis and immuno-
electrophoresis of concentrated urine.
Note
Normally only very small quantities of ‘" and ‘A’
immunoglobulin L-chains are excreted in urine. They
pass through glomerular filter but are reabsorbed
by kidney tubules and broken down in the lining
cells and thus not found in urine.

2. Cryoglobulins
These are proteins which are coagulated when plasma
or serum is cooled to very low temperature (2 to 4°C).
Most commonly they are monoclonal IgG or IgM or a
mixture of two. Traces are present even in normal
individuals. Their molecular weights vary from
1,65,000 to 6,00,000.

Increase: They are increased in rheumatoid arthritis,
lymphocytic leukaemia, multiple myeloma, lymphosar-
comas and systemic lupus erythematosus (SLE).

C. Fibrinogen

A soluble glycoprotein, also called as clotting factor I,
as it takes part in coagulation of blood and it is
the precursor of fibrin, the substance required for
clotting. Normally constitutes 4 to 6 per cent of total
proteins of blood. Like globulins, it is also precipitated
with 1/5th saturation with ammonium sulphate.
Molecular weight ranges between 3,50,000 and 4,50,000.
It has a large asymmetrical molecule, which is highly
elongated having an axial ratio of about 20:1. Being
asymmetrical and large, is important for viscosity of
blood.

Site of synthesis: All the three chains are synthesised in
the liver; three structural genes involved in the synthesis
are on the same chromosome and their expression is
regulated co-ordinately in humans.

Structure: It is made up of six polypeptide chains, 2Aq,
2B and 2y-chains thus formula is A,Bg, ¥,. Chains are
linked together lengthwise by S-S linkages.

The -NH, terminal regions of the six chains are held
in close proximity by S-S linkages, while -COOH terminal
regions are spread apart, giving rise to a highly
asymmetric, elongated molecule.

The A and B portions of the Aa and Bf chains, desig-
nated as fibrinopeptides A (FPA) and fibrinopeptides
B (FPB) respectively, the amino terminal ends of the
chains, bear excess of negative charge due to presence
of aspartic acids and glutamic acids residues. Also
contains an unusual tyrosine-O-SO4 residue on FPB.

These negative charges contribute to (i) the solubility
of fibrinogen in plasma and also (ii) prevent aggregation
due to electrostatic repulsion between the fibrinogen
molecules (Fig. 7.2).

D. a,-Macroglobulin

e ltis alarge plasma glycoprotein (720 KDa).

e It is a tetramer and it is made up of four identical
subunits of 180 KDa.

e [t comprises 8 to 10 per cent of total plasma protein
in humans.

Synthesis

The protein is synthesised by a variety of cell types,
including monocytes, hepatocytes and astrocytes.

Structure

It belongs to a group of proteins that include complement
protein C3 and C4.

These proteins have a unique internal cyclic thiol ester
bond, which is formed between a cysteine and glutamine
residue. Hence this group of plasma proteins are
designated as a thiol ester plasma protein family.

N-termini
cleaved by
thrombin

\_V_[
Terminal _
globular B Central BB Terminal
domain B globular globular
domain domain

Fig. 7.2: Structure of fibrinogen



Functions

e Pan proteinase inhibitor: o,-macroglobulin binds
many proteinases.
The a,-macroglobulin-proteinase complex thus
formed are rapidly cleared from the plasma by a receptor
located on many cell types.

Cytokines Delivery to Target Tissues

o,-macroglobulin also binds many cytokines viz. PDGF,
TGF-B, etc. and appears to be involved in targeting them
toward particular tissue or cells. Once delivered, the cells
take up 0,- macroglobulin-cytokines complex and inside
the cells cytokines dissociate from o,-macroglobulin and
exerts its effects on cell growth and functions.

Transportation of Zinc

Approximately 10 per cent of the zinc in plasma is
transported by o,-macroglobulin and the remainder
being transported by albumin.

FUNCTIONS OF PLASMA PROTEINS

1. Nutritive: They are simple proteins and a good source
of protein, thus largely involved in the nutritive
functions. It is useful in hypoproteinaemic states.
These contribute amino acids for tissue protein
synthesis.

2. Fluid exchange: The colloid osmotic pressure of
plasma proteins plays an important role in the
distribution of water between the blood and tissues
(Fig. 7.3).

® At the arterial end of capillary: Hydrostatic pressure
exerted greater than the osmotic pressure. Net

Arterial end of a capillary loop ~__

=

Net Hyd. Pr. tend to drive out

fluid 30-8 = 22 mm

Net Os. Pr. tend to drive in fluid -8

25-10 = 15 mmHg —
Hyd. Pr.

Arterial end
Hyd. Pr. > Os. Pr. Net filtration Pr.
driving fluid out 22-15 = 7 mmHg
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filtration pressure is 7 mmHg which drives the fluid
out from vessels to tissue spaces.

On the other hand in the venous end of capillary loop,
osmotic pressure is greater than the hydrostatic
pressure and net absorption pressure is 8 mmHg
which draws fluid from tissue spaces into the vessels.
This explanation of the mechanism of exchange of
fluids and dissolved materials between the blood and
tissue spaces is called the Starling hypothesis.

. Buffering action: The serum proteins, like other

proteins, are amphoteric, and thus can combine with
acids or bases. In acidic pH, NH, group acts as base
and can accepta proton and thus is converted to NH;*
and in alkaline pH, COOH group acts as acid and
can donate a “proton” and thus have COO™. At the
normal pH of blood, the proteins can act as an acid
and combines with cations (mainly sodium).

. Binding and transport function: Already discussed

above. See Table 7.2 for important proteins which
bind and transport various substances.

Viscosity of blood: Due to presence of proteins, blood
is a viscous fluid. Globulins and fibrinogen, which
are large in size and asymmetrical account for the
viscosity of blood. The viscosity of blood provides
resistance to flow of blood in the blood vessels to
maintain blood pressure in the normal range.

. Reserve proteins: The amino acids from plasma

proteins can be taken up by tissues and used for
building up new tissue proteins and vice versa.

. Role in blood coagulation and fibrinolysis: In addi-

tion to prothrombin and fibrinogen, plasma contains
anumber of other components, enzymes and clotting
factors, which participate in the process of coagu-
lation of blood. Intravascular clot, known as thrombus,

’_7/ Venous end of a capillary loop
o]

30 mmHg B.P. <
—_—

mmHg Tissue

15 mmHg
Net Hydrostatic Pr. Tend to
drive out fluid 15-8 = 7 mmHg
N Net Os. Pr. tend to draw in fluid
» —8mmHg 55 10 =15 mmHg
» — 25 mmHg

— 25 mmHg Blood
—
Hg Os. Pr.

10 mmHg—Tissue

10 mmHg

Venous end
Os. Pr. > Hyd. Pr. Net absorption Pr.
Drawing fluid in 15-7 = 8 mmHg

Fig. 7.3: Showing fluid exchange in capillary blood (Hyd. Pr. = Hydrostatic pressure,
Os Pr. = Osmotic pressure, BP = Blood pressure)
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Table 7.2: Various proteins which have binding and transport functions

Proteins Mol. Wht. Normal value in adults
mg/100 ml
e Transthyretin 61,000 10-40 (Mean 25)
(Prealbumin)
e Albumin 69,000 3500-5500 (4400)
e ay-lipoprotein (HDL) 200,000 290-770 (360)
e Transcortin 45,000 (=7)
e TBG (thyroxine ~45,000 (1-2)
binding globulin)
e Retinol binding protein 21,000 (~4.5)
e Caeruloplasmin 160,000 20-60 (35)
e Haptoglobin
phenotypes 1-1 100-220 (170)
2-1 100,000 160-300 (235)
2-2 120-260 (190)
» B-Lipoprotein 3,200,000 250-800
(LDL) BLP (500)
e Hemopexin, (HPX) 80,000 70-130 (100)
(B-B-globulin)
e Transferrin, (Tf) 80,000 200-400 (295)
(siderophillin) to 90,000
e Transcobalamine — 1-20 pg/L
1, Il and Il (ot~ mobility) 11-60 pg/L

whenever it is formed is digested by the enzymes of
fibrinolytic system present in the plasma, which saves
from the disastrous effects of thrombosis.

8. Immunological function (Body defence): y-globulins
are present in plasma, which are antibodies and
protect the body against microbial infections.

9. Enzymes: Enzymes are proteins. Enzymes like amy-
lase, transaminases, dehydrogenases, lipases, phos-
phatases, etc. are present in small quantities in normal
blood. They show quantitative variation, increase/
decrease, with different disease processes, and thus
their estimation in blood are of immense help in diag-
nosis of diseases and serial estimations help in
assessing prognosis.

Variations in Plasma Proteins

(a) Increase in total proteins called as Hyperproteinaemia
can occur in two situations:

1. Haemoconcentration due to dehydration: When
both albumin and globulins are increased. A:G
ratio remains unaltered.

2. Diseases resulting in high levels of plasma globu-
lins: Mainly y-globulins (hypergammaglobulinae-
mias)-Albumin remains either normal or reduced.

Biological functions

Binds and transports thyroxine and retinol

Osmotic, reserve protein, binding and transport of ions, pigments,
drugs, etc.

Transport of various lipid fractions, fat soluble vitamins,
hormones, etc. removes cholesterol from tissues to liver
(Scavenging action)

Binding and transport of cortisol

Binding and transport of thyroxine

Binding and transport of retinol
Binding of copper, ferroxidase activity

Binding and transport of free Hb
Peroxidase activity

Transport of various fractions of Lipids (rich in cholesterol),
hormones, fat soluble vitamins. Carries cholesterol to tissues

Heme binding
Binding of Fe and transport

Binding and transport of Vit B,

If albumin is reduced grossly, the A:G ratio is
reversed.
¢ Hypergammaglobulinaemia may be due to:
— ’Polyclonal” gammopathies.
— ‘Monoclonal’ gammopathies (See Table 7.3 for
the causes).

Table 7.3: Causes of hyperproteinaemia

I. Haemoconcentration-Dehydration
Il. Hypergammaglobulinaemia
(a) Polyclonal
» Chronic infections: Like TB, Kala-azar, leprosy, etc.
» Chronic liver diseases: Cirrhosis, chronic active hepatitis
e Sarcoidosis
» Autoimmune diseases like rheumatoid arthritis, systemic
lupus erythematosus (SLE)
(b) Monoclonal: Which can be malignant or benign:
1. Malignant
e Multiple myeloma
* Macroglobulinaemia
e Lymphoreticular malignancies, e.g. lymphosarcoma,
leukaemia, Hodgkin's disease
2. Benign
« Secondary due to diabetes mellitus, chronic infections,
etc.
« Idiopathic



Table 7.4: Causes of hypoproteinaemia

|. Haemodilution
« Water intoxication (overload)
¢ Sample from IV infusion
Il. Hypoalbuminaemia
(a) Loss from the body
e Renal: Loss of albumin in urine in nephrotic syndrome
e Gl Tract: Protein losing enteropathy
« Skin: Burns and other exudative skin lesions
(b) Decreased synthesis of albumin
» Severe liver diseases: Chronic hepatitis, cirrhosis liver
« Non-availability of the precursors: Malabsorption
syndrome, protein calorie malnutrition
* Genetic deficiency: Analbuminaemia
(c) Miscellaneous
Acute/chronic illness, infections, malignancy, pregnancy
Ill. Hypogammaglobulinaemia
(a) Protein loss: Same as above Il (a)
(b) Decreased synthesis
1. Transient: Neonates/infants
2. Primary: Genetic deficiency
3. Secondary
» Certain toxins/and drugs: uraemia, cytotoxic therapy,
corticosteroid therapy, etc.
» Certain haematological disorders: leukaemias,
lymphosarcoma
* Acquired Immune Deficiency Syndrome (AIDS)
(c) Miscellaneous: Pregnancy

(b) Decrease in total proteins called as Hypoproteinaemia
can occur in two situations:
® Haemodilution: Where both albumin and glo-
bulins are decreased, A:G ratio remains unaltered.
* Conditions resulting in low albumin level: It is
more common accompanied either by no increase
in globulin or by an increase which is less than the
fall in albumin. A:G ratio is decreased. Hypopro-
teinaemia may also take place due to decrease in
v-globulin (Hypogammaglobulinaemia).
Various causes of hypoproteinaemia are listed in
Table 7.4.

GENETIC DEFICIENCIES OF
PLASMA PROTEINS

1. Analbuminaemia: Inherited disorder in which
albumin is very low or completely absent. Defect is
in the albumin synthesis. There is usually associated
raised levels of plasma lipids and lipoproteins, which
is probably secondary defect in lipid transport. All
globulin fractions occur in increased concentration.

2. Bisalbuminaemia: Another genetic variant in which
two albumin peaks are present. It appears to have no
clinical importance.

3. Bruton’s agammaglobulinaemia
e An inherited disorder, X-linked recessive traits,
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¢ Differentiation of B-lymphocytes to plasma cells
is defective leading to lack of plasma cells in
circulating blood.

¢ Thereis absence of y-globulins or y-globulins level
are very low, and lacks humoral immunity and
susceptible to bacterial infections.

4. Afibrinogenaemia: An inherited disorder charac-
terized by genetic defect in fibrinogen formation.
Inherited as a non-X-linked recessive trait charac-
terized by absence of fibrinogen or very low level of
fibrinogen. Blood clotting mechanism is hampered
and there may be uncontrollable haemorrhages.

PROTEINURIA

When proteins appear in urine in detectable quantities,
it is called as albuminuria. Actually albuminuria term is
a misnomer, as seldom albumin found alone, hence the
term proteinuria is to be preferred. The proteins that are
found in the urine in kidney conditions are commonly
believed to be plasma proteins that pass through the
damaged renal epithelium. The albumin having smallest
molecules pass most easily; globulins next and fibrinogen
least readily.

Types of proteinurias: Classified under two major heads:
A. Functional proteinurias
B. Organic proteinurias

A. Functional Proteinurias: Those conditions that are not
related to a diseased organ. The amount of protein
excreted is usually small, majority of cases show
< than 0.2 per cent and the condition is usually
temporary.

Causes

e Violent exercise: Soldiers after long marches, atheletes
after strenuous contests can have such temporary
proteinurias. Here, there may be slight kidney damage
to account for it, but the condition almost always clear
up.

* Cold bathing: Leading to constriction of renal blood
vessels and producing temporary anoxia.

e Alimentary proteinuria: Occasionally proteinuria
may occur after excessive protein ingestion.

® Pregnancy: Proteinuria is frequently, associated with
pregnancy, probably as a result of pressure interfering
with the return of blood in renal veins.

e Orthostaticlor postural proteinuria: This occurs
chiefly in children or in adolescents, usually in age
group of 14 to 18 years. In these young individuals,
the urine contains protein when they are in upright
position only. When they are lying down it is free from
proteins.
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Cause: This is not due to kidney disease but is probably
due to some disturbance in the blood supply to the
kidneys, leading to venous stasis and temporary anoxia.

B. Organic Proteinurias: There are many pathologic
conditions that cause organic proteinuria, which may
be classified in three major groups.

(a) Pre-renal,
(b) Renal, and
(c) Post-renal.

(a) Pre-renal
Conditions causing proteinuria of this group are those
that are primarily not related to kidney. In most cases,
they affect the kidneys in such a way as to render it
more permeable to the protein molecule.

Causes

* Cardiac diseases: By affecting the circulation of
kidneys leads to proteinuria.

* Any abdominal tumors, or mass of fluid in the
abdomen does the same by exerting pressure on the
renal veins.

e Fevers, covulsions, anaemias and other blood diseases,
liver diseases and many other pathologic states can
affect in similar manners as stated above.

* Cancers: An increased amount of urinary muco-
proteins generally accompanies elevated serum muco-
protein levels. Such has been observed in patients with
cancers, with highest values when carcinomatous
invasion is widespread.

® Collagen diseases and inflammatory conditions also
have high mucoprotein levels.

(b) Renal
Proteinurias are found in various types of kidney
diseases and are called as Renal proteinurias.

I. Questions (Essay type and short notes)

1. What are plasma proteins? Describe methods of their
separation.

2. Enumerate plasma proteins. What are their functions?

3. Describe the chemistry and functions of plasma proteins.

4. Describe in brief different electrophoretic variations seen
in various disorders.

Short Notes

Functions of plasma proteins
Fractionation of plasma proteins
Separation of plasma proteins
Caeruloplasmin

Transferrin

C-reactive protein

Bence-Jones’ protein

Fibrinogen

SR e a0 o

Causes

* Acute glomerulonephritis: Always associated with
proteinuria.

e Chronic glomerulonephritis: Proteinuria is seen in
early stages, but may disappear later as the kidney
becomes more and more impaired.

* Inmnephrosclerosis, TB of kidney and in carcinoma of
kidney: Proteinuria is frequently found but it is not
always.

o Innephrotic syndrome (Type II): Large quantities of
albumin is lost in the urine and there may be gross
hypoalbuminaemia in blood.

¢ Polypeptides, the so-called, proteoses and peptones,
sometimes are excreted in urine. This may happen in
pneumonias, diphtheria, carcinoma and other
conditions and is due to some protein containing
materials, e.g. an exudate or a tissue mass/pus
undergoing autolysis.

(c) Post-renal
These are sometimes called as false proteinurias,
whereas the above two are frue, because in these
conditions (postrenal) proteins do not pass through
the kidneys.

Causes

* May be due to inflammatory, degenerative or trau-
maticlesions of the pelvis of the kidney, ureter, bladder,
prostate or urethra.

¢ Bleeding in genitourinary tract also will account for
proteinuria.

¢ Urine containing pus also contains proteins, since
the exudate that accompanies the pus is rich in
proteins.

i. Haptoglobin
j-  Orosomucoid
k. B,-microglobulin.

II. MCQs (Give one correct answer)

1. The number of amino acids present in one molecule of
albumin are:

a. 510 b. 590
c. 600 d. 610
e. 650
2. One caeruloplasmin molecule can bind copper ions:
a. 4 b. 6
c 8 d. 10
e. 12

3. Plasma proteins can be separated by:
a. Electrophoresis
b. Salting out with ammonium sulphate
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c. Ultracentrifugation a. Albumin b. o,-globulins

d. Immunoelectrophoresis c. B-globulins d. Euglobulins

e. All of the above e. Fibrinogen

B-globulin fraction contains: 7. The human plasma proteins are a mixture of:

a. Haptoglobin b. o-fetoprotein &k Glyc.oproteins ) b. Si.mple proteins

c. Caeruloplasmin d. Transferrin ¢. Conjugated proteins d. Lipoproteins (92)

e. Thyroxine binding proteins ealiich t he aboye m
. . . 8. Transferrin can bind atoms of Fe*** per molecule: | 9.

Plasma proteins which contain more than 4 per cent a1 b. 2 i

hexosamine are designated as: ’ ’ 6

. . . c. 3 d. 4

a. Microglobulins b. Cryoglobulins e 5 =2

c. Mucoproteins d. Glycoproteins -

e. Orosomucoids Answers to MCQs =

Plasma proteins which are precipitated best by 1/5th 1.d 2 ¢ 3 e 4. d B 6 @ o

saturation of ammonium sulphate: 7 e 8. b.
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Major Concepts

IMMUNOGLOBULINS—
CHEMISTRY AND FUNCTIONS

A. What are immunoglobulins? Study the chemistry and functions of immunoglobulins.

Specific Objectives
1 Define immunoglobulin.

2. Classify immunoglobulins, WHO classification, list the five classes and note the synonyms of each class.

3. Learn the important properties of each class of immunoglobulins and study the differences of immunoglobulin classes as related
to structure, properties and antibody functions in a tabular form.

4. Study the antibody function of each class of immunoglobulins.

5. « Note the difference between serum IgA and non-vascular IgA in secretions.
e Learn what is “secretory component” (T-Piece) and its functions.

6. Study the structure of immunoglobulins

* What are the Heavy chains (H-chains) and Light chains (L-chains)?, their types and functions.

¢ Note the molecular formula of each class.

» Study the degradation of IgG by proteolytic enzymes: ¢ by papain and ¢ by pepsin.

7. Learn the site of synthesis of Igs and genetic control.

8. Study monoclonal and polyclonal antibodies. What is ‘hybridoma’? Learn the uses of monoclonal antibodies.

INTRODUCTION

When foreign substances called antigens are introduced
into the body they trigger the appearance of immuno-
globulins in the serum and in other body fluids. Immuno-
globulins (Igs) are freely circulating proteins. Antibodies
are those immunoglobulins that possess a demonstrable
specificity for a given antigen.

The term antigen encompasses a wide variety of orga-
nic molecules that elicit one or both of the two known
types of specific immune response:

Almost any class of organic compound may be anti-

genic, including many foreign proteins and macro-

molecular carbohydrates. Nucleic acids may function
as antigens in certain experimental situations and in
human disease.

Hapten: Certain lipids (e.g. steroids) and other relatively
simple organic structures (e.g. dinitrophenyl group) can
function as antigens if coupled with a suitably large
protein molecule. In such a situation, the organic residue
is called as a Hapten and the protein, a carrier. Both are
required to produce an antibody response.

The immune system of the body consists of two major
components:

1. Blymphocytes and

2. Tlymphocytes

1. The B lymphocytes are mainly derived from bone
marrow cells in higher animals and from the bursa of
Fabricius in birds. They are responsible for the synthesis
of circulating humoral antibodies known as
immunoglobulins. They are synthesised mainly in
plasma cells, which are specialised cells of B cell
lineage that synthesise and secrete immunoglobulins
into the plasma in response to exposure to a variety of
antigens.

2. The T lymphocytes are of thymic origin. They are
involved in a variety of important cell-mediated
immunologic processes such as graft rejection, delayed
hypersensitivity reactions, and defense against
malignant cells and many viruses. (This will not be
discussed in this chapter).

Immunoglobulins normally constitute approximately

20 per cent of total serum proteins. All Igs are definable

antibodies. They are glycoproteins composed of 82 to 96

per cent polypeptide and 4 to 18 per cent carbohydrates.

The polypeptide component possesses almost all of the

biologic properties associated with antibody molecules.



Definition: The immunoglobulins constitute a hetero-
genous family of serum proteins, which either function as
antibodies or are chemically related to antibodies. On
electrophoresis, they mainly occupy the y-globulin posi-
tion but also occur in the  and o,,-regions.

Classification

Immunoglobulins (Igs) are divided into five main classes
according to their molecular weight, electrophoretic
mobility, ultracentrifugal sedimentation and other
properties.

WHO Classification

Classes Corresponding old nomenclatures
1. 1gG (or YG) 7S, Y, YSS, 6.6 Sy
2. IgA (or YA) 1A BA, 7Syt
3. IgM (or yM) 19 Sy, M, B,M
4. IgD (or yD) —
5. IgE (yE) =

PROPERTIES OF INDIVIDUAL
IMMUNOGLOBULINS

A. General Properties

The properties of individual immunoglobulins of five
classes are given in tabular form in Table 8.1.

B. Special Features of Each Class

L IgGKG)

Subclasses of 1gGs: Four subclasses have been described
and they are approximately as follows:

* [gG1-60to70 percent, e IgG2-14to 20 per cent,

e IgG3-4to8percentand e IgG4-2to6 percent.

These figures vary somewhat from individual to

individual. The capacity of a given individual to produce
antibodies of one or another IgG subclass may be under
genetic control. Subclasses are not endowed equally with
transfer across the placenta, IgG, being transferred more
slowly than the other subclasses.

Antibodies contained in IgG

IgG class represents the most of antibacterial and anti-
viral antibodies, thus majority of acquired antibodies are in
this fraction.
The following antibodies have been identified in this
class:
e Immune anti-A and anti-B
Anti-Rh antibodies, incomplete type
Antistreptolysin
Opsonins, bacteriocidins and bacteriolysins
Anti-H flagellar antibodies
 Antitoxins (Diphtheria, tetanus, streptococcal)
e Antiviral antibodies
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» Complement fixing antibodies
* Antipneumococcal (capsular)
 Antispirochaetal
 Autoantibodies to thyroid

Evolution: In terms of evolution IgG seems to have evolved
later than IgM. In keeping with this view, the sequence in
the organism’s response to antigenic stimulation usually
consists of IgM being produced initially, followed later
and ultimately replaced by IgG.

Catabolism of IgG

e Catabolic rate bears a direct relationship to its
concentration in the plasma, i.e. the rate of catabolism
declines as the concentration falls. (cf. IgA, IgM, fib-
rinogen, caeruloplasmin, catabolic rates are indepen-
dent of plasma level).

e [t has been suggested that Protector sites specific for
IgG may exist within the body. Accordingly, when IgG
molecules are bound to these sites, they are protected
from catabolism.

1L IgM (yM)

Polymerisation

Normally IgM molecule exists as a pentamer with a
molecular weight of about 900,000 (19s). Quantitative
measurements indicate that there is a single J-chain in
each IgM pentamer or in Polymeric IgA molecule.
J-chain

The J-chain is a small glycopeptide with an
unusually high content of aspartic acid (Asp) and
glutamic acid. The J-chain has a fast electrophoretic
mobility on alkaline gels owing to its highly acidic nature.
Physiochemical studies indicate that the J-chain molecule
is very elongated, with an axial ratio of 18 approximately.
Studies have indicated that J-chain is not an absolute
requirement for polymerisation of Ig basic units.
Nevertheless, the presence of J-chain does facilitate the
polymerisation of basic units of IgM and IgA molecules
into their appropriate polymeric forms.

Antibody activity of IgM

IgM antibody is prominent in early immune responses to most
antigens and predominates in certain antibody responses
such as “natural” blood group antibodies.
IgM (with 1gD) is the major Ig expressed on the surface
of B cells.
Chief antibodies contained in IgM are:
» Naturally occurring anti-A and anti-B
e Some immune anti-A and anti-B (saline type)
¢ Anti-Rh antibodies (saline type)
¢ Cold antibodies (anti-i type)
e Heterophil antibodies and Forssman antibodies
e Some opsonins, bacteriocidins, and lysins
e Somatic ‘O’ antibody of Salmonella typhi
¢ Rheumatoid factor (RA factor)
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Table 8.1: The differences in Igs classes as related to structure, properties and functions

Class 1gG IgA IgM IgD IgE
e Alternate names vG YA M vD YE
* ‘H’ chains names Y o u ) €
* ‘H’ chains subclasses 4 2 2 — —
(11, Y2, v3 and y,) (0, 01) (M1, 1p)
* ‘L’ chain types KorA ‘K" or A ‘K" or A ‘K" or & ‘K" or A
* Molecular formula YK, oK, (u, Ky) 5 5K, &K,
Y2ha hy (H2Ap) 5 350, €My
» Approximate molecular 145,000
weight Earlier 160,000 to 150,000 to 900,000 to
165,000 500,000 1,000,000 180,000 190,000 to 200,000
o Sf 6-7S 7S-13S 19S 7S to 8S 8S
(7S fraction)
* Carbohydrate content 2.5% 8% 10% 15% 11%
* Amount 70 to 80% of total 10 to 20% of total 7% (3 to 10%) of total 0.5 to 2% of total 0.004% of total
e Proportion of body total 50% 40% 65-95% 65 to 85% 50%
in serum
* Normal level in serum 1200 mg% (600-1600) 200 mg% (150-250) 120 mg% (60 to 170) 3 mg% 10 to 70 ug%
* Half-life 19 to 24 days 6 days 5 days 2 to 8 days 1 to 6 days
» Catabolic rate 6.9% per day 12% per day 14% per day — —
(5.6 to 8.4%)
» Synthetic rate 36 mg/kg/day 30 mg/kg/day 7 mgl/kg/day — —
(24-50)
» Electrophoretic mobility Slow v, to fast y Fasty— to 8 Fasty— to Fast vy Fast y
¢ Presence in external secretions + ++++ + i3 4
e Placental transfer SHsisls — — — —
» Heat stability — 1 ++ ++++ (most labile) +++ (most labile)
» Complement fixation 1 0 1 ? 0
» Antibody activity Immune anti-A and anti-B — Naturally occurring anti-A and anti-B~ — ++++
(ABO blood group anti-Rh (incomplete type) Anti-Rh antibodies (saline type) — —
and Rh)
* Reaginic antibody ? — — — ++++
e Skin sensitisation (Passive transfer) 0 0 0 1=F
» Antibacterial lysins ++ + +++ ?
» Antiviral activity 1 st 1 ?

e LE factor and antibodies
e Some antithyroid autoantibodies
* Antitrypanosomal antibodies

CLINICAL ASPECT

1. Infectious mononucleosis: It has been known for long
that haemolytic anaemia may occasionally complicate
Infectious mononucleosis. It is of interest in this connec-
tion is the finding by Calvo et al (1965) 19s cold agglutinins
of anti-i type often present in this disease.

2. Waldenstréom’s macroglobulinaemia: Excessive produc-
tion of IgM occurs in this condition due to malignant
Proliferation of Lymphocytoid cells.

STA Test: Sia test is often +ve in this condition.

Method

A drop of serum is allowed to fall into about 100 ml of de-
ionized water in a measuring cylinder. A white precipitate
forming at once constitute a +ve test. Although useful as a
simple screening test, both false —ve and false +ve reactions
can be obtained in other hyperglobulinaemias. It has been
observed that in other hyperglobulinaemic conditions, in
which the test is +ve, the precipitate falls slowly if at all, in
Waldenstrom’s macroglobulinaemia it falls quickly.

Modified SIA Test (Martin, 1960): Martin used a modified Sia
testin which he diluted the serum 20 times with distilled water
at20°C (pH 6.5 to 7.0). If the test is +ve, a precipitate is formed
within 5 minutes and after centrifuging and pouring off the
supernate, the precipitate is readily soluble in 0.15 per
cent NaCl solution. The modified test was claimed to be +ve
in 18 cases of Waldenstrom’s macroglobulinaemia in a series
and a false +ve was never encountered.



I IgA (YA)

IgA in Secretions (Non-vascular IgA): In addition to its
antibody function in serum, IgA is the predominant
Immunoglobulin class in body secretions. It is found in
external secretions such as colostrum, saliva, tears, GI
fluids, prostatic secretion, nasal and bronchial
secretions.

Secretory IgA: IgA present in these secretions is in the

form of:

e Higher polymer: Each secretory IgA molecule consists
of two 4 chain basic units and one molecule of J-chain.
Molecular weight of secretory IgA is approximately
400,000.

Table 8.2: Distribution of Igs in non-vascular fluids

External
secretions

Internal
secretion

Pathological

fluids
Source CS fluid,

Tears, saliva, Gl Inflammation and

synovial fluids, nasal and irritation
fluids, agueous  bronchial fluids, —
humour etc.
lgs Same as serum Mainly IgA 1gG, IgM, and auto-

(Predominant) antibodies, e.g. RF

and ANF

* Antigenically slightly different from serum IgA. This
dissimilarity between vascular IgA and non-vascular
IgA is due to presence of another small protein, called
as transport piece (T-Protein or secretory protein or
transport protein) (Table 8.2).

T-Protein (Transport Piece)

South et al. (1966) demonstrated T-Protein. T-Piece is a
single polypeptide chain of approximately molecular
weight of 70,000. The carbohydrate content is high but
not precisely known. Its amino acid composition differs
appreciably from that of every other Igs molecules
including J-chain. It has an electrophoretic mobility in
the fast B-range. It is produced by the ductular epithelial
cells of breast, salivary glands, mucosal glands of GI tract/
bronchial tree and prostate gland. Secretory IgA molecule
is a dimer and T-Protein is attached to the L-chains (Fc
region) of the two IgA molecules.

Note: Secretory Protein can be found free in secretions
of individuals who lack measurable IgA in their serum/
or secretions.

Functions of T-Piece

This protein is responsible for two important biological
properties of non-vascular IgA:

¢ lts selective transport, from serum to secretions or to
facilitate the transport of IgA molecule synthesised in
lymphoid cells beneath the epithelium.

e And probably protection of the IgA molecule against
digestion by proteolytic enzymes like those found in Gl
tract.
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Antibody Functions of IgA Molecule

1. Secretory IgA provides the primary defence
mechanism against some local infections owing to its
abundance in saliva, tears, bronchial secretions, the
nasal mucosa, prostatic fluid, vaginal secretions and
mucous secretions of small intestine. Thus, IgA appears
to be essential to ward off sinobronchial infections.

2. Claims thatisolated human IgA globulins have shown
isohaemagglutinin and antibacterial activity against
Diphtheria bacilli and Brucella organisms have been
recently claimed.

3. Ithasbeensuggested that IgA levels may be decreased
in thymectomised animals.

IV. IgD (yD)

Antibody Functions: The main function and the role is not

yet determined. But following has been reported:

1. There areisolated reports of IgD with antibody activity
toward certain antigens, including penicillin, milk
proteins, insulin, diphtheria toxoid, nuclear antigens
and certain thyroid antigens.

2. IgD along with IgM is the predominant immuno-
globulin on the surface of human B Lymphocytes and
ithas been suggested that IgD may be involved in the
differentiation of these cells.

Figures 8.1A to C shows the presence of J-chain/and

T-piece.

V. IgE (yE): The identification of IgE antibodies as reagins
(or Reaginic antibodies) and characterization of this Ig
class marked a major breakthrough in the study of the
mechanisms involved in allergic diseases like hay fever,
asthma, etc. Ishizakas (1966) first raised the possibility
that reaginic antibody which gives P-K reaction is
associated with a separate class of Igs which he
tentatively called as IgE.

Antibody Function of IgE

1. IgE antibodies provide a striking example of the bi-
functional nature of antibody molecules. IgE antibodies
bind allergens through the Fab protein, but the binding
of IgE antibodies to tissue cells like mast cells, it binds
to Fc portion (for ‘Fab” and ‘Fc’ portion see structure of
Igs, discussed on page 110).

Note: Allergen is an alternative term used for any
antigen that stimulates IgE production.

2. Allergic response: Upon combination of IgE (‘reagin’
or reaginic antibody) with certain specific antigens,
called as allergens, IgE triggers the release from mast
cells the pharmacologic mediators responsible for the
characteristic wheal and flare skin reactions evoked
by the exposure of the skin of allergic individuals to
allergens.

Prausnitz-Kiistner reaction (P-K reaction): Injected into
the skin of a non-allergic person, this antibody
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Figs. 8.1A to C: J-chain and T-piece secretory component

specifically sensitises the injection site so that the re-
exposure to the allergen reproduces the skin reaction.
This phenomenon is known as passive transfer or the
Prausnitz-Kiistner reaction (P-K reaction).

Role in inflammation: Amman and coworkers (1969)
have demonstrated that IgE not only fixes to skin sites
but can also fix to leucocytes and other cells. Thus can
release mediators of inflammation upon exposure to
allergens or antigens. These may be important protec-
tive mechanisms. Histamine release from leucocytes
by white cell bound IgE upon antigen contact has been
extensively studied.

Defense against worm infections

IgE defends against worm infections by causing release
of enzymes from eosinophils. It does not fix
complement. IgE offers main host defense against
helminthic infections.

CLINICAL ASPECT

IgE deficiency has been demonstrated with chronic
sinopulmonary infection (Cain et al, 1969).

IgE deficiency also demonstrated in 11/16 patients with
Ataxia telangiectasia, a familial disorder of progressive
cerebellar ataxia, oculocutaneous telangiectasia and
frequent sinopulmonary infection.

Summary

lgs
IgM

IgG

IgA

IgD

IgE

Major Functions

Produced in the primary response to an antigen
Does not cross the placenta hence does not give
foetal immunity

Fixes complement

Antigen receptor on the surface of B cells

Principal antibody of secondary response

Crosses placenta and confer foetal immunity
Opsonises bacteria, making them easier to
phagocytose

Neutralises bacterial toxins viruses

Fixes complement which increases bacterial killing
Secretory IgA prevents attachment of bacteria and
viruses to mucous membrane

Hence essential to ward off sinobronchial infections
Does not fix complement

Uncertain—main function and role yet to be
determined

IgD alongwith IgM is predominant Ig on the surface of
human B lymphocytes

IgD with antibody activity found towards certain
antigens viz. milk proteins, penicillin, insulin, etc.
Mediates immediate hypersensitivity by causing
release of mediators from mast cells and basophils
upon exposure to antigen (allergen) — reagins or
reaginic antibodies



e Does not fix complement

« Defends against worm infections by causing release
of enzymes from eosinophils

¢ Defensive action against helminthic infections.

STRUCTURE AND CHEMISTRY OF
IMMUNOGLOBULINS—MODEL
OF Ilg MOLECULE

Edelman-Gally model: Most accepted model. Each %2 of the
molecule is considered to be composed of 2 units. Each of
these is a polypeptide chain, probably envisaged as folded
onitself. The larger of the 2 chains, called as “H’ or Heavy
chains and smaller chain called as L’ or Light chain. The
major bond between the ‘L” and ‘H’ chains and also
between the two halves of the molecule consist of
“disulphide” linkages between ‘cysteine’ residues.

Structural Details (Fig. 8.2)

e Igmolecule has a V-shape. Each molecule is composed
of equal numbers of two Heavy (‘H’-chains) and two
light (L) Polypeptide chains which can be represented
by the general formula H,L,. The chains are held
together by non-covalent forces and usually covalent
interchain disulfide bridges to form a bilaterally
symmetric structure.

1.
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Each polypeptide chain is made up of a number of
loops or domains of rather constant size (100 to 110
amino acid residues) formed by the intrachain disulfide
bonds. The N-terminal domain of each chain shows
much more variation in amino acid sequence than the
others and is designated as variable region (‘V'-region)
to distinguish it from the other relatively constant
domains collectively called as constant region in each
chain.

The zone where the variable and constant regions join
is termed the Switch region (Hinge region).

Heavy Chain Classes (H-chains): Five classes of H-
chains have been identified in human Igs based on
structural differences in the constant regions by
serologic and chemical methods. The different forms
of H-chains are designated as: y (gamma), o (alpha),
u (mu), § (Delta) and € (epsilon). They vary in mole-
cular weight from 50,000 to 70,000; the p and e-chains
possessing 5 domains (one V and 4 C), while y and
o-chains have 4. The class of the H-chain determines
the class of Immunoglobulins. Thus, there are 5 classes
of Igs as discussed above: IgG, IgA, IgM, IgD and IgE,
having ‘H’ chains y, o, 1, 8 and € respectively.

Light Chain Types: All L-chains have a molecular
weight of approximately 23,000, and are classified into

> Hinge region
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Fig. 8.2: Structure of immunoglobulin
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two types: Kappa (K) and Lambda (A) on the basis of
multiple structural differences in the ‘constant’ regions,
which are reflected in antigenic differences. The
proportions of K to A chains in Ig molecule varies from
species to species, being about 2:1 in humans (Table
8.3). A given Ig molecule always contains identical K
or A chains but never both.

Molecular Formula: Each Ig may be written as a formula
which expresses both its ‘H” and ‘L’ chain constitutions
as in Table 8.4.

Degradation of Igs by Proteolytic Enzymes

Igs are rather insensitive to proteolytic digestion but are

most easily cleaved about midway in the H-chains in an

area between the first and second constant region
domains (CH; and CH,).

(a) Papain: The enzyme Papain splits the molecule on
the N-terminal side of the inter-H chain disulphide
bonds into three fragments of similar size.

e Two “Fab” fragments, which include an entire ‘L’
chain and the Vi; and CH-1 domains of a heavy
chain, and

* One ‘Fc’ fragment, composed of C-terminal halves
of the H-chains.

(b) Pepsin: If pepsin is used, cleavage occurs on the C-
terminal side of the inter-H chain disulfide bonds,

Table 8.3: ‘H’ chains and ‘L’ chains of each of Ig class

lg class ‘H’ chains ‘L’ chains
Type ‘K’ Type ‘L’
* 1gG Y K or A
* IgA o K or A
e IgM u K or A
e IgD o K or A
* IgE € K or A

Table 8.4: Type and molecular formula of each class

lg Class  Type H L Molecular
chains chains formula
1gG 1gG K type v K oKy
IgG L type Y A Yok,
IgA IgA K type o K oK,
IgA L type o A LA,
IgM IgM K type 0 K oK,
IgM L type u A ok,
IgD IgD K type ) K 8,K,
IgD L type ) A Y
IgE IgE K type € K K,
IgE L type € A &My

yielding a large F (ab), fragment composed of about
two “Fab” fragments. The ‘Fc’ fragment is extensively
degraded by Pepsin.

‘Hinge’ region: The region of the H-chain susceptible to
proteolytic attack is more flexible and exposed to the
environment than the more compact globular domains and
is known as the Hinge region.

Antigen Binding Site: Antigen binding activity is
associated with the Fab fragments, or, more specifically
with the Vi and V; domains. On the other hand, most of
the secondary biologic activities of Igs, e.g. complement
fixation are associated with the ‘Fc’ fragment. Because there
are two Fab regions, IgG molecules bind two molecules of
antigen and are termed divalent. The site on the antigen to
which an antibody binds is termed an antigenic
determinant or epitope.

Carbohydrate Content of Igs

AllIgs have been shown to be glycoproteins. Carbohyd-
rate content of these Igs vary substantially (Table 8.5). The
carbohydrate units are primarily Asparagine-linked
heteropolysaccharides. In some IgA and rabbit IgG, serine/
threonine linked units have been demonstrated. Other
linkages have also been demonstrated, O-glycosidic
linkage between an aminosugar of an oligosaccharide side
chain and a serine residue of polypeptide chain. In human
IgG, attachment of carbohydrate units have been
specifically localised to residue 297 of the ‘H’ chain and
the sequence of immediate vicinity shown to be:

CHO

|
GIn —Tyr — Asn — Ser — Thr

Attachment mostly is by means of an N-glycosidic
linkage between N-acetyl glucosamine residue of the carb-
ohydrate side-chain and Asparagine residue of poly-
peptide chain.

In general, carbohydrate is found in T-piece, J-chain,
C-regions of H-chains. It is not found in ‘L’ chains and 'V’
regions of H-chains.

Functions of carbohydrates in Igs

The function of the carbohydrate moieties is poorly under-

stood.

e They may play important roles in the secretion of
immunoglobulins by the plasma cells and in the biologic
functions associated with the C-regions of H-chains.

* The secretory protein has more carbohydrate than either
the a-chain or the L-chain, which accounts for the higher
carbohydrate content in secretory IgA than serum IgA.



Table 8.5: Carbohydrate content of
three major classes of Igs

Class Galactose Mannose N-acetyl Sialic Fucose Total

glucosamine acid carb.
1gG 0.4 0.6 1.3 0.2 0.3 2.8
IgA 1.2 1.7 1.6 0.9 0.2 6.4
IgM 1.6 3.3 3.3 13 0.7 10.2

Transport of Igs Across the Placenta

® Only Ig which is transported across the placenta is
IgG. This accounts for the immunity to the newborn
babies. It is to be noted that proteins smaller than the
IgG class, e.g. Acid glycoprotein (mol. wt = 35,000),
albumin (mol. wt = 65,000) and transferrin (mol. wt =
90,000) are not transferred to any significant amount.
The importance of molecular structure and composition
rather than size for transplacental transport is more
important.

e By splitting the IgG molecule into 2 ‘Fab’ fragments
and one ‘Fc¢’ fragment each having a molecular weight
of 50,000 and by injecting these, after I'*! labelling,
into pregnant women, it was observed that the ‘Fc’
fragment is readily transported across the placental
barrier, but the ‘Fab’ fragments are not (Gitlin and
coworkers). This important work explains why serum
IgA globulins are absent from the newborn’s blood,
although 80 per cent of serum IgA are similar to IgG in
molecular size and molecular weight. There is a
considerable difference in the ‘Fc’ fragments of both
molecules, e.g. 8 to 10.5 per cent carbohydrates in IgA
against 2.5 per cent in IgG and over 90 per cent of
carbohydrates is in the ‘Fc’ fragment.

Electron Microscopy of Igs

Ig molecules were studied by electron microscope by

Svehag et al (1967).

1. IgG molecule: Spindle-shaped molecule, 250-300 A
long x 40 A wide; Two combining sites located at
opposite ends of the spindle.

2. IgM molecule: A ‘spider-like’ configuration with
central relatively rigid portion about 150 x 170 A, and
5 flexible legs of variable length having a total span of
some 350 A.

Site of Synthesis of Igs

¢ The principal Ig producing cell is the “Plasma cell”.
Mature plasma cells produce IgG and IgA in their
abundant rough surfaced endoplasmic reticulum (ER).
Plasma cell is not a normal body cell but appears to
develop specifically in response to antigenic
stimulation. Plasma cells have a strongly basophilic
cytoplasm due to a high concentration of RNA; because
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of this, they stain intensely with ‘Pyronin’, which
combines specifically with RNA and hence known as
pyroninophilic cells. During Ig production,
accumulations of Ig can be seen as hyaline amorphous
mass in pockets of endoplasmic reticulum (ER) in HE
stained preparations. These collections known as
Russell bodies can be seen also in EM

e IgM-Cell types that produce IgM globulin is probably
intermediate in type, between large lymphocytes and
plasma cells, and resemble Lymphocytoid cells of
Waldenstrém’s macroglobulinaemia.

Genetic Control of Synthesis of Ig Chains

Both “H’ chains and ‘L’ chains are products of multiple

genes.

e Synthesis of each heavy chain (H-chain) is the product
of at least four different genes:

— Avariable region (VH) gene,

— Adiversity region (D) gene

— Ajoining region (J) gene, and

— A constant region (CH) gene.
¢ Synthesis of immunoglobulin light chains (L-chains)

is the product of at least three separate structural genes:

— Avariableregion (V,) gene,

— Ajoining region (J) gene (it is separate from joining

region (J) gene of H-chains)

— A constant region (C; ) gene.

The H-chains and L-chains are synthesised as separate
molecules and are subsequently assembled within the B
cell or plasma cell into mature immunoglobulin molecules,
all of which are glycoproteins in nature.

Class Switching (Isotypes)

In most humoral responses, antibodies with identical
specificity but of different classes are generated in a specific
chronologic order in response to the immunising antigen.
Antibodies of the IgM class normally precede molecules of
the IgG class. The switch from one class to anotheris called
class orisotype switching.

A single type of immunoglobulin light chain can
combine with an antigen specific p chain to produce a
specific IgM molecule.

Subsequently, the same antigen specific light chain
combines with a ‘y-chain with an identical Vi region to
form an IgG molecule with antigen specificity identical to
that of the original IgM molecule.

Again the same light chain can also combine with an o-
heavy chain containing the identical Vi region to form an
IgA molecule with identical antigen specificity.

These three classes of immunoglobulins IgM, IgG and
IgA molecules against the same antigen have identical
variable domains of both their light V; chains and heavy
Vy chains and are said to share an idiotype. Idiotypes are
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the antigenic determinants formed by the specific amino
acids in the hyper variable regions.

1.

POLYCLONAL VS MONOCLONAL
ANTIBODY: HYBRIDOMA

Polyclonal antibody: In response to an antigenic
challenge the body produces different types of anti-
bodies against various antigenic determinants
(epitopes) of the antigen. The antibodies thus produced
are called polyclonal antibodies. Under such a
situation, the different “clones” of antibody forming
cells simultaneously synthesises the antibody. Diffe-
rent molecules will have different specificities and
affinities.

Example: Body produces polyclonal antibodies in response

to

all types of microbial infections (polyclonal gammo-

pathy).

2.

Monoclonal antibody: When one “clone” of antibody
producing cells secrete a particular type of antibody
against a particular antigenic determinant (epitope), it
is called monoclonal antibody.

Example: Monoclonal antibodies are produced in multiple
myeloma, a plasma cell tumour. In this paraprotein is
produced, which gives a sharp paraprotein band in 3 to y-

re
ga
°

Te

gion (M-band) in electrophoresis (monoclonal

mmopathy).
In vitro in the laboratory monoclonal antibodies can be
produced by the hybridoma technology.
Hybridoma: Hybridoma is a hybrid cell capable of
producing monoclonal antibodies. It has been possible
to fuse two different types of cultured animal cells, the
resulting “hybrid” cell contained the chromosome of
both the parent cells. Kohler and Milstein, in 1975,
first produced monoclonal antibodies from hybridoma
cells. They showed that cultured splenic cells from
mouse immunized with specific antigen can be fused
with that of cultured mouse myeloma cells. The hybrid
cells so produced will remain immortal in culture like
the myeloma cell and produce monoclonal antibodies
like the immunised splenic cells.

chnique: In principle, the technique of hybridoma cell

production is rather simple. It is shown schematically next
page top.
Steps

Preparation of immunised spleen cells: The antigen
against which monoclonal antibodies are required is
injected into a mouse, so that the mouse is immunised.
Dose, route and frequency of antigen administration
for optimal yield of monoclonal antibodies is standar-
dised. After the immunisation, the mouse is killed and
the spleen is removed. Spleen lymphocytes are
separated.

Properties of splenic cells

Lack proliferation, hence cannot be maintained in culture
for long periods

Can produce Igs against which the animal has been
immunised

HGPRTase +

HAT resistant

Properties of Myeloma Cells

Proliferation +, cells are self-propagating in tissue culture
and can be maintained indefinitely.

Cannot produce Igs (antibody).

Lacks the enzyme HGPRTase, hence they cannot
synthesize DNA by salvage pathway.

Preparation of mouse myeloma cells: Usually Sp 2/0
myeloma cell line derived from Bal b/cmouseis used
for preparation of hybridoma cell.

Preparation of cell mixture: Immunised splenic lym-
phocytes are mixed with mouse myeloma cells in the
ratio of 108: 2 x 107.

Fusion of the two cells: Fusion of the splenic cells with
myeloma cells is brought about by the addition of
polyethylene glycol (PEG-1500). Fused cell mixture is
maintained in tissue culture in “HAT” medium.

HAT medium: contains

* Hypoxanthine,

e Aminopterin, and

¢ Thymidine.

Aminopterin, a folic acid antagonist will inhibit the

“de Novo” synthesis of purines.

Hybridisation (Hybridoma): Result of fusion will be
production of hybridoma cells.

Hybrid of normal + normal cells lack proliferation,
hence the normal hybrids die in the culture medium in
5to 6 days.

Unfused myeloma cells also die in HAT medium as
they lack HGPRTase.

Only cells that survive are the hybrid cells formed by
fusion of normal immunised splenic cells and mouse
myeloma cells. Such hybridoma cells survive in the
culture medium because they can use hypoxanthine and
thymidine through salvage pathway.

Properties of Hybridoma Cell

Can propagate for indefinite period (Immortal).

Can secrete Igs.

Has HGPRTase enzyme, hence salvage pathway of purnie
synthesis can operate.
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* Proliferation +

« Igs secretion -ve

* HAT sensitive

+ HGPRTase -ve
(unfused myeloma cell

* Proliferation -ve

« Igs secretion+

* HAT resistant

+ HGPRTase+
(unfused normal cell

Mouse myeloma
cells

Splenic cells from mouse
immunised with specific
antigen

die) die in HAT medium due
to lack of HGPRTase)
Cell fusion in
PEG-1500
Fused cells

Microtiter plates in HAT
selective medium

Cells are cloned and subcloned
in plates containing small wells

8 to 10 days time

<+—— Lymphocytes hybrid develop

l (hybridoma cells)

Supernatent medium is tested
for specific desired monoclonal
antibody

* Propagation of Hybridoma Cells

— The monoclonal antibody producing hybrid cells
are cloned and subcloned (separated into indivi-
dual cells) in plates containing small wells.

— Supernatent medium is tested for specific antibody.
The cells producing desired antibody are selected.

— These cells are propagated in culture bottles or
injected into mice peritoneum where they are grown
in ascitic fluid.

Uses of Monoclonal Antibodies — Clinical Aspect

(a)Diagnostic Uses
* Monoclonal antibodies have been raised for the
diagnosis of many bacterial, viral and parasitic diseases.

I. Questions (Essay type and short notes)
1. Describe the chemistry and functions of immunoglobulins.

Short Notes

Structure of immunoglobulins
IgG vs IgM

Secretory component or “T” piece
IgE

Reaginic antibody

Hybridoma

mp a0 o

Differentiate

a. IgGandIgA
b. IgG and IgE

e Monoclonal antibodies have been used for blood
grouping.

e Also being used for standardisation and leucocyte
identification through the cluster differentiation (CD
antigen).

e Recently used against HLA antigens for phenotype
screening purposes.

(b) Therapeutic uses: Recently, monoclonal antibodies are
being used for treatment viz,

e Antitumour therapy

e Immunosuppression in organ transplantation

e And in autoimmune diseases, e.g. recently in
rheumatoid arthritis monoclonal CD, antibody tried.

Il. MCQs (Give one correct answer)

1. Which of the following immunoglobulin is a pentamer?

a. IgG b. IgM
c. IgA d. IgE
e. IgD

2. Immunoglobulin classes are differentiated from each other
on the basis of their:

Electrophoretic mobility

Molecular weight

By their light chains

By their heavy chains

. By Sedimentation co-efficient

3. The serum antibody responsible for fighting gram +ve
pyogenic bacteria is:

I
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a. IgD

c IgG

e. All of the above

Which of the following statement regarding immunoglo-

bulins is not true?

a. The two types of ‘L’ chains are ‘K" and A

b. Each immunoglobulin molecule contains both ‘K" and A
chains

¢. H-chains present in IgA molecule is two o chains

d. IgG molecule can pass through placenta

e. All of the above are true

Which of the following immunoglobulins can cross the

b. IgE
d. IgA

placenta?

a. IgM b. IgG

c. IgA d. IgE

e. IgD

Which of the immunoglobulin class has reaginic antibody?
a. IgG b. IgD

c. IgE d. IgM

e. IgA

All of the following statements concerning immuno-

globulins are true except:

a. The constant regions of “H’ chains are the same in each
class of Igs

b. IgG is the principal antibody in the serum

c. The ‘L’ chains are similar in each class of immuno-
globulins

d. IgA is the major immunoglobulin found in external
secretions

e. Ig classes are differentiated from each other by the ‘H’
chains

10.

11.

Which immunoglobulin contains highest concentration of
carbohydrates?
a. IgG

c IgA

e. IgE

Which of the following is example of IgM?

Rheumatoid factor (RF)

Antibody to somatic antigens of gram —ve bacteria
Natural anti-A and anti-B

Cold agglutinins

e. All of the above

In considering the properties of immunoglobulins, which
of the following statement is true?

Half-life of IgG is shorter than IgA and IgM
‘L’-chains determine the class of immunoglobulins
Less than 50 per cent of total immunoglobulins is IgG
In respiratory tract secretions, the predominant
immunoglobulin is IgA

e. IgA can cross placental barrier

For differentiating malignant from benign parapro-
teinaemias the following can be useful:

Measurement of serum proteins

Measurement of cryoglobulins

Measurement of serum immunoglobulins

Detection of polyclonal light chains in urine

None of the above

b. IgM
d. IgDh

an o

an o

Poaooe

Answers to MCQs

1. b
7. a

2. d

3. ¢ 5
8. d 9. e 10. d 11. c
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Major Concepts

CHEMISTIRY OF ENZYMES

A. To study what are enzymes, their general properties and classification.
B. To learn the mechanisms of enzyme catalysed reactions and various factors affecting enzyme activity.
C. To learn various types of enzyme inhibition and how the enzyme activity is regulated.

Specific Objectives
A. 1. Define enzyme.
2. What is meant by catalytic activity of enzymes?
Note that enzymes are protein in nature.
Learn what are coenzymes.
Study the role of metal ions in enzymes.

SRS )

examples from each class.

PwbhE

product concentration, presence of inhibitors or activators.

o0

S>>Km,S=Kmand S << Km.
C. Learn what is enzyme inhibition and various types of inhibition.

Competitive inhibition.

NogakowdpE

INTRODUCTION

Enzymes are another important group of biomolecules
synthesized by the living cells. They are catalysts of
biological systems (hence are called as biocatalysts),
colloidal, thermolabile and protein in nature. They are
remarkable molecular devices that determine the pattern
of chemical transformations. They also mediate the
transformation of different forms of energy. The striking
characteristics of enzymes are their catalytic power and
specificity. Actions of most enzymes are under strict
regulation in a variety of ways. Substances on which
enzymes act to convert them into products are called
substrates.

Study the nomenclature and classification of enzyme as approved by International Union of Biochemistry (IUB). Learn at least two

Know what is enzyme catalysed reaction and how an enzyme functions by lowering the energy of activation.

Define specificity of enzyme and learn different types of specificity.

Study Lock-and-Key theory and induced fit theory of mechanism of action of enzymes.

Learn various factors that affect the activity of enzyme, such as, pH, temperature, substrate concentration, enzyme concentration,

Know the Michaelis-Menten equation and significance of each term.
Know the importance and application of double reciprocal or Lineweaver-Burk plot and calculate enzyme velocity when

Nonspecific inhibition: List the various agents responsible for it.

Noncompetitive reversible inhibition, and noncompetitive irreversible inhibition.

Make a tabular form to show the difference between competitive and noncompetitive inhibition.
Learn examples of competitive inhibition in biological system: Clinically used drugs.

Study the various mechanisms by which enzyme activity is regulated, study allosteric enzyme.
Learn about control of enzyme degradation: Ubiquitin-protease pathway.

Catalytic Activity of Enzymes: Enzymes have immense
catalytic power and accelerate reactions at least a million
times, by reducing the energy of activation. Before a
chemical reaction can occur, the reacting molecules are
required to gain a minimum amount of energy, this is
called the energy of activation. It can be decreased by
increasing the temperature of the reaction medium. But
in human body which maintains a normal body tempe-
rature fairly constant, it is achieved by enzymes.

Protein Nature of Enzymes: In general with the exception
of ribozymes which are few RNA molecules with
enzymatic activity, all the enzymes are protein in nature
with large mol. wt. Few enzymes are simple proteins
while some are conjugated proteins. In such enzymes the
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non-protein part is called prosthetic group or coenzyme * Cobamide coenzyme
and the protein partis called as apoenzyme. The complete ¢ Lipoic acid
structure of apoenzyme and prosthetic group is called ) py, transfer of hydrogen
as holoenzyme. e NAD*, NADP*
Holoenzyme = Apoenzyme + Coenzyme ¢ FMNr FAP
(Protein part)  (Prosthetic e Lipoicacid
group) ¢ Coenzyme Q.

) . ) o In addition heme acts as coenzyme in cytochromes,
Certam enzymes with only one polypeptlde chainin  peroxidases and PG synthase complex. Many coenzymes
their structure are called as monomeric enzymes, e.g.  contain adenine, ribose and phosphate and are derivatives

ribonuclease. Several enzymes possess more than one  f adenosine monophosphate (AMP) such as NAD, FAD.
polypeptide chain and are called as oligomeric enzymes,

e.g. lactate dehydrogenase, hexokinase, etc. Each single
polypeptide chain of oligomeric enzymes is called as The activity of many enzymes depends on the presence
subunit. When many different enzyme catalysing reaction ~ of certain metal ions such as K*, Mg**, Ca**, Zn**, Cu*".
sites are located at different sites of the same e Metal activated enzymes: In certain enzymes the
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Role of Metal Ions in Enzymes

macromolecule, itis called as multienzyme complex. The metals form a loose and easily dissociable complex.
complex becomes inactive when it is fractionated into Such enzymes are called metal-activated enzymes.
smaller units each bearing individual enzyme activity, The metal ions can be removed by dialysis or any other
e.g. fatty acid synthetase, carbamoyl phosphate synthetase II, such method from the enzyme without causing any
pyruvate dehydrogenase, prostaglandin synthase, etc. denaturation of apoenzyme.

Coenzymes ® Metalloenzymes: The second category of metal
Certain enzymes require a specific, thermostable, low enzymes is called as metalloenzymes (Table 9.1). In
mol. wt, non-protein organic substance called as this case metal ion is bound tightly to the enzyme
coenzyme. A coenzyme may bind covalently or non- and is not dissociated even after several extensive
covalently to the apoenzyme. The term prosthetic group steps of purification.

denotes a covalently bonded enzyme. It is generally
observed that reactions involving oxidoreductions, group
transfers, isomerisation and covalent bond formation
require coenzyme.

Since the involvement of coenzyme in a given reaction
on a substrate is so intimate that coenzyme is often called
as cosubstrate or second substrate.

Many coenzymes are derived as the physiologically
active forms from the constituents of vitamin B-complex
viz, Pantothenic acid: CoASH, Vitamin B,,: Cobamide,

NAD, Riboflavin: FVIN, FAD, Pyridoxine: Pyridosat
NADP, Riboflavin: FMN, FAD, Pyridoxine: Pyridoxal = e 4

Metals play variety of roles such as:

® They help in either maintaining or producing (or
both), active structural conformation of the enzyme,
Formation of enzyme-substrate complex,

Making structural changes in substrate molecule,
Accept or donate electrons,

Activating or functioning as nucleophiles, and
Formation of ternary complexes with enzyme or
substrate.

phosphate, Thiamine: TPP. Metal Enzymes
Copper Superoxide dismutase, cytochrome oxidase,
Classification of Coenzymes tyrosinase, lysyl oxidase.
C be cl ified di h Calcium Lipase, lecithinase
oenzymes can be c as.S} led according FO the group Iron Catalase, xanthine oxidase, peroxidase cytochrome
whose transfer they facilitate. Based on this concept we e —
may classify coenzymes as follows: Manganese Hexokinase, enolase, phosphoglucomutase,
(a) For transfer of groups other than hydrogen glycosyl transferase
° Sugar phosphates, Magnesium Hexokinase, enolase, glucose-6-phosphatase,
e (CoASH phosphofructokinase
e Thiamine pyrophosphate (TPP) Molybdenum  Xanthine oxidase
Zinc Carbonic anhydrase, alcohol dehydrogenase,

¢ Pyridoxal phosphate
¢ Folate coenzymes
e Biotin

carboxy peptidase, alkaline phosphatase (ALP),
lactate dehydrogenase (LDH).
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Enzymes are generally named after adding the suffix ‘ase
to the name of the substrate, e.g. enzymes acting on
nucleic acids are known as nucleases, enzymes hydro-
lysing dipeptides are called dipeptidases. Eventhough few
exceptions such as trypsin, pepsin, and chymotrypsin are
still in use. Further, few enzymes exist in their inactive
forms and are called as proenzymes or zymogens, e.g.
pepsin has pepsinogen as its zymogen. The zymogens
become active after undergoing some prior modification
in its structure by certain agents. Many times the active
form of enzyme acts on zymogen and catalyses its
conversion into active form and this process is called as
autocatalysis.

In order to have a uniformity and unambiguity in
identification of enzymes, International Union of Bio-
chemistry (IUB) adopted a nomenclature system based
on chemical reaction type and reaction mechanism.
According to this system, enzymes are grouped in six
main classes.
® Each enzyme is characterised by a code number

(enzyme code No. or E C No) comprising four figures

(digits) separated by points, the first being that of

the main class (one of the six).

® The second figure indicates the type of group involved
in the reaction.

e Third figure denotes the reaction more precisely
indicating substrate on which the group acts.

o The fourth figure is the serial number of the enzyme.
Briefly, the four digits characterise class, sub-class,
sub-sub-class and serial number of a particular
enzyme.

Six classes are:

1. Oxidoreductase: Enzymes involved in oxidations and
reductions of their substrates, e.g. alcohol dehydrogenase,
lactate dehydrogenase, xanthine oxidase, glutathione reductase,
glucose-6-phosphate dehydrogenase.

2. Transferases: Enzymes that catalyse transfer of a particular
group from one substrate to another, e.g. aspartate and
alanine transaminase (AST/ALT), hexokinase, phospho-
glucomutase, hexose-1-phosphate uridyltransferase, ornithine
carbamoy! transferase, etc.

3. Hydrolases: Enzymes that bring about hydrolysis, e.g.
glucose-6-phosphatase, pepsin, trypsin, esterases, glycoside
hydrolases, etc.

4. Lyases: Enzymes that facilitate removal of small molecule
from a large substrate, e.g. fumarase, arginosuccinase,
histidine decarboxylase.

5. Isomerases: Enzymes involved in isomerisation of
substrate, e.g. UDP-glucose, epimerase, retinal isomerase,
racemases, triosephosphate isomerase.
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6. Ligases: Enzymes involved in joining together two
substrates, e.g. alanyl-t. RNA synthetase, glutamine
synthetase, DNA ligases.

Many times the word ‘OTHLIL’ is used to remember the
six classes.

SPECIFICITY OF ENZYMES

Another important property of enzymes is their speci-
ficity. The specificity is of three different types namely:
1. Stereochemical specificity,
2. Reaction specificity, and
3. Substrate specificity.

Stereospecificity

1. Optical Specificity
There can be many optical isomers of a substrate.
Howevwver, it is only one of the isomers which acts as
a substrate for an enzyme action, e.g. for the oxidation
of D- and L-amino acids, there are two types of
enzyme which will act on D- and L-isomers of amino
acids. Secondly there can be a product of enzyme
action which can have isomers. However, it is only
one kind of isomer which will be produced as a
product, e.g. Succinic dehydrogenase while acting on
succinic acid will give only fumaric acid and not malic
acid which is its isomer.

2. Reaction Specificity

A substrate can undergo many reactions but in a
reaction specificity one enzyme can catalyse only one
of the various reactions. For example, oxaloacetic acid
can undergo several reactions but each reaction is
catalysed by its own separate enzyme which catalyses
only that reaction and none of the others.

3. Substrate Specificity

The extent of substrate specificity varies from enzyme
to enzyme. There are two types of substrate specificity
viz, absolute specificity and relative specificity
* Absolute specificity is comparatively rare such
as urease which catalyses hydrolysis of urea.
* Relative substrate specificity is further divided
as:
¢ Group dependent or
¢ Bond dependent.
Examples of group specificity are trypsin,
chymotrypsin. Trypsin hydrolyses the residues of
only lysine and arginine, while chymotrypsin
hydrolyses residues of only aromatic amino acids.
4. Bond Specificity

Bond specificity is observed in case of proteolytic
enzymes, glycosidases and lipases which act on peptide
bonds, glycosidic bonds and ester bonds respectively.

OML1 NOILI3S
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Fig. 9.1A: Template or lock-and-key model

Template model

Induced-fit model

Fig. 9.1B: Models for enzyme-substrate interaction

MECHANISM OF ENZYME ACTION

Michaelis and Menten have proposed a hypothesis for
enzyme action, which is most acceptable. According to
their hypothesis, the enzyme molecule (E) first combines
with a substrate molecule (S) to form an enzyme-
substrate (ES) complex which further dissociates to form
product (P) and enzyme (E) back. Enzyme once
dissociated from the complex is free to combine with
another molecule of substrate and form product in a
similar way.

The ES complex is an intermediate or transient
complex and the bonds involved are weak non-covalent
bonds, such as H-bonds, Van der Waals forces, hydro-
phobic interactions. Sometimes two substrates can bind
to an enzyme molecule and such reactions are called as
bisubstrate reactions. The site to which a substrate can
bind to the enzyme molecule is extremely specific and is
called as active site or catalytic site. Normally the mole-
cular size and shape of the substrate molecule is extremely
small compared to that of an enzyme molecule. The active
site is made up of several amino acid residues that come
together as a result of foldings of secondary and tertiary
structures of the enzyme. So, the active site possesses a
complex three dimensional form and shape, provides a
predominantly non-polar cleft or crevice to accept and
bind the substrate. Few groups of active site amino acids
are bound to substrate while few groups bring about
change in the substrate molecule.

MODELS OF ENZYME-SUBSTRATE
COMPLEX FORMATION

These interactions have been described basically of two
types.
1. Template or Lock-and-Key Model
This model was originally proposed by Fischer which
states that the active site already exists in proper

conformation even in absence of substrate. Thus the
active site by itself provides a rigid, pre-shaped
template fitting with the size and shape of the
substrate molecule. Substrate fits into active site of
an enzyme as the key fits into the lock and hence it is
called the lock-and-key model. This model proposes
that substrate binds with rigid pre-existing template
of the active site, provides additional groups for
binding other ligands. But this cannot explain change
in enzymatic activity in presence of allosteric
modulators (Figs 9.1A and B).

. Induced-Fit or Koshland Model

Because of the restrictive nature of lock-and-key
model, another model was proposed by Koshland in
1963 which is known as induced-fit model. The
important feature of this model is the flexibility of
the region of active site. According to this, active site
does not possess a rigid, preformed structure on
enzyme to fit the substrate. On the contrary, the
substrate during its binding induces conformational
changes in the active site to attain the final catalytic
shape and form (Fig. 9.2). This explains several matters
related to enzyme action such as:

* Enzymes become inactive on denaturation,

e Saturation kinetics,

e Competitive inhibition, and

e Allosteric modulation.

tvs
A
@

Fig. 9.2: Induced-fit model
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Fig. 9.3: The hyperbolic curve of reaction velocity (V) against substrate
concentration (S). K, is the substrate concentration at %2 V ;.

KINETIC PROPERTIES OF ENZYMES

Kinetic analysis of enzymes was used for characterization
of enzyme-catalysed reactions even before enzymes had
been isolated in pure form.

One of the first things that is measured in kinetic
analysis is the variation in rate of reaction with substrate
concentration. For this purpose a fixed low concentration
of enzyme is used in a series of parallel experiments in
which only the substrate concentration is varied. Under
these conditions initial velocity increases until it reaches
a substrate independent maximum velocity at substrate
concentration (Fig. 9.3).

The saturation effect is believed to reflect the fact that
all the enzyme binding sites are occupied with substrate.
This interpretation of the substrate saturation curve led
Hensi, Michaelis and Menten to develop a general
treatment of kinetic analysis of enzyme catalyzed
reactions. As already mentioned:

Ky K;
E+S —= ES _——= E+P ..(1)
Ky Ky

Where E is the free enzyme, S is the substrate, ES is
enzyme-substrate complex, P is the product, K; is the rate
constant for the formation of ES, K, is the rate constant
for the dissociation of ES to E and S and Kj is the rate
constant for the dissociation of ES complex into E and P.

Rate of formation of ES

Rate of formation = K; [Et] -[ES] [S] .. (2)
Rate of dissociation of ES

Rate of dissociation = K, [ES] + K; [ES] ..(3)

Steady state is attained when rate of formation of ES is
equal to rate of dissociation,

K; [Et] - [ES] [S] = K, [ES] + K; [ES] ..(4)
Separation of rate constants

The left side of equation (4) is multiplied to give:
K, [Et] [S] - K, [ES] [S]
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and right side is simplified to give
[K, + K5] [ES].
We then have,
K, [Et] [S] — K, [ES] [S] = [K, , K] [ES].
On transposing and changing sign we get,
K [Et] [S] = K, [ES] [S] + [K, , K;] [ES].
On further simplifying and rearranging,
K, [Et] [S .5
rg) - K [EAIS] (5)
Ki[S]+ K, + Ky
Definition of initial velocity V,in terms of [ES]:
The initial velocity, according to Michaelis and Menten

theory is determined by the rate of dissociation of [ES]in
reaction (1) whose rate constant is K3. So we get,

OML1 NOILI3S

V,=K,[ES]
Substituting value of ES from equation (S) we get
K, [E] [S] .. (6)

° IS+ [Ks + Kol /Ky
Now let us simplify further by defining K

K; + K,

(the Michaelis-Menten Constant) as and by

1
defining V.. as K, [Et], i.e. the rate when all the avail-
able E is present as ES. On substituting these terms in
equation (6).
Vmax [S]
\%

® [S1+K,.

This is called the Michaelis-Menten equation, the rate
equation for one substrate-enzyme catalysed reaction. It
is a statement of the quantitative relationship between
the initial velocity V, the maximum velocity V.. and
the initial substrate concentration, all related through the
Michaelis-Menten constant K.

* Animportant relationship is observed when the initial

reaction rate is exactly one-half the V... Then,
Vmax _ Vmax [S]
2 K,+I[9]
Divide by V.«
o SI
Ky +[S]

Solving for K, we get
K, +[S]=2[S]
Ky, =1[S]

The Michaelis-Menten equation can be algebraically
transformed into equivalent equations that are useful in
the practical determination of K, and V_,,.. Therefore,
K,, is equal to substrate concentration at which the
velocity is half the maximum.
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The initial velocity V, is directly proportional to the
molar concentration [S] of the substrate when substrate
concentration is very low as compared to K .. In this stage,
a single substrate enzyme reaction is a first order reaction,
its rate depending on conc. of single reactant.
¢ When

S << K.
~ K, +[S]=K,,

V Vmax [S] Vmax [S] K S
° K, +[S] K, (5]

Vv
Where K is a new constant equalling % because
m

both V., and K, are constants for a particular enzyme.

e When S>> K, the initial velocity attains its V,,, and

becomes independent of [S]. The reaction now turns
into a zero-order reaction.

Lineweaver-Burk Double-Reciprocal Plot
It is difficult to estimate V ,, from the position of an
asymplote, asin therectangular hyperbola (Fig. 9.4), linear
transforms of the Michaelis-Menten equation are often
used.

1 1 K, 1

—= —+ -
vV Vv \Y

max

(Y = b + mx) gives a straight line where m is the slope
and (b) is y intercept of the regression of y on x. Figure 9.4
shows the straight line graph obtained by plotting 1/V
against 1/[S]. Where y intercept =1/V/,.,, the x intercept =
-1/K,, and the slope =K /V .

Eadie-Hofstee Transform: This is used to avoid the bun-
ching of values that occurs about the lower end of the
double-reciprocal plot. The Eadie-Hofstee transform can
be written as:

ax,

V=1V

max

Y =b+mx.

S
K
L
B == L
(s]

Fig. 9.4: Lineweaver-Burk plot

€« V,

Slope = - K,

VI[g] —
Fig. 9.5: Eadie-Hofstee transform
Figure 9.5 shows the straight line graph obtained by

plotting V against V/[S], where the Y intercept = V
the X intercept = V,,,,/K,, and the slope = -K,..

max/

FACTORS AFFECTING ENZYME ACTION

Activity of enzymes is markedly affected by several

factors such as temperature, pH, conc. of other substances,

presence of activators or inhibitors, etc.

1. Effect of Temperature
Each enzyme is most active at a specific temperature
which is called its optimum temperature. Temperature
increases the total energy of the chemical system with
the result the activation energy is increased. The exact
ratio by which the velocity changes of 10°C
temperature rise is the Q,, or temperature coefficient.
Reactions velocity almost doubles with 10°C rise
(Qq = 2) in many enzymes. Activity of enzyme
progressively decreases when the temperature of
reaction is below or above the optimum temperature.
However, increase in temperature also causes
denaturation of enzyme.

Note

The shape of the curve is bell-shape. Most of the enzymes

of human system have an optimum temperature within

the range of 35-40°C. Thus, the optimum temperature is

that temperature at which the activity of the enzyme is

maximum (Fig. 9.6).

100%
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Fig. 9.6: Effect of temperature on
enzymatic reaction
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Fig. 9.7: Effect of pH on enzymatic ‘reaction’

Effect of pH

The rate of enzymatic reaction also depends on pH of
the medium. The enzymatic activity is maximum at a
particular pH which is called its optimum pH. The
optimum pH of most enzymes lies in the range of
4-9 (Fig. 9.7).

Hydrogen ions in the medium may alter the ionisation
of active site or substrates. Ionisation is a requirement
for ES complex formation and

pH may influence the separation of coenzyme from
holoenzyme complex. At a very low or high pH the
H-bonds may be inactivated in the protein structure,
destroying its 3D structure. The optimum pH may
vary from substrate to substrate for an enzyme acting
on a number of substrates because of the ES complex
formation and ionisation will vary from substrate to
substrate.

Effect of Enzyme Concentration

In the beginning velocity of the enzymatic reaction is
directly proportional to the enzyme concentration.
When the substrate conc. is in large excess exceeding
that of V,,,, because enzyme is the limiting factor in
the enzyme-substrate reaction and providing more
enzyme molecules enables the conversion of
progressively larger numbers of substrate molecules
(Fig. 9.8).

Effect of Product Concentration
Products formed as a result of enzymatic reaction may
accumulate and this excess of product may lower the

Enz. activity
(Rate of reaction)

—l
Enz. concn.

Fig. 9.8: Effect of enzyme concentration
on enzymatic reaction

Chemistry of Enzymes 127

c
v
. vi2

tv

vi2

v

4 [S]

s

Fig. 9.9: Effect of substrate concentration
on enzymatic reaction

enzymatic reaction by occupying the active site of the
enzyme. It is also possible that under certain
conditions of high concentration of products a reverse
reaction may be favoured forming back the substrate.

5. Effect of Substrate Concentration
As already described a known quantity of enzyme,
the reaction is directly proportional to the substrate
concentration. However, thisis true only up toa certain
concentration after which the increasing concentration
of substrate does not further increase the velocity of
reaction (Fig. 9.9).

6. Effect of Activators and Coenzymes
The activity of certain enzymes is greatly dependent
of metal ion activators and coenzymes. The role of
metal ions and coenzymes is already discussed.

7. Effect of Modulators and Inhibitors

Whenever the active site is not available for the
binding of the substrate the enzyme activity may be
reduced. The substances which stop or modify the
enzymatic reaction are called inhibitors or
modulators. Presence of these substances in reaction
medium can adversely affect the rate of enzymatic
reaction.

8. Effect of Time

The time required for completion of an enzyme
reaction increases with decreases in temperature from
its optimum. However under the optimum conditions
of pH and temperature time required for enzymatic
reaction is less.

ENZYME INHIBITION

Enzymes are protein and they can be inactivated by the
agents that denature them. The chemical substances
which inactivate the enzymes are called as inhibitors and
the process is called as enzyme inhibition. Inhibitors are
sometimes referred to as negative modifier. They may be
small inorganic ions, or organic substances. Enzyme
inhibition is classified under three major groups:
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e Competitive inhibition (Reversible).

* Nomn-competitive inhibition (Irreversible or
reversible).

e Allosteric inhibition.

1. Competitive Inhibition

When the active site or catalytic site of an enzyme is
occupied by a substance other than the substrate of
that enzyme, its activity is inhibited. The type of
inhibition of this kind is known as competitive
inhibition. This is a type of reversible inhibition. In
such inhibition both the ES and EI (Enzyme-Inhibitor)
complexes are formed during the reaction. However,
the actual amounts of ES and EI will depend on:

o Affinity between enzyme and substrate/inhibitor,

e Actual concentrations (amounts) of substrate and

inhibitor present, and

¢ Time of preincubation of enzyme with the

substrate or inhibitor.

So the affinity of the substrate for the enzyme is
progressively decreased with the increase in conc. of
inhibitor lowering the rate of enzymatic reaction. Thus,
the K, is high,but V,, . is the same in competitive inhibi-
tion. However, when the concentrated substrate is incre-
ased, the effect of inhibitor can be reversed forcing it out
from EI complex.

Following are few examples of competitive inhibitors.

Enzyme Substrate  Competitive inhibitor

e Lactate Lactate Oxamate
Dehydrogenase

e Aconitase Cisaconitate Transaconitate

e Succinate Succinate Malonate
Dehydrogenase

e HMG-CoA HMG-CoA HMG
Reductase

e Dihydrofolate 7,8 Dihydrofolate Amethopterin
Reductase

Diagrammatic presentation of competitive inhibition
is given in Figure 9.10.

EXAMPLES OF COMPETITIVE INHIBITION IN
BIOLOGICAL SYSTEM—DRUGS USED CLINICALLY

e Allopurinol: A drug used for treatment of Gout. Uric acid
is formed in the body by oxidation of hypoxanthine by the
enzyme Xanthine oxidase. Allopurinol structurally
resembles hypoxanthine and thus by competitive
inhibition, the drug inhibits the enzyme xanthine oxidase
thus reducing uric acid formation.

* Sulphonamides:Avery commonly used antibacterial agent.
Para-aminobenzoic acid (PABA) is essential for synthesis
of folic acid by the enzyme action. Folic acid is needed for
bacterial growth and survival. Bacterial wall isimpermeable
to folic acid. Sulphonamide drugs are structurally similar to
PABA and competitively inhibit enzyme action. Thus, folic

acid is not synthesised and growth of bacteria suffers and
they die.

* Methotrexate: A drug used for cancer therapy. Chemically
it is 4-amino-N'%-methyl folic acid. The drug structurally
resembles folic acid. Hence it competitively inhibits “folate
reductase” enzyme and prevents formation of FH,. Hence,
DNA synthesis suffers.

e MAO inhibitors: The enzyme Monoamine oxidase (MAO)
oxidises pressor amines catecholamines, e.g. epinephrine
and norepinephrine. Drugs Ephedrine and Amphetamine
structurally resemble catecholamines. Thus, when
administered they can competitively inhibit the enzyme
“MAQ” and prolong the action of pressor amines.

e Physostigmine: “Acetylcholinesterase” is the enzyme
which hydrolyses acetylcholine to form choline and acetate.
Physostigmine is a drug which competitively inhibits acety!-
cholinesterase and prevents destruction of acetylcholine.
Thus, continued presence of acetylcholine in post-synaptic
region prolongs the neural impulse.

e Dicoumarol: Used as an anticoagulant. It is structurally
similar to vitamin K and can act as an anticoagulant by
competitively inhibiting vitamin K.

e Succinylcholine: ltis used as a muscle relaxant. Succinyl-
cholineis structurally similar to acetylcholine. It competitively
fixes on post-synaptic receptors. Asitis not hydrolysed easily
by the enzyme acetylcholinesterase, produces continued
depolarisation with consequent muscle relaxation.

-3

Enzyme-Substrate

Substrate (S) Complex (S)

"
Enzyme \

E
=) Inhibitor
(

Enzyme-Inhibitor
Complex (El)

Fig. 9.10: Competitive inhibition

2. Non-competitive Inhibition (Fig. 9.11)

This is of two different types namely (i) reversible and
(ii) irreversible. This occurs when the substances not
resembling the geometry of the substrate do not
exhibit mutual competition. Most probably the sites
of attachment of the substrate and inhibitor are
different. The inhibitor binds reversibly with a site on
enzyme other than the active site. So the inhibitor may
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Inhibitor site
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® > ®
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Fig. 9.11: Non-competitive inhibition

combine with both free enzyme and ES complex. This
probably brings about the changes in 3D structure of
the enzyme inactivating it catalytically. In non-
competitive inhibition V,,,, is lowered, but K, is kept
constant. If the inhibitor can be removed from its
site of binding without affecting the activity of the
enzyme, it is called as Reversible-Non-competitive
Inhibition. However, if the inhibitor can be removed
only at the loss of enzymatic activity, it is known
as Irreversible Non-competitive Inhibition. How-
ever, the kinetic properties in case of both are the
same.
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+ Noncompetitive
inhibitor

+ Competitive
inhibitor

No inhibitor

Fig. 9.12: Lineweaver-Burk plot for normal and competitive and non-

competitive inhibition

Figure 9.12 gives graphical presentation of Line-

weaver-Burk double reciprocal plot in case of competitive
and non-competitive inhibition.

Table 9.2 gives the differences that are observed

between competitive and non-competitive inhibition.

Examples of Non-competitive
Irreversible Inhibitors

Iodoacetate: Anirreversible inhibitor of enzymes like
glyceraldehyde-3-p dehydrogenase and papain. It
combines with—-SH group at the active site of the
enzyme inactivating the enzyme.

Table 9.2: Differentiation of competitive and non-competitive inhibitions

Competitive inhibition

Reversible

Inhibitor and substrate resemble each other in structure
Inhibitor binds the active site

Vnax IS Same

K., increased

Inhibitor cannot bind with ES complex

Lowers the substrate affinity to enzyme

Complex is E-|

Michaelis-Menten equation changed to

Vinax [S]

1+(1)
K n +S

© 0o NDORWDNPE

10. Lineweaver-Burk plot:

1 _ Ky (|)
Vv Bl

1

[5]

Eadie-Hofstee plot: No change in'Y intercept (V4 but
possesses steeper slope and smaller X intercept

11.

10.

11.

@@ OS @[

Non-competitive inhibition

Reversible or Irreversible

Does not resemble

Inhibitor does not bind the active site

Vmax lowered

K, unaltered

Inhibitor can bind with ES complex

Does not change substrate affinity for the enzyme
Complex is E-S-I or E-I

Michaelis-Menten equation changed to:

Vinax [S]

1+(1)
T l [Km] + [S]

Lineweaver-Burk plot:

1 _ (|)
Vo vmax [+ 1>

(|)
[S] tl+-=]

Eadie-Hofstee plot: No change in slope (-K,,) but
Y intercept is lowered and X intercept declines in value
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e Heavy metal ions like Ag, Hg also act as irreversible
noncompetitive inhibitor.

* Fluoride: Inhibits the enzyme emolase by removing

Mg** and Mn** and stops glycolysis.

BAL (British anti Lewesite): Called Dimercaprol,

used as antidote for heavy metal poisoning. The heavy

metals act as enzyme poisons by reacting with -SH

groups. BAL has several -SH groups with which the

heavy metal ions react, thus removing their poisonous

effects.

Disulfiram (Antabuse): Used in treatment of

alcoholism, the drug irreversibly inhibits the enzyme

aldehyde dehydrogenase preventing further oxidation

of acetaldehyde which accumulates and produces

sickening effect leading to aversion to alcohol.

e Di-isopropyl fluorophosphate (DFP): Inhibits
enzymes with serine in their active site e.g. acetyl-
choline esterase.

Suicide Inhibition

It is a special type of irreversible noncompetitive
inhibition. In this type of inhibition, substrate analogue
is converted to a more effective inhibitor with the help
of the enzyme to be inhibited. The so formed new
inhibitor binds irreversibly with the enzyme.

Examples

¢ Allopurinol
The best example of suicide inhibition. The drug is
used in treatment of gout, as it inhibits the enzyme
xanthine oxidase thus decreasing the uric acid
formation. But allopurinol gets oxidised by the enzyme
xanthine oxidase itself to form “alloxanthine” a more
potent effective and stronger inhibitor of xanthine
oxidase thus potentiating the action of allopurinol.

* Aspirin
Most commonly used drug for relieving pain. Anti-
inflammatory action of aspirin is also based on the
suicide inhibition. Aspirin acetylates a serine residue
in the active centre of cyclooxygenase thus inhibiting
the PG synthesis and the inflammation.

® 5-fluorouracil
Used in cancer therapy, 5-fluorouracil (5-Fu) is
converted to fluorodeoxyuridylate (Fdump) by the
enzymes of the salvage pathway. Fdump so formed
inhibits the enzyme thymidylate synthase thus
inhibiting nucleotide synthesis.

3. Allosteric Inhibition and Allosteric Enzymes

There is a mixed kind of inhibition when the inhibitor
binds to the enzyme at a site other than the active site

Positive
‘:‘{nodulator
Vmax \ iz
¥ Negative
modulator
aly No modulator
2 Vinax
%
Tl R
oK Ko [S] —

Fig. 9.13: Sigmoid kinetics, allosteric inhibition

but on a different region in the enzyme molecule
called allosteric site. Allosteric inhibition does not
follow the Michaelis-Menten hyperbolic kinetics.
Instead it gives a sigmoid kinetics (Fig. 9.13).
Allosteric inhibitors shift the substrate saturation
curve to the right. However as opposite to inhibitors,
the presence of activators shifts the curve to the left.

Types: Allosteric enzymes are of K and M series according

to their kinetics.

e In K-enzymes, e.g. aspartate carbamoylase and phospho-
fructokinase, the allosteric inhibitor lowers the
substrate affinity to raise the K of the enzyme; but
the V., is unchanged.

* InM-enzymes,e.g. acetyl-CoA carboxylase, the allos-
teric inhibitor reduces the maximum velocity but no
changeinK_, orsubstrate affinity. Allostericactivators
produce a fall in K enzymes and a rise in V,,,, in M
enzymes.

* When the final product allosterically inhibits the
enzyme, it is called as feedback allosteric inhibition.

Allosteric Enzyme

Aspartate transcarbamoylase is
a model allosteric enzyme

Aspartate transcarbamoylase (ATCase) catalyses the first
reaction unique to pyrimidine biosynthesis. ATCase is
feedback inhibited by cytidine triphosphate (CTP). Following
treatment with mercurials, ATCase loses its sensitivity to
inhibition by CTP but retains its full activity for carbamoyl
aspartate synthesis. This suggests that CTP is bound at a
different (allosteric) site from either substrate. ATCase
consists of multiple catalytic and regulatory protomers. Each
catalytic protomer contains four aspartate (substrate) sites
and each regulatory protomer atleast two CTP (regulatory
sites).



Aspartic acid + carbamoyl PO,

(!

Carbamoyl aspartate

Aspartate trans-
carbamoylase

© !

0l Series of reactions (six)
\x
Cytidine triphosphate (CTP)
(End product)

Another example of allosteric enzyme and inhibition:
Synthesis of isoleucine from threonine involves at least
5 steps of enzymatic reactions. Isoleucine, the end pro-
duct, inhibits the first enzyme threonine deaminase and
stops its own synthesis.

Threonine

> Threonine
deaminase

o-ketobutyrate
©) 4 (4 steps more)
4

L

Isoleucine
(End product)

A metabolite may also cause feed-forward allosteric
activation of an enzyme for a subsequent step of its
metabolism, e.g. F 1,6-biphosphate allosterically
activates pyruvate kinase catalysing subsequent step.
An allosteric effector oppositely influences two
allosteric enzymes catalysing reverse reactions. For
example, AMP allosterically activates phosphofructo-
kinase and allosterically inhibits FDpase.

Following box gives some examples of allosteric

modulation.

Name of enzyme Allosteric Allosteric
activator inhibitor

Glutamate ADP ATP, NADH
Dehydrogenase
Hexokinase, ICD ADP G-6-P, ATP
Protein kinases c-AMP —
Pyruvate carboxylase Acetyl-CoA ADP

In oligomeric enzymes, the allosteric site and active
site are located on different subunits. Changes in the
enzyme-substrate interaction due to the allosteric
effects of regulatorymolecules otherthan the substrate
are called heterotropic allosteric modulations. Allos-
tericactivators and inhibitors exhibitrespectively posi-
tive and negative cooperativities with the substrates.
Binding of substrate to one protomer enhances the
binding of the same to another protomer or another
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substrate binding site on the same enzyme molecule.
When the binding of a substrate enhances the interac-
tion between the allosteric enzyme and more molecules
of the same substrateitis homotropic allosteric effect.

FEEDBACK REGULATION VS
FEEDBACK INHIBITION

Feedback regulation and feeback inhibition are not
synonymous and they are different.

In both mammalian and bacterial cells, end-products

“feedback” and control their own synthesis. In many
instances, this involves feedback inhibition of an early
biosynthetic enzyme. It is necessary to distinguish
between “feedback regulation” and feedback inhibition,
a mechanism for regulation of many bacterial and
mammalian enzymes.

Example

Dietary cholesterol restricts the synthesis of
cholesterol from acetate in mammalian tissues. This
is feedback regulation.

This feedback regulation, however, does not
appear to involve “feedback inhibition” of an early
enzyme of cholesterol biosynthesis. An early enzyme
'HMG-CoA reductase’ is affected, but the mechanism
involves curtailment by cholesterol or a cholesterol
metabolite of the expression of the gene that encodes
"HMG-CoA reductase’, i.e. enzyme repression. Choles-
terol added directly to "HMG-CoA reductase’” has no
effect on its catalytic activity.

CONTROL OF ENZYME DEGRADATION:

UBIQUITIN-PROTEASE PATHWAY

In animals, many proteins are degraded by the ubiquitin-
protease pathway. This pathway was discovered by
Aaron Ciechanover, A Hershko and Irwin Roose who got
Nobel Prize.

Proteosome 26s Protein

Comprises of more than 30 polypeptide subunits,
which are arranged in the form of a hollow cylinder.
Active sites of its proteolytic subunits face the interior
of the cylinder, thus preventing the indiscriminate
degradation of cellular proteins.

Proteins requiring degradation are targeted to the
proteosome by “Ubiquitination”—the process in
which there is covalent attachment of one or more
ubiquitin molecules.

Ubiquitin: It is a small, approximately 7s residue protein
that is highly conserved among eukaryotes.

Ubiquitination: It is catalysed by a large family of
enzymes called “E; Ligases”, which attach ubiquitin to
the side chain amino group of lysyl residues.
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Ubiquitin-proteasome pathway is responsible both for:

e The regulated degradation of selected cellular
proteins, for example cyclins, in response to specific
intra or cellular signals and

e For the removal of defective or aberrant protein
species

Mechanism

The key to the versatility and selectivity of the ubiquitin-
proteasome system resides in both the variety of
intracellular E3 ligases and their ability to discriminate
between different physical or conformational states of a
target protein.

Thus the ubiquitin-proteasome pathway can
selectively degrade proteins whose physical integrity and
functional competency has been compromised:

* By the loss of or damage to a prosthetic group,

* Oxidation of cysteine or histidine residues or

* Deamination of asparagines or glutamine residues

Recognition by proteolytic enzymes also can be regu-
lated by covalent modifications such as phosphorylation,

binding of substrates or allosteric effectors or association
with membranes, oligonucleotides or other proteins.

Clinical Significance

Evidences now suggest that dysfunctions of the ubiquitin-
proteasome pathway contribute to the accumulation of
aberrantly folded protein species characteristic of several
neurodegenerative diseases.

Uses of Enzymes

Enzymes are used as follows:

(a) Enzymes estimation in serum and body fluids for
diagnosis and prognosis

(b) Enzyme used as laboratory reagent

(c) Therapeutic uses of enzymes

(a) Enzyme estimation in serum and body fluids: Various
enzyme estimations in serum and body fluids viz. CS
fluid, peritoneal/pleural fluids have been used for
diagnosis and prognosis of diseases. Serial estimations
of Alanine transaminase (AL-T) in serum have been used

THERAPEUTIC USES OF ENZYMES

Name of the enzyme Awvailability

A. Enzymes used systemically
e Streptokinase and

e Urokinase

Pure stabilised

e Streptokinase available
750,000 to 15,00,000 IU vial

e Urokinase—50,000 to 500,000
1U vial

Available as “Leunase”. 10,000
KU of L-Asparaginase per vial

® L-Asparaginase

® Digestive enzymes
Amylase, lipase
and protease

* a-chymotrypsin

Available as tablets and syrup

5.775 mg sublingual tablets

® Serratopeptidase 5 mg tablet

B. Enzymes used locally
¢ Hyaluronidase Available as “Hyalase” 1500

1U per ml.

Mechanism of action

Increases amounts of proteolytic

enzyme “plasmin” by either

¢ Increasing the circulating level
of its precursor “plasminogen” or

e Increasing the conversion of
plasminogen to plasmin.
Plasmin acts directly on “fibrin”
breaking it down to achieve
thrombolysis (Fig. 9.14)
Certain tumour cells require
L-Asparagine for growth
L-Asparaginase hydrolyses
L-Asparagine and growth of
tumour cell suffer

Replacement therapy in pancreatic

insufficiency

Mucolytic and proteolytic activity

Fibrinolytic activity, high bradykinin
decomposing activity, and potent
caseinolytic activity

Brings about depolymerisation of
ground substance and helps in
absorption of fluids

Indications

Acute myocardial infarction
Acute thrombosis of arteries
Deep vein thrombosis (DVT)
Pulmonary embolism

e Acute leukaemia
e Malignant lymphomas

e Cystic fibrosis

¢ Chronic pancreatitis

¢ Following pancreatectomy

Used as adjunct therapy

¢ In management of inflam-
matory oedema due to injury,
Postsurgical infections and
dental procedures

o Effective adjunct in inflam-
mation after traumatic injury
and after operation

e Subconjunctival bleeding

* Promotes diffusion of fluids
given subcutaneously (SC)
e Intra-articular injection
in joints to alleviate pain
in osteoarthritis



for prognosis of viral hepatitis (for details—refer to
chapter on “Enzymes and Isoenzymes of Clinical
Importance”).

(b) Enzyme used as laboratory reagent: Some enzymes
are used for estimation of biomolecules in serum.

Examples

* “Glucose oxidase” enzyme is used for estimation of
“true glucose” in blood and body fluids.

* Enzyme “uricase” is used for estimation of serum uric
acid.

* Enzyme “urease” is used for estimation of urea in
blood and body fluids.

(c) Therapeutic uses of enzymes: Enzymes have been
used for treatment purposes. Some of the enzymes used
therapeutically are given in the box.

I. Questions (Essay type and short notes)

1. Whatare enzymes? Classify them giving suitable example.

2. Describe the factors which influence the rate of enzyme
action.

3. Describe various factors affecting enzyme action.

4. What are enzymes? Describe various processes of
inhibition of enzymes activity.

5. Classify enzymes with suitable examples. Explain the

mechanism of enzyme action.

Give the classification of enzymes.

7. Classify enzymes giving a few examples in each group.
Add a note on enzyme inhibitors.

on

Short Notes

Competitive inhibition of enzymes.

Allosteric inhibition

Enzyme inhibition

Enzyme specificity

Enzyme inhibitors

Classification of enzymes

Enzymes—their classification and mechanism of action.
Allosteric enzymes

Therapeutic uses of enzymes

S E@ e A TP

Differentiate

a. Competitive and non-competitive inhibition.
b. Coenzymes and isoenzymes

Il. MCQs (Give one correct answer)

1. Innon-competitive enzyme action:

V max 1 increased

Apparent K is increased

Apparent K is decreased

Concentration of active enzyme molecule is reduced
None of the above

oo T
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Streptokinase : ;
+ » Streptokinase-plasmino-
gen complex

Plasminogen

4+—— Urokinase

v N
Plasmin |

Fibrin

# Fibrin degradation
products

Fig. 9.14: Showing mechanism of action of streptokinase and
urokinase

An allosteric enzyme influences the enzymes activity by:

a. Competing for the catalytic site with the substrate

b. Changing the specificity of the enzyme for the substrate

c. Changing the conformation of the enzyme binding to a
site other than catalytic site

d. Changing the nature of the products formed

e. All of the above

Which of the following regulatory actions involves a

reversible covalent modification of an enzyme?

Phosphorylation of serine -OH on the enzyme

Allosteric modulation

Competitive inhibition

Non-competitive inhibition

. None of the above

A competitive inhibitor of an enzyme has which of the

following properties?

a. Itis frequently a feedback inhibitor

b. It becomes covalently attached to an enzyme

c. It decreases the V.,

d

e

anop

o

. It interferes with substrate binding to the enzyme
. It causes irreversible inactivation of the enzyme
When (S) is equal to K, which of the following conditions
exist?
a. Half the enzyme molecules are bound to substrate
b. The velocity of the reaction is equal to V.,
c. The velocity of the reaction is independent of substrate
concentration
d. Enzyme is completely saturated with substrate
e. The reaction has reached equilibrium
Which of the following statements about an enzyme
exhibiting allosteric kinetics with cooperative interaction
is false?
a. A plot of V-Vs (S) has a sigmoidal shape
b. An inhibitor may increase the apparent K
c. Lineweaver-Burk plot is useful for determining K, and
\Y

max
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7.

10.

11.

d. Removal of allosteric inhibitor may result in hyperbolic
V-Vs (S) plot
e. Small changes in (S) produce the largest change in V
when (S) =
Match the following;:
A. Citrate + CoA — Acetyl-CoA + H,O + OAA
B. ATP + Acetate + CoA — AMP + Hydrophosphate +
Acetyl-CoA.
. Lactate + NAD* — Pyruvate NADH + H*
. Acetyl-CoA + H,0O — CoA + Acetic acid
Lyase
Oxidoreductase
Ligase
Hydrolase
An enzyme that catalyses the coversion of an aldose sugar
to a ketose sugar would be classified as one of the:
a. Transferases b. Isomerases
c. Oxidoreductases d. Hydrolases
e. Lyases
In which of the following types of enzymes an inducer is
not required?
a. Inhibited enzyme
c. Allosteric enzyme
e. None of the above
In which of the following types of enzyme water may be
added to a C=C double bond without breaking the bond?
a. Hydrolase b. Hydratase
c. Hydroxylase d. Esterase
e. Oxygenase
Lock-and-key” model of enzyme action proposed by Fisher
implies that:

N = g0

b. Cooperative enzyme
d. Constitutive enzyme

12.

13.

14.

a. The active site is flexible and adjust to substrate

b. The active site requires removal of PO, group

c. The active site is complementary in shape to that of the
substrate

d. Substrates change conformation prior to active site
interaction

e. None of the above

In competitive inhibition which of the following kinetic

effect is true?

Decreases both K., and V.

Increases both K, and V.,

Decreases K, without affecting V.

Increases K, without affecting V..

Increases V., without affecting K,

In competitive inhibition of enzymes action

a. The apparent K, is decreased

b. The apparent K is increased

C. Vi is decreased

d. Apparent concentration of enzyme molecules decreased

e. V. isincreased

Enzymes increase the rates of reaction by

Increasing the free energy of activation

Decreasing the engery of activation

Changing the equilibrium constant of the reaction

Increasing the free energy change of the reaction.

Decreasing the free energy change of the reaction

max

P o

®op o

Answers to MCQs

1. d 2. ¢ 3. a 4. d 5. a 6. d
7. 1-A, 2-C, 3-B, 4-D 8. b 9. d 10. b
11. ¢ 12. d 13. b 14. b
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Major Concepts

BIOLOGICAL OXIDATION

A. Define biological oxidation and enumerate and describe various enzyme systems which carry out this.

B. Describe the respiratory chain and oxidative phosphorylation.

Specific Objectives
A. 1. Define oxidation.
2. List and explain principles of biological oxidation.

3. Learn various processes of oxidation and enzymes involved with it.
a. oxidase b. oxygenase c. aerobic dehydrogenase d. anaerobic dehydrogenases.

Study various cytochromes.

Study each redox reaction and free energy changes.
Learn the sites of ATP synthesis.

Study the inhibitors of electron transport chain.
Learn about mitochondrial shuttles.

Define oxidative phosphorylation.

© N s WONE A

.
©

INTRODUCTION

Oxidation is a reaction with oxygen directly or indirectly
or to lose hydrogen and/or electrons. Biologically it is
carried out by the enzymes.

The biological oxidations and reductions are restricted
to the following three simple classes:

» Loss of one or more electrons, e.g.
Fe** A’ Fettt
= Loss of one or more hydrogen atoms, e.g.

CH;3 CH,0H ———— 3 CH; CHO
or 2H", 2e~

« Addition of one or more oxygen atoms
CHs CHO——*Q 4 CH, COOH
Thus biological oxidations and reductions can be
represented as below:

Ared ———= & A, (Oxidation)

+ne” :
on—eb Aeq (Reduction)

Learn the terms redox potential and free energy and how they are related to biological oxidation.
Define and study in detail mitochondrial electron transport chain.

Study mechanism of oxidative phosphorylation with special emphasis on Mitchell's chemiosmotic hypothesis.
Learn about ATP synthase and mechanism of ATP synthesis (Boyer's hypothesis).
Study inhibitors and uncouplers of oxidative phosphorylation.

Where n is the number of electrons involved.
Since there is no involvement of free electrons or atoms,

biological oxidations and reductions can be represented
in the following way:

Aredx Box
on Bmd

In biological oxidations the terms exothermic and
endothermic are replaced by exergonic and endergonic,
e.g. suppose a substance A is oxidized to B with the release
of energy and the oxidation is coupled to another reaction
in which Cis being converted to D. Now, some of the energy
liberated in oxidative step A — B is transferred to the
synthetic step C — D, in the form other than heat. This is
free energy. Thus in exergonic and endergonic reactions,
free energy is released or absorbed respectively.

The principles of biological oxidations of carbohydrates,
proteins and fats may be summarised as follows:
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First of all complex organic molecules are degraded
into 2-C compound.

The 2-C fragments are then broken down by a series of
steps. In each step one CO, and 2H are removed.
Decarboxylation of organic acids removes CO, without
any considerable change in energy.

The second end-product, water arises from reduced
coenzymes of respiratory chain and molecular O, of
atmosphere with production of some energy.

Oxidation by Direct Action of Oxygen

Number of enzymes catalyse direct interaction of
substrates with molecular oxygen. Depending upon
the fashion in which molecular O, is used, these
enzymes can be further classified as:

e Oxidases,

* Oxygenases,

* Hydroxylases and

® Hydroperoxidases
(a) Oxidases

These are electron transferring oxidases and

catalyse removal of hydrogen from a substrate by

directly using O, as hydrogen acceptor.

0, + 46— 20~ Z4H]
2 <« 2H0

or 0, +2e———» 0, 2H,

Thus the product of oxidase action is either H,0O or H,0,

Following are the examples of oxidases:

e With H,O as the product: Cytochrome Oxidase,
Ascorbate oxidase, Catechol oxidase.

e With H,0, as the product: Urate oxidase, Amino acid

oxidase, Xanthine oxidase, Aldehyde oxidase, Glucose
oxidase.
Some of them are copper-containing enzymes and
oxidise the substrate by transferring reducing
equivalents from it to molecular O,. The Cu*? of the
enzyme receives the electron from the substrate and
gets reduced to Cu*. The latter subsequently donates
the electron to molecular O, and gets re-oxidised to
Cu*2

(b) Oxygenases
These enzymes incorporate O, into their substrates,
but are not concerned with energy production. They
have two subclasses:

* Dioxygenases: These catalyse the incorporation of
both the atoms of O, into the substrate, e.g. carotene
15-15" dioxygenases, Tryptophan 2, 3 dioxygenases.

* Mono-oxygenases or hydroxylases: These incorpo-
rate one oxygen atom into substrate to form
hydroxyl group onit, e.g. Microsomal cyt-D5 mono-
oxygenase, Mitochondrial cyt P,s, mono-oxygenase,

etc. These enzymes transfer reducing equivalents
from NADPH or NADH.

There is another group of enzymes called
hydroxylase also fall under this. They are sometimes
called as mixed function oxidases, e.g. Tyrosinase,
Phenylalanine hydroxylase, etc.

¢ Hydroxyperoxidases: They catalyse oxidation in
which H,O, acts as hydrogen acceptor and is
reduced to water as:

AHZ -+ HzOz — A+ 2H20
A+ HzOz — AO + Hzo

All peroxidases found in plants and milk and catalases
found in animals and plants are the examples.

Hzoz =+ HzOz —_— 2H20 + 02

Catalase Vs Peroxidase

Similarities

» Both contain haem

 Both decompose H,0,® to H,0 and O,
Dissimilarities

e Catalase can react directly with H,O,, but glutathione
peroxidase requires reduced glutathione (G-SH)

e K,,of catalase for H,0, is much greater than glutathione
peroxidase.

e Catalase can act in tissues where H,0O, is formed by
L-amino acid oxidase, but glutathione peroxidase is the
active enzyme to remove small amounts of H,O, formed in
cells, e.g. RB cells and lens of the eye.

2. Oxidation as a Result of Loss of Hydrogen

Enzymes that remove hydrogen from the substrate fall
under this class and are called as dehydrogenases.
When the Hydrogen removed from the substrate is
passed on to O, directly, it is called as aerobic
dehydrogenase.

e Aerobic dehydrogenases: These are flavoproteins
bearing FMN or FAD as the prosthetic group. They
accept 2 hydrogens (2H" and 2e”) from it on the FMN
or FAD which is thereby reduced to FMNH, or FADH,.
These can be further reoxidised by donating the
hydrogen to molecular oxygen forming H,O,.

AH, + FAD 4—| FADH, + A

FADH, + 0,—— H,0, + FAD

These enzymes can also donate hydrogens to artificial
electron-acceptors like methylene blue, e.g. L. Amino acid
oxidase, urate oxidase, xanthine oxidase.
® Anaerobic Dehydrogenases: In this group of enzymes

there s direct transfer of electrons to molecular oxygen.

They make use of intermediate electron-acceptors. The

latter reduced thereby transfers the electrons to some

other electron acceptor.



Pyridine-linked dehydrogenases: These oxidise the
substrate by transferring a hydride ion (H") from the
substrate to NAD* or NADP. The second hydrogen
removed from the substrate is released as free H*. In the
process the NAD and NADP get reduced to NADH
and NADPH. The chain of reaction continues with
another dehydrogenase enzyme.
Flavin-linked dehydrogenases: FMN and FAD are the
two flavin containing coenzymes that remain linked
to specific dehydrogenase enzymes. Some also carry
either haem or one or more iron-sulfur clusters. They
oxidise the substrate by removing 2H* and 2e” from it
and transferring them to the flavin coenzymes. In the
process, the flavin coenzymes get reduced to either
FMNH, and FADH, depending on the enzyme. The
reduced flavin nucleotides then transfer the reducing
equivalents to an electron acceptor other than molecular
O,. Most of these enzymes get reoxidised by
transferring reducing equivalents to coenzyme Q.
Examples:
e FAD linked enzymes: D-Amino acid oxidase, Glycine
oxidase, Succinic dehydrogenase, Diaphorase,
* FMN:-linked enzymes: NADP-Cyt-c reductase, Cyt
b,.

Differences between Aerobic dehydrogenases
and Anaerobic dehydrogenases

Aerobic Anaerobic
dehydrogenase dehydrogenase
Can react directly * Cannot react directly
with O, with molecular O,
Transfers hydrogen/ * Transfers hydrogen/
electrons to Fp which electron to NAD* or Fp
is autooxidisable which is oxidised in ETC
H,0, is produced e H,0, never produced
which is catabolised NADH + H* or Fp.H, are
by catalase produced
ATP is never e ATP is produced by
produced oxidation of NADH + H*/
Fp.H, in ETC

Iron-Sulphur Proteins

Ubiquinones or Coenzyme Q: A group of quinones

has been found to be present in the mitochondria.

Following types of non-haem iron-sulphur clusters are

normally present:

* FeS: It has single Fe coordinated to the side chain
—-SH groups of four cysteine residues.

¢ Fe,S,: It contains two iron atoms, two inorganic
sulfides and four —-SH groups. Each iron is linked
to 2-SH and 2 sulphur groups.

® Fe,S,: It consists of four iron atoms and four cysteine
—-SH groups and four inorganic sulfides, each iron
remains linked to one —-SH, 3 inorganic sulphides
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while each sulphide is coordinated to three iron
atoms.

e Fe;S,: comprises 3 Fe, 4-SH and 4 inorganic

sulphides.

The enzymes may have one or more of the combinations
of the clusters mentioned above. Fe*? of a reduced iron-
sulfur protein gets subsequently re-oxidised by donating
its electron to an electron acceptor such as CoQ or Cyt c;.
Each iron-sulphur protein transfers only one electron at a
time. Itis also believed that vit. E, vit. D and plastoquinones
in the plant tissues participate in the process of electron
transfer.

4. Cytochromes

These are very important enzymes which contain haem

and are involved in cellular oxidation. The oxidised

form of cytochrome possesses a single Fe*3 ion and is

called ferricytochrome. Itis reduced to ferrocytochrome

having a Fe* ion on accepting an electron.

¢ Cytochromes are identified by their characteristic
absorption spectra. Ferricytochromes show diffuse
and non-characteristic absorption band in visible
spectrum. Ferrocytochromes exhibit characteristic
absorption bands called a,, B and y-soret bands.

¢ Cytochromes are categorised into different groups
according to the light wavelength at which the
o-band shows its peak (ocabsorption maxima). They
also differ with respect to haem prosthetic group,
the apoprotein and binding between the haem and
apoprotein.

Types of Cytochromes

(@) Cytochrome-c
Since it is available in large quantities, it is the best
studied of the cytochromes. It is water soluble and easily
extractable. It shows characteristic absorption spectra
in the reduced form at 550, 521 and 416 mu. Oxidised
form gives two diffuse bands at 530 and 400 my. The
iron content of Cyt-c is 0.38 per cent. Haem is attached
with protein by means of two thioester linkages
involving sulphur of two cysteine and apoprotein. Cyt-
cisincapable of combining with O, or CO. Itis a basic
protein with one polypeptide chain with 104 amino
acids having Mol. wt. of 12400 to 13000. An enzyme
NADPH- Cyt-c reductase can readily reduce Cyt-c.

(b) Cytochrome c;
Like Cyt-c, Cyt-c; also possesses an iron-
protoporphyrin IX complex-haem-c. It has absorption
maxima at 554, 524 and 418 my. This also is incapable
of combining with O,, CO, CN".

(c) Cytochromeb
These also contain the same protoporphyrin IX complex
(haem-b). The apoprotein is a however different. It is
found to be tightly bound to flavoproteins and
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ubiquinones in the mitochondria. The ferrocyt-b has
an absorption maxima at 563 my, 530 mp and 430 m.
It is thermostable and not easily extractable. It also
does not react with O,, CO or CN". Innormal course its
oxidation requires the presence of Cyt-c, a and a;. Cyt-
bis reduced by accepting an electron from reduced CoQ.

(d) Cytochromes a and a; (Cytochrome oxidases)

This constitutes the complex IV (cytochrome oxidase)
of the mitochondrial electron transport chain. Both
possess an identical type of iron-porphyrin complex
called haem-a. In spite of identical haem groups,
cytochromes a and a; differ in their electron affinity
and biological activity because of their location of their
haem groups at different sites of the apoprotein.

* Onehaem group is located along with one copper
ion. This haem is called as haem-a. This Cyt-a
functions as the anaerobic oxidising unit.

* The other “haem a” called haem a;is located along
with the second copper ion at the binding site for
molecular O, on subunit I and functions as aerobic
reducing unit of the enzyme complex.

Cytochrome a absorbs at 605, 517 and 414 mu whereas

Cyt ajz absorbs at 600 and 445 mp. Cyt-a does not react

with O,, CO, or CN~, whereas Cyt-a; is autooxidisable

and forms compounds with CO and CN".

REDOX POTENTIAL AND FREE ENERGY

In the discussion so far, we have made it clear that an
oxidising or reducing agent may exist in two forms, (a) the
oxidised form or oxidant which can accept electrons and
(b) the reductant which can donate its electrons to a
substrate. Each oxidising or reducing agent exists as a
conjugate pair of electron acceptor oxidant and electron
donor reductant forms.

Oxidant + ne——— Reductant

Where ‘n’ is the number of electrons.

The pair consisting of the oxidant and reductant forms
of an oxidising or reducing agent is known as a redox couple
or conjugate redox pair, e.g. NAD*/NADH, FMN/FMNH,,
Cyt-c Fe**/Cyt-c Fe***. Oxidising agents differ in their
electron affinity. The standard redox potential Eo is a
measure of the tendency of a redox couple to donate or
accept electrons under standard conditions. Redox
potential of a given system is intimately related to its free
energy change. If redox-potential of a given system is
known, the corresponding free energy change which might
occur in the system on oxidation or reduction may be found
as follows:

AF = -nfAE’0 Coulomb Joules
F = Standard free energy
n = no. of electrons

Where

f = Faraday’s constant
(96,500 Coulombs)
AE’o0 = Difference between redox
potentials of the couple.

nfAE’o

AF = Y20
o 418

calories

If the sign of free-energy thus calculated is negative, it
indicates free energy release and if positive, it indicates
free energy consumption.

The redox potentials of many biologically important
redox couples are known and are as shown in Table 10.1.

Table 10.1: Redox potentials of redox couples

System E’o volts
o-Hydroxybutyrate & acetoacetate -0.346
Isocitrate & o-ketoglutarate —-0.36
NADH < NAD* -3.20
FMNH, < FMN -0.30
Ubiquinol < Ubiquinone +0.10
Cyt-b (Fe*?) & Cyt b Fe*d +0.08
Cyt ¢, Fe*? & Cytc, Fe*® +0.22
Cyt ¢ Fe*? & Cyt c Fe*? +0.254
Cyt a Fet*? & Cyt a Fe*® +0.29
Cyt a5 Fe*? & Cytag Fe*3 +0.386
0, < H,0 +0.816

A system having relatively more positive redox
potential can oxidise another system having low redox
potential. In the mitochondria, the hydrogen/electrons pass
through different carriers in the sequence of increasing order
of their positive potential.

MITOCHONDRIAL ELECTRON
TRANSPORT CHAIN

Definition: This is the final common pathway in aerobic
cells by which electrons derived from various substrates
are transferred to oxygen. Electron transport chain (ETC)
is a series of highly organised oxidation-reduction enzymes
whose reactions can be represented as:

Reduced A + Oxidised B < Oxidised A + Reduced B.

Localisation: The ETC is localised in the mitochondria.
The outer membrane of mitochondria is permeable to most
of the small molecules. There is an intermediate space
which presents no barrier to passage of intermediates. The
inner membrane shows a highly selective permeability.
It has transport systems only for specific substances
such as ATP, ADP, pyruvate, succinate, a-ketoglutarate,
malate and citrate etc (Refer Fig. 10.1). The enzymes of the
electron transport chain are embedded in the inner mem-
brane in association with the enzymes of oxidative
phosphorylation.

The most accepted sequence of electron carriers in the
mitochondria is as follows:



Inner
mitochondrial
OUTSIDE membrane INSIDE
N-Ethylmaleimide :
NI
N-Ethylmaleimide ~ H2POs—— <>
Hydroxycinnamate _ ©
Pyruvate _—
H'— %
< HPO,Z
. (3
Malate®- -
< Malate?~
Citrate> ( 4 ) _
+H* >
a-Ketoglutarate?- < Malate?
()
S
ADP*=
6
<7 ATP*+
Atractyloside

Fig. 10.1: Some of the transporter system in inner mitochondrial
membrane and their inhibitors. Transporter systems in the inner
mitochondrial membrane. (1) Phosphate transporter; (2) pyruvate
symport; (3) dicarboxylate transporter; (4) tricarboxylate transporter;
(5) o-ketoglutarate transporter; (6) adenine nucleotide transporter.
N-Ethyl-maleimide, hydroxycinnamate, and atractyloside inhibit (-)
the indicated systems

Substrate - NAD* —» FAD — CoQ —» 2 Cyt-b

Y

O, « 2 Cyt (a; + a) « 2 Cyt-c « 2 Cyt-c,

As already mentioned the redox potentials in the ETC
are in increasing order except in the case of ubiquinone. The
chain actually consists of a series of redox couples, at each
step electrons flow from the reductant of a redox couple
with more negative redox potential to the oxidant of the
next redox couple having a more positive redox potential.
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Dehydrogenation of substrate is the first step in the
process of respiratory chain oxidation. Most of the dehydro-
genases require NAD which can accept a hydride ion
(H") which is formed by one hydrogen atom and an electron.
The electron is received from the second hydrogen atom
releasing the second hydrogen atom in the form of a proton
(H™). The second type of dehydrogenase reaction makes
use of FAD as the coenzyme. Table 10.2 gives the various
reactions and the enzymes that take place in the
mitochondrial matrix. In these reactions the oxidants are
reduced to NADH + H* or FADH,. Fig. 10.2. shows the
path of electron transport.

DETAIL STRUCTURE AND FUNCTIONS
OF ELECTRON TRANSPORT CHAIN (ETC)

The electron transport chain in the mitochondrial
membrane has been separated in 4 (four) complexes or
components as follows:

e ComplexI: NADH-CoQ reductase

e ComplexII: Succinate-CoQ reductase

e ComplexIII: CoQ-cytochrome C reductase

e ComplexIV: Cytochrome C oxidase.

The composition of these four complexes are given in
Table 10.3.

When arranged as shown in Figure 10.3 the chain
accomplishes the transfer of electrons from NADH or
succinic acid to molecular O,.

CoQ and cytochrome C are not included in any of the
complexes because these two components can be removed
with relative ease from the membrane.

Cytochrome C is a small, peripheral protein, having
Mol. wt 12,000 that is readily extracted by treatment of the
membrane with aqueous salt solutions; CoQ can be
extracted with butanol.

Complex I: NADH-CoQ Reductase

This system has two functions:
e Electron transfer
® Actsas aproton pump.

Table 10.2: Reactions and enzymes

Reaction

» a-Glycerophosphate — Dihydroxyacetone
» Acyl CoA — Unsaturated acyl-CoA

» Glutamate — Ketoglutarate

* Pyruvate — Acetyl-CoA

» Succinate — Fumanate

* Malate — Oxaloacetate

» o-Ketoglutarate — Succinyl-CoA

Enzyme Oxidant
a-Glycerophosphate dehydrogenase FAD
Acyl-CoA dehydrogenase FAD
Glutamate dehydrogenase NAD*
Pyruvate dehydrogenase NAD*
Succinate dehydrogenase FAD
Malate Dehydrogenase NAD*
a-Ketoglutarate dehydrogenase NAD*
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Table 10.3: Composition of the four complexes

Complexes Mol wt Subunits (polypeptide chains) Cofactors present
e Complex I: NADH-CoQ 850,000 16-25 e FMN=1
reductase (Minimum 16) e Fes =22to 24, in 5 to 8 clusters
e 16 to 24 non-haem Fe atoms
e Complex Il: Succinate-CoQ 125,000 4 e FAD=1
reductase e Fes =8, in 3 clusters
« Complex Ill: CoQ-Cyt C 250,000 8 ¢ Fes = 2 clusters
reductase e Cyt-bsg,
* Cyt-bsgg
e Cyt-C;
e Complex IV: Cytochrome C 300,000 7 e Cyt-a
oxidase * Cyt-a,
e Two Cu ions
ADP + Pi ATP
NADH FMN-Fe 51, Fe Sz.
Fe 83. Fe 84
COMPLEX | ADP + Pi ATP ADP + Pi ATP
QTE : @TW‘
Cyt bsgg,-Cyt bggp, Cyta,-Cu**
.
CoQ —— FeS-Cyt e, — Cyt C—> Cyt-a — Mol. O,
COMPLEX Il COMPLEX IV
No ATP formed
; FAD-Fe S,, Fe S
Succinate ——» A Br .
Fe Sc,-Cyt bsgy + Mobile

COMPLEX Il

* Acts as a shuttle between
complex lll and IV

Fig. 10.3: Four complexes of electron transport chain

The system catalyses transfer of two electrons from
NADH to small lipid soluble CoQ via FMN and Fes
clusters.

NADH + H* + FMN — FMN.H, + NAD*

From FMN.H, electrons are transferred to a group of
Fes proteins. Fe atoms of FeS protein oscillate between Fe**
and Fe™**. The electrons are then transferred to CoQ.

COQ'—E‘_—F CoQ.H (Semi-Quinone)

CoQ.H ——=— CoQ.H, (Quinol)

The process is accompanied by pumping of protons
from mitochondrial matrix into intermembrane space.
® Permits one ATP Formation (Site I).

Note: Upto CoQ, H is transferred. But from CoQ onward
only e” is transferred, 2H* goes into the medium.

Complex Il: Succinate-CoQ Reductase

Flow of electrons from succinate to CoQ occurs via FAD.H,.

Succinate + CoQ —————> Fumarate + CoQ.H,

Standard reduction potential for transfer of electrons
from FAD.H, to CoQ s + 0.113V (much lower than +0.420
V energy change for the reaction of complexI). The small
energy change does not allow “succinate-CoQ reductase”
system to pump protons across the mitochondrial
membrane, hence this protein complex does not contribute
to proton gradient. Hence no ATP is formed.

Note: CoQ is the electron acceptor in the reaction catalysed
by NADH-CoQ reductase (Complex I) and succinate-CoQ
reductase (Complex II). The electrons received are
subsequently transferred from CoQ.H,, a lipid soluble
mobile electron carrier to CoQ-Cyt.C reductase (Complex

).
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Complex lll: CoQ-Cyt.C Reductase

Functions as

* Proton pump, and

e Catalyses transfer of electrons

This system catalyses transfer of electrons from CoQ.H,
to Cyt-c via Cyt-b and Cyt-c,.

The electrons from CoQ.H, is first accepted by Cyt-bsg,
and then transferred to Cyt-bsg,, which reduces

Co.QH, —p CoQ

Fe***accepts electron and is oxidised to Fe**.

The system also acts as a proton pump. It is believed
that 4 (four) protons are pumped across the mitochondrial
membrane during the oxidation.

CoQ.H, + 2 Cyt-c (Fe**)
5 Co.Q + 2 Cytc (Fe**) + 2 H*

The energy change permits ATP formation (Site II).

Role of Q cycle and Rieske FeS in complex I

Electrons are passed from Q.H2 to cytochrome C via

complex III-Q cytochrome C oxidoreductase:
Q. H, 2H* - Q +

reduced

+ 2CytC +
Oxidised

2 CytC + 4H*

Inter
membrane space

matrix

The process is believed to involve cytochromes C;, by and
bHy; and a Rieske FeS.

Rieske FeS is an unusual FeS in which one of the Fe atoms
is linked to two histidine -SH groups rather than two
cysteine -SH goups and is called as the Q cycle.

Qmay exist in three forms:
¢ Oxidised quinone,

® Reduced quinol, or

* Semiquinone.

The semiquinone is formed transiently during the cycle,
one turn of which results in the oxidation of 2Q.H, to Q,
releasing 4H* into the intermembrne space, and the
reduction of one Q to QH,, causing 2H"* to be taken up
from the matrix.

Note

It is to be noted that while Q carries two electrons, the
cytochromes carry only one, thus the oxidation of one Q.H,
is coupled to the reduction of two molecules of cytochrome
Cuoia the Q. cycle.

Complex IV: Cyt-c Oxidase

The system functions:
e Asproton pump
® Catalyses transfer of electrons to molecular O, to
form H,0.

This is the terminal component of ETC. It catalyses the
transfer of electrons from Cyt-c to molecular O, via Cyt-a,
Cu**ions and Cyt-a;.

4 Cyt-c (Fe**) + 4H* + O, — 4 Cyt-c (Fe***) + 2H,0
The flow of electrons is as follows:

Cyt-c —» Cyt-a » Cu++ — Cyt-a; —» O,

Role of Cu Ions: Cu atom adjacent to cyt. haem a is Cu-A
(Sub unit IT) and Cyt-haem a; s close to CuB (Sub unit I).
From Cyt-c, the electrons are transferred to haem-a-CuA
cluster and then haem a;-CuB cluster.

The system also acts as a proton pump, it pumps two
protons into intermembrane space. The energy change
permits ATP formation (Site III) between cyt a; and
molecular O,.

Note: Cyt ¢ does not form a part of any complexes. It is

mobile and acts as a shuttle between complex-III and
complex-1V to transfer e™ (electron).

Free Energy Changes and Site of ATP Formation

Free energy changes calculated from the oxidation-
reduction potential differences of various reactions of
respiratory chain are as follows:

Step Difference in Free energy
redox potential changes Kcal
2H

« NAD S5'FP +0.26 V -12.004

. P 2§ 2 cytb +0.10V —4.617

. cytb 2§ 2cyte, +0.23V ~10.619

. Cytc, 28 cyta, ~0.03V ~0.923

. Cyta, 28 cyta, +0.21V ~9.695

. 2cyta %S o, +0.32V ~14.774

Total 1.14V 52.63 Kcal

Thus the span of the respiratory chain is 1.14 V which
corresponds to 52.6 KCal/mole. There is decline in free
energy as electrons flow down the electron transport chain.
At three sites free energy released per electron pair
transferred is sufficient to support the phosphorylation of
ADP to ATP which requires about 8 KCal/mole.

The sites where ATP is produced in respiratory chain
are three (refer to oxidative phosphorylation).

ADP:O or P:O Ratio: The NAD-dependant dehydro-
genases such as malate, pyruvate, a-ketoglutarate, iso
citrate, etc. produce three high energy phosphate bonds
for each pair of electrons transferred to O, because they
have P: Oratio of 3. Thus P : O ratio is a measure of how
many moles of ATP are formed from ADP by phosphory-
lation per gram atom of oxygen used. This is usually



measured as the number of moles of ADP (or Pi) that
disappear per gram atom of oxygen used.

Phosphate group esterified
P:O ratio =

Electron pairs transferred
P:Oratiox 7.3
51K.Cal

However, P:Oratio in case of FADH, is 2 and therefore
efficiency is lower in that case.

x 100

Efficiency =

INHIBITORS OF ELECTRON
TRANSPORT CHAIN

Transfer of electrons is selectively inhibited at various
components of the electron transport chain by a variety of
substances. Some of these are used as poisons (e.g.
insecticides) and some of which are used as drugs.

Inhibitors of ETC

Site-1 (Complex-I)

* Rotenone: Afish poison and also insecticide. Inhibits trans-
fer of electrons through complex-I-NADH-Q-reductase.

* Amobarbital (Amytal) and Secobarbital: Inhibits electron
transfer through NADH-Q reductase.

e Piericidin A: An antibiotic. Blocks electron transfer by
competing with CoQ.

e Drugs: Chlorpromazine and hypotensive drug like
guanethidine.

Site-ll (Complex III)

e Antimycin A

e BAL (Dimer-Caprol)

e Hypoglycaemic drugs:
like Phenformin

Blocks electron transfer
fromcytbtoc,

Site-1ll (Complex V)

e Cyanide Inhibits terminal
* H,S transfer of electrons
* Azide to molecular O,

e Co (Carbon monoxide): Inhibits Cyt. oxidase by combining
with O, binding site. It can be reversed by illumination with
light.

Complex Il: Succinate dehydrogenase FAD

e Carboxin } Specifically inhibit transfer of

e TTFA reducing equivalent from succinate
dehydrogenase
e Malonate: A competitive inhibitor of succinate dehydro-
genase.

Mitochondrial Shuttle Systems: Glycolysis produces
NADH in the cytoplasm which cannot enter mito-
chondria. Shuttles between cytoplasm and mitochondria
operate. Two such shuttles are of considerable impor-
tance:
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(@) Glycerophosphate Shuttle

(b) Malate Shuttle

(For details—Refer chapter on Carbohydrate Meta-
bolism).

OXIDATIVE PHOSPHORYLATION

The process of oxidative phosphorylation is closely

associated with the functioning of the electron transport

chain. This was studied by fragmentation of mitochondria.

In the first fragmentation step, the outer membrane is

removed by treatment with various detergents such as

saponin, digitonin. The two particulate fractions that
result are:

1. The outer membrane, either in the form of vesicles or
completely solubilised.

2. The inner membrane and the mitochondrial matrix
enzymes. This fraction is found to contain the enzymes
of:
¢ T