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Preface to the Sixth Edition

We are glad to present the sixth edition of the Textbook of Biochemistry for Medical Students. With this sixth edition,
the textbook is entering the 16th year of existence. With humility, we may state that the medical community of India
has warmly received the previous editions of this book. Many medical colleges and universities in India have accepted
it as one of the standard textbooks. We are happy to note that this book has also reached in the hands of medical
students of neighboring countries of Nepal, Pakistan, Bangladesh, Sri Lanka, etc. and also to distant countries in
Africa and Europe. Apart from the medical community, this book has also become popular to other biology group of
students in India. In retrospect, it gives immense satisfaction to note that this book served the students and faculty for
the past one and half decades.

At this time, a revision of the textbook has become absolutely necessary for two reasons. Firstly, the Medical
Council of India has revised the syllabus for biochemistry, especially enhancing the topics on Clinical Biochemistry.
Accordingly, we have made elaborate changes in the order of chapters, old chapters on clinical chemistry have been
extensively updated and clinically relevant points were further added. Secondly, rapid progress has been made in the
area of molecular biology during past few years, and these advances are to be reflected in this book also. The major
change in this sixth edition is that advanced knowledge has been added in almost all pages, a few sentences were
added here and there in almost all pages; sometimes, a few pages are newly incorporated; while it became necessary
to include a few new chapters also.

From the first edition onwards, our policy was to provide not only basic essentials but also some of the advanced
knowledge. About 30% contents of the previous editions were not required for a student aiming for a minimum pass.
A lot of students have appreciated this approach, as it helped them to pass the PG entrance examinations at a later
stage. However, this asset has paved the way for a general criticism that the extra details are a burden to the average
students. Especially when read for the first time, the student may find it difficult to sort out the essential minimum from
the desirable bulk. So, in the fifth edition, we have promised that we shall make two different books, one for MBBS and
another one for postgraduate courses in Biochemistry. Thus, the content has been reduced substantially in the last
edition. But, due to various reasons, most of which beyond the control of the authors, the postgraduate book could not
be published. This led to the criticism that the content is sub-optimal. Many PG students were enquiring about the
advanced book. The advanced students felt that they were neglected. This 6th edition is a compromise. Advanced
topics are given in small prints. In essence, this book has three components; rather this book is composed of three
books. The bold printed areas will be useful for the students at the time of revision just before the examinations; regular
printed pages are meant for an average first year MBBS student (must-know areas) and the fine printed paragraphs are
targeted to the advanced students preparing for the PG entrance (desirable to know areas). The readability has been
markedly improved by increasing the font size in the regular areas.

Essay and short notes questions, problem solving exercises, viva voce, quick look, multiple choice questions
(MCQs) are given as a separate book, but free of cost. These questions are compiled from the question papers of
various universities during the last decade. These questions will be ideal for students for last-minute preparation for
examinations.

A textbook will mature only by successive revisions. In the preface for the first edition, we expressed our desire to
revise the textbook every 3 years. We were fortunate to keep that promise. This book has undergone metamorphosis
during each edition. Chemical structures with computer technology were introduced in the second edition. Color
printing has been launched in the third edition. The fourth edition came out with multicolor printing. In the fifth edition,
the facts were presented in small paragraphs and that too with humbers, so as to aid memorization. In this sixth
edition, figures are drastically increased; there are now about 1,100 figures, 230 tables and 200 boxes (perhaps we
could call it as Illustrated Textbook of Biochemistry), altogether making the book more student-friendly. The quality of
paper is also improved during successive editions.

We were pleasantly surprised to receive many letters giving constructive criticisms and positive suggestions to
improve the textbook. These responses were from all parts of the country (we got a few such letters from African
students also). Such contributors include Heads of Departments, very senior professors, middle level teachers and
mostly postgraduate students. We have tried to incorporate most of those suggestions, within the constraints of page
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limitations. In a way, this book thus became multi-authored, and truly national in character. This is to place on record,
our deep gratitude for all those “pen-friends” who have helped us to improve this book. The first author desires more
interaction with faculty and students who are using this textbook. All are welcome to communicate at his e-mail
address <dmvasudevan@yahoo.co.in>

The first author is in the process of retirement from active service, and would like to reduce the burden in due
course. A successful textbook is something like a growing institution; individuals may come and go, but the institution
will march ahead. Therefore, we felt the need to induce younger blood into the editorial board. Thus, a third author has
been added in this sixth edition, so that the torch can be handed over smoothly at an appropriate time later on.

In this connection, | would like to introduce the young author, Dr Kannan Vaidyanathan. He has teaching experi-
ence of 15 years. He took MD in Biochemistry from Kerala, and done extensive research at the Indian Institute of
Science, Bengaluru, Karnataka. He has also visited many advanced laboratories world over, and presented papers in
different international conferences. He has many publications to his credit. He is now Clinical Associate Professor,
Department of Biochemistry, and Head, Metabolic Disorders Laboratory, Amrita Institute of Medical Sciences, Kochi,
Kerala.

The help and assistance rendered by our students in preparing this book are enormous; the reviews collected by
Dr Sukhes Mukherjee is specially acknowledged. The official website of Nobel Academy has been used for pictures
and biographies of Nobel laureates. Web pictures, without copyright protection, were also used in some figures. The
remarkable success of the book was due to the active support of the publishers. This is to record our appreciation for
the co-operation extended by Shri Jitendar P Vij, and his associates.

We hope that this sixth edition will be friendlier to the students and be more attractive to the teachers. Now this is
in your hands to judge.

“End of all knowledge must be building up of character.”—Gandhiji

DM Vasudevan
Sreekumari S
Kannan Vaidyanathan



Preface to the First Edition

There are many textbooks of biochemistry written by Western and Indian authors. Then whatis the need for yet another
textbook? Putting this question to ourselves, we have waited for many years before embarking on this project. Most
westerntextbooks do notemphasise nutrition and such other topics which are very vital to an Indian student. While Indian
authors do cover these portions, they sometimes neglect the expanding fields such as molecular biology and
immunochemistry. Thus during our experience of more than 25 yearsin teaching, the students have been seen compelled
to depend on different textbooks during their study of biochemistry. We have tried to keep a balance between the basic
essentials and the advanced knowledge.

Thisbookis mainly based onthe MBBS curriculum. However, some advanced portions have also been givenin almost
all chapters. These areas will be very beneficial to the readers preparing for their postgraduate entrance examinations.

Chapters on diabetes, cancer and AIDS are included in this book. During their clinical years, the students are going
to see such cases quite more often, hence knowledge of applied biochemistry of these diseases will be very helpful. The
authors, themselves medical graduates, have tried to emphasise medical applications of the theoretical knowledge in
biochemistry in almost all the chapters.

Afew questions have been given atthe end of most of the chapters. These are not comprehensive to cover all the topics,
buthave beenincluded only to give emphasis to certain points which may otherwise be left unnoticed by some students.

We are indebted to many persons in compiling this textbook. We are highly obliged to Dr ANP Ummerkutty, Vice-
Chancellor, University of Calicut, for his kind gesture of providing anintroduction. Dr M Krishnan Nair, Research Director,
Veterinary College, Trichur, has provided his unpublished electron micrographs for this book. Dr MV Muraleedharan,
Professor of Medicine, and Dr TS Hariharan, Professor of Pharmacology, Medical College, Trichur, have gone through
the contents of this book. Their valuable suggestions on the applied aspects of biochemistry have beenincorporated. Two
of ourrespectedteachersinbiochemistry, Prof R Raghunandana Rao and Prof GYN lyer (both retired) have encouraged
this venture. Prof PNK Menon, Dr S Gopinathan Nair, Assistant Professor, Dr Shyam Sundar, Dr PS Vasudevan and
Mr K Ramesh Kumar, postgraduate students of this department, have helped in collecting the literature and compiling
the materials. Mr. Joby Abraham, student of this college has contributed the sketch for some of the figures. Prof CPK
Tharakan, retired professor of English, has taken great pains to go through the entire text and correct the usage of English.
The secretarial work has been excellently performed by Mrs Lizy Joseph. Many of our innumerable graduate and
postgraduate students have indirectly contributed by compelling us to read more widely and thoroughly.

“A lamp that does not glow itself cannot light another lamp” —Tagore

Our expectation is to bring out new editions every 3 years. Suggestions to improve the contents are welcome from
the teachers.

November 1994 DM Vasudevan
Sreekumari S
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CHAPTER AT A GLANCE

The reader will be able to answer questions on
the following topics:

History of biochemistry

Biomolecules and metabolism

lonic bonds

Hydrogen bonding

Hydrophobic interactions

Principles of thermodynamics

Donnan membrane equilibrium
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Biochemistry is the language of biology. The tools
for research in all the branches of medical science
are based on principles of biochemistry. The study
of biochemistry is essential to understand basic
functions of the body. This will give information
regarding the functioning of cells at the molecular
level. How the food that we eat is digested, absor-
bed, and used to make ingredients of the body?
How does the body derive energy for the normal
day to day work? How are the various metabolic
processes interrelated? What is the function of
genes? What is the molecular basis for immuno-
logical resistance against invading organisms?
Answer for such basic questions can only be derived
by a systematic study of medical biochemistry.

Modern day medical practice is highly dependent
on the laboratory analysis of body fluids, especially
the blood. The disease manifestations are reflected
in the composition of blood and other tissues.
Hence, the demarcation of abnormal from normal
constituents of the body is another aim of the study
of clinical biochemistry.

L

Charaka
400 BC

Sushrutha
500 BC

Hippocrates
460-377 BC

Biochemical
Per spectiveto Medicine

The word chemistry is derived from the Greek word "chemi”
(the black land), the ancient name of Egypt. Indian medical
science, even from ancient times, had identified the
metabolic and genetic basis of diseases. Charaka, the great
master of Indian Medicine, in his treatise (circa 400 BC)
observed that madhumeha (diabetes mellitus) is produced
by the alterations in the metabolism of carbohydrates and fats;
the statement still holds good.

Biochemistry has developed as an offshoot of organic
chemistry, and this branch was often referred as "physiological
chemistry”. The term "Biochemistry" was coined by Neuberg
in 1903 from Greek words, bios (= life) and chymos (= juice).
One of the earliest treatises in biochemistry was the "Book of
Organic Chemistry and its Applications to Physiology and
Pathology", published in 1842 by Justus von Liebig (1803-
73), who introduced the concept of metabolism. The "Textbook
of Physiological Chemistry" was published in 1877 by Felix
Hoppe-Seyler (1825-95), who was professor of physiological
chemistry at Strausbourge University, France. Some of the
milestones in the development of science of biochemistry are
given in Table 1.1.

The practice of medicine is both an art and a science.
The word "doctor" is derived from the Latin root, "docere",
which means "to teach". Knowledge devoid of ethical back-
ground may sometimes be disastrous! Hippocrates (460 BC
to 377 BC), the father of modern medicine articulated "the
Oath". About one century earlier, Sushrutha (500 BC), the
great Indian surgeon, enunciated a code of conduct to the
medical practitioners, which is still valid. He proclaims: "You
must speak only truth; care for the good of all living beings;
devote yourself to the healing of the sick even if your life be
lost by your work; be simply clothed and drink no intoxicant;
always seek to grow in knowledge; in face of God, you can
take upon yourself these vows."

Biochemistry is perhaps the most rapidly developing
subject in medicine. No wonder, the major share of Nobel
prizes in medicine has gone to research workers engaged
in biochemistry. Thanks to the advent of DNA-recombination
technology, genes can now be transferred from one person
to another, so that many of the genetically determined
diseases are now amenable to gene therapy. Many genes,
(e.g. human insulin gene) have already been transferred
to microorganisms for large scale production of human
proteins. Advances in genomics like RNA interference for
silencing of genes and creation of transgenic animals by
gene targeting of embryonic stem cells are opening up new
vistas in therapy of diseases like cancer and AIDS. It is
hoped that in future, physician will be able to treat the
patient, understanding his genetic basis, so that very
efficient "designer medicine" could cure the diseases. The
large amount of data, especially with regard to single
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Table 1.1. Milestones in history of biochemistry

Scientists Year Landmark discoveries
Rouell 1773 Isolated urea from urine
Lavoisier 1785 Oxidation of food stuffs
Wohler 1828 Synthesis of urea
Berzelius 1835 Enzyme catalysis theory
Louis Pasteur 1860 Fermentation process
Edward Buchner 1897 Extracted enzymes

Fiske & Subbarow 1926 Isolated ATP from muscle

Lohmann 1932 Creatine phosphate

Hans Krebs 1937 Citric acid cycle

Avery & Macleod 1944 DNA is genetic material

Lehninger 1950 TCA cycle in mitochondria

Watson & Crick 1953  Structure of DNA

Nirenberg 1961 Genetic code in mMRNA

Holley 1963 Sequenced gene for tRNA

Khorana 1965 Synthesized the gene

Paul Berg 1972 Recombinant DNA technology

Kary Mullis 1985 Polymerase chain reaction
1990 Human genome project started
2003 Human gene mapping completed

.

Lavoisier Berzelius Friedrich Justus
1743-1794 1779-1848 Wohler Von Liebig
1800-1882 1803-1873
‘;:1\
-,
7

-

Frederick Louis Johannes Albert
Donnan Pasteur van der Waals Lehninger
1870-1956 1822-1895 NP, 1910 1917-1986
1837-1923

nucleotide polymorphisms (SNPs) that are available, could
be harnessed by "Bioinformatics". Computers are already
helping in drug designing process. Studies on oncogenes
have identified molecular mechanisms of control of normal
and abnormal cells. Medical practice is now taking more
and more help from the field of biochemistry. With the help
of human genome project (HGP) the sequences of the whole
human genes are now available; it has already made great
impact on medicine and related health sciences.

BIOMOLECULES
More than 99% of the human body is composed of 6
elements, i.e. oxygen, carbon, hydrogen, nitrogen,
calcium and phosphorus. Human body is composed
of about 60% water, 15% proteins, 15% lipids, 2%
carbohydrates and 8% minerals. Molecular
structures in organisms are built from 30 small
precursors, sometimes called the alphabet of
biochemistry. These are 20 amino acids, 2
purines, 3 pyrimidines, sugars (glucose and ribose),
palmitate, glycerol and choline.

In living organisms the biomolecules are
ordered into a hierarchy of increasing molecular
complexity. These biomolecules are covalently

linked to each other to form macromolecules of the
cell, e.g. glucose to glycogen, amino acids to
proteins, etc. Major complex biomolecules are
Proteins, Polysaccharides, Lipids and Nucleic acids.
The macromolecules associate with each other by
noncovalent forces to form supramolecular
systems, e.g. ribosomes, lipoproteins.

Finally, at the highest level of organisation in the
hierarchy of cell structure, various supramolecular
complexes are further assembled into cell organelle.
In prokaryotes (e.g. bacteria; Greek word "pro" =
before; karyon = nucleus), these macromolecules
are seen in a homogeneous matrix; but in eukaryotic
cells (e.g. higher organisms; Greek word "eu" = true),
the cytoplasm contains various subcellular
organelles. Comparison of prokaryotes and
eukaryotes are shown in Table 1.2.

STUDY OF METABOLIC PROCESSES
Our food contains carbohydrates, fats and proteins
as principal ingredients. These macromolecules are

Table 1.2. Bacterial and mammalian cells

Prokaryotic cell Eukaryotic cell

Size Small Large; 1000 to 10,000 times
Cell wall Rigid Membrane of lipid bilayer
Nucleus Not defined Well defined

Organelles Nil Several; including mito-

chondria and lysosomes
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to be first broken down to small units; carbohydrates
to monosaccharides and proteins to amino acids.
This process is taking place in the gastrointestinal
tract and is called digestion or primary metabolism.
After absorption, the small molecules are further
broken down and oxidised to carbon dioxide. In this
process, NADH or FADH2 are generated. This is
named as secondary or intermediary metabolism.
Finally, these reducing equivalents enter the electron
transport chain in the mitochondria, where they are
oxidised to water; in this process energy is trapped
as ATP. This is termed tertiary metabolism.
Metabolism is the sum of all chemical changes of a
compound inside the body, which includes synthesis
(anabolism) and breakdown (catabolism). (Greek
word, kata = down; ballein = change).

STABILIZING FORCES IN MOLECULES

1. Covalent Bonds
Molecules are formed by sharing of electrons
between atoms (Fig. 1.1).

2. lonic Bonds or Electrostatic Bonds
lonic bonds result from the electrostatic attraction
between two ionized groups of opposite
charges (Fig. 1.2). They are formed by transfer of
one or more electrons from the outermost orbit of
an electropositive atom to the outermost orbit of an
electronegative atom. This transfer results in the
formation of a ‘cation’ and an ‘anion’, which get
consequently bound by an ionic bond. Common
examples of such compounds include NaCl, KBr
and NaF.

With regard to protein chemistry, positive
charges are produced by epsilon amino group of
lysine, guanidium group of arginine and imidazolium

Substrate

Enzyme

Fig. 1.3. lonic bonds used in protein interactions

group of histidine. Negative charges are provided
by beta and gamma carboxyl groups of aspartic acid
and glutamic acid (Fig. 1.3).

3. Hydrogen Bonds

These are formed by sharing of a hydrogen
between two electron donors. Hydrogen bonds
result from electrostatic attraction between an
electro-negative atom and a hydrogen atom that is
bonded covalently to a second electronegative
atom. Normally, a hydrogen atom forms a covalent
bond with only one other atom. However, a
hydrogen atom covalently bonded to a donor atom,
may form an additional weak association, the
hydrogen bond with an acceptor atom. In biological
systems, both donors and acceptors are usually
nitrogen or oxygen atoms, especially those atoms
in amino (NH,) and hydroxyl (OH) groups.

With regard to protein chemistry, hydrogen
releasing groups are -NH (imidazole, indole,
peptide); -OH (serine, threonine) and -NH,, (arginine
lysine). Hydrogen accepting groups are COO-,
(aspartic, glutamic) C=0 (peptide); and S-S
(disulphide). The DNA structure is maintained by
hydrogen bonding between the purine and

pyrimidine residues.
> %

»\

(A) Two hydrophobic
molecules surrounded
by water molecules

(B) When two

hydrophobic molecules

come together,

- surrounding water
molecules are minimal

Fig. 1.4. Hydrophobic interaction
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4. Hydrophobic Interactions

Non-polar groups have a tendency to associate with
each other in an agueous environment; this is
referred to as hydrophobic interaction. These are
formed by interactions between nonpolar
hydrophobic side chains by eliminating water
molecules. The force that causes hydrophobic
molecules or nonpolar portions of molecules to
aggregate together rather than to dissolve in water
is called the ‘hydrophobic bond’ (Fig. 1.4). This
serves to hold lipophilic side chains of amino acids
together. Thus, nonpolar molecules will have
minimum exposure to water molecules.

5. Van Der Waals Forces

These are very weak forces of attraction between
all atoms, due to oscillating dipoles, described
by the Dutch physicist Johannes van der Waals
(1837-1923). He was awarded Nobel prize in 1910.
These are short range attractive forces between
chemical groups in contact. Van der Waals
interactions occur in all types of molecules, both
polar and nonpolar. The energy of the van der
Waals interaction is about 1 kcal/mol and are
unaffected by changes in pH. This force will
drastically reduce, when the distance between
atoms is increased. Although very weak, van der
Waals forces collectively contribute maximum
towards the stability of protein structure, especially
in preserving the nonpolar interior structure of
proteins.

WATER: THE UNIVERSAL SOLVENT

Water constitutes about 70 to 80 percent of the
weight of most cells. The hydrogen atom in one
water molecule is attracted to a pair of electrons in
the outer shell of an oxygen atom in an adjacent
molecule. The structure of liquid water contains
hydrogen-bonded networks (Fig. 1.5).

The crystal structure of ice depicts a tetrahedral
arrangement of water molecules. Four others bound
by hydrogen bonds surround each oxygen atom.
On melting, the molecules get much closer and this
results in the increase in density of water. Hence,
liguid water is denser than solid ice. This also
explains why ice floats on water.

Water molecules are in rapid motion, constantly
making and breaking hydrogen bonds with adjacent
molecules. As the temperature of water increases

i
Ve Ak

— Hydrogen bond

O— Hydrogen

9

Fig. 1.5: Water molecules hydrogen bonded

toward 100°C, the kinetic energy of its molecules
becomes greater than the energy of the hydrogen
bonds connecting them, and the gaseous form of
water appears. A few gifted properties of water
make it the most preferred medium for all cellular
reactions and interactions.

a. Water is a polar molecule. Molecules with polar
bonds that can easily form hydrogen bonds with
water can dissolve in water and are termed
“hydrophilic”.

b. It has immense hydrogen bonding capacity both
with other molecules and also the adjacent water
molecules. This contributes to cohesiveness of
water.

c. Water favors hydrophobic interactions and provides
a basis for metabolism of insoluble substances.
Water expands when it is cooled from 4°C to

0°C, while normally liquids are expected to contract
due to cooling. As water is heated from 0°C to
4°C, the hydrogen bonds begin to break. This
results in a decrease in volume or in other words,
increase in density. Hence, water attains high
density at 4°C. However, above 4°C the effect of
temperature predominates.

PRINCIPLES OF THERMODYNAMICS
Thermodynamics is concerned with the flow of heat
and it deals with the relationship between heat and
work. Bioenergetics, or biochemical thermo-
dynamics, is the study of the energy changes
accompanying biochemical reactions. Biological
systems use chemical energy to power living
processes.

1. First Law of Thermodynamics
The total energy of a system, including its
surroundings, remains constant.
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Or, AE = Q — W, where Q is the heat absorbed by
the system and W is the work done. This is also
called the law of conservation of energy. If heat
is transformed into work, there is proportionality
between the work obtained and the heat dissipated.
A system is an object or a quantity of matter, chosen
for observation. All other parts of the universe,
outside the boundary of the system, are called the
surroundings.

2. Second Law of Thermodynamics

The total entropy of a system mustincreaseif a
process is to occur spontaneously. A reaction
occurs spontaneously if AE is negative, or if the
entropy of the system increases. Entropy (S) is a
measure of the degree of randomness or disorder
of a system. Entropy becomes maximum in a
system as it approaches true equilibrium. Enthalpy
is the heat content of a system and entropy is that
fraction of enthalpy which is not available to do
useful work.

A closed system approaches a state of
equilibrium. Any system can spontaneously
proceed from a state of low probability (ordered
state) to a state of high probability (disordered
state). The entropy of a system may decrease
with an increase in that of the surroundings. The
second law may be expressed in simple terms
as Q =T x AS, where Q is the heat absorbed, T
is the absolute temperature and AS is the change
in entropy.

3. Gibb's Free Energy Concept

The term free energy is used to get an equation
combining the first and second laws of
thermodynamics. Thus, AG = AH — TAS , where
AG is the change in free energy, AH is the change
in enthalpy or heat content of the system and AS is
the change in entropy. The term free energy
denotes a portion of the total energy change in
a system that is available for doing work.

For most biochemical reactions, it is seen that
AH is nearly equal to AE. So, AG = AE — TAS. Hence,
AG or free energy of a system depends on the
change in internal energy and change in entropy of
a system.

4. Standard Free Energy Change
It is the free energy change under standard
conditions. It is designated as AG°. The standard

conditions are defined for biochemical reactions
at a pH of 7 and 1 M concentration, and differen-
tiated by a priming sign AG°. It is directly related
to the equilibrium constant. Actual free energy
changes depend on reactant and product.

Most of the reversible metabolic reactions are
near equilibrium reactions and therefore their AG
is nearly zero. The net rate of near equilibrium
reactions are effectively regulated by the relative
concentration of substrates and products. The
metabolic reactions that function far from
equilibrium are irreversible. The velocity of these
reactions are altered by changes in enzyme
activity. A highly exergonic reaction is irreversible
and goes to completion. Such a reaction that is
part of a metabolic pathway, confers direction to
the pathway and makes the entire pathway
irreversible.

Three Types of Reactions

A. Areaction can occur spontaneously when AG is
negative. Then the reaction is exergonic. If AG
is of great magnitude, the reaction goes to
completion and is essentially irreversible.

B. When AG is zero, the system is at equilibrium.

C. For reactions where the AG is positive, an input
of energy is required to drive the reaction. The
reaction is termed as endergonic.and those with
a negative AG as exergonic. (Examples given
below). Similarly a reaction may be
exothermic (AH is negative), isothermic (AH is
zero) or endothermic (AH is positive).
Energetically unfavorable reaction may be driven

forward by coupling it with a favorable reaction.

Glucose + Pi — Glucose-6-phosphate (reactionl)
ATP + H20 — ADP + Pi (reaction 2)
Glucose+ATP—Glucose-6-phosphate+ADP (3)

Reaction 1 cannot proceed spontaneously.
But the 2nd reaction is coupled in the body, so
that the reaction becomes possible. For the first
reaction, AG%is +13.8 kJ/mole; for the second
reaction, AG?is —30.5 kJ/mole. When the two
reactions are coupled in the reaction 3, the AG°
becomes —-16.7 kJ/mole, and hence the reaction
becomes possible. Details on ATP and other
high-energy phosphate bonds are described in
Chapter 19.

Reactions of catabolic pathways (degradation
or oxidation of fuel molecules) are usually exergonic,
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Figs 1.6A and B. Donnan membrane equilibrium

whereas anabolic pathways (synthetic reactions or
building up of compounds) are endergonic.
Metabolism constitutes anabolic and catabolic
processes that are well co-ordinated.

DONNAN MEMBRANE EQUILIBRIUM

When two solutions are separated by a membrane
permeable to both water and small ions, but when
one of the compartments contains impermeable
ions like proteins, distribution of permeable ions
occurs according to the calculations of Donnan.

In Fig. 1.6, the left compartment contains NaR,
which will dissociate into Na* and R . Then Na*
can diffuse freely, but R having high molecular
weight cannot diffuse. The right compartment
contains NacCl, which dissociates into Na* and CI .
Both ions can diffuse freely.

Thus, if a salt of NaR is placed in one side of a
membrane, at equilibrium
Na+ xR xH*xOH =Na*x OH x H*

To convey the meaning of the mathematical
values, a hypothetical quantity of each of the ion is
also incorporated in brackets. Initially 5 molecules
of NaR are added to the left compartment and 10
molecules of NaCl in the right compartment and
both of them are ionized (Fig. 1.6A). When
equilibrium is reached, the distributions of ions are
shown in Figure 1.6B. According to Donnan's
equilibrium, the products of diffusible electrolytes
in both the compartments will be equal, so that

[Na*]Lx[CI L = [Na*] Rx [C ] R

If we substitute the actual numbers of ions, the
formula becomes

9x4inleft = 6 x 6 in right

Donnan's equation also states that the electrical
neutrality in each compartment should be
maintained. In other words the number of cations
should be equal to the number of anions, such that
In left: Na*= R + CI ; substituting: 9 =5 + 4
In right: Na* = CI ; substituting: 6 = 6

The equation should also satisfy that the number
of sodium ions before and after the equilibrium are
the same; in our example, initial Na* in the two
compartments together is 5 + 10 = 15; after
equilibrium also, the value is 9 + 6 = 15. In the case
of chloride ions, initial value is 10 and final value is
also 4 + 6 = 10.

In summary, Donnan's equations satisfy the
following results:

1. The products of diffusible electrolytes in both
compartments are equal.

2. The electrical neutrality of each compartment is
maintained.

3. The total number of a particular type of ions
before and after the equilibrium is the same.

4. Asaresult, when thereis non-diffusible anion
on one side of a membrane, the diffusible
cations are more, and diffusible anions are less,
on that side.

Clinical Applications of the Equation

1. The total concentration of solutes in plasma
will be more than that of a solution of same ionic
strength containing only diffusible ions; this
provides the net osmotic gradient (see under
Albumin, in Chapter 28).

2. The lower pH values within tissue cells than
in the surrounding fluids are partly due to the
concentrations of negative protein ions within the
cells being higher than in surrounding fluids.

3. The pH within red cells is lower than that of
the surrounding plasma is due, in part, to the
very high concentration of negative non-diffusible
hemoglobin ions. This will cause unequal
distribution of H* ions with a higher concentration
within the cell.

4. The chloride shift in erythrocytes as well as
higher concentration of chloride in CSF are also
due to Donnan's effect (Chapter 22).
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CHAPTER AT A GLANCE

The reader will be able to answer questions on
the following topics:

Nucleus

Endoplasmic reticulum

Golgi apparatus

Lysosomes

Mitochondria

Plasma membrane

Transport mechanisms
Simple and facilitated diffusion
lon channels

Active transport

Uniport, symport and antiport
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Subcdllular Organdlles
and Cell Membranes

SUBCELLULAR ORGANELLES

Cells contain various organized structures,
collectively called as cell organelles (Fig. 2.1).
When the cell membrane is disrupted, either by
mechanical means or by lysing the membrane by
Tween-20 (a lipid solvent), the organized particles
inside the cell are homogenised. This is usually
carried out in 0.25 M sucrose at pH 7.4. The
organelles could then be separated by applying
differential centrifugal forces (Table 2.1). Albert
Claude got Nobel prize in 1974 for fractionating
subcellular organelles.

Marker Enzymes

Some enzymes are present in certain organelles
only; such specific enzymes are called as marker
enzymes (Table 2.1). After centrifugation, the
separated organelles are identified by detection of
marker enzymes in the sample.

NUCLEUS

1. Itis the most prominent organelle of the cell. All
cells in the body contain nucleus, except mature
RBCs in circulation. The uppermost layer of
skin also may not possess a readily identifiable
nucleus. In some cells, nucleus occupies most
of the available space, e.g. small lymphocytes
and spermatozoa.

2. Nucleus is surrounded by two membranes: the
inner one is called perinuclear membrane with

Fig. 2.1. Typical cell

1= Nuclear membrane; 2= Nuclear pore; 3= Nucleolus;
4= endoplasmic reticulum; 5= Golgi body; 6=
Mitochondria; 7= Microtubule; 8= Lysosome; 9=
Vacuole; 10= Plasma membrane

Nuclear pores
Nucleoplasm

Nuclear envelope

Nucleolus

Endoplasmic reticulum

Ribosomes

Fig. 2.2. Nucleus
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numerous pores (Fig. 2.2). The outer membrane
is continuous with membrane of endoplasmic
reticulum.

Nucleus contains the DNA, the chemical basis of
genes which governs all the functions of the cell
. The very long DNA molecules are complexed
with proteins to form chromatin and are further
organized into chromosomes.

DNA replication and RNA synthesis (trans-
cription) are taking place inside the nucleus.

In some cells, a portion of the nucleus may be
seen as lighter shaded area; this is called
nucleolus (Fig. 2.2). This is the area for RNA
processing and ribosome synthesis. The
nucleolus is very prominent in cells actively
synthesizing proteins. Gabriel Valentine in 1836
described the nucleolus.

ENDOPLASMIC RETICULUM (ER)

1.

It is a network of interconnecting membranes
enclosing channels or cisternae, that are
continuous from outer nuclear envelope to outer
plasma membrane. Under electron microscope,
the reticular arrangements will have railway track
appearance (Fig. 2.1). George Palade was
awarded Nobel prize in 1974, who identified the
ER.

Table 2.1. Separation of subcellular organelles

Subcellular  Pellet formed at the Marker enzyme

organelle centrifugal force of
Nucleus 600-750 x g, 10 min
Mitochondria  10,000-15,000 x g, Inner membrane:
10 min ATP Synthase
Lysosome 18,000-25,000 x g, Cathepsin
10 min
Golgi complex 35,000-40,000 x g, Galactosy! transferase
30 min
Microsomes  75,000-100,000 x g, Glucose-6-
100 min phosphatase
Cytoplasm Supernatant Lactate
dehydrogenase

2. This will be very prominent in cells actively syn-
thesizing proteins, e.g. immunoglobulin secreting
plasma cells. The proteins, glycoproteins and
lipoproteins are synthesized in the ER.

3. Detoxification of various drugs is an important
function of ER. Microsomal cytochrome P-450
hydroxylates drugs such as benzpyrine, amino-
pyrine, aniline, morphine, phenobarbitone, etc.

4. According to the electron microscopic appear-
ance, the ER is generally classified into rough
and smooth varieties. The rough appearance
is due to ribosomes attached to cytoplasmic side
of membrane where the proteins are being
synthesized.

5. When cells are fractionated, the complex ER is
disrupted in many places. They are automatically
re-assembled to form microsomes.

GOLGIAPPARATUS

1. Camillo Golgi described the structure in 1898
(Nobel prize 1906). The Golgi organelle is a
network of flattened smooth membranes and
vesicles. It may be considered as the converging
area of endoplasmic reticulum (Fig. 2.1).

2. While moving through ER, carbohydrate groups
are successively added to the nascent proteins.
These glycoproteins reach the Golgi area.

3. Golgi apparatus is composed of cis, medial and trans
cisternae. Glycoproteins are generally transported from ER
to cis Golgi (proximal cisterna), then to medial Golgi
(intermediate cisterna) and finally to trans Golgi (distal
cisterna) for temporary storage. Trans Golgi are particularly
abundant with vesicles containing glycoproteins. Newly
synthesized proteins are sorted first according to the sorting
signals available in the proteins. Then they are packed into
transport vesicles having different types of coat proteins.
Finally, they are transported into various destinations; this
is an energy dependent process.

4. Main function of Golgi apparatus is protein
sorting, packaging and secretion.

5. The finished products may have any one of the
following destinations:

a. They may pass through plasma membrane
to the surrounding medium. This forms
continuous secretion, e.g. secretion of
immunoglobulins by plasma cells.

b. They reach plasma membrane and form an
integral part of it, but not secreted.

c. They are formed into a secretory vesicle, where
these products are stored for a longer time.
Under appropriate stimuli, the contents are
secreted. Release of trypsinogen by pancreatic



Chapter 2; Subcellular Organelles and Cell Membranes m 9

Table 2.2. Metabolic functions of subcellular
organelles

Organelle

Function

Nucleus

Cytosol

DNA replication, transcription

Endoplasmic Biosynthesis of proteins, glycoproteins,

reticulum lipoproteins, drug metabolism, ethanol
oxidation, synthesis of cholesterol (partial)

Golgi body  Maturation of synthesized protein

Lysosome  Degradation of proteins, carbohydrates,

lipids and nucleotides

Mitochondria Electron transport chain, ATP generation,

TCA cycle, beta oxidation of fatty acids,
ketone body production, urea synthesis
(part), heme synthesis (part), gluconeo-
genesis (part), pyrimidine synthesis (part)

Protein synthesis, glycolysis, glycogen
metabolism, HMP shunt pathway,
transaminations, fatty acid synthesis,
cholesterol synthesis, heme synthesis
(part), urea synthesis (part), pyrimidine
synthesis (part), purine synthesis

acinar cells and release of insulin by beta cells
of Langerhans are cited as examples.

d. The synthesized materials may be collected
into lysosome packets.

LYSOSOMES
1. Discovered in 1950 by Rene de Duve (Nobel

prize 1974), lysosomes are tiny organelles. Solid
wastes of a township are usually decomposed
in incinerators. Inside a cell, such a process is
taking place within the lysosomes. They are bags
of enzymes. Clinical applications of lysosomes
are shown in Box 2.1.
Endocytic vesicles and phagosomes are fused with
lysosome (primary) to form the secondary lysosome or
digestive vacuole. Foreign particles are progressively
digested inside these vacuoles. Completely hydrolysed
products are utilized by the cell. As long as the lysosomal
membrane is intact, the encapsulated enzymes can act
only locally. But when the membrane is disrupted, the
released enzymes can hydrolyse external substrates,
leading to tissue damage.
. The lysosomal enzymes have an optimum pH around 5.
These enzymes are
a. Polysaccharide hydrolysing enzymes (alpha-gluco-
sidase, alpha-fucosidase, beta-galactosidase, alpha-
mannosidase, beta-glucuronidase, hyaluronidase, aryl
sulfatase, lysozyme)
b Protein hydrolysing enzymes (cathepsins, colla-
genase, elastase, peptidases)
c. Nucleic acid hydrolysing enzymes (ribonuclease, deo-
xyribonuclease)

d. Lipid hydrolysing enzymes (fatty acyl esterase,
phospholipases)

PEROXISOMES

1.

The peroxisomes have a granular matrix. They
are of 0.3-1.5 um in diameter. They contain
peroxidases and catalase. They are prominent
in leukocytes and platelets.

. Peroxidation of polyunsaturated fatty acids

in vivo may lead to hydroperoxide formation, R-
OOH — R- OO’. The free radicals damage
molecules, cell membranes, tissues and genes.
(Chapter 20).

. Catalase and peroxidase are the enzymes

present in peroxisomes which will destroy the
unwanted peroxides and other free radicals.
Clinical applications of peroxisomes are shown
in Box 2.2.

MITOCHONDRIA

1.

They are spherical, oval or rod-like bodies, about
0.5-1 um in diameter and up to 7 um in length

Box 2.1. Clinical Applications of Lysosomes

. In gout, urate crystals are deposited around knee joints

(Chapter 39). These crystals when phagocytosed, cause
physical damage to lysosomes and release of enzymes.
Inflammation and arthritis result.

. Following cell death, the lysosomes rupture releasing

the hydrolytic enzymes which bring about postmortem
autolysis.

. Lysosomal proteases, cathepsins are implicated in tumor

metastasis. Cathepsins are normally restricted to the interior
of lysosomes, but certain cancer cells liberate the cathepsins
out of the cells. Then cathepsins degrade the basal lamina by
hydrolysing collagen and elastin, so that other tumor cells
can travel out to form distant metastasis.

. There are a few genetic diseases, where lysosomal

enzymes are deficient or absent. This leads to accu-
mulation of lipids or polysaccharides (Chapters 10 and
13).

. Silicosis results from inhalation of silica particles into

the lungs which are taken up by phagocytes. Lysosomal
membrane ruptures, releasing the enzymes. This stimulates
fibroblast to proliferate and deposit collagen fibers, resulting
in fibrosis and decreased lungs elasticity.

. Inclusion cell (I- cell) disease is a rare condition in which

lysosomes lack in enzymes, but they are seen in blood.
This means that the enzymes are synthesized, but are not
able to reach the correct site. It is shown that mannose-6-
phosphate is the marker to target the nascent enzymes
to lysosomes. In these persons, the carbohydrate units
are not added to the enzyme. Mannose-6-phosphate-
deficient enzymes cannot reach their destination (protein
targetting defect).



10 m Textbook of Biochemistry; Section A: Chemical Basis of Life

Cristae”"

Matrix

Fig. 2.3. Mitochondria

(Fig. 2.1). Erythrocytes do not contain mito-
chondria. The tail of spermatozoais fully packed
with mitochondria.

2. Mitochondria are the powerhouse of the cell,
where energy released from oxidation of food
stuffs is trapped as chemical energy in the form
of ATP (Chapter 19). Metabolic functions of
mitochondria are shown in Table 2.2.

3. Mitochondria have two membranes. The inner
membrane convolutes into folds or cristae
(Fig. 2.3). The inner mitochondrial membrane
contains the enzymes of electron transport
chain (Chapter 19). The fluid matrix contains
the enzymes of citric acid cycle, urea cycle and
heme synthesis.

4. Cytochrome P-450 system present in mito-
chondrial inner membrane is involved in
steroidogenesis (Chapter 46). Superoxide
dismutase is present in cytosol and mito-
chondria (Chapter 20).

Box 2.2. Peroxisomal Deficiency Diseases

1. Deficiency of peroxisomal matrix proteins can lead to
adreno leuko dystrophy (ALD) (Brown-Schilder's disease)
characterized by progressive degeneration of liver, kidney
and brain. It is a rare autosomal recessive condition. The
defect is due to insufficient oxidation of very long chain fatty
acids (VLCFA) by peroxisomes (see Chapter 13).

2. In Zellweger syndrome, proteins are not transported
into the peroxisomes. This leads to formation of empty
peroxisomes or peroxisomal ghosts inside the cells. Protein
targetting defects are described in Chapter 41.

3. Primary hyperoxaluriais due to the defective peroxisomal
metabolism of glyoxalate derived from glycine (Chapter 15).

Glycoprotein

Integral membrane

Transmembrane
protein

Fig. 2.4A. The fluid mosaic model of membrane

Anchor with
glycolipid
7 Anchor with
protein-protein
interactions

Single 1 S \J )

pass Multiple ~ -
A, Anchor with
phospholipid

Fig. 2.4B. Proteins are anchored in the
membrane by different mechanisms

5. Mitochondria also contain specific DNA. The integral inner
membrane proteins, are made by mitochondrial protein
synthesising machinery. However the majority of proteins,
especially of outer membrane are synthesised under the
control of cellular DNA. The division of mitochondria is
under the command of mitochondrial DNA. Mitochondrial
ribosomes are different from cellular ribosomes.
Antibiotics inhibiting bacterial protein synthesis do not
affect cellular processes, but do inhibit mitochondrial
protein biosynthesis (Chapter 41).

6. Taking into consideration such evidences, it is assumed
that mitochondria are parasites which entered into cells
at a time when multicellular organisms were being
evolved. These parasites provided energy in large quanti-
ties giving an evolutionary advantage to the cell; the cell
gave protection to these parasites. This perfect
symbiosis, in turn, evolved into a cellular organelle of
mitochondria.

7. A summary of functions of organelles is given in Table
2.2 and Box 2.3.
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Box 2.3. Comparison of Cell with a Factory

Plasma Fence with gates; gates open
membrane when message is received
Nucleus Manager’s office
Endoreticulum Conveyer beltof production units
Golgi apparatus Packing units

Lysosomes Incinerators

Vacuoles Lorries carrying finished products
Mitochondria Power generating units

PLASMA MEMBRANE

1.

4

The plasma membrane separates the cell from
the external environment. It has highly selective
permeability properties so that the entry and exit
of compounds are regulated. The cellular
metabolism is in turn influenced and probably
regulated by the membrane. The membrane is
metabolically very active.

. The enzyme, nucleotide phosphatase (5'

nucleotidase) and alkaline phosphatase are seen
on the outer part of cell membrane; they are
therefore called ecto-enzymes.

. Membranes are mainly made up of lipids,

proteins and small amount of carbohydrates. The
contents of these compounds vary according to
the nature of the membrane. The carbohydrates
are present as glycoproteins and glycolipids.
Phospholipids are the most common lipids
present and they are amphipathic in nature. Cell
membranes also contain cholesterol.

Fluid Mosaic Model

The lipid bilayer was originally proposed by Davson
and Danielle in 1935. Later, the structure of the
biomembranes was described as a fluid mosaic
model (Singer and Nicolson, 1972).

4-A. The phospholipids are arranged in bilayers with

the polar head groups oriented towards the
extracellular side and the cytoplasmic side with
a hydrophobic core (Fig. 2.4A). The distribution
of the phospholipids is such that choline
containing phospholipids are mainly in the
external layer and ethanolamine and serine
containing phospholipids in the inner layer.

4-B. Each leaflet is 25 A thick, with the head portion

10 A and tail 15 A thick. The total thickness is
about 50 to 80 A.

4-C. The lipid bilayer shows free lateral movement
of its components, hence the membrane is said
to be fluid in nature. Fluidity enables the
membrane to perform endocytosis and
exocytosis.

4-D. However, the components do not freely move
from inner to outer layer, or outer to inner layer
(flip-flop movement is restricted). During
apoptosis (programmed cell death), flip-flop

movement occurs.

This Flip-flop movement is catalyzed by enzymes.
Flippases catalyse the transfer of amino phospholipids
across the membrane. Floppases catalyse the outward
directed movement which is ATP dependent. This is
mainly seen in the role of ABC proteins mediating the
efflux of cholesterol and the extrusion of drugs from cells.
The MDR (multi drug resistance) associated
p-glycoprotein is a floppase. Ernst Ruska designed the
first electron microscope in 1939. Gerd Binning and
Heinrich Rohrer introduced the scanning electron
microscopy in 1981 by which the outer and inner layers
of membranes could be visualized separately. All the
three workers were awarded Nobel prize in 1986.

4-E. The cholesterol content of the membrane
alters the fluidity of the membrane. When
cholesterol concentration increases, the
membrane becomes less fluid on the outer
surface, but more fluid in the hydrophobic core.
The effect of cholesterol on membrane fluidity
is different at different temperatures. At
temperature below the Tm cholesterol in-
creases fluidity and there by permeability of
the membrane. Attemperatures above the Tm,
cholesterol decreases fluidity.

In spur cell anemia and alcoholic cirrhosis membrane
studies have revealed the role of excess cholesterol.
The decrease in membrane fluidity may affect
the activities of receptors and ion channels. This has
been implicated in conditions like LCAT deficiency,
Alzheimer’s disease and hypertension.

Fluidity of cellular membranes responds to variations
in diet and physiological states. Increased release of
reactive oxygen species (ROS), increase in cytosolic
calcium and lipid peroxidation have been found to
adversely affect membrane fluidity. Anesthetics may act
by changing membrane fluidity.

4-F. The nature of the fatty acids also affects the
fluidity of the membrane, the more unsaturated
cis fatty acids increase the fluidity.

The fluidity of the membrane is maintained by the length of
the hydrocarbon chain, degree of unsaturation and nature of
the polar head groups. Trans fatty acids (TFA) decrease the
fluidity of membranes due to close packing of hydrocarbon
chains. Cis double bonds create a kink in the hydrocarbon chain
and have a marked effect on fluidity. Second OH group of
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glycerol in membrane phospholipids is often esterified to an
unsaturated fatty acid, mono unsaturated oleic or poly-
unsaturated linoleic, linolenic or arachidonic.

The nature of fatty acids and cholesterol content varies
depending on diet. A higher proportion of PUFA which
increases the fluidity favors the binding of insulin to its receptor,
a trans membrane protein.

5. Membrane Proteins

5-A. The peripheral proteins exist on the surfaces
of the bilayer (Fig. 2.4B). They are attached
by ionic and polar bonds to polar heads of the
lipids.

5-B. Anchoring of proteins to lipid bilayers: Several
peripheral membrane proteins are tethered to the
membranes by covalent linkage with the membrane
lipids. Since the lipids are inserted into the hydrophobic
core, the proteins are firmly anchored. A typical form of
linkage is the one involving phosphatidyl inositol
which is attached to a glycan. This glycan unit has
ethanolamine, phosphate and several carbohydrate
residues. This glycan chain includes a glucose
covalently attached to the C terminus of a protein by
the ethanolamine and to the phosphatidyl inositol
by the glucosamine. The fatty acyl groups of the
phosphatidyl inositol diphosphate (PIP2) are firmly
inserted into the lipid membrane thus anchoring the
protein. This is referred to as glycosyl phosphatidyl
inositol (GPI) anchor.

5-C. Microdomains on membranes: GPI anchored proteins
are often attached to the external surface of plasma
membrane at microdomains called lipid rafts. They
are areas on the membrane having predominantly glyco-
sphingolipids and cholesterol. The localization and activity
of the protein can be regulated by anchoring and release.
Defective GPI anchors are implicated in PNH (paroxysmal
nocturnal hemoglobinuria). Lipid rafts have a role in
endocytosis, G protein signaling and binding of viral
pathogens. The GPI anchors that tether proteins to the
membrane are also seen at the lipid rafts. Membrane
proteins may be anchored by covalent bonding,
palmitoylation and myrystoylation.

5-D. Caveolae are flask shaped indentations on the areas
of lipid rafts that are involved in membrane transport
and signal transduction. Caveolae contain the protein
caveolin, along with other receptor proteins. Transport
of macromolecules (IgA) from the luminal side occurs

Ernst Ruska Gerd Binning  Heinrich Rohrer Theodor
NP 1986 NP 1986 NP 1986 Schwann
1906-1988 b.1947 b.1933 1810-1882

by caveolae mediated transcytosis. The endocytosis of
cholesterol containing lipoproteins may be caveolae
mediated. Similarly the fusion and budding of viral
particles are also mediated by caveolae.

5-E. The integral membrane proteins are deeply
embedded in the bilayer and are attached by
hydrophobic bonds or van der Waals forces.
Some of the integral membrane proteins span
the whole bilayer and they are called trans-
membrane proteins (Fig. 2.4). The hydro-
phobic side chains of the amino acids are
embedded in the hydrophobic central core of
the membrane. The transmembrane proteins
can serve as receptors (for hormones, growth
factors, neurotransmitters), tissue specific
antigens, ion channels, membrane-based
enzymes, etc.

5-F.

Bacterial Cell Wall

Prokaryotic (bacterial) cells as well as plant cells have a
cell wall surrounding the plasma membrane; this cell wall
provides mechanical strength to withstand high osmotic
pressure. Animal cells are devoid of the cell wall; they have
only plasma membrane. Major constituent of
bacterial cell wall is a heteropolysaccharide, consisting of
repeating units of N-acetyl muramic acid (NAM) and
N-acetyl glucosamine (NAG). This polysaccharide provides
mechanical strength to the plasma membrane. Synthesis
of this complex polysaccharide is blocked by penicillin. This
inhibition is responsible for the bactericidal action of
penicillin.

SPECIALISED MEMBRANE STRUCTURES

Tight Junction

When two cells are in close approximation, in certain areas,
instead of 4 layers, only 3 layers of plasma membranes
are seen. This tight junction permits calcium and other small
molecules to pass through from one cell to another through
narrow hydrophilic pores. Some sort of communication
between cells thus results. Absence of tight junction is
implicated in loss of contact inhibition in cancer cells
(Chapter 51). Tight junctions also seal off subepithelial
spaces of organs from the lumen. They contain specialized
proteins such as occludin, claudins and other adhesion
molecules.

@ ® @ @
Qutside ‘ l.| ® ®
Inside T
A B thecell @

Figs 2.5A and B. Facilitated diffusion. The carrier
molecules exist in two conformations
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Fig. 2.6. Water channel or aquaporin

Myelin Sheath

It is made up of the membrane of Schwann cells (Theodor
Schwann, 1858) condensed and spiralled many times around
the central axon. The cytoplasm of Schwann cells is squeezed
to one side of the cell. Myelin is composed of sphingomyelin,
cholesterol and cerebroside. Myelin sheaths thin out in certain
regions (Node of Ranvier) (Anotoine Ranvier, 1878). Due to
this arrangement, the propagation of nerve impulse is wave-
like; and the speed of propagation is also increased. Upon
stimulation, there is rapid influx of sodium and calcium, so that
depolarization occurs. Voltage gradient is quickly regained by
ion pumps. The ions flow in and out of membrane only where
membrane is free of insulation; hence the wave-like propagation
of impulse. In multiple sclerosis, demyelination occurs at
discrete areas, velocity of nerve impulse is reduced, leading to
motor and sensory deficits.

Microvilli

Microvilli of intestinal epithelial cells and pseudopodia of
macrophages are produced by membrane evagination. This
is due to the fluid nature of membranes.

Membranes of Organelle

Membranes of endoplasmic reticulum, nucleus, lysosomes
and outer layer of mitochondria may be considered as variants
of plasma membrane. Percentage of protein content varies
from 20% in myelin sheath to over 70% in the inner
membranes of mitochondria.

Cytoskeleton

Human body is supported by the skeletal system; similarly the
structure of a cell is maintained by the cytoskeleton present
underneath the plasma membrane. The cytoskeleton is
responsible for the shape of the cell, its motility and

T Exterior
E ’A
—
]
® Cytosol
Closed Open 4
ATP ADP+Pi

chromosomal movements during cell division. The
cytoskeleton is made up of a network of microtubules
(Fig. 2.1) and microfilaments, which contain the proteins spectrin
and ankyrin. Tubules consist of polymers of tubulin.

Molecular Motors

Proteins that are responsible for co-ordinated movements in
tissues and cells are referred to as molecular motors. These
may be ATP driven as in the case of the contractile proteins;
actin and myosin in muscle as well as dyenin and tubulin in
cilia and flagella. Kinesin which mediates movement of
vesicles on microtubules also requires ATP.

TRANSPORT MECHANISMS

The permeability of substances across cell
membrane is dependent on their solubility in lipids
and not on their molecular size. Water soluble
compounds are generally impermeable and require
carrier mediated transport. An important function
of the membrane is to withhold unwanted molecules,
while permitting entry of molecules necessary for
cellular metabolism. Transport mechanisms are
classified into

1. Passive transport

1-A. Simple diffusion

1-B. Facilitated diffusion.

1-C. lon channels are specialized carrier
systems. They allow passage of molecules
in accordance with the concentration
gradient.

. Active transport
3. Pumps can drive molecules against the gradient
using energy.

N

1-A. Simple Diffusion

Solutes and gases enter into the cells passively.
They are driven by the concentration gradient. The
rate of entry is proportional to the solubility of that

Acetyl choline binding site

B

Exterior

Plasma
membrane

Cytosol

Gate

Fig. 2.7. lon channel Fig. 2.8. Active transport

Fig. 2.9. Acetyl choline receptor



14 m Textbook of Biochemistry; Section A: Chemical Basis of Life

solute in the hydrophobic core of the membrane.
Simple diffusion occurs from higher to lower
concentration. This does not require any energy.
However, it is a very slow process.

1-B. Facilitated Diffusion

This is a carrier mediated process (Fig. 2.5).

Important features of facilitated diffusion are:

a. The carrier mechanism could be saturated which
is similar to the Vmax of enzymes.

b. Structurally similar solutes can competitively
inhibit the entry of the solutes.

c. Facilitated diffusion can operate bidirectionally.

d. This mechanism does not require energy but the
rate of transport is more rapid than simple
diffusion process.

e. The carrier molecules can exist in two confor-
mations, Ping and Pong states. In the pong

Cytoplasm

Extracellular fluid

Fig. 2.10. The sodium potassium pump

It brings sodium ions out of the cells and potassium ions
into the cells. Black circle = sodium ion; green square =
potassium ion; pink circle = phosphate. (1) Cytoplasmic
sodium ions (3 numbers) bind to the channel protein. This
favors phosphorylation of the protein along with hydrolysis
of ATP. (2) Phosphorylation causes the protein to change
conformation, expelling the sodium ions across the
membrane. (3) Simultaneously, extracellular potassium
ions (2 numbers) move to the carrier protein. Potassium
binding leads to release of phosphate group. (4) So,
original conformation is restored. (5) Potassium ions are
released into the cytoplasm. The cycle repeats

state, the active sites are exposed to the exterior,
when the solutes bind to the specific sites. Then
there is a conformational change. In the ping state,
the active sites are facing the interior of the cell,
where the concentration of the solute is minimal.
This will cause the release of the solute molecules
and the protein molecule reverts to the pong state.
By this mechanism the inward flow is facilitated,
but the outward flow is inhibited (Fig. 2.5).
Hormones regulate the number of carrier
molecules. For example, glucose transport across
membrane is by facilitated diffusion involving a
family of glucose transporters. Glucose transport
is described in detail in Chapter 9.

Aquaporins

They are water channels (Fig. 2.6). They are a family
of membrane channel proteins that serve as selective
pores through which water crosses the plasma
membranes of cells. They form tetramers in the cell
membrane, and facilitate the transport of water
They control the water content of cells. Agre and
MacKinnon were awarded Nobel prize for chemistry
in 2003 for their contributions on aquaporins and
water channels. Diseases such as nephrogenic
diabetes insipidus is due to impaired function of these
channels.

Channelopathies are a group of disorders that
result from abnormalities in the proteins
forming the ion pores or channels. A few examples
are cystic fibrosis (chloride channel), Liddle's syn-
drome (sodium channel) and periodic paralysis
(potassium channel).

1-C. lon Channels

Membranes have special devices called ion
channels (Fig. 2.7). lon channels are trans-
membrane proteins that allow the selective entry of

Box 2.4. Salient Features of lon Channels

1. They are transmembrane proteins
. Selective for one particular ion

3. Regulation of activity is done by voltage-gated,
ligand-gated or mechanically gated mechanisms

4. Different channels are available for Na*, K*,
Ca** and CI~

5. Transport through the channel is very quick

N
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Table 2.3. Types of transport mechanisms

Carrier Against Energy Examples
gradient required

Simple no no nil water
diffusion
Facilitated yes no nil glucose to
diffusion RBCs
Primary yes yes directly sodium
active pump
Secondary yes yes indirect glucoseto
active intestine
lon channels yes no no sodium
channel

various ions. Salient features are enumerated in
Box 2.4. These channels are for quick transport of
electrolytes such as Ca**, K*, Na® and CI~. These
are selective ion conductive pores. lon channels
are specialized protein molecules that span the
membranes. The channels generally remain closed,
but in response to stimulus, they open allowing rapid
flux of ions down the gradient. This may be
compared to opening of the gate of a cinema house,
when people rush to enter in. Hence this regulation
is named as "gated". Such ion channels are
important for nerve impulse propagation, synaptic
transmission and secretion of biologically active
substances from the cells. lon channels are different
from ion transport pumps described below.

Ligand Gated Channels
Ligand gated channels are opened by binding of
effectors. The binding of a ligand to a receptor site

Ligand-
gated '

Voltage-
gated ‘

+++++

Fig.2.11. Leftside, voltaged gated channels; onthe
right side, ligand gated channels; closed and open
positions

Box 2.5. Clinical Applications of Channels

1. Sodium Channels: Local anesthetics such as
procaine act on sodium channels both as blockers
and on gating mechanisms to hold the channel in an
inactivated state. Point mutation in sodium channel
leads to myotonia, characterized by increased muscle
excitability and contractility.

2. InLiddle's disease, the sodium channels in the renal
epithelium are mutated, resulting in excessive sodium
reabsorption, water retention and elevated blood
pressure.

3. Potassium channel mutations in "Long QT
syndrome" leadstoinherited cardiac arrythmia, where
repolarization of the ventricle is delayed, resulting in
prolonged QT intervals in ECG.

4.Chloride channels: The role of GABA and glycine as
inhibitory neuro-transmitters is attributed to their ability
to open the chloride channels at the postsynaptic
membranes.

5. Cystic fibrosis is due to certain mutations in the
CFTR gene (cystic fibrosis transmembrane regulator
protein), which is a chloride transporter.

6. Retina: The excitation of retinal rods by a photon is
by closing of cation specific channels resulting in
hyperpolarization of the rod cellmembrane. This light
induced hyperpolarization is the major eventin visual
excitation (see, Chapter 33).

on the channel results in the opening (or closing) of

the channel (Fig. 2.11). The ligand may be an

extracellular signalling molecule or an intracellular
messenger. Clinical applications of channels are

shown in Box 2.5.

a. Acetyl choline receptor (Fig. 2.9) is the best
example for ligand gated ion channel. Itis present
in postsynaptic membrane. It is a complex of 5
subunits, consisting of acetyl choline binding site
and the ion channel. Acetyl choline released from
the presynaptic region binds with the receptors
on the postsynaptic region, which triggers opening
of the channel and influx of Na*. This generates
an action potential in the postsynaptic nerve. The
channel opens only for a millisecond, because
the acetyl choline is rapidly degraded by acetyl
cholinesterase.

b. Calcium channels: Under appropriate stimuli
calcium channels are opened in the sarco-
plasmic reticulum membrane, leading to an
elevated calcium level in the cytosol of muscle
cells. Calcium channel blockers are therefore
widely used in the management of hypertension.

c. Amelogenin, a protein present in enamel of teeth has

hydrophobic residues on the outside. A 27 amino acid
portion of amelogenin functions as a calcium channel.
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Phosphorylation of a serine residue of the protein opens
the calcium channel, through which calcium ions zoom
through and are funnelled to the mineralization front. The
amelogenin is used for the formation of calcium hydroxy
apatite crystals.

Voltage Gated Channels

Voltage gated channels are opened by membrane
depolarization (Fig. 2.11). The channel is usually
closed in the ground state. The membrane potential
change (voltage difference) switches the ion

channel to open, lasting less than 25 milliseconds.

In voltage gated channels, the channels open or close in
response to changes in membrane potential. They pass from
closed through open to inactivated state on depolarization.
Once in the inactivated state, a channel cannot re-open until
it has been reprimed by repolarization of the membrane.

Voltage gated sodium channels and voltage gated
potassium channels are the common examples. These are
seen in nerve cells and are involved in the conduction of nerve
impulses.

lon channels allow passage of molecules in accordance
with the concentration gradient. lon pumps can transport
molecules against the gradient.

lonophores

They are membrane shuttles for specific ions. They
transport antibiotics. lonophores increase the
permeability of membrane to ions by acting as
channel formers. The two types of ionophores are;
mobile ion carriers (e.g. Valinomycin) and channel
formers (e.g. Gramicidin). They are produced by
certain microorganisms and are used as antibiotics.
When cells of higher organisms are exposed
to ionophores, the ion gradient is dissipated.
Valinomycin allows potassium to permeate mito-
chondria and so it dissipates the proton gradient;
hence it acts as an uncoupler of electron transport
chain (Chapter 19).

2. Active Transport

The salient features of active transport are:

a. This form of transport requires energy. About
40% of the total energy expenditure in a cell is
used for the active transport system.

Box 2.6. Clinical Applications of Sodium Pump

Cardiotonic drugs like digoxin and ouabain bind to
the alpha-subunit and act as competitive inhibitor of
potassium ion binding to the pump. Inhibition of the
pump leads to an increase in Na* level inside the cell
and extrusion of Ca** from the myocardial cell. This
would enhance the contractility of the cardiac muscle
and so improve the function of the heart.

b. The active transport is unidirectional.

c. It requires specialized integral proteins called
transporters.

d. The transport system is saturated at higher
concentrations of solutes.

e. The transporters are susceptible to inhibition by
specific organic or inorganic compounds.
General reaction is depicted in Figure 2.8.

2-A. Sodium Pump

Itis the best example for active transport. Cell has
low intracellular sodium; but concentration of
potassium inside the cell is very high. This is
maintained by the sodium—potassium activated
ATPase, generally called as sodium pump. The
ATPase is an integral protein of the membrane
(Fig. 2.10). It has binding sites for ATP and sodium
on the inner side and the potassium binding site is
located outside the membrane. It is made up of
two pairs of unequal subunits o, 3,. Both subunits
of the pump (alpha and beta) span the whole
thickness of membrane. Details are shown in
Fig. 2.10. Clinical applications of sodium pump are
shown in Box 2.6.

2-B. Calcium Pump

An ATP dependent calcium pump also functions to
regulate muscle contraction. A specialized
membrane system called sarcoplasmic reticulum
is found in skeletal muscles which regulates the
Ca** concentration around muscle fibers.

In resting muscle the concentration of Ca*™
around muscle fibers is low. But stimulation by a
nerve impulse results in a sudden release of large
amounts of Ca**. This would trigger muscle
contraction. The function of calcium pump is to
remove cytosolic calcium and maintain low

E =E e m o
il

Antiport

Il |
] H ©

Uniport Symport

Fig. 2.12. Different types of transport systems
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Exocytosis

.)“

External environment

Cell membrane &

Vesicle

Cytosol

Golgi pparatus

Fig. 2.13. Exocytosis

cytosolic concentration, so that muscle can receive
the next signal. For each ATP hydrolysed, 2Ca**
ions are transported.

Uniport, Symport and Antiport

Transport systems are classified as uniport, symport

and antiport systems (Fig. 2.12).

1. Uniport system carries single solute across the
membrane, e.g. glucose transporter in most of
the cells. Calcium pump is another example.

2. If the transfer of one molecule depends on
simultaneous or sequential transfer of another
molecule, it is called co-transport system. The
active transport may be coupled with energy
indirectly. Here, movement of the substance

against a concentration gradient is coupled with
movement of a second substance down the
concentration gradient; the second molecule
being already concentrated within the cell by an
energy requiring process.

3. The co-transport system may either be a symport
or an antiport. In symport, (Fig. 2.12) the
transporter carries two solutes in the same
direction across the membrane, e.g. sodium
dependent glucose transporter (Chapter 8).
Phlorhizin, an inhibitor of sodium-dependent
co-transport of glucose, especially in the proximal
convoluted tubules of kidney, produces renal
damage and results in renal glycosuria. Amino
acid transport is another example for symport.

4. The antiport system (Fig. 2.12) carries two
solutes or ions in opposite direction, e.g.
sodium pump (Fig. 2.10) or chloride-bicarbonate
exchange in RBC (Chapter 22). Features of
different types of transport modalities are
summarized in Table 2.3.

Clinical Applications

In Hartnup's disease, transport mechanisms for amino acids
are defective in intestine and renal tubules (Chapter 17). In
cystinuria, renal reabsorption of cysteine is abnormal
(Chapter 16). Renal reabsorption of phosphate is decreased
in vitamin D resistant rickets (Chapter 33). Diseases due to
abnormalities of transport systems include familial
hypercholesterolemia, cystic fibrosis, congenital long QT
syndrome, Wilson disease, I-cell disease, hereditary
spherocytosis and paroxysmal nocturnal hemoglobinuria, etc.

Phagocytosis Pinocytosis Receptor mediated
. endocytosis
Extracelluar fluid
. ® A Extracelluar fluid
i =
Extracelluar fliud P * e e
x
v
Membrane Q/_
- Receptor
Pseudopodia Coated pit P
Cytoplasm
Cytoplasm @
Phagosome Vesicle
Cytoplasm .
Coated vesicle

Fig. 2.14. Different types of endocytosis. Left side, phagocytosis; middle, pinocytosis;
right side, receptor mediated endocytosis
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Secretory Vesicles and Exocytosis

Under appropriate stimuli, the secretory vesicles
or vacuoles move towards and fuse with the
plasma membrane. This movement is created by
cytoplasmic contractile elements; the microtubule
system. The inner membrane of the vesicle fuses
with outer plasma membrane, while cytoplasmic
side of vesicle fuses with cytoplasmic side of
plasma membrane. Thus the contents of vesicles
are externalized. This process is called exocytosis
or reverse pinocytosis. Release of trypsinogen by
pancreatic acinar cells; release of insulin by beta
cells of Langerhans and release of acetyl choline
by presynaptic cholinergic nerves are examples
of exocytosis (Fig. 2.13). Often, hormones are the
signal for exocytosis, which leads to calcium ion
changes, triggerring the exocytosis.

Endocytosis

Endocytosis is the mechanism by which cells
internalize extracellular macromolecules, to form an
endocytic vesicle. This requires energy in the form
of ATP as well as calcium ions in the extracellular
fluid. Cytoplasmic contractile elements take part in
this movement. In general, plasma membrane is
invaginated, enclosing the matter. This forms the
endocytic vesicle. The endocytosis may be
pinocytosis or phagocytosis or receptor mediated
endocytosis (Fig. 2.14).

Pinocytosis

Pinocytosis literally means ‘drinking by the cell'. Cells take up
fluid by this method (Fig. 2.14). The fluid phase pinocytosis
is a nonselective process.

Receptor Mediated Endocytosis

The selective or adsorptive pinocytosis is receptor
mediated; also called as absorptive pinocytosis. Low
Density Lipoprotein (LDL) is a good example. LDL binds to
the LDL receptor and the complex is later internalized. The
cytoplasmic side of these vesicles are coated with filaments;
mainly composed of Clathrin. These are called Clathrin
coated pits (Fig. 2.14). Absorption of cholesterol by clathrin
coated pit is shown in Figure 12.13. After the LDL-receptor
complex is internalized, the receptor molecules are released
back to cell surface; but the LDL is degraded by lysosomal
enzymes. Several hormones are also taken up by the cells
by receptor-mediated mechanism. The protein, Dynamin
which has GTPase activity, is necessary for the inter-
nalisation of clathrin coated pits. Many viruses get attached
to their specific receptors on the cell membranes. Examples
are Influenza virus, Hepatitis B virus, polio virus and HIV.
They are taken up by caveolae mediated processes. Caveolae
mediated endocytosis is also known as potocytosis.

Phagocytosis

The term is derived from the Greek word "phagein” which
means to eat. It is the engulfment of large particles such as
bacteria by macrophages and granulocytes. They
extend pseudopodia and surround the particles to form
phagosomes (Fig. 2.14). Phagosomes later fuse with
lysosomes to form phagolysosomes, inside which the particles
are digested. An active macrophage can ingest 25% of their
volume per hour. In this process, 3% of plasma membrane is
internalized per minute. The biochemical events accom-
panying phagocytosis is described as respiratory burst
(Chapter 20).
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CHAPTER AT A GLANCE

The reader will be able to answer questions on
the following topics:

Classification of amino acids based on structure
Based on side chain character

Based on metabolic fate

Based on nutritional requirements

Iso electric point

Reactions due to carboxyl group

Reactions due to amino group

Reactions of SH group

Peptide bond formation
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Proteins are of paramount importance for biological
systems. All the major structural and functional
aspects of the body are carried out by protein
molecules. All proteins are polymers of amino acids.
Proteins are composed of a number of amino acids
linked by peptide bonds.

Although about 300 amino acids occur in nature,
only 20 of them are seen in human body. Most of
the amino acids (except proline) are alpha amino
acids, which means that the amino group is
attached to the same carbon atom to which the
carboxyl group is attached (Fig. 3.1).

CLASSIFICATION OF AMINO ACIDS
1. Based on Structure

1-A. Aliphatic amino acids
a. Mono amino mono carboxylic acids:
» Simple amino acids: Glycine, Alanine
(Fig. 3.2)
e Branched chain amino acids: Valine,
Leucine, Isoleucine (Fig. 3.3)
* Hydroxy amino acids: Serine, Threonine
(Fig. 3.4.)
» Sulphur containing amino acids: Cysteine,
Methionine (Fig. 3.5)
* Amino acids with amide group: Aspara-
gine, Glutamine (Fig. 3.6)
b. Mono amino dicarboxylic acids: Aspartic
acid, Glutamic acid (Fig. 3.7)

coo~

a (IBH—NH;

1
R

Fig. 3.1.
General structure

Amino Acids. Sructure
and Properties

Glycine
Gly; G

Co0" coo Ccoo”
<[:H—NH3 (IJH—NH3 (!:H—NH3
<I[:H-CH3 %Hz <][:H-(:H3
CH, HC—-CH,4 CH,
(|3H3 (!‘,H3
Valine Leucine Isoleucine
Val; V Leu; L lle; |

Fig. 3.3. Branched chain amino acids

coo coo ?oo' (olele}
I i + Z
CH-NH, CH-NH, Al ittt
} } CH CH,
Chy-[OH] ‘fh?-‘ i: CH
SH <
CH, 2 CH,4
Serine Threonine Cysteine Methionine
Ser; S Thr; T Cys; C Met; M
Fig. 3.4. Hydroxy Fig. 3.5. Sulphur
amino acids containing amino acids
(ofolo CO0 CO0 coo”
L. .5 I [ . it
CIIH—NH3 (i‘,|-1_r~,||-|3 vl (;,‘H—NH;, o CI:H—NH3
1 1 I 1
CH, (|3H2 p CH, p <|3Hz
Asparagine Glutamine | Aspartic acid Glutamine acid
Asn; N Gin; Q Asp; D Gin; E

Fig. 3.6. Amino acid
with amide groups

S Fig. 3.7. Dicarboxylic
amino acids
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Table 3.1. Common amino acids

(Benzene group)

(Phenol group)

Fig. 3.9. Aromatic amino acids

Name of Special 3- 1- Mole-
amino acid group letter letter cular
present abbre abbre weight
via- via- (D)
tion  tion
Glycine Gy G 77
Alanine Ala A 89
Valine Val \% 117
Leucine Leu L 131
Isoleucine lle I 131
Serine Hydroxyl Ser S 105
Threonine Hydroxyl Thr T 119
Cysteine Sulfhydryl Cys C 121
Methionine Thioether Met M 149
Asparagine Amide Asn N 132
Glutamine Amide Gln Q 146
Aspartic acid Beta-carboxyl Asp D 133
Glutamic acid y-carboxyl Glu E 147
Lysine €-amino Lys K 146
Arginine Guanidinium Arg R 174
Phenylalanine Benzene Phe F 165
Tyrosine Phenol Tyr Y 181
Tryptophan Indole Trp W 204
Histidine Imidazole His H 155
Proline (imino acid) Pyrrolidine Pro P 115
[clele]} cI:oo”
{IJH—NH; @ [CH-NH;
1 )
{|:H2 B ?Hz
?Hz 1l ?Hz
?Hz ) ?Hz
l‘iJH ¢ CH,
(I:=NH; NH;"
NH,
Arginine; Arg; R Lysine; Lys; K
(Guanidium group)
Fig. 3.8. Dibasic amino acids
H, H,
I I
A 7
(i:H-NH; (;3H—NH3*
Coo™ (ofelon
Phenyl alanine Tyrosine
Phe; F Tyr; Y

c. Dibasic mono carboxylic acids: Lysine,
Arginine (Fig. 3.8)
1-B. Aromatic amino acids:
Phenylalanine, Tyrosine (Fig. 3.9)

1-C. Heterocyclic amino acids:
Tryptophan (Fig. 3.10), Histidine (Fig. 3.11)

1-D.

1-E. Derived amino acids:

Imino acid: Proline (Fig. 3.11)

1-E-i. Derived amino acids found in proteins: After
the synthesis of proteins, some of the amino acids
are modified, e.g. hydroxy proline (Fig. 3.12) and
hydroxy lysine are important components of collagen.
Gamma carboxylation of glutamic acid residues of
proteins is important for clotting process (Fig. 3.12).
In ribosomal proteins and in histones, amino acids
are extensively methylated and acetylated.

1-E-ii. Derived amino acids not seen in proteins
(Non-protein amino acids):

Some derived amino acids are seen free in cells,
e.g. Ornithine (Fig. 3.12), Citrulline, Homocysteine.
These are produced during the metabolism of amino
acids. Thyroxine may be considered as derived from
tyrosine.

1-E-iii. Non-alpha amino acids:

Gamma amino butyric acid (GABA) is derived from
glutamic acid. Beta alanine, where amino group is
in beta position, is a constituent of pantothenic acid
(vitamin) and co-enzyme A.

Each amino acid will have three-letter and one-
letter abbreviations which are shown in Table 3.1
as well as in Figs 3.2 to 3.11. Sometimes
asparagine/aspartic acid may not be separately
identified, for which 3-letter abbreviation is Asx and
1-letter abbreviation is B.

Similarly Glx or Z stands for glutamine/glutamic acid.

Special Groups in Amino Acids

In the figures, special groups are shaded. Arginine
contains guanidinium group; Phenyl alanine
(benzene); Tyrosine (phenol); Tryptophan (Indole);
Histidine (imidazole); and Proline (pyrrolidine) (Table
3.1). Proline has a secondary amino group, and
hence it is an imino acid.

2. CLASSIFICATION BASED ON SIDE CHAIN

2-A. Amino acids having nonpolar side chains:
These include Alanine, Valine, Leucine, Isoleucine,
Methionine, Proline, Phenylalanine and Tryptophan.
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_?Hz
1
U (I:H—NH;

CO0™

Fig. 3.10. Tryptophan (Trp) (W) with indole group

| | || L
HN N || CH-NH; | ~—CO00
N2 i "NH,
coo™ +

Histidine; His H Proline; Pro P

(Pyrrolidine group)

(imidazole group)

Fig. 3.11. Histidine and proline

These groups are hydrophobic (water repellant)
and lipophilic. Therefore, the parts of proteins made
up of these amino acids will be hydrophobic in
nature.

2-B. Amino acids having uncharged or non-
ionic polar side chains:

Glycine, Serine, Threonine, Cysteine, Tyrosine,
Glutamine and Asparagine belong to this group.
These amino acids are hydrophilic in nature.
(Tyrosine and Cysteine may show hydrophobic
character when present in the interior of the protein).

2-C. Amino acids having charged or ionic polar

side chains (hydrophilic):

C-a. Acidic amino acids: They have a negative
charge on the R group: Aspartic acid and
Glutamic acid (Tyrosine is mildly acidic).

C-b. Basic amino acids: They have a positive
charge on the R group: Lysine, Arginine and
Histidine.

a COO Ccoo™
| l OH

B (l.‘.H—NHa* CH-NH;,* ‘

Y THz ?Hz COO_
CH-COO~ CH, THz
COO~ CH,—NH;*

Gamma carboxy Ornithine 4-hydroxy
glutamic acid Proline

Fig. 3.12. Some derived amino acids

Box 3.1. Memory Aid for Essential Amino Acids

"Any Help In Learning These Little Molecules
Proves Truely Valuable"

This stands for

Arginine, Histidine, Isoleucine, Leucine, Threonine,
Lysine, Methionine, Phenylalanine, Tryptophan
and Valine in that order.

Arginine and Histidine are semi-essential amino
acids; while others are essential

3. CLASSIFICATION BASED ON METABOLISM
3-A. Purely Ketogenic

Leucine is purely ketogenic because it is converted
to ketone bodies (Fig.17.14).

3-B. Ketogenic and Glucogenic

Lysine, Isoleucine, Phenylalanine, Tyrosine and Try-
ptophan are partially ketogenic and partially gluco-
genic. How ever in humans lysine is predominantly
ketogenic. During metabolism, part of the carbon
skeleton of these amino acids will enter the
ketogenic pathway and the other part to glucogenic
pathway (see Fig.17.14).

3-C. Purely Glucogenic

All the remaining 14 amino acids are purely gluco-
genic as they enter only into the glucogenic pathway
(See Chapter 17).

4. CLASSIFICATION BASED ON NUTRITIONAL
REQUIREMENTS

4-A. Essential or Indispensable

The amino acids may further be classified according
to their essentiality for growth. Thus Isoleucine,
Leucine, Threonine, Lysine, Methionine,
Phenylalanine, Tryptophan, and Valine are
essential amino acids. Their carbon skeleton cannot
be synthesized by human beings and so preformed
amino acids are to be taken in food for normal
growth. See memory aid in Box 3.1.

4-B. Partially essential or Semi-essential
Histidine and arginine are semi-indispensable
amino acids. Growing children require them in food.
But they are not essential for the adult individual.

4-C. Non-essential or Dispensable
The remaining 10 amino acids are non-essential,
because their carbon skeleton can be synthesized
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Box 3.2. Selenocysteine as the 21st amino acid

21st century witnesses the addition of selenocysteine
as the 21st amino acid present in human proteins. An
amino acid is given the individual status, when it is
incorporated as such into proteins during protein
biosynthesis, and having a separate codon. Seleno-
cysteine is present in some enzymes. Instead of SH
(sulthydryl) group in cysteine, SeH (selenium) is present
in selenocysteine. It is abbreviated as SeCys or SeC.
Details are given in Chapter 15, under serine.

Similarly pyrrolysine (Pyl) is known as the 22nd
amino acid. Pyrrolysine is a lysine in an amide linkage
to substituted-pyrroline-5-carboxylate. It is present in
methyl transferase enzymes of certain bacteria. Both
SeC and Pyl are encoded by codons that normally
function as stop signals.

by the body. However, they are also required for
normal protein synthesis. All body proteins do
contain all the non-essential amino acids.

Naming (Numbering) of Carbon Atoms

Carbon atoms in amino acids in sequence are
named with letters of Greek alphabets, starting from
the carbon atom to which carboxyl group is
attached. As examples, naming of glutamic acid is
shown in figure 3.7 and that of lysine is shown in
Figure 3.8.

PROPERTIES OF AMINO ACIDS

Glycine, alanine, valine, serine, tryptophan, histidine
and proline are sweet in taste; leucine is tasteless;
while isoleucine and arginine are bitter. Sodium
glutamate is a flavoring agent. Aspartame, an
artificial sweetener contains aspartic acid and
phenyl alanine. All amino acids have high melting
points (more than 200°C). All amino acids are
soluble in water and alcohol (polar solvents); but
insoluble in nonpolar solvents (benzene).

A. Ampholyte and Iso-electric Point
1. Amino acids can exist as ampholytes or
zwitterions (German word "zwitter" = hybrid)

(IZOOH CO0 COO0
] T~

I — | l

R ATt R e R

Anion
(high pH)

(isoelectric pH)

Fig. 3.13. lonic forms of amino acids

Table 3.2. pK values of amino acids

Name of pK1 of pK2of pK3of Extra pl
amino acid alpha alpha extra ionizable
carboxy amino ioniza group
group group able present
group
Glycine 2.4 9.8 6.1
Valine 2.3 9.6 6.0
Serine 2.2 9.2 5.7
Cysteine 1.9 10.3 8.2  Sulfhydryl 5.1
Glutamine 2.2 9.1 5.6
Aspartic acid 2.1 9.8 3.9 Betacarboxyl 3.0
Glutamic acid 2.2 9.6 4.3  y-carboxyl 3.2
Lysine 2.2 8.9 10.5 e-amino 9.7
Arginine 2.0 9.0 12.5 Guanidinium  10.8
Phenylalanine 2.6 9.2 5.9
Tyrosine 2.2 9.1 10.1 Phenol 5.7
Tryptophan 2.4 9.4 5.9
Histidine 1.8 9.2 6.1 Imidazole 7.6

in solution, depending on the pH of the
medium.

2. The pH at which the molecule carries no net
charge is known as iso-electric point or iso-
electric pH (pl).

3. Inacidic solution they are cationic in form and
in alkaline solution they behave as anions (Fig.
3.13).

4. Atiso-electric point the amino acid will carry no
net charge; all the groups are ionized but the
charges will cancel each other. Therefore at iso-
electric point, there is no mobility in an
electrical field. Solubility and buffering
capacity will be minimum at iso-electric pH.

5. To such a solution if we add hydrochloric acid
drop by drop, at a particular pH, 50% of the
molecules are in cation form and 50% in
zwitterion form. This pH is pK1 (with regard to
COOH). If more HCl is added, more molecules
become cationic in nature and solubility
increases.

6. Onthe other hand, if we titrate the solution from
iso-electric point with NaOH, molecules acquire
the anionic form. When 50% of molecules are
anions, that pH is called pK2 (with respect to
NH2).

7. The iso-electric pH (pl) for mono amino mono
carboxylic amino acids can be calculated:
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Fig. 3.14. Titration curve of glycine; pH in Y-axis

_ pK1+pK2
pl_ 2

+9.8

e.g. pl of glycine _ 24798 _ 6.1.

2
8. From the graph it is evident that the buffering

action is maximum in and around pK1 or at pK2
and minimum at pl (Fig. 3.14)

9. In the case of amino acids having more than
two ionizable groups, correspondingly there will
be more pK values, e.g. Aspartic acid (Fig.
3.15). The pK values of amino acids are given
in Table 3.2. From these values, it can be seen
that at physiological pH of 7.4, both carboxyl
and amino groups of amino acids are
completely ionized. Thus to be very correct,
zwitterion forms are to be shown as the
structures of amino acids.

10.The pK value of imidazolium group of histidine
is 6.1, and therefore effective as a buffer at the
physiological pH of 7.4. The buffering capacity
of plasma proteins and hemoglobin is mainly due
to histidine residue.

AT i CHO cl;OOH COOH
|
E | HO—C—H (I:—-H H—T NH,
11 : CH, OH R
12 : L-glyceraldehyde L-amino acid D-amino acid
pH g : Fig. 3.16. L and D amino acids
64 |
i_“ | B. Optical Activity
3 : 1. Amino acids having an asymmetric carbon atom
2.1 : exhibit optical activity. Asymmetry arises when
L [ 4 different groups are attached to the same
8e ; s . carbon atom (Fig. 3.16).
. 2. Glycine is the simplest amino acid and has no
Equivalents of OH —— asymmetric carbon atom and therefore shows

no optical activity. All others are optically active.

3. The mirror image forms produced with reference
to the alpha carbon atom, are called D and L
isomers.

4. The L-amino acids occur in nature and are there-
fore called natural amino acids. D-amino acids
are seen in small amounts in microorganisms
and as constituents of certain antibiotics such
as Gramicidin-S, Polymyxin, Actinomycin-D and
Valinomycin, as well as bacterial cell wall pepti-
doglycans.

5. Isoleucine and threonine have 2 optically active
centers and therefore each has 4 diastereo
isomers.

Sorensen's Formal Titration

Amino acids cannot be exactly titrated. If, for example, 1 ml of
1N solution of glycine is titrated against 1N sodium hydroxide,
the alkali requirement will be less than 1 ml. This is because
hydrogen ions released by ionization of carboxyl group are
partly taken up by the amino group. To circumvent this
problem, excess formaldehyde is added to the solution, which
converts amino group into neutral dimethylol derivative.
Thereafter, titration can be completed to the end point. In the
above example, after addition of formaldehyde, exactly 1 ml
of 1N sodium hydroxide is utilized in the titration.

SOLH _ coo~ co0~ _ coo
| - + OH +OH +OH
& — 2 — o — G-t
+ + +
CH, +OH <[:H2 +OH CH, +OH CH,
Ky=21 Ks=23.9 = K, =9.8 -
COCH Pr4 COOH PR3 PRy Co0
Net charge: +1 Net charge nil Net charge: -1 Net charge: -2

Fig. 3.15. lonization of aspartic acid
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GENERAL REACTIONS OF AMINO ACIDS
A. Due to Carboxyl Group

1. Decarboxylation: The amino acids will undergo
alpha decarboxylation to form the corresponding amine
(Fig.3.17). Thus some important amines are produced
from amino acids. For example,

Histidine — Histamine + CO,
Tyrosine — Tyramine + CO,
Tryptophan — Tryptamine + CO,
Lysine — Cadaverine + CO,
Glutamic acid - Gamma amino

butyric acid (GABA) + CO,

2. Amide Formation: The -COOH group of
dicarboxylic amino acids (other than alpha
carboxyl) can combine with ammonia to form the
corresponding amide. For example,

Aspartic acid + NH; —
Glutamic acid + NH; —

Asparagine
Glutamine (Fig.3.19)

These amides are also components of protein
structure. The amide group of glutamine serves
as the source of nitrogen for nucleic acid synthesis.

B. Reactions Due to Amino Group

3. Transamination: The alpha amino group of
amino acid can be transferred to alpha keto acid to
form the corresponding new amino acid and alpha
keto acid (Fig. 3.18). This is an important reaction
in the body for the inter-conversion of amino acids
and for synthesis of non-essential amino acids.

4. Oxidative Deamination: The alpha amino group
is removed from the amino acid to form the
corresponding keto acid and ammonia (Fig. 14.9).

(l?,H—NHz ! R
i Decarbo-
xylation

Amino acid Corresponding amine

Fig. 3.17. Decarboxylation of amino acid

(l:oo‘ TOO—

CH-NH * .

l . Alpha keto |

CH, Gliitamato glutarate (|3H2

i e

CoO Coo
Pyruvate Alanine

<|:oo‘ TOO_

i ol ]

CHj b

Fig. 3.18. Transamination reaction

In the body, Glutamic acid is the most common
amino acid to undergo oxidative deamination.

5. Formation of carbamino compound: Carbon
dioxide adds to the alpha amino group
of amino acids to form carbamino compounds.
The reaction occurs at alkaline pH and serves as
a mechanism for the transport of carbon dioxide
from tissues to the lungs by hemoglobin (Chapter
22).

Hb—NH2 + CO, —
Hb—NH—COOH (Carbamino-Hb)

C. Reactions Due to Side Chains

6. Transmethylation: The methyl group of Methionine,
after activation, may be transferred to an acceptor which
becomes methylated (Chapter 15).

Methionine + Acceptor — Methylated Acceptor +
Homocysteine

(I:OO C|IOO
CH-NH; Glutamine CH-NH;
| synthetase |

(I.‘,Hz TT» CH,

(IZ.Hz ATP  ADP +Pi <::H2

Glutamic acid Glutamine

Fig. 3.19. Formation of glutamine
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HOOC--C H--NH, HOOC~-C H--NH,
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HOOC--CH--NH, HOOC--CH--NH,

Cysteine Di-cysteine (Cystine)

Fig. 3.20. Formation of disulphide bridges

NHz-CiH + -TH-COOH

Ry Ry
NH.‘,--(IZH ----- --------(|3H-COOH +H,0
R‘l RZ

Fig. 3.21. Peptide bond formation

7. Ester formation by the OH group: The hydroxy
amino acids can form esters with phosphoric acid.
In this manner the Serine and Threonine residues
of proteins are involved in the formation of
phosphoproteins. Similarly these hydroxyl groups
can form O-glycosidic bonds with carbohydrate
residues to form glycoproteins.

8. Reaction of the amide group: The amide groups
of Glutamine and Asparagine can form N-
glycosidic bonds with carbohydrate residues to form
glycoproteins.

9. Reactions of SH group: Cysteine has a
sulfhydryl (SH) group and it can form a disulphide
(S-S) bond with another cysteine residue. The two
cysteine residues can connect two polypeptide
chains by the formation of interchain disulphide
bonds or links (Fig. 3.20). The dimer formed by
two cysteine residues is sometimes called Cystine
or Dicysteine.

Amino Acid Derivatives of Importance

i. Gamma amino butyric acid (GABA, a derivative
of glutamic acid) and dopamine (derived from

Table 3.3. Color reactions of amino acids

Reaction Answered by

specific group
1. Ninhydrin Alpha amino group
2. Biuret reaction Peptide bonds
3. Xanthoproteic test  Benzene ring (Phe, Tyr, Trp)
4. Millon's test Phenol (Tyrosine)
5. Aldehyde test Indole (Tryptophan)
6. Sakaguchi's test  Guanidinium (Arginine)
7. Sulphur test Sulfhydryl (Cysteine)
8. Nitroprusside test  Sulfhydryl (Cysteine)
9. Pauly's test Imidazole (Histidine)

tyrosine) are neurotransmitters. Gabapentin (an
analog of GABA) can pass blood brain barrier and
can form GABA in brain. Gabapentin is clinically
used to relieve pain.

ii. Histamine (synthesized from histidine) is the
mediator of allergic reactions.

iii. Thyroxine (from tyrosine) is an important
thyroid hormone.

iv. Cycloserine, a derivative of serine is an
antituberculous drug. Azaserine inhibits
reactions where amide groups are added, and
S0 acts as an anticancer drug.

v. Histidine residues are important in the
buffering activity of proteins.

vi. Ornithine and citrulline are derivatives of
arginine, and are essential for urea synthesis.

PEPTIDE BOND FORMATION

Alpha carboxyl group of one amino acid reacts
with alpha amino group of another amino acid to
form a peptide bond or CO-NH bridge (Fig. 3.21).
Proteins are made by polymerization of amino acids
through peptide bonds. Details of protein structures
are given in Chapter 4.

Color Reactions of Amino Acids and Proteins
1. Ninhydrin Reaction (Ruhemann, 1910)
heat
Amino acid + 2 molecules of ninhydrin ———
Aldehyde with one carbon atom less +
CO, + purple complex.

All amino acids when heated with ninhydrin can form
complexes; pink, purple or blue in color. The color
complex is called Ruhemann's purple. Proline and
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hydroxy proline will give yellow color with ninhydrin. Amino
acids with amide group (glutamine, asparagine)
produce a brown color. The ninhydrin reaction may be
adopted for qualitative as well as quantitative estimation
of amino acids. It is often used for detection of amino acids
in chromatography. Proteins do not give a true color
reaction; but N-terminal end amino group of
protein will also react with ninhydrin, to produce a blue
color.

Biuret Reaction: Cupric ions in an alkaline medium form
a violet color with peptide bond nitrogen (Schiff, 1896).
This needs a minimum of two peptide bonds, and so
individual amino acids and di-peptides will not
answer this test. This reaction can be used for quantitative
estimation also. The name is derived from
the compound biuret (NH,—CO—NH—CO—NH,), a
condensation product of two urea molecules, which also
gives a positive color test. Magnesium and ammonium
sulphates interfere with this reaction.

Xanthoproteic test: The ring systems in phenyl
alanine, tyrosine and tryptophan undergo nitration
on treatment with concentrated nitric acid when heated
(Salkowski, 1888). The end product is yellow in color which
is intensified in strong alkaline medium. This reaction
causes the yellow stain in skin by nitric acid.

Millon’s Test: The phenol group of phenylalanine and
tyrosine containing proteins, when heated with mercuric
sulphate in sulphuric acid and sodium nitrite (or, mercurous
and mercuric nitrates in nitric acid) form red colored
mercury phenolate (Millon, 1849). Chloride interferes with
this reaction and so it is not suitable to test for tyrosine in
urine samples. Both xanthoproteic and Millon's tests are
negative for tapioca (casava) which is deficient in
phenylalanine and tyrosine.

Aldehyde tests for tryptophan: In the Hopkins-Cole
test, tryptophan containing protein is mixed with glyoxylic

acid, and the mixture is layered over concentrated sulphuric
acid. A violet ring at the interface of liquids shows the
presence of the indole ring. Formaldehyde and mercuric
sulphate is used similarly in Acree-Rosenheim reaction
to get a violet color. Para-dimethyl-amino-benzaldehyde
and strong hydrochloric acid give dark blue color (Ehrlich's
reaction). Gelatin with limited tryptophan content will not
answer these tests.

6. Sakaguchi’s test for arginine: Free arginine or arginyl
residues in proteins react with alpha-naphthol and alkaline
hypobromite to give bright red color. This is due to the
guanidinium group.

7. Sulphur test for cysteine: When cysteine or cysteine
containing proteins are boiled with strong alkali, organic
sulphur splits and forms sodium sulphide, which on addition
of lead acetate produces lead sulphide as a black
precipitate. Methionine does not answer this test because
sulphur in methionine is in the thio-ether linkage which is
difficult to break. Albumin and keratin will answer sulphur
test positively; but casein will give a negative test.

8. Nitroprusside reaction for SH groups: Proteins with free
sulfhydryl groups give a reddish color with sodium
nitroprusside, in ammoniacal solution. Many proteins give
a negative, reaction in the native state, but when
denatured, reaction will be positive, showing the
emergence of free SH groups.

9. Pauly's test for histidine or tyrosine: Diazo benzene
sulfonic acid reacts with imidazole group of Histidine to
form a cherry-red colored diazotised product under alkaline
conditions. The same reagent will give an orange red
colored product with phenol group of Tyrosine.

Color reactions of amino acids are shown
as summary in Table 3.3 The amino acid Seleno-
cysteine is described in Box 3.2. Quantitative
estimation procedures of proteins are given in

Chapter 4.
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The reader will be able to answer questions on
the following topics:

Peptide bonds

Primary structure of proteins

Secondary structure

Tertiary structure

Quaternary structure

Sequence analysis (study of primary structure)
Iso-electric pH of proteins

Precipitation reactions of proteins
Classification of proteins

Quantitative estimation of proteins
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The word protein is derived from Greek word,
“proteios” which means primary. As the name
shows, the proteins are of paramount importance
for biological systems. Out of the total dry body
weight, 3/4ths are made up of proteins. Proteins
are used for body building; all the major structural
and functional aspects of the body are carried out
by protein molecules. Abnormality in protein
structure will lead to molecular diseases with
profound alterations in metabolic functions.

Proteins contain Carbon, Hydrogen, Oxygen
and Nitrogen as the major components while
Sulphur and Phosphorus are minor constituents.
Nitrogen is characteristic of proteins. On an
average, the nitrogen content of ordinary
proteins is 16% by weight. All proteins are
polymers of amino acids.

NH,-CHICOOH| + | NHZ--TH—COOH
R4 Ry

NHo~GHsssf GO CH-COOH + H,0
: Lz

Fig. 4.1A. Peptide bond formation

Protans:
Sructure and Function

Amino Acids are Linked by Peptide Bonds
Alpha carboxyl group of one amino acid reacts with
alpha amino group of another amino acid to form a
peptide bond or CO-NH bridge (Fig. 4.1A).

Proteins are made by polymerisation of amino
acids through peptide bonds. Two amino acids are
combined to form a dipeptide; three amino acids
form a tripeptide; four will make a tetrapeptide; a
few amino acids together will make an oligopeptide;
and combination of 10 to 50 amino acids is called
as a polypeptide. By convention, big polypeptide
chains containing more than 50 amino acids are
called proteins.

In a tripeptide, there are 3 amino acids, but
these 3 can be any of the total 20 amino acids.
Thus 203 = 8000 different permutations and
combinations are possible in a tripeptide. An
ordinary protein having about 100 amino acids,
will have 20190 different possibilities. This number
is more than the total number of atoms present
in the whole universe. Thus, even though there
are only 20 amino acids, by changing the
sequence of combination of these amino acids,
nature produces enormous number of markedly
different proteins.

STRUCTURE OF PROTEINS

(Organisation of Proteins)

Proteins have different levels of structural
organisation; primary, secondary, tertiary and
quaternary.

Q=0

|

Fig. 4.1B. Peptide bond is a partial double bond
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1. Primary Structure
1-A. Sequence of amino acids in proteins
Protein structure is studied as the primary,
secondary, tertiary and quaternary levels (Box 4.1).
Primary structure denotes the number and
sequence of amino acids in the protein. The
higher levels of organisation are decided by the
primary structure. Each polypeptide chain has a
unique amino acid sequence decided by the genes.
The primary structure is maintained by the covalent
peptide bonds (Fig. 4.1A).

Students should have a clear concept of the term
"sequence"”. See the following example:

Gly - Ala - Val (1)
Gly - val - Ala (2)

Both the tripeptides shown above contain the
same amino acids; but their sequence is altered.

When the sequence is changed, the peptide is also
different.

1-B. Characteristics of a Peptide Bond
i. The peptide bond is a partial double bond.

ii. The C-N bond is ‘trans' in nature and there
is no freedom of rotation because of the partial
double bond character. (Fig. 4.1B)

iii. The distance is 1.32A which is midway
between single bond (1.49 A) and double bond
(1.27A).

iv. The side chains are free to rotate on either
side of the peptide bond.

v. The angles of rotation known as Ramachandran
angles, therefore determine the spatial
orientation of the peptide chain (Fig. 4.2). (Dr
GN Ramachandran did pioneering work on the
structural aspects of proteins during 1950s and

1960s).
° c
ral) ¢ =
S ° [t‘__‘_l\ N
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Fig. 4.2. Angles of rotation in a peptide bond

HyN — CH--CO-NH--CH--CO-NH--CH— COOH

Carboxy terminal

Amino terminal

Fig. 4.3. End groups of polypeptide chain

1-C. Numbering of Amino Acids in Proteins

i. In a polypeptide chain, at one end there will
be one free alpha amino group. This end is
called the amino terminal (N-terminal) end
and the amino acid contributing the alpha-
amino group is named as the first amino acid.
(Fig. 4.3).

ii. Usually the N-terminal amino acid is written
on the left hand side when the sequence of
the protein is denoted. Incidentally, the bio-
synthesis of the protein also starts from the
amino terminal end.

iii. The other end of the polypeptide chain is the
carboxy terminal end (C-terminal), where
there is a free alpha carboxyl group which is
contributed by the last amino acid (Fig. 4.3).
All other alpha amino and alpha carboxyl groups
are involved in peptide bond formation.

iv. Amino acid residues in polypeptides are named
by changing the suffix "-ine" to "-yl", for example,
Glycine to Glycyl. Thus, peptide bonds formed
by carboxyl group of glycine with amino group
of Alanine, and then carboxyl group of Alanine
with amino group of Valine and is called glycyl-
alanyl-valine and abbreviated as
NH2-Gly-Ala-Val-COOH
or Gly-Ala-Val
or simply as GAV

Box 4.1. Definitions of Levels of Organization

1. Primary structure of protein means the order
of amino acids in the polypeptide chain and the
location of disulfide bonds, if any.

2. Secondary structure is the steric relationship
of amino acids, close to each other.

3. Tertiary structure denotes the overall arrange-
ment and interrelationship of the various
regions, or domains of a single polypeptide
chain.

4. Quaternary structure results when the
proteins consist of two or more polypeptide
chains held together by non-covalent forces.
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Fig. 4.4. Primary structure of human insulin

1-D. Branched and Circular Proteins

i. Generally, the polypeptide chains are linear.
However, branching points in the chains may
be produced by interchain disulphide bridges.
The covalent disulphide bonds between
different polypeptide chains in the same protein
(interchain) or portions of the same polypeptide
chain (intrachain) are also part of the primary
structure.

ii. Rarely, instead of the alpha COOH group the
gamma carboxyl group of glutamic acid may
enter into peptide bond formation, e.g.
Glutathione (gamma-glutamyl-cysteinyl-glycine)
(Fig.15.19).

The term pseudopeptide (or isopeptide) is
used to denote such a peptide bond formed
by carboxyl group, other than that present in
alpha position.

iii. Very rarely, protein may be in a circular form,
e.g. Gramicidin.

1-E. Primary Structure of Insulin
As an example of the primary structure of a protein,
that of insulin is shown in Fig. 4.4. This was originally
described by Sanger in 1955 who received the
Nobel prize in 1958.
i. Insulin has two polypeptide chains. The A
chain (Glycine chain) has 21 amino acids and
B (Phenyl alanine) chain has 30 amino acids.
ii. They are held together by two interchain di-
sulphide bonds (Fig. 4.4). A chain 7th cysteine
and B chain 7th cysteine are connected.

Similarly A chain 20th cysteine and B chain
19th cysteine are connected. There is another
intrachain disulphide bond between 6th and
11th cysteine residues of A chain.

iii. The species variation is restricted to amino
acids in position 8, 9 and 10 in A chain and in
C-terminal of B chain (Fig. 4.4). The amino
acid sequence has been conserved to a great
extent during evolution.

iv. The porcine insulin and human insulin are
structurally similar, except the terminal amino
acid in B chain (Thr — Ala) (Fig. 4.4). Bovine
Insulin may produce antibodies in humans by
repeated injections. But de-alaninated porcine

Connecting
Peptide
(A)
Pro-insulin
K 1
30
A chain (B)
S—5S .
N Active
\/_lcg - Insulin
" v n c
S S
!
B chain

Fig. 4.5. Conversion of Pro-insulin to active insulin.
Arrows = site of action of proteolytic enzymes
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Linus Pauling
NP 1954 and 1962
1901-1994

Vertical line is the axis of helix.
Each turn is formed by 3.6 residues.
The distance between each amino
acid residue (translation)is 1.5 A.

Robert B Corey

Fig. 4.6. Structure of alpha helix

Insulin, bearing no antigenic difference from
human Insulin will not produce antibodies in
diabetic patients even after a long-term use.
Nowadays human Insulin is being produced by
recombinant DNA technology.

1-F. Pro-insulin

Beta cells of pancreas synthesize insulin as a
prohormone. Proinsulin is a single polypeptide
chain with 86 amino acids. Biologically active insulin
(2 chains) is formed by removal of the central portion
of the pro-insulin before release. The C-peptide
(connecting peptide) is also released into the
circulation (Fig. 4.5).

1-G. Primary Structure Determines Biological
Activity
A protein with a specific primary structure, when
put in solution, will automatically form its natural
three dimensional shape. So the higher levels of
organization are dependent on the primary structure.
Even a single amino acid change (mutation) in
the linear sequence may have profound biological

Box 4.2. Configuration and Conformation

Configuration of a protein denotes the spatial
relationship between particular atoms, e.g. L and
D amino acids. Conformation means the spatial
relationship of every atom in a molecule, e.g.
rotation of a portion of the molecule

4 —
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Fig. 4.7. Structure of beta-pleated sheet

effects on the function. For example, in HbA (normal
hemoglobin) the 6th amino acid in the beta chain is
glutamic acid; it is changed to valine in HbS (sickle
cell anemia).

2. Secondary Structure of Proteins

The term "secondary structure” denotes the confi-
gurational relationship between residues which are
about 3—4 amino acids apart in the linear sequence
(Box 4.2). Secondary and tertiary levels of protein
structure are preserved by noncovalent forces or
bonds like hydrogen bonds, electrostatic bonds,
hydrophobic interactions and van der Waals forces.
These forces are described in Chapter 1.

i. A hydrogen bond is a weak electrostatic
attraction between one electronegative atom
like O or N and a hydrogen atom covalently
linked to a second electronegative atom.
Hydrogen atoms can be donated by -NH
(imidazole, indole, peptide); -OH (serine,
threonine) and -NH2 (arginine, lysine). Hydro-
gen accepting groups are COO— (aspartic,
glutamic) C=0 (peptide); and S-S (disulphide).

ii. Electrostatic bonds (ionic bonds): Positive
charges are donated by epsilon amino group
of lysine, guanidinium group of arginine and
imidazolium group of histidine. Negative
charges are provided by beta and gamma
carboxyl groups of aspartic and glutamic acids.

iii. Hydrophobic bonds are formed by inter-
actions between nonpolar hydrophobic side
chains by eliminating water molecules. This
serves to hold lipophilic side chains together.

iv. The van der Waals forces are very weak, but
collectively contribute maximum towards the
stability of protein structure.
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2-A. Alpha helix

Pauling (Nobel prize, 1954) and Corey described
the alpha-helix and beta-pleated sheet structures
of polypeptide chains in 1951.

The alpha-helix is the most common and
stable conformation for a polypeptide chain.
In proteins like hemoglobin and myoglobin, the
alpha-helix is abundant, whereas it is virtually
absent in chymotrypsin.

. The alpha helix is a spiral structure (Fig. 4.6).

The polypeptide bonds form the back-bone
and the side chains of amino acids extend
outward.

The structure is stabilized by hydrogen bonds
between NH and C=0O groups of the main
chain.

. Each turn is formed by 3.6 residues. The

distance between each amino acid residue
(translation) is 1.5 A.

The alpha-helix is generally right handed. Left
handed alpha helix is rare, because amino acids
found in proteins are of L-variety, which exclude
left handedness. Proline and hydroxy proline
will not allow the formation of alpha-helix.

. Beta-pleated sheet
. The polypeptide chains in beta-pleated sheet

is almost fully extended. The distance between
adjacent amino acids is 3.5A.

. Itis stabilized by hydrogen bonds between NH

and C=0 groups of neighboring polypeptide
segments.

Pleated
sheet

Primary structure
is determined by the
Sequence of amino acids

Secondary structure
occurs when the amino
acids are linked by
hydrogen bonds

Tertiary structure

is formed when alpha helices
and beta sheets are held
together by weak interactions

Quaternary structure
consists of more than one
polypeptide chain

Fig. 4.8. Levels of organizations of proteins

iii. Adjacent strands in a sheet can runin the same
direction with regard to the amino and carboxy
terminal ends of the polypeptide chain (parallel)
or in opposite direction (anti parallel beta sheet)
(Fig. 4.7). Beta-pleated sheet is the major
structural motif in proteins like silk Fibroin (anti
parallel), Flavodoxin (parallel) and Carbonic
anhydrase (both).

iv. Beta bends may be formed in many proteins
by the abrupt U-turn folding of the chain.
Intrachain disulfide bridges stabilize these
bends.

2-C. Collagen helix
It is a triple helical structure found in collagen
(details in Chapter 52).

3. Tertiary Structure

i. Secondary structure denotes the confi-
gurational relationship between residues which
are about 3-4 amino acids apart; or secondary
level defines the organization at immediate
vicinity of amino acids. The tertiary structure
denotes three dimensional structure of the
whole protein (Box 4.1 and Fig. 4.8). The
tertiary structure defines the steric relationship
of amino acids which are far apart from each
other in the linear sequence, but are close in
the three-dimensional aspect.

ii. The tertiary structure is maintained by non-
covalent interactions such as hydrophobic
bonds, electrostatic bonds and van der Waals
forces. The tertiary structure acquired by native
protein is always thermodynamically most
stable.

iii. Domain is the term used to denote a compact
globular functional unit of a protein. A domain
is a relatively independent region of the protein,
and may represent a functional unit. The
domains are usually connected with relatively
flexible areas of protein (see immunoglobulins,
Chapter 49). Phenyl alanine hydroxylase
enzyme contains 3 domains, one regulatory,
one catalytic and one protein-protein inter-
action domains.

4. Quaternary Structure
i. Certain polypeptides will aggregate to form
one functional protein (Box 4.1 and Fig. 4.8).
This is referred to as the quaternary structure.
ii. The protein will lose its function when the
subunits are dissociated.
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iii. The forces that keep the quaternary structure
are hydrogen bonds, electrostatic bonds,
hydrophobic bonds and van der Waals forces.

iv. Depending on the number of polypeptide
chain, the protein may be termed as monomer
(1 chain), dimer (2 chains), tetramer (4 chains)
and so on. Each polypeptide chain is termed
as subunitor monomer. Homodimer contains
two copies of the same polypeptide chain.
Heterodimer contains two different types of
polypeptides as a functional unit.

v. Forexample, 2 alpha-chains and 2 beta-chains
form the Hemoglobin molecule. Similarly, 2
heavy chains and 2 light chains form one
molecule of immunoglobulin G. Creatine
kinase (CK) is a dimer. Lactate dehydrogenase
(LDH) is a tetramer.

Structure-Function Relationship

The functions of proteins are maintained because
of their ability to recognize and interact with a variety
of molecules. The three dimensional structural
conformation provides and maintains the functional
characteristics. The three dimensional structure, in
turn, is dependent on the primary structure. So, any
difference in the primary structure may produce a
protein which cannot serve its function. To illustrate
the structure-function relationship, the following
three proteins are considered; each belongs to a
different class in the functional classification.

Enzymes: The first step in enzymatic catalysis
is the binding of the enzyme to the substrate. This,
in turn, depends on the structural conformation of
the active site of the enzyme, which is precisely
oriented for substrate binding (see Chapter 5).
Carbonic anhydrase catalyses the reversible
hydration of carbon dioxide. This enzyme makes it
possible for the precise positioning of the CO,
molecule and the hydroxyl (OH™) ion for the
formation of bicarbonate ion. The zinc ion is located
at a deep cleft coordinated to histidine residues. The
CO, binding residues are very near to the zinc ion.
Water binds to zinc ion, gets ionized to hydroxyl ion
and it binds to the CO,, which is proximally located.
The substrates are brought in close proximity for
the reaction to proceed.

Transport proteins: Hemoglobin, the trans-
porter of oxygen is a tetrameric protein (alpha2,
beta2), with each monomer having a heme unit (see
Chapter 22). Binding of oxygen to one heme
facilitates oxygen binding by other subunits. Binding

of H* and CO, promotes release of O, from
hemoglobin. This allosteric interaction is physio-
logically important, and is termed as Bohr effect.
Even a single amino acid substitution alters the
structure and thereby the function. For example, in
sickle cell anemia (HbS), the 6th amino acid in the
beta chain is altered, leading to profound clinical
manifestations.

Structural proteins: Collagen is the most
abundant protein in mammals and is the main
fibrous component of skin, bone, tendon, cartilage
and teeth. Collagen forms a superhelical cable
where the 3 polypeptide chains are wound around
itself (Chapter 52). In collagen, every 3rd residue is
a glycine. The only amino acid that can fit into the
triple stranded helix is glycine. The triple helix of
collagen is stabilized by the steric repulsion of the
rings of hydroxyproline and also by the hydrogen
bonds between them. In vitamin C deficiency, failure
of hydroxylation of proline/lysine leads to reduced
hydrogen bonding and consequent weakness of
collagen (Chapter 52). The quarter staggered
triple helical structure of collagen is responsible
for its tensile strength.

STUDY OF PROTEIN STRUCTURE

The first protein to be sequenced was insulin by
Sanger in 1955 (Nobel prize in 1958). Before
studying the structure, first a pure sample of the
protein has to be available. The proteins are
extracted and purified by various chromatography
techniques (ion exchange, adsorption, partition, size
exclusion, affinity, HPLC). The purity of the protein
thus isolated is studied by electrophoresis (agar,
PAGE, iso electric focussing). Further, molecular
weight is determined by mass spectroscopy or by
MALDI. Principles of all the above-said technigues
are discussed in Chapter 54.

A. Steps for Determining the Primary Structure
1. Determination of the number of polypeptide
chains in a protein. This is ascertained by
treating them with Dansyl chloride, which
combines with the N-terminal amino acid
(Fig. 4.10). The tagged polypeptide chains are
subjected to complete hydrolysis by boiling
with 6 N HCI at 110°C for 18—-36 hours under
anerobic conditions to give a mixture of amino
acids. The number and nature of the dansyl
amino acids can be determined and will indicate
the number of polypeptide chains in the protein.
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For example, if there are two different poly-
peptide chains in a protein, two different dansyl
amino acids can be identified.

2. Determination of the amino acid composition by
complete hydrolysis of the polypeptide chains,
by chromatographic separation and quantitation.

3. Identification of N-terminal and C-terminal amino
acids (Fig. 4.11).

4. Site specific hydrolysis of the polypeptide chain
using specific enzymes to get a mixture of over-
lapping peptides.

5. Separation and purification of each of these
peptides, and then analysing the amino acid
sequence of each of the small peptides, and
then deciphering the sequence of the whole
protein.

1-B. End Group Analysis
i. The N-terminal amino acid has already been
identified by treatment with dansyl chloride
(Fig. 4.10). Originally Sanger used fluorodinitro
benzene (FDNB, Sanger's reagent) for
identification of N-terminal amino acid (Fig. 4.9).
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ii. The C-terminal amino acid may be identified
by Carboxypeptidase A and B.

These enzymes specifically hydrolyse and
release the C-terminal amino acid from the
polypeptide chain. Continued action of the enzyme
would release amino acids sequentially from the
C-terminal end. Carboxypeptidase A will not act if
the C-terminal residue is Arginine, Proline or Lysine.
Carboxypeptidase B will act only if the penultimate
residue is proline.

1-C. Sequencing

The purified individual polypeptide chains are
then sequenced using Edman's degradation
techniqgue. Edman's reagent is phenyl-isothio-
cyanate. It forms a covalent bond to the N-terminal
amino acid of any peptide chain (Fig. 4.11). This
can be identified. The Edman's reagent would then
react with the second amino acid which now has
the alpha amino group. The degradation is useful
in sequencing first 10-30 amino acids.

1-D. Partial Hydrolysis
For very long chain proteins, the chain is broken
into many small peptides of overlapping sequences.
This is done by subjecting the polypeptide chain to
hydrolysis by two or more different site specific
enzymes. Each of these small peptides can be
purified and subjected to Edman's degradation and
sequenced.

Trypsin hydrolyses peptide bonds formed by
alpha carboxyl group of Lysine and Arginine.

Chymotrypsin preferentially acts on peptide
bonds formed by carboxyl group of amino acids Phe,
Tyr, Trp, or Leu.

Cyanogen bromide (CNBr) attacks C-side
of methionine residue and breaks the peptide
bond.

@ O

Fig.4.11. Steps in Edman's degradation process.
The numbers show the amino acid sequence.
Amino terminal amino acid reacts with Edman's
reagent; then it is hydrolyzed. This cycle repeats

J . i
Pehr Victor Robert Merrifield Vernon M Ingram
Edman NP, 1984 1924-2006
1916-1977 1921-2006
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Box 4.3. Significance of Iso-electric pH (pl)

1. The amino acid composition will determine the iso-
electric pH (pl) of protein. The alpha amino group
and carboxyl group are utilized for peptide bond
formation, and hence are not ionisable. All other
ionisable groups present in the protein will influence
the pl of the protein.

2. At the iso-electric point, the number of anions and
cations present on the protein molecule will be equal
and the net charge is zero.

3. At the pl value, the proteins will not migrate in an
electrical field. Atthe pl, solubility, buffering capacity
and viscosity will be minimum; and precipitation
will be maximum.

4. On the acidic side of pl, the proteins are cations
and on alkaline side, they are anions in nature.

5. The pl of pepsin is 1.1; casein 4.6; human albumin
4.7; human insulin 5.4; human globulins 6.4; human
hemoglobin 6.7; myoglobin 7; and lysozyme 11.

6. Acidic dyes such as eosin will dissociate into H* +
dye~, which will then attach with protein—-NH3*
(protein cations). Basic dyes such as hematoxylin
and methylene blue are dissociated to OH™ + dye®,
which will then stain Protein-COO™ (anions). Thus
the staining characteristic of a protein is determined
by the pl of that protein.

Each peptide is then analyzed and the whole sequence
of the polypeptide is determined as if fitting in the parts of a
jigsaw puzzle. The position of disulphide bonds can be
determined by cleaving the native protein sample to get
fragments with intact S—S bonds. These fragments are then
identified.

Finger Printing Method (Ingram's technique)

This method was developed by Vernon Ingram in 1956. It helps
to easily identify any qualitative abnormalities in protein
structure. Here the protein is digested into many small peptides
by trypsin. The mixtures of peptides are separated by
chromatography (peptide mapping). The position of the
peptide containing the altered amino acid is found to be
different when compared with the peptide map of the normal
polypeptide, e.g. beta chain of hemoglobin in HbA and HbS.

Automated Sequencing
Using the Edman's degradation technique, sequencing can
be completed within a few hours by automatic sequencers.

Study of Higher Levels of Protein Structure
The higher levels of protein structure may be studied by
techniques using X-ray diffraction, ultraviolet light spectro-
scopy, optical rotatory dispersion, circular dichroism, nuclear
magnetic resonance (NMR), etc.

NMR spectroscopy measures the absorbance of radio
frequency of atomic nuclei. By studying the frequency at which
a particular nucleus absorbs energy, we could get an idea of

the functional group available in the molecule. Two
dimensional NMR permits a three dimensional representation
of the protein in solution. It also helps to study the alterations
in conformation of a protein during binding with another ligand.

A beam of X-ray is diffracted by the electrons around each
atom and the intensity of diffracted beam is detected by a
photographic plate or collected by an electronic device. This
X-ray diffraction study is possible only on crystallized
proteins.

Nowadays, DNA sequencing is used to determine the
amino acid sequence. In this method, at first, a rough
sequencing of protein is done by Edman's method. Based
on this knowledge, small length oligonucleotide primers are
made. These are used to amplify the appropriate gene by
polymerase chain (PCR) reaction (See Chapter 55) and
correct DNA clone is obtained. The sequence of that part of
DNA is done. Using the knowledge of the genetic code
(Chapter 41), the sequence of the encoded protein is
identified.

Chemical Synthesis of Peptides

Peptides are artificially synthesized for the following purposes:

1. To check whether the sequence analysis is correct or not.

2. The primary structure of a peptide is altered by one or two
amino acids, so as to determine the biologically important
area or the active center.

3. Toget pure preparations for medical or diagnostic purpose.
For example, HIV antibody in the blood of AIDS patients is
detected by ELISA method . For this, pure antigen from
HIV is to be coated in the test tubes. Preparation of enough
quantity of antigen from the virus is tedious and hazardous.
The best way is to synthesize the antigenic part of the
protein. Commercially it is cheaper to synthesize small
peptides, than isolating them from biological sources.
Emil Fischer in 1890 developed the basic mechanism to

protect or activate reactive groups of amino acids. Robert

Merrifield in 1961 introduced the solid phase peptide

synthesis (Nobel prize, 1984). He simplified the process by

adding the carboxy terminal end amino acid to insoluble
polystyrene beads, so that washing and purification
processes become rapid . In principle, the carboxyl group of
the last amino acid is fixed on the resin; and other amino
acids are added sequentially. Insulin was the first major
protein chemically synthesized. In 1964, Panayotis

Katsoyannis in USA and Helmut Zahn from Germany,

indpendently synthesized insulin.

PHYSICAL PROPERTIES OF PROTEINS

1. Protein solutions exhibit colloidal properties
and therefore scatter light and exert osmotic
pressure. Osmotic pressure exerted by plasma
proteins is clinically important (Chapter 28).

2. Molecular weights of some of the proteins are:
Insulin (5,700); Hemoglobin (68,000); Albumin
(69,000); Immunoglobulins (1,50,000); Rabbit
Papilloma Virus Protein (4,70,00,000).

3. Shape of the proteins also vary. Thus, Insulin is
globular, Albumin is oval in shape, while
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Fibrinogen molecule is elongated. Bigger and
elongated molecules will increase the viscosity
of the solution.

4. Iso-electric pH of amino acids has been
described in Chapter 3. Since proteins are made
of amino acids, the pl of all the constituent amino
acids will influence the pl of the protein.
Application of pl is shown in Box 4.3.

PRECIPITATION REACTIONS OF PROTEINS
Purification of enzymes and other proteins usually
start with precipitating them from solution. The
stability of proteins in solution will depend mainly
on the charge and hydration. Polar groups of the
proteins (-NH2, COOH, OH groups) tend to attract
water molecules around them to produce a shell of
hydration. Any factor which neutralises the charge
or removes water of hydration will therefore cause
precipitation of proteins. The following procedures
are used for protein precipitation:

1. Salting Out

When a neutral salt such as ammonium sulphate
or sodium sulphate is added to protein solution, the
shell of hydration is removed and the protein is

Fig. 4.13. Heat coagulation
On heating, liquid white portion of egg becomes
solid white coagulum

Box 4.4. Denaturation of Proteins

1. Mild heating, treating with urea, salicylate, X-ray,
ultraviolet rays, high pressure, vigorous shaking and
similar physico-chemical agents produce denaturation.

2. There will be non-specific alterations in secondary,
tertiary and quaternary structures of protein molecules.
Primary structure is not altered during denatu-
ration (Fig. 4.12).

3. Ingeneral, during the process the solubility is decreased
while precipitability of the protein is increased. It often
causes loss of biological activity.

4. Native proteins are often resistant to proteolytic
enzymes, but denatured proteins will have more
exposed sites for enzyme action. Since cooking leads
to denaturation of proteins, cooked foods are more
easily digested.

5. Denatured proteins are sometimes re-natured when
the physical agent is removed. Ribonuclease is a
good example for such reversible denaturation.
Immunoglobulin chains are dissociated when treated
with urea. When the urea is removed by dialysis, the
subunits are reassociated and biological activity of
immunoglobulin is regained.

6. But many proteins undergo irreversible denaturation.
For example, albumin once heated, cannot be
renatured by cooling.

precipitated. This is called salting out. As a general
rule, higher the molecular weight of a protein, the
salt required for precipitation is lesser. Thus
globulins are precipitated with half saturation
of ammonium sulphate; but albumin will need
full saturation with ammonium sulphate for
complete precipitation.

2. Iso-electric Precipitation

Proteins are least soluble at their iso-electric
pH. Some proteins are precipitated immediately
when adjusted to their iso-electric pH. The best
example is Casein which forms a flocculent

Box 4.5. Significance of Heat Coagulation

When heated at iso-electric point, some proteins will
denature irreversibly to produce thick floating conglo-
merates called coagulum. This process is called heat
coagulation. Albumin is easily coagulated, and
globulins to a lesser extent. (See Fig. 4.13). This is
the basis of ‘Heat and Acetic Acid test', very
commonly employed to detect the presence of albumin
in urine (See Chapter 27).
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precipitate at pH 4.6 and redissolves in highly acidic
or alkaline solutions. When milk is curdled, the
casein forms the white curd, because lactic acid
produced by the fermentation process lowers the
pH to the iso-electric point of casein.

3. Precipitation by Organic Solvents

When an organic solvent is added to the protein
solution, water molecules available for proteins
are reduced, and precipitation occurs. Organic
solvents reduce the dielectric constant of the
medium which also favors protein precipitation.
Hence, alcohol is a powerful protein precipitating
agent. This may explain the disinfectant effect of
alcohol.

4. Precipitation by Heavy Metal lons

In alkaline medium, proteins have net negative
charge, or are anions. To such a solution, if salts of
heavy metals are added, positively charged metal
ions can complex with protein molecules and metal
proteinates are precipitated. Salts of Copper, Zinc,
Lead, Cadmium and Mercury are toxic, because
they tend to precipitate normal proteins of the
gastro-intestinal wall. Based on this principle, raw
egg is sometimes used as an antidote for mercury
poisoning.

5. Precipitation by Alkaloidal Reagents
Tungstic acid, Phosphotungstic acid, Trichloro
acetic acid, Picric acid, Sulphosalicylic acid and
Tannic acid are powerful protein precipitating
agents. These acids lower the pH of medium, when
proteins carry net positive charges. These protein
cations are complexed with negatively charged ions
to form protein-tungstate, protein-picrate, etc. and
thick flocculent precipitate is formed. In clinical
laboratory phospho-tungstic or trichloro acetic acid
are usually used for precipitating proteins. Tanning
in leather processing is based on the protein
precipitating effect of tannic acid. Under certain
conditions, proteins undergo denaturation, which
is a mild form of precipitation reaction (Box 4.4).
Heat coagulation is an irreversible precipitation
process (Box 4.5 and Fig. 4.3).

CLASSIFICATION OF PROTEINS

It is almost impossible to correctly classify all
proteins. The following classifications are given only
to introduce a broader idea to the students.

Table 4.1. Examples of conjugated proteins

Conjugated Protein part Prosthetic group
Protein
Hemoglobin Globin Heme
Nucleoprotein Histones DNA
Rhodopsin Opsin 11-cis-retinal
Succinate Protein Riboflavin
dehydrogenase as FAD
Ferritin Apoferritin Iron
Ceruloplasmin Apocerulo- Copper
plasmin

A. Classification based on functions

Catalytic proteins, e.g. enzymes

Structural proteins, e.g. collagen, elastin

Contractile proteins, e.g. myosin, actin.

Transport proteins, e.g. hemoglobin, myoglobin, albumin,

transferrin

5. Regulatory proteins or hormones, e.g. ACTH, insulin,
growth hormone

6. Genetic proteins, e.g. histones

7. Protective proteins, e.g. immunoglobulins, interferons,
clotting factors.

PwbhpE

B. Classification based on Composition and

Solubility

B-1. Simple Proteins

According to definition, they contain only amino acids.

i. Albumins: They are soluble in water and

coagulated by heat. Human serum albumin has
a molecular weight of 69,000. Other examples
are lactalbumin of milk and egg albumin.

ii. Globulins: These are insoluble in pure water,
but soluble in dilute salt solutions. They are
also coagulated by heat. Examples are egg
globulin, serum globulins, legumin of peas.

iii. Protamines: These are soluble in water,
dilute acids and alkalies. They are not
coagulated by heating. They contain large
number of arginine and lysine residues, and
so are strongly basic. Hence, they can combine
with other acidic proteins. Protamine zinc
insulinate is a common commercial preparation
of insulin.

iv. Prolamines: They are soluble in 70-80%
alcohol, but insoluble in pure water. They are
rich in proline but lack in lysine. Examples are
zein from corn, gliadin of wheat, hordein of
barley.

v. Lectins: Lectins are precipitated by 30—-60%
ammonium sulphate. They are proteins
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having high affinity to sugar groups. Lectin
from Dolichos biflorus will agglutinate human
blood group A1l RBCs. Phytohemagglutinin
(PHA), a lectin from Phaseolus vulgaris (red
kidney bean) agglutinates all RBCs and WBCs.
Concanavalin-A (ConA) from legumes will
specifically attach to mannose and glucose.

vi. Scleroproteins: They are insoluble in water,
salt solutions and organic solvents and soluble
only in hot strong acids. They form supporting
tissues. Examples are collagen of bone,
cartilage and tendon; keratin of hair, horn, nail
and hoof.

B-2. Conjugated Proteins

They are combinations of protein with a non-protein
part, called prosthetic group (Table 4.1).
Conjugated proteins may be classified as follows:

i. Glycoproteins: These are proteins combined
with carbohydrates. Hydroxyl groups of serine
or threonine and amide groups of asparagine
and glutamine form linkages with carbohydrate
residues. Blood group antigens and many
serum proteins are glycoproteins. When the
carbohydrate content is more than 10% of the
molecule, the viscosity is correspondingly
increased; they are sometimes known as
mucoproteins or proteoglycans.

ii. Lipoproteins: These are proteins loosely
combined with lipid components. They occur
in blood and on cell membranes. Serum
lipoproteins are described in Chapter 12.

iii. Nucleoproteins: These are proteins attached
to nucleic acids, e.g. Histones. The DNA
carries negative charges, which combines with
positively charged proteins.

iv. Chromoproteins: These are proteins with
colored prosthetic groups. Hemoglobin (Heme,
red); Flavoproteins (Riboflavin, yellow), Visual
purple (Vitamin A, purple) are some examples
of chromoproteins.

v. Phosphoproteins: These contain phos-
phorus. Casein of milk and vitellin of egg yolk
are examples. The phosphoric acid is esterified
to the hydroxyl groups of serine and threonine
residues of proteins.

vi. Metalloproteins: They contain metal ions.
Examples are Hemoglobin (Iron), Cytochrome
(Iron), Tyrosinase (Copper) and Carbonic
anhydrase (Zinc).

B-3. Derived Proteins

They are degradation products of native proteins.
Progressive hydrolysis of protein results in smaller
and smaller chains: Protein — peptones — peptides
— amino acids.

C. Classification Based on the Shape

C-1. Globular Proteins

They are spherical or oval in shape. They are easily
soluble. Examples are albumins, globulins and
protamines.

C-2. Fibrous Proteins

The molecules are elongated or needle shaped.
Their solubility is minimum. They resist digestion.
Collagen, elastin and keratins are examples.

D. Classification Based on Nutritional Value
D-1. Nutritionally Rich Proteins

They are also called as complete proteins or first
class proteins. They contain all the essential amino
acids in the required proportion. On supplying these
proteins in the diet, children will grow satisfactorily.
A good example is casein of milk.

D-2. Incomplete Proteins

They lack one essential amino acid. They
cannot promote body growth in children; but may
be able to sustain the body weight in adults.
Proteins from pulses are deficient in methionine,
while proteins of cereals lack in lysine. If both of
them are combined in the diet, adequate growth
may be obtained. (See mutual supplementation,
Chapter 36).

D-3. Poor Proteins

They lack in many essential amino acids and a
diet based on these proteins will not even sustain
the original body weight. Zein from corn lacks
tryptophan and lysine.

Biologically Important Peptides

When 10 or less number of amino acids are joined
together, it is called an oligopeptide. Some of them
are biologically active. A few examples are given
below:

i. Thyrotropin releasing hormone (TRH) is a
tripeptide with the sequence of Glu-His-Pro;
but the Glu is modified to form pyroglutamic
acid.
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. Glutathione is a tripeptide. It is gamma glutamyl
cysteinyl glycine (See Fig.15.19). Itis involved
in erythrocyte membrane integrity and is
important in keeping enzymes in active state.
Oxytocin and Vasopressin (ADH) are
nanopeptides; with 9 amino acids. They are
secreted by posterior pituitary.

. Angiotensin | has 10 amino acids and
Angiotensin Il has 8 amino acids. They cause
hypertension (Chapter 30)

. Gramicidin S, an antibiotic produced by
Bacillus brevis, contains 10 amino acids. It is
circular and contains D-phenyl alanine (usual
proteins contain only L-amino acids).

Polypeptide hormones (more than 10 amino

acids) are described in Chapters 24 and 45.

QUANTITATIVE ESTIMATION
1. Kjeldahl’s Procedure

The protein sample is digested by boiling
(8360°C) with concentrated sulphuric acid in
presence of copper sulphate and sodium
sulphate as catalysts.

ii. The nitrogen present in the protein is reduced

to ammonia which is absorbed by acid medium
to become ammonium sulphate. After cooling,
the digest is made alkaline by adding excess
alkali. Now ammonia (NH3) is liberated, which
is absorbed by a known quantity of standard
acid kept in a vessel. The excess acid present
in the vessel is back-titrated with a standard
base, from which the liberated ammonia can
be calculated.

Then the quantity of nitrogen originally present
in the protein is assessed. Since proteins, on
an average contain 16% nitrogen, the weight
of nitrogen x 100/16, or nitrogen x 6.25 will

Johan Kjeldahl Richard A Zsigmondy
1849-1900 NP1925
1865-1929

iv.

give the value of proteins present in the original
sample.

Advantage: This is the most accurate and
precise method. It is generally used for
standardising a particular protein; that protein
is then used for calibrating other proteins
employing other easier methods.
Disadvantage: It takes many days to get the
result, and is unsuitable for routine clinical work.

2. Biuret Method

Cupric ions chelate with peptide bonds of
proteins in alkaline medium to produce a pink
or violet color. The intensity of the color is
proportional to the number of peptide bonds.
The color is then compared with a standard
protein solution treated with the biuret reagent,
and estimated colorimetrically. The principle
of colorimetry is discussed in Chapter 54.
Advantage: The biuret method is a simple one
step process, and is the most widely used
method for plasma protein estimations.
Disadvantage: The sensitivity of the method
is less and is unsuitable for estimation of
proteins in milligram or microgram quantities.

3. Lowry’s Method

This is based on the reduction of Folin-
Ciocalteau phenol reagent (phosphomolybdic
acid and phosphotungstic acid) by the tyrosine
and tryptophan residues of protein. A blue color
is developed which is compared with that
produced by a known standard.

. Advantage: This method is very sensitive and

protein content in microgram range can be
measured. If the tyrosine and tryptophan
content of the proteins of test and standard
vary widely, then the accuracy is lost; this is a
minor disadvantage of this method.

OH Lowry published the paper on protein estimation
in 1951. This is the most cited article in the scientific
literature.
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4. Spectrophotometric Estimation

i. Proteins will absorb ultraviolet light at 280 nm.
This is due to the tyrosine and tryptophan
residues in the protein. Quantitation is done
by comparing the absorbance of the test
solution with a known standard.

ii. Advantage and disadvantage: The method
is accurate, simple and highly sensitive upto
microgram quantities. Since color reaction
using other chemicals is not employed, the
protein is not wasted in this method. However,
the instrument is costly. Please see discussion
in Chapter 54.

5. Radial Immuno Diffusion (Mancini’s technique)

Please note that the name is "radial" and not "radio".
There is no radiation applied in this process. As the
precipitation arc is moving radially outward from the point
of application, the name "radial" is given. Here specific
antiserum is incorporated in the liquid agar, and then
allowed to solidify on a glass plate. Then small wells
(1 mm dia) are cut in the agar, and antigen (protein
solution, patient's sera, etc.) is added in the well. The
plate is incubated at 4°C for 1 to 3 days. The antigen
molecules diffuse radially around the wells and react with
the specific antibody molecules present all over the agar.
A white ring of precipitate is seen, where equimolecular
concentration (1:1 ratio) of antigen and antibody is
attained. The diameter of the precipitation ring will
be proportional to the log of antigen concentration. If
known standards of different concentration is included
along with the test, a standard graph is plotted, from
which quantity of test substance can be obtained (Fig.
4.14).
Advantage: The procedure is simple and sensitive enough
to quantitate mg or microgram quantities of proteins. Since
the method is based on antibodies, the test is exquisitely
specific. Serum levels of immunoglobulins, complement
components, etc. are routinely assayed by this method.

6. Nephelometry
It is based on the measurement of scattering of light by
colloids, originally studied by Richard Zsigmondy (Nobel
prize, 1925). Scattering of light by antigen-antibody
complexes was used as a quantitation method by Libby in
1938. Nephelometry is defined as the detection of light
scattered by turbid particles in solution. If albumin is
to be estimated, specific antibody against albumin is
added. The resultant antigen-antibody complex will form

turbidity of the solution. A beam of light (preferably laser
beam) is passed through the solution. The particles in the
solution will scatter light. The light turning at 30° to 90°
angle (generally 60° )is collected and passed into a
detector system. The emergent scattered light will be
proportional to the turbidity of the solution, which in turn
will be proportional to the antigen.

Advantage and disadvantage: This is a very rapid
method and suitable for automated programs. Microgram
quantities can be accurately estimated. The instrument
and reagents are costly and needs careful standardization.

7. Turbidimetry

Proteins in biological fluids like urine and CSF can be
estimated by adding protein precipitating agents (sulpho-
salicylic acid or specific antibody); the turbidity thus
produced is measured. The method is simple, but less
accurate. Nephelometry and turbidimetry are based on the
same principle of scattering of light by colloidal particles. In
nephelometry, emergent light scattered at 60° angle is
observed; while in turbidimetry, light emerging at 180° angle
is detected. Turbidimetry is comparatively cheaper. Newer
techniques are based on immunoturbidimetry.

8. RIA and ELISA Tests
If proteins of nanogram and picogram quantities are to be
estimated, radioimmunoassay (RIA) or enzyme linked
immuno sorbent assay (ELISA) techniques are to be
employed. These are described in detail in Chapter 54.

Proteomics

Proteomics is the study of the entire galaxy of
proteins produced by a cell under different
conditions. At a particular time, a gene is "on" in a
particular cell; but it will be "off" in another cell.
Expression of proteins during growth and develop-
ment will be different from the resting cell. Proteins
produced by a gastrointestinal cell and a neuronal
cell will be entirely different. Many proteins are
getting post-translational modification, that too, at
different levels at various organs. But genes are
the same in all cells at all times. Therefore, study
of genes (genomics) will give only a partial picture
of what is going on in nature. Human body
contains hundreds of different cells, which express
thousands of proteins, at different times and under
the influence of different stimuli. Proteomics attempt
to study all these multifaceted picture in toto.



CHAPTER

5

CHAPTER AT A GLANCE

The reader will be able to answer questions on
the following topics:

1. Classification of enzymes

2. Co-enzymes

3. Mode of action of enzymes

4. Michaelis-Menten theory

5. Fischer's template theory

6. Koshland's induced fit theory

7. Michaelis constant, Km value, Vmax

8. Factors influencing enzyme activity

9. Enzyme activation

10. Inhibition, competitive, non-competitive
11. Allosteric inhibition, suicide inhibition
12. Covalent modification

13. Iso-enzymes

Once upon a time there was a rich merchant. In his last will
and testament, he put aside his 17 white horses to his 3 sons
to be shared thus; 1/2 for the 1st son, 1/3 for the 2nd son and
1/9 for the 3rd son. After his death, the sons started to quarrel,
as the division could not produce whole number. Then their
brother-in-law told them that they should include his black
horse also for the sharing purpose. Thus now they had 17 + 1
= 18 horses, and so division was possible; 1st son got one-
half or 9 horses; 2nd son got 6 and 3rd son 2 horses. Now all
the 17 white horses were correctly divided among the sons.
The remaining black horse was taken back by the brother-in-
law. Catalysts are similar to this black horse.

The reaction, although theoretically probable, becomes
practically possible only with the help of catalysts. They
enter into the reaction, but come out of the reaction without
any change. Catalysts are substances which accelerate the
rate of chemical reactions, but do not change the
equilibrium.

Berzelius in 1835 showed hydrolysis of starch by malt
extract and put forward the theory of enzyme catalysis (see
Table 1.1). In 1878 Willy Kunhe coined the word enzyme,
which in Greek means "in yeast". Edward Buchner (Nobel
prize 1907) showed that cell-free extract of yeast could
catalyse the fermentation of sucrose to ethanol. He named
this active principle as Zymase. Sir Arthur Harden in 1897
(Nobel prize 1929) showed that Zymase is a complex mixture
of enzymes, each catalysing a separate step in the
degradation of sucrose. The rate of chemical reactions,
chemical equilibrium and catalysis were studied by Ostwald

Enzymology:
General Concepts
and Enzyme Kinetics

Arthur

Edward James John Wilhelm
Buchner Harden Sumner Northrop Ostwald
NP 1907 NP 1929 NP 1946 NP 1946 NP 1909
1860-1917  1865-1940 1887-1955 1891-1987 1853-1932

(Nobel prize 1909). In 1926, James Sumner (Nobel prize 1946)
was the first to crystallise the enzyme urease. In 1930, John
Northrop (Nobel prize, 1946) crystallized a number of
proteolytic enzymes from gastrointestinal tract and proved that
they are all proteins.

Enzymes are biocatalysts
Life is possible due to the co-ordination of
numerous metabolic reactions inside the cells.
Proteins can be hydrolyzed with hydrochloric acid
by boiling for a very long time; but inside the body,
with the help of enzymes, proteolysis takes place
within a short time at body temperature. Enzyme
catalysis is very rapid; usually 1 molecule of an
enzyme can act upon about 1000 molecules of the
substrate per minute. Lack of enzymes will lead to
block in metabolic pathways causing inborn errors
of metabolism.

The substance upon which an enzyme acts, is
called the substrate. The enzyme will convert the
substrate into the product or products.

Characteristics of Enzymes
i. Almost all enzymes are proteins. Enzymes
follow the physical and chemical reactions of
proteins.

ii. They are heat labile.

iii. They are water-soluble.

iv. They can be precipitated by protein pre-
cipitating reagents (ammonium sulfate or
trichloroacetic acid).

v. They contain 16% weight as nitrogen.

CLASSIFICATION OF ENZYMES
When early workers isolated certain enzymes,
whimsical names were given. Some of these, such
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as Pepsin, Trypsin, Chymotrypsin, etc. are still used.
Later, it was agreed to call the enzymes by adding
the suffix "-ase" to the substrate. Thus, enzyme
Lactase acts on the substrate lactose, and the
products glucose and galactose are formed.
Enzymes that hydrolyse starch (amylose) are
termed as amylases; those that dehydrogenate the
substrates are called dehydrogenases. These are
known as the trivial names of the enzymes.

IUBMB System of Classification

International Union of Biochemistry and Molecular
Biology (IUBMB) in 1964, (modified in 1972 and
1978), suggested the IUBMB system of nomen-
clature of enzymes. It is complex and cumbersome;
but unambiguous. As per this system, the name
starts with EC (enzyme class) followed by 4 digits.

First digit represents the class
Second digit stands for the subclass
Third digit is the sub-subclass or subgroup
Fourth digit gives the number of the particular
enzyme in the list.

The enzymes are grouped into following six
major classes (Box 5.1).

e Class 1: Oxidoreductases
This group of enzymes will catalyse oxidation of
one substrate with simultaneous reduction of

Box 5.1. Classification of Enzymes

Class1. Oxidoreductases: Transfer of hydrogen or
addition of oxygen; e.g. Lactate dehydrogenase
(NAD); Glucose-6-phosphate dehydrogenase
(NADP); Succinate dehydrogenase (FAD);
di-oxygenases.

Class 2. Transferases: Transfer of groups other
than hydrogen. Example, Aminotransferase.
(Subclass: Kinase, transfer of phosphoryl group
from ATP; e.g. Hexokinase)

Class 3. Hydrolases: Cleave bond and add water; e.g.
Acetyl choline esterase; Trypsin

Class 4. Lyases: Cleave without adding water, e.g.
Aldolase; HMG CoA lyase; ATP Citrate lyase.
(Subclass: Hydratase;add water to a double
bond)

Class 5. Isomerases: Intramolecular transfers. They
include racemases and epimerases. Example,
Triose phosphate isomerase.

Class 6. Ligases: ATP dependent condensation of
two molecules, e.g. Acetyl CoA carboxylase;
Glutamine synthetase; PRPP synthetase

another substrate or co-enzyme. This may be
represented as

for example,
Alcohol + NAD* ----— Aldehyde + NADH + H*

The enzyme is Alcohol dehydrogenase; IUB
name is Alcohol-NAD-oxidoreductase; Code
numberis EC.1.1.1.1. Oxidoreductases may also
oxidise substrates by adding oxygen, e.g.
oxidases, oxygenases and dehydrogenases
(Chapter 19).

Class 2: Transferases

This class of enzymes transfers one group
(other than hydrogen) from the substrate to
another substrate. This may be represented as

A-R +B — A + B-R, For example,
Hexose + ATP — Hexose-6-phosphate + ADP

The name of enzyme is Hexokinase and
systematic name is ATP-Hexose--6-phosphate-
transferase.

Class 3: Hydrolases

This class of enzymes can hydrolyse ester, ether,
peptide or glycosidic bonds by adding water and
then breaking the bond.

Acetyl choline + H,O -------- — Choline + acetate
The enzyme is Acetyl choline esterase or
Acetyl choline hydrolase (systematic). All
digestive enzymes are hydrolases.

Class 4: Lyases

These enzymes can remove groups from
substrates or break bonds by mechanisms other
than hydrolysis. For example,

Fructose-1,6-bisphosphate ------- -
Glyceraldehyde-3-phosphate
+dihydroxy acetone phosphate

Box 5.2. Synthetase and Synthase are Different

Synthetases are ATP-dependent enzymes catalysing
biosynthetic reactions; they belong to
Ligases (class 6).Examples are Carba-
moyl phosphate synthetase; Arginino
succinate synthetase; PRPP synthetase
and Glutamine synthetase

are enzymes catalysing biosynthetic
reactions; but they do not require ATP
directly; they belong to classes other
than Ligases. Examples are Glycogen
synthase and ALA synthase

Synthases



42 W Textbook of Biochemistry; Section A: Chemical Basis of Life

Box 5.3. Salient Features of Co-enzymes

1. Theprotein partoftheenzymegivesthenecessary
three dimensional infrastructure for chemical
reaction; but the group is transferred from or
accepted by the co-enzyme.

2. The co-enzyme is essential for the biological
activity of the enzyme.

3. Co-enzyme is a low molecular weight organic
substance. It is heat stable.

4. Generally, the co-enzymes combine loosely with
the enzyme molecules. The enzyme and co-
enzyme can be separated easily by dialysis.

5. Insidethe body, when thereactionis completed,
theco-enzymeisreleased fromthe apo-enzyme,
and can bind to another enzyme molecule. In the
example shown in Figure 5.1, the reduced co-
enzyme, generated in the first reaction can take
part in the second reaction. The coupling of
these two reactions becomes essential in
anerobic glycolysis (see Chapter 9) for
regeneration of NAD™.

6. Onemoleculeoftheco-enzymeis ableto convert
a large number of substrate molecules with the
help of enzyme.

7. Mostoftheco-enzymes arederivatives of vitamin
B complex group of substances.

The enzyme is Aldolase (see Chapter 9 for
details).

e Class 5: Isomerases
These enzymes can produce optical, geometric
or positional isomers of substrates. Racemases,
epimerases, cis-trans isomerases are examples.

Glyceraldehyde-3-phosphate ----- -
Di-hydroxy-acetone-phosphate
Enzyme is Triose phosphate isomerase.

e Class 6: Ligases
These enzymes link two substrates together,
usually with the simultaneous hydrolysis of ATP,
(Latin, Ligare = to bind). For example,

Acetyl CoA + CO2 + ATP — Malonyl CoA + ADP +
Pi
Enzyme is Acetyl CoA carboxylase.
A summary of classification is given in Box
5.1. The differences between synthetase and
synthase are shown in Box 5.2.

CO-ENZYMES
i. Enzymes may be simple proteins, or complex
enzymes, containing a non-protein part, called
the prosthetic group. The prosthetic group
is called the co-enzyme. It is heat stable.
Salient features of co-enzymes are shown in
Box 5.3.
ii. The protein part of the enzyme is then named
the apo-enzyme. It is heat labile.
iii. These two portions combined together is called
the holo-enzyme.
v. Co-enzymes may be divided into two groups
v-a. Those taking part in reactions catalyzed
by oxidoreductases by donating or
accepting hydrogen atoms or electrons.
Those co-enzymes taking part in rea-
ctions transferring groups other than
hydrogen.

v-b.

First Group of Co-enzymes
In the first group, the change occurring in the
substrate is counter-balanced by the co-enzymes.
Therefore, such co-enzymes may be considered
as co-substrates or secondary substrates. In the
example shown in Fig. 5.1, the substrate lactate is
oxidized, and simultaneously the co-enzyme (co-
substrate) is reduced. If the reaction is reversed,
the opposite effect will take place.

Other such examples are NADP—-NADPH; FAD-
FADH2 and FMN-FMNH2.

Nicotinamide Adenine Dinucleotide (NAD™)
i. This is a co-enzyme synthesized from
Nicotinamide, a member of vitamin B complex.
The structure of NAD* is Nicotinamide-Ribose-
P-P-Ribose-Adenine (Fig. 34.6). Warburg
(Nobel prize, 1931) elucidated the structure of

NAD™*
Glyceraldehyde-3-phosphate
dehydrogenase
Glyceraldehyde -3-P 7T- 1-3 bisphosphoglycerate
+ +
NAD NADH+ H

Lactate K )

Lactate dehydrogenase

Pyruvate

Fig. 5.1. One co-enzyme molecule can work with
different enzymes
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Table 5.1. Examples of co-enzymes

Co-enzyme Group transferred

Thiamine pyrophosphate (TPP)  Hydroxy ethyl

Pyridoxal phosphate (PLP) Amino group
Biotin Carbon dioxide
Coenzyme-A (Co-A) Acyl groups
Tetra hydrofolate (FHa4) One carbon groups

Adenosine triphosphate (ATP) Phosphate

ii. The reversible reaction of lactate to pyruvate
is catalyzed by the enzyme lactate dehydro-
genase, but the actual transfer of hydrogen is
taking place on the co-enzyme, NAD* (Fig.
5.2A).

iii. Inthis case, two hydrogen atoms are removed
from lactate, out of which one hydrogen and
two electrons are accepted by the NAD" to
form NADH, and the remaining H* is released
into the surrounding medium. The hydrogen
is accepted by the nicotinamide group as
shown in Figure 5.2B

Second Group of Co-enzymes

These co-enzymes take part in reactions trans-
ferring groups other than hydrogen. A particular
group or radical is transferred from the substrate
to another substrate. Most of them belong to
vitamin B complex group. A few such examples are
given in Table 5.1.

Ccoo” Lactate COO
dehydrogenase
CHOH 7 S {
o
NADH" CHs
Lactate Pyruvate

Fig. 5.2A. Reaction of lactate dehydrogenase

l “Xy—CO-NH, E?CONH,
7
N3
I 2H H+ Otto Heinrich
R Warburg
. NP 1931
NAD 1883-1970

Fig. 5.2B. NAD* accepts hydrogen

NH,

1o <L
P

HO OH

| Adenosine |

|  Adenosine monophosphate |

| Adenosine diphosphate (ADP) |

Adenosine triphosphate (ATP)

Fig. 5.3. Structure of ATP

Adenosine Triphosphate (ATP)

i. ATP is considered to be the energy currency
in the body. Fiske and Subba Row first isolated
ATP in 1926 and Lohmann in 1929 showed
the importance of ATP in muscle contraction.

ii. In the ATP molecule, the second and third
phosphate bonds are ‘high energy' bonds (as
shown with squiggle bonds in Fig. 5.3).

iii. During the oxidation of food stuffs, energy is
released, a part of which is stored as chemical
energy in the form of ATP.

iv. The endergonic reactions are carried out with
the help of energy released from hydrolysis of

ATP.
Hexokinase
Glucose ﬁ Glucose-6-
¥ phosphate
ATP ADP

Metallo-enzymes
i. These are enzymes which require certain
metal ions for their activity. Some examples
are given in Table 5.2.
ii. In certain cases, e.g. copper in Tyrosinase,
the metal is tightly bound with the enzyme.
iii. In other cases, even without the metal ion,
enzyme may be active; but when the metal
ion is added, the activity is enhanced. They
are called ion-activated enzymes, e.g.
calcium ions will activate pancreatic lipase.

Co-factors

The term co-factor is used as a collective term to
include co-enzymes and metal ions. Co-enzyme is
an organic co-factor.
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Table 5.2. Metallo-enzymes

Metal Enzyme containing the metal

Zinc Carbonic anhydrase, carboxy peptidase,
alcohol dehydrogenase

Magnesium Hexokinase, phospho fructo kinase,
enolase, glucose-6-phosphatase

Manganese Phospho gluco mutase, hexokinase,
enolase, glycosyl transferases

Copper Tyrosinase, cytochrome oxidase, lysyl
oxidase, superoxide dismutase

Iron Cytochrome oxidase, catalase,
peroxidase, xanthine oxidase

Calcium Lecithinase, lipase

Molybdenum Xanthine oxidase

MODE OF ACTION OF ENZYMES

There are a few theories explaining the mechanism
of action of enzymes. Perhaps each of them tries
to view the fact from different perspectives to explain
a particular aspect of the action.

1. Lowering of Activation Energy

i. Enzymes lower the energy of activation.

ii. Activation energy is defined as the energy
required to convert all molecules of a reacting
substance from the ground state to the
transition state.

iii. Substrates are remaining in an energy trough,
and are to be placed at a higher energy level,
whereupon spontaneous degradation can
occur. Suppose, we want to make a fire; even
if we keep a flame, the wood will not burn

A —
Reaction kinetics
without enzyme
B — : :
Reaction with enzyme
C p—
=
=
4]
=
w
b [

Time ———

Red circle= substrate; black circle= product. C= energy
level of substrate; D= energy level of product. C to A =
activation energy in the absence of enzyme; C to B is
activation energy in presence of enzyme; B to A =
lowering of activation energy by enzyme

Fig. 5.4. Lowering of activation energy by enzymes

initially; we have to add kerosene or paper for
initial burning. Similarly, the activation energy
is to be initially supplied.

iv. During enzyme substrate binding, weak
interactions between enzyme and substrate
are optimized. This weak binding interaction
between enzyme and substrate provides the
major driving force for the enzymatic
catalysis.

v. Enzymes reduce the magnitude of this
activation energy. This can be compared to
making a tunnel in a mountain, so that the
barrier could be lowered (Fig. 5.4). For
example, activation energy for acid hydrolysis
of sucrose is 26,000 cal/mol, while the
activation energy is only 9,000 cal/mol when
hydrolyzed by sucrase.

2. Acid Base Catalysis

Protonated form of histidine is an example of a general acid
and its conjugate base, the general base (Fig. 5.5). The action
of ribonuclease is an example of acid-base catalysis. Histidine
residues 12 and 119 at the active site of ribonuclease function
as acid and base in catalysis. Histidine 12 acts as an acid
and donates a proton to form the basic form. Then the 2'-3’
cyclic phosphate is formed. Histidine 112 accepts a proton
from the cyclic phosphate and product is released.

In the enzymes of aspartyl protease family, catalysis
involves two aspartyl residues, which act as acid-base
catalysts. Catalysis by pepsin, cathepsin and protease of HIV
(human immunodeficiency virus) belong to this group of
enzymes.

3-A. Substrate Strain

Binding of substrate to a preformed site on the enzyme can
induce strain in the substrate. The energy level of the substrate
is raised. A combination of substrate strain and acid base
catalysis is seen in the action of lysozyme.

The lysozyme substrate has a repeating hexasaccharide
unit. Binding of the substrate to the enzyme generates a
strained conformation in the enzyme substrate complex (D in
Fig. 5.6). In the transition state, acid catalyzed hydrolysis of
the glycosidic linkage by a glutamic acid residue at the active
site generates a carbonium ion on the D residue. This relieves
the strain generated in the initial enzyme-substrate complex.
This results in the change from transition state to products.
The glycosidic bond between N-acetyl glucosamine and N-
acetyl muramic acid on the bacterial cell wall is thus
hydrolyzed. This accounts for bactericidal action of lysozyme.
Lysozyme was purified and studied by Howard Florey (Nobel
prize, 1945).

3-B. Serine proteases

They are enzymes with a serine residue at the active site and
most of the proteolytic enzymes belong to this group, e.g.
trypsin, chymotrypsin, clotting factors (Table 5.3).
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I_I__ CH, + H*

O AN gl
COOH

Non-protonated (Base)

—_— THZ

COOH

Protonated form (Acid)

Fig. 5.5. Acid base catalysis with the
help of histidine

3-C. Action of chymotrypsin

It is a combination of covalent and acid base catalysis. The
peptide bond is hydrolyzed through acid catalyzed nucleophilic
attack, utilising the serine 195 residue of the enzyme. The
enzyme substrate complex is formed by the binding of the
aromatic amino acid residue with the hydrophilic pocket on the
active site on the enzyme. A covalent acyl enzyme intermediate
is formed. Cleavage of the peptide bond occurs. Serine 195,
Histidine 57 and Aspartate 102 are the catalytic groups.

4. Covalent catalysis

In covalent catalysis, a nucleophilic (negatively charged) or
electrophilic (positively charged) group of the enzyme attacks
the substrate. This results in covalent binding of the substrate
to the enzyme. Similarly, co-enzymes often form covalent
bonds with the substrates.

5. Entropy effect

Enzymes enhance reaction rates by decreasing entropy. When
correctly positioned and bound on the enzyme surface, the
substrates are strained to the transition state. This is referred
to as the proximity effect. Chemical reactions need physical
apposition of two reactants. The occurrence of collision
between two substrate molecules is determined by statistical
probability. Since substrates usually are present in low
concentrations, the collision probability is less and hence the
reaction velocity is low. But a complex formation between the

O—QQ—m —2>

35Gu —> | <«—— Asp52
E

F

Enzyme

Fig. 5.6. Active center of Lysozyme. A,B,C,D,E,F are
carbohydrate units (substrate). D = N-acetyl muramic
acid; E=N-acetyl glucosamine. Bondis broken between
D and E, with the help of Glu and Asp residues in the
enzyme, which are opposite to each other

1-(

Enzyme--
substrate
complex

o o
® °

Enzyme + substrate Enzyme acts

Enzyme--product complex Enzyme and products

Fig. 5.7. Enzyme substrate complex

enzyme and the two substrate molecules can improve the
collision probabilities many fold, causing the rapid rate of
reaction.

6. Product Substrate Orientation Theory

Enzyme has appropriate three dimensional structure to keep
the substrates in a specific orientation, such that the reactive
groups come in to physical apposition, leading to speedy
reactions (Fig. 5.8). It has been shown that the hydroxyl group
of the 6th carbon atom of glucose and the terminal phosphate
group of ATP are juxtaposed with the help of hexokinase.

MICHAELIS-MENTEN THEORY

i. In 1913, Michaelis and Menten put forward
the Enzyme—Substrate complex theory.
Accordingly, the enzyme (E) combines with the
substrate (S), to form an enzyme-substrate
(ES) complex, which immediately breaks down
to the enzyme and the product (P) (Fig. 5.7).
E+S S E-SComplex >E+P

ii. Alkaline phosphatase hydrolyses a number
of phosphate esters including glucose-6-

Amino acid side chains

(A) Unfolded protein
with no activity

Folding (B) Folded protein
process with enzyme activity
/ Amino acid side

chains from the
active center of enzyme

Fig. 5.8. Correct alignment of amino acids in the
active center of the enzyme
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Specific substrate

Substrate correctly fixes

on the enzyme; Enzyme-
substrate complex (ES) formed

Substrate analog

Enzyme cannot
accept analog

Fig. 5.9. Fischer’s template theory

phosphate. The active center of this enzyme

contains a serine residue, and the reaction is

taking place in the following two steps:

a. E-Serine-OH+Glucose-6-P—
E-Serine-O-P+Glucose

b. E-Serine-O-P — E-Serine-OH+Pi

Thus the overall reaction is
Glucose-6-P — Glucose + Pi
In this reaction mixture, the enzyme substrate
complex, E-Serine-O-P, has been isolated.

FISCHER'S TEMPLATE THEORY
i. Itstates that the three dimensional structure of the active

site of the enzyme is complementary to the substrate.

ii. Thus enzyme and substrate fit each other.
Substrate fits on the enzyme, similar to lock and key.
The lock can be opened by its own key only (Figs 5.9
and 5.10).

iii. However, Fischer envisaged a rigid structure for
enzymes, which could not explain the flexibility shown
by enzymes.

Substrate

1. Substrate fixes at a shallow groove of
enzyme; but at present alignment is not

correct

Enzyme

Substrate

2. Fixing of substrate induces structural
changes in enzyme; now substrate
correctly fits into the active site of

Enzyme enzyme

Analog

3. Substrate analoge cannot bind
properly. So catalytic groups are not
aligned

Enzyme

Fig. 5.11. Koshland'’s induced fit theory

Active
site

Substrate

-

Enzyme

Fig. 5.10. Enzyme and substrate are specific to each
other. This is similar to key and lock (Fischer's
theory)

KOSHLAND'S INDUCED FIT THEORY

i. Conformational changes are occurring at the
active site of enzymes concomitant with the
combination of enzyme with the substrate. At
first, substrate binds to a specific part of the
enzyme.

ii. This leads to more secondary binding and
conformational changes. The substrate
induces conformational changes in the
enzyme, such that precise orientation of
catalytic groups is effected (Fig. 5.8). A
simplified explanation is that a glove is put on
a hand. At first, the glove is in a partially folded
position, but hand can enter into it. When the
hand is introduced, the glove is further opened.
Similarly, conformational changes occur in the
enzyme when the substrate is fixed.

iii. When substrate analog is fixed to the enzyme,
some structural alteration may occur; but
reaction does not take place due to lack of
proper alignment (Fig. 5.8). Allosteric regulation
can also be explained by the hypothesis of
Koshland.

ACTIVE SITE OR

ACTIVE CENTER OF ENZYME

Catalysis occurs at the active center or active site..
Salient features are shown in Box 5.4. See Tables
5.3, 5.4 and Fig. 5.8 also.

Emil Fischer Lenor Maud Daniel
NP, 1902 Michaelis Menten Koshland
1852-1919 1875-1945 1879-1960 b. 1920
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Stanford

Howard Christian William
Florey Anfinsen Moore Stein
NP 1945 NP 1972 NP 1972 NP 1972
1898-1968 1916-1995 1913-1982 1911-1980

Active Site of Ribonuclease

The catalytic site of ribonuclease also lies within a hydrophobic
cleft, where 7th Lysine and 41st Lysine lie on one side and
12th Histidine and 119th Histidine on the opposite side of the
binding site for uridylic acid. These active groups are brought
to the specific orientation by the tertiary structure of the protein.
The amino acid sequence and active conformation of
ribonuclease were studied by Christian Anfinsen, Stanford
Moore and William Stein, all three were awarded Nobel prize
in 1972. Proteolytic enzymes having a serine residue at the
active center are called serine proteases, e.g. pancreatic
proteases (Table 5.3), and coagulation factors. Other
examples are given in Table 5.4.

THERMODYNAMIC CONSIDERATIONS

From the standpoint of energy, the enzymatic reactions are
divided into 3 types:

1. Exergonic or Exothermic Reaction

Here energy is released from the reaction, and therefore

reaction essentially goes to completion, e.g. urease enzyme:
Urea ----------- — ammonia + CO, + energy

At equilibrium of this reaction, the substrate will be only 0.5%

and product will be 99.5%. Such reactions are generally

irreversible.

2. Isothermic Reaction
When energy exchange is negligible, and the reaction is easily
reversible, e.g.

Pyruvate + 2H S Lactate

3. Endergonic or endothermic
Energy is consumed and external energy is to be supplied
for these reactions. In the body this is usually accomplished

Table 5.3. Proteases

Table 5.4. Active center of enzymes

Name of enzyme Important amino acid at the

catalytic site
His (57), Asp (102), Ser (195)

Chymotrypsin

Trypsin Serine, Histidine
Thrombin Serine, Histidine
Phosphoglucomutase Serine

Alkaline phosphatase Serine

Acetyl cholinesterase Serine

Carbonic anhydrase Cysteine

Hexokinase Histidine
Carboxypeptidase Histidine, Arginine, Tyrosine
Aldolase Lysine

Example

Trypsin, Chymotrypsin,
Clotting factors

Papain

Type
Serine proteases

Cysteine proteases
Aspartyl proteases
Carboxyl proteases

Renin, retroviral proteases
Pepsin

Metalloproteases Carboxy peptidases
Protease inhibitors used as drugs:

ACE inhibitor (Captopril),
HIV protease inhibitor
(Retonavir)

by coupling the endergonic reaction with an exergonic reaction,
e.g. Hexokinase catalyses the following reaction:
Glucose + ATP — Glucose-6-phosphate + ADP

ENZYME KINETICS

Velocity or rate of enzyme reaction is assessed
by the rate of change of substrate to product
per unit time. In practice, initial velocity is

Box 5.4. Active Center of Enzyme

1. Theregionoftheenzymewheresubstrate binding
and catalysis occursis referred to as active site or
active center (Tables 5.3 and 5.4).

2. Although all parts are required for keeping the
exact three dimensional structure of the enzyme,
thereaction is taking place at the active site. The
active site occupies only a small portion of the
whole enzyme.

3. Generally active site is situated in a crevice or cleft
oftheenzyme molecule (Fig. 5.8). To the active site,
the specific substrate is bound. The binding of
substrateto active sitedepends on thealignment of
specific groups or atoms at active site.

4. During the binding, these groups may realign
themselves to provide the unique conformational
orientation so as to promote exact fitting of sub-
strate to the active site (Fig. 5.8).

5. The substrate binds to the enzyme at the active
site by non-covalent bonds. These forces are
hydrophobic in nature.

6. The amino acids or groups that directly participate
in making or breaking the bonds (present at the
active site) are called catalytic residues or catalytic
groups.

7. The active site contains substrate binding site
and catalytic site; sometimes these two may be
separate.
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Box 5.5. Derivation of Equilibrium Constant

ValA][B]

At equilibrium, forward reaction and backward
reaction are equal, so that

K1
A+B = > C+D
K2
Forward reaction R1 = K1[A][B]
and backward reaction R2 = K2 [C] [D]
At equilibrium, R1 = R2
Or, K1 [A] [B] = K2[C] [D]
Or, K1 = [C] [D] = Keqgor
K2 [A] [B] Equilibrium
constant.

determined. If much time is allowed to lapse, the

velocity may tend to fall due to decrease in substrate

concentration below a critical level.

The velocity is proportional to the concen-
tration of reacting molecules.

A+B C+D

If concentration of A or B is doubled, the rate of
reaction is also doubled. If concentrations of A and

B are doubled together, the velocity becomes 4-

fold. (Box 5.5). The following facts can be derived

from the equations given in the Box:

1. The equilibrium constant of the reaction is the
ratio of reaction rate constants of forward and
backward reactions.

2. At equilibrium, forward and backward reactions
are equal. Equilibrium is a dynamic state. Even
though no net change in concentrations of
substrate and product occurs, molecules are
always interconverted.

3. Numerical value of the constant can be
calculated by finding the concentrations of
substrates and products.

4. If Keq is more than 1, the forward reaction is
favored. In such instances, the reaction is
spontaneous and exothermic.

5. Concentration of enzyme does not affect
the Keq. Concentration of enzyme certainly
increases the rate of reaction; but not the Keq
or the ultimate state. In other words, enzyme
makes it quicker to reach the equilibrium.
Catalysts increase the rate of reaction, but
do not alter the equilibrium.

Box 5.6. Derivation of Michaelis Constant (Km)

If concentration of substrate is increased, the forward reaction
K1 is increased, and so K3 as well as total velocity is
correspondingly enhanced. The three different constants may
be made into one equation,

Km = K2 + K3
K1

Km is called as Michaelis Constant.
It is further shown that

Velocity (v) = Vmax [S]
Km + [S]

When concentration of substrate is made equal to Km, i.e.
When [S] = Km

Velocity (v) = Vmax [S] = Vmax [S] = Vmax
[SI+[S]  2[S] 2
orv =% Vmax

FACTORS INFLUENCING ENZYME ACTIVITY
The various factors which affect enzyme activity
are enumerated in Box 5.7. These are explained
below.

1. Enzyme Concentration

i. Rate of areaction or velocity (V) is directly
proportional to the enzyme concentration,
when sufficient substrate is present. Velocity
of reaction is increased proportionately with
the concentration of enzyme, provided
substrate concentration is unlimited (Fig.
5.12).

ii. Hence, this property is made use of in
determining the level of particular enzyme in
plasma, serum or tissues.

iii. Known volume of serum is incubated with
substrate for a fixed time, then reaction is

Box 5.7. Factors Affecting Enzyme Activity

Enzyme concentration

Substrate concentration

Product concentration

Temperature

Hydrogen ion concentration (pH)
Presence of activators

Presence of inhibitors

Presence of repressor or derepressor.
Covalent modification

oSNk WD E
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Fig. 5.12. Effect of enzyme concentration

stopped and product is quantitated (end point
method). Since the product formed will be
proportional to the enzyme concentration, the
latter could be assayed.

2. Effect of Substrate Concentration

In a series of test tubes, equal volume of enzyme
solution is taken, but increasing quantity of substrate
is added and the rate of reaction is assayed in each
tube. The velocity (v) is expressed in micromoles
of substrate converted per minute.

If the velocity is plotted against the substrate
concentration, a typical curve (Fig. 5.13A) will
be obtained. As substrate concentration is
increased, the velocity is also correspondingly
increased in the initial phases; but the curve
flattens afterwards.

This is explained in the Figure 5.13B. At lower
concentrations of substrate (point A in the curve),
some enzyme molecules are remaining idle. As
substrate is increased, more and more enzyme
molecules are working. At half-maximal velocity,
50% enzymes are attached with substrate (point
B in the curve). As more substrate is added, all
enzyme molecules are saturated (point C). Further
increase in substrate cannot make any effect in

Vmax =

Y2 V'max

ES

Km

[s]———

Fig. 5.13A. Effect of substrate concentration
(substrate saturation curve)

’ Maximum velocity ( Vmax)
4 = = -
1 eds -73?-
B e~ " @ @@ Q
G c,
/G @

Substrate concentration [S]

Enzyme molecules are shown as half-circles. Substrate molecules
are red dots. (A) Substrate molecules are low; so only a few
enzyme molecules are working and velocity is less. (B) At half-
maximal velocity (Km), 50% enzyme molecules are bound with
substrate. (C) As a lot of substrate molecules are available, all
enzyme molecules are bound. (D) Further increase in the substrate
will notincrease the velocity further.

Fig. 5.13B. Effect of substrate concentration on
enzyme activity

the reaction velocity (point D). The maximum
velocity obtained is called Vmax (Fig. 5.13B). It
represents the maximum reaction rate attainable
in presence of excess substrate (at substrate
saturation level).

2-A. Michaelis Constant
According to Michaelis theory, the formation of
enzyme-— substrate complex is a reversible reaction,
while the breakdown of the complex to enzyme +
product is irreversible. (See the derivation of the
Michaelis constant in Box 5.6).

In the Fig. 5.14, 50% velocity in Y axis is
extrapolated to the corresponding point on X-axis,

]
200% Enzyme 2 units

vV

100% Enzyme 1 unit

50%

T [S] m—

Fig. 5.14. Effect of enzyme concentration on Km
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Box 5.8. Salient Features of Km

1. Km value is substrate concentration (expressed
in moles/L) at half-maximal velocity.

2. It denotes that 50% of enzyme molecules are
bound with substrate molecules at that particular
substrate concentration (Fig. 5.13B).

3. Km is independent of enzyme concentration. If
enzyme concentration is doubled, the Vmax will be
double (Fig. 5.14). But the Km will remain exactly
same. In otherwords, irrespective of enzyme concen-
tration, 50% molecules are bound to substrate at that
particular substrate concentration.

4. Km is the Signature of the Enzyme. Km value is
thus a constantforanenzyme. Itisthe characteristic
feature of a particular enzyme for a specific
substrate.

5. The affinity of an enzyme towards its substrate is
inversely related to the dissociation constant, Kd for
the enzyme—substrate complex.

K1 K3
E+S----- — E-S complex --------- —E+P
K2
K2 K2 + K3
Kd = K1 and Km = K1

Therefore, the smaller the tendency for the dissociation
of the complex, the greater is the affinity of the
enzyme for the substrate.

6. Km denotes the affinity of enzyme for substrate.
The lesser the numerical value of Km, the affinity of
the enzyme for the substrate is more.

which gives the numerical value of Km. Salient
features of Km value are shown in Box 5.8.

The lesser the numerical value of Km, the
affinity of the enzyme for the substrate is more.
To cite an example, Km of glucokinase is 10 mmol/
L and that of hexokinase is 0.05 mmol/L. Therefore,
50% molecules of hexokinase are saturated even
at a lower concentration of glucose. In other words,
hexokinase has more affinity for glucose than
glucokinase.

1V Km
Vmax

o ——>1/Vmax

T
“1/Km (=)

Fig. 5.15. Lineweaver-Burk plot

2-B. Double Reciprocal Plot

Sometimes it is impractical to achieve high
substrate concentrations to reach the maximal
velocity conditions. So, ¥2Vmax or Km may be
difficult to determine. Then, the experimental data
at lower concentrations is plotted as reciprocals.
The straight line thus obtained is extrapolated
to get the reciprocal of Km. This is called
Lineweaver—Burk Plot or Double Reciprocal
Plot which can be derived from the Michaelis-
Menten equation (For Lineweaver-Burk equation,
Box 5.9). If we plot 1/v against 1/ [S], it will give a
straight line graph as shown in Figure 5.15.
Intercept in X axis is minus 1/Km, from which the
Km can be calculated.

2-C. Dixon Plot

The velocity (V) is measured at several concentrations of
inhibitor (1), when the substrate (S) concentration is kept
constant. It is used for determining inhibition constants. A
plot of 1/V versus [ | ] yields a straight line. The experiment
is repeated at different concentrations of substrates.

2-D. Co-operative binding

Some enzymes may not strictly follow the Michaelis-Menten
kinetics. When the enzyme has many subunits, and binding
of substrate to one unit enhances the affinity for binding
to other subunits (co-operative binding), a sigmoid shaped
saturation curve is obtained (Fig. 5.16). In such cases,
determination of Km value, as shown in the previous
paragraph, will be invalid. Instead the Hill equation,
originally described for explaining the oxygen binding to
Hemoglobin, is employed (Hill was awarded Nobel prize in
1922).

3. Effect of Concentration of Products
In areversible reaction, S 5 P, when equilibrium is
reached, as per the law of mass action, the reaction

Box 5.9. Lineweaver-Burk Equation

V = Vmax [S]
Km + [S]

When inverted, the equation is:

1 = Km + [S]

V. Vmax [S]

— Km % 1 + [S]
Vmax[S] Vmax [S]

= Km % 1 + 1
Vmax [S]
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Archibald
Vivian Hill
NP, 1922
1886-1977

s —

Fig. 5.16. Sigmoid substrate-saturation kinetics of
co-operative binding

rate is slowed down. So, when product concen-
tration is increased, the reaction is slowed, stopped
or even reversed. In inborn errors of metabolism,
one enzyme of a metabolic pathway is blocked. For
example,

El E2 E3
A —B C I

If E3 enzyme is absent, C will accumulate, which
in turn, will inhibit E2. Consequently, in course of
time, the whole pathway is blocked.

—-D

4, Effect of Temperature

The velocity of enzyme reaction increases when
temperature of the medium is increased; reaches
a maximum and then falls (Bell shaped curve).
The temperature at which maximum amount of the
substrate is converted to the product per unit time
is called the optimum temperature (Fig. 5.17). As
temperature is increased, more molecules get
activation energy, or molecules are at increased
rate of motion. So their collision probabilities are
increased and so the reaction velocity is enhanced.
The temperature coefficient (Q,) is the factor by
which the rate of catalysis is increased by a rise in
10°C. Generally, the rate of reaction of most
enzymes will double by a rise in 10°C.

T Optimum range
of temperature

T T T T T T
0 10 20 30 40 50 60

Temperature in °C

Fig. 5.17. Effect of temperature on velocity

Amylase

Pepsin

Arginase

| | | | I
pH 2 4 6 8 10 12

Fig. 5.18. Effect of pH on enzyme velocity

But when temperature is more than 50°C, heat
denaturation and consequent loss of tertiary
structure of protein occurs. So activity of the enzyme
is decreased. Most human enzymes have the
optimum temperature around 37°C. Certain bacteria
living in hot springs will have enzymes with optimum
temperature near 100°C.

5. Effect of pH

Each enzyme has an optimum pH, on both sides of
which the velocity will be drastically reduced. The
graph will show a bell shaped curve (Fig. 5.18).
The pH decides the charge on the amino acid
residues at the active site. The net charge on the
enzyme protein would influence substrate binding
and catalytic activity. Optimum pH may vary
depending on the temperature, concentration of
substrate, presence of ions etc. Usually enzymes
have the optimum pH between 6 and 8. Some
important exceptions are pepsin (with optimum pH
1-2); alkaline phosphatase (optimum pH 9-10) and
acid phosphatase (4-5).

6. Enzyme Activation

6-A. In presence of certain inorganic ions,
some enzymes show higher activity. Thus
chloride ions activate salivary amylase and
calcium activate lipases.

6-B. Another type of activation is the conversion
of an inactive pro-enzyme or zymogen to
the active enzyme.

i. By splitting a single peptide bond, and
removal of a small polypeptide from
trypsinogen, the active trypsin is
formed. This results in unmasking of
the active center.
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COOH COOH COOH
CH, H—C H—C—H
| r X\ I |
CH, FAD FADH, C—H COOH
COOH COOH

Succinate Fumarate Malonate

Fig. 5.19. Malonate inhibits succinate
dehydrogenase enzyme

ii. Similarly Trypsin activates chymotrypsinogen,
to form active chymotrypsin and two peptides
(A and B peptides). As a result, three
aminoacid residues, his(57), asp(102) and
ser(195) that are far apart in the primary
sequence are aligned at the active site and
take part in the catalytic process.

iii. All the gastrointestinal enzymes are synthe-
sized in the form of pro-enzymes, and only
after secretion into the alimentary canal, they
are activated. This prevents autolysis of
cellular structural proteins.

iv. Coagulation factors are seen in blood as
zymogen form, their activation pathways are
described in Chapter 28.

v. Similar activation of precursor protein is
taking place in the case of complement
components (Chapter 49). These activities
are needed only occasionally; but when
needed, a large number of molecules are to
be produced instantaneously. Hence,
the cascade system of chemical ampli-
fication of such factors.

7. Enzyme Inhibition

7-A. Competitive Inhibition
i. Here inhibitor molecules are competing with

the normal substrate molecules for binding to
the active site of the enzyme, because the
inhibitor is a structural analog of the substrate.
E+SSES - —>E+P
E+1S E

ii. Since E-I (enzyme—inhibitor complex) can react
only to reform the enzyme and inhibitor, the
number of enzyme molecules available for E-S
formation is reduced. Suppose 100 molecules
of substrate and 100 molecules of inhibitor are
competing for 100 molecules of the enzyme.
So, half of enzyme molecules are trapped by
the inhibitor and only half the molecules are
available for catalysis to form the product.

iii. Since effective concentration of enzyme is
reduced, the reaction velocity is decreased.

With inhibitor
1MW .
Without inhibitor

/ <— 1/Vmax

2z %
~1/Km  —1/Km

1/(S)

Vmax =
Without
inhibitor
With inhibitor
%LVmax
A A
Km New Km (S)

Fig.

iv.

Vi.

Vil.

7-B.
i.

5.20. Substrate saturation curve in presence
and absence of competitive inhibitor

In competitive inhibition, the inhibitor will be a
structural analog of the substrate. There will
be similarity in three dimensional structure
between substrate (S) and inhibitor (l). For
example, the succinate dehydrogenase
reaction is inhibited by malonate (Fig. 5.19).
Competitive inhibition is usually reversible.
Or, excess substrate abolishes the inhibition.
In the previous example of 100 moles of E and
100 moles of I, if 900 moles of S are added,
only 1/10th of enzyme molecules are attached
to inhibitor and 90% are working with substrate.
Thus 50% inhibition in the first example is now
decreased to 10% inhibition (Fig. 5.20).

From the graphs, it is obvious that in the case
of competitive inhibition, the Kmis increased
in presence of competitive inhibitor. Thus
competitive inhibitor apparently increases the
Km. In other words, the affinity of the enzyme
towards substrate is apparently decreased in
presence of the inhibitor.

But Vmax s not changed. Clinical significance
of such inhibition is shown in Box 5.10.

Non-competitive Inhibition (Irreversible)

A variety of poisons, such as iodoacetate,
heavy metal ions (lead, mercury) and oxidising
agents act as irreversible non-competitive



Chapter 5; Enzymology: General Concepts and Enzyme Kinetics B 53

1.

Box 5.10. Clinical Importance of Inhibition

Pharmacological action of many drugs may be
explained by the principle of competitive inhibition. A
few important examples are given below:

. Sulphonamides: They are commonly employed

antibacterial agents (Fig.5.21). Bacteria synthesise
folic acid by combining PABA with pteroyl glutamic
acid. Bacterial wall is impermeable to folic acid.
Sulpha drugs, being structural analog of PABA, will
inhibit the folic acid synthesis in bacteria, and they
die. The drug is nontoxic to human cells, because
human beings cannot synthesize folic acid.
Preformed folic acid is essential for man. Antibacterial
effect of sulpha drug was studied by Gerhard
Domagk, (Nobel prize 1939).

. Methotrexate: It is 4-amino-N°-methyl folic acid. It

is a structural analogue of folic acid, and so can
competitively inhibit folate reductase enzyme (Chapter
34). This is essential for DNA synthesis and cell
division. Therefore, methotrexate is used as an
anticancer drug.

. Dicoumarol: Itis structurally similar to vitamin K and

can actas an anticoagulant by competitively inhibiting
the vitamin K activity (Chapter 33).

. Isonicotinic acid hydrazide (INH): Itisacommonly

used antituberculous drug. It is structurally similar to
pyridoxal, and prolonged use of INH may cause
pyridoxal deficiency and peripheral neuropathy
(Chapter 34). A selected list of clinically important
drugs working on the principle of competitive inhibition
is given in Table 5.5.

inhibitors. There is no competition between
substrate and inhibitor. See Fig. 5.22.

. The inhibitor usually binds to a different domain
on the enzyme, other than the substrate
binding site. Since these inhibitors have no
structural resemblance to the substrate, an
increase in the substrate concentration
generally does not relieve this inhibition.
The saturation curve of this type of inhibition
is shown in Fig. 5.23. A comparison of the two

Gerhard Domagk

Sulphanilamide

H,N Qsoz - NH,

HoN COCH

NP, 1939
1895-1964

Para amino benzoic acid (PABA)

Fig. 5.21. Competitive inhibition

types of inhibitions is shown in Table 5.6.

Examples are:

iia. Cyanide inhibits cytochrome oxidase.

iib. Fluoride will remove magnesium and
manganese ions and so will inhibit the
enzyme, enolase, and consequently the
glycolysis.

iic. lodoacetate would inhibit enzymes
having-SH group in their active centers.
iid. BAL (British Anti Lewisite; dimercaprol) is

used as an antidote for heavy metal
poisoning. The heavy metals act as enzyme
poisons by reacting with the SH group. BAL
has several SH groups with which the heavy
metal ions can react and thereby their
poisonous effects are reduced.
The inhibitor combines with the enzymes by
forming a covalent bond and then the reaction
becomes irreversible. The velocity (Vmax) is
reduced. But Km value is not changed,
because the remaining enzyme molecules
have the same affinity for the substrate.

. Increasing the substrate concentration will

abolish the competitive inhibition, but will not
abolish non-competitive inhibition.

Table 5.5. Clinically useful Competitive Inhibitors

Drug Enzyme Clinical Refer
inhibited use chapter
1. Allopurinol xanthine oxidase  gout 39
2. Dicoumarol vit.K-epoxide- anti- 33
reductase coagulant
3. Penicillin transpeptidase bacteria 2
4. Sulphonamide pteroid synthetase bacteria 34
5. Trimethoprim  FH2-reductase bacteria 34
6. Pyrimethamine do malaria 34
7. Methotrexate do cancer 51
8. 6-mercapto- adenylosuccinate  cancer 51
purine synthetase
9. 5-fluorouracil  thymidylate cancer 51
synthase
10. Azaserine phosphoribosyl- cancer 51
amidotransferase
11. Cytosine DNA polymerase cancer 51
arabinoside
12. Acyclovir DNAP of virus antiviral 42
13. Neostigmine ACh-esterase myesthenia 23
14. Alpha- dopa- hypertension 17
methyl dopa decarboxylase
15. Lovastatin HMGCoA- cholesterol 12
reductase lowering
16. Oseltamiver Neuraminidase Influenza
(Tamiflu)
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Substrate E—S complex

’ L. Q_“‘Product
Non-competitive
inhibitor
@ Substrate
Inactive E No product
enzyme formed

Fig. 5.22. Non-competitive inhibition

Enzyme

7-C. Uncompetitive Inhibition

Here inhibitor does not have any affinity for free enzyme.
Inhibitor binds to enzyme—substrate complex; but not to the
free enzyme. In such cases both Vmaxand Km are decreased
(Fig. 5.24). Inhibition of placental alkaline phosphatase (Regan
iso-enzyme) by phenylalanine is an example of uncompetitive
inhibition.

7-D. Suicide Inhibition
i. Itis a special type of irreversible inhibition of enzyme
activity. It is also known as mechanism based
inactivation. The inhibitor makes use of the enzyme's

With inhibitor
.
\%
1/Vmax Without inhibitor
+— 1/\/max
f KN
—1/Km [S]
Vmax - Without
inhibitor
leax
2
1 /mh
7 Vmax = inhibitor
t S}
Km

Fig. 5.23. Non-competitive inhibition

Table 5.6. Comparison of two types of inhibition

Competitive Non-competitive
inhibition inhibition
Acting on Active site May or may not
Structure of Substrate Unrelated molecule
inhibitor analog
Inhibition is Reversible Generally irreversible

Excess substrate Inhibition relieved No effect

Km

Increased No change

Vmax No change Decreased

Significance Drug action Toxicological

own reaction mechanism to inactivate it (mechanism
based inactivation).

. In suicide inhibition, the structural analog is converted

to a more effective inhibitor with the help of the enzyme
to be inhibited. The substrate-like compound initially
binds with the enzyme and the first few steps of the
pathway are catalyzed.

This new product irreversibly binds to the enzyme and
inhibits further reactions.

. Forexample, ornithine decarboxylase (ODC) catalyses

the conversion of ornithine to putrescine which is
necessary for polyamine synthesis (Chapter 16). When
the ODC in trypanosoma is inhibited multiplication of
the parasite is arrested. Therefore, inhibitors of ODC
enzyme such as difluro methyl ornithine (DFMO) have
been found to be effective against trypanosomiasis
(sleeping sickness). DFMO is initially inert, but on
binding with the enzyme, forms irreversible covalent
complex with the co-enzyme (pyridoxal phosphate) and
the amino acid residues of the enzyme. In mammalian
cells, the turnover rate of ODC is very high, and so the
inhibition by DFMO is only transient. So DFMO Kkills the
parasites with no side-effects to the patient.

A similar mechanism is observed in the case of
Allopurinol which is oxidised by xanthine oxidase to
alloxanthine that is a strong inhibitor of xanthine oxidase
(Chapter 39).

With inhibitor

T

i

~1/Km —1/Km 14(S)

Without inhibitor

Fig. 5.24. Uncompetitive inhibition
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ox 5.11. Salient Features, Allosteric Inhibition

. The inhibitor is not a substrate analog.
. It is partially reversible, when excess substrate

is added.

. Km is usually increased.
. Vmax is reduced.
. The effect of allosteric modifier is maximum at

or near substrate concentration equivalent to
Km (Fig. 5.26). When an inhibitor binds to the
allosteric site, the configuration of catalytic site
is modified such that substrate cannot bind

properly.

. Most allosteric enzymes possess quaternary

structure. They are made up of subunits, e.g.
Aspartate transcarbamoylase has 6 subunits
and pyruvate kinase has 4 subunits. Examples
of allosteric enzymes are shown in Table 5.7.

The anti-inflammatory action of Aspirin is also based
on the suicide inhibition. Arachidonic acid is converted
to prostaglandin by the enzyme Cyclo-oxygenase
(Chapter 13). Aspirin acetylates a serine residue in the
active center of cyclo-oxygenase, thus prostaglandin
synthesis is inhibited, and so inflammation subsides.

. Allosteric Regulation

. Allosteric enzyme has one catalytic site where
the substrate binds and another separate
allosteric site where the modifier binds (allo
= other) (Fig. 5.25).

. Allosteric and substrate binding sites may or

may not be physically adjacent.

iii. The binding of the regulatory molecule can

either enhance the activity of the enzyme
(allosteric activation), or inhibit the activity of
the enzyme (allosteric inhibition).
. Inthe former case, the regulatory molecule is
known as the positive modifier and in the
latter case as the negative modifier.
The binding of substrate to one of the subunits
of the enzyme may enhance substrate binding
by other subunits. This effect is said to be
positive co-operativity. If the binding of
substrate to one of the subunits decreases the
avidity of substrate binding by other sites, the
effect is called negative co-operativity.
In most cases, a combination is observed,
resulting in a sigmoid shaped curve (Fig. 5.26).
Salient features of allosteric regulation are
enumerated in Box 5.11.

Enzyme has separate
catalytic (C) and

Enzyme allosteric (A) sites

S Ac
. When activator (Ac) is fixed, the
catalytic site assumes correct
three dimensional structure, so
Enzyme that substrate (S) can now bind
4 . Inhibitor _ _

When inhibitor is attached to

l the allosteric site (A), the

catalytic site (C) do not

C A assume the correct shape,

so that substrate (S) cannot

Enzyme fit correctly

Fig. 5.25. Action of allosteric enzymes

7-F. Key enzymes

Body uses allosteric enzymes for regulating
metabolic pathways. Such a regulatory
enzyme in a particular pathway is called the
key enzyme or rate limiting enzyme.

. The flow of the whole pathway is constrained
as if there is a bottle neck at the level of the
key enzyme.

The allosteric inhibitor is most effective when
substrate concentration is low. This is
metabolically very significant. When more
substrate molecules are available, there is less
necessity for stringent regulation. Two best
examples are given in detail below:

a. ALA synthase
Succinyl CoA + ------------ > delta- amino-
Glycine levulinic acid
(ALA)

This is the first step in heme biosynthesis.
The end product, heme will allosterically
inhibit the ALA synthase. This enzyme
is the key enzyme of heme synthesis
(Chapter 21). Similarly,

b. Aspartate transcarbamoylase
Carbamoyl phosphate ------- > Carbamoyl
+ Aspartate aspartate + Pi

This is the first step in the pathway which finally

produces cytidine triphosphate (CTP) (Chapter 39).
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Fig. 5.26. Allosteric inhibition

CTP, the end product will allosterically inhibit
aspartate transcarbamoylase. There is no structural
resemblance between aspartate and CTP. Other
such allosteric enzymes are listed in Table 5.7.

7-G. Feedback Inhibition
The term feedback inhibition or end-product
inhibition means that the activity of the enzyme is
inhibited by the final product of the biosynthetic
pathway.
E1l E2 E3
A B C D

In this pathway, if D inhibits E1, it is called
feedback inhibition. For example, AMP inhibits the
first step in purine synthesis (Chapter 39). Usually
such end product inhibition is effected allosterically.

Table 5.7. Examples of allosteric enzymes

Enzyme allosteric  allosteric chapter
inhibitor  activator

1. ALA synthase heme 21

2. Aspartate trans- CTP ATP 39
carbamoylase

3. HMGCoA-reductase Cholesterol 12

4. Phospho- ATP, AMP, 9
fructo kinase citrate F-2,6-P

5. Pyruvate carboxylase  ADP AcetylCoA 9

6. Acetyl CoA- AcylCoA Citrate 11
carboxylase

7. Citrate synthase ATP 18

8. Carbamoyl phos- NAG 14
phate synthetase |

9. Carbamoyl phos- UTP 89

phate synthetase Il

8-A. Induction

Induction is effected through the process of
derepression. The inducer will relieve the repression
on the operator site and will remove the block on
the biosynthesis of the enzyme molecules. Classical
example is the induction of lactose-utilizing enzymes
in the bacteria when the media contains lactose in
the absence of glucose (details in Chapter 42).
There will be a minimal level of the enzyme inside
the cell, but in presence of the inducer, the level
will go up to thousand or million times within hours.
By this mechanism nutrients are utilized
most efficiently; while the enzyme synthesis is kept
to the optimum. Tryptophan pyrrolase and
transaminases are induced by glucocorticoids.
Glucokinase is induced by insulin. ALA synthase
is induced by barbiturates.

8-B. Repression

Even though both inhibition and repression reduce the enzyme
velocity, the mechanisms are different. In the case of
inhibition, the inhibitor acts on the enzyme directly; the
inhibitory activity is noticed as soon as the inhibitor is added;
and the number of enzyme molecules is not changed by the
inhibitor.

On the contrary, repressor acts at the gene level; the
effect is noticeable only after a lag period of hours or days;
and the number of enzyme molecules is reduced in the
presence of repressor molecule. Details of repression are
given in Chapter 42. A summary of the mechanism of
repression is given in Figure 5.27.

The key enzyme of heme synthesis, ALA synthase is
autoregulated by the heme by means of repression. The
structural gene is transcribed and later translated to produce
the enzyme molecules. The transcription process starts at the
operator site when it is free. When heme is not available, this
operator site is open, and therefore the enzyme is being
synthesized. When heme is produced in plenty, heme acts as
the co-repressor and in combination with an apo-repressor,
heme will shut off the operator site. Now further production of
ALA synthase is stopped.

9. Covalent Modification
The activity of enzymes may be increased or
decreased by covalent modification. It means, either
addition of a group to the enzyme protein by a
covalent bond; or removal of a group by cleaving a
covalent bond.

Zymogen activation by partial proteolysis is an
example of covalent activation. Addition or removal
of a particular group brings about covalent
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modification of enzyme protein. This is a reversible
reaction.

Commonest type of covalent modification is
the reversible protein phosphorylation. The
phosphate group may be attached to serine,
threonine or tyrosine residues. When hormone
binds to the membrane bound receptor, hormone-
receptor complex (HR) is formed. The enzyme
adenylate cyclase is activated. This activation is
mediated through a G protein (Chapter 44). The
active adenylate cyclase converts ATP to cyclic AMP
(cAMP) which acts as a second messenger. It
activates protein kinase (serine/threonine kinase)
by binding to the regulatory subunit of the enzyme.
The active catalytic subunit will phosphorylate the
enzyme. In some cases, the receptor itself has
tyrosine kinase activity which is switched on when
hormone binds to receptor, e.g. insulin. Table 5.8
gives a patrtial list of examples of such activation by
phosphorylation/dephosphorylation.

ADP ribosylation is another covalent modification,
where an ADP-ribose from NAD+ is added to enzyme /
protein. For example, ADP ribosylation of alpha subunit of
G-protein leads to inhibition of GTPase activity; hence G
protein remains active. Cholera toxin and pertussis toxin
act through ADP ribosylation. ADP ribosylation of

glyceralde-hyde-3-phosphate dehydrogenase results in
inhibition of glycolysis.

10. Stabilization

Enzyme molecules undergo usual wear and tear and
finally get degraded. Such degradation if prevented can
lead to increased overall enzyme activity. This is called
stabilization of enzyme. Degradation of Tryptophan
pyrrolase is retarded by tryptophan. Phospho fructo kinase
is stabilized by growth hormone. Enzymes having SH-
groups (Papain, Urease, Succinate dehydrogenase) are
stabilized by glutathione (G-SH).

11. Compartmentalization
The activity of enzymes catalysing the different steps in a
metabolic pathway may be regulated by compartmentalization

DNA
L

Regulator
Aporepressor
+
Co-repressor

Fig. 5.27. Repression of ALA synthase

Operator Structural genes

T ;

Holorepressor ALA synthase

Heme

of enzymes. Certain enzymes of the pathway may be located
in mitochondria whereas certain other enzymes of the same
pathway are cytoplasmic. For example heme synthesis
(Chapter 21), urea cycle (Chapter 14) gluconeogenesis
(Chapter 9). The intermediates have to be shuttled across
the mitochondrial membrane for this purpose which provides
a point where controls can be exerted.

SPECIFICITY OF ENZYMES

1. Absolute Specificity

Some enzymes are absolutely specific. For example,
hydrolysis of urea to ammonia and carbondioxide is
catalyzed by urease. Urea is the only substrate for
urease. Thiourea, though structurally similar to urea,
will not act as the substrate for urease. Similarly
glucose oxidase will oxidise only beta-D-glucose and
no other isomeric form. Thus, these enzymes show
absolute specificity.

2. Bond Specificity

Most of the proteolytic enzymes are showing group
(bond) specificity. For example, trypsin can
hydrolyse peptide bonds formed by carboxyl groups
of arginine or lysine residues in any proteins.

3. Group Specificity

One enzyme can catalyse the same reaction on a
group of structurally similar compounds, e.g.
hexokinase can catalyse phosphorylation of
glucose, galactose and mannose.

4. Stereospecificity
Human enzymes are specific for L-amino acids and
D-carbohydrates. Fumarase will hydrate fumaric

Table 5.8. Examples of covalent modification

Enzyme Phosphorylated enzyme
Acetyl-CoA carboxylase Inactive
Glycogen synthase Inactive
Pyruvate dehydrogenase Inactive
HMG-CoA reductase Inactive
Pyruvate kinase Inactive
PFK2 Inactive
Glycogen phosphorylase Active
Citrate lyase Active
Phosphorylase b kinase Active
HMG-CoA reductase kinase Active
Fructose-2,6-bisphosphatase Active
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Maleic acid (cis)

Fig. 5.28. Example of stereospecificity

acid (trans form) to malic acid; but the corres-
ponding cis form, maleic acid will not be acted upon
(Fig. 5.28). Lactate dehydro genase, acting on
pyruvate will form only L-lactate, but not the D
variety.

Ribozymes

In the first part of this chapter, it is stated that all
enzymes are proteins. Invariably, all rules will have
exceptions. Ribozymes are RNA molecules with
enzymatic activity, which catalyse cutting of nascent
MRNA or primary transcript (Chapter 41).

Enzyme Assays and Units

Enzymes are assayed by taking the serum sample and adding
a suitable substrate. After the incubation time, the mixture is
assayed for the product formed.

NAD* or NADP* dependent enzymes are assayed by
spectrophotometry, as the reduced form of these co-enzymes
will absorb light at a wavelength of 340 nm; but their oxidised
forms will not absorb light. A reaction of our interest can be
suitably coupled with another reaction utilising NAD* or
NADP* and then the reaction rate can be assessed.

Enzyme activity is expressed as micromoles of substrate
converted to product per minute under specified assay
conditions. One standard unit (or International Unit) of
enzyme activity (U) is the amount of enzyme that will convert
one micromole of substrate per minute per litre of sample
and is abbreviated as U/L.

The modern method of expression of enzyme activity is in
Katals (kat). one Katal (catalytic activity) is defined as the
number of mol of substrate transformed per second per litre
of sample (Kcat = Vmax divided by the number of active sites).
(60 U = 1 pkat and 1 nkat = 0.06 U) (1 .U = 1 umol/min =
16.67 nkat). When expressed in katals, the activity of different
enzymes can be compared.

Catalytic efficiency is expressed as the ratio of Kcat
divided by Km.

Specific activity is the number of enzyme units present
per milligram of protein (Vmax divided by the protein
concentration). It is a measure of the purity of the preparation.

Turnover number is the number of substrate molecules
transformed per unit time by a single enzyme molecule or by

a single catalytic site (Vmax divided by number of enzyme
molecules). This is estimated in purified preparations of
enzymes. The turnover number of catalase is 40,000,000; that
of carbonic anhydrase is 400,000 and fumarase is 800.

Body Metabolism is controlled by enzymes
In a pipe, theoretically water can flow both ways, but
practically the flow is unidirectional. In the same way,
although most of the individual enzyme activities are readily
reversible, the pathway as a whole, tends to lead towards
the final product.

In the reaction series, A ----> ----- >B ------ > C, as soon as
C is produced, it is utilized for something else, so that the
reactions as a whole, tend to go in the forward direction only.
True equilibrium of chemical reactions in the cell is achieved
only when the cell is dead. In other words, living cells avoid
the state of chemical equilibrium. At the same time, if we
analyse a particular metabolite, the concentration is more or
less kept constant over very long periods. This is called
steady-state system. For example, blood glucose level is
kept within a narrow range, because the factors which tend to
increase the level are at dynamic equilibrium with the factors
which try to decrease the level.

Deficiency of the enzyme or its activity will lead to genetic
defects, inborn errors of metabolism. Such deficiency may be
due to genetic mutation or by infections.

Drug Metabolism

Drugs act on enzymes present in human beings or in
pathogens. Penicillin blocks cell wall synthesis in bacteria by
irreversible binding of the enzyme transpeptidase. Many
bacteria, however, produce beta-lactamases that hydrolyse
the penicillin. Another example is that the drug 5-fluoro uracil
is metabolised inside human body into deoxy fluro uridylic
acid, which inhibits thymidylate synthase, and hence acts as
an anticancer drug.

Enzyme Engineering

Enzymes are widely used in food, pharmaceutical and
chemical industries. Bacterial enzymes from time immemo-
rial, accomplish fermentation of food items. Making of curd
from milk by lactobacillus acidophilus; producing yogurt or
cheese by streptococcus thermophilus; and fermenting rice
and black gram by leucanostoc mesenteroides for preparing
delicious doshas are good examples. In washing powders,
enzymes are incorporated to remove stains from clothes.

Drug Designing

With the help of computer programming, it is nowadays
possible to get an idea of the three-dimensional structure of
active site of enzyme, which exactly fits the substrate. With
this knowledge, research workers could make theoretical
models of hundreds of different inhibitors. The best few are
selected and then experiments are done in vivo. This
approach to drug designing is getting rapid momentum in
medical field.

Processive enzymes

They continue to act on a particular substrate; and do not
dissociate between repetitions of the catalytic event. Examples
are DNA polymerase, RNA polymerase, glycogen synthase
and fatty acid synthase.
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Multi enzyme complexes

Generally enzymes are diffusion limited, meaning that the rate
of reaction is limited by the rate at which substrate molecules
diffuse through solution and reach the active site of the
enzyme. In a series of reactions, the product of the first enzyme
is diffused into the surrounding medium, later reaches to the
second enzyme. This may act as a hindrance for the smooth
and efficient work of the enzymes in a metabolic pathway.
Nature circumvents this problem, by keeping all the enzymes
of a reaction sequence into a multi enzyme complex, so that
the product of the first reaction is immediately transferred to
the second enzyme and so on. Examples are fatty acid
synthase (Chapter 11) pyruvate dehydrogenase, alpha-keto
glutarate dehydrogenase, acetyl CoA carboxylase, glycine
cleavage system and pyrimidine nucleotide synthesis (Chapter
39).

Sequential reactions or single displacement reactions
In such cases, both substrates are first combined with the
enzyme to form a ternary complex, then catalysis is followed.
Most of the NAD* dependent reactions follow this principle.

Ping Pong reactions or double displacement reactions
They involve a transient modified form of the enzyme. The
group undergoing transfer is first taken from one substrate A,
added to the enzyme, subsequently the group is taken from
the modified enzyme, and added to another substrate.
Examples are aminotransferases.

Single Molecule Enzymology

Recent advancement in Nanotechnology have made it
possible to observe catalysis by individual enzyme and
substrate molecules by fluorescence microscopy. Even the
rate of single catalytic events and sometimes individual steps
in catalysis is measured by this process.

ISO-ENZYMES

They are physically distinct forms of the same
enzyme activity. Multiple molecular forms of an
enzyme are described as iso-enzymes or isozymes.
If 50 paise coins are examined carefully, there will
be minor variations of ridges on the rims and number
of dots below the year. In the market all these coins
have the same face value; but to an experienced
numismatist, these variations will explain from which
mint it was produced. In the same way, different
molecular forms of the same enzyme synthesized
from various tissues are called iso-enzymes. Hence
study of iso-enzymes is very useful to understand
diseases of different organs. If the subunits are
all the same, the protein is a homomultimer
represented by a single gene. If the subunits are
different, protein is said to be a heteromultimer,
produced by different genes.

Iso-enzymes may be Formed in Different Ways

1. They may be products of different genes (more than one
locus) in which case they are known as true iso-enzymes.
The genes may be located on different chromosomes, e.g.
salivary and pancreatic amylase.

2. In certain cases, all the different forms are present in the
same individual, e.g. Lactate dehydrogenase (LDH) has
5 iso-enzymes and all are seen in all persons in the
population. (Chapter 23).

3. The same locus of the gene may have different alleles
(alternate forms). Such alleleic iso-enzymes are called
allozymes. In this case, only one form will be present in
one individual; but all the different forms will be seen in
total population. For example, more than 400 distinct forms
of glucose-6-phosphate dehydrogenase (GPD) have
been identified; all of them are produced by the same locus
on the X-chromosome. When iso-enzymes due to variation
at a single locus occur with appreciable frequency (more
than 1% in population), it is said to be polymorphism.

4. Molecular heterogeneity of enzymes may also be produced
after the protein is synthesized (post-translational
modification). These are called iso-forms, e.g. sialic acid
content in alkaline phosphatase (ALP) iso-enzymes.
Different types of iso-forms may be seen in the same
individual.

Identification of Iso-enzymes

1. In Agar gel or polyacrylamide gel electrophoresis, the
iso-enzymes have different mobility. LDH, CK and ALP
iso-enzymes can be separated by electrophoresis.

2. Heat stability: one of the iso-enzymes may be easily
denatured by heat, e.g. bone iso-enzyme of ALP (BALP).

3. Inhibitors: one of the iso-enzymes may be sensitive to
one inhibitor, e.g. tartrate labile ACP.

4. Km value or substrate specificity may be different for
iso-enzymes, e.g. glucokinase has high Km and hexo-
kinase has low Km for glucose.

5. Cofactor requirements may be different for iso-
enzymes. Mitochondrial isocitrate dehydrogenase is
NAD* dependent and the cytoplasmic iso-enzyme is
NADP* dependent.

6. Tissue localization may be different for iso-enzymes. H4
form of LDH is present in heart, while M4 variety is seen
in skeletal muscle.

7. Specific antibodies may identify different types of iso-
enzymes. For example, CK iso-enzymes are separated
by antibodies.

Related topics

Iso-enzymes of LDH, CK, ALP; enzymes used for therapeutic
and diagnostic purposes and Immobilized enzymes are
described in Chapter 23. Enzyme linked immunosorbent assay
as well as Protein purification techniques are summarized in
Chapter 54.
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CHAPTER AT A GLANCE

The reader will be able to answer questions on
the following topics:

Nomenclature and classification of sugars
Stereoisomers

Glucose, Mannose and Galactose
Fructose

Reactions of monosaccharides
Glycosides

Amino sugars and deoxy sugars
Pentoses

Sucrose, lactose and maltose

Starch, glycogen and cellulose
Heteroglycans, mucopolysaccharides
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Functions of Carbohydrates

1. Carbohydrates are the main sources of energy

in the body. Brain cells and RBCs are almost

wholly dependent on carbohydrates as the
energy source. Energy production from carbo-
hydrates will be 4 k calories/g (16 k Joules/qg).

Storage form of energy (starch and glycogen).

Excess carbohydrate is converted to fat.

4. Glycoproteins and glycolipids are components
of cell membranes and receptors.

5. Structural basis of many organisms: Cellulose
of plants; exoskeleton of insects, cell wall of
microorganisms, mucopolysaccharides as
ground substance in higher organisms.

The general molecular formula of carbohydrate
is Cn(H,O)n. For example, glucose has the molecular

w N

Aldehyde

Ketone

Fig. 6.1. Keto group and aldehyde group

Chemistry of
Carbohydrates

formula C4H,,04. Carbohydrates are polyhydroxy
aldehydes or ketones or compounds which yield
these on hydrolysis (Fig. 6.1).

NOMENCLATURE
Molecules having only one actual or potential sugar
group are called monosaccharides (Greek, mono
= one; saccharide = sugar). They cannot be further
hydrolysed into smaller units. When two mono-
saccharides are combined together with elimination
of a water molecule, itis called a disaccharide (e.qg.
C,,H,,0,,). Trisaccharides contain three sugar
groups. Further addition of sugar groups will
correspondingly produce tetrasaccharides, penta-
saccharides and so on, commonly known as
oligosaccharides (Greek, oligo = a few). When
more than 10 sugar units are combined, they are
generally named as polysaccharides (Greek, poly
= many). Polysaccharides having only one type of
monosaccharide units are called homopoly-
saccharides and those having different mono-
saccharide units are heteropolysaccharides.
Sugars having aldehyde group are called
aldoses and sugars with keto group are ketoses.
Depending on the number of carbon atoms, the
monosaccharides are named as triose (C3), tetrose
(C4), pentose (C5), hexose (C6), heptose (C7) and
so on. Commonly occurring monosaccharides are
given in Table 6.1.

STEREOISOMERS

Compounds having same structural formula, but
differing in spatial configuration are known as
stereoisomers. While writing the molecular formula
of monosaccharides, the spatial arrangements of
H and OH groups are important, since they contain
asymmetric carbon atoms. Asymmetric carbon
means that four different groups are attached to the
same carbon. The reference molecule is glyceral-
dehyde (glycerose) which has a single asymmetric
carbon atom (Fig. 6.2).



Chapter 6; Chemistry of Carbohydrates 61

H—C=0

1 H—C=0
H—C=tOH) I\HQ}—(I?,—H
I o N’
CH;~OH CH,—OH

D-glyceraldehyde

L-glyceraldehyde

Fig. 6.2. Stereocisomers

The number of possible stereoisomers depends
on the number of asymmetric carbon atoms by the
formula 2" where n is the number of asymmetric
carbon atoms.

Reference Carbon Atom of Sugars

The configuration of H and OH groups at the
second carbon atom of glyceraldehyde (Fig. 6.2)
may be noticed. The two mirror forms are denoted
as D- and L-varieties. All monosaccharides can be
considered as molecules derived from glyceral-
dehyde by successive addition of carbon atoms.
Therefore, penultimate carbon atom is the
reference carbon atom for naming the mirror
images (Fig. 6.3). This is also referred to as
absolute configuration.

D and L Isomerism of Glucose

With reference to the penultimate carbon atom (i.e.
C5 in the case of glucose), the configuration of H
and OH groups is changed and two mirror images
are produced (Fig. 6.3). It may be noted that in D
and L varieties, the groups in 2nd, 3rd, 4th and 5th
carbon atoms are totally reversed, so as to produce
the mirror images. These two forms are also stereo-
isomers. D sugars are naturally occurring sugars
and body can metabolise only D sugars.

1 H-C=0 H—C=0

2 H— c:: — OH HO —(::— H
T CI: —H H —(I:— OH
4 H—C— OH HO—C—H

5 H— <I: — OH\, (’E|-(-I:)_\}—C— H

6 (IZHZ— 6H (IJHz— OH

D-glucose L-glucose

Fig. 6.3. Penultimate (reference) carbon atom

Table 6.1. Common monosaccharides

No.of Generic Aldoses (with Ketoses

carbon name aldehyde group) (with keto group)

atoms

3. Triose Ex: Glyceralde- Ex: Dihydroxy-
hyde acetone

4. Tetrose  Erythrose Erythrulose

5. Pentose Arabinose Xylulose
Xylose Ribulose
Ribose

6. Hexose Glucose Fructose
Galactose
Mannose

7. Heptose Sedoheptulose

Optical Activity

The presence of asymmetrical carbon atom causes
optical activity. When a beam of plane-polarized light
is passed through a solution of carbohydrates, it will
rotate the light either to right or to left. Please note
that the D- and L-notation has no bearing with the
optical activity. Depending on the rotation, molecules
are called dextrorotatory (+) (d) or levorotatory (-) (I).
Thus D-glucose is dextrorotatory but D-fructose
is levorotatory. Equimolecular mixture of optical
isomers has no net rotation (racemic mixture).
Heyrovsky was awarded Nobel prize in 1924 for
polarographic analysis of sugars.

1. Diastereo-isomers of Glucose
Configurational changes with regard to C2, C3 and
C4 will produce eight different monosaccharides.
Out of these, only 3 are seen in human body. They
are Glucose, Galactose and Mannose. See Fig.
6.4 and Table 6.2.

Table 6.2. Hexoses of Physiological Importance

Sugar Importance

D-Glucose Blood sugar. Main source of
energy in body.

D-Fructose Constituent of sucrose, the
common sugar.

D-Galactose Constituent of lactose, glycolipids
and glycoproteins.

D-Mannose Constituent of globulins,

mucoproteins and glycoproteins.
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CHO CHO CHO
-1 OH LH__Q,«'-—- -1 OH
(HOH- (Ho—- (HoH-
~-OH ~-OH (HoH-
—-OH —~OH ——OH
CH,—OH CH;—OH CHzOH
D-glucose D-mannose D-galactose

Fig. 6.4. Epimers of D-glucose

There are 8 diastereoisomers for aldohexoses.
With reference to C5, all of them will have D and L
forms. Hence, the molecular formula of
hexose (C¢H,,0¢) represents 16 different mono-
saccharides, due to spatial arrangement of
constituent groups.

Glucose is the most predominant sugar in
human body. It is the major source of energy. It is
present in blood (Table 6.2). D-glucose is dextro-
rotatory. In clinical practice, it is often called as
dextrose (Box 6.5).

Galactose is a constituent of lactose (milk sugar)
and glycoproteins. Galactose is epimerised to
glucose in liver and then utilized as a fuel. The term
galactose is derived from Greek word gala, meaning
milk.

Mannose is a constituent of many glycoproteins.
Mannose was isolated from plant mannans; hence
the name.

H_ oo oH_ H
N e 04
1 (“T —] H—(I:=0 c,i —
2 H—CT—~ OH H—C—OH H-ﬁ—OH
3 HO —c]:—H @) Ho—(lz—H Ho-?_H @)
4 H—C]:— OH H—(IZ—OH H—(I;—OH
5 H—l]?_ H—C—OH H—(,I':—
6 CH;~OH CH;OH CHz~ OH
a-D-glucose Traces of p-D-glucose
intermediary .

Fig. 6.5. Anomers of D-glucose

Box 6.1. Practical Importance of Mutarotation

In a clinial laboratory, once a technician freshly
prepared a standard solution (100 mg/100 ml) of
glucose. She compared it with another standard
solution similarly prepared one week ago. The
comparison was done by glucose-oxidase method. To
her surprise, the freshly prepared solution showed only
one-tenth strength of the old solution. Testing a second
time, she got the same results. So she asked for the
help of her boss, an MD in Biochemistry, who
suggested to keep the new solution, overnight in fridge.
The next day, both one-week-old solution and the
new (kept overnight) solution gave identical results.
The technician was not able to explain the reason for
this change. Can you explain?

Answer: When glucose solution is freshly prepared,
most of the molecules are in o form. On keeping the
solution for 18 hours, "mutarotation" takes place, and
63% molecules are changed to B configuration. The
glucose-oxidase enzyme preferentially acts on the
form. Hence, freshly prepared solutions will give lower
values.

2. Epimerism of Aldoses

When sugars are different from one another, only
in configuration with regard to a single carbon
atom, other than the reference carbon atom, they
are called epimers. For example, glucose and
mannose are an epimeric pair which differ only with
respect to C2. Similarly, galactose is the 4th epimer
of glucose. (Fig. 6.4). Galactose and mannose are
not epimers but diastereo-isomers.

3. Anomerism of Sugars

When D glucose is crystallized at room temperature,
and a fresh solution is prepared, its specific rotation
of polarized light is +112°; but after 12-18 hours it
changes to +52.5°. If initial crystallization is taking
place at 98°C and then solubilized, the specific
rotation is found to be +19°, which also changes to
+52.5° within a few hours. This change in rotation
with time is called mutarotation.

This is explained by the fact that D-glucose has
two anomers, alpha and beta varieties. These
anomers are produced by the spatial configuration
with reference to the first carbon atom in aldoses
and second carbon atom in ketoses. (Fig. 6.5).
Hence, these carbon atoms are known as anomeric
carbon atoms. Thus a-D-glucose has specific
rotation of +112° and B-D-glucose has +19°. Both
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undergo mutarotation and at equilibrium one-third
molecules are alpha type and 2/3rd are beta variety
to get the specific rotation of +52.5°. The
hemiacetal structure of anomeric forms of glucose
are shown in Figure 6.5.

The differences between o.and B anomeric forms
are dependent on the 1st carbon atom only. In the
previous section 16 stereoisomers of glucose are
described. Each of them will have 2 anomers; and
hence there are a total of 32 isomers for glucose.

Three Representations of Glucose Structure
The 1st carbon, aldehyde group is condensed with
the hydroxyl group of the 5th carbon to form a ring.
Ring structure represents hemi acetal form, which
is the condensation of an aldehyde (or keto) with a
hydroxyl group.

The open chain projection formula and hemi
acetal ring structure of glucose were proposed by
Emil Fischer in 1883, and hence called Fischer's
formula. Fischer was awarded Nobel prize in 1902.

Later it was shown that the glucose exists in
biological systems, not as a rectangle, but as a
pyranose ring (Fig. 6.6). This was established by

o S o

a 1
/ 4

Pyranose

Fig. 6.6. Pyranose ring

Sir Walter Haworth in 1925 who got Nobel prize in
1937. Therefore the structure of glucose may be
given as the following 3 forms, each successive form
adding more details (Fig. 6.7).

In solution B-D-glucopyranose is the predominant
form (63%), a-D-glucopyranose 36% while 1%
molecules are in glucofuranose forms. The practical
importance is shown in Box 6.1.

Fructose is a Ketohexose

In fructose, the keto group is on the 2nd carbon atom.
Thus second carbon atom is the anomeric carbon
atom. Fructose has 4 isomers. Each of them has D
and L forms with regard to 5th carbon atom. Fructose
has the same molecular formula as glucose, but differs
in structural formula. So glucose and fructose are
functional group (aldose-ketose) isomers. D fructose
is levorotatory. Only D variety is seen in biological
systems. Fructose remains predominantly as
furanose ring structure (Fig. 6.8). Fructose is a major
constituent of honey.

REACTIONS OF MONOSACCHARIDES
In sugars, the following 3 properties will be seen
together:

7o

H o
1 H-C=0 c
2 H-C—OH H—CI: —OH
3 Ho—(l:—H HO-C—H ©
4 H-C—OH H-(!‘. —OH
5 H—-C—OH H-<|3
6 <I3Hz— OH (I3H§-OH

D-glucose, open u-D-glucose,
closed ring structure,

Fischer formula

chain projection
formula

u-D-glucopyranose,
Haworth formula

j-D-glucopyranose,
Haworth formula

Fig. 6.7. Comparison of different representations of D-glucose
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| OH-H,C o) CH-OH
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3 HO—?—H
4 H—-C—OH H OH

I
5 H—(IJ-OH

6 CH,~OH
HO H
D-fructose u-D-fructo furanose
Open chain Haworth formula

projection formula

Fig. 6.8. Different representations of D-fructose

A. Mutarotation
B. Reducing property
C. Formation of osazone with phenylhydrazine.

1. Enediol Formation

In mild alkaline solutions, carbohydrates containing a
free sugar group (aldehyde or keto) will tautomerise
to form enediols, where two hydroxyl groups are
attached to the double-bonded carbon atoms. In mild
alkaline conditions, glucose is converted into
fructose and mannose. The interconversion of
sugars through a common enediol form is called Lobry
de Bruyn-Van Ekenstein transformation (Fig. 6.10).
Since enediols are highly reactive, sugars are powerful
reducing agents in alkaline medium. When oxidising
agents like cupric ions are present, sugars form a
mixture of carboxylic acids by breaking at the double
bonds.

2. Benedict's Reaction

Benedict's reagent is very commonly employed to
detect the presence of glucose in urine (gluco-
suria). It is a standard laboratory test employed to
diagnose diabetes mellitus. Benedict's reagent
contains sodium carbonate, copper sulphate and
sodium citrate. In alkaline medium, sugars form
enediol, cupric ions are reduced, correspondingly

Sugar — Enediol cu”"+—cuso,
Oxidized Reduced
+
— —
Siiiar doid Cu 2Cu(OH) Cu,0

Yellow Red

Fig. 6.9. Benedict's test, principle

H —?To] H-+C+OH CH,OH
H —<|:—0H —— C+OH = [‘:Ji
HO —C|3—H HO—-C-H HO—C—H
H—C—0OH H —(lj—OH H—(I3 —0OH
H—(lJ—OH H~(!‘,—OH H—C—OH
(|3HZ—OH (|3H2—OH CH,—OH
Glucose 1,2-enediol form Fructose

(intermediary)

Fig. 6.10. Lobry de Bruyn-Van Ekenstein
transformation

sugar is oxidized (Fig. 6.9). Glucose is areducing
sugar. (Fig. 6.19B). Any sugar with free aldehyde/
keto group will reduce the Benedict's reagent.
Therefore, this is not specific for glucose. Reducing
substances in urine are described in Chapter 24.

3. Osazone Formation

All reducing sugars will form osazones with excess
of phenylhydrazine when kept at boiling tempe-
rature. Osazones are insoluble. Each sugar will
have characteristic crystal form of osazones. The

Needle shaped
crystals arranged
like a broom
Glucososazone

Hedgehog or
“pincushion with
pins” or flower of
“touch-me-not-plant”
Lactososazone

Sunflower
shaped or
petal shaped
crystals of
Maltosazone

Fig. 6.11. Shape of osazones under microscope
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differences in glucose, fructose and mannose are
dependent on the first and second carbon atoms,
and when the osazone is formed these differences
are masked. Hence these 3 sugars will produce
the same needle shaped crystals arranged like
sheaves of corn or a broom (Fig. 6.11). Osazones
may be used to differentiate sugars in biological
fluids like urine.

4. Oxidation of Sugars
4-a. Under mild oxidation conditions (hypo-
bromous acid, Br2/H20), the aldehyde group
is oxidized to carboxyl group to produce
aldonic acid (Fig. 6.12). Thus, glucose is
oxidized to gluconic acid, mannose to
mannonic acid and galactose to galactonic
acid.

When aldehyde group is protected, and the

molecule is oxidized, the last carbon becomes

COOH group to produce uronic acid. Thus

glucose is oxidized to glucuronic acid,

mannose to mannuronic acid and galactose
to galacturonic acid. The glucuronic acid

(Fig. 6.12) is used by the body for conjugation

with insoluble molecules to make them

soluble in water for detoxification purpose

(Chapter 37) and also for synthesis of hetero-

polysaccharides.

4-c. Under strong oxidation conditions (nitric acid
+ heat), the first and last carbon atoms are
simultaneously oxidized to form dicarboxylic
acids, known as saccharic acids (Fig. 6.12).
Glucose is thus oxidized to glucosaccharic
acid, mannose to mannaric acid and galactose
to mucic acid. The mucic acid forms insoluble
crystals, and is the basis for a test for
identification of galactose.

4-b.

W: H-C=0 I_C|070H;.
H-(I?-OH H—<|:—0H H-C-OH
HO-C-H HO—(|3—H HO—(!I—H
H-C-OH H—(|3—OH H—{IJ—OH
H-C-OH H—(|3—OH H—LI‘.—OH
(]:HZ—OH '_(LJOOH _c‘m
Gluconic acid Glucuronic acid Gluoosaicc:icharlc
ac

Fig. 6.12. Oxidative products of glucose

5. Furfural Derivatives

Monosaccharides when treated with concentrated
sulphuric acid undergo dehydration with the removal
of 3 molecules of water. Therefore hexoses give
hydroxymethyl furfural and pentoses give furfural.
The furfural derivative can condense with phenolic
compounds to give coloured products. This forms
the basis of Molisch test. It is a general test for
carbohydrates.

6. Reduction to Form Alcohols
i. When treated with reducing agents such as
sodium amalgam, hydrogen can reduce
sugars. Aldose yields corresponding alcohol.

ii. But ketose forms two alcohols, because of
appearance of a new asymmetric carbon atom
in this process (see Fig. 6.13).

iii. Glucose is reduced to sorbitol; mannose to
mannitol; while fructose becomes sorbitol and
mannitol (Fig. 6.13). Galactose is reduced to
dulcitol and ribose to ribitol.

iv. Sorbitol, mannitol and dulcitol are used to identify
bacterial colonies. Mannitol is also used to
reduce intracranial tension by forced diuresis.
The osmotic effect of sorbitol and dulcitol
produces changes in tissues when they

1 H—c|:=o CI—IQ— OH C|,H20H CIIHz—OH
2  H-C-OH H—C-OH Cc=0 HO-C-H
I = — | —_ I
3 HO—(I3—H HO-(|3—H HO-C-H HO—C-H
2 (B0 H-(|3—OH H-C-OH H—C-OH
5 H“?—OH H—C-OH H—C])—OH H—(I3—OH
I

6 CH,~ OH CH;~OH CH,—OH CH;~ OH

D-glucose D-sorbitol D-fructose D-mannitol

Fig. 6.13. Reduction of sugar to alcohol
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Table 6.3. Glycosides
Sugar + Aglycon =Glycoside

Source Importance

Glucose phloretin  Phlorhizin Rose bark Renal
damage
Galactose, digitogenin Digitonin  Leaves of Cardiac
xylose foxglove  stimulant
Glucose indoxyl Plant Leaves of Stain
indican indigofera

accumulate in abnormal amounts, e.g. cataract
of lens.

\]

. Glycosides

a. When the hemi-acetal group (hydroxyl group of
the anomeric carbon) of a monosaccharide is
condensed with an alcohol or phenol group, itis
called a glycoside (Fig. 6.14). The non-carbo-
hydrate group is called aglycone.

b. Glycosides do not reduce Benedict's reagent,
because the sugar group is masked. They may
be hydrolysed by boiling with dilute acid, so that
sugar is free and can then reduce copper.

c. Alpha-glycosides are hydrolysed by maltase from
yeast, while beta-glycosides are hydrolysed by
Emulsin from almonds. Enzyme hydrolysis thus
affords a method of distinguishing between the
two forms.

d. Some glycosides of medical importance are

given in Table 6.3. Digitonin is a cardiac

stimulant. Phlorhizin is used to produce renal
damage in experimental animals.

8. Formation of Esters

Hydroxyl groups of sugars can be esterified to form

acetates, propionates, benzoates, phosphates, etc.
Sugar phosphates are of great biological

importance. Metabolism of sugars inside the body

6 CH, OH 6 CH, OH

Methyl-o-D-
glucopyranoside

Methyl-3-D-
glucopyranoside

Fig. 6.14. Glycosides

CH,OH e

H OH H OH

Glucose-6-phosphate
(Robison ester)

Glucose-1-phosphate
(Cori Ester)

Fig. 6.15. Phosphorylated sugars

starts with phosphorylation. Glucose-6-phosphate
and glucose-1-phosphate are important inter-
mediaries of glucose metabolism (Fig. 6.15).

Amino Sugars
i. Amino groups may be substituted for hydroxyl
groups of sugars to give rise to amino sugars.
Generally, the amino group is added to the
second carbon atom of hexoses (Fig. 6.16).

ii. Amino sugars will not show reducing property.
They will not produce osazones.

iii. Glucosamine is seen in hyaluronic acid,
heparin and blood group substances. Galac-
tosamine is present in chondroitin of cartilage,
bone and tendons. Mannosamine is a
constituent of glycoproteins.

iv. The amino group in the sugar may be further
acetylated to produce N-acetylated sugars
such as N-acetyl-glucosamine (GluNac) (Fig.
6.16), N-acetyl-galactosamine (GalNac), etc.
which are important constituents of glyco-
proteins, mucopoly-saccharides and cell
membrane antigens.

Deoxy Sugars
i. Oxygen of the hydroxyl group may be removed
to form deoxy sugars. Some biologically

6 CH, OH 6 CH, OH

H NH-CO-CH,

2-amino-D-glucose
or glucosamine

N-acetyl-glucosamine
or GluNac

Fig. 6.16. Amino sugars
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CHO CHO
HO—C—H H—C-OH
H—C—OH H—C-OH
H=¢~OH HO—0-H
HO—?—H HO—?—H

[CH | [cHy|

6-deoxy-L-galactose
or L-fucose

B-deoxy-L-mannose
or L-rhamnose

Fig. 6.17. Deoxy sugars

T

Ho® k]

D-ribose 2-deoxy D-ribose

Fig. 6.18. Sugars of nucleic acids

important deoxy sugars are shown in Figure
6.17.

ii. Deoxy sugars will not reduce and will not form
osazones. L-fucose is present in blood group
antigens and many other glycoproteins.

iii. Deoxyribose (Fig. 6.18) is an important part
of nucleic acid. Feulgen staining is specific
for 2-deoxy sugars (and DNA) in tissues; this
is based on the reaction of 2-deoxy sugars with
Schiff's reagent (Dye Fuchsine is decolorized
by sulfurous acid).

Pentoses
i. They are sugars containing 5 carbon atoms.

ii. Ribose (Fig. 6.18) is a constituent of RNA.
Ribose is also seen in co-enzymes such as
ATP and NAD. Deoxyribose is seen in DNA
(Fig. 6.18).

iii. Ribulose is an intermediate of HMP shunt
pathway. Arabinose is presentin cherries and
seen in glycoproteins of the body. The name
arabinose is derived as it was originally isolated
from gum arabic.

iv. Xylose is seen in proteoglycans. Xylulose is
an intermediate of uronic acid pathway.

DISACCHARIDES

When two monosaccharides are combined together
by glycosidic linkage, a disaccharide is formed. The
important disaccharides are

1. Sucrose

2. Maltose and isomaltose

3. Lactose.

Sucrose

i. It is the sweetening agent known as cane
sugar. It is present in sugarcane and various
fruits.

ii. Sucrose contains glucose and fructose.
Sucrose is not a reducing sugar; and it will
not form osazone. This is because the linkage
involves first carbon of glucose and second
carbon of fructose, and free reducing groups
are not available (Fig. 6.19A).

v. When sucrose is hydrolysed, the products have
reducing action. A sugar solution which is
originally nonreducing, but becomes reducing
after hydrolysis, is identified as sucrose
(specific sucrose test) (Fig. 6.19B).

6 CH,OH 1 "
OH-H,C
. 5
CH,OH
H H
o ¥4 Q/6
HO®  4H

Glucose component
Alpha-D-glucosyl-beta-D-fructoside

Fructose component

Fig. 6.19A. Structure of sucrose (1-2 linkage)

Fig. 6.19B. Benedict's test is positive for glucose.
Test is negative for sucrose; but when sucrose is
hydrolysed, the test becomes positive (specific
sucrose test)
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Vi.

CH,OH CH,OH
OH | = | H |
H B . u
OH H/1 © OH H
H i OH
H  OH ¥ OH

Galactose component Glucose component

Galactosyl-beta-1,4-glucose

Fig. 6.20. Lactose

Hydrolysis of sucrose (optical rotation +66.5°)
will produce one molecule of glucose (+52.5°)
and one molecule of fructose (—92°). Therefore
the products will change the dextrorotation to
levorotation, or the plane of rotation is inverted.
Equimolecular mixture of glucose and fructose
thus formed is called invert sugar. The
enzyme producing hydrolysis of sucrose is
called sucrase or invertase. Honey
contains invert sugar. Invert sugar is sweeter
than sucrose.

Lactose

It is the sugar present in milk. It is a reducing
disaccharide. On hydrolysis lactose yields
glucose and galactose. Beta glycosidic
linkage is present in lactose.

ii. The structure is given in Figure 6.20. The

anomeric carbon atom of beta-galactose is
attached to the 4th hydroxyl group of glucose
through beta-1,4 glycosidic linkage. The
lactose may be alpha or beta variety, depen-
ding on the configuration of 1st carbon of
glucose moiety.

Glucose component

6 CH,OH

OH |3 2 s o 3 2| OH

Glucose component

Glucosyl-alpha-1,4-glucose

Fig. 6.21. Maltose

6 CH,OH

H OH

Two glucose residues in alpha-1,6 linkage

Fig. 6.22. Isomaltose

v. Lactose forms osazone which resembles
"badminton ball" or "hedgehog" or flower of
"touch-me-not" plant (Fig. 6.11).

vi. Lactose and lactate should not be confused
(Box 6.2).

Maltose

i. Maltose contains two glucose residues.

ii. There is alpha-1,4 linkage, i.e. the anomeric
1st carbon atom of one glucose is combined
with 4th hydroxyl group of another glucose
through alpha-glycosidic linkage. Structure is
shown in Figure 6.21.

iii. Maltose may be alpha or beta depending on
the configuration at the free anomeric carbon
atom.

iv. Itis areducing disaccharide. It forms petal
shaped crystals of maltose-osazone (Fig.
6.11).

Isomaltose

It is also a reducing sugar. It contains 2 glucose
units combined in alpha -1, 6 linkage. Thus first
carbon of one glucose residue is attached to the
sixth carbon of another glucose through a glycosidic
linkage (Fig. 6.22). Partial hydrolysis of glycogen
and starch produces isomaltose. The enzyme oligo-
1,6-glucosidase present in intestinal juice can
hydrolyse isomaltose into glucose units.

Box 6.2. Lactose and Lactate are Different

Lactose is the milk sugar; a disaccharide made of
galactose and glucose.

Lactate or Lactic acid is a product of anerobic
metabolism of glucose.
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Box 6.3. Salient Features of Important Sugars

Monosaccharides

Glucose aldohexose
Galactose 4th epimer of glucose
Mannose 2nd epimer of glucose
Fructose Ketohexose

Disaccharides

Glucose + Galactose
Glucose + Glucose
Glucose + Fructose

The salient features

= Lactose (reducing)
= Maltose (reducing)
= Sucrose (nonreducing)

of important sugars are

shown in Box 6.3.

POLYSACCHARIDES
These are polymerized products of many mono-
saccharide units. They may be

1. Homoglycans are composed of single kind of
monosaccharides, e.g. starch, glycogen and
cellulose.

2. Heteroglycans are composed of two or more
different monosaccharides, e.g. hyaluronic acid,
chondroitin sulphate.

1. Starch

A. Structure of Starch

It is the reserve carbohydrate of plant
kingdom.

. Sources: Potatoes, tapioca, cereals (rice,

wheat) and other food grains.

Starch is composed of amylose and amylo-
pectin. When starch is treated with boiling
water, 10-20% is solubilized; this part is called
amylose. Amylose is made up of glucose units
with alpha-1,4 glycosidic linkages (Fig. 6.21)
to form an unbranched long chain with a
molecular weight 400,000 D or more.

. The insoluble part absorbs water and forms

paste like gel; this is called amylopectin.
Amylopectin is also made up of glucose units,
but is highly branched with molecular weight
more than 1 million. The branching points
are made by alpha-1,6 linkage (similar to
isomaltose, Fig. 6.22).

B. Hydrolysis of Starch

Starch will form a blue colored complex with
iodine; this color disappears on heating and
reappears when cooled. This is a sensitive test
for starch. Starch is non reducing because the
free sugar groups are negligible in number.

End glucose unit

Branch point

Glucogenin

Fig. 6.23. Branched glycogen molecule

. When starch is hydrolysed by mild acid, smaller

and smaller fragments are produced.

Thus hydrolysis for a short time produces
amylodextrin which gives violet color with
iodine and is nonreducing. Further hydrolysis
produces erythrodextrin which gives red color
with iodine and mild reduction of Benedict's
solution. Later achrodextrins (no color with
iodine, but reducing) and further on, maltose
(no color with iodine, but powerfully reducing)
are formed on continued hydrolysis.

C. Action of Amylases on Starch

Salivary amylase and pancreatic amylase are
alpha-amylases, which act at random on alpha-
1,4 glycosidic bonds to split starch into smaller
units (dextrins), and finally to alpha-maltose.

. Beta-amylases are of plant origin (almond,

germinating seeds, etc) which split starch to
form beta-maltose. They act on amylose to
split maltose units consecutively. Thus the
enzyme starts its action from one end.

When beta-amylase acts on amylopectin,
maltose units are liberated from the ends of
the branches of amylopectin, until the action
of enzyme is blocked at the 1,6-glycosidic
linkage. The action of beta-amylase stops at
branching points, leaving a large molecule,
called limit dextrin or residual dextrin.

2. Glycogen

It is the reserve carbohydrate in animals. It
is stored in liver and muscle. About 5% of
weight of liver is made up by glycogen. Excess
carbohydrates are deposited as glycogen.

. Glycogen is composed of glucose units joined

by alpha-1,4 links in the straight chains. It also
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has alpha-1,6 glycosidic linkages at the
branching points (Fig. 6.23). Molecular weight
of glycogen is about 5 million. Innermost core
of glycogen contains a primer protein, Glyco-
genin. Glycogen is more branched and more
compact than amylopectin.

3. Cellulose

i. Itisthe supporting tissues of plants. Cellulose
constitutes 99% of cotton, 50% of wood and
is the most abundant organic material in
nature.

ii. It is made up of glucose units combined with
beta-1,4 linkages. It has a straight line
structure, with no branching points. Molecular
weight is in the order of 2 to 5 million.

iii. Beta-1,4 bridges are hydrolysed by the enzyme
cellobiase. But this enzyme is absent in animal
and human digestive system, and hence
cellulose cannot be digested.

iv. Herbivorous animals have large caecum, which
harbor bacteria. These bacteria can hydrolyse
cellulose, and the glucose produced is utilized
by the animal. White ants (termites) also digest
cellulose with the help of intestinal bacteria.

v. Cellulose has a variety of commercial appli-
cations, as it is the starting material to produce
fibres, celluloids, nitrocellulose and plastics.

4. Inulin

It is a long chain homoglycan composed of
D-fructose units with repeating beta-1,2 linkages.
It is the reserve carbohydrate present in various
bulbs and tubers such as chicory, dahlia, dandelion,
onion, garlic. It is clinically used to find renal
clearance value and glomerular filtration rate. Inulin
and Insulin are different (Box 6.4).

5. Dextrans
These are highly branched homopolymers of
glucose units with 1-6, 1-4 and 1-3 linkages. They

Box. 6.4. Inulin and Insulin are Different

Inulin is a polysaccharide (carbohydrate) made

up of fructose units. It is used for renal

function studies.

Insulin is a polypeptide (protein) hormone, with
wide ranging actions on carbohydrate and

lipid metabolism.

6 CH,~0-SO,H

H NH-SO3H H OH

Fig. 6.24. Sulphated glucosamine-alpha-1,
4-iduronic acid. Repeating units in heparin

are produced by microorganisms. They have
molecular weight 1 million to 4 millions. Since they
will not easily go out of vascular compartment, they
are used for intravenous infusion as plasmavolume
expander for treatment of hypovolemic shock. It
may be noted that dextrans are different from
previously described dextrins (Box 6.5).

6. Chitin

It is present in exoskeletons of crustacea and
insects. It is composed of units of N-acetyl-
glucosamine with beta-1,4 glycosidic linkages.

HETEROGLYCANS
These are polysaccharides containing more than
one type of sugar residues. Examples are:

Agar
i. It is prepared from sea weeds. It contains
galactose, glucose and other sugars.
ii. It is dissolved in water at 100°C, which upon
cooling sets into a gel. Agar cannot be digested
by bacteria and hence used widely as a
supporting agent to culture bacterial colonies.
Agar is used as a supporting medium for
immuno-diffusion and immuno-electrophoresis.
iii. Agarose is made up of galactose combined
with 3,6-anhydrogalactose units; it is used as
matrix for electrophoresis (Chapter 54).

Box 6.5. Dextrose, Dextrin and Dextran
are different

D-glucose is otherwise called Dextrose, a term
often used in bed-side medicine, e.g. dextrose drip.
Dextrin is the partially digested product of starch.
Dextran is high molecular weight carbohydrate,
synthesized by bacteria.
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NH-CO-CH,

Fig. 6.25. D-glucuronic acid-beta-1, 3-N-acetyl
galactosamine-4 sulfate (units of chondroitin
sulphate)

MUCOPOLYSACCHARIDES
Mucopolysaccharides or glycosamino glycans
(GAG) are heteropolysaccharides, containing uronic
acid and amino sugars. Acetylated amino groups,
sulfate and carboxyl groups are also generally
present. Because of the presence of these charged
groups, they attract water molecules and so they
produce viscous solutions. Mucopolysaccharides in
combination with proteins form mucoproteins.
Examples of mucopolysaccharides are hyaluronic
acid, heparin, chondroitin sulfate, dermatan sulfate
and keratan sulfate.

1. Hyaluronic Acid

Itis present in connective tissues, tendons, synovial
fluid and vitreous humor. It serves as a lubricant in
joint cavities. It is composed of repeating units of
N-Acetyl-glucosamine — beta-1, 4-Glucuronic acid
— beta-1-3-N-Acetyl glucosamine and so on.

2. Heparin
i. Itis ananticoagulant widely used when taking
blood in vitro for clinical studies. It is also used
in vivo in suspected thrombo-embolic conditions
to prevent intravascular coagulation. It
activates antithrombin Ill, which in turn
inactivates thrombin, factor X and factor IX.

ii. Heparin is present in liver, lungs, spleen and
monocytes. Commercial preparation of heparin
is from animal lung tissues.

iii. It contains repeating units of sulphated
glucosamine — alpha-1, 4-L-iduronic acid —
and so on. (Fig. 6.24). Idose is the 5th epimer
of glucose. Iduronic acid is the oxidized form
of idose. Sulphated heparin or heparan sulfate
is also present in tissues.

Axandar Flaming Emst Chain Hioward Flonay
MP 1945 MWP 1945 MP 1945
1RR1-1895k 190R-13TH 1RGR-19FRA

3. Chondroitin Sulphate

Itis presentin ground substance of connective tissues
widely distributed in cartilage, bone, tendons, cornea
and skin. It is composed of repeating units of
glucuronic acid — beta-1,3-N-acetyl galactosamine
sulphate — beta-1, 4 and so on (Fig. 6.25)

4. Keratan Sulphate
It is the only GAG which does not contain any
uronic acid. The repeating units are galactose and
N-acetyl glucosamine in beta linkage. It is found in
cornea and tendons.

5. Dermatan Sulphate: It contains L-iduronic acid
and N-acetyl galactosamine in beta -1, 3 linkages.
It is found in skin, blood vessels and heart valves.
Repeating units in various polysaccharides are
summarized in Box 6.6.

Box 6.6. Repeating Units in Polysaccharides

Polysaccharide Repeating units

Homoglycans

Inulin D-fructose, beta-1,2 linkages

Dextran Glucose, 1-6, 1-4, 1-3 linkages

Chitin N-acetyl glucosamine; beta 1-4 links

Heteroglycans

Agar Galactose, glucose

Agarose Galactose, anhydrogalactose

Hyaluronicacid  N-acetyl glucosamine, glucuronic acid

Heparin Sulphated glucosamine, L-iduronic
acid

Chondroitin S Glucuronic acid, Nacetyl galactos-
amine

Keratan S Galactose, N-acetyl glucosamine

Dermatan S L-iduronic acid, N-acetyl galactos-

amine
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GLYCOPROTEINS AND MUCOPROTEINS

i. When the carbohydrate chains are attached
to a polypeptide chain it is called a proteo-
glycan. If the carbohydrate content is less than
10%, it is generally named as a glycoprotein.
If the carbohydrate content is more than 10%
it is a mucoprotein. (But some authors use
these words as synonyms).

ii. They are seen in almost all tissues and cell
membranes. About 5% of the weight of the cell
membrane is carbohydrates; the carbohydrate
groups cover the entire surface of the cell
membrane, they are called glycocalyx.
Functions include their role as enzymes,
hormones, transport proteins, structural
proteins and receptors.

iii. Glycophorin is the major membrane glyco-
protein of erythrocytes. It is a transmembrane
(spans the whole thickness of the membrane)
protein. Carbohydrate chains are attached to
the amino terminal portion, outside the cell
surface.

iv. The oligosaccharide chains of glycoproteins
are composed of varying numbers of the
following carbohydrate residues: Glucose
(Glu); mannose (Man); galactose (Gal); N-
acetyl glucosamine (GIuNAc); N-acetyl galacto-
samine (GalNAc); arabinose (Ara); Xylose
(Xyl); L-fucose (Fuc) (Fig. 6.17) and N-acetyl

neuraminic acid (NANA). Glycoprotein meta-
bolism is further elaborated in Chapter 10.

Bacterial Cell Wall

Major constituents of prokaryotic (bacterial) cells are
heteropolysaccharides, consisting of repeating units of N-acetyl
muramic acid (NAM) and N-acetyl glucosamine (NAG). This
polysaccharide provides mechanical strength. Synthesis of this
complex polysaccharide is blocked by penicillin. This inhibition
is responsible for the bactericidal action of penicillin. Penicillin
was discovered by Sir Alexander Fleming in 1928. Later, Ernst
Chain isolated and purified penicillin. The first clinical trial with
penicillin was conducted by Howard Florey in 1940. All the three
were awarded Nobel prize in 1945.

Aquasomes

They are one of the most recently developed delivery systems
that are making a niche as the peptide/protein carriers. These
are nanoparticulate carrier systems with three layered self-
assembled structures. They comprise the central solid
nanocrystalline core coated with polyhydroxy oligomers onto
which biochemically active molecules are adsorbed. The solid
core provides the structural stability. The carbohydrate coating
acts as dehydroprotectant and stabilizes the biochemically
active molecules. As the conformational integrity of bioactive
molecules are maintained, aquasomes are being proposed
as a carrier system for delivery of peptide based pharma-
ceuticals. The delivery system has been successfully utilized
for the delivery of insulin, hemoglobin and various antigens.
Oral delivery of enzymes like serratiopeptidase has also been
achieved.

Glycome and Glycomics

Glycomics is the study of structure and function of
glycome. The glycome is the total complement of
all the carbohydrates in an organism.
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CHAPTER AT AGLANCE

The reader will be able to answer questions on
the following topics:

Classification of lipids

Classification of fatty acids

Saturated and unsaturated fatty acids
Neutral fats or triacylglycerols
Phospholipids

Phosphatidyl choline or lecithin
Sphingomyelin

Non-phosphorylated lipids

ONoGrWN R

Lipids constitute a heterogeneous group of
compounds of biochemical importance. Lipids may
be defined as compounds which are relatively
insoluble in water, but freely soluble in nonpolar
organic solvents like benzene, chloroform, ether,
hot alcohol, acetone, etc. The functions of lipids are
summarized in Box 7.1. The clinical applications are
shown in Box 7.2.

CLASSIFICATION OF LIPIDS
Detailed classification is shown in Table 7.1. Based
on the chemical nature, lipids are classified as

Box 7.1. Functions of Lipids

1. Storage form of energy (triglycerides)
2. Structural components of biomembranes
(phospholipids and cholesterol)
3. Metabolic regulators (steroid hormones and
prostaglandins)
4. Act as surfactants, detergents and emulsifying
agents (amphipathic lipids)
Act as electric insulators in neurons
6. Provide insulation against changes in external
temperature (subcutaneous fat)
Give shape and contour to the body
8. Protect internal organs by providing a
cushioning effect (pads of fat)
9. Help in absorption of fat soluble vitamins
(A, D, E and K)
10. Improve taste and palatability of food.

o

~

Chemistry of Lipids

1. Simplelipids. They are esters of fatty acids with
glycerol or other higher alcohols (Table 7.1).

2. Compound lipids. They are fatty acids esterified
with alcohol; but in addition they contain other
groups. Depending on these extra groups, they
are subclassified in Table 7.1.

a. Phospholipids, containing phosphoric acid.
b. Non-phosphorylated lipids (Table 7.1).

3. Derived lipids. They are compounds which are
derived from lipids or precursors of lipids, e.g.
fatty acids, steroids. For details of cholesterol
and steroids, see Chapter 12.

4. Lipids complexed to other compounds.

FATTY ACIDS

Fatty acids, are included in the group of derived
lipids. It is the most common component of lipids
in the body. They are generally found in ester
linkage in different classes of lipids. In the human
body free fatty acids are formed only during
metabolism.

Fatty acids are aliphatic carboxylic acids and
have the general formula, R—CO—OH, where
COOH (carboxylic group) represents the functional
group. Depending on the R group (the hydrocarbon
chain), the physical properties of fatty acids may
vary. Characteristics of common fatty acids are
shown in Table 7.2. Classification of fatty acid is
given in Table 7.3

Box 7.2. Clinical Applications

1. Excessivefat deposits cause obesity. Truncal
obesity is arisk factor for heart attack.

2. Abnormality in cholesterol and lipoprotein
metabolism leads to atherosclerosis and
cardiovascular diseases (Chapter 25).

3. In diabetes mellitus, the metabolisms of fatty
acids and lipoproteins are deranged, leading
to ketosis (Chapter 24).
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Table 7.1. Classification of lipids

I. Simple Lipids
a. Triacyl glycerol or Triglycerides or neutral fat
b. Waxes

Il. Compound Lipids
A) Phospholipids, containing phosphoric acid.

1. Nitrogen containing glycerophosphatides:
i. Lecithin (phosphatidyl choline)
ii. Cephalin (phosphatidyl ethanolamine)
iii. Phosphatidyl serine
2. Non-nitrogen glycerophosphatides
i. Phosphatidyl inositol
ii. Phosphatidyl glycerol
iii. Diphosphatidyl glycerol (cardiolipin)
3. Plasmalogens, having long chain alcohol
i. Choline plasmalogen
ii. Ethanolamine plasmalogen
4. Phospho sphingosides, with sphingosine
Sphingomyelin
B) Non-phosphorylated lipids
1. Glycosphingolipids (carbohydrate)
i. Cerebrosides (ceramide monohexosides)
ii. Globosides (ceramide oligosaccharides)

iii. Gangliosides (ceramide + oligosaccharides
+ N-acetyl neuraminic acid)

2. Sulpholipids or sulfatides
i. Sulphated cerebrosides
ii. Sulphated globosides
iii. Sulphated gangliosides
lll. Derived Lipids

Fatty acids, steroids (chapter 12), prostaglandins
(chapter 13), leukotrienes, terpenes, dolichols, etc.

IV. Lipids Complexed to Other Compounds
Proteolipids and lipoproteins.

SATURATED FATTY ACIDS

Swedish scientist Scheele isolated glycerol in 1779. Chevreul
ME isolated oleic, stearic, butyric and caproic acids in 1823.
In 1898, Edmed FG identified the structure of oleic acid.
Linoleic acid was prepared from linseed oil by Sacc F in 1844.
Lauric acid (12:0) was discovered in Lauraceae seeds by
Marsson T in 1849. Franz Soxhlet, a German chemist, invented
the Soxhlet apparatus in 1879. This apparatus was used first
to separate fats from food.

Table 7.2. Characteristics of common fatty acids

Common No Chemical nature Occurrence
name carbon

atoms
A. Even chain, Saturated fatty acids
Acetic 2 Saturated; small chain Vinegar
Butyric 4 do Butter
Caproic 6 do Butter
Capric 10 do Coconut oil
Lauric 12 do Coconut oil
Myristic 14 do Coconut oil
Palmitic 16 Saturated; long chain  Body fat

Stearic 18 do do

Arachidic 20 do Peanut oil (Arachis oil)

B. Odd-chain fatty acids

Propionic 3 Saturated; Odd chain Metabolism
C. Even chain, Unsaturated fatty acids

Palmitoleic 16 Monounsaturated (w7)  Body fat
Oleic 18 do (w9) do

Erucic 22 do(®w9) Mustard oil
Nervonic 24 do (®9) Brain lipids

Linoleic 18 2 double bonds (® 6)
3 double bonds (m 3) do
4 double bonds (® 6)

eicosa pentaenoic (® 3)

Vegetable oils
Linolenic 18

Arachidonic 20 Vegetable oils

Timnodonic 20 Fish oils, brain

Clupanodonic 22 docosa pentaenoic (® 3) Fish oils, brain

Cervonic 22 docosa hexaenoic (w 3) Fish oils, brain

D. Branched fatty acids

Iso valeric acid 5 Branched Metabolic intermediate

E. Hydroxy fatty acids

Cerebronic acid 24 Hydroxy acid Brain lipids

i. They have the general formula CH;-(CH,)n-

COOH. For example,
Acetic acid CH;—COOH
Butyric acid CH3(CH,),—COOH
Palmitic acid CH;—(CH,),,—COOH
Stearic acid CH;—(CH,),s—COOH
Some of the common saturated fatty acids are
noted in Table 7.2.

ii. They are named by adding the suffix ‘anoic’
after the hydrocarbon.

iii. The two carbon acetic acid and 4 carbon butyric
acid are important metabolic intermediates.
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Table 7.3. Classification of fatty acids

1. Depending on total number of carbon atoms
a. Even chain

They have carbon atoms 2,4,6 and similar series.
Most of the naturally occurring lipids contain even
chain fatty acids.

b. Odd chain

They have carbon atoms 3, 5, 7, etc. Odd
numbered fatty acids are seen in microbial cell
walls. They are also present in milk.

2. Depending on length of hydrocarbon chain
a. Short chain with 2 to 6 carbon atoms
b. Medium chain with 8 to 14 carbon atoms
c. Long chain with 16 to 22 carbon atoms.
d

. Very long chain fatty acids (more than 24
carbon)

3. Depending on nature of hydrocarbon chain
a. Saturated fatty acids (Table 7.2)

b. Unsaturated fatty acids which may be sub-
classified into Mono-unsaturated (mono-enoic)
having single double bond or Polyunsaturated
(poly-enoic) with 2 or more double bonds (Table
7.2).

c. Branched chain fatty acids
d. Hydroxy fatty acids

iv. The Cy4 (palmitic acid) and C,4 (stearic acid)
are most abundant in body fat.

v. Each animal species will have characteristic
pattern of fatty acid composition. Thus human
body fat contains 50% oleic acid, 25% palmitic
acid 10% linoleic and 5% stearic acid.

CH3—(CH,),—CH
I
HOOC—(CH,),—CH

HC—(CH,);~CH,
Il
HOOC~(CH,),~CH

Cis-form (Oleic acid) Transform (Elaidic acid)

Fig. 7.1. Cis and trans forms of fatty acid

vi. The carbon atoms of fatty acids are numbered
as C1, C2, etc starting from the COOH group.
Or, starting from the methyl end, the carbon
atoms may be numbered as omega (»)-1,2,3,
etc.

6 5 4 3 2 1
CH3— CH2 — CH2 — CH2— CH2— COOH
ol 2 3 o4 5

UNSATURATED FATTY ACIDS
They are named by adding the suffix ‘enoic' after the
systematic name. They are similar to saturated fatty
acids in the reaction of the carboxylic group but also
show properties due to presence of the double bond.

Unsaturated fatty acids exhibit geometrical
isomerism at the double bonds (Fig.7.1). All the
naturally occurring fatty acids have the cis-
configuration. However, in the body during
metabolism trans fatty acids are formed (Chapter
13).

The polyunsaturated fatty acids (PUFA) exist
in cis-configuration in naturally occurring lipids.
Clinical significance of PUFA is shown in Box 7.3.

18 a6 12 9

Linoleic (C,4g) A9, 12 (two double bonds) (w6 family)
CH4—(CH,)4—CH = CH—CH, —CH = CH—(CH,); —COOH

1

18 @3 15 12

Linolenic (C4g) A9, 12, 15 (three double bonds) (=3 family)
CH3—CH,—CH = CH—CH;—CH = CH—CH,—CH = CH—(CH,); —COOH

9 1

20 wb 14 11

Arachidonic (C,g) A5, 8, 11, 14 (four double bonds) (w6 family)
CH3—(CH,)4—CH = CH—CH,—CH = CH—CH,—CH = CH—CH, —CH = CH — (CH,); — COOH

8 5 1

Fig. 7.2. Polyunsaturated fatty acids (PUFA)
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Box 7.3. Clinical Significance of PUFA

1. Linoleic and Linolenic acids (Fig. 7.2) are
polyunsaturated fatty acids.

2. They are called essential fatty acids, because
they cannot be synthesized by the body and
have to be supplied in the diet.

3. Unsaturated fatty acids are also designated
®3 (omega 3) family—Linolenic acids (Fig. 7.2)
w6 family—Linoleic and Arachidonic acids (Fig.
7.2)

o9 family—Oleic acid

4. Arachidonic acid is the precursor of pros-
taglandins. Arachidonic acid can be synthesized
inthebody, ifthe essential fatty acids are supplied
in the diet.

5. The pentaenoic acid present in fish oils is of
greatnutritional importance (@3 unsaturated fatty
acid).

6. Eicosanoids (eicosa = twenty) are derived from
20 C arachidonic acid. They are polyenoic fatty
acids. They are prostanoids (prostaglandins,
prostacyclins, thromboxanes) and leukotrienes.
See Chapter 13.

Many clinical and epidemiologic studies have shown
positive roles for omega-3 fatty acids in infant development;
cancer; cardiovascular diseases; and more recently, in various
mental illnesses, including depression, attention-deficit
hyperactivity disorder, and dementia. These fatty acids are
known to have pleiotropic effects, including effects against
inflammation, platelet aggregation, hypertension, and
hyperlipidemia. These beneficial effects may be mediated
through several distinct mechanisms, including alterations in
cell membrane composition and function, gene expression,
or eicosanoid production.

Trans Fatty Acids (TFA)

They are present in dairy products and in hydro-
genated edible oils. They are generally considered
to be injurious to health. However, they are used in
food industry as they increase the shelf life of the
fried food. Oils containing PUFA also have high
content of TFA. Fast food preparations have a high
TFA content. Trans fatty acids adversely affect
multiple risk factors, including plasma lipids and
lipoproteins, systemic inflammation, endothelial
dysfunction, insulin resistance, diabetes and
adiposity. It is high in processed foods and bakery
products, where partially hydrogenated vegetable
oils are used for cooking.

Properties of Fatty Acids
The composition of some of the common oils and
fats are given in Table 7.4.

Table 7.4. Composition of oils and fats

Name Saturated Mono-unsaturated PUFA
fatty acids(%) fatty acids(%) (%)
Coconut oil (*)86 12 2
Groundnut oil 18 46 36
Gingelly oil (Til oil) 13 50 37
Palm oil 42 52 6
Corn oil 13 25 62
Cotton Seed oil 26 19 55
Seasame oil 12 48 40
Mustard oil (rapeseed) 34(**) 48 18
Safflower oil (Kardi) 9 12 79
Sunflower oil 12 24 64
Butter 75 20
Ox (Tallow) 53 42
Pig (Lard) 42 46 12
Fish oil 30 13 57

(*) these saturated fatty acids are medium chain fatty acids.
(**) contains erucic acid, 22 C, 1 double bond)

1. Hydrogenation
Unsaturated fatty acids may be converted to the
corresponding saturated fatty acids by hydro-
genation of the double bond.

(+)2H (+)2H (+)2H
Linolenic —— Linoleic —— Oleic —— Stearic
Hydrogenation of oils can lead to solidification and
saturation, e.g. Vanaspathi.

2. Halogenation

When treated with halogens under mild conditions,
the unsaturated fatty acids can take up two halogen
atoms, at each double bond to form the halogenated
derivative of the fatty acid. For example,

Oleic acid + 1, — Di-iodo oleic acid

The number of halogen atoms taken up will
depend on the number of double bonds and is an
index of the degree of unsaturation. (See iodine
number, under triglycerides).

3. Melting Point

The short and medium chain fatty acids are liquids,

whereas long chain fatty acids are solids at 25°C.

The solubility in water decreases, while melting and

boiling points increase, with increase in chain length.
The unsaturated fatty acids have lower melting

point compared to saturated fatty acids with the
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same chain length. For example, stearic acid (C18
fatty acid, no double bond) has the melting point
69°C, oleic acid (C18, 1 double bond) has 13°C;
linoleic acid (C18, 2 double bonds) has —-5°C and
linolenic (C18, 3 double bonds) has —10°C.

4. Salt Formation
Saturated and unsaturated fatty acids form salts with
alkali.

CH,—COOH + NaOH — CH;—COONa + H,0

Sodium and potassium salts of long chain fatty
acids are called soaps. Calcium and magnesium
soaps are insoluble. Calcium soaps are used in
grease.

Alkyl sulfate (R—CH,—0—S0O,—ONa) and
alkyl sulfonate (R—CH,—S0O,—0O—Na) are not
precipitated by hard water and are used as
detergents.

5. Ester Formation

Both saturated and unsaturated fatty acids form
esters with alcohols, especially with glycerol.
Fatty acids can form mono-, di- or tri- esters with
alcohol groups of glycerol. Triglycerides or triacy!l
glycerols are also known as neutral fat (Fig.7.3).

Glycerol + fatty acid — Mono acyl glycerol
Monoglyceride + fatty acid — Di acyl glycerol

Diglyceride + fatty acid —  Triglyceride or
tri acyl glycerol

6. Oxidation of Fatty Acids

All fatty acids undergo oxidation in the body to give
energy. Beta-oxidation is the major process by which
acids are oxidized (Chapter 11). However, the
unsaturated fatty acids can undergo auto oxidation,
due to the presence of the highly reactive double
bonds and a variety of products.

NEUTRAL FATS

Neutral fats are also called as triacylglycerols (TAG)
ortriglycerides (TG). These are esters of the trihydric
alcohol, glycerol with fatty acids (Fig. 7.3).

a (1)
cl,H,—o—co—R
B (2) R—CO—O—(i,—H
CH;~0—CO—R
o (3)

Fig. 7.3 Triacylglycerol (TAG) (triglyceride)

1. Nomenclature of Carbon Atoms
As per International Union of Biochemistry (IUB) the
correct designations are monoacyl glycerol, diacyl
glycerol and triacyl glycerol. But the old terminology
of monoglyceride, diglyceride and triglyceride are still
popular, especially among clinical laboratory workers.
The carbon atoms of glycerol are designated as
o, Band o' oras 1, 2, 3 as shown in the Figure 7.3,
where R represents the side chain of fatty acids.
Enzymes can distinguish between 1st and 3rd
carbon atoms.

2. Mixed Triglycerides

i. Naturally occurring fats and oils are mixtures
of triglycerides.

ii. If all the three hydroxyl groups of the glycerol
are esterified to the same fatty acid, a simple
triacyl glycerol is formed, e.g. Tripalmitin,
Triolein, etc.

iii. A mixed triglyceride is formed, when different
fatty acids are esterified to the hydroxyl groups
of glycerol.

iv. Generally two hydroxyl groups are esterified
to similar fatty acid and the third with a different
one, e.g. 1, 3-dipalmitoyl-2-olein; 1-palmitoyl-
2, 3-distearin, etc. When a PUFA is present, it
is commonly esterified to the 2nd or B carbon
atom.

3. Physical Properties of Triacylglycerols

i. They are hydrophobic and insoluble in water.

ii. Oils areliquids at 20°C; they are triglycerides
which contain a higher proportion of unsatu-
rated fatty acids or short chain triglycerides.
Oils are generally of plant origin.

iii. Fats are solids at room temperature and
contain mainly saturated long chain fatty acids.
Fats are mainly of animal origin (Table 7.4).

iv. When the constituent fatty acids have a higher
chain length and are predominantly saturated,
‘hard fat' is formed, e.g. pig fat.

v. Fats containing medium chain triglycerides or
unsaturated fatty acids are soft fats, e.g. butter,
coconut oil. Coconut oil contains mainly
medium chain TAG, e.g. Lauric and Myristic
acids.

4. Storage of Energy as Fat

The triacylglycerols are the storage form of
lipids in the adipose tissue. In a 70 kg normal
person, body stores contain about 11 kg of triacyl
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glycerol, which is roughly equivalent to 100,000
kCal. If the same calories were stored as
hydrated glycogen, the total weight of this alone
would have been 65 kg. When stored as TAG,
water molecules are repelled and space require-
ment is minimal. Excess fat in the body leads to
obesity.

5. Hydrolysis of Triglycerides

This occurs in the body during digestion of dietary
fat and mobilization of TAG from adipose tissue.
Triglycerides in the body are hydrolysed by
enzymes, lipases which are hydrolases (class 3
enzymes, Chapter 5). Triacyl glycerol is sequen-
tially hydrolysed to diacyl glycerol and mono acyl
glycerol and finally glycerol plus 3 fatty acids
(Fig.7.4).

6. Saponification

i. When triglycerides are hydrolysed by alkali, the
process is known as saponification. The
products are glycerol and soaps (Fig. 7.5).

ii. Saponification number is defined as the
number of milligrams of potassium hydroxide
required to saponify one gram of fat.

iii. It is an indication of the molecular weight of
the fat, and is inversely proportional to it.
Human fat has a saponification number of

Lipase Lipase

Triacyl ¥ Diacyl » Monoacyl

glycerol / \ glycerol / glycerol
H,O Fatty H,O Fatty s
acid acid Lipase
+H,0

Fatty acid

+
Glycerol

Fig. 7.4. Hydrolysis of triglycerides

(+) 3 NaOH
Triacylglycerol ——— Glycerol+3 R-COONa

CHz-0-CO-R CHz-OH
CH-O-CO-R, CH-OH
| |

CH,-0-CO-R; CH,~OH

Fig. 7.5. Saponification

194-198, butter has 210-230 and coconut oil
has 253-262.

7. lodine Number

lodine number of a fat is defined as the number of
grams of iodine taken up by 100 grams of fat. It is
an index of the degree of unsaturation and is directly
proportional to the content of unsaturated fatty acids.
Higher the iodine number, higher is the degree of
unsaturation, e.g. iodine number of butter is 28, and
that of sunflower oil is 130.

8. Rancidity of Fat

Fats and oils have a tendency to become rancid.
The term rancidity refers to the appearance of an
unpleasant smell and taste for fats and oils.

Hydrolytic rancidity is due to partial hydrolysis
of the triacyl glycerol molecules due to traces of
hydrolytic enzymes present in naturally occurring
fats and oils.

Oxidative rancidity is the result of partial
oxidation of unsaturated fatty acids with resultant
formation of epoxides and peroxides of small
molecular weight fatty acids by peroxides and free
radicals. The same process, if it occurs in vivo will
affect the integrity of biomembranes, leading to cell
death.

Many natural fats and oils may contain anti-
oxidants (e.g. vitamin E), which prevent the
occurrence of oxidative rancidity. PUFA are more
easily oxidized; so vegetable oils with a high content
of PUFA are usually preserved with addition of anti-
oxidants.

Repeated heating of oils would lead to the
formation and polymerisation of cyclic hydro-
carbons. These will impart an unpleasant taste
and color to the oil. Coconut oil having medium
chain saturated fatty acids will withstand such
polymerisation.

Waxes

They form the secretions of insects, leaves and fruits
of plants, e.g. Lanolin or wool fat, beeswax,
whalesperm oil, etc. They are esters of higher fatty
acids with higher monohydroxy aliphatic alcohols
and so have very long straight chains of 60-100
carbon atoms. They are used as the base for the
preparation of cosmetics, ointments, polishes,
lubricants and candles.
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PHOSPHOLIPIDS

They contain glycerol, fatty acids and a nitrogenous base.
Lecithin, was discovered in1870 by the German biochemist
Ernst Hoppe-Selyer. Strecker characterized choline in
1861. In 1884, Thudichum JLW described sphingosine,
sphingomyelin, cerebrosides, cephalin and lecithin in brain
tissue.

A. Phosphatidates

i. These are derivatives of phosphatidic acid
which is the simplest phospholipid.

ii. Phosphatidic acid is made up of one glycerol
to which two fatty acid residues are esterified
to carbon atoms 1 and 2. The 3rd hydroxyl
group is esterified to a phosphoric acid
(Fig. 7.6).

iii. The molecule has an asymmetric carbon atom
and therefore, exhibits optical isomerism.
L-isomer is found in nature.

B. Amphipathic Nature

Phospholipids in general are amphipathic, particularly
Lecithin. They have both hydrophobic and hydrophilic
portion in their molecule (Figs 7.7A and 7.8). The
glycerol along with the phosphoric acid and choline
constitute the polar ‘head' of a phospholipid
molecule, whereas the hydrocarbon chains of the
fatty acids represent the nonpolar ‘tail".

H,C-0=-CO =R,
|

R3-COO-CH | 0
|

Hy

i
C—O—f[-"]’—O
(0]

Fig. 7.6. L-phosphatidic acid

C. Micellar Formation

When phospholipids are distributed in water, their
hydrophobic parts keep away from water, forming
molecular aggregates called micelle (Fig.7.7B).
These are involved in solubilization of lipids in aqueous
media and help in digestion and absorption of lipids.

D. Liposomes

A lipid bilayer will close on itself under appropriate
conditions to form liposomes. Unilamellar or
multilamellar liposomes may be formed. They may
be prepared by sonication of mixtures of phos-
pholipids and cholesterol (Fig.7.7B). Liposomes are
microscopic spherical vesicles. When mixed in water
under special conditions, the phospholipids arrange
themselves to form a bilayer membrane which
encloses some of the water in a phospholipid
sphere. Drugs, proteins, enzymes, genes, etc. may
be encapsulated by the liposomes which could act
as carriers for these substances to target organs.
Liposome-entrapped drugs exhibit superior pharma-
cological properties than those observed with
conventional formulations. Liposomes have
important applications in cancer chemotherapy,
antimicrobial therapy, gene therapy, vaccines and
diagnostic imaging.

E. Biomembranes

The molecules align themselves to form monolayers
with the polar heads pointing in one direction and
the nonpolar tails in the opposite direction (Figs 7.7A
and B). Only fatty acids with more than 6 carbon
atoms form monolayers. This explains their role as
components of biomembranes The self-assembly
of phospholipids into bilayers is driven by hydro-
phobic interaction. They also act as detergents and
emulsifying agents. In vivo, they act as pulmonary
surfactants.

. P_hoshollpld Heads orient
Hydrophobic towards water
polarhead | (CPeu)) Water

I TR
i Phosho-
I'-fp‘d lipid
ayer bil
non-polar SNINAINS
tail Water
Tails orient
. away from water

Fig. 7.7A. Phospholipids form the bilayer

Lipid bilayer

Water

Fig. 7.7B. Phospholipids form micelles and
liposomes
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1. Phosphatidyl choline or Lecithin

i. Thisis a nitrogen containing phospholipid. The
word lecithin is derived from the Greek word,
lekithos = egg yolk. It contains glycerol.

ii. The alpha and beta positions are esterified
with fatty acids. Usually the fatty acid attached
to the beta-carbon is a PUFA molecule
(Fig.7.8).

iii. The phosphoric acid is added to the third
position, to form phosphatidic acid. The
phosphate group is esterified to the quaternary
nitrogen base, Choline (Fig.7.8). The molecules
of lecithin exist as zwitterions (pl = 6.7).

Action of Phospholipases

Phospholipases are enzymes that hydrolyse
phospholipids. Different phospholipases are
involved in the hydrolysis of specific bonds in
lecithin (Fig. 7.8). Phospholipase A2 acts on an
intact lecithin molecule hydrolysing the fatty acid
esterified to the beta (second) carbon atom. The
products are Lysolecithin and fatty acid. Lysole-
cithin is a detergent and hemolytic agent. The
enzyme is present in the venom of viper snakes.
The hemolysis and consequent renal failure seen
in viper poisoning could be thus explained. Actions
of other phospholipases are shown in Figure 7.8.
The products formed in each case may be
summarized as follows:

(]
|H,C —OHCO --R,
|
R,— CO G)—(EH o /CH3
C—OmP—0O1C—C—NT—CHj,4
H, | H, H, +\CH
3
(3]
1 = Site of action of phospholipase A1
2 = Site of action of phospholipase A2
3 = Site of action of phospholipase C
4 = Site of aclion of phospholipase D

Fig. 7.8. Lecithin. R1 and R2 are fatty acids. Red
rectangle depicts glycerol group. The blue rectangle
is choline which shows polar or hydrophilic property

Phospholipase A2

Lecithin Lysolecithin + fatty acid
Phospholipase Al
Lecithin Acyl glycerophosphoryl-
choline + fatty acid
Phospholipase C
Lecithin 1,2 diacyl glycerol
+ Phosphoryl choline
Phospholipase D
Lecithin Phosphatidic acid +

choline

Lung Surfactants

Normal lung function depends on a constant supply
of lung surfactants. It is produced by epithelial cells.
It decreases surface tension of the aqueous layer
of lung and prevents collapse of lung alveoli. Consti-
tuents of surfactants are dipalmitoyl lecithin,
phosphatidyl glycerol, cholesterol and surfactant
proteins A, B and C. During fetal life, the lung
synthesizes sphingomyelin before 28th week of
gestation. But as fetus matures, more lecithin is
synthesized. The lecithin-sphingomyelin (LS) ratio of
amniotic fluid is an index of fetal maturity. A ratio of 2
indicates full lung maturity. Low levels of surfactant
leads to respiratory distress syndrome (RDS), which
is a common cause of neonatal morbidity.

Respiratory Distress Syndrome (RDS)

It is due to a defect in the biosynthesis of dipal-
mitoyl lecithin (DPL), the main pulmonary sur-
factant. Premature infants have a higher incidence
of RDS because the immature lungs do not
synthesize enough DPL.

2. Phosphatidyl ethanolamine or Cephalin
Cephalin differs from lecithin in that the nitrogen
base ethanolamine is present instead of choline
(Fig.7.9). Cephalin is also found in biomembranes
and possesses amphipathic properties.

3. Phosphatidyl inositol
Here phosphatidic acid is esterified to inositol (Fig.
7.10). Phosphatidyl inositol bisphosphate or PIP2

H,C~0~CO-Ry
R,~COO-CH OH

| N pem—y
C-0-p-07C~C~ NH,"
H, o H; Hy

Fig. 7.9. Cephalin (Phosphatidyl ethanolamine)
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HyC=0—CO-Ry

R;~COO—CH  OH
C—0-P-0

H, OH OH

Il
T
OH

OH

Fig. 7.10. Phosphatidyl inositol

is present in biomembranes. This compound plays
a vital role in the mediation of hormone action on
biomembranes and acts as a second messenger
(see Chapter 44).

4. Plasmalogens

These are phospholipids which have an aliphatic
long chain o.— B unsaturated alcohol in ether linkage
with the first hydroxyl group of glycerol (Fig.7.11).
The second OH group is esterified to a fatty acid.
The phosphoric acid is attached to choline or
ethanolamine (Fig. 7.11). The alcohols have about
C12 to C18 chain length. Plasmalogens are found
in biomembranes in brain and muscle.

5. Phosphatidyl Glycerol

It is formed by esterification of phosphatidic acid to
glycerol. When two molecules of phosphatidic acid
are linked with a molecule of glycerol, diphosphatidyl
glycerol or cardiolipin is formed. It is the major lipid
of mitochondrial membrane. Commercially, it is
extracted from myocardium. Decreased cardiolipin
level leads to mitochondrial dysfunction, and is
accounted for heart failure, hypothyroidism and
some types of myopathies.

6. Sphingolipids

The sphingosine containing lipids may be of 3 types;
phosphosphingosides, glycosphingolipids and
sulfatides. All sphingolipids have the long aliphatic
amino alcohol sphingosine (Fig.7.12) which is
attached to a fatty acid in amide linkage to form a

HyC=0~ CH=CH-R,
R,~CO-O-CH  OH

C=0~P=0-/CH;~CHz NH,
Hz 0 x, 3

Fig. 7.11. Ethanolamine plasmalogen

CHy~(CHy)yz-CH=CH-CHOH-CH-CH,OH
NH,

Fig. 7.12. Sphingosine

CH3~(CHj);,~CH=CH-CHOH-CH-CH,0H

Fig. 7.13. Ceramide

ceramide (Fig.7.13). The fatty acid has a chain
length varying from C18 to C24.

7. Phosphosphingosides

They contain phosphoric acid group. A common
phosphosphingoside present abundantly in bio
membranes, especially of the nervous system, is
sphingomyelin. It contains choline (Fig.7.14).

Sphingomyelins

Sphingomyelins are the only sphingolipid that
contain phosphate and have no sugar moiety.
They are found in large quantities in nervous system.
Different sphingomyelins may be formed depending
on the fatty acid attached. Common fatty acids found
are—lignoceric (24 C), nervonic (24 C, one double
bond) and cervonic (22 C, 6 double bonds) acids
(Table 7.2). Because of its amphipathic nature
sphingomyelin can act as an emulsifying agent and
detergent. The relative proportion of lecithin and
sphingomyelin is important in biological fluids like
bile, amniotic fluid, etc. Sphingomyelin combined
with fatty acid is called ceramide, which is a
component of glycosphingolipids.

Non-phosphorylated Lipids
Glycosphingolipids (Glycolipids)

They are seen widely in nervous tissues. This group
of lipids do not contain phosphoric acid; instead they
contain carbohydrates and ceramide.

' Sphingosine group tﬁ) /CH3 |
+
CH;,—(C!-|2}12-CH=CH-CHOH-(|3H-CH2 O-FI’-O-'CHZ-CHz-N-CH3
. ..'i".H_ ] O CHs
Fatty acid group (i“,=O L Choline group

R

Fig. 7.14. Sphingomyelin
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Ceramide + Glucose — Gluco cerebroside
Ceramide + Galactose— Galacto cerebroside

Globosides (Ceramide oligosaccharides)
They contain two or more hexoses or hexosamines,
attached to a ceramide molecule.

Ceramide + Galactose + Glucose

— Lactosyl ceramide
Lactosyl ceramide is a component of erythrocyte
membrane.

Gangliosides

They are formed when ceramide oligo-saccharides
have at least one molecule of NANA (N-acetyl
neuraminic acid) (sialic acid) attached to them.

Ceramide—Glucose—galactose—NANA,;
this is designated as GM3 (ganglioside M3).

Gangliosides contribute to stability of paranodal
junctions and ion channel clusters in myelinated
nerve fibers. Autoantibodies to GM1 disrupt lipid

rafts, paranodal or nodal structures, and ion channel
clusters in peripheral motor nerves.

Sulfolipids or Sulfatides

These are formed when sulfate groups are attached
to ceramide oligosaccharides. All these complex
lipids are important components of membranes of
nervous tissue. Failure of degradation of these
compounds results in accumulation of these
complex lipids in CNS. This group of inborn errors
is known as lipid storage diseases. These are
described in Chapter 13.

Lipidomics

The lipidome is the total liplids in the organism.
Lipidomics is the study of the structure and function
of all members of the lipidome, in both health and in
diseases.

Related Topics

Cholesterol, steroids, bile acids and lipoproteins are
described in Chapter 12. Chapter 13 contains the
metabolism of compound lipids.
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CHAPTER AT A GLANCE

The reader will be able to answer questions on
the following topics:

Study on six levels of organizations
Metabolic pathways and control mechanisms
Importance of blood glucose homeostasis
Metabolic profile of organs

Metabolic adaptations during starvation

aprwNPE

EXPERIMENTAL STUDY OF METABOLISM

The study of metabolic sequences may be
conducted at six levels of organisations, each at
deeper levels of cellular architecture, and each
giving different perspectives to the same pheno-
menon.

Level 1: The Intact Organism

The essential nature of amino acids and vitamins,
etc. could be understood by feeding animals with
diets lacking in one of the ingredients of food. In
1842, Friedrich Wohler showed that benzoic acid
when injected is excreted as hippuric acid (benzoyl
glycine); this was the starting point of metabolic
study in animals. Radiolabelled iron (*°Fe) is given,
and incorporation of the radioactivity in bone marrow
and erythrocyte precursors are studied, which
provides information regarding the life span of RBCs
and rate at which heme is degraded. The studies
on inborn errors have been of great help in
understanding normal processes inside the body. It
is easy to study individual enzyme systems in

Slpas Carel Friedrich
MNP, 1812 Wohler
187 %1044 1 B00-18E2

Overview of
M etabolism

microorganisms. By utilizing mutant strains of
bacteria, metabolic defects may be elucidated.

Level 2: Organ Perfusion

The organ can be isolated preserving its blood
vessels. The organ is canulated and perfused with
Ringer solution. To the perfusion fluid any
compound may be added and the fluid emerging
from the organ is analyzed for the metabolites of
the compound.

Level 3: Organ Slices

The next lower level of study is by using the slices
of organs, about 50 micrometer thick. Otto Warburg
(Nobel prize 1931) was the first scientist to study
metabolic pathways using organ slices. (The
instrument for study of tissue respiration is known
as Warburg apparatus). The advantage of this
procedure is that the cellular organelle were
preserved intact. Metabolic transformations of
nutrients could be studied in detall. If rat liver slices
are incubated with medium containing glucose,
carbon dioxide is evolved.

Level 4: Intact Cells and Tissue Culture set up
Tissues or cells can be kept in defined culture
medium for a few days for metabolic studies. The
medium contains nucleotides, carbohydrates,
amino acids, vitamins and growth factors. The
pH of the medium should be kept around 7.2. If
labelled glucose is added in the culture, the
utilization of glucose and its incorporation into
glycogen, etc. could be identified. If labelled
nucleotides are added in the culture, cells take
them up for DNA synthesis and the uptake of
radioactivity will be proportional to the cell
division. Activities of drugs can be studied in cell
culture system. Biologically useful substances
can be harvested from tissue culture set up. For
example, specific monoclonal antibodies could
be obtained from the supernatant of cultured
hybridoma cells (Chapter 49).
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The cells from cancer tissues have indefinite
capacity to grow into any number of passages. This
immortalization is characteristic of cancer tissues.
A good example is the HeLa cell line from cervical
cancer tissue, now growing in laboratories all over
the world. This cell line was originally started in 1938
from a patient, Henrietta Lacks whose first and last
names were abbreviated to name the culture. A
pioneer in tissue culture work was Alexis Carrel
(Nobel prize, 1912).

Level 5: Homogenates

The tissue is homogenized in an isotonic medium
and cell wall is broken by ultrasonic vibration and
cellular organelle are separated. For example,
isolated mitochondrial preparation will show
enzymes of electron transport chain.

Level 6-A: Purified Enzymes

Enzyme preparations may be used to study
individual metabolic reactions, their regulation,
cofactors, etc.

Level 6-B: DNA or Genomics

Present day research work mainly involves, the
studies at genetic level (molecular biology). For
example, phenyl ketonuria is due to a mutation in
the gene coding for the enzyme phenyl alanine
hydroxylase. The full complement of genes within
the cells (genomics), their expression and
regulation (transcriptomics) and the gene products
(proteomics) can be studied.

Use of Radioisotope Tracers

The isotope studies provide valuable information
regarding precursor—product relationship, rate of
metabolism and anatomical distribution (Chapter
53). When **C-labelled glucose is administered,
the metabolites can be traced to different organs.
Administration of 1°N-labelled glycine was followed
by appearance of the label in different compounds
like hemoproteins, nucleic acids, and creatinine.

Studies on Metabolism
Four aspects of metabolic pathways are studied
a. Sequence of reactions
b. Precursor product relationship
c. Mechanism of reaction
d. Control mechanisms
Metabolic pathways may also be studied by
creating perturbances to the system, such as:

a. By causing metabolic blocks

b. By studying organisms with metabolic defects

c. Genetic manipulation, e.g. gene knockout
(details in Chapter 55).

METABOLISM

Thousands of chemical reactions are taking place

inside a cell in an organized, well co-ordinated, and

purposeful manner; all these reactions are collec-
tively called as Metabolism. The metabolism serves
the following purposes:
1. Chemical energy is obtained from the degrada-
tion of energy rich nutrients.
2. Food materials are converted into the building
block precursors of cellular macromolecules.
These building blocks are later made into
macromolecules, such as proteins, nucleic acids,
polysaccharides, etc. Biomolecules required for
specialized functions of the cell are synthesized.
3. Metabolic pathways are taking place with the help
of sequential enzyme systems. These pathways
are regulated at three levels:
3a. Regulation through the action of allosteric
enzymes, which increase or decrease the
activity under the influence of effector
molecules.

3b.  Hormonal regulation. Hormones are chemical
messengers secreted by different endo-
crine glands.

3c. Regulation at the DNA level; the concen-
tration of the enzyme is changed by
regulation at the level of synthesis of the
enzyme.

Types of Metabolic Pathways

A. Catabolic (degradation) pathways, where
energy rich complex macromolecules are
degraded into smaller molecules. Energy
released during this process is trapped as
chemical energy, usually as ATP.

Table 8.1. Energy reserves of man

Stored fuel Weight  Energy equivalent
(in gram) (in kilo calories)

Glycogen in liver 70 280

Glycogen in muscle 120 480

Glucose in body fluids 20 80

Fat in adipose tissue 15,000 135,000

Protein in muscle 6,000 24,000
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Table 8.2. Adaptations during starvation

Fed State Skeletal Cardiac
Muscle Muscle
Preferred Fatty acids FFA, ketone bodies,
fuel at rest lactate
Exercise Glycogen to Fatty acids
lactate
Starvation Protein breakdown; Fattyacids,

release of amino  branched chain
acids; FFA, ketone amino acids and
bodies and bran- ketone bodies
ched chain amino utilized

acids utilized

Adaptations

B. Anabolic (biosynthesis) pathways. The cells
synthesize complex molecules from simple
precursors. This needs energy.

C. Amphibolic pathways are seen at cross-roads
of metabolism, where both anabolic and catabolic
pathways are linked.

Stages or Phases of Metabolism
The degradation of foodstuffs occurs in three stages.

i. Inthe first stage, digestion in the gastrointestinal
tract converts the macromolecules into small
units. For example, proteins are digested to
amino acids. This is called primary meta-
bolism.

ii. Thenthese products are absorbed, catabolized
to smaller components, and ultimately oxidized
to CO,. The reducing equivalents are mainly
generated in the mitochondria by the final
common oxidative pathway, citric acid cycle. In
this process, NADH or FADH, are generated.
This is called secondary or intermediary
metabolism.

iii. Then these reduced equivalents enter into the
electron transport chain (ETC, or Respiratory
chain), where energy is released. This is the
tertiary metabolism or Internal respiration or
cellular respiration (see Fig.19.1).

Liver Brain

Fed state — Glucose —

Starvation — Ketone bodies —

Fig. 8.1. Metabolic alterations in brain

Carbohydrates enter the glycolysis pathway, converted
to acetyl CoA and are oxidized in the citric acid cycle.
Carbohydrate metabolism is centered around glucose, and is
mainly used for provision of energy to the body (Chapter 9).

Lipid metabolism is centered around fatty acids, which
are also used for provision of energy (Chapter 11).

Amino acids are mainly meant for body building purpose.
However, most of the amino acids are eventually trans-
aminated, the carbon skeletons are oxidized. This will provide
some energy. (Chapter 14). But energy production is not the
main purpose of amino acid metabolism.

Carbohydrate, lipid and amino acid metabolisms are inter-
related and details are given in chapters in the Section B of
this book.

METABOLIC PROFILE OF ORGANS
The metabolic pattern or metabolic profile of different
organs is different depending on its function.
Moreover, the organs are able to adapt to metabolic
alterations in fed state and starvation. The storage
forms of fuels are shown in Table 8.1.

Calories are stored in the body as fat and glycogen. The
approximate percentage of storage form of energy (total fuel
reserve) present in a normal human body is, fat 85%, glycogen
1%, and proteins 14%. Box 8.1 shows the energy utilization of
an average person.

Fat stores are mobilized actively only on prolonged fasting,
even though adipose tissue fat is undergoing turnover on a
daily basis. Caloric homeostasis is maintained regardless of
whether a person is well fed, fasting, or in a state of starvation.
Similarly metabolic profile of various organs and tissues
change to adapt to physiological and pathological states, so
that caloric homeostasis is maintained unless extreme
conditions set in.

The reciprocal regulation of glycolysis and gluconeo-
genesis is the major deciding factor in the flux of metabolic
intermediates through these pathways.

1. Brain
i. Although brain represents only 2% of adult
body weight, it needs 10—-20% cardiac output.
About 750 ml of blood circulates through the

Box 8.1. Enery Utilization of Average Person

The energy consumption varies based on life
style in adults. Approximately 300 g of carbo-
hydrates (1200 Kcal or 4800 kJoules), 70 g of
proteins (294 Kcal or 1190 kJ) and 80 g of fats
(720 kcal or 2960 kJ) are consumed by a person
with a sedentary life style. Therefore, about 60%
calories are derived from carbohydrates, 15%
from proteins and rest from fats. The energy
reserves provide energy in between meals and
after overnight fasting (glycogenolysis and
gluconeogenesis).
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brain per minute. Neurons can survive only a
few minutes without blood supply. Occlusion
of blood supply to brain causes uncon-
sciousness within 10 seconds.

ii. There is no stored fuel in the brain. Glucose,
the preferred fuel for the brain, should be in
continuous supply. Glucose can freely enter
the brain cells.

iii. The total consumption of glucose by brain is
about 120 g/day (480 kcal). Thus, about 60%
of the total carbohydrate intake by the body
is metabolized by the brain. Moreover, about
25% of the oxygen consumed by the adult body
is due to glucose oxidation in brain. In children,
this may be as high as 50%.

iv. Brain under conditions of anoxia: In anoxia
the rate of lactate production by glycolysis
rises to 5 or 8 times within one minute. The
Pasteur effect (Chapter 9) is the brain's
protection against conditions of anoxia. Blood
glucose level below 30 mg/dl is fatal.

v. Brain and acetoacetate: The brain is unable
to utilize fatty acids as a source of fuel since
the fatty acids complexed to albumin are unable
to traverse the blood brain barrier. But, brain
can effectively utilize acetoacetate. This is
again a survival technique in diabetic and
starvation ketosis.

vi. Brain and starvation: During starvation, a
significant part (60-70%) of the energy
requirement of the brain is then met by ketone
bodies (Fig. 8.1).

Table 8.3. Major fuels in different organs

Brain Skeletal Cardiac Adipose
muscle muscle tissue
After a Glucose Glucose, Glucose, Fatty acids;
meal Fatty acids pyruvate Glucose
Fasting Glucose Fatty acids Fatty Fatty acids
(short acids
term)
Fasting Glucose; Ketone Ketone Fatty acids;
(long ketone  bodies; bodies ketone
term) bodies  Branched bodies
chain aa
Exercise Glycogen Fatty acids

vii. Under conditions of partial anoxia, the pro-
duction of ammonia is increased. This is
immediately trapped as glutamine. The NH,
group of glutamine and glutamate can be used
for synthesis of other amino acids (Chapter
16).

2. Skeletal Muscle

i. The skeletal muscle forms about 45% of the
total weight of the body. About 0.5% muscle
weight is due to glycogen content. Following a
meal, the muscle glycogen content increases
by about 1% of the total weight.

ii. Muscle metabolism after ameal: The uptake
and storage of glucose by the skeletal muscle
is under the influence of insulin. Following a

Food

Glycogen

Eat + Fatty acid

Adipose
tissue

Brain

Food Liver

Nil

/ Ketone bodies
Free fatty acid

Glycogen

Glucose

Gluconeogenesis s Alanine
Adipose

tissue

Fig. 8.2. Metabolism in well fed state

Fig. 8.3. Metabolism in fasting state
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Table 8.4. Key enzymes under well fed conditions, fasting and starvation

Enzyme Fed Fasting Starvation Activator Inhibitor
Glucokinase Increase Decrease Decrease Insulin, Glucose F-6-P
Phosphofructokinasel Increase Decrease Decrease F-2,6-bisP, AMP ATP, Citrate
Fructose 1,6 bisphosphatase Decrease Increase Increase  ATP, Citrate F-2,6-bisP, AMP
Pyruvate carboxylase Decrease Increase Increase  AcetylCoA

PEPCK Decrease Increase Increase  Glucocorticoids Insulin
Glycogen phosphorylase Decrease Increase Glucagon, AMP Insulin
Glycogen synthase Increase Decrease Decrease Insulin, G-6-P Glucagon
Carnitine acyl transferase Increase Increase  Glucagon Malonyl CoA
Acetyl CoA carboxylase Increase Decrease Decrease Insulin, Citrate Fatty acylCoA
Hormone sensitive lipase Decrease Increase Increase  Glucagon Insulin

PEPCK = phospho enol pyruvate carboxy kinase; F-6-P = fructose-6-phosphate; F-2,6-bisP = fructose-2,6-
bisphosphate; G-6-P = glucose-6-phosphate

meal, the level of the glucose and insulin are
high. So glycogen synthesis is enhanced (Fig.
8.2). The resting muscle uses fatty acids as a
major fuel (85%).

Muscle metabolism during exercise: Muscle
uses glycogen for short active spurts of activity.
Glycogen is rapidly broken down to form
lactate. The lactate has to be transported to
liver to undergo gluconeogenesis (Cori's cycle
in Chapter 9). Muscle however uses fatty acid
as fuel for aerobic exercise and long distance
running.

. Muscle metabolism during starvation:

During starvation, maximum glucose is spared
for the brain. The free fatty acid (FFA)
mobilized from adipose tissue is the preferred
fuel for muscle during starvation. FFA does not
require insulin, and during fasting insulin level
is low (Table 8.3).

During prolonged starvation, muscle protein
breakdown occurs and alanine is released to
the blood stream. It is transported to liver to
provide substrate for gluconeogenesis
(glucose-alanine cycle in Fig. 9.30). The
metabolic fuel during prolonged fasting is
ketone bodies. Branched chain amino
acids are utilized by the skeletal muscle (Fig.
8.3 and Table 8.2).

3. Adipose Tissue

Itis the storehouse of energy in the body (about 1,35,000 kcal)
(Table 8.1). The energy is stored in the concentrated form, triacyl
glycerol. The chylomicrons and VLDL are hydrolysed by
lipoprotein lipase present on capillary walls. It is activated by
insulin. The fatty acids are re-esterified to form triacyl glycerol
(Chapter 11). The glycerol is derived from dihydroxy acetone
phosphate (DHAP), an intermediate of glycolysis. Therefore, for
storage of triacyl glycerol, both fatty acid synthesis and glycolysis
should operate. The uptake of glucose, glycolysis and lipogenesis
are all favored by insulin.

About 25% of glucose taken up by adipose tissue is

metabolized by the HMP shunt pathway, and the rest by
glycolysis. The NADPH generated from the shunt pathway is
used for the synthesis of fatty acids. The NADH produced during
glycolysis is used to reduce the DHAP to glycerol-3-phosphate.
Table 8.3 shows the major metabolic fuels of different organs
during various physiological conditions.

During fasting, triglycerides in the adipose tissue are

hydrolysed. Cyclic AMP mediated activation of hormone
sensitive lipase occurs in response to the high glucagon-insulin
ratio. Glucocorticoids also have a stimulant lipolytic effect during
fasting.

4. Liver

The liver plays a central role in metabolism by
providing adequate quantities of metabolic fuel
for other organs. Almost all the metabolic
pathways operate in the liver; a notable
exception being ketolysis.

. Liver metabolism in fed state: Under well fed

conditions, the liver takes up glucose from
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Ketone bodies

Blood glucose

Relative change

Liver glycogen

Days

Fig. 8.4. Relative changes of important
parameters during starvation

circulation and stores it as glycogen. Similarly
the fatty acids synthesized by the liver are
incorporated into VLDL and secreted into blood
stream. (Fig. 8.2). Liver is the major site of
degradation of amino acids and detoxification
of ammonia into urea (Chapter 14).

iii. During starvation, liver provides glucose by
glycogenolysis and later by gluconeogenesis
so that the obligatory requirements of the brain
are met (Fig. 8.3). Moreover, liver also
produces the ketone bodies, an alternate
source of fuel. But the liver cannot use ketone
bodies as its own fuel. Table 8.3 shows the
major metabolic fuels of different organs during
various physiological conditions.

5. Cardiac Muscle

Heart consumes more energy than any other organ. It utilizes
about 6 kg of ATP per day, 20-30 times of its own weight.
Cardiac muscle derives its energy by oxidative metabolism of
fatty acids (60-90%) and glucose 10-40%. Ketone bodies are
also normally metabolized.

In addition, energy transfer to heart's myofibrils occurs by
creatine kinase catalyzed energy shuttle. Phosphocreatine
being a smaller molecule than ATP can easily diffuse into the
myofibrils from mitochondria. The myofibrillar creatine kinase
catalyses the reformation of ATP. The free creatine diffuses
back. The creatine kinase system acts as an energy buffer,
by keeping ATP level constant. When ADP level increases

due to a fall in phosphocreatine, it inhibits intracellular
enzymes causing failure of the heart’s contracting mechanism.
In a failing heart, the uptake and utilization of fatty acids and
glucose occurs. In advanced heart failure, insulin resistance
also develops, further decreasing the glucose utilization. At
the same time, the metabolism of a hypertrophied heart
switches from fatty acid utilization to glucose.

Table 8.4 shows the activity of key enzymes under well
fed conditions, fasting and starvation and their regulators.

Effect of Exercise on Metabolic Profile

Long distance running is the typical example of aerobic exercise,
where as sprinting or weight lifting exemplifies anaerobic
exercise. During anaerobic exercise, the major organ involved
is the skeletal muscle with very little involve
ment of other organs. The relative ischemia created by the
compression of blood vessels in the muscle will necessitate
the use of glycogen and phosphocreatine available in the
muscle to supply the required energy.

During moderate aerobic exercise, the muscular stores of
glycogen are used, but in a normal individual this is not
sufficient to provide a continuous supply of ATP for exercise
like long distance running. The RQ falls during long distance
running since there is a progressive change from glycogenolysis
to fatty acid oxidation to meet the energy demands. Muscles
start oxidizing fatty acids and the high AMP level which
activates AMP kinase and low malonyl CoA that activates CAT
will favor fatty acid oxidation. The training for athletes is
different depending on whether they are sprinters or long
distance runners since the energy sources are different. Rest
after a vigorous muscular activity often results in repletion of
the exhausted glycogen stores.

In muscle developed by exercise and training, the size
and number of mitochondria are more as well as the level of
enzymes for fatty acid oxidation and ketone body utilization.
Hence, the trained muscle can better utilize noncarbohydrate
sources of energy. So exhaustion is delayed (Box 8.2).

Box 8.2. Long Distance Runners do not Compete
with Sprinters!!

Long distance running is an example of aerobic
exercise. Metabolic profile of organs changes
during aerobic exercise with fatty acids and ketone
bodies being the preferred fuel for the skeletal
muscle. Because glycogenolysis is not sufficient
to meet the energy demands of prolonged aerobic
exercise.

Anaerobic exercise, on the other hand, has no
effect on the metabolic profile of organs other than
skeletal muscle. The skeletal muscle depends on
its own glycogen stores and phosphocreatine to
meet the demand for ATP.
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Metabolic Adaptations During Starvation

In early fasting the effect of short term regulation
by altering the activity of existing enzymes (fine
control) is more significant. When starvation is
prolonged (>3 days), long term adaptation sets in,
e.g. brain starts metabolising ketone bodies deriving
about 30% energy from ketone bodies.

First Stage: Glycogenolysis

Table 8.2 and Figure 8.3 show the changes in
activities during starvation. During fasting, at first,
blood glucose level is maintained by hepatic
glycogenolysis. The glycogen stores are sufficient
for about 18 hours. The primary requirement for
glucose is to meet the demands of the brain.

Second Stage: Gluconeogenesis

Even before the glycogen stores are depleted,
gluconeogenesis is accelerated (Fig.8.3). The amino
acids released from muscle form the major substrate
for gluconeogenesis. The amino nitrogen is
transferred from other amino acids to pyruvate to
form alanine. Thus the amino group reaches the
liver as alanine where it is transaminated to give
pyruvate for gluconeogenesis. This glucose alanine
cycle (Fig. 9.30) serves to transport the amino
nitrogen of other amino acids to liver in a harmless
form. Glutamic acid also serves as an important
mode of transport of amino acids to liver (Chapter
14).

The branched chain amino acids liberated by
muscle protein catabolism especially leucine and
isoleucine are utilized by the muscle to give energy.
Brain can preferentially take up the glucogenic valine
from the blood stream. The plasma level of branched

chain amino acids reaches a peak by 5th day of
starvation.

Third Stage: Lipolysis

The prevailing state of high glucagon-insulin ratio
stimulates cAMP mediated lipolysis by increasing
the activity of hormone sensitive lipase. Then
skeletal muscle, heart and kidney will shut down
their glucose utilization; and will depend mainly on
fatty acids for energy needs (glucose-fatty acid-
cycle). Inactivation of pyruvate dehydrogenase by
phosphorylation is the basis of this change. The
stimulation of the activity of CAT by glucagon favors
increased rate of beta oxidation. The increased rate
of lipolysis and beta oxidation provides an alternate
source of fuel as acetyl CoA and subsequently
ketone bodies. Ketone bodies provide fuel for
tissues like heart muscle, skeletal muscle and to
some extent the brain. It is seen that brain starts
utilizing ketone bodies from 3rd day of starvation.
By 10th day of starvation about 60% of energy for
brain is derived from ketone bodies.

Fourth Stage: Acidosis

However, this state cannot continue indefinitely
since excessive production of ketone bodies leads
to metabolic acidosis. When the bicarbonate
buffering capacity is exceeded, the pH falls and
hyperventilation occurs as a compensatory
mechanism.

Fifth Stage: Death from Starvation

Metabolic acidosis and dehydration, unless corrected efficiently,
will lead to death. A normal person has fuel reserves to live up
to 45-60 days. Examples are available in history. As part of
the freedom struggle, Sri Jatin Das took a fast unto death, who
died on the 61st day of his hunger strike on 13th September
1929.
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The reader will be able to answer questions on
the following topics:
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Digestion of carbohydrates

Absorption of glucose and glucose trans-
porters

Glycolysis pathway and its regulation
Energy yield from glycolysis

Cori's cycle

Pyruvate as a junction point
Gluconeogenesis and Malate shuttle
Glucose alanine cycle

Glycogenolysis; degradation of glycogen
Glycogenesis; glycogen synthesis
Regulation of glycogen metabolism;
Cyclic AMP

Glycogen storage diseases

DIGESTION OF CARBOHYDRATES

In the diet carbohydrates are present as complex
polysaccharides (starch, glycogen), and to a
minor extent, as disaccharides (sucrose and
lactose). They are hydrolysed to mono-
saccharide units in the gastrointestinal tract.
Cooking makes the digestion process easier.

. This process of digestion starts in mouth by

the salivary alpha-amylase. However, the
time available for digestion in the mouth is
limited, because the gastric hydrochloric acid
will inhibit the action of salivary amylase.

In the pancreatic juice another alpha-amylase
is available which will hydrolyse the alpha-1,4
glycosidic linkages randomly, so as to produce
smaller subunits like maltose, isomaltose,
dextrins and branched or unbranched oligo-
saccharides.

. The cells of brush border of intestine contain

the enzymes, sucrase, maltase, isomaltase
and lactase. They hydrolyse the corresponding
disaccharides into component monosaccha-
rides which are then absorbed.

Clinical Application; Lactose Intolerance

Lactase hydrolyses lactose to glucose and
galactose. Lactase is present in the brush
border of enterocytes.

Major Metabolic
Pathways of Glucose

Deficiency of lactase leads to lactose
intolerance. In this condition, lactose accumu-
lates in the gut. Irritant diarrhea and flatulence
are seen.

There may be congenital (primary) or acquired
(secondary) causes. As age advances, lactase
enzyme will be lost. Another reason for
acquired lactose intolerance may be sudden
change into a milk based diet. Lactase is an
inducible enzyme. If milk is withdrawn
temporarily, the diarrhoea will be limited. Curd
is also an effective treatment, because the
lactobacilli present in curd contains the enzyme
lactase. Lactase is abundantly seen in yeast,
which could also be used in treatment.

ABSORPTION OF CARBOHYDRATES

Only monosaccharides are absorbed by the
intestine. Absorption rate is maximum for galactose;
moderate for glucose; and minimum for fructose.

Absorption of Glucose

Glucose has specific transporters, which are
transmembrane proteins. Table 9.1 shows a
summary of the glucose transporters.

1. Co-transport from Lumen to Intestinal Cell

This process is mediated by Sodium Dependent
Glucose Transporter-1 (SGluT-1) (Fig. 9.1).
Absorption from intestinal lumen into intestinal
cell is by co-transport mechanism (secondary
active transport) (Chapter 2).

ii. Amembrane bound carrier protein is involved,

which carries glucose, along with sodium. This
sodium is later expelled by the sodium pump
with utilization of energy. So energy is needed
indirectly (details in Chapter 2).

The transporter in intestine is named as SGluT-
1 and the transporter in the kidney is called
SGIuT-2. The first one is involved in glucose-
galactose malabsorption. The SGIuT-2 is
defective in congenital renal glycosuria.

. Clinical application: Common treatment for

diarrhea is oral rehydration fluid. It contains
glucose and sodium. Presence of glucose in
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Table 9.1. Glucose transporters

Transporter Presentin Properties

GluT1 RBC, brain, kidney, = Glucose uptake in
colon, retina, most of cells
placenta

GluT2 Serosal surface of Low affinity; glucose
intestinal cells, liver, uptakeinliver;glucose
beta cells of pancreas sensor in beta cells

GIuT3 Neurons, brain High affinity; glucose

into brain cells

GluT4 Skeletal, heart Insulin mediated
muscle, adipose tissue glucose uptake

GluT5 Small intestine, Fructose transporter;
testis, sperms, poor ability to trans-
kidney port glucose

GluT7 Liver endoplasmic Glucose from ER
reticulum to cytoplasm

SGluT Intestine, kidney Cotransport; from

lumen into cell

oral rehydration fluid allows uptake of sodium
to replenish body sodium chloride.

2. Another Uniport System Releases Glucose
into Blood
i. The same intestinal epithelial cells have a
different transport mechanism on the mem-
brane facing capillaries (Fig. 9.2A). Intestinal
cells release glucose into blood stream by the
carrier mechanism called Glucose Trans-
porter Type 2 (GluT2).
ii. This transporter is not dependent on sodium.
Itis a uniport, facilitated diffusion system.
iii. Glucose binds to the transporter on one side
of the membrane. When fixed, the complex
changes configuration. This leads to the
closure of the first binding site. At the same

Na' . IGIucose

P-1-

Cytosol

Exterior

L}

Fig. 9.1. SGIuT. Sodium and glucose co-transport
system at luminal side; sodium is then pumped out

time, the binding site is now exposed on the
inner side of the membrane, releasing the
glucose. The process is called ping-pong
mechanism (Fig. 9.2A).

iv. GluT2 (facilitated transport) is involved in
absorption of glucose from blood stream to
cells. GIuT2 is present in intestinal epithelial
cells, liver cells, beta cells of pancreas and
kidney.

v. Since GIuT2 has a high Km for glucose, its
presence in beta cells is ideally suited for
sensing a high glucose level and releasing
insulin (See Chapter 24). So this mechanism
enables the pancreas to monitor the glucose
level and adjust the rate of insulin secretion.
Comparison of SGIUT and Glu2 is shown in
Fig. 9.2B.

3. Glucose Transporter 4
i. GluT4 is the major glucose transporter in
skeletal muscle and adipose tissue (Fig. 9.3).

Glucose in intestinal cells

Transporter changes direction

/— Binding site
it A
— —

Glucose in blood stream .

Fig. 9.2A. Glucose absorption (Glu2)

Basal surface

Intestinal epithelial cell Blood

Intestinal
lumen Na is expelled
by sodium
®® pump
2Na" “ (Na k- ATPase)

Gtucose
GIUCOSQ :n blood
)
SGlut G|u2

Fig. 9.2B. Intestinal absorption of glucose. At the
intestinal lumen, absorption is by SGIuT and at the
blood vessel side, absorption is by GluT2
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Glucose outside the cell

l

Glucose inside the cell

Fig. 9.3. GluT4. Glucose transport in cells

ii. GluT4 is under the control of insulin. But other
glucose transporters are not under the control
of insulin.

iii. Clinical application: Insulin induces the
movement of intracellular GluT4 molecules to
the cell surface and thus increases glucose
uptake. In Type 2 diabetes mellitus (Chapter
24), membrane GluT4 is reduced, leading to
insulin resistance in muscle and fat cells. In
diabetes, entry of glucose into muscle is only
half of normal cells.

Absorption of Other Monosaccharides

Glucose and galactose are absorbed by the same transporter,
SGIuT. It is an energy dependent process, against a
concentration gradient, and therefore absorption is almost
complete from the intestine. Other monosaccharides are
absorbed by carrier mediated facilitated transport. Therefore,
absorption is not complete, and the remaining molecules in
the intestine will be fermented by bacteria.

GLUCOSE METABOLISM

Abbate Spallanzani (1768) showed that living tissues take up
oxygen and give off carbon dioxide. In 1860, Louis Pastueur
demonstrated the fermentation process of glucose to alcohol
by yeast. Fick (1882) indicated that chemical energy in muscle
is converted to contraction of muscle. Gad (1893) found out
that lactic acid is formed during muscle contraction. In 1902,
Sir Walter Fletcher established that this lactic acid is derived

from glycogen. In 1914, Gustav George Embden (1874-1933)
studied the lactic acid formation from pyruvate. In 1919, Otto
Fritz Meyerhof (1884-1951) enunciated most of the steps of
the glycolytic pathway (Nobel prize, 1922). Hexokinase enzyme
was first identified by von Euler Chelpin in 1915 (Nobel prize,
1922). Other enzymes in the glycolytic pathway were then
identified rapidly; pyruvate decarboxylase by Neuberg in 1911,
phospho fructo kinase by sir Arthur Harden in 1920 (Nobel
prize, 1929); phospho hexose isomerase by Lohmann in 1933;
pyruvate kinase by Parnas in 1934; enolase by Meyerhof in
1935; phospho gluco mutase by Leloir in 1938 (Nobel prize,
1970); glyceraldehyde phosphate dehydrogenase by Warburg
in 1939; phosphoglyceromutase by Sutherland in 1942 (Nobel
prize, 1971). Between 1935 and 1943, all enzymes of glycolytic
pathway were crystallized and characterized by Warburg. He
was awarded Nobel prize in 1931 for his earlier work on cellular
respiration. He was awarded Nobel prize for second time in
1944 for his contributions in glycolysis; but Hitler did not permit
him to receive it!

Clinical Importance of Glucose

1. Glucose is the preferred source of energy for
most of the body tissues. Brain cells derive the
energy mainly from glucose.

2. When glucose metabolism is deranged, life-
threatening conditions may occur. A minimum
amount of glucose is always required for normal
functioning.

3. Normal fasting plasma glucose level is 70 to
110 mg/dl. After a heavy carbohydrate meal, it
rises; but in a normal person, this level is below
150 mg/dl.

GLYCOLYSIS

(EMBDEN-MEYERHOF PATHWAY)

Definition: In the pathway of glycolysis, glucose is
split into two 3-carbon pyruvate molecules under
aerobic conditions; or lactate under anaerobic
conditions, along with production of a small quantity
of energy. Glycolysis is derived from the Greek
words, glykys = sweet; and lysis = splitting.

Arthur Harden

Lazzaro Louis
Spallanzani Pasteur NP 1929
1729-1799 1822-1859 1865-1940

Von Euler Chelpin  Otto Warburg Karl Luis Leloir
NP 1922 NP 1931 Lohmann NP 1970
1873-1964 1883-1970 1906-1987
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Glucose

ATP
ADP

Glucose-6-phosphate

(1) Hexokinase

(2) Phosphohexose N
isomerase i
Otto fritz
Fructose-6-phosphate meyerhof
(3) Phospho fructo NP 1922
kinase 1884-1951

ATP
ADP
Fructose-1, 6-bisphosphate

(4) Aldolase [ l
Glyceraldehyde-3-phosphate + DHAP

(5) Glyceraldehyde NAD
3-phosphate Pi
dehydrogenase NADH+H"

1,3-Bisphospho glycerate

ADP
ATP

3-Phosphoglycerate
(7) Phospho I l

(6) 1,3-bisphospho
glycerate kinase

glyceromutase

2-phospho glycerate

(8) Enolase | lMg“
Phospho enol pyruvate
(9) P_yruvale AOF
N ATP  NADH+H  NAD
Pyruvate \ ) Lactate

(10) Lactate dehydrogenase

Fig. 9.4. Summary of glycolysis (Embden-Meyerhof
pathway). Steps 1, 3 and 9 are key enzyems; these
reactions are irreversible. Steps 5, 6 and 9 produce
energy. Steps 5 and 10 are coupled for regeneration
of NAD*

Site of reactions: All the reaction steps take
place in the cytoplasm.

Significance of the Glycolysis Pathway

1. It is the only pathway that is taking place in all
the cells of the body.

2. Glycolysis is the only source of energy in
erythrocytes.

3. Instrenuous exercise, when muscle tissue lacks
enough oxygen, anaerobic glycolysis forms
the major source of energy for muscles.

=
|_ i Hy
‘ O-Ii’ 10=0C
- O
0] H H
OH H
OH oH
I H OH
ATP| ADP
v/
Glucose Glucose-6-phosphate
Hexokinase

Fig. 9.5. Step 1 of glycolysis; irreversible step

4. The glycolytic pathway may be considered as
the preliminary step before complete oxidation.

5. The glycolytic pathway provides carbon skele-
tons for synthesis of non-essential amino acids
as well as glycerol part of fat.

6. Most of the reactions of the glycolytic pathway
are reversible, which are also used for gluconeo-
genesis. A summary is shown in Fig. 9.4.

Glucose Entry into Cells

Glucose transporter-4 (GluT4) transports glucose
from the extracellular fluid to muscle cells and
adipocytes (Table 9.1). This translocase is under
the influence of insulin. In diabetes mellitus, insulin
deficiency hinders the entry of glucose into the
peripheral cells. But GluT2 is the transporter in liver
cells; it is not under the control of insulin.

Table 9.2. Comparison of hexokinase and

glucokinase
Hexokinase Glucokinase
Occurrence In all tissues Only in liver
Km value 10 mmol/L 20 mmol/L
Affinity to High Low
substrate
Specificity ~ Acts on glucose, Acts only on
fructose and glucose
mannose
Induction Not induced Induced by insulin
and glucose
Function Even when blood  Acts only when

sugar level is low,
glucose is utilized
by body cells

blood glucose

level is more than
100 mg/dl; then
Glucose is taken up
by liver cells for
glycogen synthesis
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Glycolysis to pyruvate

Glucose — Glucose-6-phosphate[ ™ Glucose

Glycogen

Shunt pathway

Fig. 9.6. Fate of glucose-6-phosphate

Steps of Glycolytic Pathway
Step 1 of Glycolysis

i. Glucose is phosphorylated to glucose-6-
phosphate (Fig. 9.5).

ii. The enzyme is hexokinase (HK), which splits
the ATP into ADP, and the Pi is added on to
the glucose. The energy released by the
hydrolysis of ATP is utilized for the forward
reaction.

iii. Hexokinase is a key glycolytic enzyme.
Hexokinase catalyses a regulatory step in
glycolysis that is irreversible. But this
irreversibility is circumvented by another
enzyme glucose-6-phosphatase (see gluco-
neogenesis).

iv. Hexokinase and glucokinase may be consi-
dered as iso-enzymes; their properties are
compared in Table 9.2. Glucokinase is under
the influence of insulin; but hexokinase is not.

v. The metabolic fates of glucose-6-phosphate
are shown in Figure 9.6. The phosphorylation
of glucose traps it within the cells. Once
phosphorylated, glucose-6-phosphate is
trapped within the cell and has to be meta-
bolized.

Step 2 of Glycolysis

Glucose-6-phosphate is isomerised to fructose-6-
phosphate by phosphohexose isomerase. This is
readily reversible.

Dihydroxy acetone phosphate

H,0PO;
| CH,0PO;~
C=0 Site of cleavage
Cc=0
HO—-C-H
< CH,—OH
R Aldolase H—C=0
H—C-OH
H—C-OH
CH,OPO, | .
CH,0PO,4

Fructose-1,6-bisphosphate Glyceraldehyde-3-P

Fig. 9.8. Step 4 of glycolysis; reversible

(@]
i il
= 4l “O0—P—=0~-CH, O H,C|—P—07
O=P=0—-CH, O CH,OH | 2 2 ]
1 0 o |
0]
H
H HO i
H b H H
| ATP | ADP
w +j
Fructose-6- g Fructose-1,6-
phosphate Phosphofructokinase bisphosphate

Fig. 9.7. Step 3 of glycolysis; irreversible step

CH,0PO; _ Hrs=0
Triose phosphate

T= o isomerase H-C-OH
—————— -

CHz—OH CH,_OPOS

Dihydroxy Glyceraldehyde-

3-phosphate

acetone phosphate

Fig. 9.9. Step 4-A; Isomerization; reversible

This isomerization of aldose to ketose involves the opening
of the glucopyranose ring of glucose-6-phosphate to a linear
structure which then changes to the furanose ring structure
of fructose-6-phosphate.

Step 3 of Glycolysis
i. Fructose-6-phosphate is further phosphorylated
to fructosel,6-bisphosphate (Fig. 9.7 and Box.
9.1). The enzyme is phosphofructokinase.
ii. PFK is an allosteric, inducible, regulatory
enzyme. It is an important key enzyme of this
pathway. This is again an activation process,
the energy being derived by hydrolysis of yet
another molecule of ATP. This irreversible
step is the rate limiting reaction in glycolysis.
However, during gluconeogenesis, this step is
circumvented by fructose-1,6-bisphosphatase.
iii. The steps 1,2 and 3 together are called as the
preparatory phase.

Box. 9.1. Diphosphate and Bisphosphate are
Different

When two phosphate groups are linked together and
then attached to a parent compound, it is called
diphosphate, e.g. adenosine-di-phosphate (Fig. 5.3).

But when phosphoric acid groups are present at
two different sites of the compound, it is named as
bisphosphate, e.g. fructose-1,6-bisphosphate
(Fig. 9.7).
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CHO Clyceraldehyde-3- CO0~-PO;
phosphate dehydrogenase

CH-OH ﬁ PN CH-OH

CH,0PO, NAD"  NADH+H" CH,OPO5

Glyceraldehyde-

1,3-bisphospho-
glycerate

3-phosphate

Fig. 9.10. Step 5 of glycolysis. Reversible step.
NADH generating step

Step 4 of Glycolysis

The 6 carbon fructose-1,6-bisphosphate is cleaved
into two 3 carbon units; one glyceraldehyde-3-
phosphate and another molecule of dihydroxy
acetone phosphate (DHAP) (Fig. 9.8). Since the
backward reaction is an aldol condensation, the
enzyme is called aldolase. This reaction is
reversible.

Step 4-A of Glycolysis
Dihydroxy acetone phosphate is isomerised to
glyceraldehyde-3-phosphate by the enzyme
phosphotriose isomerase. Thus net result is that
glucose is now cleaved into 2 molecules of
glyceraldehyde-3-phosphate (Fig. 9.9). The steps
4 and 4-A are together called the splitting phase.
Glycerol portion of the neutral fat can enter into glycolytic
or gluconeogenic pathways at this point. Similarly for neutral

fat synthesis, glycerol is required which can be derived from
glucose through DHAP.

Step 5 of Glycolysis

Glyceraldehyde-3-phosphate is dehydrogenated
and simultaneously phosphorylated to 1,3-bis-
phospho glycerate (1,3-BPG) with the help of NAD*
(see Fig. 9.10). The enzyme is glyceraldehyde-3-
phosphate dehydrogenase. The product contains
a high energy bond. This is a reversible reaction.

Phospho

glycero =
coo _mutase . COO Enolase GO0

I ]- = M ++ [
CH-OH CH-O-PT; b i ﬁc’*P
H,O

- CH{OH 2 CH,
CH,0PO;,
3-phospho- 2-phospho Phosphoenol
glycerate glycerate pyruvate

Fig. 9.12. Steps 7 and 8 of glycolysis

COO0~PO5; Bisphospho coo™
| glycerate kinase
CH_OH + o CH—OH
/M =
CH,0PO CH,0PO,
ADP | ATP
1,3-bisphospho- 3-phospho-
glycerate glycerate

Fig. 9.11. Step 6 of glycolysis. Reversible
reaction. ATP generation step

The oxidation of the aldehyde is an exergonic reaction
that drives the synthesis of the high energy compound, 1,3
bisphosphoglycerate with high phosphoryl group transfer
potential. The enzyme has a cysteinyl SH group at the active
center and is inhibited by iodoacetate. During this reaction,
NAD" is reduced to NADH.

Step 6 of Glycolysis

i. Theenergy of 1,3-BPG is trapped to synthesize
one ATP molecule with the help of bisphospho
glycerate kinase. (Fig. 9.11).

ii. This is an example of substrate level
phosphorylation, where energy is trapped
directly from the substrate, without the help of
the complicated electron transport chain
reactions.

iii. When energy is trapped by oxidation of
reducing equivalents such as NADH, it is
called oxidative phosphorylation. Step 6 is
reversible.

Step 7 of Glycolysis

3-phospho glycerate is isomerized to 2-phospho
glycerate by shifting the phosphate group from 3rd
to 2nd carbon atom (Fig. 9.12). The enzyme is
phosphogluco mutase. This is a readily reversible
reaction.

Step 8 of Glycolysis
i. 2-phosphoglycerate is converted to phos-
phoenol pyruvate by the enzyme enolase. One
water molecule is removed (Fig. 9.12).

TOO— Pyruvate kinase coo
(ﬁQ-LEI / \ C=0
L. ADP [ ATP | CH,8

Phosphoenol pyruvate (PEP) Pyruvate

Fig. 9.13. Step 9. ATP production (irreversible)
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= Lactate dehydrogenase

COOo < > coo
| ;
c=0 | CHOH|
(|§H " NADH+H" CH,

Pyruvate Lactate

Fig. 9.14. Step 10; LDH reaction; revershile

ii. Ahigh energy phosphate bond is produced.
The reaction is reversible.

iii. Enolase requires Mg**, and by removing
magnesium ions, fluoride will irreversibly
inhibit this enzyme. Thus, fluoride will stop the
whole glycolysis. So when taking blood for
sugar estimation, fluoride is added to blood. If
not, glucose is metabolized by the blood cells,
so that lower blood glucose values are
obtained.

Step 9 of Glycolysis

i. Phosphoenol pyruvate (PEP) is dephos-
phorylated to pyruvate, by pyruvate kinase.
First PEP is made into a transient intermediary
of enol pyruvate; which is spontaneously
isomerized into keto pyruvate, the stable form
of pyruvate.

ii. One mole of ATP is generated during this
reaction. This is again an example of
substrate level phosphorylation (Fig. 9.13).

iii. The pyruvate kinase is a key glycolytic
enzyme. This step is irreversible. The

Glyceraldehyde-3- P

Gly3PDH
Step 5
Pup) NADH
1,3-bisphospho-
glycerate
NADH NAD
i LDH
Lactate
tep 1
Pyruvate (Hap:19)

Blocked in lack of oxygen

Acetyl CoA

Fig. 9.15. Lactate formation is necessary for
reconversion of NADH to NAD* during anaerobiasis
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r <y
Moo G6P

v

Glucocorti- Fep —>F26BP

coides =~ seeseseeseeee- b + dpmmmaas ; Insulin

----------- »— e
------------------------- > — #emnemeeneaeeae ADP

IR~y
y v
G3P <+— DHAP
¥
BPG

i « :
SIIG
2P+G
PEP

L d [ b m—-—

....................... *,_
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ATP A Gitrate

Fig. 9.16. Summary of regulation of glycosis

reversal, however, can be brought about in
the body with the help of two enzymes
(pyruvate kinase and phosphoenol pyruvate
carboxy kinase) and hydrolysis of 2 ATP
molecules (see gluconeogenesis).

Step 10 of Glycolysis
In anaerobic condition, pyruvate is reduced to lactate
by lactate dehydrogenase (LDH) (Fig. 9.14). (Greek;

Box 9.2. Chicken is White, but Duck is Red

Actively contracting muscles that rapidly consume
ATP can also regenerate ATP entirely by anaerobic
glycolysis. Fast twitch white muscle fibers have
very few mitochondria and predominate in muscles
capable of short bursts of activity (sprints). Slow
twitch red muscle fibers rich in mitochondria is
found in muscles that contract slowly and steadily
(distance runners). Chicken flies only short bursts
and has white fibers. Duck on the other hand is
migratory and has red fibers suitable for sustained
activity.



Chapter 9; Major Metabolic Pathways of Glucose m 97

Table 9.3. Regulatory enzymes of glycolysis

Enzyme Activation Inhibition

HK G-6-P

GK Insulin Glucagon

PFK Insulin, AMP Glucagon, ATP
F-6-P, PFK-2 Citrate, Low pH
F2,6-BP Cyclic AMP

PK Insulin, F1,6-BP Glucagon, ATP

Cyclic AMP
PDH CoA ,NAD Acetyl CoA, NADH

Table 9.5. Energy yield (number of ATP generated)
per molecule of glucose in the glycolytic pathway,
under aerobic conditions (oxygen is available)

Table 9.4. Energy yield (number of ATP generated)
per molecule of glucose in the glycolytic pathway,
under anaerobic conditions (Oxygen deficiency)

Step Enzyme Source No of ATPs
gained per
glucose mol

Hexokinase - Minus 1
Phosphofructokinase Minus 1
1,3-bisphosphogly- ATP 1x2=2
cerate kinase

9 Pyruvate kinase ATP 1x2=2

Total =4 minus 2=2

an=not; aer=air; bios=life). LDH has 5 iso-enzymes.
The cardiac iso-enzyme of LDH will be increased in
myocardial infarcts. A summary of glycolysis is
shown in Fig. 9.4.

In aerobic conditions, the pyruvate enters the
citric acid cycle for complete oxidation. The end
product of anaerobic glycolysis is lactate which
enters the Cori's cycle.

Significance of Lactate Production

Steps 5 and 10 are Coupled

In the 5th step, for each molecule of glucose entering
in the pathway, two molecules of NAD* are reduced
to NADH. The availability of co-enzymes inside a
cell is limited. Therefore, this step becomes a
bottleneck in the whole reaction sequence.

For smooth operation of the pathway, the NADH
is to be reconverted to NAD™. This can be done by
oxidative phosphorylation. However, during
exercise, there is lack of oxygen. So this reconver-
sion is not possible. Therefore, the cell has to
couple some other reaction in which NAD"* is
regenerated in the cytoplasm itself. Hence,

Step Enzyme Source No of ATP
gained per
glucose mol

Hexokinase - Minus 1
Phosphofructokinase Minus 1
Glyceraldehyde-3- NADH 25%x2=5
phosphate

dehydrogenase

6 1,3-bisphosphogly- ATP 1x2=2

cerate kinase

9 Pyruvate kinase ATP 1x2=2

Total =9 minus 2 =7

pyruvate is reduced to lactate; the NAD* thus
generated is reutilised for uninterrupted operation
of the pathway (Fig. 9.15).

In RBCs, there are no mitochondria. Hence RBCs
derive energy only through glycolysis, where the end
product is lactic acid.

Energy Yield from Glycolysis
i. During anaerobic (oxygen deficient) condition,
when one molecule of glucose is converted to
2 molecules of lactate, there is a net yield of 2
molecules of ATP.

ii. 4 molecules of ATP are synthesized by the 2
substrate level phosphorylations (steps 6 and
9). But 2 molecules of ATP are used in the
steps 1 and 3, hence the net yield is only 2
ATP (Table 9.4).

iii. The whole reaction is summarized as
Glucose + 2 Pi+ 2 ADP --> 2 Lactate + 2 ATP

iv. Butwhen oxygen is in plenty, the two NADH
molecules, generated in the glyceraldehyde-
3-phosphate dehydrogenase reaction (step 5),
can enter the mitochondrial electron transport
chain for complete oxidation (Chapter 19). As
each NADH provides 2.5 ATPs, this reaction
generates 2.5 x 2 =5 ATPs. Thus when oxygen
is available, the net gain of energy from the
glycolysis pathway is 7 ATPs (Table 9.5).

v. Hence the ATP yield from glycolysis is different
in anaerobic and aerobic conditions (compare
Tables 9.4 and 9.5).

vi. Pyruvate is later oxidatively decarboxylated to
acetyl CoA (see below), which enters into the
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Table 9.6. Energy yield (number of ATP generated) per molecule of glucose when it is completely
oxidized through glycolysis plus citric acid cycle, under aerobic conditions

Pathway Step Enzyme Source Method of No of ATPs - No of ATPs
ATP formation gained perglucose g as perold
(new calculation) ®  calculation
|
Glycolysis 1 Hexokinase - Minus 1 u Minus 1
Do 3 Phospho- - Minus 1 = Minus 1
fructokinase .
Do 5 Glyceralde- NADH Respiratory chain 25x2= 5 n 3x2=6
hyde-3-P DH u
Do 6 1,3-BPG kinase ATP Substrate level 1x2= 2 : 1x2=2
Do 9 Pyruvate kinase ~ ATP Substrate level 1x2= 2 - 1x2=2
_______________________________ —_———— e —
Pyruvate to - Pyruvate NADH Respiratory chain 25x2= 5 : 3x2=6
Acetyl CoA dehydrogenase -
—_—_———— e —_— e ——— — — —
TCA cycle 3 Isocitrate DH NADH Respiratory chain 25x2= 5 u 3x2=6
Do 4 alpha keto NADH Respiratory chain 25x2= 5 : 3x2=6
glutarate DH -
Do 5 Succinate GTP Substrate level Ix2= 2 (] Ix2= 2
thiokinase U
Do 6 Succinate DH FADH:2  Respiratory chain 15x2= 3 : 2x2=4
Do 8 Malate DH NADH Respiratory chain 25x2= 5 u 3x2=06
=
Net generation in glycolytic pathway 9minus 2= 7 = 10 minus 2= 8
Generation in pyruvate dehydrogenase reaction = 5 : = 6
Generation in citric acid cycle = 20 : = 24
Net generation of ATP from one glucose mol = 32 [ = 38

Note: Till last edition of the Textbook, calculations were made assuming that in the electron transport chain, NADH
produces 3 ATPs and FADH generates 2 ATPs. This will amount to a net generation of 38 ATP per glucose molecule.
Recent experiments show that these old values are overestimates. Please also see Chapter 19 for details

citric acid cycle (Chapter 18). Complete
oxidation of glucose through glycolysis plus
citric acid cycle will yield anet 32 ATPs (Table
9.6).
Note: Previously calculations were made assuming that NADH
produces 3 ATPs and FADH generates 2 ATPs. This will
amount to a net generation of 38 ATP per glucose molecule.
Recent experiments show that these old values are
overestimates, and net generation is only 32 ATPs.

Regulation of Glycolysis

The regulation is summarized in Fig. 9.16. The
regulatory enzymes or key enzymes of glycolysis
are:

1. Glucokinase/Hexokinase, step 1

2. Phosphofructokinase, step 3 (Table 9.3)

3. Pyruvate kinase, step 9

Factors Regulating Glycolysis

1. Glucokinase/Hexokinase: Phosphorylation of
glucose by these enzymes is a reaction which
is regulated by feed back inhibition (hexokinase

by glucose-6-phosphate) and activated by
insulin (glucokinase is induced by insulin).
Glucokinase that is active mainly in liver has a
high Km for glucose and low affinity. Hence,
glucokinase can act only when there is
adequate glucose supply so that excess can
be stored. Hexokinase with low km and high
affinity can phosphorylate glucose even at lower
concentrations so that glucose is made
available to brain, cardiac and skeletal muscle.
Glucokinase can act only when there is plenty
of glucose. Thus, when the supply of glucose
is limited, glucose is made available to brain
and muscles. (Fig. 9.16).

. Phosphofructokinase (PFK) (step 3) is the

most important rate-limiting enzyme for
glycolysis pathway. ATP and citrate are the most
important allosteric inhibitors. AMP acts as an
allosteric activator (Fig. 9.16).

. Fructose-2,6-bisphosphate (F-2,6-BP) increa-

ses the activity of phospho fructo kinase.
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Gluconeogenesis
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Fig. 9.17. Reciprocal regulation of PFK-2 and
fructose-2,6-bisphosphatase by phosphorylation

F-2,6-BP is formed from fructose-6-phosphate
by the action of an enzyme called PFK-2.
(It is different from the PFK1). Fructose-2,6-
bisphosphate is hydrolysed to fructose-6-
phosphate by fructose-2,6-bisphosphatase. The
activities of both the enzymes (PFK2 and
fructose-2,6-bisphosphatase) are reciprocally
regulated. When glucose supply is in plenty,
PFK-2 is dephosphorylated and activated; so F-
2,6-BP concentration increases; this in turn,
activates PFK. Thus glycolysis is favored (Fig.
9.17).

4. Pyruvate Kinase catalyses an irreversible step
and is a regulatory enzyme of glycolysis. When
energy is plenty in the cell, glycolysis is inhibited.

Glycolysis inhibited

Pyruvate kinase
(phosphorylated) (inactive) |

ADP j k
ATP Pi
Pyruvate kinase

(Dephosphorylated) (Active)

Glycolysis favored

Fig. 9.18. Covalent modification of pyruvate
kinase reaction; this is similar to PFK-2

Gerty Cori

Carl Cori
NP 1947 NP 1947
1896-1984 1896-1957

Glucose =—— G]uenae——-b Glucose
Pyruvate Pyruvate

Lactate e=——————— | actate +——— |actate

Liver Bmﬁd Muscle

Fig. 9.19. Cori's cycle. Contracting muscle has lack
of oxygen. So pyruvate is reduced to lactate. This
can be reconverted to glucose in liver by gluco-
neogenesis

Insulin increases its activity where as glucagon
inhibits (Fig. 9.18). Pyruvate kinase is inactive
in the phosphorylated state.

5. Insulin favors glycolysis by activating the above
three key glycolytic enzymes.

6. Glucagon and glucocorticoids inhibit glyco-
lysis and favor gluconeogenesis (Tables 9.3
and 9.7).

CORI'S CYCLE OR LACTIC ACID CYCLE

i. Definition: It is a process in which glucose is
converted to lactate in the muscle; and in the
liver this lactate is re-converted into glucose.
(Fig. 9.19).

ii. In an actively contracting muscle, pyruvate is
reduced to lactic acid which may tend to
accumulate in the muscle. The muscle
cramps, often associated with strenuous
muscular exercise, are thought to be due to
lactate accumulation.

iii. To prevent the lactate accumulation, body
utilises Cori's cycle.

iv. This lactic acid from muscle diffuses into the
blood. Lactate then reaches liver, where it is
oxidized to pyruvate. Thus, it is channelled to
gluconeogenesis. Regenerated glucose can
enter into blood and then to muscle. This cycle
is called Cori's cycle (Fig. 9.19).

v. Significance of the Cori's cycle: The lactate
produced in the muscle is efficiently reutilized
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CO0-PO; coo~ Too‘
CH-OH CH-0-PO5 CH-OH
CH,0-PO3 CH,-0-PO; CH,-0-PO5
Mutase Phosphatase
1,3-bisphos- === 2 3-bisphos- 3-phospho
pho glycerate pho glycerate ? i glycerate
H,0 Pi

Fig. 9.20. BPG shunt; step 6 of glycolysis is
bypassed in erythrocytes. Compare with Fig. 9.11

by the body. But this is an energy-consuming
process. During exercise, lactate production is
high, which is utilized by liver to produce
glucose. This process needs ATP in significant
guantities, which is provided by increased
metabolism. This leads to increased oxygen
consumption. This is the explanation for the
oxygen debt after vigorous exercise.

Pasteur Effect
Under aerobic conditions, glycolysis is inhibited. This inhibitory
effect of oxygen on glycolysis is known as Pasteur effect.

Warburg Hypothesis

Otto Warburg has studied glycolysis in various tissues.
According to his studies, cancer cells utilize energy from
glycolysis and they require less oxygen than their normal
counterparts; this is called Warburg hypothesis (1923). Rapidly
growing tumor cells produce increased quantities of lactic acid,
causing high acidity in the local environment. When this lactate
is used for gluconeogenesis by the liver; energy consumption
increases. This is one of the reasons for cancer cachexia (rapid
loss of weight).

CHy~CH,~CH—(CH,),~COOH

S—s
CH,~CH,~CH—(CH,),~COOH
SH—SH
L L
£\ £
S8 HS HS

Lipoic acid oxidized Lipoic acid reduced

Fig. 9.21. Structure of Lipoic acid

Rapaport Leubering Cycle (BPG Shunt)

In the erythrocytes, step 6 of glycolysis is bypassed.
Bis phospho glycerate mutase converts 1,3-
bisphospho glycerate (BPG) to 2,3-BPG. Then BPG-
phosphatase removes the phosphate group to form
3-phospho glycerate (Fig. 9.20).

Significance of BPG

1. The 2,3-BPG combines with hemoglobin, and
reduces the affinity towards oxygen. So, in
presence of 2,3-BPG, oxyhemoglobin will unload
oxygen more easily in tissues.

. Under hypoxic conditions the 2,3-BPG
concentration in the RBC increases, thus
favoring the release of oxygen to the tissues even
when PO2 s low.

. The compensatory increase in 2,3-BPG in high
altitudes favors oxygen dissociation. BPG is
increased in fetal circulation.

CH4-CO-COOH Thiamine-PP
Pyruvate

€O, CH3-CHOH-TP

Enzyme 1 = pyruvate dehydrogenase
Enzyme 2 = dihydro lipoyl trans acetylase
Enzyme 3 = dihydro lipoyl dehydrogenase

Summary:
PDH
Pyruvate == = Acetyl CoA
+ +
CoASH CO, NAD NADH+H

CH;—CO~8—L—SH x HSCoA
b CH;-CO~SCoA
/ \ / L \ 3
S——3 HS SH
(Oxidized (reduced
lipoic acid) lipoic acid)
FAD NADH+H"
FADH'Z_ NADY

Fig. 9.22. Details of pyruvate dehydrogenase reaction. See summary in the inset
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O ALT _—
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o
PCl lPDH
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PK = pyruvate kinase; LDH = lactate dehydrogenase; ALT =
alanine amino transferase; PDH = pyruvate dehydrogenase;
PC = pyruvate carboxylase; MDH = malate dehydrogenase;
AST = aspartate amino transferase; PEPCK = phosphoenol
pyruvate carboxy kinase

Fig. 9.23. Pyruvate; metabolic junction point

4. In this shunt pathway, no ATP is generated.
Please compare figures 9.20 and 9.11.

METABOLIC FATE OF PYRUVATE

Under aerobic conditions, pyruvate is converted to
acetyl CoA which enters the TCA cycle to be
oxidized to CO,. ATP is generated.

Glycolysis is taking place in cytoplasm. So
pyruvate is generated in cytoplasm. This is
transported into mitochondria by a pyruvate
transporter.

Pyruvate Dehydrogenase Complex

Inside the mitochondria, pyruvate is oxidatively

decarboxylated to acetyl CoA by pyruvate

dehydrogenase (PDH). Itis a multi-enzyme complex

with 5 co-enzymes and 3 apo-enzymes. The co-

enzymes needed are:

Thiamine pyrophosphate (TPP)

Co-enzyme A (CoA)

FAD

NAD*

Lipoamide. The lipoic acid, otherwise called

thioctic acid has two sulphur atoms and 8 carbon

atoms. It can accept or donate hydrogen atoms

(Fig. 9.21).

6. The enzyme part of the PDH complex is made
up of three component enzymes (Fig. 9.22).
6-A. Pyruvate Dehydrogenase (Enzyme 1): It catalyses

oxidative decarboxylation. TPP is required in this
step. So, Thiamine, a B-complex group vitamin is

arwdnpE

essential for utilization of pyruvate. The two carbon
unit remains attached to the enzyme, as hydro-
xyethyl thiamine pyrophosphate.

6-B. Dihydro Lipoyl Trans Acetylase (Enzyme 2):
Then, hydroxyethyl group is oxidized to form an
acetyl group and then transferred from TPP to
lipoamide to form acetyl lipoamide.

6-C. Dihydro Lipoyl Dehydrogenase (Enzyme 3): The
last step is the oxidation of lipoamide. At the end
of the reaction the cofactors, namely TPP,
Lipoamide and FAD are regenerated (Fig. 9.22).

A similar enzyme complex brings about the
oxidative decarboxylation of alpha keto glutarate
to succinyl CoA in the TCA cycle (Chapter 18).

Regulation: PDH is subject to regulation by allosteric
mechanisms and covalent modification. Allosteric inhibitors
are the products acetyl CoA and NADH. PDH or E1 is
covalently modified by phosphorylation by PDH kinase and
dephosphorylated by PDH phosphatase. The dephos-
phorylated form of the enzyme is active. Hence activators of
PDH kinase like ATP, NADH and acetyl CoA inhibit PDH
reaction. PDH phosphatase is activated by Ca**, Mg** and
AMP:; this will increase the rate of PDH reaction where as
PDH kinase is inhibited by Ca**. When there is adequate
ATP and acetyl CoA, the enzyme is inhibited.

Importance of Pyruvate Dehydrogenase

1. Completely irreversible Process. There is no
pathway available in the body to circumvent this
step. Glucose through this step is converted to

Box 9.3. Clinical Applications of Glycolytic
Enzymes

1. Lactic acidosis may be seen in hypoxia, shock, pul-
monary failure, alcohol abuse (Chapter 10), and dia-
betes mellitus (Chapter 24).

2. Deficiency of glycolytic enzymes. These conditions
are rare, out of which pyruvate kinase deficiency
and hexokinase deficiency are comparatively
common. Though rare, these deficiency states can
lead to hemolytic anemia, because energy depleted
RBCs are destroyed. Hexokinase deficient RBCs
have a low level of 2,3 BPG and a high affinity for
oxygen. On the other hand, a deficiency of pyruvate
kinase leads to decreased affinity for oxygen since
2,3 BPG levels are high. Inherited aldolase deficiency
also causes hemolysis. In PFK deficiency, muscle
weakness is seen.

3. Pyruvate dehydrogenase (PDH). PDH requires thia-
mine pyrophosphate (TPP); this explains the serious
afflictions in beriberi due to thiamine deficiency
(Chapter 34). TPP deficiency in alcoholism causes
pyruvate accumulation in tissues. Inherited PDH de-
ficiency may lead to lactic acidosis.
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coo™ Pyruvate carboxylase (lZOO_

C=0+CO, . =

(|:H3 / \ e
ATP ADP+Pi elelon

Pyruvate Oxaloacetate

Fig. 9.24. First step in gluconeogenesis

acetyl CoA from which fatty acids can be
synthesized.

2. But the backward reaction is not possible, and
so there is no net synthesis of glucose from
fat.

3. Pyruvate may be channelled back to glucose
through gluconeogenesis. But when pyruvate
becomes acetyl CoA, it cannot go back. Thus,
pyruvate dehydrogenase step is the committed
step towards oxidation of glucose.

4. Energetics: The NADH generated in this
reaction, enters the electron transport chain to
produce 2.5 ATP molecules. (See footnote of
Table 9.6).

5. Pyruvate dehydrogenase is regulated by end
product inhibition as well as by covalent
modification. Phosphorylation of the enzyme by
a kinase decreases the activity of the enzyme.
Dephosphorylation activates the enzyme.
Diseases associated with glycolysis pathway are
described in Box 9.3.

Cytoplasm Mitochondria
Malate Malate
NAD' + H |~ NAD" + H
MDH MDH
NADH A\, NADH
Oxaloacetate Oxaloacetate
Glu |~ Glu
AST AST
AKG \" AKG
Aspartate Aspartate

Fig. 9.25. Malate-Aspartate Shuttle. MDH = malate
dehydrogenase. AST = Aspartate amino trans-
ferase. Glu= Glutamic acid. AKG = alpha keto
glutaric acid

Table 9.7. Key enzymes

Irreversible steps in
glycolysis

Corresponding key
gluconeogenic enzymes

Pyruvate kinase (Step 9) Pyruvate carboxylase;
Phosphoenol pyruvate-

carboxy kinase

Phosphofructokinase (Step 3) Fructose-1,6-
bisphosphatase

Hexokinase (Step 1) Glucose-6-phosphatase

Pyruvate as a Junction Point

Pyruvate occupies an important junction between
various metabolic pathways. It may be decarboxy-
lated to acetyl CoA which enters the TCA cycle, or
may be utilized for fatty acid synthesis. Pyruvate
may be carboxylated to oxaloacetate which is
used for gluconeogenesis. These pathways are
summarized in Figure 9.23.

GLUCONEOGENESIS
1. Definition

It is the process by which glucose molecules are
produced from non-carbohydrate precursors. These
include lactate, glucogenic amino acids, glycerol part
of fat and propionyl CoA derived from odd chain
fatty acids (Fig. 9.27).

2. Site

Gluconeogenesis occurs mainly in the liver, and to
a lesser extent in the renal cortex. The pathway is
partly mitochondrial and partly cytoplasmic.

3. Key Gluconeogenic Enzymes

1. Pyruvate carboxylase

2. Phosphoenol pyruvate carboxy kinase
3. Fructose-1-6-bisphosphatase

4. Glucose-6-phosphatase

Co0~ .@52'_‘:; CO0
(i1=0 PEPCK CO~P
/I‘ — GTP GDP
'K,_COO?;) (ITP) (IDP)

Oxaloacetate Phospho enolpyruvate

Fig. 9.26. Phospho enol pyruvate carboxy kinase
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Glucose

Pi
% H,0 G

Glucose-6- phosphate

Fructose- 6 -phosphate

t‘ Glycerol
H,O

Fructose-1, 6-bisphosphate
Glyceraldehyde-3-phosphate te——— DHAP

1,3-Bisphospho glycerate (1,3-BPG)
ADP

ATP
3-Phospho glycerate

2- Phospho glycerate

Phospho enol pyruvate

Lactate Pyruvate +——— Glycine, Alanine,
Serine, Cysteine
Acetyl CoA
Oxalo
Asn acetate Citrate
Asp
Maiate

Glu, GIn
Arg, His

Phe, Pro

Tyr

Asp, Alpha keto

Asn —Fu — glutarate

lle,
Propionate s Succinyl COA em———— et \/al

Key gluconeogenic enzymes:

1=Pyruvate carboxylase; 2=Phospho enol pyruvate
carboxykinase; 3=Fructose-1, 6-bisphosphatase;
4=Glucose-6-phosphatase

Key glycolytic enzymes:
5=Hexokinase; 6=Phosphofructokinase; 7=Pyruvate kinase.
Substrates for gluconeogenesis are shown inside brown squares.

Fig. 9.27. Gluconeogenic pathway

Gluconeogenesis involves several enzymes of
glycolysis, butit is not areversal of glycolysis. The
irreversible steps in glycolysis are circumvented by
four enzymes which are designated as the key
enzymes of gluconeogenesis (Table 9.7).

1. Pyruvate Carboxylase Reaction

Pyruvate in the cytoplasm enters the mitochondria.
Then, carboxylation of pyruvate to oxaloacetate is
catalysed by a mitochondrial enzyme, pyruvate
carboxylase (Fig. 9.24). It needs the co-enzymes
biotin and ATP.

Malate Aspartate Shuttle

The carboxylation of pyruvate (previous reaction) takes place
in mitochondria. So, oxaloacetate is generated inside the
mitochondria. This oxaloacetate has to be transported from
mitochondria to cytosol, because further reactions of
gluconeogenesis are taking place in cytosol. This is achieved
by the malate aspartate shuttle. Oxaloacetate is first converted
to malate, which traverses the membrane and reaches
cytoplasm. Malate is then re-converted to oxaloacetate. Malate
dehydrogenase is present in both mitochondria and cytoplasm.
(Fig. 9.25). Oxaloacetate may also be transported as aspartate
formed by transamination of oxaloacetate.

When alanine is the substrate for gluconeogenesis, the
malate shuttle predominantly operates, because NADH is also
required in the cytoplasm for the gluconeogenesis to continue.
When lactate is the substrate for gluconeogenesis, the
aspartate shuttle operates, because sufficient NADH is
available in the cytoplasm by the LDH reaction.

2. Phosphoenol Pyruvate Carboxy Kinase

In the cytoplasm, PEPCK enzyme then converts
oxaloacetate to phosphoenol pyruvate by removing
a molecule of CO2. GTP or ITP donates the
phosphate (Fig. 9.26).

The net effect of these two reactions is the
conversion of pyruvate to phosphoenol pyruvate.
This circumvents the irreversible step in glycolysis
catalyzed by pyruvate kinase (step 9 of glycolysis).

Partial Reversal of Glycolysis

The phosphoenol pyruvate undergoes further
reactions catalyzed by the glycolytic enzymes to
form fructose-1,6-bisphosphate (see glycolysis
steps 8,7,6,5 and 4). All these reactions are freely
reversible.

3. Fructose-1,6-bisphosphatase
Fructose 1,6-bis-phosphate is then acted upon by
fructose 1,6-bisphosphatase to form fructose
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cCoo Lactate dehydrogenase (ololo N
= (LDH) i
CHOH | m [c=0 |
CH, NAD"  NADH +H" CH,

Fig. 9.28. Reversal of step 10 of glycolysis

-6-phosphate. This will bypass the step of PFK
reaction (see step 3 of glycolysis).

Fructose-1,6-bisphosphatase
Fructose-6-

phosphate + Pi

Fructose-1,6-
bisphosphate

Then fructose-6-phosphate is isomerized to
glucose-6-phosphate by the freely reversible
reaction catalyzed by hexosephosphate isomerase
(second step in glycolysis).

4. Glucose-6-phosphatase Reaction
The glucose 6-phosphate is hydrolysed to free
glucose by glucose-6-phosphatase.

Glucose-6-phosphate + H20 ----- — Glucose + Pi

Glucose-6-phosphatase is active in liver. It is
present in kidney and intestinal mucosa to a lesser
extent, but is absent in muscle.

The detailed steps of gluconeogenesis are
shown in Figure 9.27.

Significance of Gluconeogenesis

1. Only liver can replenish blood glucose
through gluconeogenesis, because glucose-6-
phosphatase is present mainly in liver. So liver
plays the major role in maintaining the blood
glucose level.

2. During starvation gluconeogenesis maintains
the blood glucose level. The stored glycogen is

coO Alanine amino transferase coo
(ALT) + PLP e
CHNH cro|
CHj a-keto- Glutamate CHy
glutarate

Alanine Pyruvate

Fig. 9.29. Transamination of alanine

Glucose =————————t Glucose =—— Glucose

| |

— Pyruvate Pyruvate ——

| |

Lactate ¢————— Lactate +——— Lactate

— A NE  t—— Alanine —— A r)E —

>

Liver

Blood Muscle

Fig. 9.30. Glucose alanine cycle

depleted within the first 12-18 hours of fasting.
On prolonged starvation, the gluconeogenesis
is speeded up and protein catabolism provides
the substrates, namely glucogenic amino acids.

3. Energy Requirement: The reactions catalyzed
by pyruvate carboxylase, phosphoenol pyruvate
carboxy kinase and phospho glycerate kinase
require one ATP each; so 3 ATPs are used by 1
pyruvate residue to produce one-half molecule
of glucose; or 6 ATPs are required to generate
one glucose molecule.

2 pyruvate — 2 oxaloacetate = 2 ATP
2 oxaloacetate — 2 phosphoenol
pyruvate (2GTP) = 2 ATP

2 x 3-phosphoglycerate —2 x 1,3-bisphospho

glycerate = 2 ATP
Total =6 ATP
Glycerol-3-
Glycerol phosphate
kinase dehydrogenase

Glycerol Glycerol-3- Dihydroxy
? i phosphate ; i acetone
phosphate

ATP  ADP NAD" NADH +H"
CH,OH CH,OH CH,OH
CHOH CHOH c=0
CH,OH CH,-0-PO;~ (|3H2—O—P03=

Fig. 9.31. Gluconeogenesis from glycerol
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Fructose-6-phosphate

pi
' (+) Citrate (+) AMP iR
Fructose-1, 6-bis- (+) F-2, 6-P PFK
phosphatase | (-) AMP (-) ATP
ST i T -) Citrate
H,0 (-) F-2,6-P ) ADP

Fructose-1, 6-bisphosphate

Fig. 9.32. Reciprocal regulation of PFK (glycolytic
enzyme) and Fructose-1,6-bisphosphatase
(gluconeogenic enzyme)

Glycolysis (generates 2 ATP)

Glucose Lactate

Gluconeogenesis (utilises 6 ATP)

Substrates for Gluconeogenesis
Lactate and glucogenic amino acids are the most
important substrates for gluconeogenesis.

1. Lactate

The lactate formed in the muscle is transported to
the liver. In the liver cell lactate dehydrogenase
converts lactate to pyruvate (Fig. 9.28). The pyruvate
enters the gluconeogenic pathway to form glucose.
See also Cori's cycle (Fig. 9.19).

2. Glucogenic amino acids

i. Glucogenic amino acids are shown in Figure
9.27. (Alanine, glutamic acid, aspartic acid,
etc).

ii. When glucose is not readily available (star-
vation or diabetes mellitus), the glucogenic
amino acids are transaminated to corres-
ponding carbon skeletons. (Fig. 9.27). These
then enter the TCA cycle and form oxalo-
acetate or pyruvate.

iii. Alanine released from the muscle is the major
substrate for gluconeogenesis (Fig. 9.29).

Glucose
Gluconeogenesis Glycolysis
Glucagon (+)
Glucocorticoids (+)
Insulin (--
) (+) Insulin
Pyruvate

Fig. 9.33. Hormonal regulation of gluconeogenesis

Table 9.8. Regulatory enzymes of
gluconeogenesis (compare with Table 9.3)

Enzyme Activation Inhibition
pPC Cortisol, Glucagon Insulin, ADP
Adrenalin, Acetyl CoA
PEPCK do Insulin
F-1,6-bis-1 do F-1,6-BP,
phosphatase AMP
F-2,6-BP
G-6-phos- do Insulin
phatase

Muscle wastage seen in uncontrolled diabetes
mellitus could be explained by this factor.

Glucose-Alanine Cycle (Cahill Cycle)

i. Alanine is transported to liver, transaminated to pyruvate
and converted to glucose. This glucose may again enter
the glycolytic pathway to form pyruvate, which in turn,
can be transaminated to alanine.

ii. Glucose-alanine cycle is important in conditions of
starvation (Fig. 9.30). Thus net transfer of amino acid
(nitrogen) from muscle to liver and corresponding transfer
of glucose (energy) from liver to muscle is effected.

iii. Alanine cycle is intimately related with Cori's cycle
(Compare Figs 9.19 and 9.30).

3. Glycerol

The glycerol part of fat is phosphorylated in the liver
cytosol by ATP to glycerol-3-phosphate. It is then
oxidized to dihydroxy acetone phosphate by an
NAD* dependent dehydrogenase (Fig. 9.31).

4. Propionyl CoA
Propionyl CoA is formed from odd chain fatty acids
and carbon skeleton of some amino acids. It is
converted to succinyl CoA (see Fig. 11.11). Itis a
minor source for glucose.

Important: Even chain fatty acids cannot be
converted to glucose; they are not substrates for
gluconeogenesis.

Regulation of Gluconeogenesis

Gluconeogenesis and glycolysis are reciprocally
regulated so that one pathway is relatively inactive
when the other is active. The regulatory steps are:

1. Pyruvate Carboxylase
Itis an allosteric enzyme. Acetyl CoA is an activator
of pyruvate carboxylase so that generation of
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Box 9.4. Clinical Significance of Pyruvate

1. Pyruvate carboxylase deficiency. It is seen as an
inborn error of metabolism, where mental retardation
is manifested. Its incidence is 1 in 25,000 births. Lactic
acidosis is noticed.

2. Malignant hyperthermia. This may occur when
halothane is given as an anesthetic to certain persons.
The ryanodine receptor, a calcium-release channel
is defective, leading to inappropriate release of
calcium from sarcoplasmic reticulum. This results in
uncontrolled heat generation, damage of muscle cells,
ATP depletion, lactic acidosis and rhabdomyolysis.
CPK is markedly elevated. This defect is seen in 1
per 50,000 population.

3. Ethanol (Ethyl alcohol). It inhibits gluconeogenesis.
During the metabolism of ethanol the level of
cytoplasmic NADH is raised. Thus, the Pyruvate —
Malate — Oxaloacetate reactions are reversed. So,
excessive ingestion of alcohol results in hypogly-
cemia. Lactate also accumulates as NADH level is
high (Chapter 10).

oxaloacetate is favored when acetyl CoA level is
sufficiently high (Fig. 9.24).

2. Fructose-1,6-bisphosphatase

Citrate is an activator while fructose-2,6-bis-
phosphate and AMP are inhibitors. All these three
effectors have an exactly opposite effect on the
phospho fructo kinase (PFK) (Fig. 9.32).

3.ATP
Gluconeogenesis is enhanced by ATP.

4. Hormonal Regulation of Gluconeogenesis
i. The hormones glucagon and gluco corti-
coids increase gluconeogenesis (Fig. 9.33).
ii. Glucocorticoids induce the synthesis of hepatic
amino transferases thereby providing substrate
for gluconeogenesis.
iii. The high glucagon-insulin ratio also favors
induction of synthesis of gluconeogenic

Glycogen
phosphorylase
Glycogen Glycogen  + Glucose-1-
with (n) E with (n-1) phosphate
glucose (PLP) glucose
residues residues

enzymes (PEPCK, Fructose-1,6-bisphos-
phatase and glucose-6-phosphatase).

iv. At the same time, synthesis of glycolytic
enzymes HK, PFK and PK are depressed.

v. Insulin inhibits the process (Fig. 9.33). A
summary of regulatory enzymes of gluconeo-
genesis is shown in Table 9.8. (Compare with
Table 9.3). Clinical significance of pyruvate
metabolism is shown in Box 9.4.

GN ratio or DN ratio

During gluconeogenesis proteins are degraded and
end-product urea is excreted through urine. The ratio
of glucose (dextrose) to urea nitrogen in urine is
termed as GN ratio or DN ratio. In such animals,
the ratio is 3.65. That means 1 g of nitrogen (from
protein) will form 3.65 g of glucose. Since proteins
contain 16% nitrogen; 58% of protein is gluco-
genic. GN ratio is enhanced when catabolism is
increased, e.g. insulin deficiency, starvation, pyrexia,
hyperthyroidism and cancer.

GLYCOGEN METABOLISM
Carl Cori and Gerty Cori were awarded Nobel prize in 1947,
for their work on glycogen degradation. Based on his work on

alpha-1,4 linkages

\ / alpha-1,6 linkage

.

\ Glucose-1-phosphate
O

units released
sequentially
CoLES SIE 00
oo =
Action of glycogen

phosphorylase stops near
the branching point

Glycogen phosphorylase

Transferase enzyme
transfers a trisaccharide
unit to another branch

OO-OOO-O-OAOO-

Glucose unit is released;
branch point is removed

@
COQOOCOCOO0O0O0

Glucose-1-phosphate units
are released sequentially

o &

Debranching enzyme
hydrolyses alpha-1,6 linkage

Glycogen phosphorylase
further acts

Fig. 9.34. Reaction of glycogen phosphorylase

Fig. 9.35. Glycogenolysis
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Fig. 9.36. Phosphogluco mutase reaction

glycogen synthesis, Luis Leloir (Argentina) was awarded Nobel
prize in 1970. Earl Sutherland (Nobel prize, 1971) studied the
role of cyclic AMP as the second messenger in glycogenolysis.
Glycogen is a homopolysaccharide with glucose units linked
in alpha-1,4 linkages (straight line) and alpha-1,6 linkages
(branching point). Branching makes the molecule more globular
and less space-consuming. For details of structure, see Figure
6.23.

Functions of Glycogen

1. Glycogen is the storage form of carbohydrates
in the human body. The major sites of storage
are liver and muscle. The major function of liver
glycogen is to provide glucose during fasting.
The glycogen content of liver (10 gm/100 gm
tissue) is more than in the skeletal muscle (1-2
gm/100 gm). But the total quantity of muscle
glycogen is more than liver glycogen because
of the larger muscle mass.

2. When blood glucose level falls, liver glycogen is
broken down and helps to maintain blood glucose
level. After taking food, blood glucose tends to
rise, which causes glycogen deposition in liver.
About 5 hours after taking food, the blood glucose
tends to fall. But, glycogen is lysed to glucose
so that the energy needs are met. After about
18 hours fasting, most of the liver glycogen is
depleted, when depot fats are hydrolysed and
energy requirement is met by fatty acid oxidation.

3. The function of muscle glycogen is to act as
reserve fuel for muscle contraction.

4. All the enzymes related to glycogen metabolism
are cytoplasmic.

DEGRADATION OF GLYCOGEN
(GLYCOGENOLYSIS)
1. Glycogen Phosphorylase
i. Glycogen phosphorylase removes glucose as
glucose-1-phosphate from glycogen (phospho-
rolysis) (Fig. 9.34). It contains pyridoxal

O-O-0-0-0-0Q
uor —@

Glycogen synthase
(many cycles)

UDP

Glycogenin

alpha-1,4 linkages
Q B 0a0200

Glycogenm
Branching enzyme

transfers
6 glucose residues

Alpha-1, 6 linkage ,/’

to form a new branch
. SalzaBa0a0 D

Repeat action of
glycogen synthase and
branching enzyme

Glycogenin

Glycogen -

Fig. 9.37. Formation of branches in glycogen

phosphate (PLP) as a prosthetic group. The
alpha-1,4 linkages in the glycogen are cleaved.

ii. Itremoves glucose units one ata time. Enzyme
sequentially hydrolyses alpha-1,4 glycosidic
linkages, till it reaches a glucose residue, 3-4
glucose units away from a branch point (Fig.
9.35). It cannot attack the 1,6 linkage at branch
point.

iii. If glycogen phosphorylase alone acts on a
glycogen molecule, the final product is a highly
branched molecule; it is called limit dextrin.

Regulation of Muscle Glycogen Phosphorylase
Skeletal muscle glycogen is degraded only when the demand
for ATP is high. The regulation of glycogenolysis in skeletal
muscle is by epinephrine and calcium released from
sarcoplasmic reticulum. Glucagon has no effect on muscle
glycogenolysis. AMP formed by degradation of ATP during
muscle contraction is an allosteric activator of phosphorylase
b. The calcium binds calmodulin and the complex activates
phosphorylase kinase.

2. Debranching by bifunctional (two) Enzymes
i. Then a block of 3 glucose residues (tri-
saccharide unit) are transferred from the
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Fig. 9.38. Cyclic AMP mediated activation cascade

branching point to another branch. This enzyme
is alpha-1,4 — alpha-1,4 glucan transferase.

ii. Now the branch point is free. Then alpha-
1,6- glucosidase (debranching enzyme) can
hydrolyse the remaining glucosyl unit held
in alpha-1,6 linkage at the branch point
(Fig. 9.35).

iii. This glucose residue is released as free
glucose. At this stage, the ratio of glucose-1-
phosphate to free glucose is about 8:1.

iv. The transferase and alpha-1,6-glucosidase will
together convert the branch point to a linear
one. With the removal of the branch point,
phosphorylase enzyme can proceed with its
action.

3. Phosphogluco mutase

Phosphorylase reaction produces glucose-1-
phosphate while debranching enzyme releases
glucose. The glucose-1-phosphate is converted to
glucose-6-phosphate by phosphoglucomutase (Fig.
9.36).

4. Glucose-6-phosphatase in Liver

Next, hepatic glucose-6-phosphatase hydrolyses
glucose-6-phosphate to glucose. The free glucose
is released to the blood stream.

5. Muscle Lacks Glucose-6-phosphatase
Important: Muscle will not release glucose to the
blood stream, because muscle tissue does not
contain glucose-6-phosphatase. Instead, in muscle,
glucose-6-phosphate undergoes glycolysis to
produce ATP for muscle contraction.

Energetics
i. In muscle, the energy vyield from one glucose
residue derived from glycogen is 3 ATP mole-
cules, because no ATP is required for initial
phosphorylation of glucose (step 1 of glycolysis).
ii. If glycolysis starts from free glucose only 2 TPs
are produced.

GLYCOGEN SYNTHESIS (GLYCOGENESIS)
The glycogen synthesis occurs by a pathway
distinctly different from the reversal of glycogen
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breakdown, which would prevent the operation of
futile cycles. The steps are:

1. Activation of Glucose

UDP glucose is formed from glucose-1-phosphate
and UTP (uridine triphosphate) by the enzyme UDP-
glucose pyrophosphorylase.

UDP-glucose-
pyrophosphorylase
Glucose-1- UDP-glucose
phosphate +UTP + PPi

2. Glycogen Synthase

The glucose moiety from UDP-glucose is transferred
to a glycogen primer (glycogenin) molecule. The
primer is essential to accept the glycosyl unit. The
primer is made up of a protein-carbohydrate

Epinephrine and glucagon in liver
Epinephrine in muscle

!

Hormone Receptor Complex

!Adéhyl cyclase. Phospho-diesterase

. |

cAMP + AMP
Glycogen
Glycogen Glycogen
synthase Phosphorylase
G‘Iuccse-S-P i Glucose-1-P ,. (";Iu:;c:se '
in muscle in liver

Fig. 9.39. Reciprocal regulation of glycogenolysis
and glycogen synthesis by cyclic AMP

complex. Itis a dimeric protein, having two identical
monomers. An oligosaccharide chain of 7 glucose
units is added to each monomer.

Glycogen synthase
Glycogen primer (n) ———— Glycogen (n+1)
+ UDP-glucose + UDP

In the next step, activated glucose units are
sequentially added by the enzyme glycogen
synthase (Fig. 9.37). The glucose unit is added to
the nonreducing (outer) end of the glycogen primer
to form an alpha-1,4 glycosidic linkage and UDP is
liberated.

3. Branching Enzyme

i. The glycogen synthase can add glucose units
only in alpha-1,4 linkage. A branching enzyme
is needed to create the alpha-1,6 linkages.

ii. When the chain is lengthened to 11 - 12
glucose residues, the branching enzyme will
transfer a block of 6 to 8 glucose residues from
this chain to another site on the growing
molecule. The enzyme amylo-[1,4]—[1,6]-
transglucosidase (branching enzyme) forms
this alpha-1,6 linkage (Fig. 9.37).

iili. To this newly created branch, further glucose
units can be added in alpha-1,4 linkage by
glycogen synthase.

Regulation of Glycogen Metabolism
i. The synthetic and degradative pathways are
reciprocally regulated to prevent futile cycles.

ii. The phosphorylated form of glycogen
phosphorylase is active; but glycogen
synthase becomes inactive on phos-
phorylation. The covalently modified phos-
phorylase is active even without AMP. Active
(dephosphorylated) glycogen synthase is
responsive to the action of glucose-6-
phosphate. Covalent modification modulates
the effect of allosteric regulators. The
hormonal control by covalent modification and
allosteric regulation are interrelated.

iii. These hormones act through a second
messenger, cyclic AMP (cAMP) (for structure
see Fig. 39.8). The mechanism is shown in
Figures 9.38 and 9.39.

iv. The covalent modification of glycogen phos-
phorylase and synthase is by a cyclic AMP
mediated cascade. Specific protein kinases
bring about phosphorylation and protein
phosphatases cause dephosphorylation.
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Glycogenolysis
Glycogen (n)

Pi
Phosphorylase

Epinephrine (+)
Glucagon (+)

glucose-1-phosphate

Glycogen (n-1)

Glycogen synthesis
Glycogen (n)

UDP-glucose
Insulin (+) || Glycogen synthase
ubprP

Glycogen (n+1)

Fig. 9.40. Effects of hormones on glycogen

2. Generation of Cyclic AMP (cAMP)

i. Both liver and muscle phosphorylases are
activated by a cyclic AMP mediated activa-
tion cascade triggered by the hormonal signal.

ii. The hormones epinephrine and glucagon
can activate liver glycogen phosphorylase
but glucagon has no effect on the muscle.

iii. When the hormone binds to a specific receptor
on the plasma membrane, the enzyme adenyl
cyclase is activated which converts ATP to
cyclic AMP (cCAMP).

iv. When level of cyclic AMP rises, it will activate
a protein kinase (Fig. 9.38).

2-A. Protein Kinase Activation

The protein kinase is inactive when the catalytic (C)
and regulatory (R) subunits are associated with each
other.

Earl Sutherland (Nobel Prize, 1971) studied the role of cyclic
AMP as the second messenger in glycogenolysis. In 1992,

Nobel prizes were awarded to Edwin Krebs and Edmond Fisher
for their work on protein kinase, phosphorylase kinase and
phosphorylase phosphatase.

The cAMP combines with the R subunit so that the C subunit
is free to have its catalytic activity. PKA is an enzyme that can
phosphorylate serine and threonine residues of several
enzyme proteins and is activated by cAMP which combines
with the regulatory subunit of PKA. In the absence of cCAMP,
PKA is an inactive tetramer.

R2C2 + 4 cAMP — 2C + R2 (cCAMP)4

The intracellular concentration of CAMP therefore decides
the level of active PKA and cAMP level depends on the activity
of adenylate cyclase and phospho diesterase. Cyclic AMP
level is increased by glucagon and decreased by insulin.

PDE
— > 5'AMP
+ Insulin

Adenylate cyclase

ATP - cCAMP

+ Glucagon

2-B. Phosphorylase Kinase Activation

The active protein kinase can now convert the
phosphorylase kinase to an active phosphorylated
form, which converts phosphorylase-b to phos-
phorylase-a (Fig. 9.39).

Phosphorylase kinase itself is a tetrameric enzyme
(alpha, beta, gamma, delta).Of these the gamma subunit
has the catalytic site and the other 3 subunits have
regulatory effects. Phosphorylase kinase is activated by
Ca** and phosphorylation of alpha and beta subunits by
PKA. Phosphorylation of alpha and beta subunits relieves
autoinhibition of catalytic activity of gamma subunit.
Binding of Ca** to the delta subunit which is identical to
calmodulin (CaM) is also necessary for full activity of delta
subunit since it also has a role in dysregulating the gamma
subunit. Calcium triggers muscle contraction as well as
glycogen breakdown through the action of phosphorylase
kinase. The rate of glycogenolysis is linked to rate of
muscle contraction.

The dephosphorylation of the active form by PP1 involves
removal of phosphate group from phosphorylase a and alpha
and beta subunits of phosphorylase kinase. The activity of
protein phosphatase 1 (PP1) is controlled differently in liver

Table 9.9. Regulators of glycogen metabolism (L=Liver, M=muscle)

Effectors Glycogen Glycogen Glycogen Glycogen

phosphorylase-L synthase-L phosphorylase-Msynthase-M
ATP Inhibition Inhibition Inhibition Inhibition
AMP Activation Activation Inhibition
Glucose-6Phosphate Inhibition Activation Inhibition Activation
Ca++ Activation Activation
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Table 9.10. Glycogen storage diseases

Type Name Deficient enzyme Clinical features
Typela von Gierke's disease Glucose-6-phosphatase Fasting hypoglycemia; hepatomegaly
Type 1b Endoplasmic reticulum Same as above, plus neutropenia and
glucose-6-P transporter recurrent infections
Type I Pompe's disease Lysosomal maltase Accumulation of glycogen in lysosomes of liver,
heart and muscle; death before 2 years
Type Il Limit dextrinosis Debranching enzyme Highly branched dextrin accumulates;
Cori's disease Fasting hypoglycemia; hepatomegaly
Type IV Amylopectinosis Branching enzyme Glycogen with few branches; hepatospleno-
Anderson's disease megaly; mild hypoglycemia; death by age of 5
Type V McArdle's disease Muscle phosphorylase Excercise intolerance; accumulation of
glycogen in muscles
Type VI  Hers' disease Liver phosphorylase Mild hypoglycemia; hepatomegaly;
better prognosis than other types
Type VIl Tarui's disease Muscle PFK Glycogen in muscles accumulated; exercise
intolerance; hemolytic anemia
Type VI Liver phosphorylase kinase  Mild hypoglycemia; better prognosis
Type IX Muscle phosphorylase kinase Mild exercise intolerance; better prognosis
Type X Protein kinase A Hepatomegaly

and muscle. The catalytic subunit of PP1 in muscle is active
only when it is bound to glycogen through the glycogen binding
GM subunit. The phosphorylation of PP1 by an insulin
stimulated protein kinase (sitel ) activates the enzyme where
as phosphorylation at site 2 by PKAmakes its action ineffective.
When cAMP level is high, PP1 is inhibited by inhibitorl which
is activated by phosphorylation by PKA. The effect of cyclic
AMP is not only by increasing the phosphorylation of enzymes,
but also by decreasing dephosphorylation.

3. Glycogen Phosphorylase in Liver and Muscle

a.

Liver: The liver phosphorylase-b is the
inactive form. It becomes active on phos-
phorylation. The active enzyme is denoted
as phosphorylase-a. The enzyme is inhibited

by ATP and glucose-6-phosphate (Fig. 9.38).
In the liver the PP1 is regulated differently through
the intermediary of glycogen binding subunit (GL).
GL complex can bind to R and T forms of phos-
phorylase a, but the phosphate group attached to
serl4 is exposed only in the T state, so that PP1 can
convert phosphorylase a to phosphorylase b. Glucose
is an allosteric inhibitor of phosphorylase a. Insulin
favors this effect by promoting the uptake and
phosphorylation of glucose.
Muscle: Skeletal muscle glycogen is degraded

only when the demand for ATP is high. The

regulation of glycogenolysis in skeletal
muscle is by epinephrine. Glucagon has no
effect on muscle glycogenolysis. AMP formed
by degradation of ATP during muscle
contraction is an allosteric activator of
phosphorylase b.

The active form of phosphorylase is referred to as
‘a’ (active, phosphorylated) and the relatively inactive
dephosphorylated form as ‘b’. On the other hand, the
active glycogen synthase (a) is dephosphorylated and
phosphorylated (b) is relatively inactive.

Glycogen phosphorylase is activated by phos-
phorylation by phosphorylase kinase that adds
phosphate group to a specific serine residue of
phosphorylase b (ser14). This phosphorylase kinase,
in turn, is activated by protein kinase A or cyclic AMP
dependent protein kinase. Phosphoprotein phos-
phatase | dephosphorylates both phosphorylase
kinase and phosphorylase b. Phosphorylase b is
sensitive to allosteric effectors but phosphorylase
a is not sensitive. High concentration of ATP and
Glucose-6-phosphate in the cell will inhibit phos-
phorylase b.

4. Glycogen Synthase
i. Glycogen synthase and phosphorylase activi-

ties are reciprocally regulated (Fig. 9.39).
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ii. The same protein kinase, which phosphory-
lates the phosphorylase kinase would also
phosphorylate glycogen synthase.

iii. The activity of the glycogen synthase is
markedly decreased on phosphorylation.
Insulin promotes glycogen synthesis by
favoring dephosphorylation.

Glycogen synthase is active in the dephos-
phorylated state. Phosphorylase kinase can phos-
phorylate glycogen synthase and inactivate the enzyme.
PKA can also inactivate the enzyme by phosphorylation.
Ca*™ and calcium dependent cam kinase also phosphory-
late the enzyme.

Relative rates of glycogen synthesis and break-
down are therefore controlled by the action of PKA,
phosphorylase kinase and PP1. PP1 can activate
glycogen synthase only after dephosphorylating and
inactivating phosphorylase a. The regulation of glycogen
phosphorylase and synthase is a typical example of
multisite phosphorylation (primary and secondary sites)
for metabolic regulation.

Control by allosteric effectors is superimposed on covalent
modification. Glucose-6-phosphate can activate glycogen
synthesis. Insulin activates PP1 and PDE which decreases
cAMP level and increases G6P level to promote glycogen
synthesis.

The reciprocal regulation of glycogenolysis and
glycogenesis is by covalent modification (phos-
phorylation and dephosphorylation). Insulin and
glucagon are the major regulatory hormones,
although epinephrine has stimulatory effect on
glycogenolysis in both liver and muscle. They bring
about alterations in the activity of protein kinases
and phosphatases by varying the level of cCAMP.

5. Summary of Regulation

i. The key enzyme for glycogenolysis is
phosphorylase, which is activated by gluca-
gon and adrenaline, under the stimulus of
hypoglycemia.

ii. The key enzyme for glycogen synthesis is
glycogen synthase, the activity of which is
decreased by adrenaline but is enhanced by
insulin, under the stimulus of hyperglycemia
(Fig. 9.40).

Glycogen metabolism is regulated by co-
ordinated regulation of glycogen synthase and
glycogen phosphorylase. The regulatory mecha-
nisms include allosteric control as well as hormonal
control by covalent modification of enzymes. The
allosteric effectors are ATP, Glucose-6-phosphate
and AMP. The regulation in muscle and liver is given
in Table 9.9.

GLYCOGEN STORAGE DISEASES
These are inborn-errors of metabolism. That phrase
was coined by Sir Archibald Garrod.

Glycogen Storage Disease Type-I
1. It is also called Von Gierke's Disease. Most
common type of glycogen storage disease is
type .
2. Incidence is 1 in 100,000 live births. Salient
features of the disease are:
. Glucose-6-phosphatase is deficient.
Fasting hypoglycemiathat does not respond
to stimulation by adrenaline. The glucose
cannot be released from liver during over night
fasting (see Box 10.4 for neonatal hypo-
glycemia).
Hyperlipidemia, lactic acidosis and ketosis.
Glucose-6-phosphate is accumulated, so it is
channeled to HMP shunt pathway (Chapter 10)
producing more ribose and more nucleotides.
7. Purines are then catabolized to uric acid,
leading to hyperuricemia (see Chapter 39).
8. Glycogen gets deposited in liver. Massive liver
enlargement may lead to cirrhosis.
9. Children usually die in early childhood.
10. Treatment is to give small quantity of food at
frequent intervals.

Other glycogen storage diseases (type Il to X) are shown
in Table 9.10. They are very rare, incidence being 1 in 1 million
births.

Blood glucose level is maintained in a very narrow limit in

normal persons. The homeostasis of blood sugar and abnormal
conditions are explained in Chapter 24.
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CHAPTER AT A GLANCE

The reader will be able to answer questions on
the following topics:

Hexose monophosphate shunt pathway
Significance of the pathway

Polyol pathway

Fructose metabolism

Galactose metabolism

Metabolism of alcohol

Glycoproteins

Blood group antigens
Mucopolysaccharidoses
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HEXOSE MONOPHOSPHATE (HMP)

SHUNT PATHWAY

It is also known as "pentose phosphate pathway";
"Dickens-Horecker pathway"; "Shunt pathway" or
"Phosphogluconate oxidative pathway". Instead of
glucose going through the glycolytic pathway, it is
shunted through this pathway; so it is known as
the shunt pathway. In the glycolysis there are a
few bisphosphate intermediates; but in this
pathway, there are monophosphates only; hence
this is called hexose monophosphate (HMP)
pathway. The reactions involve the intermediate
formation of pentose phosphates; hence this is
also called pentose phosphate pathway. Since the
first carbon atom of glucose is liberated as CO,, it
is called the direct oxidative pathway of glucose
metabolism.

About 10% of glucose molecules per day are
entering in this pathway. The liver and RBC
metabolise about 30% of glucose by this pathway.
The major purpose of this pathway is generation of
reduced NADPH and pentose phosphates for
nucleotide synthesis (See Box 10.1).

Overview of the Shunt Pathway

The HMP shunt pathway has oxidative and non-
oxidative phases. During the oxidative phase,
glucose-6-phosphate is oxidized with the generation

Minor Metabolic
Pathways of
Carbohydrates

of 2 molecules of NADPH, and one molecule of
pentose phosphate, with the liberation of one
molecule of CO,. During the non-oxidative phase,
the pentose phosphate is converted to
intermediates of glycolysis.

A. Oxidative Phase

Step 1 of HMP Pathway

Glucose-6-phosphate is oxidized by NADP*
dependent Glucose-6-phosphate dehydro-
genase (GPD). 6-phospho glucono lactone is
formed. One molecule of NADPH is formed in the
reaction (Fig. 10.1). This is the rate-limiting step.
Regulation is effected by this enzyme.

Step 2 of HMP Pathway

The lactone is hydrolysed by glucono lactone
hydrolase to form 6-phospho gluconic acid
(Fig. 10.1).

Step 3, NADPH is Again Generated

This is an oxidative step coupled with
decarboxylation. The enzyme is 6-phospho
gluconate dehydrogenase. The 6-phospho gluconic
acid is dehydrogenated to 3-keto-6-phospho

Box 10.1. NAD and NADP are Different

NADH is used for reducing reactions in catabolic
pathways, e.g. pyruvate to lactate. NADH enters
the electron transport chain, and ATP is
generated. NADPH is used for reductive bio-
synthetic reactions, e.g. de novo synthesis of fatty
acid, synthesis of cholesterol, etc. NADPH is
generated mainly by the HMP shunt pathway.
NADPH is not entering the electron transport
chain; and NADPH will not generate ATP.

NADP differs from NAD in having an additional
phosphate group (Chapter 34). These two co-
enzymes are specific for enzymes; they are not
interchangeable.
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CHO Glucose-6-P- 0=

OH dehydrogenase

OH *+ +
NADP®™  NADPH+H"™ _| OH
OH
CH,0PO4= CH,0PO,=
Glucose-6- 6-phospho-
phosphate glucono-lactone

Hydrolase

—+OH | — ——
HO +H,0
Ho—+— @

(COOH) oD
OH 6-phospho o CH,OH
gluconate
HO dehydrogenase o
OH
OH
OH -
CH?_OPOs:
6-phospho- Ribulose-~
gluconic acid S-phosphate

Fig. 10.1. Oxidative phase of HMP shunt pathway; Steps 1, 2 and 3

gluconate. It is a transient compound, and
spontaneously undergoes decarboxylation to form
ribulose-5-phosphate. The carbon of CO, is derived
from COOH group of gluconic acid (Fig. 10.1). In
this step a second molecule of NADPH is
generated.

B. Non-Oxidative Phase

Step 4: Isomerization

The ribulose-5-phosphate is then isomerized to
ribose-5-phosphate or epimerised to xylulose-5-
phosphate (Fig. 10.2)

Step 5: Transketolase Reaction

Transketolase is a thiamine pyrophosphate (TPP)
dependent enzyme. It transfers two-carbon unit
(with keto group) from xylulose-5-phosphate to
ribose-5-phosphate to form a 7 carbon sugar,
sedoheptulose-7-phosphate and glyceraldehyde-3-
phosphate (Fig. 10.3). Transketolase enzyme will
transfer the group from a donor ketose to an aldose
acceptor. In thiamine deficiency transketolase
activity is decreased. The reaction may be
summarized as

5C +5C =7C + 3C.

CH,OH CH,0OH CHO
0 o OH
HO OH OH
OH OH OH
CH,0P0O,= CH,0PO,= CH,0PO4=
Phosphopentose Phosphopentose
Epimerase ; Isomerase g
Xylulose- ____ ~. Ribulose- -~ Ribose-

5-phosphate ~ 5-phosphate ™~ 5-phosphate

Fig. 10.2. Step 4 of HMP shunt pathway

Step 6: Transaldolase Reaction

The next group transfer reaction involves the
transfer of a 3 carbon unit, from sedoheptulose-7-
phosphate to glyceraldehyde-3-phosphate to form
fructose-6-phosphate. Here also the donor is a
ketose and acceptor is an aldose (Step 6, Fig. 10.4).
Summary: 7C + 3C = 6C + 4C.

Step 7: Second Transketolase Reaction

In another transketolase reaction a 2C unit is
transferred from xylulose-5-phosphate to erythrose-
4-phosphate to form fructose-6-phosphate and
glyceraldehyde-3-phosphate (Step 7, Fig. 10.4).
Summary: 5C + 4C = 6C + 3C.

Step 8: Regeneration of Glucose-6-Phosphate
Two molecules of glyceraldehyde-3-phosphate
formed in step 7 are condensed to form one

Ribose- Glyceraldehyde-
5-phosphate 3-phosphate
CHO CHO
OH -|-0H
OH Transketolase CH,0PO4=
with (TPP)
OH
CH20P03= '
eroH
CH,OH| ~O
HO—1—
- Q 4 e R OH
—1OH
OH —~©H
CH,0PO4= CH,0P0,=
Xylulose- Sedoheptulose-

5-phosphate 7-phosphate

Fig. 10.3. Step 5; first transketolase reaction



Chapter 10; Minor Metabolic Pathways of Carbohydrates m 115

Suppose, 6 molecules of glucose enter the HMP shunt pathway:

5 x glucose-6-P

5 glucose are regenerated;

6 CO, eliminated;

12 NADPH generated;

1 glucose is completely oxidized

GpD 1 2
6 x glucose-6-P 6 x 6-phospho-———" 6 x 6-phospho-gluconate
gluconolactone 6 x NADP*
6 NADP* 6 NADPH

6 x NADPH

C

6 x 3-keto-6-phospho gluconate

\- 6 x CO, eliminated

6 x ribulose-5-P

4B
4 x xylulose-5-P
]

14
2 x ribose-5-P

2 x xylulose-5-P

5 % Fructose-6-P

2 » glyceraldehyde-3-P 2

1 x fructose-6-P

2 x glyceraldehyde-3-P

2 % erythrose-4-P

}

2 % xylulose-5-P 5

D

2 x sedoheptulose-7-P

2 % Fructgse-6-P

x fructose-6-P

2 x fructose-6-P

e 2 % fructose-6-P

Enzymes:

1 = Glucose-6-phosphate dehydrogenase (GPD)
2 = Gluconolactone hydrolase

3 = 6-phospho-gluconate dehydrogenase

4A = Isomerase

4B = Epimerase

5 = Transketolase
6 = Transaldolase
7 = Second transketolase
8 = Reversal of glycolysis

Fig. 10.4. Summary of shunt pathway; numbers shows the steps referred in the text

fructose-6-phosphate (reversal of step 4 of
glycolysis). Fructose-6-phosphate is then converted
to glucose-6-phosphate (reversal of step 2 of
glycolysis). A summary of the whole pathway is
depicted in Figure 10.4.

Regulation of HMP Shunt Pathway

The pathway is mainly regulated by the level of
NADP™. The first reaction catalyzed by GPD is the
rate-limiting step and it is inhibited by NADPH.

The oxidative phase is therefore controlled by the
level of NADP* and non-oxidative phase by the
requirement of pentoses. Insulin will induce GPD
and therefore will increase the overall pathway.

When more NADPH is needed, the pathway
proceeds to completion with the equivalent of one
molecule of glucose being completely oxidized to
CO,. The reaction may be summarized as:
G-6-P + 12 NADP* + 7TH,0 —»

6 CO, + 12 NADPH + 12 H* + Pi
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Box 10.2. Metabolic Role of NADPH formed by
HMP Shunt Pathway

1. Required for reductive biosynthesis, such as
fatty acid, cholesterol and steroids

Free radical scavenging

RBC membrane integrity

Prevention of formation of met-hemoglobin
Detoxification

Preserving transparency of lens of eye
Bactericidal activity of macrophages

Production of ribose and deoxyribose for
DNA and RNA synthesis

© N o gk~ WD

Summary of Shunt Pathway

Suppose, 6 molecules of glucose (6 x 6 = 36
carbons) are entering in this pathway. The first
carbon atoms of all 6 glucose molecules are
removed as 6 molecules of CO,. (This is equivalent
to complete oxidation of 1 molecule of glucose). In
this process, 12 NADPH are generated. The
remaining 6 molecules of 5-carbon pentoses (6 x 5
= 30C) are interchanged in such a way that 5
molecules of glucose (5 x 6 = 30C) are regenerated.
This is summarized in Figure 10.4.

Physiological Significance of the Pathway
Please see summary in Box 10.2.

SOD

0, +0; +2H" =—————— H,0, + O,

POD

H,0, 7T- 2H,0

(reduced) 2 GSH GS--SG (oxidized)
GR

GPD

NADPY NADPH +———— Glucose

Fig. 10.5. Free radical scaving enzymes. SOD =
super oxide dismutase. POD =glutathione
peroxidase. GSH = glutathione. GR= glutathione
reductase. GPD= glucose-6-phosphate dehydro-
genase

Box 10.3. Clinical Aspects of HMP Shunt Pathway

1. Glucose-6-phosphate dehydrogenase
deficiency

2. Druginduced hemolytic anemia

3. Met-hemoglobinemia

4. Thiamine deficiency leads to reduced
transketolase activity

1. Pathway is Operating in Following Organs:
i. Liver
ii. Adipose tissue
iii. Adrenal cortex
iv. Mammary glands
v. Testes and ovaries
vi. RBCs
vii. Lens of eye
A. The oxidative phase of the pathway is seen in
the above organs, where NADPH generation is
required for lipid synthesis or steroid synthesis.
B. The non-oxidative phase is presentin all tissues,
and so synthesis of ribose is possible in all
tissues of the body.

2. Generation of Reducing Equivalents

The major metabolic role of the pathway is to
provide cytoplasmic NADPH for reductive
biosynthesis of fatty acids, cholesterol and steroids
(Chapters 11 and 12).

3. Free Radical Scavenging
Free radicals (super oxide, hydrogen peroxide) are
continuously produced in all cells. These will destroy

Glucose Macrophage and PMN

(Respiratory burst)

GPD \

NADPH 0,

NADPH § Oxidase
SOD MPO

NADP " 0, = H,0,™> HCIO

| +CI™
Bacteria
killed

Fig. 10.6. Generation of ROS in macrophages.
MPO = myeloperoxidase
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UDPG-dehydrogenase

)

2NAD"  2NADH+2H"

UDP-glucose UDP-glucuronic acid

UDP-glucuronidase,

UDP

Glucuronate reductase

( \ D-glucuronic acid

NADP" NADPH+H"

L-gulonic acid

\ H,0

L-gulonolactone

Blﬂck in NADP+
primates
L-gulonate oxidase
Gulonolactone 5
oxidase NADPH+H
3-keto-L-gulonate
2-keto-L-

gulonolactone

Ttanec:us
CO;

Ascorbic acid L-xylulose
(in lower animals) "
NADPH+H
Xylitol dehydrogenase
NADP"
Xylulose reductase 4
D-xylulose ( \ Xylitol
NADH+H NAD"
D-xylulose-5-P

Pentose phosphate pathway

Fig. 10.7. Glucuronic acid pathway

DNA, proteins, fatty acids and all biomolecules, and
in turn cells are destroyed. The free radicals are
inactivated by enzyme systems containing
superoxide dismutase (SOD), peroxidase (POD)
and glutathione reductase (GR). Reduced GR is
regenerated with the help of NADPH (Fig. 10.5).

4. Erythrocyte Membrane Integrity

NADPH is required by the RBC to keep the
glutathione in the reduced state (Fig. 10.5). In
turn, reduced glutathione will detoxify the peroxides
and free radicals formed within the RBC (See
Chapter 20). So, NADPH, glutathione and
glutathione reductase together will preserve the
integrity of RBC membrane.

5. Prevention of Met-hemoglobinemia

NADPH is also required to keep the iron of
hemoglobin in the reduced (ferrous) state and to
prevent the accumulation of met-hemoglobin (See
Chapter 22). Met-hemoglobin cannot carry oxygen.

6. Detoxification of Drugs

Most of the drugs and other foreign substances are
detoxified by the liver microsomal P450 enzymes,
with the help of NADPH.

7. Lens of Eye

Maximum concentration of NADPH is seen in lens
of eye. NADPH is required for preserving the
transparency of lens.

8. Macrophage Bactericidal Activity

NADPH is required for production of reactive oxygen
species (ROS) (superoxide anion radical) by
macrophages to kill bacteria (Fig. 10.6).

9. Availability of Ribose

Ribose and deoxyribose are required for DNA and
RNA synthesis. Ribose is also necessary for
nucleotide coenzymes. Reversal of nonoxidative
phase is present in all tissues, by which ribose could
be made available.

10. What about ATP?
ATP is neither utilized nor produced by the HMP
shunt pathway. Cells do not use the shunt pathway
for energy production.

Clinical Significance of Shunt Pathway
Please see summary in Box 10.3.
1. GPD Deficiency

i. The enzyme glucose-6-phosphate dehydro-
genase (GPD) may be deficient in some persons
(see Chapter 23). It is the most common enzyme
deficiency seen in clinical practice. The defect is
transmitted as an X-linked recessive trait.

ii. It will lead to drug-induced hemolytic
anemia. The deficiency is manifested only
when exposed to certain drugs or toxins, e.g.
intake of antimalarial drugs like primaquine.
Primaquin stimulates peroxide formation inside
RBC. In GPD deficient cells, the level of
NADPH is low; hence further production of
peroxides will lead to cell lysis.
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Fig. 10.8. Polyol pathway of glucose metabolism
iii. Similarly, ingestion of toxic glycosides present
in fava beans may have similar effect (Favism).

iv. Sulpha drugs and furadantin may also
precipitate the hemolysis. This will lead to
jaundice and severe anemia.

v. The geographical distribution of GPD
deficiency correlates well with the malarial
endemicity. The enzyme deficiency offers
resistance to plasmodium infection (See
Chapter 22). The parasite requires reduced
glutathione for its survival, which will not be
available in adequate amounts in deficiency of
GPD. GPD deficiency is reported from almost
all States of India.

2. Met-hemoglobinemia

GPD deficient persons will show increased met-
hemoglobin in circulation, even though cyanosis
may not be manifested.

3. Thiamine Deficiency
The transketolase reaction is measured in RBCs
as an index of the thiamine status of an individual.

The occurrence and manifestation of Wernicke’s
CHO CH,0OH CH,0H Korsakoff’'s syndrome (encephalopathy) which is
seen in alcoholics and those with thiamine
OH OH o - . . .
HO HO HO deficiency is due to a genetic defect in the enzyme
o i il transketolase.
OH = o Glucuronic Acid Pathway of
CH,-OH CH,-OH CHy-OH Glucose Metabolism
The pathway is shown in Figure 10.7.
. ol . el ) Importance of the glucuronic acid pathway
s ™ SO / o Fructose |t provides UDP-glucuronic acid, which is the
4 % active form of glucuronic acid. It is used for the
NADPH+H NADP NADH+H" , .
following purposes:

1. Conjugation of bilirubin

2. Conjugation of steroids

3. Conjugation of various drugs which will make
them more water soluble and more easily
excretable.

4. Synthesis of glycosamino glycans (GAG).

Effect of Drugs

Barbiturates, antipyrine and aminopyrine will
increase the uronic acid pathway, leading to
availability of more glucuronate for conjugation
purpose.

Vitamin C in Lower Animals

The enzyme L-gulonolactone oxidase is absent
in human beings, primates, guinea pigs and bats.
Hence ascorbic acid cannot be synthesized by these
organisms. Hence ascorbic acid is an essential
nutrient in the diet of human beings.

Essential Pentosuria
i. Itis one of the members of the Garrod's tetrad.
The incidence is 1 in 2,500 births.
ii. It is an inborn error of metabolism. In the
pathway (Fig. 10.7), L-xylulose is converted

_| Dihydroxy acetone
CH,0 PO.= (I:Habpos - phosphate
H,OH Fructoki CH,0OPQO,= Aldol B =
1_2 ructokinase ¢ 2C1_F_*J olase EHOOH
?‘O ?‘O = || i Triose kinase
HO—Cll—H HO—CII~H o CHO (I3HO
ATP || ADP sent in 1
L s ; _ H—C-OH
o o i Hereditary ~ H—Q-OH ATP  ADP Lol
H—G-OH : H—C-OH Fructose CH,OH CH;0PO3=
Absent in Intolerance . I :
CH,0H Fructosuria CH,0H
» Glyceraldehyde-
Fructose Fructose-1-phosphate Glyceraldehyde 3-phosphate

Fig. 10.9. Fructose entering glycolysis
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Box 10.4. Neonatal Hypoglycemia

Neonatal hypoglycemiais seen in:

1. Glycogen Storage Disease Type | (Chapter 9)

2. Fructose Intolerance (Chapter 10)

3. Galactosemia (Chapter 10)

4. Medium Chain Fatty Acyl CoA Dehydrogenase
deficiency (See Chapter 13)

5. Long Chain Fatty Acyl CoA Dehydrogenase
deficiency (See Chapter 11)

Premature infants are more prone to

hypoglycemia because

a. Decreased levels of PEPCK and

b. Decreased gluconeogenesis

c. Low hepatic glycogen stores

d. Inability to produce and utilize ketone bodies

e. Larger brain:body ratio

to D-xylulose by two enzymes, xylitol
dehydrogenase and xylulose reductase.
Absence of any of these enzymes leads to
the pentosuria.

iii. L-xylulose is excreted in urine and gives a
positive Benedict's test.

iv. Barbiturates, aminopyrine, etc. will induce
uronic acid pathway and will increase
xylulosuria in such patients.

v. This condition does not produce any harm; but
it should be differentiated from diabetes
mellitus.

POLYOL PATHWAY OF GLUCOSE
Sorbitol is very poorly absorbed from intestine. It
involves the reduction of glucose by aldose
reductase to sorbitol, which can then be oxidized
to fructose. This would amount to the inter-
conversion of glucose to fructose (Fig. 10.8).
Glucose when converted to sorbitol, cannot
diffuse out of the cell easily and gets trapped there.
Sorbitol is normally present in lens of eyes. But in
diabetes mellitus, when glucose level is high, the
sorbitol concentration also increases in the lens.
This leads to osmotic damage of the tissue and
development of cataract. Galactitol also causes
cataract (see under galactose metabolism).
Fructose is present in semen in large quantities.
It is produced by the polyol pathway. The polyol
pathway is active in brain and fructose is seen in
CSF. This pathway is inactive in liver.

FRUCTOSE METABOLISM
1. Fructose is a ketohexose present in fruits, honey
and sucrose. Soft drinks have the sweetener,

corn sugar, which has a high fructose content
and is sweeter than sucrose. Fructose is promptly
metabolized by the liver.

. Fructose is phosphorylated by fructokinase, an

enzyme present in liver with a high affinity for
fructose (Fig.10.9). Fructokinase phos-
phorylates the substrate at 1st position,
whereas hexokinase action is on the 6th
position. Fructokinase is not dependent on
insulin. So fructose is more rapidly utilized in
normal persons, because GK and PFK
metabolic bottlenecks are not encountered in

fructose metabolism.

Therefore, in theory, fructose will be better utilized in
patients with diabetes mellitus, because the first few
enzymes of fructose utilization do not require insulin. But
in experiments, fructose was found to be deleterious in
diabetes patients. Fructose rapidly enters the tissues,
leading to enhanced fatty acid synthesis, raised serum
triglycerides and increased LDL cholesterol level in blood;
all these are atherogenic and harmful.

Fructose metabolism in liver bypasses the PFK control
point; hence fructose increases the flux of glycolytic
pathway, leading to lipogenesis. Moreover, glycerol
phosphate required for TAG synthesis is provided by the
metabolism of fructose, leading to the increase in TAG
pool in the body.

Phosphorylation of fructose by fructokinase depletes the
cell of ATP. Low ATP levels enhance oxidative
phosphorylation leading to lowering of Pi levels in cell. This
will remove the inhibitory effect on adenosine deaminase.
There is increased rate of conversion of AMP to IMP and
then to uric acid.

Accumulation of fructose-1-phosphate also inhibits
gluconeogenesis

In muscle, fructose is phosphorylated by hexokinase to
fructose-6-phosphate.

. The fructose-1-phosphate is then cleaved by the

enzyme, fructose-1-phosphate-aldolase or
aldolase-B. The products are glyceraldehyde
and dihydroxyacetone phosphate ( Fig. 10.9).

. Fructose is mainly metabolized by liver, but free

fructose is seen in large quantities in seminal
plasma. The energy for mobility of spermatozoa
is mainly derived from fructose. Fructose is
secreted by seminal vesicles.

. In some persons azoospermia is seen due to a

block in the duct. In such persons fructose is
estimated in semen. If fructose is present, the
block is above the seminal vesicular duct; if

absent, block is after the seminal vesicles.
High fructose levels are known to be related to aging and
myocardial infarction. Fructose participates in glycation
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1

Galactose + Galactose-1-phosphate

Y
ATP ADP UDP Glucose
) 2
Glucose-1-phosphate
GALACTOSEMIA =
UDP Glucose 4+—— UDP Galactose

PPi
B
uTP

Galactose-1-phosphate

1= galactokinase.
2= galactose-1-phosphate uridyl transferase.

3= UDP-gal-epimerase (uridine diphosphate galactose epmerase}
4= galactose-1-phosphate pyrophosphorylase

Fig. 10.10. Summary of galactose metabolism

10 times faster than glucose and the decreased antioxidant
contribute effects to ischemic heart disease.

Hereditary Fructose Intolerance (HFI)

i. It is an autosomal recessive inborn error of
metabolism. Incidence of the disease is 1 in
20,000 births, while 1 in 70 persons are carriers
of the abnormal gene.

ii. The defect is in aldolase-B; hence fructose-
1-phosphate cannot be metabolized (Fig.
10.9).

iii. This is seen when sucrose (containing
fructose) is introduced in the diet of infants,
usually around 6 months of age.

iv. Accumulation of fructose-1-phosphate will
inhibit glycogen phosphorylase. This leads to
accumulation of glycogen in liver and
associated hypoglycemia (Box 10.4).

v. Vomiting and loss of appetite are seen. The
infants often fail to thrive. Hepatomegaly and
jaundice may occur. If liver damage
progresses, death will occur.

vi. Fructose is also excreted in urine, which gives
positive Benedict's test.

vii. Withdrawal of fructose from the diet will
immediately relieve the symptoms.

Fructosuria

This is a benign metabolic defect due to deficiency
of fructokinase (Fig. 10.9). There is no abnormality
other than excretion of fructose in urine. Fructose

Mental retardation

ongenital cataract

/—Jaunduce

Hepatomegaly

Kidney damage

Galactose and
Amino acids in
urine

Hermann Kalckar

Fig. 10.11. Clinical features of galactosemia

is not a dietary essential. Urine gives positive
Benedict's and Seliwanoff's tests. Incidence is 1 in
130,000 births.

GALACTOSE METABOLISM

1. The term galactose is derived from Greek word,
"gala" = milk. Galactose is an aldohexose and
is the 4th epimer of glucose.

2. Galactose is a constituent of lactose of milk
sugar, and is taken in the diet. Galactose is not
an essential nutrient, because UDP glucose can
form UDP galactose (Fig. 10.10).

3. Galactose is metabolized almost exclusively by
the liver and therefore galactose tolerance test
is done to assess the functional capacity of the
liver. UDP galactose is the active donor of
galactose during synthetic reactions.

4. Galactose is necessary for synthesis of the
following.

i. Lactose Synthesis
Epimerase

UDP glucose —UDP
galactose

Lactose
synthase
UDP galactose + glucose —— Lactose

Lactose synthesis is seen in lactating
mammary glands. See also Chapter 31.
ii. Synthesis of glycosaminoglycans
iii. Synthesis of cerebrosides
iv. Synthesis of glycolipids
v. Synthesis of glycoproteins.
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Galactose Metabolism

1. Galactokinase reaction: Galactose is first
phosphorylated by galactokinase to galactose-
1-phosphate (stepl, Fig. 10.10).

2. Galactose-1-phosphate uridyl transferase:
This is the rate—limiting enzyme in the galactose
metabolism (Step 2, Fig. 10.10). UDP-galactose
may be used as such for synthesis of compounds
containing galactose (e.g. lactose).

3. Epimerase reaction: By this reaction, galactose
is channelled to the metabolism of glucose (Step
3, Fig. 10.10). Since the reaction is freely
reversible, even if the dietary supply of galactose
is deficient, UDP-glucose can be epimerised to
UDP-galactose

4. Alternate pathway: The galactose-1-phosphate
pyrophosphorylase in liver becomes active only
after 4 or 5 years of life. The enzyme will produce
UDP-galactose directly which can be epimerized
to UDP-glucose (Step 4, Fig. 10.10).

Galactosemia

1. There is deficiency of enzyme galactose-1-
phosphate uridyl transferase. It is an inborn
error of metabolism. The incidenceis 1 in 35,000
births. Hermann Kalckar described it in 1958.

2. Due to the block in this enzyme, galactose-1-
phosphate will accumulate in liver. This will inhibit
galactokinase as well as glycogen phos-
phorylase. Hypoglycemia is the result (Box
10.4).

3. Bilirubin uptake is less and bilirubin conjugation
is reduced; so unconjugated bilirubin level is
increased in blood (for bilirubin, see Chapter 21).

4. There is enlargement of liver, jaundice and
severe mental retardation.

5. Free galactose accumulates, leading to
galactosemia. It is partly excreted in urine
(galactosuria)

6. Galactose is reduced to dulcitol (See Chapter 6).
The accumulation of dulcitol in the lens results
in cataract due to its osmotic effect. This is called

congenital cataract and is a very characteristic
feature of galactosemia.

7. Galactose-1-phosphate may get deposited in
renal tubules, producing tubular damage leading
to generalized amino aciduria. These salient
clinical findings are summarized in Fig. 10.11.

8. Diagnosis: Clinical manifestation including
congenital cataract and presence of galactose
in urine as well as elevated blood galactose
levels will help in the diagnosis. Collection of fetal
cells by amniocentesis may be useful in
prenatal diagnosis. Heterozygous parents could
be detected by elevated galactose level in blood
after a galactose load.

9. Treatment: If lactose is withdrawn from the diet,
most of the symptoms recede. But mental
retardation, when established, will not improve.
Hence early detection is most important. For
affected infant lactose-free diet is given. Such
special diets may be withdrawn after 4 years,
when galactose-1-phosphate pyrophos-
phorylase (step 4, Fig. 10.10) becomes active.

Galactokinase Deficiency

A variant of the disease occurs due to the deficiency
of galactokinase. But here the symptoms are milder.
This is because galactose-1-phosphate is not
formed and hence no toxic effects of this compound
are manifested. However, cataract is seen.
Galactokinase deficiency is reported to be 1 in
40,000 births.

METABOLISM OF ALCOHOL

Alcohol absorption starts from the stomach itself,
but most of it is absorbed by intestine. Only 1% of
the ingested alcohol is excreted through the lungs
or urine. Major fraction of the alcohol is oxidized in
the liver.

1. Alcohol Dehydrogenase (ADH)
Itis an NAD* dependent cytoplasmic enzyme that
oxidizes ethanol to acetaldehyde (Fig. 10.12).

Alcohol dehydrogenase

()

NAD®  NADH+H'

Ethanol
CH; —CH, —OH

+ Acetaldehyde
CH3 —CHO

Aldehyde dehydrogenase

£ 3

NAD NADH + H'

Acetic acid
CHz —COOH

Fig. 10.12. Alcohol metabolism
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Alcohol dehydrogenase is a dimer and has 6 iso-
enzymes. In some individuals the enzyme is
mutated. This mutation rate is more in Orientals. In
such individuals, alcohol metabolism is slower and
even small quantity of alcohol may produce
symptoms of intoxication. The enzyme was
identified by Bateilli and Stern in 1909.

2. Aldehyde Dehydrogenase

Acetaldehyde is further oxidized to acetate by a
mitochondrial NAD* dependent enzyme (Fig.
10.12). The acetate is then converted to acetyl CoA.
The activity of alcohol dehydrogenase is more than
aldehyde dehydrogenase. So acetaldehyde
accumulates in liver. Aldehyde is toxic, which in
excess may lead to cell death. The activity of
aldehyde dehydrogenase is less in Indians, when
compared to Europeans.

3. Microsomal Ethanol Oxidizing System
(MEOS)

Itis another mechanism of detoxification of alcohol.
It is cytochrome P450 dependent and is inducible.
This accounts for metabolic tolerance of alcohol
observed in chronic alcoholics.

Ethanol can be oxidized in liver microsomes to
acetaldehyde by a mixed function oxidase. The electron donors
are ethanol and NADPH by which O, is reduced to water.
CH3-CH,-OH + NADPH + H* + 20, —>

CH;CHO + 2H,0, + NADP+

MEOS is part of the superfamily of cytochrome P450, all
of which catalyze similar reactions. About 10 gene families
and 100 different cytochrome P450 molecules are available.
The isoenzyme with highest activity towards ethanol is
designated CYP2E1 (2 refers to the gene family, E refers to
the subfamily and 1 refers to the particular enzyme). CYP2E1
has higher Km for ethanol than Class | ADH (11 mM). When
the ethanol consumption is high, higher proportion is
metabolized by MEOS. Other CYP isoenzymes also
metabolize alcohol and MEOS refers to the combined oxidizing
activity of all these.

Biochemical Alterations in Alcoholism

Both the oxidation steps of alcohol produces NADH,
resulting in a high NADH/NAD™ ratio. As a result,
several metabolic adaptations occur.

i. In the cytoplasm, the high NADH level favors
conversion of pyruvate to lactate, leading to
lactic acidosis.

ii. Deficiency of pyruvate leads to inadequate
formation of oxaloacetate. This results in
depression of gluconeogenesis, leading to
hypoglycemia.

iii. Reduced oxaloacetate, decreased pyruvate
and high NADH level causes suppression of
TCA cycle. So Acetyl CoA is accumulated,
which favors ketogenesis.

iv. Increased level of acetyl CoA causes increased
fatty acid synthesis; but fatty acid is not
oxidized. So fat is accumulated in liver,
resulting in fatty liver and steatosis.

v. Alcohol also increases the release of ROS,
leading to mitochondrial damage and apoptosis.

vi. Lactic acidosis causes decreased excretion of
uric acid, resulting in acute attack of gout (See
Chapter 39).

vii. Alcohol causes CNS depression by inhibiting
excitatory receptors (N-methyl aspartate
receptors) and by potentiating inhibitory
neurotransmitter (GABA) receptors.

Chronic Alcoholism
A. Alcoholism and liver
i. Accumulation of fat in liver cells leading to fatty
liver. Accumulated toxic effect of acetaldehyde
leads to cellular death.
ii. This is followed by replacement by fibrous
tissue. Fibrosis of liver is called Cirrhosis.
When liver functions are reduced (See

chapter 26) hepatic coma results.

iii. Elimination rates of ethanol vary among individuals and
populations. Susceptibility to alcohol is a complex
function of genetics and socioeconomic factors.
Possession of an allele that encodes a relatively fast
ADH (alcohol dehydro-genase) is associated with a
decreased susceptibility. A single amino acid substitution
(Glu487 by Lys) produces a variant ALDH (Aldehyde
dehydrogenase) with high Km (260 times) and low
affinity for acetaldehyde. Vmax is also reduced 10 times.
This enzyme is very inactive. Homozygotes for this
variant afford absolute protection against alcoholism.

iv. Five per cent of all deaths in India are due to liver
diseases, for which the most important culprit is alcohol.
In India, chronic alcoholism is the most leading cause
for morbidity and consequent loss of man hours. The
activity of mitochondrial aldehyde dehydrogenase is less
in Asians compared to western population. Hence
Indians are more prone for alcoholic cirrhosis.

B. Alcoholism and Nervous System

In chronic alcoholics, the brain ventricles are
enlarged, neurons are lost, neuro-degenerative
changes set in the memory is affected. In alcoholics,
combined thiamine deficiency leads to Wernick's
disease. Aldehyde inhibits pyridoxal phosphate;
hence neuritis is very common in alcoholics (See
Chapter 34).
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Table 10.1. Features of mucopolysaccharidoses

Type Eponym Deficient enzyme Clinical findings
| Hurler's L-lduronidase MR+++; Skeletal deformity++;
Corneal opacity++; DS and HS in urine.
1l Hunter's Iduronate MR+; Skeletal deformity++; deafness; no cor-
sulphatase neal clouding; DS and HS in urine
1 Sanfilippo's N-Acetyl MR++; Skeletal deformity+;
glucosaminidase, corneal clouding+; HS in urine;
Heparan sulfatase 3 different types are reported.
\Y Morquio's Galactosamine MR+; Skeletal deformity+;
sulfatase, epiphyseal dysplasia+; Corneal opacity +;
b-D-galactosidase KS and CS in urine; 2 types reported
Vv Scheie's L-Iduronidase No MR; Mild skeletal changes;
corneal opacity++; DS in urine
VI Maroteaux- N-Acetyl-b-D- Skeletal deformity+++;
Lamy's Galactosamino-4-Sulfatase corneal opacity++; No MR; DS in urine
VII Sly's b-Glucuronidase MR+; DS and HS in urine

MR = mental retardation;
HS = heparan sulphate;

CS = chondroitin sulphate;
DS = dermatan sulphate

Table 10.2. Inborn errors associated with carbohydrate metabolism

KS = keratan sulphate;

Name Incidence Defective enzyme  Chromosome Salient features Chapter
1 out of location no.
Glycogen storage disease, Type | 100,000 Glucose-6-phosphatase 17 Hepatomegaly, cirrhosis, 9
(von Gierke's disease) hypoglycemia, ketosis,
hyperuricemia
Do, type Il (Pompe's disease) 175,000 Lysosomal maltase 17 Generalized glycogen 9
deposit; lysosomal storage
disease
Do, type Il (Cori's disease) 125,000 Debranching enzyme Hepatomegaly, cirrhosis 9
Do, type IV (Andersen's disease) 1 million Branching enzyme 3 Do 9
Do, type V (McArdle's disease) 1 million Muscle phosphorylase 11 Exercise intolerance 9
Do, type VI (Hers' disease) 1 million Liver phosphorylase 14 Hepatomegaly, hypoglycemia 9
Do, type VII (Tarui's disease) 1 million Phosphofructokinase 1 9
Do, type VIl 125,000 Phosphorylase kinase X-link 9
Lactose intolerance Lactase Milk induced diarrhea 8
Fructose intolerance 20,000 Aldolase B 9 Hypoglycemia, vomiting, 11
hepatomegaly
Fructosuria 130,000 Fructokinase Benign; urine sugar 11
Galactosemia 35,000 Gal-1-P-uridyl transferase 9 Hypoglycemia ; hepato-- 11
megaly; mental retardation;
jaundice;congenital cataract
Do, variant 40,000 Galactokinase 17 Congenital cataract 11
Essential pentosuria 2,500 Xylitol dehydrogenase Benign 11
PC deficiency 25,000 Pyruvate carboxylase 11 Mental retardation 9
GPD deficiency 5,000 Glucose-6-phosphate X-link Drug-induced hemolytic 9
dehydrogenase anemia
HK deficiency Hexokinase Hemolytic anemia 9
PK deficiency Pyruvate kinase Hemolytic anemia 9
PDH deficiency 250,000 Pyruvate dehydrogenase Neuronal loss in brain; 9

muscular hypotonia; lactic
acidosis
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C. Alcohol and Cardiovascular System

There are reports stating that mild alcohol intake (red wine
less than 20 mg per day) will marginally elevate HDL, and
hence reduce the risk for myocardial infarction to a certain
extent. But this minor benefit on heart, far outweighs the
deleterious effects of alcohol on liver.

D. Alcohol and Lungs

A small percent of alcohol is eliminated through lungs. So,
lungs also share the deleterious effects of alcohol.
Pneumonitis is often seen in chronic alcoholism.

E. Laboratory Findings in Chronic Alcoholism

i. Increase in serum levels of gamma-glutamyl

transferase (GGT) and alanine transaminase
(ALT) (See Chapter 23).

ii. Decrease in aldehyde dehydrogenase activity
(in liver cells and RBCs) is the best marker for
alcohol abuse.

iii. Desialylated transferrin level in blood is a
highly sensitive marker for chronic alcohol
abuse.

METABOLISM OF AMINO SUGARS

The amino sugars, N-acetyl glucosamine, N-acetyl
galacto-samine and N-acetyl neuraminic acid are
synthesized from fructose-6-phosphate. The amino
group is derived from amide group of glutamine.
The reaction is catalyzed by an amido transferase.
This is irreversible; it is the rate limiting step in
amino sugar synthesis.

The glucosamine-6-phosphate is then acetylated
by acetyl CoA to form N-acetyl glucosamine-6-
phosphate. The active form of amino sugar, namely,
UDP-N-acetyl glucosamine is formed from N-acetyl
glucosamine-1-phosphate, with the help of a mutase
and a pyrophosphorylase. It is then epimerized to
galactose derivative.

Epimerase
N-acetyl-glucosamine N-acetyl-
mannosamine
ATP
ADP
Mutas
N-acetyl- < AL N-acetyl-

mannosamine-
-1-phosphate

mannosamine-
-6-phosphate

+ Phosphoenol pyruvate
Aldolase enzyme

N-acetyl-neuraminic acid -9-phosphate

Fig. 10.13. Synthesis of N-acetyl neuraminic acid
(NANA)

Table 10.3. Functions of glycoproteins

Function Example of glycoprotein
Structural Collagen, bacterial cell walls

substance

Enzymes Ribonuclease-B, Prothrombin

Transport proteins Ceruloplasmin, Transferrin

Hormones Thyroglobulin, Erythropoietin, TSH
Immunity Immunoglobulins, Blood group
Lubricant Mucin

Signal transduction Receptor proteins on cell surfaces

Cell adhesion Selectins and integrins

Both these are used for synthesis of glyco-
saminoglycans and gangliosides. Mannose (6C)
and pyruvate (3C) combines to form 9C compound,
N-acetyl neuraminic acid (NANA) The steps are
outlined in Figure 10.13.

Lysosomal storage disorders due to defective
degradation of GAG are called Mucopoly-
saccharidoses. The major features of different types
of such disorders are given in Table 10.1. Allamino
sugars are derived from glucose (Fig. 10.14).

GLYCOPROTEINS
Glycobiology is the study of the sugars in health and disease.
The glycome is the entire component of sugars in the cell.
Glycomics is the comprehensive study of the carbohydrates
in its entire aspects. Lectins (See Chapter 4) can be used to
isolate and purify glycoproteins.

Glycoproteins have a protein backbone to which
oligosaccharide groups are attached. Only 8 monosaccharides
are commonly found in such side chains; some of them will

Glu-6-P

F-6-P =——— GIuN-1-P =—— UDP-GIuN

! !

GluN-6-P = GluNAc-1-P

!

GIUNAC-6-P = GIUNAC ——| Glycoproteins
and GAG

|
MainNAc-S-P Gal!NAC / I

NeuraNAc-9-P

Fig. 10.14. Interrelations of amino sugars
P= phosphate; G= glucose; F= fructose; gluN=
glucosamine; Neura = neuraminic; NAc = N-acetyl; UDP
= uridine diphosphate; GAG = glycosamino glycans
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Table 10.4. Glycosaminoglycans

GAG Repeating sugarunits Linkage Tissues
Hyaluronic N-Acetyl glucosamine b-1,3 Synovial
acid and Glucuronic acid fluid,
vitreous
humor
Chondroitin N-Acetyl galactosamine b-1,3 Cartilage,
sulphate Glucuronic acid bone,
cornea
Keratin N-Acetyl glucosamine b-1,4 Cornea,
sulphate and Galactose cartilage
Types | and Il
Heparan N-Acetyl glucosamine a-1,4 Skin

be further acetylated or sulfated. These are glucose,

galactose, mannose, galNAc, gluNAc, xylose, fucose and N-

acetyl neuraminic acid (sialic acid).

Depending on the sialic acid content, the electric charges

are also varied. Glycoproteins are widely distributed in

tissues. All plasma proteins are glycoproteins. Examples

are given in Table 10.3.

In glycoproteins, the carbohydrate groups are attached to

the polypeptide chain by the following types of linkages:

a. Through the amide group of asparagine to N-acetyl
glucosamine (N-glycosidic linkages) (The biosynthesis
of N-linked glycoproteins involves Dolichol phosphate.
Dolichol is a polyisoprenol, containing about 20 repeating
isoprenoid units). Dolichol is activated to Dol-P-P-GIluNAc;
this is the starting point, over which other carbohydrate
units are added. Tunicamycin specifically inhibits N-
glycosylation by inhibiting the transferase which adds
GIuNAc to dolichol-phosphate.

b. Through hydroxyl group of serine, threonine, hydroxylysine
and hydroxyproline to N-acetyl glucosamine or galactose
or xylose (beta-O-glycosidic linkages). Glycosylation
occurs in golgi bodies and only proteins that are
glycosylated and properly folded are exported.

c. Linked to carboxyl terminal amino acid of the protein via
phosphoryl-ethanolamine, which is linked to a phosphatidyl
inositol, which in turn is linked to a glucosamine in the
glycan group. This is called glycosyl phosphatidyl
inositol (GPI) linkage. Some proteins are anchored to the
plasma membrane by glycosyl phosphatidyl inositol (GPI)
linked proteins.

There can be many (usually 20-30) oligosaccharide
chains attached to a single protein. Each sugar chain may
range from 1 to 20 in length.

Enzymatic addition of specific carbohydrate unit
on the protein is called glycosylation, while non-
enzymatic spontaneous addition is called glycation.
Proteins with identical amino acid sequences, but
having different oligosaccharide sequences are

called glycoforms.

The glycoproteins function as recognition sites
on cell surfaces. The carbohydrate containing
uppermost layer of plasma membrane is known as
glycocalyx.

Blood Group Substances (Antigens)

The RBC membrane contains several antigenic substances,
based on which persons are classified into different blood
groups. More than 160 different antigens are known. Of these
ABO system and Lewis system are known to involve
glycoproteins. ABO system is associated with 3 blood group
substances on RBCs designated A, B and H antigens. The
H antigen is the basic structure. It has the following structure:

Fucose—Gal—GalNAc—Protein

The RBCs carrying such H antigen are denoted as blood group
O. A and B antigens differ from this in having additional sugar
residues.

A antigen: — Fucose—Gal—GalNAc—Protein

I
GalNAc

B antigen: — Fucose—Gal—GalNAc—Protein

I
Gal

The H locus codes for fucosyl transferase. In a person
belonging to blood group A, N-acetyl-galactosaminyl trans-
ferase is present. In group B person, galactosyl transferase
is seen. Lack of both leads to blood group O, while AB persons
have both enzymes.

Selectins, Integrins and ICAMs

Leukocytes generally pass over endothelial surface of blood
vessels. When necessity arises, leukocytes can attach over
the endothelial surface, then pass through junctions between
endothelial cells, so as to reach extravascular compartment.
This attachment involves interaction between selectins or
integins on the leukocytes and ICAM (intracellular adhesion
molecule) present on the endothelial cells. The selectins are
glycoproteins and the corresponding receptors on the
endothelial surface will have lectin type domains. There are
different types of selectins and integins.

Proteoglycans

Proteoglycans are complexes of glycosamino glycans (GAG)
and proteins. As the carbohydrate content is increased,
viscosity is increased and solubility is decreased. The
carbohydrate content of mucins is generally more than 50%.
Mucus consists of 5-10% of mucins. These monomers are
further linked together by disulphide linkages, to form
oligomers. Mucins will form a protective barrier on epithelial
surfaces. They are also found in secretions of the gastro-
intestinal, respiratory and urogenital tract. The GAGs
containing repeating disaccharide units are covalently bound
to the peptide chain to form proteoglycans. Structures of the
repeating sugar units are shown in the end of Chapter 6. The
different GAGs, found in different tissues are shown in Table
10.4.
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Biosynthesis of Glycoproteins

The biosynthesis of GAG is taking place in endoplasmic
reticulum and Golgi bodies, with the help of specific glycosyl
transferases. As the protein is synthesized, at the endoplasmic
reticulum, these carbohydrate units are added one by one.
Certain amino acid sequences in the protein will code for the
attachment of the glycans; specific enzymes will add the
glycans sequentially. This addition needs activation of sugar;
activation is in the form of corresponding nucleotide sugar.
For example, UDP-glucose is utilized for addition of glucose
on the protein back-bone. UDP glucose is produced by the
following reaction:

UTP + Glucose-1-phosphate —>

UDP-glucose + pyrophosphate

The enzyme is UDP-glucose pyro phosphorylase.
There are carrier systems (transporters) to transport nucleotide
sugars across Golgi membrane. Termination of the
oligosaccharide chain occurs following sulfation of the sugar
residues.

The glycoproteins having mannose-6-P as the end residue
will be directed to lysosomes. Mannose phosphate acts as
the tag to deliver such glycoproteins into lysosomes. Defect
in this correct tagging will lead to defective targetting. See I-
cell disease, described in Chapter 41.

Calnexin and Calreticulin are proteins present in the
endoplasmic reticulum membrane that act as chaperones for
correct folding of glycoproteins, and also preventing
aggregation of glycans. Only the correctly folded glycoproteins
are secreted out of endoplasmic reticulum.

Congenital Disorders of Glycosylation (CDG)

These are emerging group of autosomal recessive disorders.
They are multisystem disorders, mostly affecting CNS, with
mental retardation. At least 15 distinct disorders in this group
have been reported.

Leukocyte Adhesion Deficiency (LAD)

It is due to mutation affecting Golgi fucose transporter. So,
selectins are not correctly glycosylated, resulting in sluggish
activity of leukocytes.

Paroxysmal Nocturnal Hemoglobinuria (PNH)

There is somatic mutation in PIG (phosphatidyl inositol glycan)
gene in hematopoietic cells. The product of this gene is
necessary for GPI linkage. So, GPI linked proteins are deficient
on the RBCs. During sleep, there is a slight drop in pH of
blood, causing mild RBC lysis by complement factors, which

leads to excretion of hemoglobin in urine. Normal persons
can withstand this lysis with the help of GPI linked proteins,
termed decay accelerating factor (DAF).

Rheumatoid Arthritis

There is altered glycosylation of circulating immunoglobulin
G, these are aglycosyl IgG molecules. These will activate
complement system, causing chronic inflammation of synovial
membranes of joint cavities.

Viruses

Many viruses will attach on human cells through specific
glycoproteins. HIV virus (causing AIDS), attaches on
lymphocytes by means of a surface glycoprotein (gp120) of
the virus (See Chapter 50). Influenza virus attaches by
hemagglutinin (H). So, neuraminidase inhibitors are used as
antiviral drugs against HIN1. Helicobacter pylori, causing
peptic ulcer, binds through two different glycoproteins present
on the epithelial cells of stomach. Plasmodium falciparum
(parasite causing malaria) attaches to human cells by a
glycoprotein on the surface of the parasite.

Catabolism of Glycoproteins

The catabolism is by hydrolases which are bond specific.
Deficiency of these enzymes would result in marked
accumulation of substrates (Table 10.1). The half life of many
proteins in circulation is determined by glycosylation. This is
a potential area for therapeutics, where carbohydrate side
chains are removed (asialo glycation), and the half-life of
proteins used as drugs can be prolonged.

Mucopolysaccharidoses

These are a group of inborn errors of metabolism characterised
by excessive intralysosomal accumulation of GAG in various
tissues. They are progressive disorders. The clinical
manifestations include coarse facial features, thick skin and
corneal opacity due to accumulation of GAG.

Mental retardation, growth deficiency and skeletal
dysplasia are also seen due to defective formation of ground
substances. In general, defective degradation of heparan
sulphate leads to mental retardation predominantly whereas
accumulation of other GAGs leads to mesenchymal
abnormalities.

A characteristic finding is the excessive excretion of any
one of the GAGs in urine. All these diseases are inherited as
autosomal recessive traits, except Hunter's disease which is
X-linked (Table 10.1). The inborn errors associated with
carbohydrate metabolism, are shown in Table 10.2.
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CHAPTER AT A GLANCE

The reader will be able to answer questions on
the following topics:
1. Digestion of lipids
2. Absorption of lipids
3. Chylomicrons
4. Beta oxidation of fatty acids
5. Oxidation of odd chain fatty acids
6. Alpha oxidation
7. Omega oxidation
8. De novo synthesis of fatty acids
9. Synthesis of triglycerides
10. Metabolism of adipose tissue
11. Fatty liver and lipotropic factors
12. Ketogenesis and ketolysis

DIGESTION OF LIPIDS
The major dietary lipids are triacyl glycerol,
cholesterol and phospholipids. The average normal
Indian diet contains about 20-30 g of lipids per day.
Western diet generally contains two or three times
more than this quantity.

Digestion in Stomach

The lingual lipase from the mouth enters stomach
along with the food. It has an optimum pH of 2.5-5).
The enzyme, therefore, continues to be active in
the stomach. It acts on short chain triglycerides
(SCT). SCTs are present in milk, butter and ghee.
The action of lingual lipase is observed to be more

M etabolism of
Fatty Acids

significant in the newborn infants. Gastric lipase
is acid stable, with an optimum pH around 5.4. It is
secreted by chief cells, the secretion is stimulated
by gastrin. Up to 30% digestion of triglycerides
occurs in stomach.

Digestion in Intestines

Emulsification is a prerequisite for digestion of
lipids. The lipids are dispersed into smaller droplets;
surface tension is reduced; and surface area of
droplets is increased. This process is favored by:
1. Bile salts (detergent action)

2. Peristalsis (mechanical mixing)

3. Phospholipids

Bile Salts are Important for Digestion of Lipids
The bile salts present in the bile (sodium glyco-
cholate and sodium taurocholate) lower surface
tension. They emulsify the fat droplets. The
emulsification increases the surface area of the
particles for enhanced activity of enzymes (Fig.
11.2).

Lipolytic Enzymes in Intestines

1. Pancreatic lipase with Co-lipase
2. Cholesterol esterase

3. Phospholipase A2.

The bile (pH 7.7) entering the duodenum serves
to neutralise the acid chyme from the stomach and
provides a pH favorable for the action of pancreatic
enzymes. A list of physiologically important
lipases is shown in Table 11.1.

CH,~0-CO-R, CH,-HO + R4~COOH CH,-OH CH,-0-CO-R,  CH,-OH + R,~COOH
! ] . Lipase
CH-O-CO-R, Lipase = CH-0-CO-R, _LIPase = CH-0-CO-R, _lIPase  CH-OH ™ Fp,0 ~ CH-OH
+H,0 +H,0 _
CH,-0-CO-R, CH,~0-CO-Ry CHy-OH  + Rg—COOH CH,-OH CH,~OH

Triacylglycerol 2,3-diacylglycerol

2-monoacyl
glycerol

1-monoacyl
glycerol

Glycerol

Fig. 11.1. Complete hydrolysis of triglyceride. In the intestines, generally fats are only
partially hydrolysed
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Table 11.1. Physiologically important lipases

Lipase Site of Preferred  Product(s)

action substrate
Lingual/acid- mouth, TAGs with  FFA+DAG
stable lipase stomach medium/short

chain FAs

Pancreatic small TAGs with  FFA+2MAG
lipase + intestine long-chain
co-lipase FAs
Intestinal small TAGs with 3 FFA+
lipase with intestine medium glycerol
bile acids chain FAs
Phospho- small PLs with Unsat FFA
lipase A, + intestine unsat. FA lysolecithin
bile acids on position 2
Lipoprotein  capillary TAGS in FFA+
lipase walls chylomicron glycerol
insulin (+) or VLDL
Hormone adipocyte  TAG stored FFA+
sensitive in adipose DAG/MAG
lipase tissue cells

Digestion of Triglycerides

1. Pancreatic lipase can easily hydrolyse the fatty
acids esterified to the 1st and 3rd carbon atoms
of glycerol forming 2-monoacylglycerol and two
molecules of fatty acid (Fig. 11.1).

2. Then an isomerase shifts the ester bond from
position 2 to 1. The bond in the 1st position is
then hydrolysed by the lipase to form free
glycerol and fatty acid (Fig. 11.1).

3. The major end products of the digestion of TAG
are 2-MAG (78%), 1-MAG (6%), glycerol and
fatty acids (14%). Thus digestion of TAG is
partial (incomplete).

4. Cholesterol ester may be hydrolysed to free
cholesterol and fatty acid. The action of
phospholipase A2 produces lysophospholipid
and a fatty acid (see Fig. 7.8).

Co-lipase

The binding of co-lipase to the triacyl glycerol
molecules at the oil water interface is obligatory for
the action of lipase. The co-lipase is secreted by
the pancreas as an inactive zymogen (molecular
weight 11,000). It is activated by trypsin.
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Fig. 11.2. Action of bile salts. The hydrophobic
portions of bile salts intercalate into the large
aggregated lipid, with the hydrophilic domains
remaining at the surface. This leads to breakdown
of large aggregates into smaller and smaller
droplets. Thus, the surface area for action of lipase
is increased

ABSORPTION OF LIPIDS

Absorption of Long Chain Fatty Acids

Long chain fatty acids (chain length more than
14 carbons) are absorbed to the lymph and not
directly to the blood. The theory proposed by
Bergstrom (Nobel Prize, 1982) has the following
steps.

1. Mixed Micelle Formation
i. The products of digestion, namely 2-mono-
glycerides, long chain fatty acids, cholesterol,
phospholipids and lysophospholipids are
incorporated into molecular aggregates to form
mixed micelle (Fig. 11.3). The micelles are
spherical particles with a hydrophilic exterior
and hydrophobic interior core (Fig. 11.3).

Bile salt Cholesterol

} Monoacyl
HO | 2
Bergstrom \ glggerol
NP, 1982 e N OH
b. 1916 OH OH

Long chain fatty acid

Fig. 11.3. Micellar formation
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Fat droplet
emulsification

Micelle

l Monoglycerides
— O and fatty acids

Diffusion into
enterocyte
Enterocyte Synthesis of
ﬁ TAG in ER
TAG plus Lp to
) form chylomicrons

Chylomicrons
enter lacteals

Fig. 11.4. Absorption of fat as chylomicrons. This
needs the help of bile salts

The hydrophobic portions of bile salts intercalate into the
large aggregated lipid, with the hydrophilic domains
remaining at the surface. This leads to breakdown of large
aggregates into smaller and smaller droplets. Thus the
surface area for action of lipase is increased. ER =
endoplasmic reticulum. TAG = triacyl glycerol

Due to their detergent action, the bile salts
help to form micellar aggregates (Fig. 11.2).

ii. Micellar formation is essential for the absorp-
tion of fat-soluble vitamins such as vitamin A,
D and K.

iii. The micelles are aligned at the microvillous
surface of the jejunal mucosa. Fatty acids,
2-MAG and other digested products passively
diffuse into the mucosal cell (Fig. 11.4).

2. Enterohepatic Circulation of Bile Salts
The bile salts are left behind which are mostly
reabsorbed from the ileum and returned to the liver
to be re-excreted (enterohepatic circulation). About
98% of dietary lipids are normally absorbed.

3. Re-esterification Inside the Mucosal Cell
i. Once inside the intestinal mucosal cell, the long
chain fatty acids are re-esterified to form
triglycerides (Fig. 11.5).
ii. The fatty acids are first activated to fatty acyl
CoA by the enzyme, acyl CoA synthetase or

Liver Intestinal
cell Wall
-~
Chylo- .1,
Small micron |Lacteals
intestine I
Lumen
Triacyl
Enterohepatic Iy glycerol
circulation of ﬁ’
bile acids .:é:. Mixed I
' Micelles FFA,
2MG
Portal
vein Short/medium
Released ;
bile acids chain FRA
Reabsorbed —D
by ileum Capillaries

Fig. 11.5. Absorption of fatty acids
Long chain fatty acids are absorbed into the intestinal
cell wall, where they are re-esterified, made into chylo-
microns and enter into lymphatics. Short chain fatty ac-
ids are directly absorbed into blood capillaries. Bile ac-
ids are reabsorbed into portal vein

thiokinase (Fig. 11.9). This needs lysis of two
high energy bonds.

iii. Two such activated fatty acids react with
monoacyl glycerol (MAG) to form the trigly-
ceride. Majority of molecules follow this MAG
pathway (Figs 11.4 and 11.5).

iv. Free glycerol absorbed from intestinal lumen
directly enters into the bloodstream. So free
glycerol is not available for re-esterification. But
the cells can convert glucose to glycerol
phosphate, and then add 3 molecules of acyl
groups to synthesize TAG.

3. Chylomicrons

The TAG, cholesterol ester and phospholipid
molecules along with apoproteins B48, and apo-A
are incorporated into chylomicrons (Fig. 11.6). The
chyle (milky fluid) from the intestinal mucosal cells
loaded with chylomicrons are transported through
the lacteals into the thoracic duct and then emptied
into lymph circulation (Fig. 11.5). The serum may
appear milky after a high fat meal (postprandial
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Box 11.1. Six Steps of Lipid Absorption

1. Minor digestion of triacylglycerols in mouth and
stomach by lingual (acid-stable) lipase.

2. Major digestion of all lipids in the lumen of the
duodenum/jejunum by pancreatic lipolytic enzymes.

3. Bile acid facilitated formation of mixed micelles.

4. Passive absorption of the products of lipolysis from
the mixed micelle into the intestinal epithelial cell.

5. Reesterification of 2-monoacylglycerol with free
fatty acids inside the intestinal enterocyte.

6. Assembly of chylomicrons containing Apo B48,
triacylglycerol, cholesterol esters and phospholipids
and export from intestinal cells to the lymphatics.

lipemia) due to the presence of chylomicrons in
circulation. Normally the lipemia clears within a few
hours by the uptake of chylomicrons by tissues. The
major steps of lipid absorption are shown in Box
11.1.

4. SCFA Absorption is Different

i. Short chain fatty acids (SCFA) (seen in milk,
butter, ghee) and medium chain fatty acids
(MCFA) (in coconut oil and mother's milk) do
not need re-esterification.

ii. They can directly enter into blood vessels, then
to portal vein, finally to liver where they are
immediately utilised for energy (Fig. 11.5).

iii. Their absorption is rapid. They are better
absorbed than long chain fatty acids. Special
features in digestion and absorption of medium
chain fatty acids are given in Table 13.1.

5. Abnormalities in Absorption of Lipids

1. Defective digestion: In steatorrhea, daily
excretion of fat in feces is more than 6 g per
day. (Greek word, "stear", means fat). It is due
to chronic diseases of pancreas. In such cases,
unsplit fat is seen in feces (Box 11.2).

2. Defective absorption: On the other hand, if the
absorption alone is defective, most of the fat in
feces may be split fat, i.e. fatty acids and
monoglycerides (Box 11.2). Defective absorption
may be due to diseases.

Box 11.2. Absence of Digestive Juices

1. In pancreatic deficiency: Steatorrhea; unsplit fat
is present in stools.

2. When bileis not available: Absorption is defective;
split fat is present in stools; defective absorption of
vitamin K leads to prolonged prothrombin time.

Liver

Gallbladder T Stomach
Bile salts
(emulsifying
agent)

Pancreas

Hydrolysis
of TAG
VLDL with

TAG in blood Chylomicrons

carrying
Adipose TAG
tissue with

stored fat Albumin

carrying
free fatty

Muscle and é
acids

peripheral
tissues

w Oxidation and
Al generation of ATP

Fig. 11.6. Summary of utilization of fat

2-A. Celiac disease, sprue, Crohn's disease.

2-B. Surgical removal of intestine.

2-C. Obstruction of bile duct: This may be
due to gall stones, tumors of head of
pancreas, enlarged lymph glands, etc. The
result is deficiency of bile salts. In such
cases, triglycerides with short chain and
medium chain fatty acids (SCT and MCT)
are digested and absorbed properly,
because they do not require micelleri-
sation for absorption. Since milk fat and
coconut oil are made up of MCT, they are
therapeutically useful in malabsorption
syndromes.

3. Chyluria: There is an abnormal connection

between the urinary tract and lymphatic drainage
system of the intestine. Urine appears milky due
to lipid droplets. Chylothorax can result from
an abnormal connection between the pleural
cavity and thoracic duct.

6. Fate of Chylomicrons

i. The absorbed (exogenous) triglycerides are
transported in blood as chylomicrons. They
are taken up by adipose tissue and liver.

ii. Liver synthesizes endogenous triglycerides.
These are transported as VLDL (very low
density lipoproteins) and are deposited in
adipose tissue.

iii. During starvation states, triglycerides in
adipose tissue are hydrolyzed to produce free
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beta-alanine

§ — CHyCHyNH —— CO-CHp-CHy-NH —— CO-CHOH-C(CHj),-CH, —— O-P-0-P-O-Ribose-Adenine

ADP

pantoic acid

Fig. 11.7. Structure of co-enzyme A (CoA) (CoA-SH)

fatty acids. In the blood, they are transported,
complexed with albumin. These free fatty acids
are taken up by the cells, and are then oxidised
to get energy. A summary of lipid transport is
shown in Figure 11.6.

BETA OXIDATION OF FATTY ACIDS

This process is known as beta oxidation, because
the oxidation and splitting of two carbon units
occur at the beta-carbon atom. The oxidation of
the hydrocarbon chain occurs by a sequential
cleavage of two carbon atoms (Fray Knoop, 1904).

Preparative Steps for Beta Oxidation

The co-enzyme A is a complex molecule containing
B complex vitamin pantothenic acid and a molecule
of beta mercapto ethanolamine; this SH group forms
thioester bond in acyl CoA (Fig.11.7). To emphasise
the function of the SH group, the CoA is sometimes
written as CoA-SH.

Preparative Step 1: Activation of Fatty Acids
Fatty acids are activated to their co-enzyme A
(CoA) derivative. This activation is taking place in
cytoplasm. ATP is hydrolysed to AMP and PPi
and the energy from hydrolysis of PPi drives the
reaction forward. Thus two high energy bonds
are utilised in this reaction.

The enzyme is a thiokinase or fatty acyl CoA
synthetase (step O, Fig. 11.9). Acetyl group and
acyl groups are different; see Box 11.3.

Three different enzymes, one each for short
chain, medium chain and long chain fatty acids have
been identified. Small chain fatty acids may also
be activated by thiophorase enzyme, using succinyl
CoA (see under ketone bodies).

Box 11.3. Acetyl and Acyl Groups are Different

Acetyl CoA isthe combination of acetate or acetic
acid (2 carbon unit) with Co-enzyme
A.

means acyl group (any fatty acid, C4
to C26 in length) combined with Co-
enzyme A.

Acyl CoA

Preparative Step 2: Role of Carnitine

Fatty acids are activated in the cytoplasm; but the
beta oxidation is in mitochondria. So transport
of fatty acids through the mitochondrial membrane
is essential. The long chain fatty acyl CoA cannot
pass through the inner mitochondrial membrane.
Therefore a transporter, carnitine is involved in
transfer of fatty acids. Carnitine is beta-hydroxy-
gamma-trimethyl ammonium butyrate,

(CH;);~N*—CH,~CHOH-CH,—COOH.

Itis synthesised from lysine and methionine in liver
and kidney.

Preparative Step 3: Carnitine Acyl Transferase
The enzyme carnitine acyl transferase-l (CAT-I) will
transfer the fatty acyl group to the hydroxyl group
of carnitine to form acyl carnitine (Fig. 11.8) The
reaction occurs on the cytosolic side of inner
mitochondrial membrane.

Preparative Step 4: Translocase

A protein translocase will carry the acyl carnitine
across the membrane to the matrix of mitochondria.
On the matrix side of the membrane another
enzyme, carnitine acyl transferase-11 (CAT-II) will
transfer the acyl group back to co-enzyme A
molecule (Fig. 11.8). Carnitine is returned to the
cytosolic side by the translocase.

Mitochondrial
membrane
Acyl Carnitine Acyl
CoA CoA
Acyl
carnitine
CoA CoA
CAT- CAT-II
Cytosol Mitochondria

Fig. 11.8. Role of carnitine in transport of acyl
groups. CAT = Carnitine acyl transferase
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Box 11.4. Summary of Beta Oxidation

When one molecule of palmitate undergoes beta-
oxidation, the net reaction is:

Palmitoyl CoA 8 Acetyl CoA
+ 7FAD + 7FADH,

+ 7NAD* > + 7NADH

+ 7H,0 + 7H*

+ 7THSCoA

Clinical Applications

1. Medium chain and short chain fatty acids do not
require carnitine for transport across the inner
mitochondrial membrane. So medium chain and
short chain fatty acids are easily oxidised.

2. Carnitine deficiency is reported in preterm
infants, in whom impaired fatty acid oxidation is
noticed. So more glucose is utilised, resulting in
episodes of hypoglycemia.

3. Deficiency of translocase: It leads to defective
metabolism of long chain fatty acids. In this
condition, muscle cramps are precipitated by
fasting, exercise and high fat diet.

4. Inherited CPT-I deficiency affects only the liver, resulting
in reduced fatty acid oxidation and ketogenesis, with
hypoglycemia. CPT-IlI deficiency affects primarily
skeletal muscle and, when severe, the liver. The
sulfonylurea drugs (glibenclamide and tolbutamide),
used in the treatment of type 2 diabetes mellitus, reduce
fatty acid oxidation and, therefore, hyperglycemia by
inhibiting CPT-I.

Beta Oxidation Steps

The next 4 reactions are sequentially repeated for
complete oxidation of fatty acids. After one round
of four metabolic steps, one acetyl CoA unit is split
off and acyl CoA with 2 carbon atoms less is
generated. This would undergo the same series
of reactions again until the fatty acid is completely
oxidised.

Step 1: FAD Linked Dehydrogenase

The fatty acyl CoA is dehydrogenated to a trans
enoyl CoA with the FAD accepting the hydrogen
atoms (step 1, Fig. 11.9). FADH, when oxidised in
electron transport chain will produce 1.5 ATP
molecules.

Step 2: Hydration
This is catalysed by an enoyl CoA hydratase
(step 2, Fig. 11.9). This step forms a beta-hydroxy

Fatty acid [ \ Fatty acyl CoA
R—CH;—CH;—CH,—CO—0H

AMP+PPi

(Step 0) Fatty acyl CoA synthetase or Thiokinase
(Cytoplasm)

‘Mitochondrial Membrane Carnitine Transporter |

(Mitochondrial side)
Fatty acyl CoA

R—CHz—CHz—CH;~CO~SCoA

Acyl CoA— FAD
dehydrogenase
Step 1
(Step }C NADH, —1.5ATP
R—CHz;—CH=CH—CO~SCoA
a-f-unsaturated fatty acyl CoA
Enoyl CoA—

hydratase
(Step 2)

+H,0

R—CH;—CHOH—CH;—CO~SCoA

B-hydroxy— NAD"
fatty acyl CoA-
dehydrogenase 4

(Step 3) NADH+H=2.5ATP
R—CHz;—CO —CHz—CO~SCoA
[-keto fatty acyl CoA

0

Thiolase | + CoA-SH

(Step 4)
R—CHs;—CO~SCoA + CH;—CO~SCoA
Fatty acyl CoA + Acetyl CoA

(Steps 1,2,3,4)
(further cycles)

TCA cycle (10 ATP)

Fig. 11.9. Beta oxidation of fatty acids. Important
to remember that the first step is FAD dependent
and the third step is NAD* dependent

fatty acyl CoA. The L isomer alone is formed during
the hydration of the trans double bond.

Step 3: NAD* Dependent Dehydrogenase

The beta-hydroxy fatty acyl CoA is again oxidised
to form beta-keto fatty acyl CoA (step 3, Fig. 11.9).
This dehydrogenase acts only on L isomer. The
NADH when oxidised in electron transport chain will
generate 2.5 ATPs.

Step 4: Cleavage
The beta-keto fatty acyl CoA now undergoes
thiolytic cleavage, splitting off a molecule of acetyl
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Cie —— Acetyl -CoA
Cia — Acetyl —CoA
Ciz —  Acetyl —CoA
Cio — Acetyl -CoA
Ca — Acetyl -CoA
Cs — Acetyl -CoA
Cs — Acetyl -CoA
Acetyl —CoA

Fig. 11.10. Summary of beta oxidation of palmitic
acid (16 C). It undergoes 7 cycles, which give
rise to 8 molecules of acetyl CoA

CoA and leaving behind a fatty acid with 2 carbon
atoms less (step 4, Fig. 11.9).

Further Cycles

The newly formed fatty acyl CoA will sequentially
undergo further cycles of steps 1, 2, 3 and 4 of
beta-oxidation until the fatty acid is completely
converted to acetyl CoA (Fig. 11.10). A summary is
shown in Box 11.4.

Energetics of Beta Oxidation (ATP Yield)
Palmitic acid (16 C) needs 7 cycles of beta
oxidation (Fig. 11.10). So, it gives rise to 8
molecules of acetyl CoA. Every molecule of acetyl
CoA when oxidised in the TCA cycle gives 10
molecules of ATP (Box 11.4). Each molecule of
FADH, produces 1.5 molecules of ATP and each
NADH generates 2.5 molecules of ATP, when
oxidised in the electron transport chain. Hence the
energy Yyield from one molecule of palmitate may
be calculated as:

8 acetyl CoOA x 10 = 80 ATP
7 FADH, x 1.5 = 10.5 ATP
7 NADH x 2.5 = 17.5 ATP
Gross total = 108 ATP
Net yield =108-2 =106 ATP

(In the initial activation reaction, the equivalents of
2 high energy bonds are utilised). The efficiency of
beta oxidation is about 33%. The differences in

ATP ADP + Pi
Hs
CH4—CHz=CO~SCoA COOH—C —CO~SCoA

Biotin (Step 1)

I-0—0

Propionyl CoA carboxylase

Propionyl CoA + CO,==————=+ D-methyl malonyl CoA

Racemase ||'i
(Step 2) COOH—(Ij— CO~SCoA
CH,

L-methyl malonyl CoA

(Step 3)

S iidaas (Adenosyl B43)

HOOC —CH,—CH,—CO~SCoA
Succinyl CoA

Fig. 11.11. Metabolism of propionyl CoA

oxidation of unsaturated fatty acids are shown in
Chapter 13.

Important Note: In the previous editions of this
textbook, calculations were made assuming that
NADH produces 3 ATPs and FADH generates
2 ATPs. This will amount to a net generation of
129 ATP per palmitate molecule. Recent experi-
ments show that these old values are over-
estimates, and net generation is only 106 ATPs.

Regulation of Beta Oxidation

i. The availability of free fatty acid (FFA)
regulates the net utilisation through beta
oxidation.

ii. The level of FFA, in turn, is controlled by
glucagon:insulin ratio. Glucagon increases
FFA level and insulin has the opposite
effect.

iii. CAT-lis the regulator of entry of fatty acid into
mitochondria. Malonyl CoA inhibits CAT-I
activity. Thus during de novo synthesis of fatty
acid, the beta oxidation is inhibited.

Defects in Beta Oxidation

Abnormalities in transport of fatty acids into
mitochondria and defects in oxidation can lead to
deficient energy production by oxidation of long
chain fatty acids. Common features are hypoketotic
hypoglycemia, hyperammonemia, skeletal muscle
weakness and liver diseases.
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Acyl carnitine accumulates when the trans-
ferase or translocase is deficient. Dietary supple-
mentation of carnitine has been found to improve
the symptoms in some cases.

Organic Acidurias

They are disorders of metabolism of fatty acids,
branched chain and aromatic amino acids and citric
acid cycle. The incidence of "medium chain acyl
CoA dehydrogenase deficiency" is about 1 in 2,500
live births, and is the second most common inborn
error of metabolism (WHO, 2003). They are all
characterised by the accumulation of organic
acids in body tissues and their excretion in urine.
The patients present with acidosis, vomiting,
convulsions and coma. The children often die in
infancy; in case they survive, there is severe mental
and physical retardation. Diagnosis is confirmed by
showing the presence of organic acids in urine by
chromatography. Dietary restriction, cofactor
therapy and substrate removal are the general lines
of management. Examples of these disorders are
given in Table 11.2.

OXIDATION OF ODD CHAIN FATTY ACIDS

The odd chain fatty acids are oxidised exactly in
the same manner as even chain fatty acids.
However, after successive removal of 2-carbon
units, at the end, one 3-carbon unit, propionyl CoA
is produced.

Fate of Propionyl CoA

1. Carboxylase: Propionyl CoA is first carboxylated
to D-methyl malonyl CoA by a biotin dependent
carboxylase. Biotin is a member of vitamin B
complex group. One molecule of ATP is utilised
to supply energy (step 1, Fig. 11.11).

2. Racemase: Then racemase acts upon D-methyl
malonyl CoA to give L-methyl malonyl CoA
(step 2, Fig. 11.11).

3. Mutase: Then the L-methyl malonyl CoA is
rearranged to form succinyl CoA by L-methyl
malonyl CoA mutase. The reaction needs
vitamin B12 co-enzyme (step 3, Fig. 11.11).

4. The succinyl CoA then enters TCA cycle, finally
converted to oxaloacetate, and is used for
gluconeogenesis.

5. Propionyl CoA is also derived from the meta-
bolism of valine and isoleucine (see Chapter 16).

Table 11.2. Some important organic acidurias

Disorders Deficient Clinical features
enzyme
Methyl Methyl malonyl Ketoacidosis, hypotonia,
malonic CoA mutase or hypoglycemia, hyperammo-
aciduria B,, co-enzyme nemia, hyperuricemia
Propionic Propionyl CoA Ketoacidosis, hypotonia,
acidemia carboxylase vomiting, lethargy
MCADH Medium chain Acidosis, hyperammone-
deficiency acyl CoA mia; hypoglycemia, fatty
dehydrogenase liver.
LCADH Long chain Nonketotic hypoglycemia,
deficiency acyl CoA low carnitine, increased
dehydrogenase acyl carnitine
Glutaric Glutaryl CoA ketoacidosis, convulsions,
aciduria dehydrogenase progressive neurological

defects, cerebral palsy.

Propionate is Gluconeogenic

Ordinary fatty acids are cleaved to acetyl CoA units
which on entering the Krebs cycle are completely
oxidised to CO,, and hence as a general rule, fatty
acids cannot be used for gluconeogenesis.
However propionate is entering into the citric acid
cycle at a point after the CO, elimination steps, so
propionate can be channelled to gluconeogenesis.
Thus 3 carbon units from odd carbon fatty acids
are gluconeogenic. Cow's milk contains significant
guantity of odd chain fatty acids.

Inborn Errors of Propionate Metabolism

1. Propionyl CoA carboxylase deficiency: It is
characterised by propionic acidemia, keto
acidosis, and developmental abnormalities.

2. Methyl malonic aciduria: Some patients
respond to treatment with pharmacological
doses of B;,. This group will have defective
formation of adenosyl B,, with deficient mutase
activity. The second type will not respond to
cyanocobalamin and has deficiency of the
enzyme racemase or mutase. The methyl-
malonate affects the metabolism of brain leading
to mental retardation in these cases.

Alpha Oxidation

It is a process by which fatty acids are oxidised by
removing carbon atoms, one at a time, from the
carboxyl end. The process is important in brain.
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Fig. 11.12. Phytanic acid

The fatty acid does not need activation. Hydro-
xylation occurs at the alpha-carbon atom. It is then
oxidized to alpha-keto acid. The keto acid then
undergoes decarboxylation yielding a molecule of
CO, and a fatty acid with one carbon atom less.
This process occurs in the endoplasmic reticulum,
does not require CoA, but does not generate
energy. Some fatty acids undergo alpha hydro-
xylation in peroxisomes also.

Alphaoxidation is mainly used for fatty acids that
have a methyl group at the beta-carbon, which
blocks beta oxidation. A major dietary methylated
fatty acid is phytanic acid (Fig. 11.12). Itis derived
from phytol present in chlorophyll, milk and animal
fats.

Table 11.3. Difference in the two pathways

Beta-oxidation Fatty acid synthesis

Site
Intermediates

Mitochondria
Present as CoA

Cytoplasm
Covalently linked to

derivatives SH group of ACP
Enzymes Present as inde- Multienzyme

pendent proteins complex
Sequential 2 carbon units 2 carbon units
units split off as added, as 3 carbon

acetyl CoA malonyl CoA
Co-enzymes | NAD'and FAD NADPH used as

are reduced reducing power

Fatty acid Fatty acid
MITOCHONDRIA CYTOPLASM
beta oxidation synthesis

Acetyl CoA o Acetyl CoA

Citrate =y Citrate

1
2
Oxaloacetate Oxaloacetate
NADH NADH
( 3 3

NAD* NAD’:

Malate Malate

NADP" NADP*
- 4
NADPH ,E A NADPH
Transporter
Pyruvate ¢+—— <+—— Pyruvate

Fig. 11.13. Transfer of acetyl CoA from mito-
chondria to cytoplasm by malate—oxaloacetate
shuttle. 1 = citrate synthetase; 2 = ATP—citrate lyase;
3 = malate dehydrogenase; 4 = malic enzyme

Refsum's Disease

It is a metabolic error due to lack of alpha-
hydroxylase (phytanic acid oxidase) so that alpha
oxidation does not occur and phytanic acid
accumulates in the tissues. The patient presents
with severe neurological symptoms, polyneuro-
pathy, retinitis pigmentosa, nerve deafness and
cerebellar ataxia. Regressions of symptoms are
observed with restricted dietary intake of phytanic
acid. Milk is a good source of phytanic acid, which
may be avoided.

Infantile Refsum's Disease

It is a peroxisomal disorder, similar to Zellweger
syndrome and adrenoleukodystrophy (see Chapter
41). Hence phytanic acid accumulates along with
VLCFA. Children do not survive long.

Omega Oxidation

Itis a minor pathway taking place in microsomes,
with the help of hydroxylase enzymes involving
NADPH and cytochrome P-450. The CH; group
is converted to CH,OH and subsequently oxidised
with the help of NAD* to a COOH group to
produce dicarboxylic acids. m-oxidation becomes
important when B-oxidation is de" ctive and
dicarboxylic acids (6C and 8C acids) are excreted
in urine causing dicarboxylic aciduria. Peroxi-
somal oxidation is described in Chapter 13, under
VLCFA.

DE NOVO SYNTHESIS OF FATTY ACIDS

The process of fatty acid synthesis was studied by
Feodor Lynen, who got Nobel prize in 1964. The
pathway is referred to as Lynen's spiral. Itis not a
reversal of oxidation. Important differences in
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CE = Condensing enzyme;

AT = Acetyl trans acylase;

ER = Enoyl reductase KR = Keto acyl reductase;

Condensing unit \\ Reduction unit Releasing unit
CE — AT — MT ——> DH — ER - KR -ACP TE
\ \\
~
~
~
N

(I_'iys \\ ?H Translocation

SH N SH

| N |

SH \\ Cys

~
~
N
\\
~
~
{TE ACP- KR - ER - DH Sy MT — AT — CE

Rﬂé’asi‘ngubit Reduction unit N\ Condensing unit

MT = Malonyl trans acylase;
ACP = Acyl carrier protein

DH = Dehydratase
TE = Thio esterase

Fig. 11.14. Fatty acid synthase complex. Upper and lower units are two monomers of the complex.
Dotted line represents functional division

synthesis and breakdown of fatty acids are givenin
Table 11.3.

Fatty acids are synthesized mainly by a de novo
synthetic pathway operating in the cytoplasm. So
it is referred to as extramitochondrial or cyto-
plasmic fatty acid synthase system.

The major fatty acid synthesised de novo is
palmitic acid, the 16C saturated fatty acid. The
process occurs in liver, adipose tissue, kidney, brain,
and mammary glands.

Transport of Acetyl CoA to Cytoplasm

The starting material for de novo synthesis is acetyl
CoA. It is formed inside the mitochondria from
pyruvate. The inner membrane is not freely
permeable to acetyl CoA. Hence the acetyl CoA
units are delivered to the cytoplasm as citrate
(Fig. 11.13). Citrate is transported from mito-
chondria by a tricarboxylic acid transporter. In the
cytoplasm, citrate is cleaved to oxaloacetate and
acetyl CoA. The enzyme is ATP citrate lyase. The
oxaloacetate can return to the mitochondria as
malate or pyruvate (Fig. 11.13).

Fatty Acid Synthase (FAS) Complex
This system exists as a multi-enzyme complex.
The enzymes form a dimer with identical subunits.

Each subunit of the complex is organised into
3 domains with 7 enzymes (Fig. 11.14).

Advantages of Multi-enzyme Complex

a. Intermediates of the reaction can easily interact
with the active sites of the enzymes.

b. One gene codes all the enzymes; so all the
enzymes are in equimolecular concentrations.

c. So the efficiency of the process is enhanced.

1st Domain or Condensing Unit

It is the initial substrate binding site. The enzymes
involved are beta-keto acyl synthase or condensing
enzyme (CE); acetyl transferase (AT) and malonyl
trans acylase (MT) (Fig. 11.14).

2nd Domain or Reduction Unit

It contains the dehydratase (DH); enoyl reductase
(ER); beta-keto acyl reductase (KR) and acyl carrier
protein (ACP) (Fig. 11.14). The acyl carrier protein
is a polypeptide chain having a phospho-panto-
theine group, to which the acyl groups are attached
in thioester linkage. So ACP acts like the CoA
carrying fatty acyl groups (Fig. 11.14).
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3rd Domain or Releasing Unit

It is involved in the release of the palmitate
synthesised. It contains thio-esterase (TE) or de-
acylase (Fig. 11.14).

Step 1: Carboxylation of Acetyl CoA

The first step in the fatty acid synthesis is the
carboxylation of acetyl CoA to form malonyl CoA.
The acetyl CoA carboxylase is not a part of the multi-
enzyme complex. Butitis the rate-limiting enzyme.
Biotin, a member of B complex vitamins, is
necessary for this reaction (step 1 in Fig. 11.15).

The enzyme is allosterically regulated, the major
effectors being citrate (positive) and palmitoyl CoA
(negative). The reaction is similar to carboxylation
of pyruvate to form oxaloacetate.

The elongation of the fatty acid occurs by
addition of 2 carbon atoms at a time. But the
2-carbon units are added as 3-carbon, malonyl
units. The whole reaction sequence occurs while
the intermediates are bound to ACP (acyl carrier
protein).

Step 2: Three C and Two C Units are Added

2-A: The acetyl transacylase (AT in Fig.12.14)
catalyses the transfer of the acetyl group
(2 carbons) to the cysteinyl SH group of the
condensing enzyme (CE) of the other
monomer of the fatty acid synthase complex
(step 2A in Fig. 11.15).

2-B: One molecule of acetyl CoA (2 carbon) and
one molecule of malonyl CoA (3 carbon) bind
to the multienzyme complex. Malonyl
transacylase (MT in Fig. 11.14 ) transfers
the malonyl group to the SH group of the ACP
of one monomer of the enzyme (step 2B in
Fig. 11.15).

Step 3: Condensation

The acetyl (2C) and malonyl (3C) units are
condensed to form beta-keto acyl ACP or aceto
acetyl ACP (4C). During this process one carbon is
lost as CO, (step 3 in Fig. 11.15). The enzyme is
called condensing enzyme or keto acyl synthase
(CE in Fig. 11.14).

Step 4: Reduction

The acetoacetyl ACP is reduced by NADPH
dependent beta-keto acyl reductase (KR in Fig.
11.14) to form beta-hydroxy fatty acyl ACP (step 4
in Fig. 11.15).

Acetyl CoA carboxylase

(Step 1) Biotin
Acetyl CoA + CO, * Malonyl CoA
CH4;—CO~SCoA / COOH—CH;—CO~SCoA
ATP ADP + Pi
(Step 2A)

Acetyl transacylase (AT)
Acetyl CoA + (CE)=SH=—— Acetyl S—(CE) + CoA

(Step 2B)

Malonyl transacylase (MT)
Malonyl CoA + ACP-SH=* Malonyl-S-ACP + CoA

(CE)-S—CO-CH;  +

Acetyl-S— (CE)
(Step 3) \bCOz

Condensing enzyme
or keto acyl synthase

ACP-=S5~CO-CH,~COOH
Malonyl ACP

(CE)=SH
L
ACP=S—CO—CH,~CO—CH,

Acetoacetyl ACP
or beta keto acyl ACP

C NADPH + H"

NADP*

ACP—S—CO—CH,—~CHOH—CH,4
Beta hydroxy butyryl ACP

(Step 4)
keto acyl reductase

Dehydratase
(Step 5)
H,0

k

ACP—-S—CO~-CH==CH=CH, (Enoyl ACP)

+
Enoyl reductase NADPH + H
(Step 6)
NADP"

ACP—S—CO—CH;~ CH,~CH;

Butyryl ACP (4 carbons)

(Steps 3,4,5,6) 1
Repeat cycles 6 times (total 7 cycles)

Thio esterase
(Step 7)
+H,0

A
Palmitic acid (16 carbons)

Feodor Lynen
NP 1964;
1911-1979

Fig. 11.15. De novo synthesis of fatty acid
(Lynen cycle). Steps 4 and 6 utilise NADPH
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(activation through cAMP)
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(-1 @ l
Triglyceride > Free fatty acid

Fig. 11.16. Cascade activation of hormone sensitive lipase

Step 5: Dehydration

Itis then dehydrated by a dehydratase (DH) to form
enoyl ACP otherwise known as (alpha beta
unsaturated acyl ACP) (step 5 in Fig. 11.15).

Step 6: Second Reduction

The enoyl ACP is again reduced by enoyl reductase
(ER) utilizing a 2nd molecule of NADPH to form
butyryl ACP (step 6 in Fig. 11.15).

Cycling of Reactions

The butyryl group (4C) is now transferred to the SH
group of the condensing enzyme on the other
monomer and a 2nd malonyl CoA molecule binds
to the phospho-pantothenyl SH group. The
sequence of reactions, namely condensation,
reduction, dehydration and reduction (steps 3,4,5,6)
are repeated. The cycles are repeated a total of
seven times, till the 16-carbon palmitic acid is
formed.

Step 7: Palmitic Acid is Released

The thio-esterase or de-acylase activity (TE)
releases palmitate from the multienzyme complex
(step 7 in Fig. 11.15).

The end point is Palmitic acid (16 C) in liver and
adipose tissue. But in lactating mammary gland, the
end products are Capric (10 C) and Lauric (12 C)
acids. Mother's milk contains these medium chain
fatty acids. Cow's milk contains odd numbered fatty
acids.

Summary of De Novo Synthesis
The net reaction of de novo synthesis of fatty acid
may be summarized as:

1 Acetyl CoA + 7Malonyl CoA +14NADPH +14H* —

1Palmitate + 7CO, +14NADP™* + 8CoA+ 6H,0

Fatty acid synthesis is not an exact reversal of beta
oxidation. A comparison of these pathways is given
in Table 11.3.



Chapter 11; Metabolism of Fatty Acids m 139

Dihydroxy acetone phosphate

/“ Fatty acyl CoA

Acyl transferase |
HSCoA

Acyl dihydroxy acetone phosphate

/— NADPH+H"

Reductase
\-t NADP*

Lysophosphatidic acid

Fatty acyl CoA
Acyl transferase /—

\' HSCoA

Phosphatidic acid

H
Phosphatidate /— =

phosphatase
S~ Pj
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Fig. 11.17. Triacyl glycerol synthesis

Co-enzymes of Fatty Acid Synthesis

An important point to remember is that the
co-enzyme utilised for de novo synthesis is
NADPH. The sources of NADPH for fatty acid
synthesis are:

1. Pentose Phosphate Pathway

This is the main source. Tissues having active
lipogenesis (liver, adipose tissue, lactating mammary
gland) have an active HMP shunt pathway also.

2. Malic Enzyme
Malate + NADP* — Pyruvate + CO, + NADPH + H*

The reaction also helps to transfer cytoplasmic
oxaloacetate to the mitochondria. For every
molecule of acetyl CoA delivered to the cytoplasm,
one molecule of NADPH is formed and reducing
equivalents are generated in cytoplasm (Fig. 11.13).

Regulation of Fatty Acid Synthesis

1. Availability of Substrates

Fatty acid synthesis occurs when carbohydrate is
abundant and the level of fatty acids is low. The

availability of citrate in the cytoplasm is the most
important regulatory factor producing a short-term
effect.

2. Acetyl CoA Carboxylase

Itis the key enzyme; citrate activates this enzyme.
The citrate level is high only when both acetyl CoA
and ATP are abundant. Covalent modification is
another regulatory mechanism. Phosphorylation
inactivates acetyl CoA carboxylase (similar to
glycogen synthase under the effect of glucagon).
Hence fatty acid synthesis decreases when glucose
level is low. The enzyme is inhibited by palmitoyl
CoA, the end product.

3. Insulin Favors Lipogenesis

Insulin enhances the uptake of glucose by adipocytes
and increases the activity of pyruvate dehydro-
genase, acetyl CoA carboxylase and glycerol
phosphate acyl transferase (see Table 24.4). Insulin
also depresses the hormone sensitive lipase (Fig.
11.16).

4. Glucagon inhibits Lipogenesis
Glucagon and epinephrine inactivate the acetyl CoA
carboxylase by phosphorylating the enzyme.

Inherited Disorders

Inherited defects in the enzymes of beta oxidation and
ketogenesis also lead to nonketotic hypoglycemia, coma,
and fatty liver. Defects are known in long- and short chain
3-hydroxyacyl-CoA dehydrogenase. 3-Ketoacyl-CoA
thiolase and HMG-CoA lyase deficiency also affect the
degradation of leucine, a ketogenic amino acid. Dicarbo-
xylic aciduria is characterized by the excretion of
dicarboxylic acids and by nonketotic hypoglycemia. It is
caused by a lack of mitochondrial medium-chain acyl-CoA
dehydrogenase. Zellweger’'s (cerebrohepatorenal)
syndrome occurs in individuals with a rare inherited absence
of peroxisomes in all tissues. They accumulate C26-C38
polyenoic acids in brain tissue and also exhibit a generalized
loss of peroxisomal functions, e.g. impaired bile acid and
ether lipid synthesis.

SYNTHESIS OF TRIGLYCERIDES (TAG)

Liver and adipose tissue are the major sites of
triacylglycerol (TAG) synthesis. The TAG synthesis
in adipose tissue is for storage of energy whereas
in liver it is mainly secreted as VLDL and is
transported to peripheral tissues. The TAG is
synthesised by esterification of fatty acyl CoA with
either glycerol-3-phosphate or dihydroxy acetone
phosphate (DHAP) (Fig. 11.17). The glycerol part
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Table 11.4. Changes in adipose tissue

Well-fed state During fasting

Lipogenesis increased Lipogenesis inhibited
Lipolysis inhibited Lipolysisincreased
Lipoprotein lipase active Glucagon activates
Insulin inhibits HS-lipase HS-lipase

FFA in blood increased

of the fat is derived from the metabolism of
glucose. DHAP is an intermediate of glycolysis.
Glycerol-3-phosphate may be formed by phos-
phorylation of glycerol or by reduction of dihydroxy
acetone phosphate (DHAP).

In adiposetissue, glycerol kinase is deficient
and the major source is DHAP derived from
glycolysis. However, in liver glycerol kinase is
active. The fatty acyl CoA molecules transfer the
fatty acid to the hydroxyl groups of glycerol by
specific acyl transferases.

In addition to these two pathways, in the intestinal
mucosal cells the TAG synthesis occurs by the MAG
pathway. The 2-MAG absorbed is re-esterified with
fatty acyl CoA to form TAG (Fig. 11.4).

Esterification of fatty acyl CoA with glycerol
phosphate to form triacyl glycerol occurs at a rapid
rate during the fed state. Under conditions of fasting,
it is seen that synthesis of triacyl glycerol occurs
side by side with lipolysis, since the free fatty acid
level is high in plasma. The glycerol phosphate is
derived from the metabolism of glucose in the fed
state by channeling dihydroxy acetone phosphate,
an intermediate of glycolysis. In the fasting state,
the glycerol phosphate is derived from dihydroxy
acetone phosphate formed during gluconeogenesis
(neoglycerogenesis). The activity of the enzyme
PEPCK is enhanced in liver and adipose tissue
during conditions of fasting, so that glycerol
phosphate is available to esterify and store the
excess fatty acid mobilized.

METABOLISM OF ADIPOSE TISSUE

The adipose tissue serves as a storage site for
excess calories ingested. The triglycerides stored
in the adipose tissue are not inert. They undergo a
daily turnover with new triacyl glycerol molecules
being synthesized and a definite fraction being
broken down.

Box 11.4. Role of Liver in Fat Metabolism

[ERN

. Secretion of bile salts.

. Synthesis of fatty acid, triacyl glycerol and
phospholipids.

. Oxidation of fatty acids.

. Production of lipoproteins.

. Production of ketone bodies.

. Synthesis and excretion of cholesterol.

N

(2062 I~ ¢V]

1. Adipose Tissue in Well-fed Condition

i. Under well-fed conditions, active lipogenesis
occurs in the adipose tissue.

ii. The dietary triglycerides transported by chylo-
microns and the endogenously synthesised
triglycerides from liver brought by VLDL are
both taken up by adipose tissue and esterified
and stored as TAG. The lipoprotein molecules
are broken down by the lipoprotein lipase
present on the capillary wall.

iii. In well-fed condition, glucose and insulin levels
are increased. GluT4 in adipose tissue is
insulin dependent. Insulin increases the activity
of key glycolytic enzymes as well as pyruvate
dehydrogenase, acetyl CoA carboxylase and
glycerol phosphate acyl transferase. The
stimulant effect of insulin on the uptake of
glucose by adipose tissue, on the glycolysis
and on the utilisation of glucose by HMP
pathway also enhances lipogenesis.

iv. Insulin also causes inhibition of hormone
sensitive lipase, and so lipolysis is decreased
(Fig. 11.16 and Table 11.4).

2. Adipose Tissue in Fasting Condition

i. The metabolic pattern totally changes under
conditions of fasting. TAG from the adipose
tissue is mobilised under the effect of the
hormones, glucagon and epinephrine.

ii. The cyclic AMP mediated activation cascade
enhances the intracellular hormone sensitive
lipase (Fig. 11.16 and Table 11.4). The
phosphorylated form of the enzyme is
active which acts on TAG and liberates fatty
acids.

iii. Under conditions of starvation, a high gluca-
gon, ACTH, glucocorticoids and thyroxine have
lipolytic effect. The released free fatty acids
(FFA) are taken up by peripheral tissues as a
fuel.
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3. Adipose Tissue and Diabetes Mellitus
Lipolysis is enhanced and high FFA level in plasma
is noticed in diabetes mellitus. The insulin acts
through receptors on the cell surface of adipocytes.
These receptors are decreased, leading to insulin
insensitivity in diabetes.

In type 2 diabetes mellitus, there is insulin
resistance and the different insulin signaling
pathways are affected differently. Hepatic gluco-
neogenesis occurs uninhibited leading to hyper-
glycemia. However, increased mobilization of fatty
acids from adipose tissue and the persistently high
free fatty acid levels in the presence of hyper-
insulinemia stimulate synthesis of triacyl glycerol.
The overproduction of TAG leads to increased
release of VLDL from liver causing hypertriglyceri-
demia. The excess deposition of TAG in adipose
tissue accounts for the obesity prevalent in type 2
diabetes patients.

4. Adipose Tissue and Obesity

The fat content of the adipose tissue can increase
to unlimited amounts, depending on the amount of
excess calories taken in. This leads to obesity.
Plasma insulin level is high. But the insulin
receptors are decreased; and there is peripheral
resistance against insulin action. When fat droplets
are overloaded, the nucleus of adipose tissue cell
is degraded, cell is destroyed, and TAG becomes
extracellular. Such TAG cannot be metabolically
reutilised and forms the dead bulk in obese
individuals.

VLDL

TAG

»

I_‘

Muscle

Liver

5"‘('1 6.

Adipoée
tissue

TAG = triacyl glycerol; VLDL = very low density lipoprotein;
LPL = lipoprotein lipase; HSL = hormone sensitive lipase;
FFA = free fatty acids

Fig. 11.18. Liver-adipose tissue axis

Adipokines (Adipose Tissue Derived Hormones)
Adipokines are a group of active factors involved in
maintenance of energy homeostasis as well as resistance to
insulin. The important adipokines are leptin, adiponectin,
resistin, TNF-alpha (tumor necrosis factor) and IL-6
(interleukin-6).

Leptin is a small peptide, produced by adipocytes. Leptin
receptors are present in specific regions of the brain. The
feeding behavior is regulated by leptin. A defect in leptin or its
receptor, can lead to obesity. Leptin also prepares body to
adapt for starvation. Leptin regulates energy balance and
exerts an insulin sensitising effect. Decreased level of leptin
increases the occurrence of obesity.

Adiponectin is another polypeptide which increases the
insulin sensitivity of muscle and liver and exerts an anti-
atherogenic effect. Low levels of adiponectin will accelerate
atherosclerosis. Low levels are also observed in patients with
metabolic syndrome. Leptin and adiponectin are further
discussed in Chapter 36 (under obesity) and in Chapter 48.

Increased secretion of TNF-alpha and IL-6 will decrease
insulin action on muscle and liver.

White Adipose Tissue

It is mainly concerned with energy storage. It is made up of
spherical cells, with very few mitochondria. The triglycerides
form the major component of white adipose tissue (about
80%) with oleic acid being the most abundant fatty acid
(50%).

Brown adipose tissue is involved in thermogenesis.
Brown adipose tissue cells are polygonal with more abundant
cytoplasm. The brown color is due to the presence of
numerous mitochondria. It is primarily important in newborn
human beings and adult hibernating animals.

Thermogenesis is a process found in brown adipose
tissue. Heat is liberated by uncoupling oxidation from
phosphorylation. So energy is released as heat, instead of
trapping it in the high energy bonds of ATP.

Liver
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5 ; -‘ L X A

LA TAG 4 1 3 P!
QY TAG

-Jk?-:g{'f G | POOL u

Adipose tissue Muscle

Blood

glucose Oxidation

FFA = free fatty acids; FA = fatty acid; TAG = triacyl
glycerol; VLDL = very low density lipoproteins

Fig. 11.19. Causes for fatty liver
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Liver-Adipose Tissue Axis

Role of liver in fat metabolism is shown in Box
11.4. Liver produces fatty acid and TAG (triacyl
glycerol), which is transported as VLDL (very low
density lipoprotein) in the blood. The fatty acids
from VLDL are taken up by adipose tissue with
the help of lipoprotein lipase, and stored as TAG.
This neutral fat is hydrolysed by hormone
sensitive lipase into NEFA, which is carried by
albumin in blood. The NEFA is utilised by the
peripheral tissues, excess of which can be taken
up by liver cells. Thus there is a constant flux of
fat molecules from liver to adipose tissue and
back (Fig. 11.18).

FATTY LIVER AND LIPOTROPIC FACTORS
Fatty liver refers to the deposition of excess
triglycerides in the liver cells. The balance between
the factors causing fat deposition in liver versus
factors causing removal of fat from liver determines
the outcome.

Causes of Fatty Liver
A .Causes of fat deposition in liver
1. Mobilization of NEFA from adipose tissue.
2. Excess synthesis of fatty acid from glucose.
B. Reduced removal of fat from liver

3. Toxic injury to liver. Secretion of VLDL needs
synthesis of apo B-100 and apo C.

4. Decreased oxidation of fat by hepatic cells.
Anincrease in factors (1) and (2) or a decrease
in factors (3) and (4) will cause excessive
accumulation, leading to fatty liver. These
pathways are summarised in Figure 11.19.

1. Excessive mobilization of fat

The capacity of liver to take up the fatty acids from
blood far exceeds its capacity for excretion as VLDL.
So fatty liver can occur in diabetes mellitus and
starvation due to increased lipolysis in adipose
tissue (step 1 in Fig. 11.19).

2. Excess calorie intake

Excess calories, either in the form of carbohydrates
or as fats, are deposited as fat. Hence obesity may
be accompanied by fatty liver (step 2 in Fig. 11.19).

3. Toxic injury to liver
i. Intoxic injury to the liver due to poisoning by
compounds like carbon tetrachloride, arsenic,

lead, etc. the capacity to synthesise VLDL is
affected leading to fatty infiltration of liver (step
3in Fig. 11.19).

ii. In protein calorie malnutrition, amino acids
required to synthesise apoproteins may be
lacking. Occurrence of fatty liver in protein
energy malnutrition (PEM) may be due to
defective apoprotein synthesis.

iii. Hepatitis B virus infection reduces the
function of hepatic cells.

4. Alcoholism

i. Itis the most common cause of fatty liver and
cirrhosis in India. The metabolism of alcohol
is described in Chapter 10.

ii. Alcohol is oxidized to acetaldehyde. This
reaction produces increased quantities of
NADH, which converts oxalo-acetate to
malate. As the availability of oxalo-acetate is
reduced, the oxidation of acetyl CoA through
citric acid cycle is reduced (block in step 4 of
Fig. 11.19).

iii. So fatty acid accumulates leading to TAG
deposits in liver.

5. Nonalcoholic Fatty Liver Disease (NAFLD)
and Nonalcoholic Steatohepatitis (NASH)
NAFLD is the most common liver disease, where
fat is accumulated in hepatocytes. High fat diet and
uncontrolled diabetes mellitus are the most
common causes. As the disease progresses,
inflammatory reaction occurs, which is then termed
as NASH.

6. Fatty liver progresses to cirrhosis

i. Fat molecules infiltrate the cytoplasm of the
cell (fatty infiltration). These are seen as
fat droplets, which are merged together so
that most of the cytoplasm becomes laden
with fat.

ii. The nucleus is pushed to a side of the cell,
nucleus disintegrates (karyorrhexis), and
ultimately the hepatic cell is lysed.

iii. As a healing process, fibrous tissue is laid
down, causing fibrosis of liver, otherwise
known as cirrhosis. Liver function tests (see
Chapter 26) show abnormal values when
chronic liver damage occurs.
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Lipotropic Factors

They are required for the normal mobilisation of

fat from liver. Therefore, deficiency of these factors

may result in fatty liver. They can afford protection
against the development of fatty liver.

1. Choline. Feeding of choline has been able to
reverse fatty changes in animals.

2. Lecithin and methionine. They help in synthe-
sis of apoprotein and choline formation. The
deficiency of methyl groups for carnitine
synthesis may also hinder fatty acid oxidation.

3. Vitamin E and selenium give protection due to
their anti-oxidant effect.

4. Omega 3fatty acids present in marine oils have
a protective effect against fatty liver.

METABOLISM OF KETONE BODIES
Carbohydrates are essential for the metabolism of
fatorfatis burned under the fire of carbohydrates.
The acetyl CoA formed from fatty acids can enter
and get oxidized in TCA cycle only when carbo-
hydrates are available.

During starvation and diabetes mellitus, the
acetyl CoA takes the alternate fate of formation of
ketone bodies.

A. Ketogenesis

Acetoacetate is the primary ketone body while
beta-hydroxy butyrate and acetone are secondary
ketone bodies. They are synthesised exclusively
by the liver mitochondria. The steps involved are
shown in Figure 11.20.

Step 1. Condensation
Two molecules of acetyl CoA are condensed to form
acetoacetyl CoA.

Step 2. Production of HMG CoA

One more acetyl CoA is added to acetoacetyl
CoA to form HMG CoA (beta hydroxy beta methyl
glutaryl CoA). The enzyme is HMG CoA synthase.
Mitochondrial HMG CoA is used for ketogenesis,
while cytosolic fraction is used for cholesterol
synthesis.

Step 3. Lysis

Then HMG CoA is lysed to form acetoacetate.
Acetoacetate may also be formed by the degra-
dation of carbon skeleton of ketogenic amino acids
like leucine, lysine, phenylalanine and tyrosine.
HMG CoA lyase is present only in liver.

CH;=CO~SCoA + CH;—CO~SCoA
Acetyl CoA + Acetyl CoA

Step 1 \.
CoA-SH

CH;—CO—CH;— CO~SCoA
Acetoacetyl CoA
+ Acetyl CoA

Step 2 C H,0
CoA

COOH=CH,;—C(CH3) (OH)—CH,—CO~SCoA
Beta hydroxy beta methyl glutaryl CoA (HMG CoA)

Step 3

CH3=CO—CH;~ COOH + CH;~ CO~SCoA
Acetoacetate + Acetyl CoA

Step 5 5
NADH+H
Step 4 C
CO, NAD*
CH,;=CO=CH;,4 CH3—CHOH—CH,—COOH
Acetone Beta hydroxy butyrate

Step 1 = Acetoacetyl CoA synthase;

Step 2 = HMG CoA synthase;

Step 3 = HMG CoA lyase;

Step 4 = Dehydrogenase;

Step 5 is nonenzymatic and spontaneous.

Fig. 11.20. Ketone body formation (ketogenesis)

Step 4. Reduction

Beta-hydroxy butyrate is formed by reduction of
acetoacetate. Ratio between acetoacetate and beta
hydroxy butyrate is decided by the cellular
NAD:NADH ratio.

Step 5. Spontaneous decarboxylation
Acetone is formed (see Fig. 11.20).

B. Ketolysis

The ketone bodies are formed in the liver; but they
are utilised by extrahepatic tissues. The heart
muscle and renal cortex prefer the ketone bodies
to glucose as fuel. Tissues like skeletal muscle and
brain can also utilise the ketone bodies as alternate
sources of energy, if glucose is not available.
Acetoacetate is activated to acetoacetyl CoA by
thiophorase enzyme.

Thiophorase
Acetoacetate ———  Acetoacetyl CoA
+ Succinyl CoA + Succinate
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Fig. 11.21. Formation, utilization and excretion of
ketone bodies

Then acetoacetyl CoA enters the beta oxidation
pathway to produce energy. Summary of ketone
body metabolism is shown in Figure 11.21.

KETOSIS

i. Normally the rate of synthesis of ketone bodies
by the liver is such that they can be easily
metabolised by the extrahepatic tissues. Hence
the blood level of ketone bodies is less than
1 mg/dl and only traces are excreted in urine
(not detectable by usual tests).

ii. Butwhen the rate of synthesis exceeds the ability
of extrahepatic tissues to utilise them, there will
be accumulation of ketone bodies in blood.

ili. This leads to ketonemia, excretion in urine
(ketonuria) and smell of acetone in breath. All
these three together constitute the condition
known as ketosis.

Causes for Ketosis

1. Diabetes Mellitus: Uncontrolled diabetes
mellitus is the most common cause for ketosis.
Even though glucose is in plenty, the deficiency
of insulin causes accelerated lipolysis and more
fatty acids are released into circulation. Oxidation
of these fatty acids increases the acetyl CoA
pool. Enhanced gluconeogenesis restricts the
oxidation of acetyl CoA by TCA cycle, since
availability of oxaloacetate is less.

2. Starvation: In starvation, the dietary supply of
glucose is decreased. Available oxaloacetate is

channelled to gluconeogenesis. The increased
rate of lipolysis is to provide alternate source of
fuel. The excess acetyl CoA is converted to
ketone bodies. The high glucagon level favors
ketogenesis. The brain derives 60-75% of
energy from ketone bodies under conditions of
prolonged starvation. Hyperemesis (vomiting)
in early pregnancy may also lead to starvation-
like condition and may lead to ketosis.

Explanation for Ketogenesis

i. During starvation and diabetes mellitus, the
blood level of glucagon is increased. Glucagon
(see Chapter 24) inhibits glycolysis, activates
gluconeogenesis, activates lipolysis, decreases
malonyl CoA level and stimulates ketogenesis.
High glucagon—insulin ratio is potentially
ketogenic.

ii. Insulin (see Chapter 24) has the opposite
effect; it favors glycolysis, inhibits gluco-
neogenesis, depresses lipolysis, increases
malonyl CoA level and decreases ketogenesis.
The ketone body formation is regulated at the
following 3 levels:

Level 1: Lipolysis

Free fatty acids are the precursors of ketone bodies.
So factors regulating the mobilisation of fatty acid
from adipose tissue will also control ketogenesis
(Fig. 11.22). Insulin inhibits lipolysis, while glucagon
favors lipolysis.

Level 2: Entry of Fatty Acid to Mitochondria
The mobilised fatty acid then ente