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PREFACE TO THE SECOND EDITION

I attempted to provide essential information on molecular basis of health and disease
that is mainly related to life of surviving cell(s) in the first edition of the book. However life
cycle of cell(s) includes cell(s) birth and cell(s) death apart from survival. For the last couple
of years these frontier areas are advancing rapidly which is viewed by many as good sign
for development of :

(a) new therapy or therapeutics for cancer
(b) immortalized cells.

The latter fuels growth of biotechnology and pharmaceutical industries also. Hence, in
the second edition two chapters—1. Biochemistry of cell cycle (cell birth) 2. Biochemistry of
apoptosis (cell death) are added.

As living organisms evolved from simple unicellular to highly complex multicellular
mammals, several new systems and organs were developed. For example, blood which acts
as vehicle or communication between various locations of body, immune system which
protects body from intruders or foreign organisms.

Parkinsonism, psychosis, depression, Schizophrenia, loss of taste and olfaction are due
to disturbances in nervous, taste and olfactory systems. Various organs present in body
perform several organ specific functions which are essential for life. If functions of these
organs are disturbed, diseases in which may culminate in death. So, in this edition biochemistry
of blood including immune response in Chapter-32; molecular and cellular mechanism of
learning, memory, behaviour, taste and olfactory in biochemical communications Chapter;
tests, procedures that are done in hospital biochemistry laboratory to assess functions of
liver, kidney in Chapter-33 and thyroid in Chapter-29 are detailed.

Depending on disease a particular constituent of blood is either elevated or lowered.
Diagnosis and prognosis of disease usually involves detection and measurement of various
blood constituents in hospital biochemistry laboratory. Therefore advanced techniques like
high performance liquid chromatography (HPLC), affinity chromatography, and general
techniques like centrifugation and dialysis, instruments from spectrophotometer to auto
analyzer and methods used for detection and quantitation of blood constituents like
carbohydrates, proteins, lipids, nucleic acids, enzymes, electrolytes etc., in health and disease
are detailed in Chapter-34.

Humans and other mammals are able to remove waste products, toxins, foreign
compounds from blood and organs in the form of urine. In disease, composition of urine
varies from that of healthy state. So, detection, quantitation of various constituents of urine
is carried out in hospital biochemistry laboratory to confirm diagnosis of diseases. In Chapter-
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34, methods for detection and estimation of urine constituent under normal and diseased
conditions are also detailed.

Most striking feature in this edition of the book is inclusion of biochemical aspects of
diseases or disease causing organisms common to tropical countries like malaria, tuberculosis,
peptic ulcer or gastritis, pneumonia, leishmaniasis, giardiasis, trypanosomiasis etc. Since
most of the organisms are developing resistance to the existing drugs, there is need for
development of new drugs which requires thorough biochemical knowledge of these diseases
as well as disease causing organisms. Apart from adding new chapters, all existing chapters
have been updated by adding new subject matter. References of each chapter updated by
including reviews, books, research articles etc. Further, number of unsolved problems have
been increased in most of the chapters.

I hope this edition will be well received by teachers and students of various medical,
dental, pharmacy, biotechnology, physiotherapy, medical laboratory technology, biomedical
engineering, life sciences under graduate and post graduate courses, Suggestions or comments
from teachers and students are welcome. I am grateful to Sri. R.K. Gupta, Chairman; Sri
Saumya Gupta, Managing Director of New Age International, New Delhi, for publishing
second edition.

N. MALLIKARJUNA RAO



PREFACE TO THE FIRST EDITION

This book explains the fundamentals of biochemical (molecular) bases of health and
disease. Hence it meets medical and allied health sciences student’s needs. As a teacher of
medical, dental, pharmacy, biomedical engineering and science students for the last two
decades, I know the problems faced by students in mastering (conceptualizing) the subject
within a limited time. Most of these students need a book for their routine day-to-day study
which contains only the necessary information in a simple and concise way. Therefore, this
book is written in simple language in such a way that a student with very little chemistry
or biology background can easily follow the various aspects of biochemistry that are presented.

This book is also useful for those who are specializing in biochemistry (M.Sc. or M.D.)
because advances in frontier areas of biochemistry are presented in a systemic way. Of
course advances in other areas that are relevant to medical students are also included to
a limited extent. An interesting feature of this book is that the medical and biological
importance of each chapter is highlighted in simple numbered statements. Further, in some
chapters, diseases, drugs (treatments) or toxins of particular subject matter are described
under medical importance heads. Further, each chapter’s text is designed to facilitate easy
flow of information in an interesting, thought provoking and logical manner. Exercises
(cases) given at the end of each chapter help in mastering of the subject by student and
utilization of biochemical principles by the student in solving health problems. To enthusiastic
students, references given at the end of each chapter provide additional information.

There are 29 chapters in the book. First six chapters deal with the composition, structure,
function and life cycle of cells and the goal of biochemistry; occurrence, chemistry, structure
and functions of biomolecules like amino acids, peptides, proteins, enzymes, carbohydrates
and lipids. This is then followed by chapters 7 and 8 that deal with membrane structure,
various transporters that move biomolecules across membrane and disintegration of complex
molecules of food and absorption of resulting products, respectively.

Chapters 9-12 deal with the production and utilization of energy in various pathways of
carbohydrate, lipid and aminoacid metabolisms. Regulatory mechanisms of some of the
important pathways are also outlined. Further synthesis of biologically (medically) important
compounds including non-essential amino acids is detailed. In chapter 11 the ultimate way
of producing energy from all energy yielding compounds in the respiratory chain is described.
Changes in the flow of metabolites into various pathways of carbohydrate, lipid and protein
metabolism that occur among tissues in well fed state, diabetes and starvation are described
in chapter 13.

Fundamentals of molecular biology i.e., occurrence, chemistry, structure, functions,
metabolism of nucleotides, nucleic acids and control of gene expression as well as applied
molecular biology i.e., recombinant DNA technology are detailed in chapters 14-20. Biomedical

(i)



()

(chemical) aspects of two major health problems of the 20th century—cancer and AIDS are
briefed in chapter 21. In chapter 22 occurrence, chemistry, structure, functions and metabolism
of porphyrins and hemoglobin are described.

Clinically related topics like vitamins, minerals, macro nutrients, energy, nutraceuticals
of food, electrolytes, acid-base balance and detoxification are described in chapters 23-27.
Chemistry, production, detection and uses of isotopes in biochemistry and medicine are
detailed in chapter 28. Chapter 29 deals with mechanisms of communication between cells.

I hope both teachers and students of Biochemistry at undergraduate and postgraduate
levels use this book extensively and their suggestions to improve the book further are most

welcome. I express my sincere thanks to New Age International, Publishers for publishing
the book.

N. MALLIKARJUNA RAO









CHAPTER

CELL

Cell is the universal functional unit of all forms of life. On the basis of differences in cell
structure, all life forms are divided into two major classes. They are prokaryotes and
eukaryotes. Prokaryotes are simple cells and in most cases, individual cell itself is the
organism. They contain cell wall and cytosol is not divided into compartments. Examples for
prokaryotes are bacteria, primitive green algae and archae bacteria. All other organisms are
called eukaryotes. They are multicellular organisms. They are plants, animals, fungi, pro-
tozoa, uni-cellular yeast and true algae.

MEDICAL AND BIOLOGICAL IMPORTANCE

1. All higher living organisms including humans are made up of cells.

w
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10.

11.

12.

13.

Human body contains wide variety of cells that differ in structure and function.

Human cell contains subcellular structures like nucleus, mitochondria, lysosomes and
peroxisomes etc.

Each subcellular structure the has unique shape and function.

Some diseases are due to a lack of subcellular structures.

Zellwegers syndrome is due to lack of peroxisomes.

Lysosomal enzymes are involved in spreading of cancer.

Lack of lysosomes or its enzymes results in lysosomal diseases.

Growth of cells requires cell divisions. Cell cycle encompasses all the events of cell
division.

Cells are not immortal. They have finite life span. Because of this humans are not
immortal.

Cell death is crucial for shaping of organs during development and for recovery from
injuries.

Biochemistry explores molecular mechanisms of normal cellular processes as well as

diseases.

Mitochondria is involved in apoptosis.
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14. Endoplasic reticulum, lysosomes and golgi complex are involved in the integration of
pro-apoptic signals.

MOLECULAR COMPOSITION OF CELL

Water

Water accounts for about 70-75% of the weight of the cell. Other cellular constituents are
either dissolved or suspended in water.

Organic Compounds
1. Organic compounds accounts for 25-30% of the cell weight.

2. They are nucleic acids, proteins, polysaccharides (carbohydrates) and lipids. Proteins
accounts 10-20% of the weight of the cell. Nucleic acids account 7-10% of the cell weight.
Polysaccharides usually account for 2-5% of the cell weight. About 3% of cell weight is
due to lipids. Lipids content may be higher in adipocytes or fat cells. Proteins may
account more of cell weight in cells like erythrocytes.

3. Other low molecular weight organic compounds may account for 4% of cell weight. They
are monosaccharides, aminoacids, fatty acids, purine and pyrimidine nucleotides, peptides,
hormones, vitamins and coenzymes.

Inorganic Compounds

1. Inorganic compounds account for the rest of the cell weight.

2. They are cations like sodium, potassium, calcium, magnesium, copper, iron and anions
like chloride, phosphate, bicarbonate, sulfate, iodide and fluoride.

EUKARYOTIC CELL STRUCTURE AND FUNCTION

In eukaryotes, cells aggregate to form tissues or organs and these are further organized to
form whole organism. In humans, eukaryotic cells exist in large number of sizes and shapes
to perform varieties of functions. For example, nerve cells differ from liver cell which differ
from muscle cell and they differ in function also. Though the eukaryotic cells differ in sizes
and shapes they have certain common structural features. Further, eukaryotes contain
subcellular structures and well defined nucleus. Cells are surrounded by membranes. It
separates the cells from surrounding and it is called as plasma or cell membrane. The other
subcellular organelles are also composed in parts by membranes.

A typical eukaryotic cell is shown in Figure 1.1.
SUBCELLULAR STRUCTURES AND THEIR FUNCTIONS
Cell Membrane
Structure
1. The outermost structure of the cell that decides its contour is the cell membrane.

2. It is a lipid bi-layer. It also consist of proteins and small amounts of carbohydrates
(Figure 1.1 a).
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Fig. 1.1 (a) Cell membrane

Functions
1. It is fluid and dynamic.

2. It is semi permeable, only selected compounds are allowed to pass through from out-
side. The selective permeability is responsible for the maintenance of internal environ-
ment of the cell and for creating potential difference across the membrane.

3. The modification of the cell membrane results in formation of specialized structures like
axon of nerves, microvilli of intestinal epithelium and tail of spermatids.

Nucleus
Structure
1. Centre of the cell is nucleus.
2. It is surrounded by double-layer membrane of about 250-400 A thick.

3. The two layers of nuclear membrane are an outer and inner membrane (layer). The two
membranes fuse periodically to produce nuclear pores. Exchange of material between
nucleus and rest of the cell occurs through nuclear pores.

4. The outer nuclear membrane continuous with other cytomembranes. In some eukaryotic
cells, like erythrocyte nucleus is absent. In spermatozoa, nucleus accounts for 90% of
cell whereas in other cells nucleus accounts for less than 10% of the cell. In prokaryotes,
nucleus is not well defined.

Functions

1. Nucleus is the information centre of eukaryotic cell. More than 90% of the cellular DNA
is present in the nucleus. It is mainly concentrated in the form of chromosomes.
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2. Human cell contains 46 chromosomes. These chromosomes are composed of nucleoprotein
chromatin, which consist of DNA and proteins histones. Some RNA may also present
in the nucleus.

3. In prokaryotes, the DNA is present as thread in the cytosol.

Nucleolus
Structure and Function

These are small dense bodies present in the nucleus. Their number varies from cell to cell.
There is no membrane surrounding them. They are continuous with nucleoplasm. Protein
accounts for 80% of nucleolus remainder is DNA and RNA.

Nucleoplasm

It is also called as nuclear matrix. It contains enzymes involved in the synthesis of DNA and
RNA.

Cytosol, Cytoplasm or Cell Sap
Structure

1. The extra nuclear cell content that possess both orgenelles and other material consti-
tutes cytoplasm. Material other than subcellular components in the cytoplasm makes up
the cytosol or cell sap.

2. Sometimes soluble portion of the cell is referred as cytosol. Cytoplasm accounts for
70-75% weight of the cytosol.
Functions
1. Numerous enzymes, proteins and many other solutes are found in cytosol.
2. Cytosol is the main site for glycolysis, HMP shunt, activation of aminoacids and fatty-
acid synthesis.
Mitochondria
Structure
1. Are the second largest structures in the cell.
2. Generally mitochondria are ellipsoidal in shape and can assume variety of shapes.
3. The length of a mitochondrion is about 7 microns and has a diameter of 1 micron.
4

. Mitochondria consist of outer and inner membranes. The outer membrane is composed
of equal amount of protein and lipids.

5. The lipids are mainly phospholipids and cholesterol. The outer membrane functions as
a limiting membrane and permeable to many compounds.

6. The inner membrane consist of 75% protein and remainder is lipid.
7. Cardiolipin is the important phospholipid of inner mitochondrial membrane.

8. The inner membrane is convoluted to form number of invaginations known as cristae
extending to matrix (Figure 1.1b).

9. These cristae are covered with knob like structures, which are composed of head piece,
stalk and a base piece.
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Functions
1. The number of mitochondria ranges from 1-100 per cell depending on type of cell and

its function. Several factors influence the size and number of mitochondria in cells. In
yeast, mitochondria is present in aerobic state and absent in anaerobic state. Exposure
to cold increases mitochondria by 20-30% in liver cells.

2. In highly metabolically active cells mitochondria are more and large.

3. Location of mitochondria in cell also depends on types and functions of cell. In liver cell

mitochondria are scattered. In muscles they are parellely arranged. Mitochondria in
liver cell may range up to 2000 whereas in kidney they may range up to 300.

Mitochondria is the power house of the cell. It is responsible for the production of
energy in the form of ATP. The knob like structures function in electron transport and
oxidative phosphorylation.

. Mitochondria also contain other energy producing pathways like citric-acid cycle, fatty

acid oxidation and ketone-body oxidation.

Some reactions of gluconeogenesis and urea cycle also occurs in mitochondria.
Mitochondria is capable of synthesizing some of its proteins.

7. Mitochondria contains some DNA known as mitochondrial DNA and ribosomes.

8. Mitochondria which are essential for life because of their involvement in ATP produc-

10.

tion, also pay key role in programmed cell death of several types of cells. During
apoptosis, mitochondrial membrane potential drops. This leads to permeabilization of
mitochondrial membrane. Cytochrome-C or mitochondrial proteins are released into
cytosol which activates death enzymes. Further alterations in mitochondrial morphol-
ogy also occur during apoptosis.

In humans, mitochondria is derived from mother only. Hence, origin of mother of
humans have been traced.

Outer and inner mitochondrial membranes contain translocase enzymes. They are in-
volved in sorting of nuclear encoded proteins into mitochondrial sub-compartments as
well as for their import into mitochondria. The inter mitochondrial membrane space is
home for several lethal proteins like pro-death enzymes.

Lysosomes

Structure

1
2.

They are small vesicles present in cytoplasm.

They are surrounded by a membrane. Lysosomes are called as ‘Suicidel bags’ of the cell.

Functions

1.

2.

Lysosomes are rich in hydrolytic enzymes, which are active at acidic pH. The lysosomal
enzymes digest the molecules brought into the cell by phagocytosis.

Macrophages are rich in lysosomes.

Medical Importance

1.

Lysosomal enzymes are involved in bone remodelling and intracellular digestion.
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2. Disease, shock or cell death causes rupture of lysosomes and release of enzymes. In
some organisms, lysosomal enzymes are responsible for cell death of larval tissues.

3. Lack of one or more of lysosomal enzymes cause accumulation of materials in the cell
resulting in lysosomal diseases.

4. In some disease like arthritis and muscular dystrophy, lysosomal enzymes are released
to cause uncontrolled destruction of surrounding tissues. Lysosomal proteases cathepsins
are involved in spreading of cancer (metastasis).

5. As the age advances in digestible material an age pigment ‘lipofuscin’ occurs in some
cells.

6. Lysosomol cystine transporter cystinosin is defective in cystinosis, which is a lysosomol
disease. Hence, cystine transport into cytosol from lysosome is blocked.

7. Lysosomes are involved in integration of pro-apoptic signals.

Peroxisomes
Structure

1. Are also small vesicles surrounded by a membrane. They are also called as microbodies.

Functions

1. They contain enzymes of H,0, metabolism. The concentration of protein in peroxisomes
is very high and they may occur in crystallines form. The enzymes of H,0, catabolism
present in peroxisomes are peroxidase and catalase.

2. Peroxisomes also contain other enzymes like D, L-amino acid oxidase, uric acid oxidase
and L-hydroxy fatty acid oxidation that generates H,0,. Glycerophospholipids are also
synthesized in peroxisomes.

Medical Importance

1. Lack of peroxisomes result in Zellwegers syndrome.

Cytomembranes

There is an extensive network of membranes in the cytoplasm. These membranes are called
as cytomembranes. They are divided into endoplasmic reticulum and golgi complex or ap-
paratus. The endoplasmic reticulum is further subdivided into rough endoplasmic reticulum
(RFR) and smooth endoplasmic reticulum (SER).

Rough Endoplasmic Reticulum

Structure

1. It is continuous with outer nuclear membrane.

2. The cytoplasmic surface of rough endoplasmic reticulum is coated with ribosomes.
Membrane enclosed channels of endoplasmic reticulam are called cisternae. The ribosomes
are complexes of RNA and protein.

Functions
1. Ribosomes and rough endoplasmic reticulum are involved in protein synthesis.

2. Protein synthesized, enters cisternae and later extruded.
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Smooth Endoplasmic Reticulum
Structure

1. It is continuous with rough endoplasmic reticulum. It differs from RER by the absence
of ribosomes. When isolated SER is called as microsomes.

Functions
1. SER of intestinal cells is involved in formation of triglycerides.
2. In the adrenal cortex, SER is the site of steroid formation.
3. Cytochrome P,;, dependent monooxygenases are present in liver cell SER.

Golgi Apparatus
Structure

1. It consist of cluster of paired cytomembranes. The margins of these cytomembranes are
flattened.

2. It also contains several small vesicles, which are pinched off from the flattened margins
of membranes.

Functions

1. The golgi bodies are well developed in cells, which are involved in secretion. Material
produced in the cell for export is processed by golgi body and is packaged as vesicle and
is pinched off. The vesicles fuse with plasma membrane and their content is released
to exterior by the process known as exocytosis. The digestive enzymes of pancreas and
insulin are produced and released in this way.

2. Golgi apparatus helps in the formation of other subcellular organelles like lysosomes
and peroxisomes.

3. Golgi apparatus is involved in protein targeting. It directs proteins to be incorporated
into membranes of other subcellular structures. It is also involved in glycosylation and
sulfation of proteins.

4. Golgi apparatus is involved in integration of proapoptic signal. It generates preapoptic
mediator ganglioside GD3.

Medical Importance

Some cases of diabetes are due to defective processing of insulin in golgi complex.

Intracellular lon Channels

Membrane of endoplasmic reticulum, golgi complex and nucleus has ion channels. They are
involved in transport of ions between cytosol and these intracellular components. Calcium
and chloride ion channels which are involved in their transport from these components into
cytosol are known.

Vacuoles. Some animal cells contain vacuoles. They are membrane enclosed vesicles
containing fluid. Mostly they contain nutrients.

Cell Coat. Some mammalian cells contain thin coat known as cell coat on the outer
surface of the cell membrane. The cell coat is flexible and sticky. It is composed of
mucopolysaccharides, glycolipids and glycoproteins. The adhesive properties of cell and
organization of tissue is controlled by cell coat.
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Cytoskeletons

These are filament like structures made up of proteins present in cytoplasm. Non-muscle
cells perform mechanical work with these intracellular network of proteins.

(@) Microfilaments. They are actin like filaments. They form loose web beneath cell
membrane.

(b) Myosin Fibres. Same as that of myosin of skeletal muscle.

(¢) Microtubules. Tubulin is the building block of microtubules. Dendrites, axons of nerve
cells and sperm cells contain microtubules. The sperm cell moves with the help of
flagellum, a microtubule. These cyto skeletons are involved in the maintenance of cell
shape, cell division, cell motility, phagocytosis, endocytosis and exocytosis.

(d) Intermediate Filaments. They are not involved in movement of cell. They are stable
components of cytoskeleton. Neurofilament of neurons, glial filaments of glial cells and
keratin of epithelial cells are some examples of intermediary filaments.

CELL CYCLE
MEDICAL IMPORTANCE

1. In all forms of life growth requires cell division.

2. However, some cells divide even after growth like erythrocytes and epithelial cells of
intestine.

Sequence of events associated with cell division occur in cyclic manner. Hence, cell
cycle consist of sequence of events, which occur in cyclic manner during cell division. There
are four stages (phases) in cell cycle. They are

1. S (Synthesis)-Phase
2. Gy (Gap 1)-Phase
3. Gy (Gap 2)-Phase
4. M (Mitosis)-Phase

Sometimes, cell cycle is considered in two main events. They are mitosis and inter
phase which consist of Gy, G, and S-phases.

1. S (Synthesis)-Phase: Division of a cell into two daughter cells requires duplication of
DNA. During S-phase concentration of DNA precursors increases nearly 10-20 folds. In
S-phase DNA synthesis occurs. Period of DNA synthesis is almost constant in all adult
cells. (1 Hour)

2. G; and Gy-Phases: G, and Gy-phases are gaps or breaks in cell cycle. No special events
occur during these phases except the size of the cell may increase. However, there may
be many biochemical reactions taking place preparing the cell for division and checking
that all appropriate steps are completed. The period of S;, G, and M-Phases may range
from 12-18 hours. But the period of G;-phase varies, it can be few hours to months or
even years.

3. Mitosis (M)-Phase: Many events take place in this phase of cell cycle. At the end mitosis
cell divides into two daughter cells. The daughter cells are in G;-phase.
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Check Points in Cell Cycle

1.

It is essential that during cell cycle, the synthesis of DNA, chromosomal segregation
and cytoplasm division takes place in proper order. So, controls or check points within
the cell cycle exist for all organisms.

. During cell cycle, oscillation of cell from mitosis to interphase is controlled by many

cellular proteins. Further check points exist at the G;/S and G,/M boundaries of cell
cycle. Cell cycle with check points is illustrated in Figure 1.2.

G2
G4/ S Check point

Gy/ M Check point

Fig. 1.2 Four phases of cell cycle with check points

CELL DEATH

MEDICAL AND BIOLOGICAL IMPORTANCE

1.

4.

Cells are not immortal i.e., they have finite life span. In the body, cells are formed and
destroyed. So, cells are in dynamic state.

. Cell division and cell death are two opposite processes required to maintain constant

tissue volume (tissue homeostasis).

. Further cell death plays an important role in shaping tissues and organs during devel-

opment or during recovery from injuries.

Cell death may occur due to several external factors also.

There are three types of cell death.

1. Necrosis: It is also termed as cell murder. Cells undergo necrotic death if cell mem-

brane is damaged or due to decreased oxygen supply and if energy (ATP) production is
blocked.

2. Apoptosis: This type of cell death occurs in tissue turnover. Individual cells or groups

of cells undergo this type of death. Aged cells in the body are removed by apoptosis.
It is a genetically programmed cell death. In the initial stages of apoptosis, cell
shrinks, followed by fragmentation and finally these fragments are eliminated by
phagocytosis.
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3. Atrophy: This type of cell death occurs in the absence of essential survival factors.
Survival factors required by the cell are produced by other cells. Absence of nerve
growth factor leads to atrophy of nerves. It is also genetically programmed cell death.

BIOCHEMISTRY, CELL AND DISEASE

Biochemistry explains all cellular or biological events in chemical terms. The chemical
reactions that occur in biological systems are called biochemical reactions. Biochemistry also
explains how different sequences of biochemical reactions interact with each other for sur-
vival of cell (organism) under various conditions.

When all the biochemical events occur in proper order, the cell or body remains nor-
mal. Blocks in biochemical events manifest as disease. So, every known (to be known)
disease must (may) be due to blocks in biochemical events. The goal of biochemistry is to
explain all diseases in molecular terms. Therefore, biochemistry knowledge is required
when one wishes to treat (cure) a disease. In addition, biochemistry suggests ways to
manipulate life forms for the benefit of mankind.
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EXERCISES
ESSAY QUESTIONS

1. Draw an animal cell diagram and label different cell organelle. Write functions of mitochondria,
golgi apparatus and lysosomes.

2. Describe structure and function of each cell organelle.

3. Write about cell cycle and cell death. Mention clinical importance of each one.

SHORT QUESTIONS
1. Name organic substances present in cell.
Define cytoskeletons of a cell. Name them. Write their functions.
Define cell cycle. Name stages of cell cycle. Explain any one stage.
Explain apoptosis.
Write a note on structure and function of mitochondria.
Draw mitochondria. Label its various parts.
Name different types of cell death. Explain each one.

Write a note on cytomembranes.

© ® N ok WD

Name different types of endoplasmic reticulum of cell. Write structure and function of any one.

=
e

Write a note on intracellular membranous network.

=
=

. Mention functions of nucleus, nucleolus and cytosol.

12. Write a note on lysosomol role in diseases.

MULTIPLE CHOICE QUESTIONS
1. In the cell cycle check points exist
(a) at G;/S boundary (b) at G1/Gy boundary
(¢) at S/Gy boundary (d) at G;/M boundary
2. Lysosomes contain mainly
(a) Hydrolases (b) Proteases
(¢) Lipases (d) Cathepsins
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3. Cell death due to lack of oxygen is called as

(a) Necrosis (b) Atrophy
(¢) Hypertrophy (d) Apoptosis
4. Peroxisomes are involved in
(a) Protein synthesis (b) Cell death
(¢c) Phospholipid synthesis (d) Triglyceride synthesis

FILL IN THE BLANKS
1. A well defined ---------------- is absent in prokaryotes.
2, e separates cell from its surroundings.
3. An important inner mitochondrial membrane phospholipid is ------------- .
4, are called as suicide bags of cells.

5. A cytoskeleton filament present in the axons of nerve and sperm cell -----------—-—---- .



CHAPTER

AMINO ACIDS AND PEPTIDES

OCCURRENCE

Amino acids and peptides are present in humans, animals, tissues, blood, microorganisms
and plants.

MEDICAL AND BIOLOGICAL IMPORTANCE

1.

9.

Amino acids serve as building blocks of proteins. Some amino acids are found in free
form in human blood.

. They also serve as precursors of hormones, purines, pyrimidines, porphyrins, vitamins

and biologically important amines like histamine.

. Peptides have many important biological functions. Some of them are hormones. They

are used as anti-biotics and antitumor agents.

Some peptides are required for detoxification reactions. Some peptides serve as
neurotransmitters.

Amino acid proline protects living organisms against free radical induced damage.

. Some peptides are involved in regulation of cell cycle and apoptosis.

. Peptides of vertebrates and invertebrates act as antimicrobial agents. They are part of

innate immunity. Bacterial infections at epithelial surface induce production of antimi-
crobial peptides, which cause lysis of microbes.

. Peptides are enzyme inhibitors. Natural and synthetic peptide inhibitors of angiotensin

converting enzyme (ACE) act as a anti hypertensives. Peptide inhibitors of ACE present
in physiological foods, lowers blood pressure after they are absorbed from intestine.
Lisinopril, Enalapril etc. are synthetic peptide inhibitors of ACE that are used as drugs
in the treatment of hypertension.

Some synthetic peptides are used as enzyme substrates.

CHEMICAL NATURE OF AMINO ACIDS

Amino acids are carboxylic acids containing an amino group. In most of the amino acids, an
amino group is attached to o-carbon atom next to the carboxyl group hence they are c-amino

13
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acids. The general formula is shown in Figure 2.1.

H o - Carbon atom

I
R—C— COOH
Where ‘R’ is called as side chain and it
NH, .
represents variety of structures
L - Amino acid

Fig. 2.1 Structure of an o-amino acid

COMMON AMINO ACIDS

Though more than 200 amino acids are identified in nature, only 20 amino acids serve as
building blocks of body proteins. They are known as common amino acids. In addition to the
common amino acids, derived amino acids are also found in proteins.

CLASSIFICATION OF AMINO ACIDS
Amino acids have been classified in various ways.

I. Based on side chain and ring structure present, amino acids are classified into 7 major
classes.
1. Amino acids with aliphatic side chain. They are also called as aliphatic amino acids.

They are glycine, alanine, valine, leucine and isoleucine (Fig. 2.2). Valine, leucine
and isoleucine are called as branched chain amino acids.

i P
H*(‘l* COOH CH3*(‘1*COOH /CH*C\)* COOH
NH, NH, CH, NH,
Glycine (Gly, G) Alanine (Ala, A) Valine (Val, V)
CH4 H CH, H
| NG |
CH— CH2*(‘3* COOH /CH* (“,f COOH
CH,4 NH, CH,4 NH,
Leucine (Leu, L) Isoleucine (Ile, I)

Fig. 2.2 Aliphatic amino acids

2. Amino acids with side chain containing hydroxyl groups. They are also called as
hydroxy amino acids. They are serine and threonine (Fig. 2.3a).

3. Amino acids with side chain containing sulfur atoms. They are also called as sulfur
containing amino acids. They are cysteine, methionine and cystine (Fig. 2.3b).

4. Amino acids with side chain containing acidic groups or their amides. They are also
called as acidic amino acids. They are aspartic acid, aspargine, glutamic acid and
glutamine (Fig. 2.4).

5. Amino acids with side chain containing basic groups. They are also called as basic
amino acids. They are arginine, lysine, hydroxy lysine and histidine (Fig. 2.5).
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H H
(a ?HQ C—COOH CH;—CH—C—COOH
OH NH, OH NH,
Serine (Ser, S) Threonine (Thr, T)
H H
(b) ‘CHz C— COOH ?Hzf CH,—C— COOH HOOC *C‘H* C‘H2 C‘JH2 — C‘JH — COOH
SH NH, S — CH; NH, NH, S—S NH,
Cysteine (Cys, C) Methionine (Met, M) Cystine

Fig. 2.3 (@) Hydroxy amino acids (b) Sulfur containing amino acids

H H
HOOC—CH, —C— COOH ?C CH, —C— COOH
NH, NH, NH,
Aspartic acid (Asp, D) Aspargine (Asn, N)
H H
HOOC—CH,—CH, —C— COOH (‘)C — CHy,—CH,—C— COOH
NH, NH, NH,
Glutamic acid (Glu, E) Glutamine (Gln, Q)

Fig. 2.4 Acidic amino acids and their amides

6. Amino acids containing aromatic rings. They are also called as aromatic amino acids.
They are phenylalanine, tyrosine and tryptophan (Fig. 2.6)

7. Imino acids. They are proline and hydroxy proline (Fig. 2.7).

II. Amino acids are also classified according to the reaction in solution or charge. They are
categorized in 3 classes, acidic, basic and neutral amino acids. Acidic amino acids are
aspartic acid, glutamic acid. Basic amino acids are arginine, lysine and histidine. Rest
of the amino acids are neutral amino acids.

ITII. Another classification of amino acids is based on the number of amino and carboxyl
groups present in the molecule.

Example. Mono-amino mono-carboxylic acid (Glycine), Mono-amino dicarboxylic acid
(Glutamate).

IV. Amino acids are also classified according to their nutritional importance. Nutritionally
amino acids are classified into
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i i
(‘JH2 —CH,—CH, *(‘1* COOH (‘IHzf CH,— CHy—CH,,— (‘)* COOH
NH NH, NH, NH,
C=NH Lysine (Lys, K)
|
NH,
Arginine (Arg, R)
H
| H
CH, —C— COOH \
| CH,— CH— CH,—CH,—C— COOH
NH, | | |
NH, OH NH,
N Hydroxy Lysine

NH
\v
Histidine (His, H)

Fig. 2.5 Basic amino acids

i
NH, H

\
Phenyl alanine (Phe, F) HO CH, 7(‘37 COOH

H
| NH,
CH, 7(‘37 COOH Tyrosine (Tyr, Y)
N

H
Tryptophan (Trp, W)

Fig. 2.6 Aromatic amino acids

OH
~N-">COOH N-">COOH
H H
Proline (Pro, P) Hydroxy Proline

Fig. 2.7 Imino acids

(@) Essential amino acids: These amino acids are not synthesized in the body and hence
they have to be obtained from the diet. They are also referred as indispensable amino
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acids. They are methionine (M), arginine (A), tryptophan (T), threonine (T), valine (V),
isoleucine (IL), leucine (L), phenyl alanine (P), histidine (H) and Lysine (L). Together
they are remembered as (MATTVILLPHLY). Sometimes histidine and arginine are
referred as semi-essential because body synthesizes these amino acids to some extent.
Lack of essential amino acids in the diet gives rise to growth failure.

(b) Non-essential amino acids: These amino acids are synthesized in the body. They are
alanine, glycine, serine, tyrosine, glutamate, glutamine, aspartate, aspargine, cysteine
and proline. They need not be present in the diet.

Rare Amino Acids or Unusual Amino Acids

These are the amino acids that are not found in proteins but play important roles in
metabolism.

Examples

1. Ornithine, citrulline (Fig. 2.8) and arginino succinic acid of urea cycle.

2. B-alanine is part of co-enzyme A (Fig. 2.8).
3. Taurine is part of bile acids (Fig. 2.8).
4. y-aminobutyric acid is a neurotransmitter (Fig. 2.8).
5. Mono- and di-iodotyrosine are precursors of thyroxine.
6. Pantothenic acid is a water-soluble vitamin.
7. Homoserine is an intermediate of methionine catabolism.
i i
‘CH2 —CH,—CH, f(‘lf COOH (‘lef CH,— CH, —(‘3— COOH
NH, NH,, NH NH,
|
Ornithine (\3:0
NH,
Citrulline
H
‘CHQf(‘Jf COOH ‘CHZf(‘JHZ (‘JHQf CH,— CH, — COOH
NH, H SO; NH, NH,
B-Alanine Taurine vy-Amino butyric acid

Fig. 2.8 Unusual amino acids

8. Homocysteine. It is also an intermediate of methionine catabolism. It is a athero-
thrombogenic agent. It triggers platelet adhesion. Hence, it is considered as a risk
factor for development of coronary artery disease (CAD).

9. S-allylcysteine sulfoxide. It is an amino acid obtained from garlic. It has many
therapeutic effects. It is commonly called as alliin.
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PROPERTIES OF AMINO ACIDS

1. Optical isomerism: All the amino acids except glycine have at least one asymmetric
carbon atom because of this they exhibit optical isomerism. Presence of single asym-
metric carbon atom gives rise to two optical isomers. One isomer is the mirror image
of the other isomer. If a carbon atom is linked to four different groups through covalent
bonds then it is called as asymmeiric carbon. The two mirror images of amino acid
serine are L-serine and D-serine (Fig. 2.9 a and b). Further, the optical isomers of
amino acids are optically active. They are capable of rotating plane polarized light. Some
amino acids rotate plane polarized to left and some rotate the plane polarized light to
right. All the amino acids present in human proteins are L-isomers. D-isomers are
usually absent but they are found in some peptide antibiotics.

COPH : COPH
| A Asymmetric
|
HZN*(‘T’i H ! Hi(fi NH, | o~ carbon atom
CH,0H | CH,0H /T\_ A, B, C,D are groups
I BgD
L-Serine : D-Serine
(a) (b)

Fig. 2.9 (a) Optical isomers of serine (b) Asymmetric carbon atom

2. Acid-base or charge properties of amino acids: Amino acids act as acids and bases. So
they are called as ampholytes or amphoteric substances. Acids are those compounds that
give protons on dissociation. Bases are those compounds that combine with protons.
Bases are also called as alkalies. Proton concentration is quantitatively expressed as

pH. It is defined as negative logerithem of proton or H* or hydrogen ion concentration.
H = - log [H'] = _
PR =708 0= LogH'

The pH scale extends from 1 to 14, which corresponds to hydrogen ion concentration of
1M to 1 x 107'* M. The pH 7.0 represents neutrality pH values less than 7 represents
acidity or acids and pH values above 7 refers to bases or alkalinity. Some common acids
are hydrochloric acid (HCl), sulphuric acid (H,SO,) and bases are sodium hydroxide (NaOH)
and potassium hydroxide (KOH). Further acid is neutralized by base and vice versa.

Function of an amino acid as acid:
R _ NH3+ Addltlon Of alkall R _ NH2 +H+
As base: R-COO Addi;‘in ofacd ,p_cOOH

So, amino acids have two ionizable groups (-COOH, NH4*). The -COOH is several times
more easily dissociates than —-NH3*. At neutral pH both groups are ionized, i.e., the
carboxyl group exist in dissociated form where as amino group exist as associated form.
This doubly charged molecule of amino acid containing positive and negative charges is
called as zwitter ion. It is electrically neutral so it does not move in an electrical field.
The other two forms are anionic form and cationic form (Figure 2.10).
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H H H H
R—Cl—COOH R—(l)—COOH R—(lj—coo‘ R—Cl—COO_
111H2 llIHg 1|\ng 111H2
Uncharged form Cationic form Zwitter ion Anionic form

Fig. 2.10 Different forms of amino acids

The charge of an amino acid always depends on the pH of its surroundings. In other words,
the charge of amino acid is altered by changing pH of its surroundings. This property is
exploited for the separation of amino acids. In strong acidic conditions (pH < 2) the -COOH
remains undissociated. When the pH is raised at pH of about 3 the proton from the
—COOH is lost -COO™ is generated. This is called pK of acid group because at this pH
dissociated (—COQO~) and undissociated ((COOH) species are found in equal amounts.
Similarly, if the pH is increased to 10, the amino group (-NH;") dissociates to -NH, group.
This pH is called the pK of amino group of amino acid because at this pH associated
(-NH;") and dissociated (-NH,) species are present in equal amounts. (Fig. 2.11)

Therefore, an amino acid has two pK values corresponding to the two ionizable groups.
pK values indicates strength of each group. Further an amino acid exist as zwitter ion
at neutral pH and as cation at acidic pH and as anion at basic pH.

i i i
ka _ K am _
R—(‘:—COOH <%> R—(‘:—coo <§0—0> R—(‘:—coo
+
NH, NH; NH,
pH 1.0 Neutral pH pH 11.00

Fig. 2.11 p" influence on amino acid charge

Example: For alanine, p%? is 2.4 and p¥*™ is 9.7 (K is dissociation constant), the low pK
value of -COOH indicates more ionizing power.

Isoelectric pH: It is the pH at which the net charge of an amino acid is zero or when
the number of positive charges are equal to number of negative charges. At isoelectric
pH amino acids have minimum solubility. The isoelectric pH of an amino acid having
one amino group and one carboxyl group is equal to the arithamatic mean of pX® and

pra™ values.

pKa + pKam
2

When values are substituted, isoelectric pH of alanine is

Isoelectric pH or p' =

pl _ 2.4+9.7 _ 6.05

2
For most amino acids p' is close to 6.0. The situation differs for amino acids having
more than two ionizable groups. For example, glutamate is dicarboxylic acid so it can
have three pK values (two for carboxyl groups and one for amino group). Similarly, the
basic amino acid lysine can have three pK values (two for amino groups and one for
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carboxyl group). In these cases, a different formula is used to obtain isoelectric pH. For
acidic amino acid like glutamate the isoelectric pH is equal to the half of sum of two
pK values of acidic groups.

pl_ pial 4 pia2 _ 2.2+4.3

2 2
For basic amino acid like lysine the isoelectric pH is equal to the half of sum of two
p¥ values of amino groups.

=3.25

p e+ pHam 9.0+10.5

5 =
Buffering action of amino acids: Buffers are salts of weak acids and they resist change
in pH when acid or alkali is added. Since amino acids are ampholytes they act as
buffers. However, the buffering action of amino acids in the blood is insignificant be-
cause of their low concentration.

P! = =9.75

Ultra violet light (UV) absorption of amino acids. Amino acids do not absorb visible light.
Aromatic amino acids absorb ultraviolet light. Tryptophan absorb ultra violet light at
280 nm. The ultra violet light absorption is also exhibited by proteins containing
tryptophan. Hence, it is used for quantitative estimation of proteins and to study folding
of protein molecules. Phenylalanine and tyrosine also absorb light in ultra violet region.

PEPTIDES

1.
2.

3.

4.

Peptides consist of 2 or more amino acid residues linked by peptide bond.

A peptide bond is formed when carboxyl group of an amino acid react with o-amino
group of another amino acid. (Fig. 2.12). Peptide bond formation between two amino
acids is always accompanied by loss of one water molecule. Further, peptide and
proteins contain an amino (N-) terminus and carboxy (C-) terminus.

A peptide or protein is named starting with N-terminal amino acid and usually the
N-terminal is located on the left hand side.

o-Peptide bond

. i

R, H,0 RO | Ry

A |l e

| |
HZN—(ll— CO|OH|+ H N—(ll— COOH — HZN—Cl—:- C— Il\I{—(ll—COOH
2 1 1
H ;l_l H T H'! H' H
Amino acid Amino acid N-terminus C-terminus

Fig. 2.12 Peptide bond formation

Animal, plant and bacterial cells contain wide variety of low molecular weight peptides
(2-10 amino acids residues) having profound biological functions.

DIPEPTIDES

A dipeptide consist of two amino acid residues and one peptide bond.
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Carnosine and Anserine

Are two peptides present in muscle and brain.

Structure

Carnosine consist of B-alanine and histidine (B-alanyl histidine). Anserine consist of -alanine
and N-methyl histidine (B-alanyl N-methyl histidine). Short hand formula for carnosine is
B-ala-His.

Function

Remains unknown.

Aspartame
Structure

It consist of aspartate and phenylalanine (Aspartyl phenylalanine, Asp-Phe). It is present in
African berry.

Function

It is a sweetening agent.

Tripeptides

A tripeptide consist of three amino acid residues and two peptide bonds.
Glutathione

Structure

It consist of glutamate. Cysteine and glycine. In glutathione, y-carboxyl group of glutamate
is involved in peptide linkage with cysteine hence it is named as y-glutamyl cysteinyl glycine
(Glu-Cys-Gly, G-SH, Fig. 2.13a).

Functions

1. It act as reducing agent in all cells. It assumes dimeric form on oxidation (Fig. 2.13b).
It is responsible for the maintenance of —SH groups of proteins in reduced form.

y-Peptide bond

.

g ' 9 i
| |
H2N*(‘3* CH,—CHy,—C *1‘\1,* CH—C *1‘\T —CH, —COOH
| |
COOH ! H! CH, H
Glutathione (a) |
SH
H2
26 —SH=5>G—S—S—G
Monomer Dimer
(b)

Fig. 2.13 (a) Structure of glutathione (b) Oxidation of glutathione
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It participates in the removal of H,O, in erythrocytes.
It is required for removal of toxins from body.

It is involved in release of hormones.

It protects body proteins from radiation effects.

It is involved in cellular resistance to anticancer agents.

N o ok N

Glutathione regulates telomerase activity and of the cell cycle.

8. Glutathione is involved in modulation of apoptosis.

Thyrotropin Releasing Harmone (TRH)

Structure

It consists of glutamate, histidine and proline. It is an unusual tripeptide with blocked N and
C terminals.

Function

It is a hormone secreted by hypothalamus.

Chemotactic Peptide

Structure

It consists of N-Formyl methionine, leucine and phenylalanine (f met-leu-phe). Its N-termi-
nal contains formyl (-CHO) group.

Function

It is present in leukocytes. It plays an important role in chemotaxis.

Penta Peptides

They consist of five amino acids and four peptide bonds.

Enkaphalin

Structure
It consist of tyrosine, glycine, glycine, phenylalanine and methionine (Tyr-gly-gly-phe-met).

Function

It is present in brain. It binds to opiate receptors present in brain. So, it is body own opiate
or analgesic. Enkaphalins containing six amino acid residues (hexa peptide), seven
amino acid residues (hepta peptide) and eight amino acid residues (octa peptide) are also
found in brain.

Other noteworthy peptides are

Angiotensin II. 1t is an octa peptide, found in lungs and other cells. It is a powerful vaso
constrictor and raises blood pressure.

Bradykinin. It consist of nine amino acid residues (Nona peptide). It is a powerful
vasodilator and anti inflammatory.

Oxytocin I. It is also a nona peptide. It stimulates uterus contraction.
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Vasopressin. A nona peptide produced by pituitary gland. It has a disulfide bridge. It
is also known as antidiuretic harmone (ADH).

Angiotensin I and Kallidin are examples for decapeptides containing ten amino acid
residues.

CYCLIC PEPTIDES
1. They differ from normal peptides.

2. In these peptides N-terminus and C-teminus are linked by peptide bond resulting in
cyclization of peptide.

3. An antibiotic gramicidin-S is a cyclic peptide. It consist of ten amino acids. So gramicidin-S
is a cyclic decapeptide. Further it contains D-Phenyl alanine which is usually absent in
life forms.

4. Tyrocidin is another cyclic decapeptide.

TOXIC PEPTIDES
1. Some peptides act as toxins.

2. do-amanitin is a bicyclic octapeptide present in a particular variety of mushrooms. It is
extremely toxic to humans.

3. It is responsible for mushroom poisoning cases around the world.

4. When the mushrooms are consumed it causes pain in the gastrointestinal tract, vomitting,
diarrhoea and nausae.

5. Death occurs within a week due of impairment of liver and kidney functions.

CYCLOTIDES (CYCLIC PEPTIDES)

In some peptides disulfide bonds are more. These disulfide bonds create knot with in the
molecule. Two disulfide bonds and their connecting back bone segment form ring. They are
known as cyclotides. These cyclic peptides show diverse actions. Some are anti HIV, anti
bacterial and insecticidal agents. Some examples are given below:

1. Sunflower trypsin inhibitor (SFTI). 1t is smallest circular peptide with just 14 amino
acids. It is an enzyme inhibitor.

2. RTD-1. 1t is a circular peptide present in leucocytes. It is a defensin. It consists of only
18 amino acids.

3. Microsin. It is 21 residue cyclic peptide. It is produced by E. coli. It is an antibiotic.
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EXERCISES

ESSAY QUESTIONS

1. Classify amino acids. Give examples for each class.

2. Name five biologically important peptides. Write one function for each of them.

3. Write an essay on properties of amino acids.

SHORT QUESTIONS

1. Define amino acid and isoelectric pH. Write two properties of an amino acid at isoelectric
pH.

2. Write composition of glutathione. How it differs from other peptides? Write two of its
functions.

3. Explain acid-base properties of amino acids.

4. Define essential amino acids. Give examples.

5. Write structures of tyrosine, methionine and valine.

6. What are unusual amino acids? Give examples.

7. Define cyclic peptide. How it differs from other peptides? Write 2 examples with functions.

8. Write a note on semi essential amino acids.

9. Calculate isoelectric point of glutamic acid. How it differs from the isoelectric point of glycine?

10. What are the functions of amino acids?

11. Draw structure of peptide. Label its various parts.
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MULTIPLE CHOICE QUESTIONS
1. Most of the amino acids found in human body are
(a) L-isomers (b) D-isomers
(c) D and L-isomers (d) Optical isomers
2. Which of the following amino acids has more pK values.
(a) Glycine (b) Alanine
(¢) Glutamate (d) Glutamine
3. The isoelectric pH of lysine is equal to
(a) Arithamatic mean of amino groups pK values.
(b) Half of sum of amino group and carboxyl group pK values.
(¢) Arithamatic mean of amino groups and carboxyl groups pK values.
(d) None of the above.

4. An example for unusual amino acid is

(a) Aspargine (b) Taurine
(¢) Cystine (d) Anserine
5. All of the following statements are correct regarding peptide except
(a) It contains amino terminus (b) It contains carboxy terminus
(¢) It contains peptide bonds (d) It contains only basic amino acids

FILL IN THE BLANKS

1. - absorbs light in ultraviolet region.
2. e is a dipeptide having sweet taste.
3. In a cyclic peptide N-terminus and C-terminus are linked by ---------- bond.

4. An unusual amino acid that function as neurotransmitter is ----------- .

25
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CHAPTER

PROTEINS

OCCURRENCE

Proteins are present in every cell of humans, animals, plant tissues, tissue fluids and in
micro organisms. They account for about 50% of the dry weight of a cell. The term protein
is derived from the Greek word proteios meaning holding first place or rank in living matter.

MEDICAL AND BIOLOGICAL IMPORTANCE

Proteins perform wide range of essential functions in mammalians.

1.

Proteins are involved in the transport of substances in the body.

Example: Haemoglobin transports oxygen.

2. Enzymes which catalyze chemical reactions in the body are proteins.

10.

. Proteins are involved in defence function. They act against bacterial or viral infection.

Example: Immunoglobulins.

Hormones are proteins. They control many biochemical events.
Example: Insulin.

Some proteins have role in contraction of muscles.

Example: Muscle proteins.

. Proteins are involved in the gene expression. They control gene expression and trans-

lation.

Example: Histones.

. Proteins serve as nutrients. Proteins are also involved in storage function.

Examples: Casein of milk, Ferritin that stores iron.

. Proteins act as buffers.

Example: Plasma proteins.
Proteins function as anti-vitamins.
Example: Avidin of egg.

Proteins are infective agents.

Example: Prions which cause mad cow disease are proteins.

26
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11.

12.

13.

Some toxins are proteins.
Example: Enterotoxin of cholera microorganism.

Some proteins provide structural strength and elasticity to the organs and vascular
system.

Example: Collagen and elastin of bone matrix and ligaments.
Some proteins are components of structures of tissues.

Example: o-keratin is present in hair and epidermis.

In order to understand how these substances though they are all proteins play such diverse
functions their structures, and composition must be explored.

CHEMICAL NATURE OF PROTEINS

All proteins are polymers of aminoacids. The aminoacids in proteins are united through
“Peptide” linkage. Sometimes proteins are also called as polypeptides because they contain
many peptide bonds.

PROPERTIES OF PROTEINS

1

SO T

Proteins have high molecular weight, e.g., the lactalbumin of milk molecular weight is
17000 and pyruvate dehydrogenase molecular weight is 7 x 10°.

Proteins are colloidal in nature.

Proteins have large particle size.

Different kinds of proteins are soluble in different solvents.
Proteins differ in their shape.

Some proteins yield amino acids only on hydrolysis where as others produce amino
acids plus other types of molecules.

Charge properties: Charge of a protein depends on the surroundings like amino acids.
So, by changing the pH of surroundings the charge of protein can be altered. This
property is used for separation of proteins.

Isoelectric point: Proteins have characteristic isoelectric points. At the isoelectric
point its net charge is zero because the number of positive charges are equal to
number of negative charges. So proteins are insoluble or have minimum solubility at
isoelectric point. This property is used for the isolation of casein from milk. The
isoelectric point for casein is 4.6. If the pH of the surrounding is raised above the
isoelectric point, the protein is negatively charged i.e., it exists as anion. Likewise, if
the pH of the surrounding is lowered, the protein is positively charged i.e., it exist as
cation. Further, proteins do not move in an electrical field at isoelectric point like
amino acids. However, if the pH of the medium is raised or lowered protein moves
towards anode or cathode respectively. This property is exploited for the separation
of proteins.

. Proteins act as buffers: Since proteins are amphoteric substances, they act as buffers.

Hemoglobin (Hb) of erythrocytes and plasma proteins are important buffers. Hb
accounts for 60% of buffering action with in erythrocytes and plasma proteins contrib-
utes to 20% of buffering action of blood.



28

Medical Biochemistry

CLASSIFICATION OF PROTEINS

There is no single universally satisfactory system of protein classification so far.

1.
2.
3.
4.

One system classifies proteins according to their composition or structure.
One system classifies them according to solubility.

One system classifies them according to their shape.

Classification of proteins based on their function also found in literature.

Classification of proteins based on their composition

Proteins are divided into three major classes according to their structure.

1.

Simple proteins: Simple proteins are made up of amino acids only. On hydrolysis, they
yield only amino acids.

Examples: Human plasma albumin, Trypsin, Chymotrypsin, pepsin, insulin, soyabean
trypsin inhibitor and ribonuclease.

. Conjugated proteins: They are proteins containing non-protein part attached to the

protein part. The non-protein part is linked to protein through covalent bond, non-covalent
bond and hydrophobic interaction. The non-protein part is loosely called as prosthetic
group. On hydrolysis, these proteins yield non-protein compounds and amino acids.

Conjugated protein — 3 Protein + Prosthetic group

The conjugated proteins are further classified into subclasses based on prosthetic groups.

Different classes of conjugated proteins

Subclass Prosthetic group Examples Type of linkage
1. | Lipoproteins Lipids Various classes of Hydrophobhic
Lipoproteins. Lipovi- Interaction
tellin of egg
2. | Glycoproteins Carbohydrates Immunoglobulins of Covalent
blood, Egg albumin
3. Phosphoproteins | Phosphorus Casein of milk, vitellin | Covalent
of egg yolk
4. | Nucleoproteins Nucleic acids Chromatin, Ribosomes Non-covalent
5. Hemoproteins/ Heme Hemoglobin, Myoglobin,| Non-covalent
Chromoproteins Cytochromes
6. Flavoproteins Flavin nucleotides Succinate Covalent
FMN, FAD Dehydrogenase
. | Metalloproteins | Iron Ferritin, Cytochromes Non-covalent
8. | Visual pigments | Retinal Rhodopsin Covalent
3. Derived proteins: As the name implies this class of proteins are formed from simple

and conjugated proteins. There are two classes of derived proteins.

(Z) Primary derived proteins: They are formed from natural proteins by the action of
heat or alcohol etc. The peptide bonds are not hydrolysed. They are synonymous
with denatured proteins.

Example: Coagulated proteins like cooked-egg albumin.
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(i) Secondary derived proteins: They are formed from partial hydrolysis of proteins.

Examples: Proteoses, peptone, gelatin, and peptides.

Proteins classification according to their solubility

1. Albumins: Soluble in water and salt solutions.
Examples: Albumin of plasma, egg albumin and lactalbumin of milk.

2. Globulins: Sparingly soluble in water but soluble in salt solutions.
Examples: Globulins of plasma, ovoglobulins of egg, lactoglobulin of milk.

3. Glutelins: Soluble in dilute acids and alkalies.
Examples: Glutenin of wheat, oryzenin of rice, zein of maize.

4. Protamins: Soluble in ammonia and water.
Examples: Salmine from salmon fish, sturine of sturgeon.

5. Histones: Soluble in water and dilute acids.
Example: Histones present in chromatin.

6. Prolamines: Soluble in dilute alcohol and insoluble in water and alcohol.
Examples: Gliadin of wheat, zein of corn.

7. Sclero proteins: Insoluble in water and dilute acids and alkalies.

Examples: Collagen, elastin and keratin.

Classification of proteins based on shape
Proteins are divided into two classes based on their shape.

1. Globular proteins: Polypeptide chain(s) of these proteins are folded into compact
globular (Spherical) shape.

Examples: Haemoglobin, myoglobin, albumin, lysozyme, chymotrypsin.
2. Fibrous proteins: Poly peptide chains are extended along one axis.

Examples: o-keratin, B-keratin, collagen and elastin.

PROTEIN STRUCTURE

Since proteins are built from amino acids by linking them in linear fashion, it may be viewed
as proteins having long chain like structures. However, such arrangement is unstable and
polypeptide or protein folds to specific shape known as conformation, which is more stable.
Various stages involved in the formation of final conformation from linear chain are divided
into four levels or orders of protein structure. They are

1. Primary Structure

The linear sequence of amino acid residues in a polypeptide chain is called as primary
structure. Generally disulfide bonds if any are also included in the primary structure.

Bonds responsible for the maintenance of primary structure are mainly peptide bonds and
disulfide bonds. Both of them are covalent bonds (Fig. 3.1a).
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Primary Structure of Insulin

This protein consist of two polypeptide chains A and B. The two chains are covalently linked
by disulfide bonds. The A chain has N-terminal glycine and C-terminal aspargine. The
B chain has phenylalanine and alanine as N-and C-terminal residues, respectively. Insulin
is a hormone and its molecular weight is 5,700 (Fig. 3.15).

Peptide bond Amino acid sequence

HoN—Gly —Ala—Tyr—Trp—Ala ———— Lys —Ary—GIn—Pro —His —COOH

N-terminus C-terminus

(a)

Intra chain disulfide bond

S—ZS

H,N—Gly L Asn—COOH A Chain
Inter chain S S
disulfide | |
bond bl" S|

Ala —COOH B Chain

Hy,N—Phe
(b)
Fig. 3.1 (a) Primary structure of a protein (b) Insulin primary structure

2. Secondary Structure
Folding of polypeptide chain along its long axis is called as secondary structure of protein.
Folding of polypeptide chain can be ordered, disordered or random. Secondary structure is
often referred as conformation. So, proteins has ordered secondary structure or conforma-
tion and random or disordered secondary structure or conformation.
Ordered Conformation of Polypeptides
The polypeptide chain of some proteins may exist in highly ordered conformation. The
conformation is maintained by hydrogen bonds formed between peptide residues.
Hydrogen bond

It is a weak ionic interaction between positively charged hydrogen atom and negatively
charged atoms like oxygen, nitrogen, sulfur etc. It is indicated with broken lines (---).

There are two types of ordered secondary structure observed in proteins.

1. The polypeptide chain of o-keratin, which is present in hair, nails, epidermis of the skin
is arranged as o-Helix. o-letter is given to this type of structure because it was first
ordered structure noticed in proteins.

2. Polypeptide chain of B-keratin, which is present in silk fibroin and spider web is ar-
ranged in B-pleated sheet. The B-letter is given because it was observed later.
Main Features of a-Helix
1. In o-helix polypeptide, backbone is tightly wound round (coiled) long axis of the molecule.



Proteins

2. The distance between two amino acid residues is 1.5 A.

. o-helix contain 3.6 amino acid residues per turn. The R-group of amino acids project

outwards of the helix (Fig. 3.2b).
4. The pitch of the o-helix is 5.4 A long and width is 5.0 A (Fig. 3.2a).

. The o-helix is stabilized by intra chain hydrogen bonds formed between —N-H groups
and —C=0 groups that are four residues back, i.e., -N—H group of a 6 peptide bond is

hydrogen bonded to —C=0 group of 2°¢ peptide bond (Fig. 3.2b).

/
?*o—
O=—-

3.6 amino acids
O====-=-="I-z
T
RS

ol
z
/
-z

Side chain

extend outward
5.4 A

(a)

Fig. 3.2 (a) Right handed o-helix
(b) Intra chain hydrogen bonds between N-H groups and C = O groups
that are four residues back

to o-helix.

6. Each peptide bond participates in the hydrogen bonding. This gives maximum stability

1
Hydrogen
| ¢——
| bond
1
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7. o-helix present in most fibrous proteins is right handed. The right handed o-helix is
more stable than the left handed helix.

8. orhelix is hydrophobic in nature because of intra chain hydrogen bonds.

9. An o-helix forms spontaneously since it is the most stable conformation of polypeptide
chain.

10. Some amino acids act as terminators for o-helix.
Example: Proline.

11. Aromatic amino acids stabilizes o-helix.

12. Charged and hydrophobic amino acids destabilize o-helix.

13. Content of o-helix varies from protein to protein.

B-Pleated Sheet Features
. In B-pleated sheet, the polypeptide chain is fully extended.

[y

2. In B-pleated sheet, polypeptide chains line up side by side to form sheet (Fig. 3.3). The
side chains are above or below the plane of the sheet.

3. From 2 to 5, adjacent strands of polypeptides may combine and form these structure.

4. When the adjacent polypeptide chains run in same direction (N to C terminus) the
structure is termed as parallel B-pleated sheet. (Fig. 3.4a)

5. When the adjacent polypeptide chains run in opposite direction the structure is termed
as anti-parallel B-pleated sheet (Fig. 3.456).

6. The B-pleated sheet is stabilized by inter chain hydrogen bonds (Fig. 3.4 a and b).
7. B-keratin contains anti parallel B-pleated sheet.
8. Both parallel and anti-parallel B-pleated sheet occur in other proteins. Amyloid protein
present in Alzheimer’s disease has anti parallel B-pleated sheet. It accumulates in the CNS.
R R R R R R
o
R R R R R R

Fig. 3.3 B-Pleated sheet showing arrangement of ‘R’ groups.
All the R-groups project above (solid line) or below (broken line) the plane

R
I
R

v

o H O H o H
o | Ll \ \
I S P A A R A B
‘ o o o o
H O‘\ H 0 Inter chain
H (0] ‘H 0" €——— Hydrogen
\ o | Ll | bond
—C—C—N-C—C—N-C—C—N-C—C—N-C—C—
o |l o, | e I lo o |l

Fig. 3.4 (a) Parallel B-structure showing interchain hydrogen bonds
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\ }\I \ \(\) \ }\I |l \ }\I
N A O N R A
|
H 0 H 9
H H H i€— Hydrogen bond
O H O H

Z—{m-O

A

Fig. 34 (b) Anti-parallel B-structure

Random Coil (Disordered) Conformation

Regions of proteins that are not organized as helices and pleated sheet are said to be present
in random coil conformation. These are also equally important for biological function of
proteins as those of helices and B-pleated sheet.

B-turn or B-bends (Reverse Turn)

Hair pin turn of a polypeptide chain is called as B-turn. The change in the direction of a
polypeptide chain is achieved by B-turn. B-turn connects anti parallel B-sheets. Usually four
aminoacids make up B-turn. Gly, Ser, Asp, proline are involved in B-turns. (Fig. 3.5a)

Super Secondary Structure

In some globular proteins regions of o-helix and B-pleated sheet join to form super secondary
structure or motifs. They are very important for biological function. (Fig. 3.5b)

Super Helix

o-keratin consist of right handed o-helix as basic unit. Three such o-helices get cross linked
by disulfide bonds and form super secondary structure. (Fig. 3.5¢)

Triple Helix

Collagen present in skin, cartilage, bone and tendons consists of left handed helix as basic
unit. Three left handed helices are wrapped around each other to right handed super
secondary structure triple helix.

B-turn

Coiling of
3-helices

o-Helix

(a) (b) (c)
Fig. 3.5 (o) Two anti-parallel chains are joined by B-turn
(b) Motif (c) Super secondary structure
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3. Tertiary Structure

Three-dimensional folding of polypeptide chain is called as tertiary structure. It consists of
regions of o-helices, B-pleated sheet, B-turns, motifs and random coil conformations. Inter-
relationships between these structures are also a part of tertiary structure (Fig. 3.6).

Tertiary structure of a protein is mainly stabilized by non-covalent bonds (Fig. 3.7).

Fig. 3.6 Schematic diagram showing tertiary structure and different types
of secondary structures of a protein molecule

—V‘al S‘er Pr“.c Asp——
d
/ C/H2 c CH, CO0-
HO..... AN %
% @ """"" VM e o

- CH, NH,*

_CH, Y Pak

lle His Phe Lys —

Fig. 3.7 Non-covalent bonds present in tertiary structure
(a) Hydrophobic interaction (b) Electrostatic bonds
(c) Internal hydrogen bonds (d) vander waal’s interactions

A. Hydrophobic interactions

The non-polar side chains of neutral amino acids tend to associate in proteins. These are called
as hydrophobic interactions. They play significant role in maintaining tertiary structure.

B. Electrostatic bonds

These bonds are formed between oppositely charged groups of amino acid side chains. The
€-amino groups of lysine is positively charged and second (non-o-) carboxyl group of aspartic
acid is negatively charged at physiological or body pH. These interact electrostatically to
stabilize tertiary structure of protein. They are also called as salt bridges.

C. Internal hydrogen bonds

Amino acid side chains are involved in the hydrogen bond formation. Hydroxyl group of
serine, threonine, the amino groups and carbonyl oxygen of glutamine and aspargine, the
ring nitrogen of histidine participates in internal hydrogen bond formation.
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D. Vander waals interactions

These are the weak interactions between uncharged groups of protein molecule. They also
contribute to the stability of proteins.

4. Quaternary Structure

Proteins containing two or more polypeptide chains possess quaternary structure. These
proteins are called as oligomers. The individual polypeptide chains are called as protomer,
monomers or subunits. The protomers are united by forces other than covalent bonds.
Occasionally, they may be joined by disulfide bonds. (Fig. 3.8)

Fig. 3.8 Quaternary structure of a tetramer.

The most common oligomeric proteins contain 2 or 4 protomers and are termed dimers
and tetramers.

Forces that stabilize these aggregates (assembles of monomers) are:
1. Hydrogen bonding

Electrostatic interactions

Hydrophobic interactions

Vander waals interactions

AN

Disulfide bridges (in some proteins)
Examples: 1. Haemoglobin consist of 4 polypeptide chains.
2. Hexokinase contains 2 subunits.

3. Pryuvate dehydrogenase contains 72 subunits.

Determination of Protein Structure

The primary structure of protein directs specific folding (secondary structure) and its tertiary
structure. If there is a change in one of the amino acids of protein, then conformation of
polypeptide chain alters, which results change in biological function. Further, the sequence
of amino acids in proteins that gives them their striking specific biological actions. Therefore
knowledge of primary structure of a protein is required for the understanding of relationship
of a protein’s structure to its function at molecular level.

Determination of Primary Structure of Protein

1. Sanger’s reagent

Sanger used FDNB (1-Fluoro-2, 4-Dinitrobenzene) to determine the amino acid sequence of
a polypeptide chain from N-terminus. Sanger’s reagent can be used to determine only one
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amino acid at a time because FDNB reacts with other amino acids. FDNB arylates free
amino acid group and produces intense yellow 2, 4-dinitrophenyl residues of amino acids.
These derivatives are separated by chromatography and identified (Fig. 3.9).

NO2 X HF NOz H
02N +HN—C—CO—R |
N =R MOz == N ¢ co R
R
FDNB Protein H R
Dinitrophenyl
(DNP) derivative

Fig. 3.9 Sanger’s reaction

2. Edman'’s reagent

Edman used phenylisothiocyanate (Edman’s reagent) for the determination of amino acid
sequence of a protein from the N-terminus. Edmans reagent not only identifies N-terminus
but also when used repeatedly provides complete sequence of the polypeptide chain. In
Edman’s reaction, the polypeptide chain is shortened by only one residue and rest of the
polypeptide remains intact. The reaction is repeated and second residue is determined. By
continued repetition, complete sequence of protein is determined starting from N-terminus
(Fig. 3.10).

Il |\-| I
s + HZN—C‘:—C—I‘\J—‘C—C—I\‘J—Rn
N=C R1 H Rz H

Phenyl isothio cyanate
(Edman’s Reagent)

Repetition n—1 times I | Il

H H Ry H R, H
Phenyl thio carbamyl derivative of protein
H+
i
H 0
Ll N
HZN—?—C—I‘\J—Rn_1 N NH
R H //‘—L
2 o R
Protein shorter by one amino acid Phenyl thiohydantoin

Fig. 3.10 Edman’s reaction for sequence determination of protein from N-terminus

Edman’s reagent react with amino group and produces phenylthiocarbamyl derivatives
on treatment with acid. Phenylthiocarbamyl derivative cyclizes to phenylthiohydantoins.
They are estimated using chromatography.

Protein Folding

Let us examine how polypeptide chain attains native conformation as soon as it comes out
of protein synthesizing machinery. Though exact mechanisms involved in protein folding are
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not known due to extensive investigations carried out some information on protein folding
mechanisms is available.

Stages of Protein Folding
Protein folding occurs by stages:

(a) Domains formation

o-helical, B-pleated sheet, B-bend containing domains are formed in the initial step of folding
of polypeptide chain. This self assembling process mostly depends on primary structure. It
involves extensive interaction among amino acids residues side chains of polypeptide chain.
It is governed by thermodynamic principles like free energy etc.

(b) Molten globule

In the next step domains from molten globule state in which secondary structure predomi-
nates and tertiary structure is highly disordered.

(c) Native conformation

Finally native conformation develops from molten globule state after several minor
conformational changes and rearrangements.

(d) Oligomer formation

In the case of multimeric or oligomeric proteins after attaining specific conformation protomers
or sub-units may assemble into native like structure initially. After some realignments it
ultimately gives rise to final conformation of oligomer.

Additional Protein Folding Factors

Though self association of polypeptide chain into ordered conformation is largely determined by
amino acid sequence (primary structure) recent research has shown that in some cases folding
of protein requires additional factors. Some of them are enzymes and some are protein factors.
Protein Folding Enzymes

Two protein folding enzymes are known:

(a) Disulfide isomerase

In the newly formed protein molecules —SH groups of cysteine residues may form several
intra or inter disulfide linkages. However, only few disulfide linkages may be essential for
proper protein folding. The disulfide isomerase favours formation of such disulfide linkages
by breaking unwanted linkages formed.

(b) Cis-trans prolyl isomerase

It aids folding process by catalyzing inter conversion of cis-trans peptide bonds of proline
residues of folding protein.

Protein Factors

Chaperons (Chaperonins)

These proteins aid protein folding process by preventing formation of aggregates. Usually
aggregate formation slows down protein folding process. Chaperons accelerate protein
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folding by blocking protein folding pathways of unproductive nature. They bind to hydropho-
bic parts of protein molecules and prevent formation of aggregates. They are also involved
in protein refolding that occurs when proteins cross membrane structures.

Denaturation of Proteins

Denaturation is loss of native conformation. On denaturation, physical chemical and biologi-
cal properties of a protein are altered (Fig. 3.11).

Fig. 3.11 Denaturation of protein

Some of the changes in properties are:

1. Decreased solubility

2. Unfolding of polypeptide chain

3. Loss of helical structure

4. Decreased or loss of biological activity

5. More susceptible to action of enzymes

6. Increased chemical reactivity

7. Dissociation of subunits in case of oligomeric proteins.
Causes of Denaturation

1. High temperature

2. Extreme alkaline or acidic pH

3. Use of urea and guanidine at high concentration

4. UV radiation

5. Sonication

6. Vigorous shaking

7. Detergent like sodium dodecylsulfate also denatures protein

8. Treatment with organic solvents like ethanol, acetone etc.

9. Treatment with strong acids like trichloro acetic acid, picric acid and tungstic acid
10. Exposure to heavy metals like Pb?*, Ag®>* and Cu®*
Biomedical Importance

1. These properties are exploited for the separation of serum proteins from the other

compounds of clinical importance.
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2. Denaturation knowledge is required when activities of enzymes in biological fluids like
blood are measured for diagnosis.

3. Purification of protein from mixture of proteins also needs denaturation properties.
4. Lead poisoning cases are treated with egg white to decrease toxicity of lead in the body.

Many cases of the process of denaturation is irreversible.

Examples of Denaturation

1. When egg white is exposed to high temperature coagulum is formed because heat
denatures egg albumin. The solubility of denatured protein is decreased.

2. Formation of coagulum when albumin is exposed to high temperature.
3. Heat treatment of trypsin results in loss of biological activity.

4. Monellin is a dimeric protein has sweet taste. On denaturation the sweet taste is lost.

Renaturation

Though denaturation is irreversible in majority of the cases, in few cases, renaturation is
observed.

Example: Ribonuclease denatures on exposure to heat but come back to its native
conformation when temperature is lowered.

PLASMA PROTEINS

Plasma is non-cellular portion of blood. The total plasma protein level ranges from 6-7 gm/dl.
Plasma contains many structurally and functionally different proteins. Plasma proteins are
divided into two categories.

1. Albumin: Not precipitated by half-saturated ammonium sulfate.
2. Globulin: Precipitated by half-saturated ammonium sulfate.

The albumin constitutes over half of the total protein. Albumin level ranges from 3.5-5.5 gm/dl.
Globulin ranges from 2-3 gm/dl. After the age of 40, albumin gradually declines with an
increase in globulins. Albumin is found to be simple protein and a single entity. But globulin
has been found to contain many components. Subglobulins are detected as bands on
electrophoresis. They are oy, 0y, p and 7y-globulins. Electrophoretic pattern is shown in
(Fig. 3.12a). The different plasma protein bands are semi-quantitated using densitometer
(Fig. 3.12b).

/ 04-Globulin

+ -

-Globuli
Albumin  o,-Globulin f-Globulin v-Globulin

Fig. 3.12 (a) Electrophoretic pattern of plasma proteins
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v-globulin

op-globulin

o4-globulin
B-globulin

Fig. 3.12 (b) Densitometer scan of different plasma protein bands

Characteristics of Plasma Proteins
1. They are all glycoproteins except albumin. Sialic acid is the most important of all the
sugars present in plasma proteins. Removal of sialic acid decreases the life span of
plasma proteins.

2. Each plasma protein has defined life span. The half life of albumin is 20 days and
haptoglobin life span is 15 days.

3. Liver is the sole source of albumin, prothrombin and fibrinogen. Most of the o and
globulins are also of hepatic origin. y-globulins are derived from lymphocytes.

Albumin

Liver produces about 12 gms of albumin per day.

Structure

It consists of single polypeptide chain of 584 amino acid residues with a molecular weight
of 66,300. Charged amino acids (glutamate, aspartate and lysine) make up a quarter of the
total amino acid residues. The acidic residues out number the basic amino acids hence
molecule is highly negative charged which accounts for the high mobility of albumin towards
anode. Secondary structure of the protein is over half is in the o-helical conformation. 15%
as B-pleated structure and remaining in random coil conformation. The tertiary structure is
that of globular protein. The overall shape resembles ovoid. The hydrophobic amino acid
residues are present in the hydrophobic interior and polar amino acids are arranged to face
the exterior of the albumin. This accounts for the high solubility of the albumin in water
(aqueous solutions).

Functions
1. Albumin accounts for 75% of the osmotic pressure (25 mm Hg) in blood and responsible
for maintenance of blood volume.
2. Albumin has major role in the regulation of fluid distribution.

3. One gram of albumin hold 18 ml of fluid in the blood stream. Decrease in albumin level
leads to accumulation of fluid which results in edema.

4. It transports fatty acids from adipose tissue to liver. Albumin also binds many hydro-
phobic substances like bilirubin and several drugs. The binding of bilirubin is critical in
neo-natal period.

5. Albumin act as a reservoir for Ca®* in plasma. About 40% of plasma calcium is bound
to albumin.
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6. Albumin is also involved in the transport of thyroid hormones, glucocorticoids and sex
steroids.

7. Albumin function as protein source for peripheral tissues. Each day liver replaces about
12 gm of albumin taken up by peripheral tissues. In certain conditions like stress and
starvation the turn over rate of albumin is increased. Albumin is in dynamic equilib-
rium.

8. Albumin acts as a buffer.

a;-Globulin: Mainly o,-antitrypsin. It is a protease inhibitor. It is the major component
of a,-fraction and accounts more than 90%. It inhibits trypsin, chymotrypsin, elastase and
neutral protease. The major function of o;-antitrypsin is the protection of pulmonary tissue
and other tissues from the destructive action of proteases.

o, —antitrypsin —2stase_, o, — AT - Elastase complex — s No proteolysis > No lung
(o, —AT) or AAT (In active) damage

Lung tissue —285t85¢_, Proteolysis — > Lung damage

Deficiency of o;-antitrypsin results in emphysema.

a;-Acid glycoprotein (AAG): It is another major component of o4-globulins. It in-
creases in plasma in inflammatory conditions.

Other components of o;-globulins are

a-Lipoprotein: Functions in the transport of lipids (HDL). It transports cholesterol
from extra hepatic tissue to liver.

Prothrombin: Blood clotting factor.
Retinolbinding protein: Transport of Vit A.
Thyroxine binding globulin: Transport of thyroxine.

o,-Fetoprotein: It is present only in fetal serum. Its presence in non-foetal serum
indicates primary carcinoma of liver. It is referred as tumour marker.

0,-Globulins: The oy-fraction of globulins includes.

Haptoglobulin: It combines with haemoglobin in order to remove it from the circu-
lation. Kidney can not filter haemoglobin-haptoglobin complex because of its larger size.

ay-Macroglobulin: It functions as protease inhibitor. It combines with proteases and
facilitates their removal from circulation. It also binds with cytokines and involved in zinc
transport.

Ceruloplasmin: A copper binding plasma protein and function as ferrooxidase and
converts Fe* — — Fe?*

Erythropoietin: It is involved in erythropoiesis.

Pseudocholinesterase: It is only functional enzyme present in plasma. It hydrolyzes
acetylcholine.

B-Globulins: They are
Transferrin: It accounts for about 60% of B-globulins. It is an iron transport protein.

B-Lipoproteins: Involved in the transport of cholesterol from liver to extrahepatic tissue
(LDL).
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Complement-3: It is one of the member of complement system present in plasma. It
is involved in phagocytosis.
Other globulins present in plasma are:

Fibrinogen: It is similar to globulins because it is precipitated by half saturation with
ammonium sulfate. It is a fibrous or filamentous protein. It is the precursor of fibrin, the
blood clotting substances.

Prealbumin: It is a component of globulin fraction. Though it is a globulin by nature
it is named as prealbumin because it migrates ahead of a albumin in electrophoresis. It is
a carrier of thyroxine, Vitamin A and binds calcium.

Other blood clotting factors, plasminogen and several non-functional enzymes are also
present in plasma.

Acute Phase Proteins or Reactants (APR)

1. The concentration of these proteins increases markedly during acute inflammation.

2. They are o;-antitrypsin, haptoglobin, ceruloplasmin, complement-3, fibrinogen and
c-reactive protein. Their concentration increases in conditions like surgery, myocardial
infraction, infections and tumours.

3. Acute phase reaction is general to any infection. They all play part in complex defensive
process of inflammation.

4. The synthesis of these proteins by liver is triggered by interleukin at the site of injury.

5. The plasma levels of these APR raises at different rates. The levels of c-reactive protein

raises first followed by o;-antitrypsin. The level of complement-3 raises at the end
(Fig. 3.13).

C-reactive protein (CRP)

Serum level oq-antitrypsin

Complement-3

o Hours Days
Fig. 3.13 APR levels after injury

y-Globulins

The immunoglobulins and c-reactive protein (CRP) constitutes this fraction. C-reactive protein
is so called because it forms precipitate with somatic C-polysaccharide of pneumococcus bacteria.

IMMUNOGLOBULINS

They are globulins produced as body’s immune or defence against infection. Invasion of body
by virus or microorganisms or foreign molecules is called infection. They are produced by
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B-lymphocytes, bone marrow and spleen in response to infection. Entry of foreign molecule
into body triggers the synthesis of specific globulin, which selectively combines with foreign
molecule and lead to its inactivation. The foreign molecule is called as antigen where as
globulin produced against it is called as antibody. Even without infection the normal plasma
contains hundreds of different antibody molecules.

Classification

The immunoglobulin (Ig) proteins of plasma are divided into three major classes Ig G, Ig A,
Ig M and two minor classes Ig D, Ig E based on their composition.

Structure

The composition and shape of various classes of immunoglobulins have similar pattern and are
represented by the structure of major G class of molecule i.e., Ig G. Each Ig G molecule consist
of 4 polypeptide chains and molecular weight is 150,000. The four polypeptide chains are of two
types. They are two heavy chains or H chains or about 450 amino acids (molecular weight
50,000) and two light or L chains or about 220 amino acids (molecular weight 25,000). Over all
shape of the molecule represents Y. Two heavy chains intertwine to form the base of the Y,
a disulfide bond links the L chain to H chain to form arm of the Y. The two heavy chains are
held together by disulfide bonds formed between them at the hinge region of the Y (Fig. 3.14).

NH, NH,
D — |
N 14
© H
Disulfide bonds
G . .
S—S \y Light chain
Fab ™ s
Region
COOH
—O
< CHz|—( \
Carbohydrate
Fc CHs
Region
h

\ \
COOH

Heavy chain

Fig. 3.14 Structure of an immunoglobulin (I,)



44 Medical Biochemistry

The H chain contains variable region of domain (Vi) at the N-terminus and three
constant domains (Cy, Cy,, Cp,) at the C-terminus. Like wise L chain consists of variable
domain (Vi) at the N-terminus and a constant domain (C;) at the C-terminus. The carbo-
hydrate is attached to Cy, of the heavy chain. The amino acid sequence in the variable
regions of H and L chains varies and are specific to the type of antibody. In contrast amino
acid sequence in constant region of H and L chains are same in each class of immunoglobulins.
The antigen binding site is called as Fab site. It consists of light chain and N-terminal half
of the heavy chain. The remaining part of the immunoglobulin is called as Fe¢ (fragment with
constant domain).

The different classes of immunoglobulins vary in their size, distribution, function and
composition. The main chemical differences are found in their H chains. They are named
according to the types of H chain present. There are five classes of H chains. They are 7,
o, U, 6, €. However, there are only two classes of L chains « or A.

Different Classes of Immunoglobulins

1. Ig G class

It constitutes 70 to 80% serum immunoglobulins. Its composition is y,Ly (Yoky or YoAy). It is
the only class of antibody that is capable of crossing the placental barrier from the maternal
to fetal circulation. It is the antibody of newborn until synthesis of immunoglobulins in the
body i.e., up to 2 years of age. Ig G antibodies bind to phagocytic cells thus making a link
between antibody and phagocytes. Further, binding of Ig G to foreign cells increases their
susceptibility to killer cell attack.

2. 1g A class

It accounts for 10-20% of immunoglobulins. Its basic composition is (asly), SCJ and it also
exists as multimer of the basic unit (0,Lo)n where n = 1, 2, 3 etc. It is the chief antibody
present in mucous secretions of lungs and gastrointestinal tract. Mucosal cells add one more
polypeptide chain known as secretory component (SC), joining H chains of Ig A dimers before
passage into secretions. They form aggregates with antigen in the gut and lungs thus
prevent the entry of such harmful substances into the body (Fig. 3.15a).

3. 1g M class

It accounts for about 5-10% of total immunoglobulins. Like Ig A class, it is also a multimer
of basic tetramer. Its composition is (1yLy)5 J i.e., it is a pentamer of basic unit. The H chains
are joined by JC chain. When these are present in secretions of mucous membranes they
may contain SC component also. It is the largest of all the immunoglobulins (Fig. 3.1556) Ig
M act as antigen receptor on B-lymphocytes. It is also involved in complement fixation. Ig
M molecules are first to appear in infancy.

4. Ig D class

It accounts less than 0.5% of total immunoglobulins. Its composition is 8,L,. The biological
activity of Ig D appears to be limited. It is not a secretory antibody. It is involved in the
initiation of alternate pathway of complement fixation.

5. Ig E class

It is least concentrated and has shortest life span of all the immunoglobulins. Its composition



Proteins 45

is gl Ig E concentration increases in allergic reactions. It is a surface antibody of cells
involved in anaphylactic response. The constant region of the antibody is bound to mem-
brane receptor of leukocytes or mast cells and variable region is exposed to the outer
surface. When the specific antigen reacts with antibody, it triggers the cells to release
histamine and other vasoactive amines. The Ig E class also found in secretions of lungs and
gut but the Ig Es lack the J chain and SC part found in Ig As and Ig Ms.

Fig. 3.15 (a) I, A dimer (b) Structure of I, M (pentamer)

Immunoglobulins Disorders

There are numerous disorders associated with different classes of immunoglobulins.

1. Multiplemyeloma

It is a malignant disease of single clone (cell type) of plasma cells of the bone marrow. These
plasma cells proliferate throughout bone marrow. Other bone marrow cells are reduced.
Tumours of the plasma cells produce myeloma proteins.

The incidence is low in individuals younger than 60 years but raises with age. Symptoms
include recurrent infections, weight loss, bone lesions, anaemia and haemorrhages.

Bence-Jones proteins

They are immunoglobulins light chains present in plasma and urine of multiple myeloma
patients. The molecular weight is 2500. They are found with y-globulin fraction on
electrophoresis. The characteristic property of these proteins is their behaviour on heating.
The normal plasma proteins precipitates between 60-70°C. The Bence-Jones proteins precipi-
tate at 40-60 °C completely. Redissolving of the precipitate occurs as the temperature reaches
boiling point. Subsequent cooling reprecipitates the protein and boiling redissolves it. They
are identified in the urine of the suspected individuals based on this property.

2. Agammaglobulinemia

It is x-chromosome linked and affects only males. y-globulins are absent in plasma of these
patients. So they are prone to infections.

3. Hypogammaglobulinemia

Production of y-globulins is decreased in these cases.
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4. Autoimmune disorders

Sometimes body rejects its own proteins which becomes antigenic. This results in auto
immune disorders due to production of antibodies against its own proteins. Rheumatoid
arthritis is known auto immune disorder.

Catalytic Antibodies or Abzymes

1.

Immunoglobulins bearing catalytic activity of an enzyme are produced using an enzyme
active site as the antigen.

2. The first step consists of producing an antibody A; against the active site of an enzyme.

. Enzyme inhibition studies are used to confirm that A; contains active site close to

enzyme active site.

4. Then A, is used to produce second generation A, antibodies having specific catalytic activity.

They are used to remove toxins or viral coat proteins present in the body.
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EXERCISES

ESSAY QUESTIONS

1.
2.

Classify proteins based on composition. Give examples for each class.

Explain terms primary, secondary, tertiary and quaternary structure of proteins. Write various
forces that stabilize protein structure.

3. Describe immunoglobulins with respect to structure, classification and functions.

Describe plasma proteins.

5. Write an essay on functions of proteins with examples.

SHORT QUESTIONS

1.
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20.
21.
22.
23.
24.
25.

Define denaturation. Name methods of protein denaturation and write importance of this proc-
ess in medicine.

Write salient features of o-helix.

Write methods used for determination of primary structure of protein.

Explain primary structure of insulin.

Name acute phase proteins. In what conditions, they are elevated in blood ?

What is normal plasma protein level? Draw electrophoretic pattern of plasma proteins.
Write a note on super secondary structure of proteins.

Define abzymes. How they are produced ? Write their clinical importance.

Write a note on diseases associated with immunoglobulins.

Write briefly on Bence-Jones proteins.

. Mention five structural features of B-pleated sheet.
. Define primary structure. Write its importance.

. Write about forces that stabilizes quaternary structure of protein.

Write normal plasma albumin level. Mention its functions.

. Briefly write on various components of o;-globulins.

. Write a note on charge properties of protein.

. Name various components of B-globulins. Mention their functions.
. Write short note on immunoglobulin structure.

. Define isoelectric point of protein. Give an example. Write about properties of protein at isoelectric

point.

Write briefly about structure of albumin and collagen.

Name Edman’s reagent. Write its importance.

Write about changes that occurs in protein properties on denaturation.
Define renaturation. Give an example.

Define derived proteins. Give examples.

Write a note on conjugated proteins.
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MULTIPLE CHOICE QUESTIONS

1.

All the following statements are correct regarding protein except:
(a) Proteins are involved in transport of gases.

(b) Proteins are involved in defence.

(¢) Proteins act as buffers.

(d) Proteins are not found in all cells.

In fibrous proteins, polypeptide chains are

(a) Extended (b) Folded

(¢) Twisted (d) Coiled

Hair pin turn of polypeptide chain is called as

(a) B-Turn () o-Turn

(¢) yTurn (d) P-pleated turn
In the body, one gram of albumin holds

(@) 10 ml of fluid (6) 18 ml of fluid
(¢) 25 ml of fluid (d) 20 fatty acids
Tumour marker present in liver cancer patient blood is

(a) Haptoglobulin (b) Acid protein
(¢) o-Feto protein (d) Thyroxine
The concentration of Ig E class of immunoglobulin increases in blood in
(a) Allergic reactions (b) Cancers

(¢) Cold conditions (d) Neonatal life

FILL IN THE BLANKS

S I A i

and are connective tissues proteins.
The isoelectric point of casein is -------------- .
Gliadin of wheat is an example for -------------- .
B-pleated sheet is stabilized by -------------- hydrogen bonds.
Quaternary structure of hemoglobin consists of -------------- .
Emphysema is due to deficiency of -------------- .
Plasma and urine of multiple myeloma patients contains -------------- .

Immunoglobulins bearing catalytic activity are called as -------------- .

Medical Biochemistry
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ENZYMES

OCCURRENCE

Enzymes are produced by all living organisms including humans and present only in small
amounts.

MEDICAL AND BIOLOGICAL IMPORTANCE

1.

8.
9.
10.

Enzymes are the chemical work horses of the body. Enzymes are biological catalysts
that speed up the pace of chemical reactions.

. A chemical reaction without an enzyme is like a drive over a mountain. The enzyme

bores a tunnel through it so that passage is far quicker and takes much less energy.

. Enzymes make life on earth possible, all biology from conception to the dissolution that

follows death depends on enzymes.

Enzymes regulates rate of physiological process. So, defects in enzyme function cause
diseases.

. When cells are injured enzymes leak into plasma. Measurement of activity of such

enzymes in plasma is an integral part of modern day medical diagnosis.
Enzymes are used as drugs.

. Immobilized enzymes, which are enzymes attached to solid supports are used in clinical

chemistry laboratories and in industry. For example glucose in blood or urine is
detected by using immobilized glucose oxidase. In pharmaceutical industry, glucose
isomerase is used to produce fructose from glucose.

Enzymes are used as biosensors.
AIDS detection involves use of enzyme dependent ELISA technique.
Enzymes are used as cleansing agents in detergent industry.

CHEMICAL NATURE OF ENZYMES (PROPERTIES)

1

B~ W DN

All the enzymes are proteins except ribozymes and number of enzymes are obtained in
crystalline form.

In 1878, Kuhne, introduced term ‘Enzyme’ to indicate biological catalyst.
Enzymes cut big molecules apart and join small molecules to form big molecules.
Most of the chemical reactions in the body are enzyme catalysed.

49
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5. The substance upon which an enzyme acts is called as substrate. By the action of
enzyme it is converted to product. An enzyme-catalysed reaction consist of substrate,
enzyme and product as shown below.

Substrate —=2%™e s Product

6. The enzymes are big particles. Their molecular (size) weight ranges from few thousands
to millions.

7. Enzymes have enormous power of catalysis. They increase rate of reaction to 10° to 10*°
folds. For example, carbonic anhydrase can hydrate to 10° molecules of CO, per second.
In the absence of enzyme hydration of CO, is 10~ per second.

8. Enzymes are far more efficient compared to non-enzyme (man made) catalysts.
9. Enzymes are not consumed in the overall reaction.

10. Enzymes accelerate the rate of reaction but does not alter the equilibrium constant
(Keq).

To know how enzymes work, physical chemistry of catalysts must be explored because
enzymes are catalysts.

Catalyst

A catalyst does not change the chemical reaction but it accelerates the reaction. They are
not consumed in overall reaction. But they undergo chemical or physical change during
reaction and returns to original state at the end of reaction. Transition state theory was
proposed to explain action of catalyst.

For a chemical reaction A —— B to occur, energy is required. When enough energy
is supplied. A undergoes to transition state which is an unstable state. So, it gets converted
to product B which is more stable. The amount of energy needed to convert a substance
from ground state to transition state is called activation energy. In presence of catalyst, A
undergoes to transition state very fast and requires less energy (Fig. 4.1). Hence, a catalyst
accelerate the rate of reaction by decreasing the energy of activation. Likewise enzymes also
speed up reaction by lowering energy of activation. Further, the activation energy is very
much less for a reaction in presence of enzyme than non-enzyme catalyst (Fig. 4.1). There-
fore enzymes are more efficient than non-enzyme catalyst.

Activation energy
Uncatalysed

In presence of non-enzyme catalyst

In presence of enzyme
Free energy

© Progress of reaction

Fig. 4.1 Energy of activation for uncatalysed, non-enzyme catalysed and enzyme catalysed reactions
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ENZYME SPECIFICITY

Enzymes are highly specific compared to other catalyst. An enzyme catalyzes only specific
reaction. Some general types of enzyme specificity are:

1. Substrate Specificity

Enzymes are specific towards their substrates. For example, glucokinase catalyzes the trans-
fer of phosphate from ATP to glucose. Galactokinase catalyzes transfer of phosphate from
ATP to galactose. Though both enzymes catalyzes transfer of phosphate from ATP they act
only on specific substrate. Similarly, transminase which catalyze transfer of amino group are
specific to substrate. Aspartate transminase catalyzes the transfer of amino group from
aspartate and alanine transminase catalyzes transfer of amino group from alanine only. So,
they are specific towards substrate.

Glucose + ATP —Glucokinase . 31005e-6-phosphate + ADP

Galactose + ATP —Galactokinase . 3515¢t0se-1-phosphate + ADP

2. Reaction Specificity

A given enzyme catalyze only one specific reaction. For example, lipases only hydrolyze
lipids, urease hydrolyzes urea. They do not catalyze any other type of reaction. Likewise
amino acid oxidase catalyze oxidation of amino acid and decarboxylase catalyze only
decarboxylation of amino acids.

Lipids —2P*¢ , Glycerol + Fatty acids
2

Decarboxylase

Amino acids co,

Amines  Urea —Ureg)ﬂ> 2NH; + H,CO4

Oxidase

A-Keto acid + NHj
3. Group Specificity

Some lytic (hydrolases) enzymes act on specific groups. Proteases are specific for peptide
groups, glycosidases are specific to glycosidic bonds.

. Prot . . Malt
Proteins ——=s Amino acids Maltose ——=°5 Glucose + Glucose

H,0 H,0

Ester =572, Acid + Alcohol
2

4. Absolute Group Specificity

Certain lytic enzymes exhibit high order group specificity. For example, chymotrypsin is
protein splitting enzyme i.e., it hydrolyzes peptide bonds. But it preferentially hydrolyzes
peptide bonds in which carboxyl group is contributed by aromatic amino acids phenylalanine,
tyrosine and tryptophan. Likewise, trypsin another peptide bond hydrolyzing enzyme
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preferentially hydrolyzes peptide bonds in which carboxyl group is contributed by basic
amino acids.

Amino peptidase Chymotrypsin Trypsin Carboxypeptidase

l l l l
H,N — Ala— Gly — Val — Tyr — Glu — Ala — Ile — Arg — Ala — Gln — Asp — COOH
Similarly, carboxy peptidase removes one animo acid each time from carboxy terminus

and amino peptidase removes one amino acid each time from N-terminus. Thrombin of blood
clotting process is highly specific for Arg-Gly-bonds.

5. Optical Specificity

Several enzymes exhibit optical specificity of substrate on which they act. It means enzymes
are able to recognise optical isomers of the substrate. For example, enzymes of amino acid
metabolism act only on L-isomers (L-amino acid) but not D-isomers (D-amino acids). Like-
wise enzymes of carbohydrate metabolism act only on D-sugars but not on L-sugars.
Enzyme Classification and Nomenclature

International Union of Biochemistry classified all enzymes into six major classes based on
the type of reaction they catalyze and reaction mechanism.
Nomenclature

The name of an enzyme has two parts. The first part indicates name of its substrate and
second part ending in ‘ase’ indicates the type of reaction it catalyzes. Further, each enzyme
has code (EC) number. It is a four-digit number. The first digit indicates major class, second
digit indicates sub class, third digit denotes sub sub class and final digit indicates specific enzyme.

The six major classes of enzymes with some example are:

1. Oxidoreductases
They catalyze oxidation and reduction reactions.

Examples:

(@ Alcohol + NAD* —Alcchol Dehydrogenase . Ajqehyde or ketone + NADH + HY

NAD* NADH + H*

(b) Glutamate < > < o-ketoglutarate
H,0 NH,

Glutamate Dehydrogenase

2. Tranferases
They catalyze transfer of groups

Examples:

(@) Hexose + ATP % Hexose-6-phosphate + ADP

(b) Acetyl-CoA + Choline M) Acetyl choline + CoA

Transferase
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3. Hydrolases
They catalyze hydrolysis of peptide, ester, glycosyl etc. bonds.

Examples:

. Trypsin .
(@) Casein —5— Peptides
2

Choline, Hy

o) . . .
= Choline + acetic acid
sterase

(b) Acetyl choline

4. Lyases

They catalyze removal of groups from substrates by mechanisms other than hydrolysis
forming double bonds.

Examples: (a)

(‘JOOH (‘EOOH
Hi‘ci OH Fumarase (Hji + HQO
?H*H Hf?
COOH COOH
Malate Fumarate

Fig. 42 Fumarase catalysed reaction
(b) Fructose-1, 6-biphosphate —Aldolase Glyceraldehyde-3-phosphate + Dihydroxyacetone
Phosphate
5. Isomerases
They catalyze interconversion of optical, functional and geometrical isomers.

(@) Glyceraldehyde-3-Phosphate — Triosephosphateisomerase . [yijydroxyacetone phosphate

() L-Alanine _ AlanineRacemase . D) Algnine

6. Ligases

They catalyze linking together of two compounds. The linking is coupled to the breaking of
phosphate from ATP.

Examples:
Glutamine Synthetase .
(@) Glutamate + NH, T T Glutamine
ATP ADP + P,
Acetyl-CoA Carboxylase
(b) Acetyl-CoA + CO, 7 1 Malonyl-CoA

ATP ADP + P,

MECHANISM OF ENZYME ACTION

The mechanism of enzyme action deals with molecular events associated with conversion of
a substrate to product in an enzymatic reaction.
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Medical Importance

1. Some drugs are designed based on mechanism of enzyme action. For example, X-ray
crystallographic studies on mechanism of carboxy peptidase action lead to design of
specific inhibitor to angiotensin converting enzyme like captopril which is used in treat-
ment of hypertension.

2. Enzymes with specific properties can be designed based on mechanistic studies. They
may be introduced into humans to correct specific abnormalities associated with
disorders.

The larger size of an enzyme molecule relative to smaller size of its substrate always
puzzled biochemists. Ultimately it led to the concept that small portion of enzyme is re-
quired for enzyme action. This part of the enzyme is known as active site.

CHARACTERISTICS OF AN ENZYME ACTIVE SITE
1. It consist of two parts.

(a) Catalytic site. It is the portion (part) of the enzyme that is responsible for cataly-
sis. It determines reaction specificity. Occasionally, catalytic site and active site are
used synonomously.

(b) Binding site. It is the part of the enzyme that binds with substrate. It determines
substrate specificity.

2. The active sites of enzyme are clefts within the enzyme molecule. For example, the
active site of ribonuclease lies within cleft (Fig. 4.3).

Substrate

Amino acid residue of
binding site

C\/}

Ay,

Enzyme

Amino acid residue of
catalytic site

Fig. 4.3 Schematic diagram showing an enzyme active site
3. Active site consists of few amino acid residues only.
4. Active site is three dimentional.

5. The active site is contributed by amino acid residues that are far apart in the enzyme
molecule. During catalysis, they are brought together.

6. The amino acids at the active site are arranged in a very precise manner so that only
specific substrate can bind at the active site.

7. Usually serine, histidine, cysteine, aspartate or glutamate residues make up active site.
Enzymes are named according to the active site amino acid. For example, trypsin is a
serine protease and papain is cysteine protease.

MODELS OF ACTIVE SITE

Some active site models are proposed to explain enzyme specificity.
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A. Lock and Key Model

1. According to this model the active site is a rigid portion of the enzyme molecule and
its shape is complementary to the substrate like lock and key.

2. The complimentary shape of substrate and active site favours tightly bound enzyme.
Substrate complex formation followed by catalysis (Fig. 4.4 a).

Active site

] 1 ]

¥ +ﬂ

] A B S

Enzyme Substrate [ES] complex Enzyme Product

Fig. 4.4 (a) Lock and key model of an active site
3. This model was unable to explain the possibility of rigid active site combining with the
product to form substrate in reversible reaction.
B. Induced Fit Model

1. According to this model, the active site is flexible unlike rigid type of the lock and key
model.

2. In the enzyme molecule the amino acid residues that make up active site are not
oriented properly in the absence of substrate.

3. When substrate combines with enzyme, it induces conformational change in the enzyme
molecule in such way that amino acids that make active site are shifted into correct
orientation to favour tightly bound enzyme-substrate complex formation followed by
catalysis.

4. The enzyme molecule is unstable in the induced conformation and returns to its native
conformation in the absence of substrate (Fig. 4.4b).

Active site in the
absence of enzyme

QQ f

Active site amino  Substrate [ES] Complex

acids v

Product
Fig. 4.4 (b) Induced fit model of enzyme active site

FACTORS AFFECTING ENZYME ACTION
Rates of enzyme catalyzed reactions are affected by:
1. Enzyme concentration

2. Temperature
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3. Hydrogen ion concentration or pH
4. Substrate concentration

5. Inhibitors and cofactors

MEDICAL AND BIOLOGICAL IMPORTANCE

1. For normal health, all enzymatic reactions must occur in the body and they must
proceed at appropriate rates. Alterations in the rates of enzymatic reactions may disturb
tissue homeostasis.

2. Any alteration in intracellular pH disturbs rates of enzyme reactions.

3. Organs for transplantation, blood and serum are preserved at low temperature as soon
as they are removed from body because enzymatic reactions proceed at much lower rate
at low temperature. Under such conditions, O, demand of cells decreases, so cells of the
organs or fluids survive with available O, for sometime.

4. Rates of enzymatic reactions are altered in fever and hypothermia because temperature
influences rate of enzyme reaction.

5. An understanding of factors affecting enzyme action is required for development of
drugs. Many drugs act by decreasing rate of key metabolic reaction by blocking that
particular enzyme. For example, AZT used in treatment of AIDS is an inhibitor of HIV
virus enzyme. Lovastatin is used in treatment of atherosclerosis is an inhibitor of HMG-
CoA reductase, a cholesterol producing enzyme, captopril used in the treatment of
hypertension is an inhibitor of angiotensin converting enzyme an enzyme of blood
pressure regulation.

6. Some poisons work by abolishing (affecting) essential enzymatic reactions.

1. Enzyme concentration

The rate of enzyme catalyzed reaction is directly proportional to the concentration of enzyme.
The plot of rate of catalysis versus enzyme concentrations a straight line (Fig. 4.5a).

2. Temperature

Like any chemical reaction, enzyme activity increases with increase in temperature initially. After
a critical temperature, the enzyme activity decreases with increase in the temperature. When
the effect of temperature on enzyme activity is plotted, cone-shaped curve is obtained (Fig. 4.5b).

100 + Optimum temperature
Rate of % of enzyme
catalysis activity
0 Enzyme 0 37 70
concentration Temperature
(@) (b)

Fig. 4.5 (a) Effect of enzyme concentration (b) Effect of temperature
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The figure indicates that there is an optimal temperature at which enzyme is optimally
active. It is called as optimum temperature. For most of the enzymes, the optimum tempera-
ture is the temperature of the cell or body in which they occur. For example, human trypsin
the optimum temperature in 37 °C which is the normal body temperature. The first half of
the curve approaching the optimum temperature indicates that enzyme activity increased
with increase in the temperature due to the increased kinetic energy of reacting molecules.
The other half which corresponds to decreased catalytic activity with increased temperature
is due to denaturation of enzyme.

Enzymes of plants and micro-organisms growing in hot climates or hot springs may
exhibit optimal temperature close to the boiling point of water. Examples are enzymes of
thermophilic bacteria, snake venom phospholipase and urease (55 °C).

3. Effect of pH or hydrogen ion concentration

Most of the enzymes are not maximally active throughout pH scale (1-14). Several enzymes
has optimum activity between pH of 5 to 9. When enzyme activity measured at several pH
values is plotted a bell shaped curve is obtained (Fig. 4.6 a).

Since enzymes are proteins pH changes affect.
1. Charged state of catalytic site.
2. Conformation of enzyme molecules.

In addition low or high pH cause denaturation of enzymes. It accounts for the less
activity of enzymes at acidic or alkaline pH (Fig. 4.6a). For most of the enzymes, optimum
pH is the pH of body or cell in which they occur. However, for some enzymes optimum pH
may not be in the neutral range.

Name of the enzyme Optimum pH
Trypsin 7.6
Pepsin 2-2.5
Acid phosphatase 5
Alkline phosphatase 9-10

In the case of oligomeric enzymes, optimum pH is required for the association of
protomers. When the pH is altered, the protomers dissociate with loss of biological activity.

4. Effect of substrate concentration

If the concentration of the substrate (S) is increased while other conditions are kept con-
stant, the initial velocity v, (velocity measured when little substrate is reacted) increases
proportionately in the beginning. As the substrate concentration continues to increase, the
increase in v, slows down and reaches maximum V_,  and no further (Fig. 4.6b). The plot
of (S) versus v, is rectangular hyperbola. It is called as Michaelis plot. To explain the reason
for characteristic shape of the curve, Michaelis proposed that in an enzyme catalyzed reac-
tion, the enzyme (E) combines with substrate (S) to form and enzyme-substrate (ES) complex

which decomposes to form product (P) and free enzyme.

E+[S]#[ES]_K—ME+P
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(a) (b)
Fig. 4.6 (a) Effect of P! on enzyme action
(b) Effect of substrate concentration

Based on this, reasons for the three phases of the curve can be interpreted.

. In the first phase, substrate concentration is low and most of the enzyme molecules are

free so they combine with the substrate molecules. Therefore, velocity is proportional
to substrate concentration. At this state, enzymatic reaction shows first-order kinetics.

. In the second phase, half of the enzyme molecules are bound to substrate, so the

velocity is not proportional to substrate concentration. At this stage, enzymatic reaction
shows mixed-order kinetics.

. In the third phase, all the enzyme molecules are bound to substrate, so velocity remain

unchanged because free enzyme is not available though the substrate is in excess. At
this stage enzymatic reaction shows zero-order kinetics.

The Michaelis plot is used to determine Michaelis constant a characteristics of enzyme

(Fig. 4.6 b) and type of enzyme inhibition.

Michaelis Constant or K,

The substrate concentration that produces half the maximal velocity (V,,,,/2) is known as
Michaelis constant. Apart from graph K, also can be determined from Michaelis-Menten
equation. It is a simple equation and describes the dependence of initial velocity (v,) on the
concentration of enzyme and substrate. It is the theoretical expression for rectangular

hyperbola.
_ Vinax [S]
Y0 % K_ +[8]
when Vg = Vipad2

i.e.,

The above equation is written as

K, +[S] = 28]
K, = 2[S] - [S] = [S]
K, = [S]

When UO = Vmax/2 [K-m = (KZ + K3)/K1]



Enzymes 59

Significance of K,

1
2.
3.

It is an enzyme kinetic constant.
It indicates the substrate concentration required for the enzyme to work efficiently.

Low K., indicates high affinity of enzyme towards substrate. High K, indicates low
affinity of enzyme towards substrate. Hence, K, and affinity are inversely related.

(K,, a 1/affinity)
Example: Hexokinase and glucokinase both phosphorylates glucose. However,
hexokinase can phosphorelate glucose 2000 times more efficiently than glucokinase

because K_ of hexokinase is low (1 x 10 M) whereas K of glucokinase is high
(2.0 x 107 M).

4. K, is required when enzymes are used as drugs.

5.

Use of enzymes in immunodiagnostics (ELISA) require K, of the enzyme.

Line Weaver—-Burk Plot

1

2. By using Line Weaver-Burk Plot accurate K, and V,,

Michaelis plot gives only approximate K and V. values because proper V . is diffi-

cult to obtain at very high substrate concentration.

. are obtained.

3. Line Weaver-Burk Plot is obtained by taking reciprocals of both sides of Michaelis-

5.
6.

Menten equation which is given below

1 1

UO - Vmax
&+1
S
Km

1_ st

Yo - Vmax
K, 1 1

= g

V, S V

max max

The above equation represents Y = ax + b straight line equation with slope of Km/V ..
Further straight line is obtained by plotting 1/S against 1/V. Since 1/S and 1/V are
reciprocals of S and V, respectively. This plot is known as “double reciprocal plot”.

The straight line intersects y-axis, which corresponds to V. value. A line extended
from point of intersection to x-axis of second quadrant provides K,, value (Fig. 4.6 ¢).

In addition to Km and V,,,, values, type of inhibition is determined using this plot.

Inhibition constant (K;) of inhibitor is also determined using this plot.

Significance of K;

1

2.

K, indicates affinity of inhibitor towards enzyme. Like K, K, is inversely related to
affinity.

Use of inhibitors as drugs requires knowledge of K;. Since K, and affinity are inversely
related inhibitors of low K; are highly potent drugs.
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Vmax

4 Vmax

1 (0] 1 X
e s

Fig. 4.6 (¢) Line Weaver-Burk plot

Direct Linear Plot
1. Determination of K, and V_,, values of enzymes, which are inhibited by substrate at
high concentration is not feasible with Line Weaver-Bunk plot.
2. In such cases, direct linear plot is used for K, and V. determination. They are read
directly from plot without involving any calculation.

3. In this plot, each S and V are marked on X and Y axes, respectively. Then a straight
line passing through two points and extending into first quadrant is drawn. When lines
for all S and V values are drawn they intersect at common point which provides K, and
Voax (Fig. 4.6d).

Vmax

0] Kn S
Fig. 4.6 (d) Direct linear plot

INHIBITORS

Substances that decrease the catalytic activity of enzymes are called as inhibitors. They may
be protein or non-protein inhibitors. The decrease in enzyme activity is called as inhibition.
More than two types of enzyme inhibition exist based on the mode of action of inhibitors.
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Competitive Inhibition

Competitive inhibition occurs at active site. Competitive inhibitor is structurally similar to that
of substrate. Hence, it competes with substrate to bind at active site. Inhibition occurs when it
binds at the active site of enzyme molecule. It is reversible. If the substrate concentration is
increased then the competitive inhibition is relieved. Further, the rate of formation of product
from (ES) complex is same as that of in the absence of inhibitor. So, velocity (V,,,,) is not altered
in competitive inhibition but K increases (affinity of enzyme towards substrate decreases)
because of competition of substrate and inhibitor to bind at active site. The interaction of enzyme
(E) substrate (S) and competitive inhibitor (I) is represented as equations below:

E+S«—[ES] — E + P

E+I«—IJ[EI]]l <> E+P
In addition at high substrate concentration, the number of enzyme molecules available
for the inhibitor are far less. So, the inhibition is masked. (becomes reversible.) Michaelis
plot also indicates K, alternation and unaffected V,,,, in the presence of competitive inhibi-
tor (Fig. 4.7 a).

Vmax

+

0 Kekm g

Fig. 4.7 (a) Michaelis plot in presence (+I) and absence (-I) of competitive inhibitor

A classical example for reversible competitive inhibition is succinate dehydrogenase
enzyme. Malonate competitively inhibits the enzyme because it is structurally similar to the
substrate succinate (Fig. 4.7 b).

COOH COOH COOH

\ \ \
Succinate
CH‘2 CH‘Z _ Dehydrogenase HHC

COOH CHy, / \ CH
FAD FADH, |

COOH COOH

Malonate Succinate Fumarate

Fig. 4.7 (b) Reaction catalyzed by succinate dehydrogenase and its
competitive inhibitor malonate

Competitive Inhibitors as Chemotherapeutic Agents

When used in clinical situations, the competitive inhibitors are called as antagonists or anti
metabolites of the substrate with which they compete. The use of anti-metabolites in the
treatment of diseases is called as chemotherapy. Therefore, competitive inhibitors are useful
chemotherapeutic agents. They are used as
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Antibiotics
Anti-cancer drugs
In the treatment of metabolic diseases like gout, atherosclerosis and hypertension.

Sulfonamide antibiotics are used in the treatment of bacterial infections. Bacteria syn-
thesize folic acid from p-aminobenzoic acid (PABA). Since these sulfonamide drugs con-
tain sulfonilamide a structural analog of PABA (Fig. 4.7 ¢), when used as chemotherapetic
agent, it blocks the synthesis of folic acid in bacteria. The lack of folic acid leads to death
of bacteria (see also Chapter 15). Sulfonamide act as competitive inhibitor for the
enzyme involved in the formation of folic acid using PABA as substrate.

Sulfonamide
PABA blocked

0 O
/ /
\ \
OH NH>

p-aminobenzoic acid Sulfanilamide

Precursor Folic acid —— Bacterial growth arrest

Fig. 4.7 (c¢) Structure of p-aminobenzoic acid and sulfanilamide.

Competitive inhibitors used in the treatment of cancer are aminopterin and amethopterin
(methotrexate). They are structural analog of folic acid. They are competitive inhibitors
for the enzyme dihydrofolate reductase. They are used in the treatment of leukaemia,
a type of cancer.

Reductase

(FH,) Dihydrofolate (FH,) Tetrahydrofolate

NADPH + H* NADP*
Blocked in presence of aminopterin

Tumour cells growth arrest «<—— Nucleic acid formation

When used these drugs block formation of nucleic acids. For cell proliferation, nucleic
acid are needed. So, lack of nucleic acids lead to arrest of tumour growth and advance-
ment of cancer is prevented.

. Allopurinol is a drug used in the treatment of gout. Gout is due to excessive production

of uric acid. Xanthine oxidase is an enzyme involved in the formation of uric acid from
hypoxanthine. Allopurinol is a structural analog of hypoxanthine and hence it is an anti-
metabolite of hypoxanthine. When it is used it blocks formation of uric acid by inhibiting
the enzyme xanthine oxidase (Fig. 4.8, see also Chapter 15 for more details).

0 0 0 0 H
N Xanthine N N
HN N HN A\ oxidase HN AN\ Xanthine . HN
O EE 90 e 1 e
N" N NN 02 0" >N N 0 NN
H H H H H H
Allo purinol Hypoxanthine Xanthine Uric acid

Fig. 4.8 Reaction catalyzed by xanthine oxidase and its inhibitor
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4. Lovastatin is a competitive inhibitor of enzyme HMG-CoA reductase, when used it
blocks production of cholesterol. In atherosclerosis, cholesterol is more. Lovastatin
reduces cholesterol formation thus arrest the advancement of atherosclerosis.

5. Competitive inhibitors used in the treatment of hypertension are captopril, lisinopril
and enalapril. They competitively inhibit angiotensin converting enzyme, which is in-
volved in regulation of blood pressure. When used they lower blood pressure by reduc-
ing activity of angiotensin converting enzyme.

Non-Competitive Inhibition

In this type of enzyme inhibition no, competition occurs between substrate and inhibitor to
bind at active site of enzyme. Inhibitor is not structurally related to substrate. In addition
inhibitor binds to some other site of enzyme which is far off from active site. The interaction
of enzyme (E), substrate (S), and inhibitor (I) is shown below.

E +8S [ES] —L 5 [ESI] — %o s E 4+ P
E+1 [EI] — 5 [EIS] Y y E + P

In non-competitive inhibition, the inhibitor can react with free enzyme as well as en-
zyme substrate complex, because its binding site is away from active site. In addition, the
formation of product from enzyme substrate-inhibitor complex is not same as that of in
absence of inhibitor. So, the V,,, is decreased and K, (affinity) remains same because no
competition of substrate and inhibitor in non-competitive inhibition. Michaelis plot also
indicates same in the presence of non-competitive inhibitor (Fig. 4.9).

Vmax

Vmax
Vo

O Km
[S]
Substrate concentration

Fig. 4.9 Michaelis plot in presence (+I) and absence (-I) of non-competitive inhibitor

Examples for Non-competitive Inhibition

Reversible non-competitive inhibitors are rare. Most of the known non-competitive inhibi-
tors are irreversible. They are referred as enzyme poisons.

1. Todoacetate blocks the formation of 1,3-bisphosphoglycerate from glyceraldehyde-3-phos-
phate by inhibiting enzyme glyceraldehyde-3-phosphate dehydrogenase.
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2. Fluoride blocks the action of enolase, which converts 2-phosphoglycerate to phosphoenol
pyruvate.

3. Heavy metals like Hg?*, Ag*, Pb?* and Arsenite are also enzyme poisons. They interact
with —SH group of enzyme and activate it.
E-SH + Hg* — > E-S-Hg + H*
Hg?* inhibits —SH containing pyruvate dehydrogenase. Similarly, arsenite inhibits —SH
containing o-ketoglutarate dehydrogenase.

4. Some non-competitive inhibitors are used as pesticides. DDT, melathion and parathion
are inhibitors of enzyme choline esterase that catalyzes hydrolysis of acetylcholine.

5. Di-isopropyl fluro phosphate (DFP) is a non-competitive inhibitor used as nerve gas in
World War II. It is an active site directed irreversible non-competitive inhibitor. It
forms covalent linkage with —OH groups of serine residue of choline esterase. When
used DFP causes constriction of larynx, pain in eyes and mental confusion.

6. CN™ inhibits activity of cytochrome oxidase an enzyme of respiratory chain. Bitter
almonds contain some cyanide.

7. Ethylene diaminotetra acetic acid (EDTA) inhibits metalloenzymes by forming complex
with metal ion.

8. Tubers, bananas and beans contain inhibitors to trypsin, chymotrypsin and elestase.

FEEDBACK INHIBITION
Inhibition of activity of enzyme of a biosynthetic pathway by the end product of that pathway
is called as feedback inhibition.

For example, formation of a substance D from A is catalyzed by three enzymes E;, E,
and E;.

AL BB ,c B,yp

When enough D is formed it inhibit the activity of E;. By inhibiting E;, D regulates its

own synthesis.

Examples:
1. Inhibition of aspartate trans carbamoylase by CTP.
2. Inhibition of HMG-CoA reductase by cholesterol.
3. Inhibition of ALA-synthase by heme.
4. Inhibition of anthranilate synthetase by tryptophan.

COFACTORS

1. Cofactors are non-protein molecules required for activity of some enzymes. They may
be involved in catalysis or in structure maintenance.

2. There are two types of cofactors:
1. Organic cofactors, and
2. Inorganic cofactors.

The organic cofactors are further subdivided into. 1. Prosthetic groups 2. Co-enzymes.
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1. Prosthetic Groups

These organic molecules are covalently attached to the enzyme and they undergo change
during catalysis but return to native state at the end of the reaction.

2. Co-enzymes

These organic molecules are loosely (non-covalent) attached to enzyme molecules. They
undergo change during reaction. Since they undergo change along with substrate they are
referred as co-substrates.

Apo-enzyme + Co-enzyme —— Holo enzyme
(Protein) (Non-protein) (Active)

Examples for Organic Co-factors

The major function of water soluble vitamins is to serve as co-factors, some of them as such
serve as co-factor otherwise their derivatives serve as co-factors. They are divided on the
basis of their function, in enzymatic reaction.

1. Co-enzymes of oxidation reduction reactions.

(@) Co-enzymes derived from niacin. They are NAD*, NADH + H* and NADP*, NADPH
+ H*. These co-enzymes are loosely bound to apo-enzymes. Reactions where they
serve as co-enzymes are given below.

Malate dehydrogenase

Malate T \ Oxaloacetate

NAD* NADH + H*

Glucose-6-phosphate

dehyd
Glucose-6-phosphate /, oY mgena\si 6-phosphogluconolactone

NADP* NADPH + H*
(b) Co-enzymes derived from riboflavin. They are FMN, FMNH, and FAD, FADH,.
They are covalently linked to apo-enzymes. So, they are prosthetic groups. Enzymes
to which they are prosthetic groups are given below.

L-Amino acid Amino acid oxidase o-Ketoacid

SN

FMN FMNH,

(@)

Succinate dehydrogenase

b) Succinate /, \ s> Fumarate
FAD

FADH,

2. Coenzymes of group transfer reactions.

(@) Co-enzyme of pantothenic acid. It is co-enzyme of A(CoA, CoASH). It is involved in
CoA transfer reaction.
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Acyl-CoA synthatase Acyl-CoA + AMP + PPi

Fatty acid /, T

CoA ATP
(b) Co-enzyme of thiamin. It is thiamnin pyro(di)phosphate (TPP, TDP). It is prosthetic
group of several enzymes.

Pyruvate dehydrogenase Acetyl-CoA

Pyruvate /, T

TPP CoASH
(¢) Co-enzyme of pyridoxine. It is pyridoxal phosphate (P-PO,). It is prosthetic group of
enzymes involved in amino group transfer. Other reactions where it serve as co-
enzyme are decarboxylation, transulfuration etc.

Decarboxylase P-PO,

Glutamate

y-aminobutyric acid

(d) Co-enzymes of folic acid. It is tetrahydrofolate (FH,). It participates in one carbon
transfer reaction.

Transferase

Formiminoglutamate Glutamate

FHy Formimino-FHy
(e) Biotin is the only water-soluble vitamin that function as coenzyme as such. It is the
prosthetic group of carboxylases.

Pyruvate P/yiuvate carboxy,ie s> Oxaloacetate + ADP + Pi
COq ATP

() Co-enzyme of vitamin B, or cyanocobalamin. It is methylcobamide. It is involved
in methyl transfer reactions.

Methionine Synthase

Vit. B ..
i \ > Methionine

Methyl FH, FH,

Homocysteine

3. Many nucleotides also function as co-enzymes. They are adenosine triphosphate (ATP),
cytidine diphosphate (CDP), uridine diphosphate (UDP), phosphoadenosine phosphosulfate
(PAPS) and S-adenosyl methionine (SAM).

INORGANIC CO-FACTORS

Many enzymes require metal ions. They are required for maintenance of protein (enzyme)
conformation and catalysis. Metal ions participate in enzymatic reactions in three ways.
1. Metallo Enzymes

Metal is tightly bound to enzyme molecule and it is an integral part of enzyme molecule.
Metals are attached to enzyme through coordinate bonds. They participate in catalysis.
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Examples:

(@) Iron (Fe?*): It is required for cytochrome oxidase, catalase, xanthine oxidase, succinate
dehydrogenase.

(b) Copper (Cu®"): It is required for cytochrome oxidase, superoxidedismutase, lysyloxidase
and ceruloplasmin.

(¢) Zinc (Zn*): It is required for carbonic anhydrase, carboxy peptidase, alkaline phosphatase,
alcohol dehydrogenase etc.

2. Metal-dependent Enzymes

Metal is loosely associated with enzyme molecule or it may be required for enzyme substrate
complex formation. In the absence of metal, enzyme may not interact with substrate mol-
ecule or with co-enzyme molecule.

Examples:

(@) Magnesium (Mg?*): It is needed by enzymes using ATP. Formation of Mg: ATP com-
plex is essential. They include hexokinase, galactokinase, pyruvate kinase etc.

(b) Calcium (Ca®*): It is required for the activity of calpain, a calcium-dependent protease.
Others are Na*/K*-ATPase and Ca** ATPase.

3. Metal-activated Enzymes

In presence of metals, some enzymes get activated i.e., their activity increases many folds.
Examples:

(@) Chloride (CI): It activates amylase and angiotensin converting enzyme.

(b) Calcium (Ca?*): It activates trypsin.

ENZYME REGULATION

Metabolic pathways are controlled by regulating enzyme activity. If enzyme activity is not
regulated, it can harm cellular activities and may lead to the development of diseases.
Alteration of enzyme regulation is one of the cause for cancer development. Over production
of tyrosine kinase is associated with alteration of cell shape in tumour cells. Enzyme regu-
lation can alter when drugs are used. Enzyme regulation can be altered by environmental
toxins or pollutants.

Enzyme activity can be regulated by:
(@) changing catalytic efficiency.
(b) altering the amount or quantity of enzyme in cell or body.
(a) Catalytic efficiency of enzymes can be regulated

1. By subjecting enzyme to feedback inhibition

2. By allosteric regulation or inhibition

3. By covalent modification of enzyme molecule

4. By synthesizing enzyme in inactive form

Allosteric Inhibition

Inhibition of activity of allosteric enzymes by allosteric inhibitor is called as allosteric inhibition.
Allosteric inhibition is seen in pathways that are subject to regulation. Allosteric inhibitors
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are not structurally similar to substrates of allosteric enzymes. They bind to enzyme at
allosteric site which is different from active site. The activity of an allosteric enzyme is
raised by allosteric activator. Most of the allosteric enzymes are oligomeric proteins i.e.,
they consist of many subunits.

The most extensively studied allosteric enzyme is aspartate transcarbamolyase (Aspartate
carbamolytransferase). It catalyzes first reaction unique to pyrimidine nucleotide biosynthesis.

Aspartate
carbamoyltransferase

Carbamoylphosphate + Aspartic acid

Carbamoylaspartate + Pi

The enzyme consist of catalytic and regulatory subunits. It exists in less active form and
high active form. Binding of CTP to regulatory subunit converts high active form to less
active form. So CTP is called as negative effector or allosteric inhibitor. In contrast, binding
of ATP to regulatory subunit convert less active form to high active form. So ATP is called
as positive effector or allosteric activator.

Aspartate carbamoyl transferase % Asparatate carbamoyl transferase

Less active form High active form

Kinetics of Allosteric Enzyme

1. These enzymes does not exhibit Michaelis-Menten Kinetics. A plot of (vg) velocity versus
substrate concentration is sigmoidal or S shaped curve rather than rectangular hyper-
bola (Fig. 4.10).

Allosteric enzyme in the absence of allosteric effector

+ATP / +CTP
v
> Allosteric inhibitor (less active)

> Allosteric activator (high active)

0 [S]

Fig. 4.10 The plot of v versus [s] for an allosteric enzyme in presence (+) of allosteric
effector and in the absence of allosteric effector

2. The sigmoidel curve indicates a rapid increase in velocity after a particular substrate
concentration. It is due to phenomenon of co-operativity.

3. To explain co-operativity of allosteric enzymes “T” and ‘R’ model was proposed. According
to this model, the oligomer (allosteric enzyme) exist in two states. A tense (T) state and
relaxed (R) state. Binding of substrate (ligand) to “T" form which is intially slow causes
a conformational change (Fig. 4.11) in subunits resulting in ‘R’ form. Further binding
of ligand (substrate) to the subunits is rapid.

4. Allosteric inhibitor stabilizes the enzyme in “I” form, so the enzyme is less active. In
contrast, allosteric activator stabilizes the enzyme in ‘R’ form, so the enzyme is highly
active (Fig. 4.11).
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Substrate (s)

!
e

R form

Allosteric T form Fast k Ligand ()

inhibitor («q)
@ @ R form
o) O\

Allosteric
Fig. 4.11 Model for cooperativity of allosteric enzyme.

activator

Enzyme Regulation by Covalent Modification

Enzyme activity is regulated by covalent attachment of a group to the enzyme molecule.
Phosphate group is most commonly used to modify enzyme activity. Other group involved in
regulation of enzyme activity by covalent modification is nucleotide. Enzymes which undergo
regulation by covalent modification exist in two forms, a less active and a high active form.
Depending on the enzyme, the phospho or dephospho enzyme may be less or more active,
respectively. The phosphorylation (attachment of phosphate) and dephosphorylation are catalyzed
by protein kinases and phosphatases, respectively. The —OH group of serine residue of the
protein is the site of phosphorylation. ATP serve as donor of phosphate group.

Protein kinase

ATP ADP
Enzyme-ser-OH \ Vi Enzyme-ser-o-(P)
Less active V4 N High active
Pi H,0
Phosphatase

Many hormones influence the activities of proteinkinases and phosphatases.
Examples:
1. Phosphorylation of glycogen phosphorylase converts less active to high active form.
Dephosphorylation converts high active to less active form.

Protein kinase

ATP ADP
Phosphorylase '\ 7 Phosphorylase
Less active ~ ~ |, T ~ High active
Pi H,0
Phosphatase

2. Phosphorylation of glycogen synthase converts high active to less active form
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Protein kinase
ATP ADP

Glycogen synthase = |, ']‘ . Glycogensynthase
High active 1A T Less active
Pi  H,0
Phosphatase

3. HMG-CoA reductase, hormone sensitive lipase and acetyl-CoA carboxylase are also
regulated by phosphorylation and de-phosphorylation.

Enzyme Regulation by Covalent Attachment of Nucleotide

The activity of glutamine synthetase of E. Coli is regulated by covalent attachment of
nucleotide to the enzyme molecule. The attachment of nucleotide to the —OH group of
tyrosine residue of enzyme molecule converts more active enzyme to less active enzyme.
Adenyl transferase catalyzes addition of nucleotide to enzyme molecule.

Glutamine synthetase-Tyr-OH ~ Adenyl Transferase  Glutamine synthetase-Tyr-O-AMP
More active / \ Less active
ATP PPi

PRO-ENZYMES

One way of regulating catalytic activity of an enzyme is synthesizing enzyme in inactive
(precursor) form or pro-enzyme or zymogen. They are converted to active form later when
need arises. The conversion of pro-enzyme to active enzyme involves limited proteolysis.
Limited proteolysis removes few aminoacids from proenzyme which results in conversion of
inactive enzyme to active enzyme. So, conversion of pro-enzyme to active enzyme accom-
panies decrease in molecular weight of pro-enzyme due to removal of amino acids (peptides).

Most of the protein digesting enzymes of pancreas are synthesized in inactive forms to
protect pancreatic cells from destructive action of proteases. Likewise, pepsin of stomach is
also synthesized in pro-enzyme form to protect gastric mucosa from pepsin attack. Most of
the blood clotting enzymes are also synthesized in inactive form. They are converted to
active forms only at the time of blood coagulation.

Pro-enzymes of Digestive Tract and their Conversion to Enzymes

In the stomach pepsin is synthesized in inactive pepsinogen form. At the acidic pH of
stomach pepsinogen undergo limited proteolysis, which results in the formation of pepsin.
When once pepsin is formed it catalyzes its own formation from pepsinogen. This process
is called as autocatalysis.

The protein splitting enzymes of pancreas are synthesized in inactive forms. They are
trypsinogen, chymotrypsinogen, procarboxy peptidase and proelastase. A lipid digesting en-
zyme is also produced in pancreatic cells as a zymogen. It is prophospholipase. The conversion
of these pro-enzymes to active enzymes is initiated by enterokinase produced by mucosal cells
of duodenum. Enterokinase removes a hexapeptide from trypsinogen by hydrolysing-Lys-Ile-
bond. The removal of hexapeptide converts trypsinogen to trypsin. When once few molecules
of trypsin are formed it further catalyzes not only formation from trypsinogen but also the
conversion of other proenzymes to active enzymes (Fig. 4.12). Since single molecule of trypsin
can trigger the formation of battery of protein digesting enzymes, pancreas has another self
protecting mechanism. It contains trypsin inhibitor in small amounts.
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The formation of blood clot involves activation of (zymogens) blood clotting factors.
Prothrombin is converted to active thrombin by factor X and V. Thrombin in turn converts
fibrinogen to fibrin (Fig. 4.12).

PH (1.5 - 2.0)

Pepsinogen ——— x> Pepsin + Peptides
Autocatalysis

Trypsinogen M) Trypsin + Hexapeptide

Autocatalysis

Chymotrypsinogenj;) Chymotrypsin

Procarboxy peptidase L Carboxy peptidase

kProelastase J% Elastase
Prophospholipase L Phospholipase

Factors

Prothrombin%Thrombin

Fibrinogen J—)Fibrin

Fig. 4.12 Conversion of pro-enzymes to enzymes

Medical Importance

Though there are two in-built defensive mechanisms in the pancreas to avoid activation of
pro-enzymes, in acute pancreatitis the pro-enzymes get activated and cause damage to
pancreas and severe abdominal pain.

The quantity of enzyme in cell or body is regulated by
1. Enzyme degradation

2. Enzyme induction and repression

Regulation of Enzyme Activity by Degradation

Enzymes produced as a part of development or enzymes produced to overcome certain
environmental conditions or enzymes produced to remove toxins are not needed any more
later. Their continued presence may be harmful to the body. So, if enzymes were immortal,
then it leads to creation of unwanted side effects in the body. Hence, enzymes undergo
turnover. They are synthesized and degraded. Individual enzymes have life spans. Some
enzymes may last few seconds or minutes in the cell. However, some enzymes may last few
days in the body. There are specific mechanisms for degradation of enzymes. Enzymes that
control key metabolic events are degraded very fast. Likewise if a defective enzyme is
produced, it is degraded very rapidly because it is not useful any more to the body.
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Enzyme Regulation by Induction and Repression

The quantity of the enzyme can be increased by increasing its synthesis and quantity of the
enzyme can be decreased by decreasing its synthesis. Depending on cell needs quantity of
the enzyme increases or decreases. Enzymes which are regulated in this manner are called
as inducible enzymes. It take place at nuclear level of the cell.

Inducible Enzymes

Normally these enzymes are present in small concentration but in presence of certain
substance called as inducer their quantity increases.

Induction

Increased synthesis of an inducible enzyme in response to inducer is known as induction.

Constitutive Enzymes
These are present in fixed quantities. They are not inducible.

Examples for enzyme induction: When E. Coli is grown on medium containing
lactose, they produce more of [(-galactosidase or lactase required for lactose utilization.
When the cells are transferred to medium free of lactose, formation of lactase decreases.
Thus, lactose induces the synthesis of lactase. So, in this case lactose is inducer and lactase
is an inducible enzyme.

Repression

Certain substances blocks their own synthesis by decreasing synthesis of enzymes, which
are required for their formation. This process is called as repression. Substances are called
repressors.

Examples for repression: When histidine is added to the S. Typhi. containing me-
dium synthesis of all the enzymes required for histidine formation is blocked. In this case,
histidine is repressor molecule.

In humans also, induction and repression of enzymes takes place. They are called as
adaptable enzymes.

Examples:

1. Arginase, an enzyme of urea-cycle formation is more in starvation and on high protein
diet.

2. Pyruvate carboxylase an enzyme of gluconeogenesis is induced by glucocorticoids and
repressed by insulin.

3. Phenobarbitol and anti-convulsive drug induces alkaline phosphatase.

ISO-ENZYMES OR ISOZYMES
1. They are multiple forms of enzymes.

2. The catalyze same reaction but differ in physiochemical properties. They occur in same
species or in same individual.

3. They are tissue specific or species specific.
4. The are present in serum and other biological fluids and tissues.
5. Iso-enzyme for dehydrogenases, transaminases and phosphotases have been reported.
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Separation of Iso-enzymes

Most commonly used technique for the separation of iso-enzymes is electrophoresis. The
serum lactate dehydrogenase (LDH) iso-enzyme pattern is obtained by subjecting serum to
electrophoresis at pH 8.6. On electrophoresis, iso-enzymes of lactate dehydrogenase sepa-
rates into five bands. Each band exhibits same catalytic activity (Fig. 4.13). The five iso-
enzymes of LDH are LDH,, LDH,, LDH;, LDH, and LDH,.

vVoovoov by

LDH; LDH, LDH; LDH, LDHs

Fig. 4.13 Lactate dehydrogenase isoenzyme pattern

Structure of LDH Iso-enzymes

Lactate dehydrogenase isoenzymes differ at the level of quaternary structure. The LDH
consist of 4 subunits of two types. They are H and M subunits. The subunit composition of
different LDH isoenzymes are shown below:

Name of isoenzyme Subunit composition
LDH, HHHH or H,
LDH, HHHM or H;M
LDH, HHMM or H,M,
LDH, HMMM or HM,
LDH;, MMMM or M,

The synthesis of two subunits H and M is controlled by different genes. H is acidic and
M is basic in nature. The molecule weight of each subunit is 35,000.

Alkaline Phosphatase Iso-enzymes

Electrophoresis is used for the separation of isoenzymes of alkaline phosphatase in
serum. On electrophoresis, iso-enzymes of alkaline phosphatase separates into four
bands. The four iso-enzymes of alkaline phosphatase are tissue specific. They differ
in their carbohydrate content. The four isoenzymes originate from bone, liver, pla-
centa and intestine.

Creatine Phosphokinase (CK) Iso-enzyme

CK iso-enzymes can be separated by electrophoresis. CK has three isoenzymic forms. They
are CK;, CK, and CKj. They differ in subunit composition. CK is a dimer. It consist of two
subunits M and B. The subunit composition of three isoenzymes of CK are BB, MB and MM
for CK;, CK,; and CKj; respectively.

Carbonic Anhydrase Iso-enzymes

On electrophoresis carbonic anhydrase gives three bands. The three isoenzymes differ in
amino acid composition.
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CLINICAL ENZYMOLOGY

1. It deals with quantitative estimation of enzymes in body fluids in normal and diseases
conditions.

2. Depending on pathological conditions different body fluids are used for enzyme measure-
ment.

3. Serum and plasma are most commonly used.

4. Other body fluids used for enzyme measurement are cerebrospinal fluid, amniotic fluid,
pleural fluid, peritonial fluid and synovial fluid.

5. Quantitative estimation of enzymes in serum is used to confirm the diagnosis which is
made by observing clinical symptoms. Sometimes it is used to know the effectiveness
of treatment i.e., prognosis.

6. Hence measurement of serum enzyme levels is of both diagnostic and prognostic impor-
tance.

Blood plasma contains several enzymes. Depending on their role they are devided into
two groups.

A. Functional Enzymes

They are present in plasma at higher level than in most of tissues and they perform
functions in plasma. They include lipoprotein lipase, choline esterase and enzymes of blood
coagulation etc.

B. Non-functional Enzymes

The are present only at minimal concentrations in normals and have no known function in
plasma. They mainly arises from normal destruction of various blood and tissues cells. So,
they are mainly contributed by turnover of tissues. Increased concentration of these
enzymes in plasma indicates increased tissue breakdown or damage to tissues due to disease
or injury. If the plasma level of secretory enzyme is increased it indicates block in the
secretory pathway. Further distribution of enzymes among tissues varies from one organ to
another organ. If an organ is rich in an enzyme, injury or damage to that organ leads to
release of the enzyme into plasma in significant amounts. Some diseases or cancers of that
organ also causes release of the enzyme into plasma. Quantitative measurement of the
enzymes in plasma under such conditions serve as good index of disease of that organ.
Further more, the amount of enzyme released is proportional to the mass of the affected
tissue.

Some of the clinically important enzymes which are routinely measured in clinical
chemistry laboratory are:

1. Transminases

Aspartate aminoa transferase (AST) and alanine amino transferase (ALT) are two trans-
aminases most frequently measured. Normal levels are 3-20 U/L for AST and 4-20 U/L for
ALT (Units-U). The former enzyme is also referred as GOT (Glutamate oxalo acetate trans-
aminase) and latter is referred as GPT (Glutamate Pyruvate Transminase). These two en-
zymes differ in distribution. Heart is rich in AST where as liver contains both of them in equal
amounts. Hence, AST estimation is most commonly done in diseases that affect heart. AST
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level increases in plasma following heart attack or myocardial infarction. Since liver contains
more of ALT, its elevation in plasma is specific indicator of liver damage. Plasma ALT level
is more in liver diseases like alcoholic cirrhosis, biliary obstruction, cancer and toxic hepatitis.

Both the enzymes are elevated in acute infective hepatitis because liver contains both of
them in significant amount. After the onset of viral hepatitis, the levels of these enzymes
reaches peak rapidly and come back to normal reference level within a week. Since the skeletal
muscle contains appreciate amounts of ALT, its level is increased in muscle damage as in severe
trauma and in muscular dystrophy. Serum transaminases are also elevated in lung disease.

2. Alkaline phosphatase

This enzyme catalyzes the hydrolysis of organic esters at alkaline pH 9.0, hence the name
alkaline phosphatase. The normal level is 20-90 units/L. The level of the enzyme is elevated
in rickets, obstructive jaundice, hyper para thyroidism, metastatic cancer, bone cancer and
osteomalacia. In obstructive jaundice, its level is 10 times the normal level because its
secretion is blocked due to obstruction. Its level also increases in some non-specific diseases
like leukemia, lung and kidney damages and congestive heart failure, Hodgkin’s disease and
intestinal disorders.

3. Acid phosphatase

This enzyme catalyzes the hydrolysis of organic esters at acidic pH (5.0) hence the name acid
phosphatase. The normal level of the enzyme is 2.5-12.0 units/L. It is increased in prostrate
cancer. Small increase are seen in bone disease and breast cancer.

4. y-glutamyl trans peptidase (GGT)

It is involved in the degradation of glutathione. Its level is increased in alcoholic cirrhosis.
The normal plasma level of GGT is less than 30 units/L. Since this enzyme is secreted into
bile by liver, like alkaline phosphatase y-glutamyl trans peptidase level increases in cholestatic
or obstructive jaundice. It is also elevated in brain lesions.

5. Creatine phosphokinase (CK)

The normal level of this enzyme in plasma is 12-60 U/l. Since skeletal muscle is rich in CK
serum CK level raises in disease effecting skeletal muscle. Its level is elevated in muscular
dystrophy, polymyositis, severe muscle exercise, muscle injury, hypothyroidism, epileptic
seizures and in tetanus.

CK level is also elevated in diseases affecting cardiac muscle because of its high content
in it. CK level is elevated in myocardial infarction.

6. Lactate dehydrogenase (LDH)

The LDH normal level is 70-90 units/L. LDH levels are elevated in myocardial infraction.
The serum LDH level raises within 24 hours after infraction, reaches peak level around
2-3 days and returns to normal in a week. Serum LDH level is also elevated in pernicious
anemia, megaloblastic anemia, acute hepatitis, blood cancer and in progressive muscular
dystrophy.

7. Isocitrate dehydrogenase

The normal level of this enzyme in plasma is 1-5 Units/L. Its level is elevated in inflammatory
diseases of liver like infective heptatitis, toxic hepatitis. In obstructive jaundice, its level
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remains normal. This enzyme is found in cerebrospinal fluid. Measurement of enzyme in
C.S.F. is a valuable diagnostic aid in the cases of meningitis and brain tumors. In meningitis
the level is elevated more than that of in cerebral tumors.

8. Amylase

The normal range of this enzyme in plasma is 800-1800 Units/L. This enzyme is secreted by
pancreas and salivary glands. So, its level is elevated mainly in acute pancreatitis and parotitis.
Its level raised in other conditions like intestinal obstruction and in mumps.

9. Lipase

It is an enzyme produced by pancreas. It is secreted into duodenum through pancreatic duct.
The normal level of this enzyme is up to 150 Units/L. It is mainly elevated in acute
pancreatitis and pancreas cancer. It is also elevated in patients with abdominal lesions,
perforated peptic ulcer, intestinal obstruction and in acute peritonitis.

ISOENZYMES IN CLINICAL MEDICINE

1. In some cases, elevated serum enzyme level may not indicate severity and specific
organ damaged, because the serum enzyme is derived from routine destruction of cells
of various organs.

2. Since isoenzymes are organ specific, iso-enzyme determination gives an indication about
the specific organ affected. Further, iso-enzyme distribution varies from one organ to
other organ. Hence, if an organ rich in a isoenzyme is damaged or diseased, more of
that iso-enzyme enters plasma.

3. By measuring that isoenzymes level in serum the specific organ diseased can be con-
firmed.

4. Therefore, iso-enzyme determination is useful in differential diagnosis.

(@) LDH Isoenzymes

Serum LDH is the combination of five isoenzymes. Each iso-enzyme is derived from specific
organ. LDH, is derived from heart because heart is rich in LDH;. Similarly, LDH; is derived
from skeletal muscle because it is rich in LDH;. Liver also contain LDH, to LDHj isoenzymes
in different amounts. LDH isoenzymes are present in different proportions. The proportions
of LDH isoenzymes in normal serum are 25%, 35%, 27%, 8% and 5% for LDH,, LDH,, LDH;,
LDH, and LDHj;, respectively.

When heart muscle is affected as in myocardial infarction, LDH; level increases in
plasma because of release of LDH; from damaged heart muscle. So measurement of LDH
isoenzyme in serum in myocardial infraction is more sensitive index of myocardial necrosis
than the measurement of total LDH activity. Similarly, elevated levels of LDHjy is more
specific of muscle lesions and liver inflammation of hepatitis.

(b) CK Isoenzymes

The normal serum CK is composed of CK;, CK, and CKj;. In normal persons, CK, accounts
only 2% of total CK but it accounts for 20% of CK in a patient within 4 hours after heart
attack.
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(c) Alkaline Phosphatase Isoenzymes

The normal serum alkaline phosphatase is composed of 4 isoenzymes. They are derived from
bone, liver, placenta and intestine. Measurement of isoenzymes of alkaline phosphatase is
used to distinguish liver lesions from bone lesions in metastatic carcinoma.

SERUM ENZYME PROFILES

1. It involves estimations of different serum enzymes for few days following the onset of
a disorder.

2. Multi enzyme determinations for a short span of time serve as good index of disorder.
More over determination of more than one enzyme in a particular disease is more
useful in prognosis.

3. Several serum enzymes serve as diagnostic indices of myocardial infarction. Serum AST
level starts increasing by 6 hours after heart attack, reaches peak value around one to
second day and returns to normal by sixth day. CK level follows a pattern similar to
AST. It contrast, LDH levels raises within 24 hours of heart attack, reaches peak
around 2-3 day and level remain increased even after a week (Fig. 4.14).

400 T
Enzyme
activity
units/L
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‘ ‘ ‘ AST
I I I
0 2 4 6
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Fig. 4.14 Serum enzyme profiles in myocardial infarction

Serum enzyme levels are also determined to detect inherited disorders associated with
altered enzyme levels like galactosemia, glucose-6-phosphate dehydrogenase deficiency etc.

ENZYME-LINKED IMMUNO ADSORBENT ASSAY

It is popularly known as ELISA technique. The technique combines enzymology with immu-
nology and photometry. It is used for detection and estimation of substances which are
either antigens or antibodies. It is based on immune complex formation. The immune
complex consist of an antibody, antigen and second antibody with bound enzyme (antibody-
antigen-antibody,-enzyme). Enzyme linked to second antibody has a crucial role in detection
and estimation of antigen present in sample. When it reacts with substrate color is pro-
duced. Intensity of the color is proportional to amount of antigen present in sample.

Steps of this techniques are given below:

1. Antibodies specific to an antigen of interest are produced. They are fixed to support
materials using coupling agent. The support materials are cellulose, plastic, polystyrene
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3.
4.
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or glass. Plastic plates containing wells (depressions) which are coated with antibodies
are commonly used.

Sample (serum) containing antigen is allowed to combine with antibody by placing
sample in the well.

Unbound molecules of sample are removed by washing.

A second antibody linked to an enzyme is added. This also binds to antigen to form
antibody-antigen-antibody,-enzyme complex. Thus, second antibody linked to enzyme is
fixed to support material.

Unbound antibody,-enzyme complex is removed by washing.

. In the final step, substrate is added. Enzyme linked to antibody, convert substrate to

colored product which is measured.

Medical Importance

1.

Using this technique, antigens or antibodies that are present in very small amounts
(picograms) in biological fluids are detected and estimated.

Several hormones like insulin, TSH, hCG, Calcitonin etc. are determined world wide
using this technique.

Antibodies are detected using this technique by fixing antigen to support material.

4. Detection of highly infectious diseases like AIDS, Hepatitis, Malaria etc. World wide

vk e

10.

involves use of this technique.

Some tumor markers in biological fluids are detected and estimated using this

technique.
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EXERCISES

ESSAY QUESTIONS

1.
2.

Classify enzymes. Give examples for each class and write reactions with cofactors they catalyze.

Define enzymes. Write the effect of substrate concentration, temperature and pH on enzyme
activity.

3. Define active site of an enzyme. Write its characteristics and explain models of active site.

4. Define coenzyme. Name four coenzymes and write reactions with cofactors in which they act as
coenzyme.
5. Define inhibition. Explain competitive and feedback inhibition with examples.
6. Describe enzyme regulation.
7. Write an essay on enzymes of diagnostic (clinical) importance.
8. Define allosteric enzymes. Describe kinetics of an allosteric enzyme with an example and model.
9. Name factors affecting enzyme catalyzed reactions. Explain each one of them with suitable
examples.
10. Define cofactors. Explain their importance with suitable examples.
11. Write an essay on enzyme inhibition.
SHORT QUESTIONS
1. Define K. Write its significance.
2. Define proenzymes. How they are converted to enzymes ?
3. Define non-competitive inhibition. What happens to K, and V. in this type of inhibition. Give
examples.
4. Explain enzyme regulation by covalent modification.
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Competitive inhibitors are chemotherapeutic agents. Justify with examples.

Define isoenzymes. Write their importance in diagnosis with examples.

7. Explain clinical significance of following serum enzymes.

8.

9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

(a) Transaminases

(b) Alkaline phosphatase

Explain group specificity with examples.

Define enzyme induction and repression. Explain with examples.

Explain effect of substrate concentration on enzymatic reaction.

Explain phenomenon of cooperativity.

Write diagnostic importance of lactatedehydrogenase and creatine phosphokinase.
Define metalloenzyme. Give examples.

Write on coenzymes of oxidation-reduction reactions.

How enzymes are named? Write about E.C. number.

What are enzyme profiles? How they are useful in diagnosis? Explain with example.
Define allosteric inhibition. Explain with an example.

Write on enzymes of myocardial infarction.

Explain ELISA technique. Write its application.

MULTIPLE CHOICE QUESTIONS

1.

All of the following statements are correct for enzymes. Except

(a¢) Enzymes are proteins

(b) Enzymes are catalysts

(¢) Enzymes speed up chemical reactions by lowering energy of activation.

(d) Enzymes alters equilibrium constant of the reaction which they catalyze.

. The pH optimum of pancreatic proteases is

(@) 7.6 (b) 8.0
() 6.0 (d) 2.5
. A competitive inhibitor
(a) Binds at active site (b) Does not bind at active site
(c) Alters V. only (d) Binds at allosteric site
A competitive inhibitor used in hypertension is
(a) Malonate (b) Allopurinol
(¢) Captopril (d) Oxaloacetate

A non-competitive inhibitor that is used as nerve gas in World War II is
(a) Iodo acetate (b) Cyanide
(¢) Di-isopropyl fluorophosphate (DFP) (d) Arsenite
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6.

7.

In metalloenzymes metals are

(a) Attached to enzyme through coordinate bonds.

(b) Covalently attached to enzymes.

(¢) Non-covalently attached to enzymes.

(d) Loosely attached to enzymes.

An allosteric enzyme

(a) Is usually made-up of many subunits. (b) Obeys Michaelis Menten kinetics.
(¢) Undergo covalent modification. (d) Exist in pro-enzyme form.
v-glutamyl transpeptidase level in blood increases in

(a) Alcoholic cirrhosis (b) Cancer

(¢) Myocardial infarction (d) Pancreatitis

FILL IN THE BLANKS

NS ok WD

In detergent industry enzymes are used as ---------------- .

Enzymes are for more efficient than ---------------- catalysts.

The ability of enzymes to recognize optical isomers of a substrate is known as ------------- .

K., of enzymes is important when they are used as ---------------- .

Affinity of enzyme towards substrate ---------------- in competitive inhibition.

Heavy metals are known as enzyme ---------------- .

Angiotensin converting enzyme is an example for ---------------- enzyme and metal ----------------
enzyme.

An allosteric enzyme exist in ------------—---- state ---------------- state.
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CHAPTER

CARBOHYDRATES

OCCURRENCE

Carbohydrates are present in humans, animal tissues, plants and in micro-organisms.
Carbohydrates are also present in tissue fluids, blood, milk, secretions and excretions of
animals.

MEDICAL AND BIOLOGICAL IMPORTANCE

1.

NS ove

10.
11.

Carbohydrates are the major source of energy for man. For example, glucose is used
in the human body for energy production.

Some carbohydrates serve as reserve food material in humans and in plants. For
example, glycogen in animal tissue and starch in plants serves as reserve food materials.

Carbohydrates are components of several animal structure and plant structures. In
animals, carbohydrates are components of skin, connective tissue, tendons, cartilage
and bone. In plants, cellulose is a component of wood and fiber.

Some carbohydrates are components of cell membrane and nervous tissue.
Carbohydrates are components of nucleic acids and blood group substances.
Carbohydrates are involved in cell-cell interaction.

Derivative of carbohydrates are drugs. For example, a glycoside ouabain is used in
clinical medicine. Streptomycin an antibiotic is a glycoside.

Aminosugars, derivatives of carbohydrates are components of antibiotics like erythromycin
and carbomycin.

Ascorbic acid, a derivative of carbohydrate is a water-soluble vitamin.
Bacterial invasion involves hydrolysis of mucopolysaccharides.

Survival of Antarctic fish in icy environment is due to presence of anti-freeze glycoproteins
in their blood.

Chemical Nature of Carbohydrates

Carbohydrates are polyhydroxy alcohols with a functional aldehyde or keto group. They are
represented with general formulae C (H,0),. Usually the ratio of carbon and water is one
in most of the carbohydrates hence the name carbohydrate (Carbonhydrate).

82
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Classification of Carbohydrates

Carbohydrates are classified into three major classes based on number of carbon chains
present. They are:

1. Monosaccharides
2. Oligosaccharides
3. Polysaccharides

All the three classes contain a saccharose group and hence the name saccharides.
R—C=0
|
HO—-C—H

|
Saccharose group

MONOSACCHARIDES

Monosaccharides are those carbohydrates which can not be hydrolyzed to small compounds.
Their general formula is C,(H,0),. They are also called as simple sugars. Monosaccharides
containing three to nine carbon atoms occur in nature.

Nomenclature

Monosaccharides have common (trivial) names and systematic names. Systematic name
indicates both the number of carbon atoms present and aldehyde or ketone group. For
example, glyceraldehyde is a simple sugars containing three carbon atoms and a aldehyde
group. Simple sugars containing three carbon atoms are referred as trioses. In addition,
sugars containing aldehyde group or keto group are called as aldoses or ketoses, respectively.
Thus, the systematic name for glyceraldehyde is aldotriose. Similarly, a simple sugar with
three carbon atoms and a keto group is called as ketotriose. Some monosaccharides along
with their common and systematic names are shown in Fig. 5.1.

CHO CHO CHO CHO
ch‘lfOH Hf‘C*OH Hf(‘z—OH Hf(‘z—OH
C‘:HQOH H—(‘)—OH H—(‘)—OH HO—(‘)—H
(‘3H20H ch‘:fOH ch‘:fOH
(‘:HQOH H*<‘3*OH
C‘:HQOH
Glyceraldehyde Erythrose Ribose Glucose
(Aldotriose) (Aldotetrose) (Aldopentose) (Aldohexose)
CH>0OH CH20H CH>0OH CH>0H
-0 -0 -0 -0
(‘:HZOH Hf("JfOH Hf(‘)fOH Hof("JfH
J;HQOH ch‘:—OH Hf(‘:—OH
(‘)HZOH H *C‘E*OH
(‘:HZOH
Dihydroxyacetone Erythrulose Ribulose Fructose
(Ketotriose) (Ketotetrose) (Ketopentose) (Ketohexose)

Fig. 5.1 Some important monosaccharides (systematic names are given in parenthesis)
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PROPERTIES OF MONOSACCHARIDES
1. Optical Isomerism

All the monosaccharides except dihydroxyacetone contain at least one asymmetric carbon
atom and hence they exhibit optical isomerism. The two optical isomers of glyceraldehyde
containing one asymmetric carbon atom are D-glyceraldehyde and L-glyceraldehyde. The
optical isomers are also called as enantiomers. The D and L forms of glyceraldehyde are
shown in Fig. 5.2. Further D and L-glyceraldehyde are used as parent compounds to designate
all other sugars (compounds) as D or L forms. If a sugar has the same configuration as D-
glyceraldehyde on the penultimate carbon atom then it is called as ‘D’ sugar. If a sugar has
the same configuration as L-glyceraldehyde on the penultimate carbon atom then it is called
as ‘L’ sugar. Usually, the hydroxyl group on penultimate carbon atom points to right in ‘D’
glucose and D-glyceraldehyde whereas it points to left in L-glucose and L-glyceraldehyde
(Fig. 5.2). Further D and L forms of glucose are mirror images like mirror images of
glyceraldehyde. Though both forms of sugars are present in nature D-isomer is abundant
and sugars present in the body are all D-isomers. L-fructose and L-rhamnose are two
L-isomers found in animals and plants.

?HO ! ?HO
1
H—C—OH . HO—C—H
éHZOH i éHZOH
D-Glyceraldehyde L-Glyceraldehyde
(@)

CHO CHO
H—éfOH Hofé—H
Ho—é—H H—C—OH
H—éfOH Hofé—H
[H_C_OH] HO—C_Hi

C‘SHZOH C‘:HZOH
D-Glucose L-Glucose
(b)

Fig. 5.2 (a) Optical isomers of glyceraldehyde
() D and L forms of glucose

2. Optical Activity

Monosaccharides except dihydroxy acetone exhibit optical activity because of the presence
of asymmetric carbon atom. If a sugar rotates plane polarized light to right then it is called
as dextrorotatory and if a sugar rotates the plane polarized light to the left then it is called
as levorotatory. Usually ‘+’ sign or ‘d’ indicates dextrorotation and ‘-’ sign or 1 indicates
levorotation of a sugar. For example, D-glucose which is dextrorotatory is designated as D(+)
glucose and D-fructose, which is levorotatory is designated as D(-) fructose. The letter ‘D’
does not indicate whether a given sugar is dextro or levorotatory.

3. Epimers

Are those monosaccharides that differ in the configuration of —-OH group on 2nd, 3rd and
4th carbon atoms. Epimers are also called as diastereoisomers. Glucose, galactose and mannose
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are examples for epimers. Galactose is an epimer of glucose because, configuration of hydroxyl
group on 4th carbon atom of galactose is different from glucose. Similarly, mannose is an
epimers of glucose because configuration of hydroxyl group on 2nd carbon atom of mannose
is different from glucose (Fig. 5.3). Ribulose and xylulose are also epimers. They differ in
the configuration of —OH group on third carbon atom (Fig. 5.3).

CHO CHO
HJC—OH Hf(‘ZfOH
Ho ¢ H Ho G H
ST RO
H—é*OH H—(IJ—OH
‘CHZOH C‘;HQOH (")HQOH
D-Galactose D-Glucose
CH>OH CH>OH
c=o &=o
: H—(‘:—OHE EHO—(‘:—HE
H—(‘:—OH H—(‘:—OH
(‘:H2OH (‘)HZOH
C‘)H20H
D-Mannose D-Ribulose D-Xylulose

Fig. 5.3 Epimers of aldohexoses and ketopentoses

4. Functional Isomerism

Functional isomers have same molecular formulae but differ in their functional groups. For
example, glucose and fructose have same molecular formulae C4H 504, but glucose contains
aldehyde as functional group and fructose contains keto group (Fig. 5.4). Hence, glucose and
fructose are functional isomers. This type of functional isomerism is also called as aldose-
ketose isomerism because aldose is an isomer of ketose and vice versa.

‘,:‘é"__lb\a Aldo group CH,0H

H—C—OH ::é-;b:}/yKeto group
Ho—c‘:—H Ho—g: —H
H*C‘Z —OH H 7& —OH
H*C‘Z —OH H*C‘Z—OH
C‘HzOH C‘ZHZOH
D-Glucose D-Fructose

Fig. 5.4 Aldose-ketose isomerism

5. Ring Structures

In solution, the functional aldehyde group of glucose combines with hydroxyl group of 5th
carbon atom. As a result a 6 numbered heterocyclic pyranose ring structure containing
5 carbons and one oxygen is formed (Fig. 5.5). The linkage between aldehyde group and
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alcohol is called as ‘hemiacetal’ linkage. Similarly, a 5 numbered furanose ring structure is
formed from fructose when keto group combines with hydroxyl group on 5 carbon atom. The
linkage between keto and alcohol group is called ‘hemi ketal’ linkage. (Fig. 5.5). Both hemi
acetal and hemi ketal are internal or intra molecular linkages.

—
gHo HC—OH CH0H
H—C—OH H—C—OH H 0 H

Hemi acetal H
HO—CH Formation HO—G—H O or L
H—C—OH H—C—OH © ©
| | H OH
H—C—OH H—C
\ \
CH>0OH CH20H
D-Glucose D-Glucose D-Glucopyranose
(Fisher formula) (Haworth formula)
(a)
(‘3H20H (‘)HZOH
¢=0 C‘?W‘ CH,0H - O~ CHa0H
HO—C—H HemiKetaly, o C-H O or
| Formation | H OH
H OH
H—C—OH H—C—OH
! ‘ OH H
H—C—OH H—C
\ \
CH>0OH CH20H
D-Fructose D-Fructose D-Fructofuranose
(b)

Fig. 5.5 (a) Glucose ring structure formation
(b) Formation of fructose ring structure

6. Anomers

Those monosaccharides that differ in configuration of OH groups on carbonyl carbon or
anomeric carbon are called as anomers. Formation of ring structure of glucose generates
anomers of glucose, which are designated as o and § forms. These two forms of glucose differ
in the configuration of OH on carbonyl carbon or 1st carbon atom. In the o-form the
hydroxyl group on anomeric carbon (1st carbon) atom points to the right where as in the
B-form to the left (Fig. 5.6).

H*(‘:*OH ?HO HO*C\)*H
H—C—OH H*‘C*OH H—C—OH
HO—C—H Hemi acetal HO—C—H Hemi acetal HO*(‘)*H o

H—C—OH Linkage H—C—oH ke =y ¢ oH

| formation | formation |
H—C H—C—OH H—C

\ \ |

CH20H CH>OH CH,0H
o-D-Glucose D-Glucose 3-D-Glucose

Fig. 5.6 Anomers of glucose
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7. Mutarotation

Monosaccharides containing asymmetric carbon atom rotate plane polarized light. When
optical rotation for o-D-glucose is measured it will be 112° and on standing the rotation
decreases slowly and attains a constant value +52.5°. Likewise when optical rotation for
B-D-glucose is measured the rotation changes from initial +19° to +52.5°. The changes in
optical rotation for o and B forms of glucose are shown in Fig. 5.7. The change in optical
rotation when either form of glucose is allowed to stand in solution is called mutarotation.
It is due to conversion of cyclic form of glucose to straight chain form.

CH20H CHO CHoOH
o OH H=C—oH M o.on
On On
> _c <
HO OH H oy Stending HO (‘; H Standing |, - OH H u
H—C—OH

OH \ H OH
H—C—OH
\
CH,0OH
o-D-Glucose D-Glucose (Acyclic form) 3-D-Glucose
+112° +52.5° +19°

Fig. 5.7 Mutarotation of glucose

Important monosaccharides in the metabolic point of view are glucose, fructose, galactose,
ribose, erythrose and glyceraldehyde. Glucose is found in several fruit juice blood of humans
and in honey. Galactose is a part of lactose. Fructose is found in several fruit juices and
honey. Commonly glucose is referred as dextrose. All monosaccharides containing free aldehyde
or keto group reduces ions like Cu®** under alkaline conditions.

Biologically Important Sugar (Glucose) Derivatives

Sugar derivatives of biological importance are sugar acids, sugar alcohols, deoxy sugars,
sugar phosphates, amino sugars and glycosides.

1. Sugar acids

Oxidation of aldo group of sugars produces aldonic acids. For example, oxidation of glucose
produces gluconic and (Fig. 5.8) oxidation of terminal alcohol group (-OH sixth carbon atom)
of glucose produces glucuronic acid or uronic acid (Fig. 5.8). Uronic acids are components
of mucopolysaccharides and required for detoxification. Ketoses are not easily oxidized.
Vitamin C or ascorbic acid is also sugar acid.

2. Sugar alcohols

Reduction of aldose and keto groups of sugar produces polyhydroxy alcohols or polyols.
These polyols are intermediates of metabolic reactions. Other sugar alcohols are glycerol
and inositol. The alcohols formed from glucose, galactose and fructose are sorbitol, galactitol
and sorbitol, respectively (Fig. 5.8).

3. Deoxy sugars

Those sugars in which oxygen of a hydroxyl group is removed leaving hydrogen. Deoxyribose
is an example (Fig. 5.9). It is present in nucleic acids. Fucose is another deoxy sugar present
in blood group substances.
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(‘)HO (‘)OOH
H—C—OH H—C—OH
\ \
HO—C—H HO—C—H
| Oxidation of \
H—C—OH anomeric carbon -~ H—C—OH
\ \
H—C—OH H—C—OH
| \
CH20OH CH20OH
D-Glucose D-Gluconic acid
(Aldonic acid)
Reduction
CH,0OH C‘:HO
\
H—C—OH H—C—OH
\ \
HO—C—H HO—C—H
\ \
H—C—OH H—C—OH
\ \
H—C—OH H—C—OH
\ \
CH,0OH COOH
Sorbitol (Polyol) D-Glucuronic acid
(uronic acid)

Fig. 5.8 Oxidation and reduction products of glucose

CHO CHO CHO CHO
Hf‘C—H HO—‘C—H H*C‘:fNHZ H*C‘:fOH
H—‘C—OH H—C‘—OH HO—‘C—H Ho—c‘—H
H—‘C—OH H—‘C—OH H—‘C—OH H—‘C—OH

C‘:HZOH HO*C‘I*H H—‘C—OH H*C‘:fOH

H*C‘:H*H C‘lHZOH C‘lHZO@
Deoxyribose Fucose D-Glucosamine D-Glucose-
6-phosphate

Fig. 5.9 Some derivatives of monosaccharides

4. Sugar phosphates

Breakdown of sugar in animals involves formation of sugar phosphates. Glucose-6-phosphate
is an example for a sugar phosphate (Fig. 5.9).

5. Aminosugars

Those sugars in which an amino group is substituted for a hydroxyl group. D-glucosamine
is an example for an amino sugar (Fig. 5.9). Amino sugars are components of
mucopolysaccharides, and antibiotics.

6. Glycosides

Are of two types:

(@) O-glycosides. When hydroxyl group on anomeric carbon of a sugar reacts with an
alcohol (sugar) O-glycoside is formed (Fig. 5.10). O-glycosidic linkage is present in
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disaccharides and polysaccharides. So, disaccharides, oligosaccharides and polysaccharides
are O-glycosides.

(b) N-glycosides. N-Glycoside is formed when hydroxyl group on anomeric carbon of sugar
reacts with an amine (Fig. 5.10). N-glycosidic linkage is present in nucleotides, RNA and
DNA. So, nucleotides, RNA and DNA are examples for N-glycosides.

CH20H CH20H
H 1 O _H H 1 O H
KoH H *Ro——> KoH H
HO o H ‘ OH 0—R
H  OH Alcohol H o OH
Glucose (Hemi Acetal) O-Glycoside
CH20H Ff CH20H 'T
H o) HN H O_NH
H H
OH H * - OH H
HO H HO H
H OH Amine H OH
Hemiacetal (Glucose) N-Glycoside

Fig. 5.10 Formation of O-Glycoside and N-Glycoside
OLIGOSACCHARIDES

They consist of 2-10 monosaccharide units. The monosaccharides are joined together by
glycoside bonds. Most important oligosaccharides are disaccharides.

Disaccharides

They provide energy to human body. They consist of two monosaccharide units held together

by glycosidic bond. So, they are glycosides. Most common disaccharides are maltose, lactose
and sucrose (Fig. 5.11).

CH20H CH20OH CHOH

CH20H o
H OH H g O H H 0 J H
Ko n Lo Kon wo KoH H Lo\ oH CHOH
HO OH HO 2
H  OH H  OH H  OH OH H
Maltose Sucrose
CH,0OH CH2OH CH,0OH CHyCH
HO 0 H O _oH H O H H O H
H o_| H | | H N H
OH H OH H OH H 0 HO
H H H HO OH
H OH H HO H OH OH H
Lactose Trehalose
Reducing Non-reducing

Fig. 5.11 Reducing and non-reducing disaccharides
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Maltose

Structure

It contains two glucose units. The anomeric carbon atom of first glucose and carbon atom
4 of the second glucose are involved in glycosidic linkage. The glycosidic linkage of maltose
is symbolized as o (1—4). In this symbol, letter a-indicates the configuration of anomeric
carbon atoms of both glucose units and numbers indicates carbon atoms involved in glycosidic
linkage. Systematic name for maltose is O-o-D glucopyranosyl-(1—4)-0-D glucopyranose.
Maltose is a reducing sugar because anomeric carbon of second glucose is free.

Source for maltose

Maltose is present in germinating cereals and in barley. Commercial malt sugar contains
maltose. It may be formed during the hydrolysis of starch.

Lactose

Structure

It contains one glucose and one galactose. The anomeric carbon atom of galactose and
carbon atom 4 of glucose are involved in glycosidic linkage. It is symbolized as B (1—4). The
systematic name for lactose is O--D galactopyranosyl-(1—4)--D-glucopyranose. Lactose is a
reducing sugar because anomeric carbon of glucose is free.

Source for lactose

Lactose is synthesized in mammary gland and hence it occurs in milk.

Sucrose

Structure

It contains glucose and fructose. The anomeric carbon of glucose and anomeric carbon of
fructose are involved in glycosidic linkage. Further, glucose is in o-form whereas fructose
is in B-form in sucrose. Hence the glycosidic linkage of sucrose is designated as o, B(1—-2).
Its systematic name is O-o-D-glucopyranosyl-(1—2)-B-D-fructofuranose. Sucrose is a non
reducing sugar because both the functional groups of glucose and fructose are involved in
glycosidic linkage.

Source of sucrose

Ripe fruit juices like pineapple, sugar cane, juice and honey are rich sources for sucrose. It
also occurs in juices of sugar beets, carrot roots and sorghum.

Invert sugar

Sucrose has specific optical rotation of +66.5°. On hydrolysis, it changes to —19.8°. This
change in optical rotation from dextro to levo when sucrose is hydrolysed is called as
inversion. The hydrolysis mixture containing glucose and fructose is called as invert sugar.
The change in optical rotation on hydrolysis is because of fructose which is more levo
rotatory than dextro rotatory glucose.

Sucrose —Iss » Glyucose + Fructose (invert sugarn)

+66.5° +52.5° -92° -19.8°
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Other Disaccharides

Isomaltose

It contains two glucose units. Glycosidic linkage is o(1—6). Isomaltose is the disaccharide
unit present in glycogen, amylopectin and dextran.

Cellobiose

It also contains two glucose units but they are joined in P(1—4) linkage. It is formed from
cellulose.

Trehalose

It also contains two glucose units. The glycosidic linkage is o(1—1). So, it is a non-reducing
disaccharide (Fig. 5.11). It is a major sugar of insect hemo lymph. In fungi it serve as reserve
food material.

Other Oligosaccharides

Beans and peas contain some oligosaccharides. These oligosaccharides contain 4 to 5 mono-
saccharide units. Stachyose and verbascose are a few such oligosaccharides. Usually these
oligosaccharides are not utilized in human body. Oligosaccharide chains are also found in
glycoproteins where they have important functions. Oligosaccharides are also important
constituents of glycolipids present in cell membrane.

POLYSACCHARIDES

They are polymers of monosaccharides. They contain more than ten monosaccharide units.
The monosaccharides are joined together by glycosidic linkage.

Classification of Polysaccharides

Polysaccharides are classified on the basis of the type of monosaccharide present. The two
classes of polysaccharides are homo-polysaccharides and hetero-polysaccharides.

(a) Homopolysaccharides. They are entirely made up of one type of monosaccharides. On
hydrolysis, they yield only one kind of monosaccharide.

(b) Heteropolysaccharides. They are made up of more than one type of monosaccharides.
On hydrolysis they yield more than one type of monosaccharides.

Homopolysaccharides

Important homopoly-saccharides are starch, glycogen, cellulose, dextran and inulin and
chitin. All these contain glucose as repeating unit. Other name for homopolysaccharides are
homoglycans.

Starch

Structure
1. It consist of two parts. A minor amylose component and a major amylopectin component.

2. Amylose is a straight-chain polymer of glucose units. o(1—4) glycosidic linkage is present
between glucose units.
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3. In contrast amylopectin is a branched molecule (Fig. 5.12). In the linear portion of
amylopectin (1—4) glycosidic linkage exist between glucose units whereas (1—6) glycosidic
linkage exist at branch points between glucose residues. The branching occurs in
amylopectin for every 2-30 glucose units.

4. Amylose has helical coiled secondary structure and usually 6 glucose residue make one
turn (Fig. 5.12). Because of branching secondary structure of amylopectin is a random
coil structure.

Function
1. It is the major polysaccharide present in our food.

2. It is also called as storage polysaccharide because it serve as reserve food material in
plants.
3. It is present in food grains, tubers and roots like rice, wheat, potato and vegetables.

CH20H CH20OH CHo0OH CH20OH CH20OH

Sl

Amylose (Primary structure)

Glucose
units
Amylopectin
CH>OH CH>0OH
o (1-6) glycosidic , O H H O
linkage
g HO oJ HO o—
Secondary structure of
Amylose (0] HO H HO H
CHZOH CHZOH CHZOH
Amylopectin o (1—-4) glycosidic linkage

Fig. 5.12 Structures of amylose and amylopectin

Glycogen

Structure

1. The structure of glycogen is similar to that of amylopectin of starch. However, the
number of branches in glycogen molecule is much more than amylopectin (Fig. 5.13).

2. There is one branch point for 6-7 glucose residues.
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o (1—-6) glycosidic \‘
Imkage\ ....0000000
{000 ©

Glucose Q O
units o (1-4) egCQS|d/7 O Cq
linkage %o o O

Fig. 5.18 Structure of glycogen. Each open circle represents a glucose molecule.
Arrow indicates branch point
Function
1. It is the major storage polysaccharide (carbohydrate) in human body.
2. It is mainly present in liver and muscle.

3. It is also called as animal starch.

Cellulose

Structure

1. It has linear chain of glucose residues, which are linked by B(1—4) glycosidic linkage
(Fig. 5.14).

f B (1—-4) glycosidic linkage

Cellulose
Fig. 5.14 Structure of cellulose
2. It occurs as bundle of fibres in nature.
3. The linear chains are arranged side by side and hydrogen bonding between adjacent
stands stabilizes the structure.
Function
1. It is the most abundant polysaccharide in nature.

2. It is found in fibrous parts of plants like wood, cotton and straw.
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Dextran

Structure
1. It has structure similar to amylopectin.
2. In the linear part, glucose units are linked by o(1—6) glycosidic bond and o(1—3)
glycosidic linkage is present between glucose unit at branch points.
Function

1. It is polysaccharide present in bacteria.

Medical importance
1. To maintain plasma volume dextran is used in clinical medicine.

2. Dental plaque is due to dextran synthesized from sucrose by oral bacteria.

Inulin

(@) Structure. 1t is a polysaccharide composed of fructose. B(1—2) glycosidic linkage is present
between fructose units.

(b) Function. It is present in tubers of chicory, dhalia and in the bulb of onion and garlic.
Inulin is used to determine glomerular filteration of kidney.

Chitin
(@) Structure. A polysaccharide composed of N-acetyl glucosamine. Glycosidic linkage is
B(1—4).

(b) Function. It is an important structural polysaccharide of invertebrates like crabs, lobster
and insects.

HETEROPOLYSACCHARIDES

They are also called as mucopolysaccharides and glycosaminoglycans. Mucopolysaccharides
consist of repeating disaccharide units. The disaccharide consist of two types monosaccharides.
The mucopolysaccharides are component of connective tissue. Hence, they are often referred
as structural polysaccharides. The mucopolysaccharides are also found in mucous secretions.
The mucopolysaccharides combines with proteins like collagen and elastin and forms
extracellular medium or ground substance of connective tissue. Mucopolysaccharides are
also components of extracellular matrix of bone, cartilage and tendons. The complex of
mucopolysaccharide and protein is called as proteoglycan. Mucopolysaccharides also function
as lubricants and shock absorbers.

Few important mucopolysaccharides or glycosaminoglycans (GAGs) are:

Hyaluronic Acid (HA)

Structure

The repeating disaccharide of hyaluronic acid consist of glucuronic acid and N-
acetylglucosamine.

——(B-Glucuronic acid

N-acetylglucosamine),,

Hyaluronic acid
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Functions
1. It is present in synovial fluid and function as lubricant.
2. It is also present in skin, loose connective tissue, umbilical cord and ovum.

3. It is present in vitreous body of eye.

Medical importance

1. As the age advances hyaluronic acid is replaced by-dermatan sulfate in synovial fluid.
Dermatan sulfate is not a good lubricant, hence age related pains develop in old people.

2. In young people, vitreous is clear elastic gel in which hyaluronic acid is associated with
collagen. As the age advances the elasticity of vitreous is reduced due to decreased association
between collagen and hyaluronic acid. As a result, vision is affected in older people.

3. Hyaluronic acid of tumour cells has role in migration of these cells.

4. Hyaluronic acid is involved in wound healing (repair). In the initial phase of wound
healing (repair), hyaluronic acid concentration increases many fold at the wound site.
It allows rapid migration of the cells to the site of connective tissue development.

5. Hyaluronic acid helps in scarless repair. If suitable levels of HA are maintained during
would healing scar formation is reduced or even prevented.

6. HA content of skin decreases as age advances this is the reason for increased susceptibility
of aged people for scar formation.

7. Pneumonia, meningitis and bacteremia causing pathogenic bacteria contains hyaluronte
lyase. Hydrolysis of HA by this enzyme facilitates invasion of host by these bacteria.
Chondroitin sulfate A and B chondroitin-4-sulfate and chondroitin-6-sulfate
Structure

1. The repeating disaccharide unit of chondroitin sulfates consist of glucuronic acid and
N-acetyl galactosamine. N-acetyl galactosamine is sulfated.

2. In chondroitin-4-sulfate, 4th carbon atom of N-acetyl galactosamine is sulfated where as
in chondroitin-6-sulfate the 6th carbon is sulfated.

——(B-Glucuronicacid

N-acetyl galactosamine-)
|
sulfate
Chondrotin sulfate

n

Functions
1. Chondroitin sulfates are components of cartilage, bone and tendons.
2. They are also present in the cornea and retina of the eye.

3. Chondroitin sulfate content decreases in cartilage as age advances.
Heparin

Structure

1. The repeating disaccharide unit of heparin consist of glucosamine and either iduronic
acid or glucuronic acid.
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2. Majority of uronic acids are iduronic acids. Further amino groups of glucosamine is

sulfated.
(Iduronic acid-Glucosamine-Gluronic acid-Glucosamine)
/ /
sulfate sulfate
Heparin
Functions

1. Heparin is a normal anti-coagulant present blood.
2. It is produced by mast cells present in the arteries, liver, lung and skin.

3. Unlike other glycosaminoglycans, heparin is an intracellular component.

Dermatan Sulfate
Structure
The repeating disaccharide consist of Iduronic acid and N-acetyl galactosamine sulfate.

(Iduronic acid—N-acetyl galactosamine),,
|
sulfate
Dermatan sulfate

Functions
1. It is present in skin, cornea and bone.

2. It has a role in corneal transparency maintenance.

Keratan sulfates | and Il

Structure
1. The repeating disaccharide consist of galactose and N-acetyl glucosamine sulfate.
2. Type I and II have different attachments to protein.

(Galactose-N-acetyl glucosamine),,
|
sulfate
Keratan sulfate

Functions
1. They are components of cartilage, cornea and loose connective tissue.
2. Keratan sulfate 1 is important for corneal transparency.

GLYCOPROTEINS

They are found in mucous fluids, tissues, blood and in cell membrane. They are proteins
containing short chains of carbohydrates. The carbohydrate chains are usually oligosaccharides.
These oligosaccharide chains are attached to proteins by O-glycosidic and N-glycosidic bonds.
Further oligosaccharide is composed of fucose, N-acetyl glucosamine, galactose and glucose.
The oligosaccharide chains have important functions like:
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1

Oligosaccharide present on the surface of erythrocytes are responsible for the classification
of blood groups. They determine blood group and hence they are called as blood group
substances.

2. Oligosaccharides determine the life span of proteins.

. Cell-cell recognition depends on oligosaccharide chains of glycoproteins.

Glycoproteins of some invertebrates function as antifreezing agents. They are known as
antifreeze glycoproteins (AFGPs). One such glycoprotein is identified in Antarctic fishes.
It is very essential for their survival in such sub zero environment that exist at Antarctica.
It is present in the blood of the Antarctic fishes. It prevents freezing by binding to ice,
which enables these fishes to survive in the surrounding icy environment. It is surprising
that this protein arose from pancreatic trypsinogen like protease.

Sialic Acids
Structure

1
2.

Sialic acids are acyl derivatives of neuraminic acid.

Neuraminic acid is a 9 carbon sugar consisting of mannosamine and pyruvate. Usually
amino group of mannosamine of neuraminic acid is acetylated. Hence, N-acetyl
neuraminic acid (NANA) is an example for sialic acid.

Functions

1
2.

Oligosaccharides of some membrane glycoproteins contains a terminal sialic acid.

Sialic acid is an important constituent of glycolipids present in cell membrane and

nervous tissue.
REFERENCES

Pigman, W. and Horton, D. Eds. The Carbohydrates, 2nd ed. Academic Press, New
York, 1972.

2. Ginsburg, V. and Robbins, P. Eds. Biology of Carbohydrates. Wiley, New York, 1984.
3. Goodwin, T.W. and Mercer, E.I. Introduction to Plant Biochemistry. Pergamon, Oxford,

1983.

4. Sharon, N. Glycoproteins, Trends Biochem. Science. 9, 199-20, 1984.

Schauer, R. Sialic Acids and their Role as Biological Masks. Trends Biochem. Sci. 10,
357-360, 1983.

. Aspinall, G.O. Ed. The Polysaccharides. Vol. 1-3, Academic Press, New York, 1983 to

1985.

. Cheng, C.C. and Chen, L. Evolution of Antifreeze Glycoprotein, Nature 401, 443-444,

1999.

Jedrzejas. M.J. et al. Mechanism of Hyaluronan Degradation by S. Pneumoniae
Hyaluronate lyase. J.Biol. Chem. 277, 28287-28297, 2002.

Delpech, B. et al. Hyaluronan: Fundamental Principles and Applications in Cancer. dJ.
Inter. Med. 242, 41-48, 1997.



98 Medical Biochemistry

10. Ikan, R. Ed., Naturally Occurring Glycosides. Wiley, New York, 1999.

11. Lind horst, J.K. Essentials of Carbohydrate. Chemistry and Biochemistry, Wiley-VCH
Verlag GmbH, 2003.

12. Stick, Robert, V. Carbohydrates: The Sweet Molecules of Life. Academic Press, 2001.

13. Maroclo, M.V. et al. Urinary glycosaminoglycan excretion during menstrual cycle in
normal young women, J. Urology. 173, 1789-1792, 2005.

EXERCISES
ESSAY QUESTIONS

1. Define carbohydrates. Classify them giving suitable examples.

»

Define polysaccharide. Classify, give examples for each class.
3. Describe properties of monosaccharides.

4. What are heteropolysaccharides? Write about structure and functions of five of them.

SHORT QUESTIONS

1. Define anomers and epimers. Give examples for each.
2. Write a note on (a) Mutarotation (b) Invert sugar

3. Name biologically important derivatives of glucose.
4. Compare starch and glycogen with respect to:

(a) Source (b) Structure (¢) Function

=

Write composition and functions of:

(a) Hyaluronic acid (b) Heparin (¢) Chondroitin sulfates
Define glycoproteins. Mention their functions.

Write four functions of carbohydrates.

Name non-reducing disaccharide. Write its composition, source and functions.

© ©® 2o

Write briefly about glycosides.

10. What are sialic acids? Write their functions.

11. Name sugar present in milk. Write its composition, linkage and function.
12. Write products of hydrolysis of sucrose, lactose and maltose.

13. Write a note on cellulose.

14. Give an account of carbohydrates functions.

MULTIPLE CHOICE QUESTIONS
1. Most of the carbohydrates found in human body are

(a) D-isomers (b) L-isomers
(¢) D- and L-isomers (d) None of these
2. The linkage between aldehyde group of glucose and its hydroxyl group of 5th carbon atom is
(a) Hemiacetal linkage (b) Hemiketal linkage
(¢) Glycosidic linkage (d) Ester linkage
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3. Glucose and fructose are the examples for
(a) Functional isomers (b) Optical isomers
(¢) Geometric isomers (d) Non-reducing sugars
4. Polyol is formed from
(a) Oxidation of sugars (b) Reduction of sugars
(c) Polysaccharides (d) Monosaccharides
5. O-glycosidic bond is formed
() When a sugar reacts with acid.
(b) When sugar reacts with alkali.
(c) When an anomeric carbon of sugar reacts with an alcohol.
(d) When an anomeric carbon of sugar reacts with an acid.
6. Trehalose is a disaccharide present in
(o) Milk (b) Blood
(¢) Hemolymph (d) Tubers
FILL IN THE BLANKS
1. e is reserve food material in humans.
2. A sugar acid that is water soluble vitamin is ---------------- .
3. Oligosaccharide chain of erythrocyte membrane glycoproteins determines ---------------- classification.

4. Non-reducing disaccharide present in cane sugar is ---------------- .

5. e is a nine carbon sugar present in cell membrane.
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CHAPTER

LIPIDS

OCCURRENCE

Lipids are present in humans, animals, plants and micro-organisms to some extent. Animal
fat, egg yolk, butter and cheese are lipids of animal origin, vegetable or cooking oils and
vanaspati are lipids are plant origin.

MEDICAL AND BIOLOGICAL IMPORTANCE

Fat under skin serve as thermal insulator against cold.

Fat around kidney serve as padding against injury.

Fat serve as a source of energy for man like carbohydrates.

LS

Fat is an ideal form for storing energy in the human body compared to carbohydrates
and proteins because:

(@) Energy content of fat is higher.

(b) Only fat can be stored in a concentrated water free form which is not possible with
carbohydrates and proteins

5. Lipids are structural components of cell membrane and nervous tissue.

6. Some lipids serve as precursors for the synthesis of complex molecules. For example,
acetyl-CoA is used for the synthesis of cholesterol.

7. Lipoproteins, which are complexes of lipids and proteins are involved in the transport
of lipids in the blood and components of cell membrane.

8. Some lipids serve as hormones and fat soluble vitamins are lipids.

9. Fats are essential for the absorption of fat soluble vitamins.

10. Fats serve as surfactants by reducing surface tension.

11. Eicosanoids which have profound biological actions are derived from the essential fatty acids.

12. Lipids present in myelinated nerves act as insulators for propagation of depolarization
wave.

13. Some saturated fatty acids are anti-microbial and anti-fungal agents.

14. Lipids are an important group of antigens of parasites that cause filariasis, cysticercosis,
leishmaniasis and schistosomiasis in India and other Third World countries. Anti-lipid
antibodies are found in the blood of individuals affected with these diseases.

100
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15. Some eicosanoids act as immuno modulators and mitogens.

16. Saturated free fatty acids (SFFAs) are pheromones of animals like tiger etc.

Chemical Nature of Lipids

Lipids are the group of greasy organic compounds, which are soluble in organic solvents like
chloroform, ether and benzene but insoluble in water. They are fats, waxes, compound
lipids, steroids, fatty acids and fat soluble vitamins. A lipid is a fat-like substance but need
not be a fatty acid always.

Classification of Lipids

Based on the composition lipids are classified into 1. Simple lipids, 2. Compound lipids,
3. Derived lipids.

Simple Lipids

They are esters of fatty acids with alcohols. Fats and waxes are example for simple lipids.
An ester is formed when acid reacts with alcohol (Fig. 6.1 A).

H,0
rR—olHl+[Ho] 0c—R' —Z»R—0—CO—R!

Alcohol Acid Ester

CH,—OH (a)
?H—OH Glycerol
CH,—OH

1CH;—0—CO—R; @ CH;—0—CO—R,

2 CH—0—CO—R, § ICH—O—CO—R2 (b)
3 CH;—0—CO—R;,4 o CHy;—O0—CO—R,4
Triglyceride Triglyceride

Fig. 6.1 (a) Ester formation; R, R-hydrocarbon chains.
(b) Triglyceride is shown with Indo-Arabic numbers and Greek alphabets.
R~ CO—, Ry—CO—, R3—CO- are three fatty acid groups.

Fats

They are esters of fatty acids with glycerol. They are also called as triglycerides or
triacylglycerols because all the three hydroxyl groups of glycerol are esterified. Fats are also
called as neutral fats.

Structure

The chemical structure of triglyceride or fat consist of three molecules of fatty acids esterified
with one molecule of glycerol (Fig. 6.156). All the three fatty acids can be same or different.

Nomenclature of Triglycerides

The carbon atoms of glycerol of triglycerides are indicated with both Indo-Arabic numbers
and Greek alphabets (Fig. 6.15). The former is used commonly. The triglycerides are further
subdivided based on type of fatty acids esterified to glycerol. They are:
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A. Simple triglyceride. If all the three fatty acids esterifed to glycerol are same then it
is called as simple triglyceride (Fig. 6.2a).

Example:

(@) Tripalmitin in which glycerol is esterified to three molecules of palmitic acid (Fig. 6.2a).
Other names to tripalmitin are 1,2,3-tripalmityl glycerol or o,B,ol-tripalmitin.

(b) Tristearin is another simple triglyceride.

B. Mixed triglyceride. If the three fatty acids esterified to glycerol are different than it
is called as mixed triglyceride (Fig. 6.2b).

CH,—0—COR CH;—0—CO —(CH,);,—CH,
(‘ZHfOfCOR (‘ZH*O*CO*(CHZ)M*CH3 (a)
(‘3H2*O*COR (‘3H2fOfCOf(CH2)14—CH3

Simple Triglyceride 1,2,3-Tripalmitin or tripalmitin
CH,—0—COR! CH;—0—CO —(CH,);4—CH,
CH—O—COR" CH—0—CO—(CH,);,—CH, (b)
(‘3H2*O*COR‘H (‘3H2fOfCOf(CH2)16—CH3

Mixed Triglyceride 1,3-distearopalmitin or o, ol-disteropalmitin

1,3-palmitly distearly glycerol
Fig. 6.2 (a) Structure of simple triglyceride; R—CO-, represents fatty acid group
(b) Structure of mixed triglyceride, R~CO-, R"-CO-, R"™-CO-represents three different
fatty acid groups

Example: 1,3 disteavro palmitin is a mixed glyceride in which glycerol is estexdified with two
molecules of steoric acid and one molecules of palmitic acid (Fig. 6.2b). Other names are 1,3-
distearyl-2-palmitylglycerol or o, ol-disteropalmitin.

In human, fat mixed triglycerides are most abundant than simple triglycerides. Further
fatty acids present in triglycerides are saturated fatty acids like palmitic acid and stearic acid.

Shorthand Form for Fats

Writing an entire fat molecule showing structure of glycerol with attached the fatty acids
is awkward, hence a shorthand form is devised. In shorthand formulae, carbon, backbone
of glycerol is represented by vertical line. Horizontal lines drawn from top, middle and
bottom of the vertical line represents —OH groups on 1st, 2nd and 3rd carbon atoms,
respectively. (Fig. 6.3). If the hydroxyl is esterified with a fatty acid, then —OH group is
replaced by ‘acyl’ term (Fig. 6.3).

OH Acyl Acyl Acyl
EOH EAcyI EOH EOH

OH Acyl Acyl OH
Glycerol Triglyceride 1,3-diacyl glycerol  1-Monoacyl

(Shorthand form)  (Shorthand form) glycerol

Fig. 6.3 Structures of partial acyl glycerols, Acyl represents fatty acid residue

Other Noteworthy Acyl Glycerols

1. Diacylglycerol
In which 2 fatty acids are esterified to glycerol.
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Example: 1,2-diacyglycerol and 1,3-diacylglycerol. In 1,2-diacylglycerol, the 1st and 2nd-OH
groups are esterified (Fig. 6.3).

2. Monoacylglycerol

In which one fatty acid is esterified with glycerol.

Example: 1-monoacylglycerol and 2-monoacylglycerol. In 1-monoacylglycerol the 1st —OH
group is esterified. (Fig. 6.3). Diacylglycerol and monoacylglycerol are called as partial acyl
glycerols.

Functions of Triglycerides
1. They function as storage lipids in animals and in plants.

2. In man adipose tissue or fat tissue found under the skin, in the abdominal cavity and
in the mammary gland contain triacylglycerols. The entire cytoplasm of adipocyte is
replaced by triacylglycerol.

In other animals and plant cells also triacylglycerols are found as tiny droplets in cytosol.
The fat stored under the skin serve as energy store and as insulator against cold.
Women have more fat than men.

In obese (fat) people, many kilograms of triacylglycerol is stored under the skin.

N o e w

The antarctic and arctic animals like seals and penguins appear bloated because of high
concentration of triglycerides in their bodies.

Functions of Partial Acylglycerols

They are also found in some tissues. Mainly they are formed as intermediates during the
synthesis of triglycerides and during digestion of fat.

PHYSICAL PROPERTIES OF TRIGLYCERIDES
1. Pure fats have no colour, taste and odour.

2. At room temperature, fat of plant origin remains oil because it contains more unsatu-
rated fatty acids where as animal fat remain as solid, because it contains mostly satu-
rated fatty acids.

3. Triglycerides containing asymmetric carbon atom are optically active.
CHEMICAL PROPERTIES OF FATS

1. Saponification

When fats are boiled with bases like KOH or NaOH glycerol and salts of fatty acids are
formed (Fig. 6.4a). This process is called as saponification. The salts of fatty acids act as
soaps. Soaps are good cleansing agents, germicides and detoxicants.

2. Hydrogenation

It converts unsaturated fatty acids of triglycerides into saturated fatty acids. (Fig. 6.4b).
Commercially hydrogenation is used to convert liquid fats of plant origin to solid cooking
fats which are known as margarines. Since hydrogenation converts liquid fat to solid fat
it is also called as hardening. Vanaspati (dalda) is obtained from vegetable oils through this
process.
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(‘3H2f0fc0 —R (‘:HszH
Boil
CH—0—CO—R — CH—OH + 3R—COONa (a)
\ \ )
CH,—0—CO—R 3 NaOH CH,—OH Salts of fatty acids
Triglyceride Glycerol
Hydrogenation
—CH,—CH —CH—CH,— — 98O ol CH,—CH,—CH,—  (b)
Unsaturated fatty acid Saturated fatty acid
of a triglyceride of a triglyceride

Fig. 6.4 (a) Saponification of triglyceride
(b) Hydrogenation of fat

3. Lipid Peroxidation

When natural fats are exposed to atmospheric oxygen, they develop bad smell and taste. It
is called as rancidity. Rancidity of fat develops even on prolonged storing. It is due to
formation of lipid peroxides. Atmospheric oxygen reacts with unsaturated fattly acids of
triglycerides and forms lipid peroxides.

Antioxidants

Like vitamin E and ascorbic acid prevent peroxide formation. They are added to food fats
to improve storage quality.

In the body also lipid peroxides are formed. Free radicals mediate lipid peroxide forma-
tion in the body. Diseases like cancer, diabetes, atherosclerosis are due to the formation of
lipid peroxides in the body.

Waxes

Structure

Waxes are esters of fatty acids with long chain alcohol.
Examples:

(@) Lanolin or wool fat is a mixture of fatty acid esters of long chain alcohols lanosterol and
agnosterol.

(b) Cholesterol ester is wax present in the blood (lipoprotein) and cell membranes.
(c) Bees wax is an ester of palmitic acid with myricyl alcohol.

Functions

1. Waxes serve as protective coatings on skin, fur and feathers of animals, birds and on
fruit and leaves of plants. Shiny appearance of fruits and leaves is due to waxes.

2. Waxes act as water barrier for animals, birds and insects. Further wax is hard in cold
climate and soft in hot climate.

3. Since wool is a wax woollen clothing provides protection against cold. Marine organisms
use wax as source of energy.

COMPOUND LIPIDS

They are esters of fatty acids with alcohol containing nitrogenous bases and additional
groups. Based on alcohol compounds lipids are subdivided into (a) Glycerophospholipids
(b) Sphingo lipids. Compounds lipids are also divided into phospholipids and glycolipids.
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GLYCEROPHOSPHOLIPIDS OR PHOSPHOLIPIDS

They contain two molecules of fatty acids esterified to first and second hydroxyl groups of
glycerol. The third hydroxyl group of glycerol is esterified to phosphoric acid. Further a
nitrogen base or second alcohol is also esterified to phosphoric acid (Fig. 6.5).
Glycerophospholipid without second alcohol is known as phosphatidic acid. Some
glycerophospholipids are named according to second alcohol or nitrogen base and they are
considered as derivatives of phosphatidic acid. They are phosphatidyl choline, phosphatidyl
serine, phosphatidyl ethanolamine and phosphatidyl inositol. The fatty acid combinations are
different in each of these phospholipids.

Phosphatidylcholine

Structure

It contains two fatty acids esterified to first and second hydroxyl group of glycerol. The third
hydroxyl is esterified to phosphoric acid to which second alcohol choline is also esterified.
(Fig. 6.5). Phosphatidylcholine is also called as lecithin. Lecithin contains a saturated fattly
acid at C-1 position and unsaturated fatty acid at C-2 position.

Function

It is the major phospholipid of cell membrane. It is also present in egg yolk and lipoproteins.

Phosphotidyl ethanolamine

In which second alcohol ethanolamine is esterified to phosphoric acid of phosphatidic acid
(Fig. 6.5).

Phosphatidyl serine

In which aminoacid serine is esterified to phosphoric acid of phosphatidic acid (Fig. 6.5).
Phosphatidyl ethanolamine and phosphatidyl serine are called as cephalins and amino-
phospholipids.

C\:HZ*O*CO*R' C\:HZ*O*CO*R'

CH—0—CO—R"
(0] Phosphate
1 &

CHZ*O*F*O*Nitrogenous base
or
OH Second alcohol
Glycerophospholipid
‘CHZ—O—CO—R'
CH—0—CO—R!
ﬂ + CHj,
CHzfo*P*O*CHZ*CHZ*N *CHa
| N CH
OH 3
Phosphatidyl choline

Acyl

EAcyI

Phosphoserine
Phosphatidylserine

Choline

CH—0—CO—R"

i
CHz —0—P—OH
OH

Phosphatidic acid

CH,—0—CO—R!

c‘:H—o—Co— R!
0

CHZ*O*‘F"*O*CHZ*CHZ*NHZ
OH

Phosphatidyl ethanolamine
(Aminophospholipid)

Acyl
EAcyI
Phospho inositol

Ethanolamine

Phosphatidyl inositol

Fig. 6.5 Structures of glycerophospholipids
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Phosphatidyl Inositol
In which polyol inositol is esterified to phosphoric acid of phosphatidic acid (Fig. 6.5).

Functions
1. Cephalins are major component of cell membrane, lipoproteins and nervous tissue.

2. Phosphatidyl inositol is also a component of cell membrane. Further phosphorylated
phosphatidyl inositol (PIP,) and inositol triphosphate (IP;) are involved in signal
transduction.

Other Noteworthy Phospholipids

1. Dipalmitoyl Lecithin

(@) Structure. Two molecules of palmitic acid are esterified to 1st and 2nd carbon atoms of
glycerol. A phosphocoline is esterified to the third hydroxyl group (Fig. 6.6).

(b) Function. It is secreted in alveoli of lungs. It is involved in the maintenance of shape
of alveoli. It acts as surfactant (surface active agent) in the lungs. It prevents the
collapse of alveoli due to high surface tension of water by reducing surface tension of
water. It is synthesized only after 30 weeks of gestation.

Medical importance

Its deficiency in the lungs of premature infants causes respiratory distress syndrome (RDS)
which accounts for 20% mortality in premature infants.

2. Cardiolipin

(@) Structure. It is a double glycerophospholipid. It contains two phosphatidic acids esterified
to C-1 and C-3 of glycerol (Fig. 6.6).

C‘:HZ*O*CO*(CHZ)M*CH3 C‘:Hzfofphosphatidic acid
CH—0—CO—(CH,);,—CH, HfC‘fOH
Il ] CH,—0 —phosphatidic acid
CH,—0—P—0—choline
(‘)H Cardiolipin
diphosphatidyl glycerol
Dipalmityl lecithin (diphosphatidyl glycerol)

Ether linkage

CH,—0—CO—R CH,—O0—CH=CH—R
HoCOH CH o0 co R
i e I
CH,—0—P—0—CH,—CH,—N—CHj CH,—0 —P—0 —Nitrogenous base
(‘DH \CH3 ("JH
Lysolecithin Plasmalogen

Fig. 6.6 Structures of other noteworthy phospholipids
(b) Function. It is present in inner mitochondrial membrane. It is also present in heart
muscle. It has immunological properties and used in the diagnosis of syphilis.
3. Lysophospholipids

(@) Structure. They are derivatives of glycerophospholipids. They contain only one acyl
group instead of two acyl groups (Fig. 6.6).
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(b) Function. They account for 1-2% of phospholipids in living systems. They are formed from
phospholipids by the action of enzymes and formed during biosynthesis of phospholipids.
Lysolecithin is a component of cobra venom and a strong hemolysing agent.

4. Plasmalogens

(@) Structure. They are also glycero phospholipids. These compounds contain unsaturated
fatty alcohol in place of fatty acid at the C-1 position. Hence, the normal ester linkage
is replaced by ether linkage on the C-1 carbon of glycerol. Usually nitrogen bases are
choline, serine and ethanolamine (Fig. 6.6).

(b) Function. They are found in brain, heart and muscle. Plasmlogen content is more in cancer
cells. Platelet activating factor, which causes aggregation of platelets is a plasmalogen.

SPHINGOLIPIDS

They contain fatty acid long chain amino alcohol sphingosine (Fig. 6.7) and bases or addi-
tional groups. They are subdivided into 1. Sphingomyelins 2. Glycolipids.

OH
CHy —(CH,);, —CH :c4H—‘c3H—c‘2:H —NH,
1CH,
on

Sphingosine (1,3-dihydroxy-2-amino-A*-Trans-octadecene)

OH H  Amide bond
\ P
CH3—(CH,);, —CH :CH—CH—‘CHZ—Ni__C__C_)_:B__i Fatty acid
C‘:Hz Sphingosine-fatty acid
or |
? Phosphocholine
HO—P=0
O—CH,—CH,—N—CH,
CH3
Sphingomyelin
Fatty acid
o
CH3—(CH,);, —CH=CH—CH—CH,—N—CO —R Ceramide
e
CH20H - ‘ Sphingosine —Fatty acid
HO 0 0 CH2 or ‘
H Galactose
Galactose —» ‘ OH H
H
H
H OH

Galactocerebroside

Fig. 6.7 Sphingophospholipid and glycolipid structure
SPHINGOMYELINS

Structure
In sphingomyelins, fatty acid is linked to sphingosine by an amide bond and phosphoryl
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choline is esterified to C-1 hydroxyl of sphingosine (Fig. 6.7). Because of the phosphorous
sphingomyelins are called as sphingo phospholipids.
Functions

1. They are simple and most abundant sphingolipids.

2. They are present in most of animal membranes.

3. Myelin sheath of nerve cells is rich in sphingomyelins.

4. Grey matter also contain sphingomyelins.

GLYCOLIPIDS
They are subdivided into: 1. Cerebrosides and 2. Gangliosides.

Cerebrosides

Structure

They contain sphingosine, fatty acid and sugar. The combination of sphingosine and fatty
acid is called as ceramide. Cerebrosides differ in the type of sugar, usually they are named
according to the sugar present. If the sugar is galactose then that cerebroside is called as
galactocerebroside and if the sugar is glucose then it is glucocerebroside (Fig. 6.7). In some
cerebrosides, sulfate is attached to sugar then they are called as sulfatides or sulfolipids
(Fig. 6.8).

Sphingosine—Fatty acid Ceramide
Galact‘ose Gluc‘:ose
sulfate Galactose —Sialic acid Oligo
A Sulfolipid N-acetyl galactosamine rST.;ac():it;l;;rlde
Galactose
A ganglioside

Fig. 6.8 Structures of sulfolipid and ganglioside

Function

Cerebrosides occur in large amounts in white matter of brain and in myelin sheath of
nerves. Some cerebrosides are present in non-neural tissue.

GANGLIOSIDES

Structure
They are highly complex sphingolipids. They contain ceramide, oligosaccharide and sialic
acid (Fig. 6.8).
Functions
1. They are abundant in grey matter of brain.
They are also found in non-nerval tissues.
They are components of hormone receptors.

They also function as receptors for toxins of cholera, influenza and tetanus.

ok N

They are also involved in cell-cell recognition, growth, differentiation and carcinogenesis.
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DERIVED LIPIDS
As the name implies they are formed from simple and compound lipids by hydrolysis. They
are fatty acids, steroids, glycerol and retinol.

Fatty Acids
They are acids derived from fats. They are monocarboxylic acids containing long hydro
carbon side chain. Based on the nature of hydrocarbon side chain, they are divided into:
A. Saturated fatty acids
B. Unsaturated fatty acids

(a) Saturated fatty acids
In which hydrocarbon side chain is saturated (no double bonds).

(b) Unsaturated fatty acids

In which hydrocarbon side chain is unsaturated (one or more double bonds are present).
Fatty acids are also divided based on hydrocarbon chain length. They are

(@) Short chain fatty acids Fatty acids containing less than six carbon atoms.

(b) Medium chain fatty acids Fatty acids containing 6-12 carbon atoms.

(c) Long chain fatty acids In which hydrocarbon chain contains 13-20 carbon atoms.

(d) Very long chain fatty acids In which hydrocarbon chain contain 22-30 carbon atoms.
Fatty acids of natural fats contain an even number of carbon atoms. Small amounts of
fatty acids with odd number of carbon atoms also occurs.

Cis-trans isomerism
Because of the double bonds, unsaturated fatty acids exhibit cis-trans isomerism. In the cis
isomer bulky groups are located on the same side of double bond where as in trans isomer
they are on the opposite side of double bond (Fig. 6.95). All the naturally occurring unsatu-
rated fatty acids are cis-isomers.

Hydro carbon chain

CHg-mmmmemmeeees CH,—CH,—CH,—CH,—COOH  or R—COOH
f p-carbon a-carbon General formula @)
w-carbon Fatty acid R-side chain
CH, CH3
C—H H—C
cH:—H C—H ®)
COOH COOH
Oleic acid (cis) Elaidic acid (trans)

Fig. 6.9 (a) General structure of a fatty acid
(b) Cis-trans isomerism of unsaturated fatty acid
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Function

Cis and trans isomers are not interchangeable in cells. Only cis isomers can fit into cell
membrane because of bend at double bond.

Nomenclature of Fatty Acids
Saturated fatty acids

Saturated fatty acids have both trivial names and systematic names.

Systematic name

Systematic name of a saturated fatty acid consist of two parts. Name of hydrocarbon chain
forms first part. ‘oic’ substituted in place of ‘€’ of hydrocarbon name forms second part. For
example, systematic name for a saturated fatty acid containing 8 carbon atoms i.e., (octane
+ oic + acid) —— octanoic acid. Usually saturated fatty acids end as anoic acids. Examples
of saturated fatty acids with systematic names, trivial names and with sources are given in
Table 6.1. The trivial name for octanoic acid is caprylic acid.

Table 6.1 Sources, trivial and systematic names of saturated fatty acids

Fatty acid Molecular Systematic name Sources
trivial name formula
Butyric acid C;H,COOH Butanoic acid Butter
Caproic acid C;H;;COOH Hexanoic acid Coconut oil
Caprylic acid C,H,;COOH Octanoic acid Coconuts
Capric acid CyH,(COOH Decanoic acid Coconuts
Lauric acid C,;HysCOOH Dodecanoic acid Coconuts
Myristic acid C13H,,COOH Tetradecanoic acid Nutmegs
Palmitic acid C,5H;;COOH Hexadecanoic acid Animal fat
Stearic acid C,;H;;COOH Octadecanoic acid Animal fat
Arachidic acid C,9H39yCOOH Eicosanoic acid Peanuts
Lignoceric acid Cy3H,COOH Tetraeicosanoic acid Peanuts and brain

In a fatty acid, the carbon atoms are numbered from the carboxyl carbon. The carbon
atom adjacent to the carboxyl carbon is known as the o-carbon. Carbon atom adjacent to the
o-carbon atom is known as P carbon atom and so on. The end methyl carbon is called as
o-carbon (Fig. 6.9a).

Unsaturated fatty acids

They have trivial names, systematic names, ®-end names and shorthand forms.

Systematic name

Like unsaturated fatty acids, the name of hydrocarbon forms first part of systematic name
of unsaturated fatty acids. But ‘enoic’ substituted in place of ‘ne’ of name of hydrocarbon
forms second part. Number of double bonds are written before ‘enoic’ and symbol showing
position of double bonds and isomerism around double bond are written between two parts
or in the beginning. For example, systematic name for a mono unsaturated fatty acid
palmitoleic acid (trivial name) containing 16 carbon atoms and one double bond between 9
and 10 carbon atoms is (Hexadecane + A’-cis-mono+enoic+acid) —— Hexadeca-A%-cis-
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monoenoic acid or cis-9-Hexadecaenoic acid. Usually unsaturated fatty acids end as ‘enoic
acids’.

w-end series

Unsaturated fatty acids are also named according to the location of double bonds(s) from
w-end. For example, palmitoleic acid containing a double bond between 9 and 10 carbon
atoms is named as ®-7 fatty acid.

Shorthand forms

Number of carbon atoms, number of double bonds and location of double bonds of unsatu-
rated fatty acid are represented with short form. For example, palmitoleic acid is written
as 16:1, A? in shorthand form. First numeral indicates number of carbon atoms, later
number indicates number of double bonds and A® indicates position of double bond. Example
of unsaturated fatty acids with trivial names, systematic names, ®w-end names, shorthand
forms and along with sources are given Table 6.2.

Table 6.2 Unsaturated fatty acids with their sources.

Fatty acid Systematic name w-series Short Sources

trivial name name

Palmitoleic acid Hexadeca - A%-cis-mono -7 16:1, A° All animal fats
enoic acid
or
Cis-9-hexadecaenoic acid

Oleic acid Octadeca-A’-cis-enoic acid ®-9 18:1, A° Many animal
or fats, vegetable
Cis-9-octadecaenoic acid oils

Linoleic acid Octadeca-A”'%-dienoic acid -6 18:2, A%12 Vegetable oils
(all cis) like peanut,
or coconut, sun
All cis-9,12-octadecadienoic flower etc.
acid

Linolenic acid Octadeca-A>1%-trienoic -3 18:3, Lineseed oil,
acid (all cis) A1 codliver oil,
or egg yolk
All cis-9,12,15-octadecatri-
enoic acid

Arachidonic Eicosa-A>®11M tetra enoic -6 20:4, Codliver oil

acid acid (all cis) AL and egg yolk
or
All cis-5,8,11,14-eicosatetr-
aenoic acid

ESSENTIAL FATTY ACIDS

They are not systhesized in the body. So they must be obtained from diet. They are also
called as poly unsaturated fatty acids (PUFA). They are linoleic acid (LA), linolenic acid
(LNA) and arachidonic acid (AA).



112 Medical Biochemistry

Functions
1. They are essential for the synthesis of eicosanoids.

2. They are also required for membrane lipids.

Medical Importance
1. Dietary essential fatty acids has blood cholesterol lowering effect.

2. Deficiency status of essential fatty acids are rare with normal diet. However, deficiency
of these in rats causes poor growth, reproductive disorders and dermatitis.

3. Lipid transport may be impaired.

4. Infants consuming formula diets are susceptible to deficiency of essential fatty acids.
They may develop skin abnormalities.

STEROIDS

Steroids are complex molecules containing four fused rings. The four fused rings make-
up ‘cyclopentanoperhydrophenanthrene’ or ‘sterane’ ring (Fig. 6.10). Sterane ring is also
called as steroid nucleus. The most abundant steroids are sterols which are steroid
alcohols.

CHOLESTEROL

Structure

In animal tissue, cholesterol is the major sterol (Fig. 6.10). Cholesterol is 3-hydroxy-5,
6-cholestene. It is found in bile (chol-bile). In a normal 65 Kg adult, 200 gm of cholesterol
is present. Brain is rich in cholesterol. It is also present in spinal cord and neurons. Egg
yolk is also rich in cholesterol. Steroids are called as non-saponifiable lipids because they
contain no fatty acids and they can not form soaps.

Cyclopentanoperhydro Cholesterol (Cy7H,50)
phenanthrene ring

Fig. 6.10 Structures of steroid nucleus and cholesterol

Functions
1. Cholesterol and its esters are important components of cell membrane and lipoproteins.

2. Steroids with diverse physiological functions are derived from cholesterol. Some of them
are given below:

(@) Vitamin D 7-dehydrocholesterol derived from cholesterol is provitamin of vitamin D.

(b) Bile acids They are required for the formation of bile salts.
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(c) Hormones of adrenal cortex They are cortisol, corticosterone and aldosterone.
They are derived form cholesterol.

(d) Female sex hormones They are progesterone and estrogen.

() Male sex hormones They are testosterone and androsterone.

Other Noteworthy Steroids
1. Ergosterol Provitamin of vitamin D found in yeast and plants.
2. Sitosterol Present in plants.
3. Cardiac glycosides like ouabain and streptomycin an antibiotic.
4. Coprostanol found in feces is derived from cholesterol.

5. Wool fat sterols like agnosterol and lanosterol.

CLASSIFICATION OF LIPIDS

Lipids are also classified according to their interaction with water. There are two major
classes. They are 1. Polar lipids. 2. Non-polar lipids.

Polar Lipids
They are further sub-divided into 3 sub-classes.

(@) Class one polar lipids are non-swelling water insoluble amphipathic molecules
(Amphiphiles) which forms thin lipid mono layer in water. They are tri- and di-
acylglycerols, long chain free fatty acids, free cholesterol and fat soluble vitamins.

(b) Class two polar lipids are swelling and water insoluble amphiphiles which forms stable
lipid monolayer as well as laminated lipid water structure known as liquid crystals.
They are monoacylglycerols, ionized or dissociated free fatty acids and phospholipids.

(c) Class three polar lipids are water soluble amphiphiles, which contain strong polar head
groups. These are water soluble only at low concentrations. They form mono-layers as
well as micelles. They are salts of long chain fatty acids and bile acids.

Non-polar Lipids
They are insoluble in water. They are cholesterol esters, carotenes and hydrocarbons.

EICOSANOIDS

They are derived from eicosapolyenoic fatty acid like arachidonic acid. They are prostanoids,
leukotrines (LTA) and lipoxins (L.X). The prostanoids include prostaglandins (PG), prostacyclins
(PGI) and thromboxanes (TXA). Often word prostaglandins is used to indicate all prostanoids.

Prostaglandins

Since they are initially found in prostate gland they are named as prostaglandins. But later
they are identified in all cells and tissues except erythrocytes.

Structures

Chemically prostaglandins are derivatives of a 20 carbon prostanoic acid. Prostanoic acid is
a cyclic compound with two side chains (Fig. 6.11). The cyclic ring present in prostanoic acid
is a cyclopentane ring. There are some six or more types of prostaglandins. They differ in
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the substituents on the cyclopentane ring. They are prostaglandin A(PGA), PGB, PGC, PGD,
PGE, PGF, PGG and PGH. Most widely distributed prostaglandins are PGA;, PGA,, PGE,,
PGE,, PGE;, PGF,, PGF,, PGF;.

Prostacylins

Structure

They contain a second five-numbered ring in addition to the one common to all prostaglandins
(Fig. 6.11).

Thromboxane

Structure
They are so named because they are identified first in thrombocytes. They contain a six
numbered heterocyclic oxane ring (Fig. 6.11).

Leukotriens and Lipoxins

Structure

They are found in leukocytes. They are derivatives of arachidonic acid and contain no cyclic
ring. HPETE derived from arachidonic acid serves as precursor for leukotriens (Fig. 6.11)
and lipoxins.

COOH «—7 Carbon side chain

Cyclopentane ]W/CH3<—8 Carbon side chain

ring ) ]
Prostanoic acid

o] Side chain Side chain
< Additional o
] _ ring
Side chain 0 Side chain
Prostacyclin Thromboxane
0—0—H
— COOH

5-hydroperoxy eicosa
tetra enoic acid (HPETE)

Fig. 6.11 Structures of eicosanoids

FUNCTIONS OF EICOSANOIDS

They function as local hormones. They act on several organs and produce physiological as
well as pharmacological effects.

1. Heart PGE class prostaglandins increases cardiac output and myocardial contraction.
2. Blood vessels Prostaglandins (PGE) maintain blood vessel tone and arterial pressure.

3. Blood pressure PGA and PGE class prostaglandins lower blood pressure. So they may
be useful as anti hypertensive agents.
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4.

Brain PGE class prostaglandins produce sedation and tranquilizing effect in cerebral
cortex.

. Kidney PGA and PGE class prostaglandins increases excretion of Na*, K* and CI". They

may increase urine volume by increasing plasma flow.

6. Lungs Prostaglandins dilate bronchi, so they are useful in the treatment of asthma.

10.

11.
12.
13.
14.

15.

Nose Prostaglandins releive nasal congestion.

. Stomach Prostaglandins decreases acid secretion in stomach. So they are useful in the

treatment of peptic ulcers.

Uterus. Prostaglandins induces contraction of uterine muscle. So they are used in the
termination of pregnancy. Prostaglandins also has role in fertility.

Metabolism Prostaglandins influences several metabolism by altering cAMP level. For
example, they inhibit lipolysis in adipocyte by increasing cAMP level.

PGE class prostaglandins are involved in inflammation.
Prostacylins inhibit platelet aggregation.
Thromboxanes causes platelet aggregation and clot formation.

Leukotreins are involved in the regulation of neutrophil and eosinophil function. They
act as mediators of immediate hyper sensitivity reaction. The slow reacting substance
of anaphylaxis (SRS-A) is a leukotriene. Some leukotriens act as chemotactic agents.
Lipoxins are vasoactive and immuno regulatory substances.

Thromboxane A, regulates acquired immunity. It causes construction of smooth muscle
cells. It is a mitogen.

LIPOPROTEINS

They are lipid protein complexes found in plasma. They are non-covalent assemblies. The
protein part of lipoprotein is called as apolipoprotein or apoprotein. The apoprotein and lipids
are held together by non-covalent forces.

Structure

Lipoprotein structure consist of non-polar lipid core surrounded by apoproteins and more
polar lipids (Fig. 6.12). The outer apoprotein and polar lipid coat of lipoprotein solubilizes
these lipid rich particles in aqueous plasma.

Classification of Lipoproteins

1.

Based on their density, the liporoteins of blood plasma are classified into 4 classes. The
four classes of liporoteins can be separated by ultra centrifugation. Density of a
lipoprotein is inversely related to the lipid content. The greater the lipid content,
lower is the density. Different classes of lipoproteins based on the density are:
1. Chylomicrons, 2. very low density liporoteins, 3. low density liporoteins and 4. high
density lipoproteins.

. Different classes of plasma lipoproteins can be separated by electrophoresis. Based on

differences in electrophoretic mobilities the plasma lipoproteins are classified into
4 classes. They are: 1. o-lipoproteins, 2. pre-B-lipoproteins, 3. B-lipoproteins and
4. chylomicrons (Fig. 6.12).
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Fig. 6.12 (a) Lipoprotein general structure
(b) Electrohoresis of lipoproteins

Composition of Lipoproteins

Lipids of lipoproteins

The lipid constituents of lipoproteins are mostly triglycerides, free and esterified cholesterol
and phospholipids. The non-polar triglycerides and cholesterol esters are usually present in
the core of lipoproteins where as polar phospholipids along with apoproteins forms outer
coat. However, the proportion of triglycerides, cholesterol and phospholipids differs in vari-
ous lipoproteins (Table 6.3).

Table 6.3 Composition of various lipoproteins

Type Density % Lipid % Protein Apoproteins
Triglycerides| Phospholipid |Cholesterol
(TG) P) ©)
Chylomicrons 0.90-0.95 85-90 7-9 4-8 1.5-2.5 A-1I, AII, B-48
C-1, II, III and E
Very low 0.95-1.00 55-70 15-20 15-20 5-10 B-IIL,C-I, II, III
density and E
lipoproteins
(VLDL)
Low density 1.00-1.05 7-10 15-20 40-45 20-25 B-100
lipoproteins
(LDL)
High density 1.05-1.20 3-50 20-35 15-18 40-55 A-LIL,C-LILIII
lipoprotein D and E
(HDL)

TG = Triglycerides, P= Phospholipid, C = Cholesterol.

Apoproteins of lipoproteins

The proportion of protein part differs in various lipoproteins (Table 6.3). Further the com-
position of apoprotein part also differs among various lipoproteins. There are five types of
apoproteins. They are apoprotein A, apo B, apo C, apo D, and apo E. Some of the apo-
proteins have subtypes also. Subtypes of apo A, apo B and apo C are A-I, II; B-48, B-100 and
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C-I, II, III respectively. Apo-B is the largest of all apoproteins. It is a glycoprotein contains
sialic acid, mannose, glucose, galactose and fucose. The composition of various lipoproteins
is shown in Table 6.3. Other little known apoproteins are apo F, apo G and
apo H.

Functions of Lipoproteins

Lipoproteins are involved in the transportation of lipids in the body.

1. Chylomicrons They transport dietary or exogenous triglycerides from intestine to
liver.

2. Very low density lipoproteins (VLDL) They are involved in the transport of endog-
enous triglycerides from liver to extra hepatic tissues.

3. Low density lipoproteins (LDL) LDL is the major vehicle for the transport of cho-
lesterol from liver to extra hepatic tissues.

4. High density lipoproteins (HDL) HDL is the major vehicle for the transport of
cholesterol from extra hepatic tissues to the liver.
Other Noteworthy Functions of Lipoproteins
In addition to their structural function, apolipoproteins have other functions also. They are:
1. Important for synthesis and degradation of lipoproteins.
2. Activators/inhibitors of some enzymes associated with lipid metabolism.
Examples:
1. Apo A-I activates LCAT where as Apo A-II inhibits LCAT.
2. Apo C-II activates lipoproteinlipase.
3. Apo E recognizes receptors on the liver cells for LDL and chylomicrons.

3. Protein components of lipoproteins has other important functions apart from solubilization
of lipids in plasma.

(a) Except apolipoprotein B which is the only protein component of LDL, all other
apolipoproteins moves from lipoprotein particle to lipoprotein particle. Hence, they
are called as exchangeable apolipoproteins.

(b) Apolipoprotein A-I (apo A-I) and apolipoprotein E (apoE) are anti-atherogenic agents.

(¢) In the brain, apoE is involved in the repair of damaged nerve cells.

LIPID LAYERS, MICELLES AND LIPOSOMES

Lipids like triglycerides are insoluble in water because they contain non-polar hydrophobic
hydrocarbon chain. Similarly, cholesterolester is also insoluble in water because of hydro-
phobic steroid nucleus.

Amphipathic Molecules

Lipids like cholesterol, phospholipids and bile salts contain both water soluble polar head
group and water insoluble non-polar tail. Since they have two very different kinds of groups
these molecules are called as ‘amphipathic molecules’ (Fig. 6.13).
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Lipid monolayer

When amphipathic molecules like phospholipids are present in water, their polar head
groups orient towards water phase and hydrophobic tails towards air. As a result, a
unimolecular lipid layer is formed at water air interphase (Fig. 6.13).

Micelles

When amphipathic lipids are present beyond a critical concentration in aqueons medium,
they aggregate into spheres. The sphere aggregates of amphipathic lipids are known as
micelles (Fig. 6.13). In the sphere shaped micelles polar head groups of amphipathic lipids
are on the exterior whereas non-polar tails are in the interior. Bile salts can form micelles.
Lipid Bilayer

Structure

When phospholipids are present in water oil mixture, their polar head groups orient towards
water and non-polar tails towards oil. As result, a lipid bilayer is formed (Fig. 6.13). Lipid
bilayer is formed even in the absence of oil phase because of hydrophobic attraction.
Function

Lipid bilayer is the basic structure of cell membrane.

Mixed Micelles
Structure

They are also micelles but they may be composed of various types of amphipathic lipids.
They are formed when micelles of a particular lipid combines with other lipids. During the
digestion and absorption of lipids, micelles of bile salts combines with products of lipid
digestion and forms mixed micelles. (Fig. 6.13).

Fig. 6.13 Structures of amphipathic molecules, lipid monolayer, micelle, lipid bilayer,
mixed micelle and liposomes
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Function
Formation of mixed micelles is very important for digestion and absorption of lipids. Mixed
micelles are also formed during cleansing action of soaps and detergents.

Liposomes

Structure

When a lipid bilayer closes on itself a spherical vesicle called as ‘liposome’ is formed
(Fig. 6.13).

Functions

1. Liposomes are used as a carrier of certain drugs to specific site of body where they act.
They can deliver drugs directly into cell because they easily fuses with cell membranes.

2. They are used in cancer therapy to deliver drugs only to cancer cells.

3. In gene therapy also they are used as vehicles for genes.
Lipoprotein X(LpX)
Structure

1. It is a variant of LDL. It contains apo C as well as albumin.

2. It is a bilammallar vesicle with an aqueous lumen. It contains equal amounts of
phospholipids and cholesterol. Triglycerides and cholesterol esters are present in only
small amounts (2 to 3%).

Medical Importance

1. It appears in the plasma of cholestatic patients. It may be formed in bile and enters
plasma due to regurgitation that occurs in cholestatic individuals.

2. It interacts with other lipoproteins present in plasma.
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EXERCISES

ESSAY QUESTIONS
1. Define lipids. Classify lipids giving examples.

AR o
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What are compound lipids? Give examples along their functions.
Define fatty acids. Classify fatty acids giving examples.
Define eicosanoids. Name different eicosanoids. Explain their functions.

Define lipoproteins. Draw lipoprotein structure, label its various components. Classify lipoproteins.
Explain their functions.

Define simple lipids. Classify them giving examples and mention their functions.
Define fatty acids. Classify them giving examples and mention their functions.
Define derived lipids. Give examples. Explain structure and functions of any one example.

Describe functions of lipids.

SHORT QUESTIONS

1.

AN o
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10.
11.
12.
13.

Define triglycerides. Write their functions.

Explain lipid peroxidation. Name diseases associated with lipid peroxidation.
Define waxes. Mention their functions.

Define essential fatty acids. Give examples. Write their functions.

Name the ring present in cholesterol. Write biologically important compounds derived from
cholesterol.

Write functions of apolipo proteins.

Explain terms micelles, mixed micelles and liposomes. Write the importance of mixed micelles
and liposomes.

Write briefly about physico chemical properties of fats.
Write a note on prostaglandins.

Define liposome. Mention its importance.

Write briefly about surfactant present in lung.

How lipoproteins are separated? Explain.

Write about ®-3 and -6 fatty acids.
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14.
15.
16.

Write structure, function and clinical importance of cardiolipin.

Write a note on lysophospolipids.

Name the hydrolytic products of the following:

(a) Triglycerides  (b) Lecithin (¢) Sphingomyelin (d) Cerebroside

MULTIPLE CHOICE QUESTIONS

1.

All of the following statements are true for lipids, except
(a) Lipids are soluble in organic solvents.

(b) They are present in humans, animals and plants.

(¢) In man they serves as energy source.

(d) They are absent in cooking oil and milk.

. An example for mixed triglyceride is

(a) 1,3-distearopalmitin (b) Tripalmitin
(¢) Triolein (d) 1,3—diacylglycerol
. Partial acylglycerols are formed
(a) During digestion of triglycerides (b) From fats
(¢) From saponification of fats (d) From none of these

. Hydrolysis of sphingomyelin yield

(a) Sphingosine, 2 fatty acids, phosphate
(b) Sphingosine, fatty acid, choline, phosphate
(¢) Sphingosine, fatty acid, glucose

(d) Cerebrosides, sugars, fatty acids

. An example for ®-3 fatty acid is

(a) Palmitoleic acid () Arachidonic acid

(¢) Linolenic acid (d) Linoleic acid

. Which of the following are susceptible to essential fatty acid deficiency

(a) Adults consuming formula diet (b) Pregnant women

(¢) Infants consuming formula diet (d) Growing children

. An eicosanoid acting as chemotactic agent is

(a) Prostacyclin (b) Leukotriene

(¢) Lipoxin (d) Thromboxane

FILL IN THE BLANKS

N
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Subcutaneous fat serve as ---------------- against cold.

---------------- deficiency causes respiratory distress syndrome.

An example for simple triglyceride is ---------------- .

Sialic acid is a component of ---------------- .

Sulfolipids are cerebrosides containing ---------------- .

Unsaturated fatty acids exhibit ---------------- isomerism.

Amphipathic molecules contain ---------------- head group and ---------------- tail.

................ is basic structure of cell membrane.
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CHAPTER

MEMBRANE AND TRANSPORT

BIOLOGICAL MEMBRANES

They are the membranes present in biological systems. They perform several functions
which are essential for life.

Membrane Functions

1. Plasma membrane decides shape or individuality of cell by separating it from
surroundings.

2. Membranes are permeability barriers only selected molecules can pass through the
membranes.

3. Membranes are involved in the regulation of intracellular composition.

4. Membrane regulates flow of information between cell and its environment. Receptors
present on the surface of membrane serve as links between cell and its surroundings.

5. Mitochondrial membrane contains energy-producing system like respiratory chain.

6. Membrane are modified to special kind of structures like axons of nerve cell, tail of
sperm and villi of intestine.

7. Membranes form compartments with in the cell. Subcellular components like mitochondria,
lysosomes, golgi complex and sarcoplasmic reticulum are separated by membranes.

8. Membranes are involved in the exchange of material between cell and its surroundings.

9. Exchange of material between cells is mediated by specific portions of membranes.

Medical Importance

1. Since membrane regulates intracellular composition, change in membrane structure
can alter molecular, ionic and water content of cell. This may effect organ or cellular
functions.

2. Some diseases are results of membrane changes. For example, hypercholesterolemia is
due to lack of receptor on membrane. Similarly, congenital also goitre is due to lack of
iodide transport of membrane.

3. Anaesthetics work by causing minute change in membrane structure.
4. Toxicity of snake venom is due to its action on membrane lipids.

122
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5.

Membrane proteins are altered in many diseases. A defective gene can produce altered
membrane protein. For example, in cystic fibrosis due to defective gene non-functional
CI” transporter is produced.

Diseases like mysthania gravis is due to change in membrane protein function. In
mysthania gravis, auto antibodies to acetylcholine receptor are produced. It causes
progressive muscle weakness.

Membrane lipids are altered in lipidoses.

8. Some forms of epilepsies are due to mutations in ion channel membrane proteins. Anti

10.

11.

12.

epileptic drugs work by blocking ion channels.
Ton channels are involved in taste signal transduction.

Several types of drug resistance are due to over expression of a class of membrane
proteins ATP-Binding Cassette (ABC) transporters.

Mutations in ABC transporters cause diseases like Dubin-Johnson syndrome, Tangier
disease, Adrenoleukodystropy etc. in humans.

Survival of parasite in host involves induction of changes in host membrane permeabil-
ity and fluidity. For example, parasite P. falciparum that cause malaria grows and
multiplies in erythrocyte. The host RBC is as such unable to meet very high nutrient
requirement of rapidly multiplying parasite. So parasite increases flow of nutrients into
RBC by inducing changes in membrane permeability and fluidity.

Membrane Structure

Though membranes perform diverse functions, they have some similarities with respect to
their structure.

Structural Features of Membranes

1
2.
3.

Membranes are fluid structures.
Membranes are sheet like structures.

Membranes consist of proteins and lipids. Carbohydrates are attached to lipids and
proteins.

Membranes lipids are amphipathic molecules. So they form bilayer which act as barrier
for the movement of polar molecules.

Membrane proteins are embedded in lipid bilayer.

6. Membrane proteins serve as receptors, enzymes, transporters etc.

9.

. Proteins and lipids in membrane are held together by many non-covalent interactions.

So, membranes are non-covalent assemblies.

Membrane and its components are in dynamic state. Membrane lipid and proteins
undergo continuous degradation and resynthesis. Life span of different proteins and
lipids in membrane vary widely.

The two sides of membrane (cytosolic side and extra-cellular side) are different.

Fluid Mosaic Model of Membrane

Singar and Nicolson proposed fluid magic model for membrane structure.
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According to this model, membranes are two dimensional fluids of proteins and lipids.
Membrane lipids mostly phospholipids and glycolipids are arranged as lipid bilayer (Fig. 7.1).
Proteins are inserted in the lipid bilayer.

Some proteins float like icebergs in lipid bilayer sea and some proteins may span entire
bilayer (Fig. 7.1).

Fig. 7.1 Fluid-mosaic model of membrane

Usually o-helical and B-pleated sheet regions of proteins are in contact with adjacent
membrane lipids.

The interaction of lipids with membrane proteins is essential for proper membrane
function.

. Further, the surface of membrane resembles mosaic surface. Hence, the name fluid

mosaic model is given for membrane structure.

Membrane Lipids

1.
2.

Membrane consist of three types of lipids. They are phospholipids, glycolipids and cholesterol.

Membranes differ in their phospholipid and glycolipid content. For example, in liver and
erythrocytes phospholipids accounts for 40-90% of membrane lipids where as glycolipid
accounts for 5-30% of total lipid. Myelin contains phospholipids and glycolipids 43% and
30% of total lipids, respectively.

Cholesterol and its esters are present in eukaryotic membranes. The plasma mem-
branes of eukaryotic cells are rich in cholesterol whereas the membranes of their
organelles have lesser amount of cholesterol.

Membrane Proteins

1.

Protein content differs among membranes. The protein content of plasma membrane of
most cells is 50%. The protein content of inner mitochondrial membrane is highest 75%.
Myelin has low protein content of about 18%.
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2. The number of proteins in a membrane varies from 6 to 8 in the sarcoplasmic reticulum
to more than 100 in plasma membrane.

3. The proteins can be enzymes, antigens, receptors, pumps and structural proteins.

The membrane proteins are classified into 1. Peripheral proteins and 2. integral pro-
teins based on their association with membrane lipids.

Peripheral Proteins

They are found on membrane surface. They are also called as extrinsic proteins. They are
attached to membranes through electrostatic interaction and hydrogen bonds. These non-
covalent interactions can be changed by pH and adding salt. Most peripheral proteins are
bound to surface of integral proteins either on cytosolic or extracellular side of membrane
(Fig. 7.1).

Examples:

G-Protein which is involved in signal transduction
Glyceraldehyde-3-phosphate dehydogenase

Fibronectin that attaches cells to extracellular matrix
Spectrin of RBC

5. Cytochrome C

L e

Integral Proteins

They are also known as intrinsic proteins. They extend all along the lipid bilayer. They
interact with lipid bilayer extensively because these integral proteins possess special char-
acteristics. They contain high proportion of hydrophobic amino acids in the protein part that
is embedded in membrane (Fig. 7.1). Usually integral proteins from channel in the mem-
branes which transport ions and molecules. Some integral membrane proteins act as en-
zymes also.

Examples:
1. Glycophorin of erythrocytes.
2. Anion channel in erythrocytes.
3. Adenylate cyclase.
4

. Complexes of respiratory chain.

Membrane Carbohydrates
Carbohydrate content of eukaryotic membranes ranges from 2 to 10%. They may be present
as glycoproteins and glycolipids (Fig. 7.1). They are located on the extracellular side of
membrane. Oligo saccharides of glycophorin of RBC are responsible for antigenic specificity.
Membrane Asymmetry
The two sides of the membranes are not identical (symmetric) in many respect or ways:
1. Enzymes may be present only on one side of the membrane.
2. Cholesterol is present only on the outer side in large amounts.

3. Carbohydrates are located only on extracellular side of membrane.
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4. Phospholipids are present in outer side whereas amino phospholipids are located in
inner side of membrane.

Membrane Fluidity
1. Membrane fluidity depends on lipid composition.

2. The degree of fluidity of membrane depends on the degree of unsaturation and chain
length of fatty acids present in the lipids.

3. Saturated fatty acids decrease membrane fluidity by increasing compactness in mem-
brane. Saturated fatty acid chains increase compactness of membrane because
hydrophobicity favours alignment of side chain (Fig. 7.2a).

4. In contrast unsaturated fatty acids increase membrane fluidity by decreasing compact-
ness in membrane. Unsaturated side chains decrease compactness because of cis con-
figuration at double bond (Fig. 7.2b).

Fig. 7.2 Membrane fluidity

5. Cholesterol also influences membrane fluidity. It moderates membrane fluidity by pro-
ducing intermediate states of fluidity. It is present in between phospholipid molecules.
The rigid hydrophobic ring structure lies adjacent to acyl side chain of phospholipid.
They are held together by non-covalent forces. The hydroxyl group of located between
polar head groups (Fig. 7.1).

6. Cholesterol moves freely in lipid bilayer and it can undergo exchange with cholesterol
present in the surroundings. In some organisms membrane behaviour is regulated by
altering cholesterol.

7. Cholesterol present between phospholipids can decrease compactness in membrane.

8. Cholesterol has complex effect on membrane fluidity.

Changes in Membrane Fluidity
Membrane functions may be affected when membrane fluidity is altered.

1. Membrane permeability increases if fluidity is increased. So many molecules can gain
entry into the cell.
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2. Increased fluidity can dislocate membrane proteins like receptors. As a result mem-
brane function is affected.

3. Many anesthetics work by increasing fluidity. So in presence of anesthetics orientation
of membrane lipids and proteins is altered. Loss of sensation by anesthetics is due to
the reaction at membrane level.

Motion in Membrane

1. Lipids and proteins present in cytosolic and extracellular sides of membrane are in
constant motion.

2. Movement of membrane lipids parallel to membrane surface is free and rapid. It is also
called as lateral movement of membrane lipids.

3. Movement of membrane lipids from one side of membrane to other side of the mem-
brane is restricted and slow. It is called as transverse motion of lipids.

4. Usually membrane phospholipids requires few seconds to few minutes to move around
the cell. Membrane proteins also move but much more slowly.

5. Transverse movement of membrane proteins is rare (Fig. 7.3).

Fig. 7.3 Motion in membrane

TRANSPORT ACROSS MEMBRANE

Several transport systems (Transporters) present in the membrane regulate the flow of
solute molecules between cell and its surroundings. Further, they are involved in the:

1. Regulation of cell volume.
Maintenance of intracellular pH required for optimum activity of cellular enzymes.
Uptake and concentration of nutrients from the environment.

Removal of toxic substances.

AN

Generation of ionic gradients across membrane, which are essential for nerve impulse
transmission and muscle contraction.

These transport systems (transporters) may move one solute molecule in both direc-
tions. Then the process is known as wuniport. If the transport system moves two solute
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molecules in same direction then the process is symport (co transport). Sometimes, the
transport system moves two solute molecules in opposite directions then the process of
transport is known as antiport (Fig. 7.4.).

Fig. 7.4 Transport of molecules across membrane.
(a) Uniport (b) Simport (¢) Antiport (d) Simple diffusion (e) Ion channel

The permeability of biological membrane is highly selective. The lipid or non-polar
molecule can easily pass through membrane because of their solubility in membrane lipid
bilayer. Even water and uncharged molecules of smaller size are freely permeable to mem-
brane. Charged solute molecules and molecules like proteins and carbohydrates are not
permeable.

Free Energy and Transport

Free energy change associated with the transport of a substane from a region in which its
concentration is C; to a region where its concentration is C, given by equation.

AG = RT In C,/C,
In this equation, AG is free energy change, R is gas constant and T is temperature. AG
determines whether transport is possible in given concentrations. If C, < C;, then AG = —ve.

Hence, movement of molecules from high concentration to low concentration across
membrane is spontaneous and energy is not required. If C, > C; then AG= +ve. Hence,
transport of molecules from low to high concentration requires energy. Therefore, transport
of molecules from low to high concentration is possible only when energy is supplied.

There are two main ways for the transport of water soluble solutes across membranes.
They are:
1. Passive or simple diffusion
2. Mediated transport

Passive Diffusion

Transport of solute molecules from high concentration to low concentration across mem-
brane is known as simple diffusion. It is a spontaneous process because it is thermodynami-
cally favourable. It is a down hill transport and requires no energy (Fig. 7.4).

Factors influencing simple diffusion:

Concentration difference across membrane.
Permeability coefficient of the solute for the membrane.
Membrane potential.

L

Hydrostatic pressure across membrane.
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Examples:
1. Mannose and xylose uptake by intestine.

2. Pentose uptake by intestine.

MEDIATED TRANSPORT

Carrier molecule present in membranes mediate transport of many solute molecules across
membrane. Hence, mediated transport involves carrier molecules. They are known as
permeases, translocases, transporters or pumps. Most of them are proteins. Mediated trans-
port is divided into:

1. Facilitated diffusion

2. Active transport

Facilitated Diffusion or Facilitated Transport

Facilitated diffusion is faster than simple diffusion. It requires no energy. Facilitated diffu-
sion by carrier molecule involves conformational change of carrier molecule. The carrier
molecule exist in two conformations. It has binding site to solute molecule. In the native
conformation the carrier is exposed to high concentration of solute. Then the solute mol-
ecules binds to the sites on carrier molecule. A conformational change in carrier molecule
occurs. It exposes solute molecule to low concentration and solute molecules are released
into the cell. The empty carrier returns to the native state to transport solute molecules
once again (Fig. 7.5).

Fig. 7.5 Mechanism of facilitated diffusion by carrier

Factors Influencing Facilitated Diffusion
1. The amount of carrier available which is influenced by hormones.
2. The solute carrier interaction.
3. The rate at which conformational change occurs in carrier.

Carrier molecules which are capable of transporting one kind of solute molecule in both
directions are called as uniporters, two types of solute molecules in the same direction
(symporters) and two types of solute molecules in opposite directions (antiporters) are present
in biological membranes. Some examples are described below:

1. Glucose uptake by erythrocytes, heart, adipose tissue, retina and brain is an example
for uniport type of facilitated diffusion. The carrier molecule in erythrocyte also exhibit
stereospecificity. It can bind only D-glucose, D-galactose or D-mannose but no L-type
sugars. The carrier molecule in erythrocyte is known as glucose permease. It is an
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uniporter. It is an integral membrane protein. It functions as gated pore for the trans-
port of glucose in the erythrocyte membrane. Binding of glucose to carrier causes pore

formation and transport of glucose occurs. Release of glucose causes closing of the pore.
(Fig. 7.6.).

Fig. 7.6 Carrier mediated glucose transport in erythrocytes

. ATP. ADP transporter present in inner mitochondrial membrane is an example for

antiport type facilitated diffusion. ATP transporter is an antiporter. It transports ADP
from outside to matrix of mitochondria and simultaneously moves ATP from matrix to
outside. It consist of two subunits and has binding site for ATP or ADP. The mechanism
of its action involves conformational change. In the native conformation, binding site is
exposed to out side to facilitate ADP binding. Binding of ADP causes conformational
change exposing binding site to matrix side. ADP is released and binding of ATP occurs.
Return of the carrier molecule to native conformation results in transport of ATP from
matrix to outside (Fig. 7.7).

Fig. 7.7 Mechanism of ADP-ATP transporter

. Anion channel of erythrocytes is another example for antiport type facilitated diffusion.

Anion channel is an antiporter. It moves chloride from outside to inside of erythrocytes
simultaneously expelling bicarbonate from inside to outside.

. Uptake of amino acids by intestinal cells are examples for symport type facilitated

transport. The carrier molecule is a symporter and moves sodium ions along with amino
acids across membrane.
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Channels

. In membranes, there are transmembrane channels or pore like structures. They are

proteins and permit movement of ions. They are called as ion channels (Fig. 7.4).

The membrane of nerve cells contain ion channels. They are responsible for the gen-
eration of action potential across membrane.

Specific channels for Na*, K* and Ca®* are identified. Neurotransmitters regulate chan-
nel activity.

MEMBRANE RECEPTORS AS ION CHANNELS

Some membrane receptors act as ion channels or pores.

A.
1

4.

Inositol-1, 4, 5-triphosphate Receptor

Inositol-1, 4, 5-triphosphate receptor present in membrane of golgi complex and
endoplasmic reticulum act as ion channel. It is a ligand gated ion channel.

It is an integral membrane protein. It is a 260 K Da glycoprotein. It has an N-terminal
ligand binding cytosolic domain, a C-terminal channel domain that protrudes into cytosol
and central six transmembrane domains.

When ligand Inositol-1, 4, 5-triphosphate binds at N-terminus, C-terminal channel do-
main opens for Ca?*. As a result of this calcium is released into cytosol from intracellular
stores.

Channel closes upon release of ligand from receptor.

B. Acetylcholine Receptor

1

It is also known as nicotinic-acetylcholine receptor. It is ligand gated channel. It consists
of five subunits o o p v 9.

2. When neuromuscular junction is excited release of acetylcholine takes place.

3. Binding of acetylcholine to receptor causes opening of channel to selective cations.

4. Closure of the channel occurs when acetylcholine is hydrolyzed.

Medical Importance

1

Epilepsy. Some forms of epilepsies are inherited diseases of ion channels. They are
due to mutation in ion channel genes. They are also known as ion channelopathies. Two
human epilepsy syndromes:

(@) Benign familial neonatal convulsions (BFNC).

(b) Generalized epilepsy with febrile seizures (GEFS) are due to mutations in potassium
and sodium channel genes. Sodium valproate an antiepileptic drug work by blocking
voltage dependent K* and Ca?* channels.

Taste signal transduction involves ion channel interaction with tastants. The tastantion

channel interaction produce depolarization of taste receptor cell by changing ion channel

activity.

Active Transport

It requires energy in addition to carrier molecules. It moves solute molecules from low
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concentration to high concentration or against concentration gradient. Mechanisms of some
active transport systems are given below:

1. Na*/K*—ATPase is the most extensively studied active transport system. It is integral
membrane protein present in intestine, erythrocytes, kidney and brain etc. It is an
antiporter. It concentrates K* and pump out Na™. It is called as ATPase because it has
ATP hydrolytic activity. It is responsible for the maintenance of high intracellular K*
level which is essential for membrane potential of nerve and muscle.

Na*/K* ATPase is a glycoprotein. It has molecular weight of 300,000 and it consist of
subunits of two types. They are two o subunits and B-subunits. On the cytoplasmic side
it has binding sites for ATP, Na* and phosphate. K* binding site is located on the extra-
cellular side of the membrane. It is closed outside and open in side ( Fig. 7.8). Molecular
events associated with the operation of Na*/K*-ATPase are:

Na* with in the cell combines with o-subunits on the cytoplasmic side.
ATP is hydrolysed to ADP and one of the o-subunit is phosphorylated.
Conformational change in o-subunits expose Na* to outside and Na* is released.

K* present outside binds to modified subunits which causes the release of phosphate.

vk e

The modified subunits undergo conformational change to native conformation releasing
K" in the cell.

For every ATP molecule hydrolyzed 3 Na* are extruded and 2 K* are concentrated by
the cell (Fig. 7.8).

Fig. 7.8 Mechanism of Na'/K*-ATPase

Inhibitor of Na*/K*-ATPase: Ouabain a plant steroid glycoside is an inhibitor. It binds
to extracellular side of o-subunits. It binds to phosphorylated form of Na*/K* ATPase and
prevents de phosphorylation. Because it blocks ion transport it is cardiotonic, i.e., increases
cardiac muscle contraction.

2. Ca®’—ATPase present in sarcoplasmic reticulum is an other example for active transport
involving carrier and ATP hydrolysis. It is responsible for the concentration of Ca®* in
the sarcoplasmic reticulum. It is an uniporter. It transports the calcium from the
cytosol to sarcoplasmic reticulum against concentration gredient. The concentration of
calcium in the cytosol is 10™”M whereas its concentration in sarcoplasmic reticulum is
102 M. When sarcoplasmic reticulum is excited by nerve impulse large amount of Ca?*
is released to facilitate muscle contraction. Ca?*-ATPase transports back the calcium
released from the sarcoplasmic reticulum during relaxation. Reuptake of Ca?" by



Membrane and Transport 133

sarcoplasmic reticulum involves phosphorylation and conformational change of Ca®*
ATPase (Fig. 7.9).

Fig. 7.9 (a) Ca®>*~ATPase of sarcoplasmic reticulum
(b) Model of an ionophore

3. H*/K* ATPase is another active transport system present in parietal cells of stomach.
It is an antiporter. It is responsible for the secretion acid (H* ions) into stomach. It
exchanges H* with K* in opposite direction. H*/K*-ATPase also undergo phosphorylation
and conformational change during transport of solutes.

Sometimes active transport and facilitated diffusion are coupled. Absorption of glucose
in the intestine and its reabsorption in kidney are coupled to Na*/K*-ATPase. Coupling
of the two systems facilitates glucose uptake against concentration gradient.

Secondary Active Transport Systems

Are those active transport systems in which transport of molecules is indirectly linked to
hydrolysis of ATP. One such example is glucose absorption as detailed above. ATP-Binding
Cassette (ABC) proteins are also considered as secondary active transport systems.
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ATP-BINDING CASSETTE (ABC) PROTEINS

1. They are rapidly growing super family of membrane transport proteins identified in
prokaryotes and eukaryotes. They are also known as traffic ATPases. Several sub-
families of ABC proteins are also known.

2. They are named as ATP-Binding Cassette (ABC) proteins because ATP-Binding Cassette
(ABC) domain of all members of the super family share extensive sequence homology.
It indicates that the genetic information of ABC domain is highly conserved and inserted
into genes of members of family during evolution like inserting cassette into cassette
player.

3. They are involved in the transport of variety of compounds. Transport of molecules by
ABC transporters is dependent on ATP hydrolysis. How transport and hydrolysis of ATP
are exactly linked is not known. In addition to ABC domain these transporters have a
transmembrane domain that recognizes substrate for translocation.

4. They are involved in the transport of wide variety of substances like heavy metals,
drugs, ions, amino acids, sugars, peptides, steroids, phospholipids, hormones etc.
Medical Importance

1. ABC proteins has important physiological roles like protection of cells from cytotoxic
drugs or poisons, heme biosynthesis, lipid and peptide transport, apoptosis etc.

2. Multi Drugs Resistance (MDR) i.e., resistance to drugs like antifungals, herbicides,
anticancer and cyto toxic drugs is due to over expression of ABC protein P-Glycoprotein
(P-gp) which is known as drug extrusion pump.

3. Human diseases like Dubin-Johnson Syndrome, Tangier disease, adrenal leukodystrophy
are due to mutations in genes of ABC transporters.
lonophores

1. They facilitate transport of ions across membranes. They form pores in membrane
through which ions or large molecules can enter into cell.

2. Usually they contain hydrophilic interior and hydrophobic exterior.

3. The hydrophobic exterior makes ionophore soluble in lilpid bilayer. Charged molecules
pass through the hydrophilic interior (Fig. 7.9).

4. Some antibiotics work as ionophores. They are gramicidin A and valinomycin. Diphthe-
ria toxin also act as ionophore.

SHUTTLE SYSTEMS

For the continuation of metabolic pathways NADH of cytosol must be converted back to
NAD®. Mitochondrial membrane is impermeable to NADH. Shuttle system transfers reduc-
ing equivalent of NADH from cytosol to mitochondria and regenerates NAD* in the cytosol.

Malate Shuttle

1. It is active in liver, kidney and heart.

2. The shuttle begins with formation of malate from oxaloacetate using NADH as hydro-
gen donor. A cytosolic malate dehydrogenase catalyzes the reaction and NAD* is formed
in the cytosol.
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3. An antiport system transports malate into mitochondria. Inner mitochondrial mem-
brane contains antiport system.

4. A mitochondrial malate dehydrogenase generates NADH by oxidizing malate to
oxaloacetate. In the mitochondria NADH undergo respiratory chain oxidation to gener-
ate ATP.

5. If the oxaloacetate enters cytosol one cycle of shuttle is complete. But oxalo acetate is
impermeable to mitochondrial membrane. So it enters in the form of o-ketoglutarate
which is permeable to membrane.

6. Oxaloacetate is converted to o-ketoglutarate by transminase which uses glutamate and
oxaloacetate as substrates.

7. The o-ketoglutarate and aspartate formed enter cytosol by facilitated diffusion.

8. In the cytosol a-ketoglutartate is converted to oxalo acetate by transaminase which uses
aspartate also as substrate. Thus oxaloacetate is regenerated in the cytosol and glutamate
formed is transported back to mitochondria by antiporter (Fig. 7.10).

Fig. 7.10 Malate shuttle

Glycerophosphate Shuttle

1. It is active in skeletal muscle and brain. It transfers reducing equivalents of NADH
from cytosol to mitochondria. This transfer produces FADH in mitochondria instead of
NADH.

2. The operation of shuttle begin with formation of glycerol-3-phosphate from dihydroxy
acetone phosphate catalyzed by glycerol-3-phosphate dehydrogenase in a NADH depend-
ent reaction. As a result NAD™" is generated in cytosol.

3. Glycerol-3-phosphate enters mitochondria where it is oxidized to dihydroxy acetone
phosphate catalyzed by mitochondrial glycerol-3-phosphate dehydrogenase in a FAD
dependent reaction. As a result, FADH, is generated in mitochondria which is oxidized
in the respiratory chain.
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4. The dihydroxy acetone phosphate enters cytosol to complete the shuttle (Fig. 7.11).
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phosphale tphate

Fig. 7.11 Glycerophosphate shuttle.

Creatine Phosphate Shuttle

It transfers high energy phosphate from mitochondria to cytosol. It is involved in the
generation of ATP in the cytosol from ADP. An isoenzyme of creatine kinase present
between mitochondrial membrane space is involved in the transfer of phosphates from
mitochondria to cytosol. Transfer of high energy phosphate occurs via creatine phosphate
(Fig. 7.12).

app Sl op

m

Craaling Craaline phosphats

W
ATP

ADP
Mibachiondria

Fig. 7.12 Creatine phosphate shuttle.
ENDOCYTOSIS AND EXOCYTOSIS

Endocytosis

1. It is the process by which cells take up macro molecules.

2. The macro molecules are nutrients, hormones, viruses, bacteria, nucleic acids etc.
3. Endocytosis requires energy, extracellular Ca** and microfilaments.
4

. It begins with invagination of macromolecule by cell membrane. A vesicle is formed by
the fusion of plasma membrane which pinches off. The vesicle may fuse with primary
lysosomes to form secondary lysosomes.

5. Lysosomal enzymes hydrolyze macromolecules to simple molecules like amino acids and
sugars which diffuses into cytosol where they are used for synthesis etc. (Fig. 7.13. A).
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Fig. 7.13 (a) Process of endocytosis
(b) Process of exocytosis

6. Ingestion of viruses and bacteria by macrophages is similar to endocytosis and it is

referred as phagocytosis.
Exocytosis

1. It is the process by which cells release macromolecules to outside.

2. In the cell molecules synthesized are stored as membrane coated vesicles. For example,
digestive enzymes of pancreas are stored as vesicles in pancreatic cells. These vesicles
fuses with cell membrane in response to stimulus like hormone in this case and re-
leases digestive enzymes precursors into duct (Fig. 7.13b).
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EXERCISES

ESSAY QUESTIONS

1.

Draw fluid mosaic model of cell membrane. Label its various parts. Write functions of mem-
branes.

2. Describe various transport systems that move molecules across cell membrane.

Write structural components of membrane. Name salient features of fluid mosaic model of
membrane.

SHORT QUESTIONS

1. Write a note on membrane proteins.

AR o

Write role of fatty acids and choleseterol in membrane fluidity.
Write functions of transport systems present in cell membrane.
Explain energy aspects of transport systems.

Write shuttle systems involved in the transport of reducing equivalents from cytosol to
mitochondria.

Explain the following:
(a) Na*/K*—~ATPase
(b) Endocytosis

(c) Ionophores

Write a note on exocytosis.

8. Write briefly on (@) Ca?*-ATPase (b) H*/K*-ATPase

10.
11.

Define uniport, ‘symport’ and antiport. Give examples.
Explain simple diffusion with examples.

Define facilitated transport. Give examples. Write mechanism of facilitated transport.
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12.
13.

Write about factors influencing (a) Simple diffusion (b) Facilitated transport.

Define active transport. How it differs from other transport systems? Give examples.

MULTIPLE CHOICE QUESTIONS

1.

3.

4.

The two sides of cell membrane are

(a) Identical (b) Rich in carbohydrates
(¢) Not identical (d) Rich in cholesterol
. Movement of membrane lipids from one side to another side of membrane is called as
(a) Lateral motion (b) Transverse motion
(¢) Horizontal motion (d) Parallel motion

A symporter

(a) Moves solute molecules in opposite direction.

(b) Moves solute molecules in same direction.

(¢) Depends on energy.

(d) Moves only one solute molecule.

Anion channel is present in

(a) Erythrocytes (b) Leucocytes
(c) Liver (d) Nerve

FILL IN THE BLANKS

=

AN

---------------- in membrane serve as link between cell and its environment.
Congenital goitre is due to lack of --------------- in membrane.

Anaesthetics work by causing----------------- in membrane.

Membrane lipids and proteins are held together by ---------- bonds.

The rate of passive transport depends on concentration -------- across membrane.
--------------- is responsible for the secretion of acid in stomach.
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CHAPTER

DIGESTION AND ABSORPTION OF FOOD

Digestion and absorption of food occurs in gastrointestinal tract of humans, other mammals
and invertebrates.

MEDICAL AND BIOLOGICAL IMPORTANCE

s~ WD

8.
9.
10.
11.
12.

It provides substances needed for flesh formation and energy production.
Digestive process converts minerals and vitamins of food into easily absorbable forms.
Extent of digestion and absorption varies from one food stuff to another.

Diseases like peptic ulcer and duodenal ulcer are due to excessive production of diges-
tive fluids. Digestion of food is also impaired in these conditions.

Flow of digestive fluids is obstructed in some diseases. For example, in cystic fibrosis
flow of pancreatic fluid and in gallstone cases bile flow is blocked. As a result, digestion
is affected in these disorders.

Some allergic diseases are due to absorption of partly digested products or allergins of
food stuffs.

In some diseases like chylous fistula and filariasis products of digestion are excreted in
urine.

Impaired digestion and absorption of food leads to increased excretion (Steatorrhea).
Absorption of digestive products is impaired in malabsorption syndromes.

Digestion and absorption of food is affected in pyloric and intestinal obstructions.
Parasitic infestations affect digestion and absorption in gastrointestinal tract.

Fat digestion and absorption impairs in cholestasis.

Chemical Nature of Digestion

Digestion is a process by which large complex organic molecules of food are disintegrated
into small absorbable forms. Large molecules of diet are converted to small molecules by
hydrolysis. Hydrolases of gastrointestinal tract catalyzes the hydrolysis of complex carbohy-
drates to monosaccharides, proteins to amino acids and lipids to glycerol, fatty acids, partial
acylglycerols and cholesterol.

140
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Chemical Nature of absorption

Transporters (carriers) present in the membrane of enterocytes are responsible for the
absorption of most of the products of digestion except lipid and some monosaccharides.

Digestion and Absorption of Carbohydrates
Carbohydrates of diet

Food stuffs like rice, wheat, potato and vegetables contain polysaccharides. An adult may
consume 150-300 gm of carbohydrate per day. They are mainly starch and small amounts
of glycogen, dextrins and inulin. Cellulose, pentosans, inulin and oligosaccharides are not
digested by non-ruminants. Milk and cane sugar of diet contributes to disaccharides lactose
and sucrose. Monosaccharide content of diet is negligible under normal conditions. However,
bakery products, honey and fruits may contributes some monosaccharides.

DIGESTION OF CARBOHYDRATES

Hydrolysis of dietary polysaccharides and disaccharides to monosassharides constitutes car-
bohydrate digestion.

In the Mouth

In the mouth, salivary amylase initiates carbohydrates digestion. Salivary amylase requires
chloride ion and has optimum pH of 5.8-7.0. It catalyzes the hydrolysis of alpha-1, 4-glycosidic
linkages in starch, glycogen and dextrin and convert them to maltose and oligosaccharides
(Fig. 8.1). Salivary amylase acts only on cooked starch. However, the action of salivary
amylase on polysaccharides is insignificant because the contact of enzyme with substrate is
limited.

Salivary

Amylase
+ 00

Maltose

Oligosaccharides
Starch

Fig. 8.1 Action of salivary amylase on starch. Arrow indicates point of attack

In the Stomach

Due to absence of enzymes in the gastric juice, no digestion of carbohydrate occurs in the
stomach.

In the Duodenum

In the duodenum, pancreatic amylase acts on partly digested food. It is an endoglycosidase.
It is also called as o-amylase or amylopsin. It has the optimum pH value of 7-8, which is
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provided by pancreatic juice bicarbonate. It catalyzes the hydrolysis of -1, 4-glycosidic
linkages and convert partially digested polysaccharide to maltose, maltotriose, oligosaccharides
and o-dextrin or limit dextrin (Fig. 8.2) having 5-9 glucose residues and an o-1, 6-glycosidic
bond. Generally, amylose part of starch is hydrolyzed to maltose and maltotriose but
amylopectin is hydrolysed to o-dextrins and oligosaccharides in addition to maltose and
maltotriose (Fig. 8.2). Further, pancreatic amylase can act on native starch. B-amylase
present in plants like sweet potato releases P-anomers of maltose in stepwise manner from
non-reducing ends of polysaccharides.

Fig. 8.2 Action of pancreatic amylase on amylose and amylopectin

In the Small Intestine

Products of starch or other polysaccharides digestion and dietary disaccharides are hydrolyzed
by the enzymes present in the secretion of intestinal mucosal cells which is known as succus
entericus. Specific oligosaccharidases and disaccharidases present in succus entericus are
responsible for the formation of monosaccharides from oligosaccharides of starch digestion
and disaccharides. Isomaltase or o-dextrinase an endoglycosidase catalyzes the hydrolysis of
o-1, 6 bonds in the limit dextrin and converts o-limit dextrin to oligosaccharide and maltose
(glucose) (Fig. 8.3). Maltase another oligosaccharidase is a exoglycosidase and catalyzes the
removal of single glucose unit by hydrolyzing o-1, 4-linkages of oligosaccharides and
disaccharides starting from non-reducing ends (Fig. 8.3). Sucrase also called as invertase is
a disaccharidase. It catalyzes the hydrolysis of sucrose to glucose and fructose (Fig. 8.3).
Lactase (B-galactosidase) another disaccharidase catalyzes the hydrolysis of lactose to glucose
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and galactose (Fig. 8.3). Thus by the combined action of amylases, oligosaccharidases and
disaccharidases dietary polysaccharides and disaccharides are disintegrated into constituents
monosaccharides.
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Fig. 8.3 Action of oligosaccharidases and disaccharidases

ABSORPTION OF CARBOHYDRATES

The products of dietary carbohydrate digestion are mainly monosaccharides. They are glu-
cose, galactose, fructose, mannose and xylose. They are absorbed from the small intestine
(jejunum) into blood of portal venous system. Two transport mechanisms are responsible for
their absorption. They are 1. Facilitated diffusion or transport and 2. Simple diffusion. The
absorbed monosaccharides reach liver through portal venous system.

Facilitated Diffusion

Glucose, galactose and fructose are absorbed by facilitated diffusion. The absorption of
glucose and galactose is mediated by specific carrier molecule present in enterocyte mem-
brane. It is a protein and often called as ‘translocase’. It is a symporter. It transports Na*
along with glucose and galactose. It is located on the external surface of membrane of
intestinal cells. It has two binding sites one for monosaccharide and other for Na* (Fig. 8.4).
The structural requirement of hexoses that are necessary for the transport by carrier
molecule are 1. A pyranose ring 2. Hydroxyl on the second carbon must be same as glucose
and methyl or a substitutent on C-5. When glucose and Na* binds to carrier protein it
transports both of them through the membrane of the enterocyte and releases them into the
cytosol (Fig. 8.4). From the cytoplasm glucose and galactose diffuse into blood. Na* is



144 Medical Biochemistry

expelled out of the enterocyte through Na*/K*- ATPase. So the absorption of glucose and
galactose by facilitated diffusion is coupled to active transport. Coupling of these two trans-
port mechanisms facilitates absorption of glucose and galactose in the intestine.

Na+*
‘ ENTEROCYTE ENTEROCYTET
Lumen| Membrane | Cytosol Lumen| Membrane| Cytosol
K+
Transport
£ «—— 22— @ Capillary
= Return of =
= Symporter E(~» ——>Glucose
5 5

Fig. 8.4 Mechanism of glucose (galactose) absorption in the intestine

Simple Diffusion

Mannose and xylose are absorbed by simple diffusion. The rate of absorption varies from one
monosaccharide to another. The rates of absorption for glucose, galactose, fructose, xylose
and mannose are 100, 110, 43, 15 and 10, respectively.

DISORDERS OF CARBOHYDRATE DIGESTION

They are mainly due to the deficiency of enzymes of carbohydrate digestion. They are named
according to the enzyme deficient.

1. Lactose Intolerance or Lactase Deficiency

Affected individuals are unable to utilize lactose due to the deficiency of intestinal lactase.
As a result, dietary lactose accumulates in the intestine where it is acted upon by bacteria
and produces fermentation products of lactose. The excess lactose and its products in the
intestine causes symptoms like abdominal cramps, diarrhoea and flatulence. There are three
types of lactase deficiency. They are:

A. Inherited lactase deficiency

It is a rare disorder. Feeding of lactose (milk) to the infant soon after birth produces
symptoms. But these symptoms disappear on feeding lactose free diet.

B. Secondary low lactase deficiency

Intestinal diseases like colitis, gastroenteritis, tropical and non-tropical sprue and kwashiorkor
can cause this disorder.

C. Primary low lactase deficiency

It is due to decreased activity of intestinal lactase in susceptible individuals. Usually it
develops in the aged people.

2. Sucrase-isomaltase deficiency

It occurs in early childhood. It is an inherited deficiency of two disaccharidases namely
sucrase and isomaltase. Since both these enzymes occur as single polypeptide the affected
persons lacks these two enzymes.
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3. Disacchariduria

It is characterized by excretion of large amounts of disaccharide in urine. It is due to
deficiency of disaccharidases.

DISORDERS OF CARBOHYDRATE ABSORPTION
Defective absorption is called as malabsorption. One such malabsorption is:

1. Monosaccharide malabsorption. It is an inherited disease. Absorption of glucose and
galactose is slow due to defective carrier in the affected persons.

Digestion and Absorption of Lipids

Dietary lipids

Foods like meat, animal fat, butter, milk, cheese, egg yolk and cooking oils and ghee contain
lipids. The lipids present in them are mainly triglycerides, phospholipids, glycolipids, choles-

terol and its esters, fatty acids, sterols and carotenes. An adult may consume 50-150 gms
of lipid per day. However, triglycerides accounts for 90% of dietary lipids.

Digestion of Lipids

Hydrolysis of triglycerides, compound lipids and cholesterol esters to glycerol, free fatty
acids, mono acylglycerols and free cholesterol constitutes the process of digestion. Since the
lipids are water insoluable hydrolysis of dietary lipids by enzymes in aqueous environment
of gastrointestinal tract poses a problem. The problem is solved by the emulsification of
lipids by the bile salts present in bile. Sodium and potassium glycocholate, sodium and
potassium taurocholate, sodium and potassium glycochenodeoxy cholate and sodium and
potassium taurochenodeoxy cholate are called as bile salts. Bile salts form emulsions with
lipids by reducing surface tension of water. An emulsion consist of water insoluble lipids
dispersed in water. They can reduce surface tension of water because they are amphipathic
molecules. The emulsification of lipids by bile salts increases surface area of lipid at water
lipid interphase for the action of enzymes.

Lipid Digestion

In the mouth

Due to lack of favourable conditions like emulsification and PH, no digestion of lipid occurs
in the mouth.

In the stomach

In humans, initiation of fat digestion occurs in stomach with mechanical emulsification.
Gastric lipase hydrolyzes dietary triglycerides to diacylglycerol and fatty acids. About 10-30%
of dietary triglycerides are hydrolyzed by gastric lipase.

In the small intestine

Small intestine is the major site of lipid digestion due to the pancreatic lipase. It requires
colipase and bile salts for its activity. Colipase is a protein present in pancreatic juice along
with lipase. As such lipase has no affinity towards emulsion particles of dietary lipids and
bile salts. Hence, colipase forms complex with emulsion particle initially. Now the lipase
attaches to emulsion particle by forming ternary complex (Fig. 8.5A). In the ternary complex



146 Medical Biochemistry

lipase and colipase are bound to each other. Pancreatic lipase, is an o-lipase and an
esterase. It hydrolyzes the ester linkages of triglyceride at o, o or (1, 3)- positions and forms
2-monoacylglycerol and free fatty acids. It can not hydrolyze the ester bond of triglyceride
at 2(B) position (Fig. 8.5B). About 72% of 2-monoacylglycerol leaves emulsion particle and
forms mixed micelles. The rest (about 28%) of 2-monoacylglycerol is converted to
1-monoacylglycerol by an isomerase. Now o-lipase converts 1-monoacylglycerol to glycerol
and free fatty acids (22%). The rest of 1-monoacylglycerol (about 6%) is absorbed as such.
Cholesterol esterase is another esterase present in pancreatic juice. It converts cholesterol
esters to cholesterol and free fatty acids (Fig. 8.5B). Human cholesterol esterase also acts
on triglycerides, phospholipids and lipid vitamins esters in presence of bile salts.
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Fig. 8.5 (a) Formation of lipase, colipase and emulsion complex
(b) Digestion and absorption of lipids. R~COOH indicates free fatty acids (FFA)
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Pancreatic juice also contains some esterases, which acts on phospholipids. They are

1. Phosphoplipase A, It is secreted in proform and activated by trypsin. It hydrolyzes ester
bond at B position of phospholipid and forms lysophospholipid and fatty acid (Fig. 8.5B).

2. Lysophospholipase It acts on lysophospholipid and forms glycerophosphocholine and
free fatty acid.

Enzymes of lipid digestion and bile secretion are hormonally regulated. In response to dietary
lipids, lower part of duodenum and jejunum produces hormone cholecystokinin. It acts on pancre-
atic cells to release enzymes and causes contraction of gall bladder for the release of bile.

Absorption of Lipids

Proximal part of jejunum is the major site of absorption of products of lipid digestion. The
monoacylglycerols, free fatty acids, cholesterol and lysophospholipids combine with bile salt
micelles and form mixed micelles. These mixed micelles carry the products of lipid digestion
to the brush border of mucosal cells where they are absorbed into intestinal epithelium.
Under normal conditions over 98% of dietary lipid is absorbed.

Solubilization

Solubilization of products of lipid digestion is required for diffusion of these molecules from
the liquid luminal contents to brush border of enterocyte. Bile salts increases the solubility
of lipolytic products in the aqueous luminal phase by forming mixed micelles only. When
intra luminal bile salt concentration exceeds a critical micellar concentration (CMC) mixed
micelles are formed. Decreased bile salt concentration leads to formation of large sized liquid
crystalline vesicles or liposomes.

Transport of Lipolytic Products into Enterocyte

Until recently it is assumed that uptake of products of lipid digestion by enterocytes involves
simple diffusion. Now it is known that specific transporters are involved in the uptake of
some products of lipid digestion by enterocytes.

A family of fatty acid binding proteins (FBPs) are involved in uptake of fatty acids by
intestine, adipose tissue, muscle, heart, macrophages, platelets etc. Fatty acid transport
protein 4 (FATP4) present in apical membrane of enterocyte is the principal intestinal
transporter of very long chain fatty acids.

Sterol Transport Protein (STP) of intestinal brush border membrane is involved in the
uptake of free as well as esterified cholesterol. It is an integral membrane protein anchored
in the lipid bilayer through an hydrophobic domain. The active centre involved in the
transport are exposed to external side of the membrane. It also mediates uptake of long
chain triacylglycerols.

The absorption of monoacylglycerol (MAG) by intestinal brush border membrane in-
volves passive diffusion down concentration gradient. MAG moves out of the mixed micelles
and get incorporated into outer layer of lipid bilayer of brush border membrane of enterocyte.
The mechanism of the uptake of MAG by enterocyte is a collision induced transfer.

Fate of Absorbed Lipids in Enterocyte

After translocation across membrane of enterocyte, fatty acids combine with intestinal fatty
acid binding proteins (IFBP-1) which are involved in intracellular transport of fatty acids.
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IFBP-1 fatty acid complex migrates to endoplasmic reticulum where it is used for triglyceride
resynthesis. There are two different pathways for resynthesis of triglycerides in enterocyte.
2-monoacylglycerol (2-MAG) pathway is most important. Alpha glycerophosphate pathway is
another alternative pathway for triglyceride resynthesis in enterocyte.

The absorbed cholesterol is also reesterified in enterocytes. Enzymes involved in choles-
terol esterefication are acyl-COA-cholesterol acyl transferases ACAT-1 and ACAT-2. Inhibi-
tion of ACAT activity decreases absorption of dietary cholesterol. Hence, inhibitors of ACAT
can act as anti-atherogenic agents.

Within the intestinal cells, monoacylglycerols and fatty acids are converted to triglycerides
only. The long chain fatty acids absorbed are used for triglyceride formation (Fig. 8.6). In
addition lysophospholipids absorbed are converted to phospholipids by acylation (Fig. 8.6).

Triglycerides, cholesterol esters and phospholipids so formed in intestinal cells combines
with protein to form lipoproteins, which are called as chylomicrons. These chylomicrons are
released into the lymph of intestinal lymphatics. Later these chylomicrons pass into system-
atic blood through the thoracic duct. Because of the absorption of dietary lipids the lymph
appears milky and called as chyle (Fig. 8.6).

The absorbed short chain and medium chain fatty acids are transported into portal
venous blood. Similarly, glycerol absorbed is also not utilized and enters portal venous blood
(Fig. 8.6).
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Fig. 8.6 Fate of absorbed lipids in the intestine. FA-Fatty acid

Disorders of Lipid Absorption
1. Chyluria

It is characterized by excretion of milky urine. It is due to abnormal connection between



Digestion and Absorption of Food 149

urinary tract and lymphatics of small intestine. It is also called as chylous fistula. It disappears
when dietary fat is replaced with fat containing short chain and medium chain fatty acids.
2. Chylothorax

In the affected persons milky pleural fluid accumulates in pleural space due to abnormal
connection between pleural space of lungs and lymphatics of small intestine. Like chyluria,
chylothorax also disappears when dietary fat consist of only short and medium chain fatty acids.
3. Congenital abeta lipoproteinemia

It is of genetic origin. Triglycerides accumulates in intestinal cells due to lack of apo B-48
required for lipoprotein formation (chylomicrons).

4. Cholestasis

Lipid digestion and absorption is impaired in intra or extra hepatic cholestasis due to non
availability of adequate amounts of bile salts, phospholipids and cholesterol. In cholestatic
patients, liquid crystal vesicles are formed instead of mixed micelles. Proper biliary secretion
of phospholipid is necessary for chylomicron formation in enterocyte and secretion of lipids
into lymph.

5. Sito sterolemia

It is an autosomal recessive disorder. Elevated plasma level of plant sterol sitosterol is
characteristic of this disorder. It is due to decreased activity of sterol transporter that
secretes sterol into bile for elimation. Cholesterol absorption is moderately increased in this
condition. Hence, atherosclerosis develops in affected individuals.

6. Essential fatty acid deficiency (EFAD)

It occurs in cholestatic patients due to malabsorption of lipids. EFAD during cholestasis itself
can impair efficient lipid absorption and transport because proper biliary secretion of
phospholipid is necessary for formation of mixed micelles and chylomicrons.

Digestion and Absorption of Proteins

Dietary proteins

Food stuffs like cereals, grains, milk, eggs and meat contain proteins. Vegetables and fruits
also contain small amounts of proteins. Usually protein intake by an adult ranges from
70-100 gm/day.

Digestion of Proteins

Hydrolysis of dietary proteins to aminoacids constitutes the process of protein digestion.

Protein Digestion

In the mouth

Due to lack of protein splitting enzymes, no digestion of protein takes place in the mouth.

In the stomach

HCI present in gastric juice denatures proteins. The digestion of the denatured proteins is
initiated by pepsin present in gastric juice. It is secreted by the chief cells of stomach in the
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form of inactive pro-enzyme pepsinogen. The conversion of pepsinogen to pepsin was de-
tailed in Chapter 4.

Specificity of pepsin

Pepsin is an endo peptidase. It hydrolyzes the peptide bonds present within protein or poly-
peptide chain. It is optimally active at pH range of 1.5-2.5 which is provided by HCI present
in gastric juice. It specifically hydrolyzes the peptide bonds of proteins in which the amino
group is contributed by acidic or aromatic amino acids (Fig. 8.7). Usually pepsin transforms
denaturated proteins to proteoses (large polypeptide derivatives) and peptones. Pepsin can
hydrolyze only 10-15% of ingested protein.

Rennin

It is present in the infant stomach. It causes coagulation of milk. It converts casein of milk to
para casein in presence of calcium ions on which pepsin acts and converts into proteoses and
peptones.

In the small intestine

Pancreatic proteases and peptidases of succus entericus hydrolyzes proteoses and peptones
to amino acids in the small intestine. Proteases of pancreatic juice are trypsin, chymotrypsin,
elastase, carboxy peptidase and collagenease. Except collagenase all other proteases are
secreted as proenzymes and their conversion to active enzymes have been described in
chapter 4. All these active enzymes attack proteoses and peptones at neutral pH and pro-
duces oligopeptides and dipeptides.

1. Specificity of Pancreatic proteases

Except carboxy peptidase all others are endopeptidases. Trypsin specially catalyzes the hy-
drolysis of peptide bonds of proteins in which carbonyl group is contributed by basic amino
acids like arginine and lysine (Fig. 8.7). Chymotrypsin is specific for the peptide bonds
formed by aromatic amino acids like tyrosine and phenylalanine (Fig. 8.8). Elastase has
broad specificity and catalyzes the hydrolysis of peptide bonds of proteins in which carbonyl
group is contributed by glycine, alanine and serine. Collagenase attacks the collagen. All
these proteases converts proteins to oligo peptides. Carboxy peptidase is an exopeptidase. It
hydrolyzes polypeptides from carboxy terminal and produces one amino acid and a polypeptide
shorter by one amino acid (Fig. 8.8). The action of carboxy peptidase continues on the poly-
peptide from carboxy terminus until the peptide is finally converted to a dipeptide. Finally
the oligopeptides and dipeptides are hydrolysed to amino acids by peptidases present in
succeus entericus. They are amino peptidase and dipeptidase.

2. Specificity of amino peptidase

It is an exopeptidase. It specifically hydrolyzes peptide bonds of oligopeptides from amino
terminal and produces one amino acid and an oligopeptide shorter by one amino acid. It
requires Mg?* or Mn2* for activity. The action of aminopeptidase continues from the amino
terminus until the initial oligopeptide is converted to dipeptide. Dipeptidases present in
succus entericus act on dipeptides and liberates amino acids (Fig. 8.9). Thus, by the combined
action of these enzymes dietary proteins are hydrolyzed to amino acids. Enzymes of protein
digestion are hormonally regulated. In response to partly digested proteins lower part of
duodenum and jejunum produces hormone cholecystokinin. It acts on the Pancreas and
causes the release of pancreatic proteases.



Digestion and Absorption of Food 151

(Glu)
H)N —Ala — — — — — Gln—val —Tyr —Ala— — — — — Gly—COOH
Pepsin
pH (1.5 -2.5)
H)N—Ala— — ——— GIn —Val—COOH + HyN—Tyr —Ala— — — — — Gly—COOH
Proteoses Peptones
H)N—Ala —— — —— Lys—Gly— — ——— GIn —Val—COOH
Proteose
Trypsin
pH(7.0 -8.0)
H)N—Ala — — ——— Lys —COOH + H,N —Gly — — — —— GIn—Val —COOH

Oligopeptides
Fig. 8.7 Specificity of pepsin and trypsin
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Fig. 8.8 Action of chymotrypsin and carboxypeptidase
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)
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l Dipeptidase

Amino acids

Fig. 8.9 Action of aminopeptidase and dipeptidase
ABSORPTION OF PRODUCTS OF PROTEIN DIGESTION

Amino acids formed from protein digestion are absorbed into portal venous blood. They are
absorbed by mediated transport involving several carriers present in enterocyte membrane.
There are different carriers for the transport of various categories of amino acids. Some of
them are symporters like glucose carrier and they are called as Na* dependent carrier. Some
carriers are Na' independent. There are 5 different Na* dependent carrier systems for the
transport of amino acids. One carrier transports neutral amino acids whereas another car-
rier transports phenylalanine and methionine. Imino acids are transported by third carrier.
Uptake of acidic amino acids is mediated by fourth carrier. Fifth carrier is involved in the
transport of basic amino acids. Two different Na* independent carriers are involved in the
transport of leucine and lysine.

DISORDERS OF AMINO ACID ABSORPTION OR PROTEIN DIGESTION

In some individuals dietary proteins are not completely hydrolysed to amino acids and
these individuals absorb partly digested proteins or fragments of proteins. For example,
colostrum the infant diet contains immunoglobulins which enter into blood stream of
infant and act as immune system of the infant. However, in some susceptible individu-
als fragments act as antigens and hence individual develop immunological response.
Some diseases like non-tropical sprue and celiac diseases are result of such immuno-
logical reactions.
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1. Non-tropical sprue

It is due to the absorption of oligopeptide gluten derived from dietary oat, wheat and rye
by the action of digestive proteases. These peptides are toxic and causes inflammation and
atrophy of intestinal mucosa in susceptible people. As a result absorption is impaired in the
small intestine.

2. Celiac disease

It occurs in children due to absorption of oligopeptides derived from wheat gluten. Hence,
it is same as that of non-tropical sprue of adults. Symptoms of these diseases disappear when
gluten is excluded from diet.

3. Hartnup disease

It is a genetic disorder. It is due to defective aromatic and hydrophobic amino acid carrier
in the intestine. As a result, these amino acids are not absorbed. They are excreted in urine
due to defective carrier in the kidney.

DISORDERS OF DIGESTION AND ABSORPTION

The digestion and absorption of food stuffs is impaired in some disorders.

1. Tropical sprue

It occurs due to altered intestinal flora in some individuals. The intestinal flora produces
specific toxins, which cause inflammation and atrophy of mucosal cells of small intestine. As
a result digestion and absorption of food is affected. Weight loss and diarrhoea are the
common symptoms.

2. Cystic fibrosis

In this condition, pancreatic flow is obstructed. So digestion and absorption of fat and protein
is incomplete and steatorrhea is common symptoms.

3. Gastroenteritis

The digestion and absorption of food is impaired in this condition due to inflammation of
gastrointestinal tract and increased motility. Diarrhoea and abdominal cramps are the usual
symptoms.

4. Gall stones

In this condition, digestion and absorption of fat is impaired due to obstruction of flow of bile
which is required for the digestion and absorption of fat. Steatorrhea is common in this
condition.

5. Pancreatitis

In this condition, flow of pancreatic fluid is obstructed. The proenzymes get activated and
cause injury to pancreas. Inflammation and abdominal pain are common symptoms. Lack of
pancreatic enzymes impairs protein and lipid digestion.

6. Parasitic infestations

In tropical countries, particularly in India, parasitic infestations occur in large population.
Hook worm and round worm infestations effect digestion and absorption. Mainly the pres-
ence of these worms leads to increased motility and abdominal cramps.
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EXERCISES

ESSAY QUESTIONS

1.
2.

Define digestion. Explain actions of hydrolytic enzymes of digestive process.

Describe digestion and absorption of lipids. Explain role of bile salts in lipid digestion and
absorption.

Name lipids present in diet. How they are digested and absorbed? Write about disease asso-
ciated with digestion and absorption of lipids.

Name dietary carbohydrates. Write about their digestion and absorption in G.I. tract. Name
diseases of this process.

How dietary proteins are digested and absorbed? Write disorders associated with this process.
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6. Write an essay on diseases associated with digestion and absorption of food.

7. Describe about enzymes involved in digestion of food.

SHORT QUESTIONS

1. Name carbohydrates of food stuffs. Write actions of enzymes of small intestine involved in
carbohydrate digestion.

Write a note on disorders of lipid absorption.

Explain absorption of products of protein digestion.

How products of lipid digestion are absorbed?

Write about diseases associated with digestion and absorption of carbohydrates.
Name bile salts. Write their role in digestion and absorption of lipids.

How glucose is absorbed in the intestine?

® NS o N

Write fate of absorbed lipids in the intestine.

MULTIPLE CHOICE QUESTIONS

1. Glucose absorption in intestine requires

(a) A carrier and Na* (b) Carrier molecule
(¢) Na* only (d) Carrier and K*

2. Aged people are prone to
(a) Lactose intolerance (b) Lactase deficiency
(¢) Primary low lactase deficiency (d) Sucrase deficiency

3. All of the following statements are correct regarding congenital abeta lipoproteinemia. Except
(a) It is a genetic disease
(b) Triglycerides accumulates in intestine
(¢) Cholesterol accumulates in liver
(d) It is due to lack of apo B-48

4. Peptide bonds of dietary proteins in which amino group is contributed by acidic amino acids are
hydrolyzed by

(a) Renin (b) Pepsin

(¢) Aminopeptidase (d) Exopeptidase
5. Carriers of amino acid absorption in the intestine are

(a) Na* dependent

(b) Na* independent

(¢) Na* dependent as well as Na* independent

(d) None of the above.

FILL IN THE BLANKS

1. Absorption of partly digested products of proteins is responsible for ------------------- reactions.
2. Products of lipid digestion are excreted in urine of ---------- patients.

3. For the absorption of hexoses by carrier molecule a -------------- ring is necessary.

4, e acts on pancreas to release enzymes.

5. Protein and lipid digestion is impaired in and
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CHAPTER

CARBOHYDRATE METABOLISM

Metabolism can be defined as the entire chemical reactions network of the body. Other
name often used is intermediary metabolism. Most of the chemical reactions in the body
are enzyme catalyzed. The intermediates, substrates or products of these enzyme catalyzed
reactions are called as metabolites. Sequence of enzymatic reactions that produce spe-
cific product are called as metabolic pathways. There are three types of metabolic path-
ways. Catabolic pathways, in which carbohydrates, lipids and proteins are degraded to
small molecules by sequence of enzymatic reactions. In addition the breakdown of big
molecules to small molecules is called as catabolism. Generally catabolism yields energy.
Anabolic pathways: In which carbohydrates, lipids and proteins are synthesized from
small molecules by sequence of enzymatic reactions. Formation of big molecules from
small molecules is called as anabolism. Generally anabolism consumes energy. Amphibolic
pathways have more than one function and they act as links between catabolic pathways
and anabolic pathways. The three types of metabolic pathways does not occur in isola-
tion. They interact with each other.

Usually carbohydrate metabolism consist of several pathways. Some of them are
catabolic, few are anabolic and one is amphibolic pathway. Further, most of the meta-
bolic pathways of carbohydrate metabolism either start with glucose or end with glucose.
Hence, carbohydrate metabolism means it is the metabolism of glucose.

MEDICAL AND BIOLOGICAL IMPORTANCE

1. Glucose is the major fuel for all types of cells in the body. Its oxidation produces
energy.

2. Glucose consumption per day varies from one organ to another.

3. Some organs like brain prefers glucose as fuel than fat and protein. Brain consumes
about 100 gm of glucose per day.

4. Rate of glucose oxidation is more in cancer cells.

5. Glucose is used for the formation of glycogen, pentoses, lactose and mucopoly
saccharides.

6. Since brain is totally dependent on glucose for its energy needs glucose is synthe-
sized from glycogen or other non-carbohydrates during starvation or when food is in
short supply.

156
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7. Deficiency or absence of enzymes of glycogen metabolism causes glycogen storage
diseases.

8. In erythrocytes, 2, 3-BPG is formed from glucose. 2, 3-BPG facilitates the release of
oxygen from oxyhemoglobin.

9. Dietary galactose and fructose are converted to glucose.

10. Deficiency of enzymes of galactose and fructose metabolism causes galactosemia and
fructosemia, respectively.

11. Most common metabolic disease diabetes mellitus is due to defective glucose me-
tabolism.

12. Diabetes mellitus inturn causes secondary diseases like hypertension, kidney dis-
eases and blindness.

Since most of the cells in the body extract energy from glucose, breakdown of glucose
by glycolytic pathway is considered first among various pathways of carbohydrate me-
tabolism.

GLYCOLYSIS

Degradation of glucose to two molecules of pyruvate or lactate by sequence of enzyme
catalyzed reactions constitutes the process of glycolysis. It is a catabolic pathway. If
glucose is degraded to pyruvate then it is called as aerobic glycolysis. Usually it occurs
in presence of oxygen. If glucose is degraded to lactate then it is anaerobic glycolysis.
Usually it occurs in the absence of oxygen. It is also called as Embden-Meyerhof pathway,
because the reactions of glycolytic pathway were elucidated by Embden and Meyerhof.

Site of Glycolysis
Enzymes of glycolysis are present in the cytosol of most of the cells present in the body.

Source of Glucose

Dietary glucose formed from the digestion of dietary carbohydrates enter liver through
portal venous system after its absorption from the intestine. Liver distributes glucose to
all other organs (cells) of the body.

Entry of the Glucose in to the Cells

Glucose enters cells by facilitated transport.

1. Liver Glucose enters liver cells by facilitated diffusion. It is an insulin-independent
transport mechanism for the transport of glucose across liver cells.

2. Extra hepatic tissues Glucose enters adipocytes, erythrocytes, brain and skeletal
muscle by facilitated transport involving carrier molecule. The transport of glucose
across the membranes of these tissues by carrier is dependent on insulin.

Reaction Sequence of Glycolysis

There are total eleven reactions in glycolysis. Extraction of energy from glucose occurs
in the last six reactions of glycolysis only after some investment of energy in the first
five reactions (Fig. 9.1).
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Fig. 9.1 Reaction sequence of glycolysis

1. Initial reaction of glycolysis is catalyzed by hexokinase. It is widely distributed. It
phosphorylates glucose at 6 carbon in presence of Mg** and ATP. Phosphate is
donated by ATP. Formation of Mg® : ATP complex is essential. Hexokinase
phosphorylates other hexoses like galactose and fructose. It is an allosteric enzyme.
The reaction catalyzed by this enzyme is irreversible under normal physiological
conditions (Fig. 9.1). One high energy bond of ATP is used in this reaction to
generate glucose-6-phosphate.

Liver contains glucokinase, which phosporylates only glucose. It is an induceble
enzyme. Its K for glucose is high compared to K, of hexokinase. Hence, it
phosphorylates glucose only when blood glucose concentration is high. Liver
hexokinase phosphorylates glucose even blood glucose is low.

. Second reaction of glycolysis involves aldose-ketose isomerization. The isomerization
of glucose-6-phosphate (aldose) to fructose-6-phosphate (ketose) is accomplished by
phospho glucose isomerase. It is a freely reversible reaction.

. Phosphorylation once again is the third reaction of glycolysis. It is catalyzed by
phosphofructokinase-1 (PFK-1) in presence of Mg?" and ATP. It catalyzes the
phosphorylation of fructose-6-phosphate and forms fructose-1, 6-bis phosphate. It is
also irreversible like hexokinase reaction. One high energy bond of ATP is used.
Phosphofructokinase is another allosteric enzyme of glycolysis and catalyzes rate
limiting reaction of glycolysis.

. Splitting of six carbon fructose-1, 6-bis phosphate to 2 triose molecules is the fourth
reaction of glycolysis. It is catalyzed by aldolase. The reaction is reversible. Two
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types of aldolases are identified. Aldolase A is most common. Liver and kidney
contains aldolase B. By the action of aldolase A, fructose-1, 6-bisphosphate is cleaved
into glyceraldehyde-3-phosphate and dihydroxy acetone phosphate. Cleavage by aldolase
A requires carbonyl group on carbon-2 of sugar. Hence, glucose-6-phosphate is
converted to fructose-6-phosphate in the second reaction of glycolysis. Another
important aspect of second reaction of glycolysis is related to utilization of pentoses.
Pentoses are converted to fructose-6-phosphate by pentose phosphate pathway as we
shall see it later. The fructose-6-phosphate thus formed enter glycolysis.

5. Reaction 5 involves another aldose-ketose isomerization. Triose phosphate isomerase
catalyzes conversion of dihydroxy acetone phosphate (ketose) to glyceradehyde-3-
phosphate (aldose). The reaction is reversible one.

Thus, two molecules of glyceraldehyde-3-phosphate are generated from one molecule
of glucose and two high energy bonds are consumed. The two molecules follow the
same reactions.

6. Glyceraldehyde-3-phosphate dehydrogenase catalyzes sixth reaction of glycolysis. It
has—SH group at activesite. It catalyzes the conversion of glyceraldehyde-3-phos-
phate to 1, 3-bisphosphoglycerate in a NAD* dependent reaction. The reaction is
reversible. NAD™ is tightly bound to enzyme. The enzyme catalyzes oxidation and
phosphorylation of substrate to yield high energy product. The reaction mechanism
of this enzymes is shown in Fig. 9.2(a). The active site —SH group of enzyme reacts
with aldehyde group of the substrate to form enzyme bound thiohemiacetal (a).
NAD™" oxidizes thiohemiacetal to high energy thiolester (b). As a result NAD" is
reduced to NADH. NAD™" replaces NADH (c). One molecule of orthophosphate reacts
with enzyme bound thiol ester to form 1, 3-bisphosphoglycerate and free —SH at the
active site of enzyme (d). One NADH is produced at this level of glycolysis.

AC“VQS\“; ﬂ Thiohemiacetal ﬂ
Enzym‘e—SH R—C—H ?H Enzyme — S—~C — R
NAD* Aldehyde Enzyme —S —C —R T Thiolester
NADH

NADH NAD*

© 9
Enzyme — S —C — R
\

H— C— OH NAD*
|
CH, — 0 P

1, 3-Bisphosphoglycerate

Fig. 9.2 (a¢) Mechanism of action of glyceraldehyde-3-Phosphate dehydrogenase

7. Reaction 7 involves transfer of high energy phosphate of 1, 3-bisphosphoglycerate to
ADP. It is catalyzed by phosphoglycerate kinase. The reaction is reversible and
requires Mg?*. One ATP is formed from ADP and 1, 3-bisphosphoglycerate is con-
verted to 3-phosphoglycerate. This reaction is an example for substrate level phospho-
rylation.
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At this stage of glycolysis, two ATP are generated from two molecules of triose
phosphates.

. Reaction 8 involves the transfer of phosphate of 3-phosphoglycerate from carbon-3 to

carbon-2 of glycerate. It is catalyzed phosphoglycerate mutase. The reaction is
reversible.

. High energy phosphate bond generation once again is the ninth reaction of glycolysis.

It is catalyzed by enolase a Mn?* or Mg?* dependent enzyme and reaction is revers-
ible. Removal of one molecule of water from 3-phosphoglycerate by the enzyme
converts it to phosphoenolpyruvate a high energy compound.

Like reaction 7, reaction 10 involves transfer of high energy phosphate of phosphoenol
puruvate to ADP. It is catalyzed by pyruvate kinase. The reaction is irreversible and
requires Mg®". One molecule of ATP is formed and phosphoenol pyruvate is con-
verted to pyruvate.

At this stage of glycolysis, two ATPs and two pyruvates are generated from a molecule
of glucose. Under aerobic conditions, pyruvate is the end product of glycolysis. Usually
organs like liver, kidney and heart are aerobic and in these organs, NADH generated
by dehydrogenation of glyceraldehyde-3-phosphate is oxidized by respiratory chain O,,.
NAD*, thus generated can be used again and glycolysis continues in the organs.
Respiratory chain oxidation of one NADH generates three ATP molecules.

Lactate dehydrogenase catalyzes the reaction 11 of glycolysis. It reduces pyruvate to
lactate using NADH generated in reaction 6 of glycolysis. This reaction occurs under
anaerobic conditions. Formation of lactate using NADH as hydrogen donor is essen-
tial for the continuation of glycolysis in rapidly contracting skeletal muscle and
erythrocytes because NADH can not be oxidized by respiratory chain O,.

Energetics of Glycolysis

Generation and consumption of ATP in anaerobic and aerobic glycolysis is given below.
In aerobic glycolysis:

1.
2.
3.

Number of ATPs generated by phosphoglycerate kinase 2
Number of ATPs generated by Pyruvate kinase
Number of ATPs generated by respiratory chain

oxidation of 2 NADH produced in reaction 6 6
Number of ATPs consumed in reaction 1 and 3 -2
Net = 8

In anaerobic glycolysis, 2 NADH produced in reaction 6 are used to convert pyruvate

to lactate. Hence, ATP is not generated. Therefore, the net ATP production in anaerobic
glycolysis is only 2 (8 — 6 = 2). Thus, oxidation of glucose to pyruvate (aerobic glycolysis)
generates 8 ATP molecules whereas oxidation of glucose to lactate (anaerobic glycolysis)
generates 2 ATP molecules.

Medical and Biological Importance of Glycolysis

1.

Glycolysis provides energy to cells. Anaerobic glycolysis meets energy requirement
of rapidly contracting skeletal muscle.
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2. Since heart is mainly aerobic organ, myocardial ischemia decreases glycolytic ability
of cardiac muscle. As a result energy or ATP production in heart is affected.

3. Deficiency of enzymes of erythrocyte glycolysis (pyruvate kinase) causes haemolytic
anemia. This is because erythrocytes gets their energy from glycolysis.

4. Deficiency of muscle phosphofructo kinase causes decreased muscular performance
and fatigue.

5. Dietary fructose and galactose are also metabolized by this pathway.

6. Glycolysis has amphibolic role also. It provides precursors for the formation of lipids
and aminoacids. For example, pyruvate is converted to alanine by transamination
and dihydroxy acetone phosphate serves as precursor for triglyceride formation.

7. Two glycolytic intermediates pyruvate and glyceraldehydes-3-phosphate are used for
the synthesis of cholesterol, thiamine and pyridoxine in tuberculosis, malaria and
gastritis causing organisms.

8. Glycolysis is the major energy source for rapidly growing malerial parasite in R.B.C.
Lactate is the end product of glycolysis in malerial parasite. LDH of parasite is
different from human enzyme. Unlike human LDH parasite enzyme is not subjected
to inhibition by substrate pyruvate. This allows rapid formation of lactate from
pyruvate and fast energy production.

9. In brain tumors lactate production is 10 times more.

Regulation of Glycolysis

Usually metabolic pathways are regulated by altering activities of few enzymes of that
pathway. Glycolysis is under allosteric and hormonal control. Hexokinase phosphofructo
kinase and pyruvate kinase are regulatory enzymes of glycolysis. Their activities are
allosterically controlled. Further glucokinase, phosphofructokinase-1 and pyruvate kinase
are under hormonal control also.

Allosteric regulation of glycolysis

Phosphofructokinase-1 is the major regulatory enzymes of glycolysis. It is an allosteric
enzyme and catalyzes rate limiting reaction of glycolysis. It is inhibited by ATP and
citrate. AMP and fructose-6-phosphate are activators of this enzyme. Pyruvate kinase is
the second regulatory enzyme. It is inhibited by ATP and phosphoenolpyrvate. Glucose-
6-phosphate inhibits activity of hexokinase. So, when ATP (energy) concentration is high
glycolysis is inhibited and decrease in ATP level increases rate of glycolysis.

Hormonal regulation of glycolysis

Insulin increases rate of glycolysis by increasing concentration of glucokinase,
phosphofructokinase-1 and pyruvate kinase.

Inhibitors of Glycolysis

1. Iodoacetate, arsenate and heavy metals like Hg?*, Ag® inhibits activity of
glyceraldehyde-3-phosphate dehydrogenase. They combine with-SH of active site and
makes enzyme inactive.

2. Enolase is inibited by fluoride.
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Medical Importance

Inhibition of glycolysis by fluoride is exploited for accurate estimation of blood glucose
level. If fluoride is not added to blood the glucose concentration in the blood decreases
due to consumption of glucose by erythrocytes. Hence, inaccurate low blood glucose
value is obtained on analysis.

2,3-bis Phosphoglycerate Cycle

It is involved in the synthesis of 2, 3-bis phosphoglycerate from 1, 3-bis phosphoglycerate
in erythrocytes. Because of this energy yielding reaction catalyzed by phosphoglycerate
kinase is bypassed. The formation of 2, 3-bis phosphoglycerate from 1, 3-bis-
phosphoglycerate is catalyzed by bisphosphoglycerate mutase (Fig. 9.2b). It is also called
as Rapoport-Leubering cycle.

Glycolysis —> 1, 3-bisphosphoglycerate —>3-phosphoglycerate —> Glycolysis

Mutase Pi Phosphatase
C‘:OOH
H—?—O%j
H—?—O%j
H
2, 3-Bisphosphoglycerate
(2, 3-BPG)

Fig. 9.2 (b) Formation and fate of 2, 3-bisphosphoglycerate in erythrocyte

Medical Importance
1. In the erythrocytes 2, 3-BPG aids unloading of oxygen by oxyhaemoglobin.
2. Due to the diversion of 1, 3-BPG to 2, 3-BPG production, energy yield of glycolysis
is less in erythrocytes.
Fate of 2, 3-BPG
It is converted to 3-phosphoglycerate by 2, 3-bisphosphoglycerate phosphatase which
enters glycolytic pathway (Fig. 9.256).
Fate of Pyruvate

Under aerobic conditions, pyruvate is converted to acetyl-CoA in all tissues containing
mitochondria. Both pyruvate molecules are oxidized to two acetyl-CoA molecules.

Entry of Pyruvate into Mitochondria

The mitochondrial membrane is not permeable to pyruvate, which is formed in cytosol.
A specific carrier present in mitochondrial membrane transports pyruvate across mito-
chondrial membrane.

Fate of Pyruvate in Mitochondria

In mitochondria, pyruvate undergoes oxidative decarboxylation and remaining two car-
bon fragment is converted to acetyl-CoA. The reaction is irreversible and multi-step
process. This reaction is catalyzed by pyruvate dehydrogenase (PDG) multi enzyme



Carbohydrate Metabolism 163

complex present in inner mitochondrial membrane. This multi enzyme complex consist
of three enzymes. The first enzyme is pyruvate dehydrogenase. It contains TPP as
prosthetic group and represented as E;-TPP. The second enzyme is dihydrolipoyl
transacetylase. It contains lipoic acid as prosthetic group, lipoic acid is attached to e-
amino group of lysyl residue of enzyme molecule through an amide linkage. Lipoyl lysine
is called as lipoamide. It is represented as E,-lipoamide. Third enzyme is dihydro lipoyl
I I
SH SH

dehydrogenase and contains FAD as prosthetic group. It is represented as E;-FAD. The
reaction mechanisms of three enzymes are shown in Fig. 9.3.

1. In reaction-1, pyruvate dehydrogenase (E;-TPP) reacts with substrate pyruvate to
form enzyme bound anion of hydroxyethylidine-TPP. The conversion of pyruvate to
enzyme bound hydroxyethylidine-TPP involves decarboxylation.

2. In reaction-2, dihydrolipoyl transacetylase first shifts hydroxyethylidine from TPP to
one of -S-S-of its lipoamide to form acetyl lipoamide and E;-TPP is released. Further
shifting of acetyl moiety of acetyl lipoamide to CoA results in the formation of acetyl-
CoA and reduced lipoamide.

3. In reaction-3, oxidized lipoamide is regenerated from reduced lipoamide. It is catalyzed
by dihydrolipoyl dehydrogenase. This enzyme transfers electrons from reduced
lipoamide to NAD* via FAD. Reduced NAD is produced at the end of reaction (NADH).

i
CH;—C—COOH CO,
Pyruvate CH,
| idine—TPP—
e TP — C@ Hydroxyethylidine-TPP-E,
E,-TPP \

OH

@ E,-Lipoamide
2 E,— FAD  NAD*

E,-Lipoamide S‘ _ ‘S
‘ ‘ ﬂ Oxidized-lipoamide X (3) 3
SH S — C — CH,

Acetyl lipoamide Ez-Lipt‘)amid‘e E;— FADH, NADH +H*
SH SH
@ Reduced-lipoamide
CoA 1
CH;— C ~S — CoA
Acetyl—CoA
ﬂ NAD® NADH + H* ﬂ
SUMMARY: cr—g-c-com% CHy — C —S-CoA
Pyruvate CoA €O, Acetyl—CoA

TPP, LIPOICACID, FAD

Fig. 9.3 Reaction mechanisms of enzymes of PDG complex
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Energetics of Pyruvate Dehydrogenase

It indirectly produces energy. NADH oxidation generates ATP. Oxidative decarboxylation
of two pyruvates yields 2 NADH. Their oxidation in respiratory chain yields 6 ATP at
this level.

Regulation of Pyruvate Dehydrogenase
Pyruvate dehydrogenase activity is regulated by

1. Feedback inhibition.

2. Covalent modification. Acetyl-CoA and NADH inhibits activity of pyruvate
dehydrogenase. Phosphorylation and dephosphorylation of this enzyme is under hor-
monal control Insulin increases its activity by favouring dephosphorylation.

Medical Importance

1. Pyruvate dehydrogenase serve as a link between aerobic glycolysis and citric acid
cycle.

2. Since the reaction catalyzed by this enzyme is irreversible, acetyl -CoA can not be
converted to pyruvate. For this reason, fat can not be converted to carbohydrate.

3. Lactic acidemia occurs in some individuals due to deficiency of pyruvate dehydrogenase.
4. Arsenic compounds inhibits this enzyme by reacting with-SH of lipoic acid. War
gases and pesticides containing arsenic inhibit this enzyme. Deaths due to arsenic
poisoning are well documented in history. BAL, British antilewisite is antidote for
arsenic poisoning.
Fate of Acetyl-CoA

Under aerobic conditions or in the tissues containing mitochondria acetyl-CoA formed
from pyruvate or other substances like fats and amino acids is oxidized by citric acid
cycle. Two molecules of acetyl-CoAs formed from two molecules of pyruvate are oxidized
by this cycle one after the other.

Citric Acid Cycle

1. Cyclic arrangement of sequence of reactions that convert acetyl-CoA to two mol-
ecules of CO, is called as citric acid cycle.

2. It is also called as Tricarboxylic acid (TCA) cycle or Krebs cycle.

3. This cyclic process starts with oxaloacetate and completes with regeneration of
oxaloacetate.

4. The conversion of acetyl-CoA to CO, in the citric acid cycle generates reducing
equivalents (NADH, FADH,) and GTP.

5. The reduced co-enzymes are finally oxidized in the respiratory chain with concomi-
tant generation of ATP.

6. One acetyl-CoA molecule is oxidized by this cycle at a time.
Site

Enzymes of citric acid cycle are present in mitochondrial matrix.
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Reaction Sequence of Citric Acid Cycle
There are total eight reactions in this cycle (Fig. 9.4).

1. In the initial reaction, two carbon acetyl-CoA condenses with 4-carbon oxaloacetate
to form 6 carbon citrate. A condensing enzyme citrate synthase catalyzes this reac-
tion. Citrate formation involves carbon to carbon bond formation between methyl
carbon of acetyl-CoA and carbonyl carbon of oxaloacetate. CoA is released. It is a
rate limiting reaction and irreversible. One water molecule is consumed in this
reaction. The remaining reactions of the cycle regenerates oxaloacetate from citrate
with release of two CO, molecules.

2. Since citrate is tertiary alcohol it cannot be oxidized directly. Hence, in reaction-2 it
is isomerized to isocitrate a secondary alcohol and can be oxidized easily. Isomerization
is catalized by aconitase an iron-sulfur containing protein. Isomerization involves two
steps. In the initial step, citrate is dehydrated to cis-aconitate. Rehydration in the next
step converts cis-aconitate to isocitrate. The reaction is reversible.

NADH + H C—COOH

H NAD* C\H COOH Acetyl-CoA
HO—C—COOH - (1) ,COASH
\ Oxaloacetate
H—C—COOH

CH,—COOH
Q%’ alate HO—C—COOH
CH,—COOH

H—C—COOH Citrate
I 2)
HOOC—C—H H.0
Fumarate 2
FADH, CH,—COOH
|
FAD @ ﬁ—COOH
CH,—COOH H—C—COOH
| cis-aconitate
CH,—COOH
Succinate ¥ H,0
CH,—COOH
GTP H—C‘Z—COOH
(B)\ Mg* HO—C—COOH
GDP + Pi Isocitrate
CH,—COOH NAD*
NADH + H*
CH,—COOH
‘CH@PH

CH,—COOH Mn2 E_COOH

EHZCOOH Oxalosuccinate

o-ketoglutarate

Fig. 9.4 Citric acid cycle
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In reaction-3, isocitrate is converted to o-ketoglutarate by isocitrate dehydrogenase.
The reaction is irreversible. The conversion of isocitrate to o-ketoglutarate involves
two steps. In the first step, isocitrate is dehydrogenated to oxalo succinate using
NAD* as hydrogen acceptor. Decarboxylation of oxalo succinate in the second step
generates o-ketoglutarate and first CO, molecule. Mg? + or Mn%+ are required for
the decarboxylation. o-ketoglutarate is a keto acid like pyruvte. At the end of this
reaction first NADH is generated.

In reaction-4, o-ketoglutarate undergoes oxidative decarboxylation catalyzed by
o-ketoglutarate dehydrogenase multi enzyme complex to succinyl-CoA. The reaction
is similar to the oxidative decarboxylation of pyruvate catalyzed by pyruvate
dehydrogenase complex and requires TPP, lipoic acid, FAD, CoASH and NAD*. The
products of this reaction are succinyl-CoA, which is a thioester containing an high
energy bond, second molecule of CO, and second NADH. The reaction is irreversible.

. In this reaction, high energy phosphate bond is generated by the action of succinyl-

CoA synthetase on succinyl-CoA. Succinate is formed from the succinyl-CoA and the
formation of GTP occurs from GDP. The reaction is reversible and is an example for
substrate level phosphorylation. Mg®* and P; are the co-factors required. Cleavage of
thioester bond of succinyl -CoA by the enzyme generates sufficient energy for the
formation GTP from GDP and P;. One molecule of ATP is formed from ADP and GTP
is converted to GDP. A nucleotide diphospho kinase catalyzes this reaction.

In reaction-6, succinate is dehydrogenated by a membrane bound flavo protein
succinate dehydrogenase to fumarate. This enzyme also contains iron sulfur centres
in addition to FAD. It is the only enzyme of citric acid cycle, which is bound to inner
mitocondrial membrane. The conversion of succinate to fumarate is accompanied by
reduction of FAD to FADH, and reaction is reversible.

Fumarase catalyzes the seventh reaction of citric acid cycle. It catalyzes the addition
of water across the double bond of fumarate to give malate. The reaction is reversible.

. The citric acid cycle is completed with the regeneration of oxalo acetate from malate

in the final reaction catalyzed by malate dehydrogenase. The reaction involves
dehydrogenation of malate using NAD* as hydrogen acceptor. The reaction is revers-
ible and third NADH is produced at the end.

Now one more acetyl-CoA can enter citric acid cycle to undergo oxidation. Thus citric

acid cycle operates continuously till all the acetyl-CoAs are oxidized.

Energetics of Citric Acid Cycle

Oxidation of acetyl-CoA in citric acid cycle is expressed as single equation below.

CH; — Co—S-CoA+20, + GDP+P, + 3NAD" + FAD——2CO,, + CoASH+ GTP
+ 3NADH+3H" +FADH,
So oxidation of one acetyl- CoA in TCA cycle generates 3 NADH, FADH, and one

GTP. The reducing equalents NADH and FADH, are oxidized by respiratory O,. Oxida-
tion of one NADH in respiratory chain generates 3 ATP molecules whereas oxidation of
one FADH, in respiratory chain generates 2 ATP molecules. One ATP is formed from
GTP as mentioned earlier in reaction-5. Relationship between energy production and
acetyl-CoA oxidation may be expressed as
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Acetyl-CoA +20, +12Pi+12ADP——2CO,, +12ATP + CoASH+13H,0
Generation of ATP in Citric Acid Cycle

1. Number of ATP generated by oxidation of 3 NADH 9
2. Number of ATP generated by oxidation of FADH, 2
3. Number of ATP generated from GTP 1

12

So 12 ATP are generated in citric acid cycle for every molecule of acetyl-CoA oxi-
dized. Since glucose gives rise to two acetyl-CoA molecules aerobic oxidation of glucose
yields 24 ATPs at this level.

Medical Importance

1. It is the final common metabolic pathway for oxidation of carbohydrates, fats and
proteins. Some amino acids are degraded to intermediates of TCA-cycle. Acetyl-CoA
arises from fat catabolism.

2. Amphibolic role : In the liver intermediates of TCA cycle are used for the synthe-
sis of (a) Fatty acids, Cholesterol (b) Amino acids (c¢) Porphyrins (d) Glucose.

3. In some liver diseases, like hepatitis and cirrhosis amphibolic role of citric acid cycle
is affected.

Regulation of Citric Acid Cycle

Enzymes of citric acid cycle are under allosteric control. Citrate synthase, isocitrate
dehydrogenase and o-ketoglutarate dehydrogenase are involved in the regulation of citric
acid cycle and their activities are allosterically regulated. Citrate synthase activity is
inhibited by ATP and long chain acyl-CoA. Isocitrate dehydrogenase is inhibited by ATP
and NADH and activated by ADP. Succinyl-CoA and NADH are allosteric inhibitors of
third regulatory enzyme o-ketoglutarate dehydrogenase. So the rate of citric acid
cycle incrases in the absence of ATP and decreases in the presence of ATP and
NADH. The energy demand of cell determines the rate of citric acid cycle. Further
Ca?* seems to increase the activities of isocitrate dehydrogenase and o-ketoglutarate
dehydrogenase.

Inhibitors of Citric Acid Cycle

1. Fluroacetate inhibits activity of aconitase. It is used as rodenticide. As such it is not
toxic, but in the body, it is converted to fluoroacetyl-CoA, which gives rise to
fluorocitrate after condensing with oxaloacetate. The aconitase is inhibited by fluoro
citrate. The conversion of non-toxic compound to toxic compound inside the body is
called as lethal synthesis.

2. o-ketoglutarate dehydrogenase is inhibited by arsenic compounds.

3. Malonate is a competitive inhibitor of succinate dehydrogenase.

Energetics of Aerobic Oxidation of Glucose

Under aerobic conditions, complete oxidation of glucose occurs in three stages. They are
1. Glycolysis 2. Pyruvate dehydrogenase complex 3. Citric acid cycle. The amount of ATP
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generated by each process was discussed earlier. Total yield of ATP during oxidation of
glucose is obtained by adding ATP generated at each stage.

ATP Generation during Oxidation of Glucose

Process Number of ATP/mol of glucose
1. Glycolysis 8

Pyruvate dehydrogenase 6

Citric acid cycle 24

Total 38

Thus, aerobic oxidation of glucose generates total 38 ATP molecules. However, the
amount depends on shuttle used for the transfer of reducing equivalents from cytosol to
mitochondria.

Efficiency of Glucose Oxidation

If all the energy released during oxidation of a compound is conserved then efficiency of
that process is good (100%). Let us examine how efficient is the process of oxidation of
glucose in the body. It has been estimated that oxidation of glucose in calorimeter
produces 2870 KdJ of energy. Aerobic oxidation of glucose in the body generates 38ATPs
i.e., 38 new high energy bonds are formed. Since each high energy bond formation
requires 51.6 KJ of energy about 1961 KJ (38 x 51.6) of energy is used for ATP synthesis.
This means only 70% of energy is conserved and remainder is lost as heat. However,
heat liberated keeps body temperature. Therefore, the efficiency of glucose oxidation
process is 70% only.

GLYCOGENESIS

In cells, the rate of glucose oxidation largely depends on energy (ATP) demand of cell.
If cell has sufficient energy (ATP) then glucose oxidation stops and excess glucose is
stored as glycogen.

Glycogenesis is the Synthesis of Glycogen from Glucose

Site Though every cell can form glycogen it chiefly occurs in liver and skeletal muscle.
In the muscle, about 245 gms of glycogen and in the liver about 72 gms of glycogen is
stored under well fed condition. Even though-energy, rich fat is abundant in the body
skeletal muscle prefers to store glucose (energy) as glycogen because

1. Fat can not be oxidized under anaerobic condition.
2. Acetyl-CoA of fat oxidation can not be converted to glucose.
3. Skeletal muscle is unable to mobilize fat rapidly.

This stored glycogen act as readily available source of glucose for glycolysis in the
muscle. Glycogen granules are present in the cytoplasm. Enzymes of glycogen metabo-
lism are also associated with these granules.

Reaction Sequence of Glycogenesis

The glucose molecules as such cannot be polymerized into glycogen. Glycogen synthesis
requires activation of sugars. The active sugars transfers sugar to —OH group of an
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acceptor molecule. The glycogen synthesis occurs in four main reactions. Glycogenesis
begins with glucose-6-phosphate an intermediate of glycolysis (Fig. 9.5).

CH,-04{P] CH,-OH
O_H O_H
H H (O _HH
—> uTp
HO\ OH OH HO\ OH 04P]
H OH H OH o
-6- -1-Phosphat
Glucose-6-Phosphate  Glucose osphate @ PPi 2P G
CH,-OH L ‘
O _H v
H H o 9 0y
HON\OH O—I‘D—O—F"—OHZC 0
H OH OH OH
H H
OH OH
UDPG
+
CH,OH CH,OH
° Hon° H
e
OH 0 OH “0OH
CH-0— on OH
CH,OH CH,OH
\ 0 0]
H H H
uDP <«
I@o OH (0] 0 OH “0H
H OH.
H Non-Reducing end ——
CH,0H OH
. 0
Elongated primer glycogen
o) OH Glycogen primer
@ H
HoOH
Reducing End
New Further elongation and
branch\ branching R

Glycogen
Primer glycogen with new branch

Fig. 9.5 Glycogenesis. o-Newly added glucose residues, o-Glucose units of glycogen primer

1. The first reaction leading to glycogen formation is the conversion of glucose-6-
phosphate to glucose-1-phosphate. The reaction is catalyzed by phosphoglucomutase.

2. In reaction-2, glucose-1-phosphate reacts with nucleoside triphosphate UTP to form
uridine diphosphate glucose (UDPG). The reaction is catalyzed by enzyme UDPG
pyrophosphorylase. Even though, the reaction is reversible the immediate hydrolysis
of PPi to 2 Pi by pyrophosphatase drags the reaction in the direction of UDPG
formation. UDPG is active sugar. It transfers glucose residues to an acceptor.

3. Since free glucose can not accept glucose from UDP glucose to initiate chain synthe-
sis a glycogen primer is required. A fragment of glycogen having minimum 4 glucose
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residues serve as primer for glycogen synthesis. So, in reaction-3 UDP-glucose trans-
fers glucose to non-reducing end (free-OH) of primer glycogen to form new o (1, 4)
glycosidic bond. Glycogen synthase catalyzes this reaction. Free UDP is released and
reaction is irreversible. In the absence of primer glycogen, glucose units are trans-
ferred to —OH group of serine of protein by glycogen initiator synthase enzyme.
Glycogen synthase continue to add glucose molecules to glycogen primer till the
chain grows to about 6-11 glucose residues.

Primer Glycogen Formation

4. Tt is believed that primer glycogen is immortal and transferred from one generation
to another. However, research indicated synthesis of primer glycogen in some cell
types. It involves glucosylation of carbohydrate free protein. To the tyr residue of
this protein initial maltosylation probably catalyzed by two enzymes generates
glycogenin. Successive self-glucosylation of glycogenin using UDP-glucose as glucose
source gives rise to primer glycogen.

Carbohydrate

. Maltosylation . Self Glucosylation .
free protein 7—> Glycogenin 7 Primer glycogen
(CFP) 0-0X UDP—GlucoseUD

5. When the chain of glycogen primer has been lengthened to about 6-11 glucose units
reaction-4 of the pathway occurs. In this reaction, a new branch is created in the
glycogen primer by the action of branching enzyme (Amylo-1, 4 — 1, 6-trans
glycosylase). This enzyme transfers a fragment of newly synthesized glucose chain
containing about 6 glucose resides to a neighbouring chain to form new o (1,6)
linkage and thus creates a new branch in the molecule.

6. The new branch grows by further addition of glucose units and further branching
occurs. Thus by the combined action of glycogen synthase and branching enzyme the
glycogen molecule is synthesized.

Medical Importance

Excess glucose is stored as glycogen under fed conditions.

GLYCOGENOLYSIS

The process that converts glycogen to glucose and other small molecules is called as
glycogenolysis (Fig. 9.6).

Site. Glycogenolysis occurs in liver and muscle.

Degradation of glycogen is not the reversal of glycogenesis. Instead, independent
enzymes are involved in glycogen break down. In the liver the end product of glycogenolysis
is glucose whereas in the skeletal muscle glucose-6-phosphate or lactate is the end
product.

Reaction Sequence of Glycogenolysis

There are three main reactions:

1. In reaction-1 glucose units are removed as glucose-1-phosphates from non-reducing end
of glycogen by hydrolyzing o1, 4) glycosidic bonds. The reaction is catalyzed by
phosphorylase an exoglucosidase. Inorganic phosphate (Pi) is required to form glucose-1
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phosphate from glucose. The enzyme is so named because of phosphorylation of
glucose. Even though the reaction is reversible the in vitro high Pi concentration
prevents backward reaction to occur. The action of phosphorylase on glycogen
continues until four glucose units remain on either side of the o(1, 6) branch point.
Glycogen is converted to limit dextrin by the action of phosphorylase.

N Non-reducing ends

+ 5 Glucose-1-Phosphate

Glycogen with ‘n’ branches

@

Glucose-1-Phosphate «— <= «—

®

) Glycogen with exposed 1, 6 branch point
Glycogen with ‘n-1' branches

©

Glucose-6-Phosphate —x Glucose (Liver)
! H,0  pj

@‘L Glycolysis
Y

Lactate (Muscle)

Fig. 9.6 Glycogenolysis in the liver and skeletal muscle
Broken arrows indicate cleavage sites of phosphorylase

2. In reaction-2 three glucose units from one branch are transferred to another branch
to expose o1, 6) branch point. This transfer of oligoglucan is catalyzed by oligo-o
(1, 4) — a(1, 4) glucan transferase which probably involves hydrolysis and formation
of a1, 4) glycosidic bonds.

3. In reaction-3, o(1, 6) branch point is removed by hydrolyzing o(1, 6) glycosidic bond
at branch point. The reaction is catalyzed by debranching enzyme. One glucose
molecule is produced at this level.

4. With the removal of the branch point further action of phosphorylase occurs on the
remaining glycogen molecule. Thus, by the combined action of the enzymes of



172 Medical Biochemistry

glycogenolysis the glycogen is converted to glucose-1-phosphate (90%) and glucose
(10%).

5. The glucose-1-phosphate is converted to glucose-6-phosphate by the action of
phosphoglucomutase.

6. In the liver, glucose-6-phosphate is converted to glucose by the action of glucose-6-
phosphatase. In the muscle, glucose-6-phosphate enters glycolytic pathway and get
converted to lactate.

Lysosomal Glycogenolysis
Lysosomes degrades about 1-3% of cellular glycogen. Lysosomes contain an enzyme
known as acidmaltase or o-glucosidase which hydrolyzes o(1, 4) and o(1, 6) glycosidic
linkages of glycogen to produce glucose.
Hydrolytic Pathway of Glycogenolysis

1. In some animal cells glycogen break down occur by this pathway.

2. o-glucosidase hydrolyzes o-1, 4 bonds from non-reducing ends of glycogen. It is
capable of hydrolyzing glycogen at neutral PH.

3. Alpha-Amylase found in glycogen storing tissues hydrolyzes inner bonds of highly
polymerized o-1, 4 glycans.

4. Hydrolytic pathway is active in fast dividing cells.

Medical Importance

1. In the liver, glycogenolysis contributes glucose to maintain blood glucose level in
between meals.

2. In the muscle, glycogenolysis meets its energy requirement in between meals.
3. Glycogen metabolism is defective in several inherited diseases.

4. Inhibition of glycogen phosphorylase (GP) decreases glycogenolysis which leads to
low blood glucose level. A new class of diacid enalogs that binds AMP site of liver
glycogen phosphorylase more selectively are identified. These compounds may be
used to control blood-glucose level in diabetics type-II. They may also inhibit muscle
glycogenolysis. CP-91149 is an inhibitor of muscle GP.

5. o-glucosidase activity increases in tumor cells of brain.

6. Phosphorylase activity disappears in brain tumor cells.

Glycogen Storage Diseases

These are group of inherited (genetic) diseases of glycogen metabolism. In these dis-
eases, there is an abnormal accumulation of large amount of glycogen or its metabolites
in the tissues due to deficiency or absence of enzymes of glycogen metabolism. Some of
them are not serious mild disorders but few of them are fatal.

(a) Von Geirke'’s disease (Type-1 glycogen storage disease)

It is due to the deficiency or absence of glucose-6-phosphatase in liver, kidney and
intestine. The incidence of this disease is 1 in 2,00,000. Lack of glucose-6-phosphatase
cause accumulation of glycogen in liver and kidney and enlargement of liver occurs.
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Hypoglycemia is common symptom other symptoms are hyperuricemia, hyperlipemia
and ketosis.
(b) Pompe’s disease (Type-Il)
It is due to the deficiency of lysosomal o-glucosidase. Lysosomes can not utilize glycogen
and accumulation of glycogen occurs in all tissues. Accumulation of glycogen in heart
leads to cardiomegaly. It is a fatal disorder and death occurs before second year of life
due to cardio respiratory failure.
(c) Cori’s disease (Type-Ill)
It is due to deficiency or absence of debranching enzyme. Limit dextrin a metabolite of
glycogenolysis accumulates in liver. Hence, this condition is also called as limit dextrnosis.
(d) Anderson’s disease (Type-1V)
It is a fatal disease. It is due to absence of branching enzyme. Amylopectin an interme-
diate of glycogenesis accumulatres in liver, spleen and heart. Hence, this condition is
called as amylopectinosis.
(e) Mc Ardle’s syndrome (Type-V)
It is due to the absence of muscle phosphorylase. Glycogen accumulates in muscle and
lactic acid production in muscle is not increased after exercise. Affected person suffer
from painful muscle cramps and diminished tolerance to exercise.
(f) Her’s disease (Type-VI)
It is due to the absence of liver phosphorylase. Glycogenolysis is defective and glycogen
accumulates in liver.
REGULATION OF GLYCOGEN METABOLISM

1. Synthesis and degradation of glycogen are two opposite processes.
Simultaneous occurrence of these two processes is not desirable.
Hence these two processes responds to regulatory signals in opposite ways.

Many hormones control the synthesis and degradation of glycogen in liver and muscle.

AN

The synthesis and degradation of glycogen are reciprocally regulated by hormones,
In reciprocal regulation of pathways if one pathways is activated other pathway is
inhibited.

6. Phosphorylase and glycogen synthase are main regulatory enzymes of glycogen

metabolism.

7. Hormones indirectly control activities of regulatory enzymes of glycogen metabo-
lism. They reciprocally regulate activities of glycogen synthase and phosphorylase.

8. They either increase or decrease cAMP which is necessary for the action of protein-
kinases. The role of proteinkinases in regulating enzyme activity was discussed in
chapter 4.

9. Glycogen metabolism is also under allosteric control. Regulatory enzymes are sub-
jected to allosteric regulation.
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HORMONAL REGULATION OF GLYCOGEN METABOLISM

Epinephrine and nor epinephrine increases glycogenolysis in muscle and decrease
glycogenesis. Likewise glucagon increases glycogenolysis and decreases glycogenesis in liver.
In contrast, insulin favours glycogenesis and suppresses glycogenolysis in liver and muscle.

We shell first examine how these hormones affect glycogenolysis in various organs.
Phosphorylase, which is rate limiting enzyme of glycogenolysis has many binding sites.

1. Catalytic site where glycogen and glucose-1-phosphate binds.

Nucleotide binding site where AMP an allosteric effector binds.

Binding site for ATP and glucose-6-phosphate which are allosteric effectors.
Pyridoxal phosphate binding site.

A

Phosphorylation site. Ser-OH serve as site for phosphorylation.

Phosphorylase exist in two forms an active phosphorylase a form and inactive
phosphorylase b form. Phosphorylation by phosphorylase b kinase converts inactive
phosphorylase b to active phosphorylase a. Further dephosphorylation catalyzed by pro-
tein phosphatase converts active phosphorylase a to inactive phosphorylase b.
Phosphorylase b kinase exist in two forms. Phosphorylase b kinase active and inactive
phosphorylase b kinase. Phosphorylation by protein kinase converts inactive form to
active form. Again here also dephosphorylation by protein phosphatase converts active
phosphorylase b kinase to inactive phosphorylase b kinase. Protein kinases are depend-
ent on cAMP for their activity. In the absence of cAMP they are inactive. A membrane
bound adenylate cyclase catalyzes the formation of cAMP from ATP. Phosphodiesterese
catalyzes the conversion of cAMP to AMP and hence cAMP level decreases. Protein
kinases also catalyzes the phosphorylation of inactive inhibitor-1 to active inhibitor-1
phosphate which inhibits protein phosphatases activities. Epinephrine, nor-epinephrine
and glucagon activates membrane bound adenylate cyclase via GTP binding protein
(G-protein) thus producing more cAMP which in turn activates enzymes that favour
glycogenolysis. Thus, hormones epinephrine, nor epinephrine and glucagon favours
glycogenolysis by increasing cAMP level which inturn increases the activities of enzymes
that favour glycogenolysis and at the same time inhibiting activities of enzymes
(phosphatases) that are not favourable to glycogenolysis. In contrast insulin lowers cAMP
by activating phosphodiesterase thus inhibiting enzymes that favour glycogenolysis which
in turn leads to suppression of glycogenolysis. Mechanism of action of these hormones
on glycogenolysis is shown in Fig. 9.7.

Now let us see mechanism by which these hormones affect glycogenesis in various
organs. Like phosphorylase another regulatory enzyme of glycogen metabolism, glycogen
synthase exist in two forms glycogen synthase a active form and glycogen synthase
b inactive form. In contrast to phosphorylase, phosphorylation by protein kinase converts
active glycogen synthase a to inactive glycogen synthese b. This explains the reason for
opposite actions of hormones on glycogen metabolism. Insulin inhibits phosphorylation
by lowering cAMP level. In addition, insulin promotes glycogenesis by increasing the
activity of protein phosphatase that converts inactive glycogen synthase b to active
glycogen synthase a. Thus, insulin favours glycogenesis by increasing glycogen synthase
and lowering cAMP level. In contrast epinephrine, norepinephrine and glucagon increase
cAMP level, thus suppresses glycogenesis by activating protein kinase and inhibitor-1
phosphate. Mechanism of action of these hormones on glycogenesis is shown in Fig. 9.8.
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Fig. 9.7 Mechanism of action of hormones on glycogenolysis. (+) symbol indicates activation
and (-) symbol indicates inhibiton. Receptor is B-adrenergic receptor
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Fig. 9.8 Activation and inhibition of glycogen synthase by hormones
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Summary of Hormonal Regulation of Glycogen Metabolism

Epinephrine and glucagon increases cAMP mediated phosphorylation, which in turn con-
verts inactive phosphorylase b to active phosphorylase a. As a result glycogenolysis is
enhanced. At the same time cAMP mediated phosphorylation converts active glycogen
synthase a to inactive glycogen synthase b which results in decreased glycogenesis.

Insulin decreases glycogenolysis by decreasing cAMP mediated phosphorylation. At
the same time insulin favours dephosphorylation of glycogen synthase b, which results
in formation of more glycogen synthase a and increased glycogenesis.

Medical Importance of Hormonal Regulation of Glycogen Metabolism

In between meals hypoglycemia induces glucagon production. Glucagon causes break-
down of glycogen in liver to maintain supply of glucose to brain and cardiac muscle.
Epinephrine causes breakdown of glycogen in skeletal muscle to maintain fuel supply for
muscle contraction.

After a meal, hyperglycemia induces insulin secretion. Insulin causes inactivation of
enzymes of glycogenolysis and activation of glycogen forming enzymes. As a result
glycogenesis occurs in liver and muscle.

Allosteric Regulation of Glycogen Metabolism

Enzymes of glycogen metabolism are subjected to allosteric regulation. In muscle
glycogenolysis is under allosteric control. Muscle phosphorylase is subjected to allosteric
regulation. In the resting muscle it is in the inactive phosphorylase b form. Muscle
contraction increases AMP which binds phosphorylase b and converts it to active
phosphorylase a form. ATP and glucose-6-phosphate are allosteric inhibitors of this enzyme.
So when there is sufficient energy stores (ATP) glycogenolysis is inhibited and when
energy stores are depleted, i.e., more AMP glycogenolysis is activated.

Calcium and Glycogenolysis

Calcium affects glycogenolysis in muscle and liver. Phosphorylase b kinase has four sub-
units. One of the subunit binds Ca?*. During muscle contraction, Ca®* level raises and
Ca?* binds to phosphorylase b kinase, which leads to its activation. Binding of Ca®" to
phosphorylase b kinase is similar to other calcium-binding protein like calmodulin. Hence,
during muscle contraction, glycogenolysis is stimulated by activation of phosphorylase b
kinase also.

In the liver, hormones like catecholamines, oxytocin vasopressin and angiotensin II
stimulates glycogenolysis in similar way by releasing Ca?* from mitochondria. Allosteric
regulation of phosphorylase and phosphorylase b kinase is shown in Fig. 9.9.
Catecholamines mediate this action through o-adrenergic receptors.

In the muscle,glycogenesis is subjected to allosteric regulation. In the resting muscle
glycogen synthase is in the active form. So glycogenesis occurs. During muscle contrac-
tion raised Ca®* level activates calmodulin type protein kinase which converts glycogen
synthase a to glycogen synthase b by phosphorylation and thus glycogenesis is prevented.

In most of the cells oxidation of glucose by glycolysis and citric acid cycle produce
ATP. However, some cells are capable of oxidizing glucose to produce compound which
are used for anabolic reactions or biosynthatic reactions. They are called as alternative
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pathways for glucose oxidation. There are two such pathways. They are pentose phos-
phate pathway and uronic acid pathway. Usually ATP is not generated in these path-
ways.

Phosphorylase b kinase

(Inactive)
l<— TCaZQ—M uscle contraction
Phosphorylase b kinase Catecholamines
(Active) Oxytocin

/(\ Vasopressin
ATP Angiotensin Il
Phosphorylase b AMP @ Phosphorylase a (Liver)
(Inactive) (Active)

ATP, GIucose-G-Phosphate/

Fig. 9.9 Allosteric regulation of glycogenolysis in muscle and liver

PENTOSE PHOSPHATE PATHWAY

1. It is also called as hexose monophosphate shunt (HMP Shunt), phosphogluconate
oxidative pathway and direct oxidative pathway.

2. In this pathway, oxidation of glucose generates NADPH reducing power. NADPH
serves as hydrogen donor in reductive biosynthesis.

3. This pathway directly oxidizes glucose to CO, and hence the name direct oxidative
pathway.

Site. Enzymes of this pathway are present in cytosol of liver, adipose tissue, erythro-
cytes, neutrophils, adrenal cortex, thyroid, testis, ovaries and lactating mammary gland.
In the skeletal muscle the pathway is less active.

Reaction Sequence

The sequence of reaction of pentose phosphate pathway may be divided into three phases.
The first phase converts glucose-6-phosphate into ribulose-5-phosphate. This is the oxidative
phase of the pathway and consist of three irreversible reactions. In the second phase
ribose-5-phosphate is generated from ribulose-5-phosphate involving inter conversion of
sugars. This is accomplished by two reversible reactions.

In the third phase, ribose-5-phosphate is converted into intermediate of glycolysis. It
is the non-oxidative phase of the pathway and consist of three reversible reactions
(Fig. 9.10).

1. Glucose-6-phosphate an intermediate of glycolysis serves as starting compound of
the pathway. Glucose-6-phosphate dehydrogenase converts glucose-6-phosphate to its
internal lactone 6-phosphogluconolactone by removing —H groups of anomeric carbon
in a NADP* dependent reaction. Mg?* or Ca®" is also necessary for the reaction.
NADPH is generated by this enzyme. Internal lactone of sugar is formed when —OH
and carboxyl groups interact with each other.

2. In reaction-2, lactone is hydrolysed by lactonase. It is also requires presence of
metal ions like Mg?* or Ca?* or Mn?*. 6-phosphogluconate is formed from
6-phosphogluconolactone.
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3. In reaction-3, oxidation and decarboxylation of sugar occurs. The 3-carbon of
6-phosphogluconate is oxidized initially by phosphogluconate dehydrogenase in NADP*
dependent reaction. NADPH is generated and 3-keto-6-phosphogluconate an enzyme
bound intermediate is formed. Spontaneous decarboxylation of 3-keto-6-phosphogluconate
later generates ribulose-5-phosphate, which is keto pentose. Mg?* is essential for
decarboxylation. CO, molecule is produced at this stage.

Net effect of oxidative phase on glucose-6-phosphate is expressed as equation.

Glucose— 6 — phosphate+2NADP" +H,0 —— Ribulose— 5— phosphate+ 2NADPH+2H" + CO,
Depending on the cell needs, the pathway can end here in some cells.

4. In reaction-4, one molecule of ribulose-5-phosphate is converted to ribose-5-phos-
phate by isomerization catalyzed by phosphopentose isomerase. Enediol is an inter-
mediate of this reaction.

5. Alternatively another molecule of ribulose-5-phosphate is epimerized around 3-car-
bon by phosphopentose epimerase to xylulose-5-phosphate, which is also a keto
pentose in reaction-5. The transformation of pentoses is given as single equation.

3 Ribulose-5-phosphate — Ribose-5-phosphate + 2 Xylulose-5-phosphate

In the third phase of the pathway conversion of ribose-5-phosphate and 2 molecules
of xylulose-5-phosphate into 2 molecules of fructose-6-phosphate and glycereldehyde-
3-phosphate involves carbon-carbon bond formation and cleavage among sugars.

6. Transketolase, a TPP containing enzyme catalyzes sixth reaction. It removes 1 and
2 carbon atoms of xylulose-5-phosphate which is known as glycolaldehyde or 2-
carbon ketol by cleaving —C—C— bond between 2 and 3 carbons of xylulose-5-
phosphate. The remaining 3-carbon atoms of xylulose-5-phosphate is released as
glyceraldehyde-3-phosphate. The transfer of ketol to anomeric carbon atom of ribose-
5-phosphate by the enzyme involves —C—C— bond formation. As a result ribose-5-
phosphate is converted to seven carbon sedoheptulose-7-phosphate. Prosthetic group
TPP participates in the transfer of ketol group. Mg?* is also required for this reaction.

7. Since no pathway can utilize seven carbon sugar the 7th reaction of the pathway
converts sedoheptulose-7-phosphate to 4-carbon sugar. The reaction is catalyzed by
trans aldolase. This enzyme removes first three carbon atoms (dihydroxyacetone
moiety) of sedoheptulose-7-phosphate and transfers to three carbon glyceraldehyde-
3-phosphate (aldose), which is formed in sixth reaction. As a result, erythrose-4-
phosphate is formed from remaining 4 carbons of sedoheptulose-7-phosphate and six
carbon fructose-6-phosphate is formed from glyceraldehyde-3-phosphate.

8. Erythrose-4-phosphate so formed is converted to intermediate of glycolysis by the
last reaction of the pathway involving enzyme transketolase and the reaction re-
quires another (third) molecule of xylulose-5-phosphate. Transfer of 2 carbon moiety
from xylulose-5-phosphate to the first carbon atom of erythrose-4-phosphate results
in the formation of one molecule of fructose-6-phosphate and one molecule of
glyceraldehyde-3-phosphate.

The transformation of pentoses is given below as equation
Ribose-5-phosphate + 2 xylulose + 5-phosphate — 2 fructose-6-phosphate +

glyceraldehyde-3-phosphate
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Fructose-6-phosphate and glyceraldehyde-3-phosphate are intermediates of glycolysis.
Their complete oxidation in glycolytic pathway generates energy. Conversely they may
be transformed into glucose by the reversal of glycolysis as shown below

Energy «— Glycolysis «— 2 fructose-6-phosphate + glyceraldehyde-3-phosphate —
2 glucose-6-phosphate + ¥ glucose-6-phosphate

Glucose-6-phosphate may be completely oxidized to CO, in this pathway. For the
complete oxidation of one molecule of glucose-6-phosphate in the HMP shunt 6 molecules
of glucose-6-phosphate are required. The fate of these 6 glucose-6-phosphate molecules
in each of the phases discussed above is expressed as equations below.

1. 6 glucose-6-phosphate + 12NADP* + 6H,0 __Oxidative phase
6 ribulose-5-phosphate + 12NADPH + 12H* + 6CO,

Inter conversion

2. 6 ribulose-5-phosphate 2 ribose-5-phosphate + 4 xylulose-5-phosphate

of pentoses

Non-oxidative

3. 2 ribose-5-phosphate + 4 xylulose-5-phosphate e

4 fructose-6-phosphate + 2 glyceraldehyde-3-phosphate

Reversal of
Glycolysis

4. 4 fructose-6-phosphate + 2 glyceraldehyde-3-phosphate + H,O
5 glucose-6-phosphate + Pi
Now overall equation for oxidation of glucose-6-phosphate is obtained from above
equations.
6glucose-6-phosphate+12NADP* +7H,0——
5 glucose-6-phosphate + 12NADPH + 12H" + 6CO,, + Pi
This equation is further transformed by cancelling same terms on both sides as
Glucsoe-6-phosphate + 12NADP* + 7TH,O0 —— 6CO, + 12 NADPH + 12H* + Pi
Thus HMP shunt pathway can oxidize glucose-6-phosphate to CO, directly without
involving citric acid cycle.
Biological Importance of HMP Shunt
1. NADPH produced in the shunt is used for biosynthesis of several important com-
pounds in various organs.
(@) In the liver, NADPH is used for fatty acid synthesis, cholesterol synthesis, bile
acid synthesis, glutamate synthesis and cytochrome P,;)-hydroxylase system.
(b) In the adrenal cortex and gonads, NADPH is used for cholesterol and hormone
synthesis.
(¢) In the adipose tissue, NADPH is used for fatty acid synthesis.
(d) NADPH is used for formation of deoxy ribonucleotides and pyrimidine nucleotides.

2. In RBC, NADPH produced is used for the formation of reduced glutathione from
oxidized glutathione. Glutathione reductase catalyzes this reaction. Glutathione
reductase contains FAD. Electrons are transferred to FAD from NADPH. Reduced
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glutathione is required for the removal of H,0, by glutathione peroxidase (Fig. 9.11)
for the conversion of methaemoglobin to normal hemoglobin and for maintenance of
—SH groups of erythrocyte proteins. So, reduced glutathione is essential for the
integrity of normal red cell structure. Usually cells with reduced glutathione level
are more prone to hemolysis.

3. In neutrophils, NADPH is required for the formation of superoxide by NADPH oxidase.
Respiratory burst of neutrophils during phagocytosis involves superoxide formation.

4. Pentoses produced in this pathway are used for nucleic acid synthesis and nucleotide
coenzymes like NAD", FAD and FMN synthesis.

5. Non-oxidative phase of the pathway converts pentoses of endogenous or dietary
nucleic acids into intermediates of glycolysis where they are, further oxidized to
generate energy.

6-5-5-C
Ribose-5-phosphate NADPH + H* EAD Oxidized glutahione H,0,
Glutathione
peroxidase
HMP shunt
2G-SH 2H.0
Glucose-6-phosphate NADP* FADH, Reduced glutathione 2

Fig. 9.11 Fate of NADPH in erythrocytes

6. Inter conversion of three, four, five, six and seven carbon sugars in the non-oxidative
phase metabolically connects these sugars to glycolysis.

Cy+Cy¢——C;+C3———C4+Cy

Cy+Cy ——C4+C4
7. HMP shunt converts xylulose of uronic acid pathway to either glucose or interme-
diates of glycolysis.

8. This pathways converts glucose to CO, directly and hence CO, is the end product of
the pathway.

9. In plants, a modified form of this pathway is responsible for the synthesis of glucose
from CO,.

Medical Importance of Pentose Phosphate Pathway
HMP shunt pathway is defective in some diseases.

1. Glucose-6-phosphate dehydrogenase deficiency In some individuals, 10-fold less
active glucose-6-phosphate dehydrogenase is produced in RBC due to sex linked
defective gene. About 100 million of world population carry defective gene. The rate
of incidence is about 10% in American blacks. The less active glucose-6-phosphate
dehydrogenase becomes inactive in presence of certain drugs. So, the affected indi-
viduals are normal until they are exposed to those drugs. Glucose-6-phosphate
dehydrogenese deficiency occurs when drugs like aspirin, primaquine anti-malarial
drug and sulfonamide are administered to these individuals. Since NADPH produc-
tion is blocked in these individuals due to the deficiency of glucose-6-phosphate
dehydrogenase the susceptibility of RBC to hemolysis is increased. Therefore, the
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affected individuals develop hemolytic anemia on exposure to these drugs. Consump-
tion of fava beans also causes glucose-6-phosphate dehydrogenase deficiency in the
susceptible individuals. Favism is the name given to this type of glucose-6-phosphage
dehydrogenase deficiency.

2. Transketolase deficiency can occur in thiamine deficiency cases.

3. Wernicke-korsakoff encephalopathy It is due to defective genes. Transketolase
of affected individuals has lower affinity for TPP. The characteristic symptoms are
abnormal walking and standing, memory loss and paralysis of eye movements. The
disease manifests only when there is thiamine deficiency.

Regulation of HMP Shunt

According to cell needs HMP shunt produces either NADPH or pentoses. When more
pentoses are needed glucose-6-phosphate is converted to fructose-6-phosphate and glyceral
dehyde-3-phosphate by glycolysis. Pentoses are formed from these molecules through
non-oxidative phase of the pathway and there is no NADPH production (Fig. 9.12).

When cell needs more NADPH then glucose-6-phosphate is converted to pentose-5-
phosphate, which is inturn converted to fructose-6-phosphate and glyceraldehyde-3-phos-
phate by non-oxidative branch. Glucose-6-phosphate is again formed from fructose-6-
phosphate and glyceraldehyde-3-phosphate through the reversal of glycolysis. Ribose-5-
phosphats is formed from regenerated glucose-6-phosphate through the oxidative phase
and thus there is no net pentose production (Fig. 9.12B).

Glucose-6-phosphate

J Glycolysis
Glyceraldehyde-3-Phosphate Non-oxidative phase of ]
+ > Ribose-5-phosphate
Fructose-6-phosphate HMP Shunt
(a)
Glucose-6-phosphate Reversa] of
NADP* < Oxidative ‘%"'ys's
NADPH+H* Elr?\;l;es%funt \Gcheraldehyde-3-phosphate
, Non-oxidative phase of +
Ribose-5-phosphate > Fructose-6-phosphate
HMP Shunt
(b)

Fig. 9.12 (a) Formation of pentoses from glucose-6-phosphate
(b) Formation of NADPH from glucose-6-phosphate

Uronic Acid Pathway

In this pathway, glucose is oxidized to uronic acid. No energy is produced in this pathway
like pentose phosphate pathway. Since free uronic acid can not be used for proteoglycan and
other conjugation reactions it is produced as active uronic acid or UDP-glucuronic acid from
UDP-Glucose. Like other activated sugars, UDP-glucuronicacid serves donor of glucuronicacid.
Furhter this pathway converts free or unused glucuronicacid to D-xylulose-5-phosphate which
is converted to intermediates of glycolysis by non oxidative phase of HMP shunt.
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Reaction Sequence

There are eight reaction in this pathway (Fig. 9.13).

1

UDP-Glucose serves as starting-substance of the pathway. It undergoes oxidation at
6-carbon catalyzed by NAD dependent UDP-glucose dehydrogenase. The product of
this reaction is UDP-glucuronicacid. The conversion of UDP-glucuronicacid involves
transfer of four electrons. Two molecules of NAD* are reduced. UDP-glucuronate is
the active form of glucuronate.

2. In reaction-2, UDP-glucuronate is converted to glucuronic acid by hydrolysis.

3. Gulonate dehydrogenase reduces glucuronate to L-gulonicacid in a NADPH depend-

ent reduction reaction. In animals, other than man L-gulonate is converted to Vit
C or ascorbic acid. In man, L-gulonate is converted to L-xylulose a pentose in two
reactions involving oxidation and decarboxylation.

. L-Gluonate is oxidized at 3-carbon by NAD* dependent dehydrogenase to 3-keto-L-

gulonate. NADH is generated.

. In reaction-5 of this pathway, pentose L-xylulose is generated from 3-keto-L-gulonate

by removing 1l-carbon of 3-keto-L-gulonate as CO,. The reaction is catalyzed by
decarboxylase. Since there is no pathway which can utilize L-xylulose it has to be
converted to D-xylulose which is part of HMP shunt. The conversion of L-isomer to
D-isomer involves reduction and oxidation.

Xylitol dehydrogenase reduces L-xylulose to xylitol in NADPH dependent reaction.
NADPH is the donor of hydrogen.

D-xylulose dehydrogenase converts xylitol to D-xylulose by removing-H atoms from
2 carbon. NAD" act as hydrogen acceptor.

Finally phosphorylation of D-xylulose by xylulose kinase at the 5-carbon atom
produces xylulose-5-phosphate and enters HMP shunt pathway. In the HMP shunt
pathway, it is converted to intermediates of glycolysis and used for energy produc-
tion.

Medical and Biological Importance

1. This pathway produces glucuronic acid, ascorbic acid and pentoses from glucose.

. Glucuronic acid is used for the synthesis of proteoglycan for conjugation with bilirubin,

steroid hormones and for detoxification of drugs.

. Glucuronic acid formed from the degradation of endogenous proteoglycans by the

action of lysosomal enzymes and dietary glucuronic acid are utilized for energy
production by this pathway via HMP shunt after conversion to xylulose.

4. This pathways also provides means for the utilization of dietary xylitol.

. In plants and mammals other than man Vit C is synthesized in this pathway from

L-gulonate.

Formation of Vit C

(1) Lactonase catalyzes the formation of L-gulonolactone from L-gulonate by remov-
ing one water molecule from 1 and 4 carbons.
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(z1) Oxidation of L-gulonolactone at 2 carbon atom in presence of oxygen generates
2-keto-L-gulonolactone. The reaction is catalyzed by gulonolactone oxidase. Due
to the absence of this enzyme, man is unable to form Vit C from L-gulonate.

(t11) Ascorbic acid is then formed from 2-keto-L-gulonolactone involving enediol formation
between 2 and 3 carbons of 2-keto-L-gulonolactone. Reactions of Vit C formation
from gulonate is shown in Fig. 9.14.

6. Effect of drugs on uronic acid pathway Some drugs like barbital and paraceta-
mol increases rate of entry of glucose into the pathway.

7. Essential pentosuria It is a rare non-fatal genetic disease. L-xylulose appears in
urine due to absence of enzyme xylitol dehydrogenase. Xylitol formation is blocked
from xylulose. As a result, accumulation of xylulose in blood followed by excretion
in urine occurs.

oo 1 1 1

o ¢ % ;
H,0 0, /5 H,0
Ho—c—H @O 7% po_c—n 2 (25 c=0 ©) C—OH

| _— | 0 —"A~ | 0o ——» I o]
H—C‘:—OH HO—C‘Z—H HO—C‘Z—H C‘i—OH
HO—C‘Z—H H—C‘Z H—C‘Z H—C‘Z
CH,0H HO—C‘Z—H HO—C‘Z—H HO—C‘Z—H
CH,0OH CH,0OH CH,0OH
L-Gulonic acid L-Gulonolactone 2-Keto-L-Gulonolactone Ascorbic acid

Fig. 9.14 Synthesis of ascorbic acid from gulonic acid

POLYOL PATHWAY

This pathway converts glucose to fructose. Other names of this pathway are sorbitol
pathway and alditol pathway.

Reaction Sequence
The conversion of glucose to fructose occurs in two reactions (Fig. 9.15).

1. Aldose reductase catalyzes reduction of glucose of sorbitol. NADPH is the hydrogen
donor.

2. Oxidation of sorbitol at 2 carbon atom by sorbitol dehydrogenase generates fructose.
NAD™ serve as hydrogen acceptor.

CHO CHOH CHOH
A= G—on nappt O NADPH + H* ¢=°
HO—C—H o HO—C—H @ 5 HO—C—H
H=C—OH NaADPH + 1’ H—C—OH Napp’ H—C—OH
H—C—OH H—C—OH H—C—OH
CH,OH CH,OH CH,OH
Glucose Sorbitol (glucitol) Fructose

Fig. 9.15 Polyol pathway

Medical and Biological Importance
1. Fructose is synthesized in seminal vesicle where it serves as fuel for spermatozoa.
2. Placenta also produces fructose. It is source of energy for foetus.
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3. In diabetics, excess glucose that enters lens is converted to sorbitol. Lens is imper-
meable to sorbitol, so it accumulates in the lens and cause swelling of lens. This
may be ultimately responsible for cataract formation.

4. Sorbitol intolerance. Sorbitol is present in sugar free sweeteners used by diabet-
ics. Sorbitol is absorbed incompletely in the intestine and liver converts it to glucose
slowly. Unabsorbed sorbitol in the intestine is used by intestinal micro-organisms
and thus produce abdominal pain and discomfort.

Now we shell turn our focus to pathways that produce glucose. Glucose can be
produced from non-carbohydrates as well as carbohydrates (However glycogenolysis which
produces glucose is not under consideration again.)

Need for Glucose Synthesis

Synthesis of glucose from non-carbohydrates is more important because supply of glucose to
tissues whose only fuel is glucose must be maintained under the conditions of glucose
shortage. Apart from non-carbohydrates glucose is formed from other hexoses like galactose
and fructose. Synthesis of glucose from galactose and fructose occurs in fed conditions.

Gluconeogenesis (Neoglucogenesis)

Gluconeogenesis is the process that converts non-carbohydrate substance to glucose.
Glucose is synthesized from pyruvate, which is derived from glucogenic amino acids,
intermediates of TCA cycle and glycerol. Since pyruvate can be formed from lactate by
the reversal of lactate dehydrogenase reaction synthesis of glucose occurs from lactate
also. Gluconeogenesis is an energy-consuming process.

Site Gluconeogenesis occurs mainly in the liver and kidney. Enzymes of gluconeo-
genesis are present in mitochondria and cytosol.

Reaction Sequence

Synthesis of glucose from pyruvate is possible if the irreversible reactions of glycolysis
are made reversible. The reaction catalyzed by hexokinase, phosphofructokinase and
pyruvate kinase obstruct the simple reversal of glycolysis. These reactions are made
reversible by specific enzymes of gluconeogenesis and they are called as key enzymes of
gluconeogenesis. They are present in mitochondria and cytosol. The key enzymes of
gluconeogenesis are:

1. Pyruvate carboxylase.

2. Phosphoenol pyruvate carboxy kinase (PEPCK).
3. Fructose-1, 6-bisphosphatase, and
4

. Glucose-6-phosphatase. They bypass irreversible reactions of glycolysis. Apart from
these key enzymes, seven enzymes of glycolysis work in opposite direction for the
formation of glucose from pyruvate. Further, mitochondrial and cytosolic malate
dehydrogenases are also involved in gluconeogenesis. They are required for the
transfer of metabolites from mitochondria to cytosol.

Therefore, synthesis of glucose from pyruvate involves enzymes of gluconeogenesis,
glycolysis, TCA cycle and cytosolic malate dehydrogenase.

Glucose formation from pyruvate is shown in Fig. 9.16.
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1. In the mitochondria, gluconeogenesis starts with formation of oxaloacetate from
pyruvate. The reaction is catalyzed by pyruvate carboxylase and requires biotin, CO,
and ATP. One high energy bond is consumed in this reaction. Pyruvate carboxylase
is the only key enzyme present in mitochondria.

Oxaloacetate formed in the mitochondria is impermeable to inner mitochondrial
membrane and it can not enter cytosol. So, it enters the cytosol in the form of
malate which is permeable to mitochondrial membrane. Malate dehydrogenase of
TCA cycle converts oxaloacetate to malate. Alternatively, Oxaloacetate is trans-
ported as aspartate. In the cytosol oxaloacetate is regenerated from malate by cytosolic
malate dehydrogenase using NAD* as hydrogen acceptor.
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Glucose <7—Glucose-6-Phosphate <«——  Fructose-6-phosphate

Pi isomerase _
@ Pi
Fructose-1, 6-bisphosphate
Glyceraldehyde-3-phosphate
dehydrogenase Aldolase
NADH + H* NAD* Tripose
1, 3-bisphosphog|ycerate%6cheraldehyde-3-phosphate phL>Dihydroxy acetone
'\ - phate  ~ppisphate
Pi i P
]ADP Isomerase N
Mg2+| Phospoglycerate NADH +H
kinase
ATP NAD*
3-phosphoglycerate Glycero kinase
n Glycerol W Glycerol-3-Phosphate
utase ATP "~ ADP
Enolase
2-phosphoglycerate — Phosphoenol pyruvate
H,0 GDPx[CO,
M92+
GTP ) Malate
Dehydrogenase
Oxaloacetate yerog Malate
NADH + H* NAD* 4+
Lactate
NADH + H* ® Malate
Lactate CO2 Bioti Dehydrogenase

dehydro- Pyruvate Oxaloacetate 7_T> Malate

NAD*#]genase )
ATP ADP + Pi  NADH + H* NAD*
Pyruvate Mitochondria

Fig. 9.16 Reactions of gluconeogenesis

2. In the cytosol, the second key enzyme of gluconeogenesis phosphoenol pyruvate
carboxy kinase converts oxaloacetate to phosphoenol pyruvate using GTP as high
energy phosphate donor. Mg?* is essential for this kinase reaction.

Since phosphoenol pyruvate is a metabolite of glycolysis by the six reversible reac-
tions it is converted to fructose-1, 6-bisphosphate.

3. Third key enzyme of gluconeogenesis fructose-1, 6-bisphosphatase converts fructose-
1, 6-bisphosphate to fructose-6-phosphate by removing one phosphate.
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Fructose-6-phosphate is converted to glucose-6-phosphate by another enzyme of
glycolysis, i.e., phosphohexose isomerase.

4. Finally glucose is formed from glucose-6-phosphate by the action of glucose-6-phosphatase.
Over all equation for the conversion of 2 molecules of pyruvate to glucose in
gluconeogenesis is given below.
2Pyruvate+4ATP+2GTP +2NADH" +2H" + 4H,0 —— Glucose

+4ADP+2GDP+2NAD" +6P,

The above equation indicates the energy intensive nature of gluconeogenesis. Total
six high energy bonds are consumed for the synthesis of glucose from pyruvate.

Synthesis of Glucose from Glycerol
In the liver, glycerol is converted to dihydroxyacetone phosphate which enters pathway
of gluconeogenesis. (It is the only way of converting fat to glucose.) Glycerol is derived
from dietary fat or from breakdown of triglycerides. In two reactions, glycerol is con-
verted to dihydroxyacetone phosphate.
1. Glycerokinase phosphorylates glycerol at 3 carbon to form glycerol-3-phosphate. ATP
is phosphate donor Mg?* is required (Fig. 9.16).
2. An NAD" dependent glycerol-3-phosphate dehydrogenase catalyzes the formation of
dihydroxyacetone phosphate from glycerol-3-phosphate.

Synthesis of Glucose from Propionyl-CoA

It occurs in ruminants. Propionyl CoA is converted to intermediate of citric acid cycle
which we shall see later in the next chapter. Glucose is formed from this intermediate
of TCA cycle through the pathway of gluconeogenesis.

Medical and Biological Importance

1. Gluconeogenesis meets the glucose requirement of body when carbohydrate is in
short supply i.e., during fasting and starvation.

2. Tissues like brain, skeletal muscle, erythrocytes and testis are completely depend on
glucose for energy and hence decrease in glucose supply cause brain dysfunction.
Therefore continuous supply of glucose is essential to such tissues. Body glycogen
can meet glucose requirement for only 24 hours so, beyond that period gluconeogenesis
ensures glucose supply to these organs.

3. Gluconeogenesis clears metabolic products of other tissues from blood. For example,
lactate produced by erythrocytes, skeletal muscle, glycerol produced by breakdown of
adipose tissue triglycerides and amino acids produced by muscle protein breakdown.

4. Gluconeogenesis converts excess of dietary glucogenic amino acids into glucose.

5. Lactic acidosis occurs in fructose-1, 6-bis phosphatase deficiency.

6. Gluconeogenesis is impaired in alcoholics.

Regulation of Gluconeogenesis

Enzymes of gluconeogenesis are subjected to allosteric regulation and hormone regula-
tion. Pyruvte carboxylase and fructose-1, 6-bisphosphatase regulates gluconeogenesis.
They are under allosteric regulation. All the key enzymes of gluconeogenesis are under
hormonal control.
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Allosteric regulation

Pyruvate carboxylase is an allosteric enzyme. Acetyl-CoA is its activator. When glucose
is in short supply fatty acid oxidation generates acetyl-CoA this in turn activates
gluconeogenesis. Fructose-1, 6-bisphosphatase is another allosteric enzyme. AMP is its
allosteric inhibitor. So when there is energy crisis gluconeogenesis is inhibited.

Hormonal regulation

Insulin decreases the synthesis of key enzymes of gluconeogenesis thus inhibit
gluconeogenesis.

Reciprocal Regulation of Glycolysis and Gluconeogenesis

1. Glycolysis and gluconeogenesis are two opposite processes. Therefore, simultaneous
occurrence of these pathways must be avoided.

2. Like glycogenolysis and glycogenesis, glycolysis and gluconeogenesis are subjected
to reciprocal regulation.

3. Glycolysis and gluconeogenesis responds to signals in opposite ways.

4. Synthesis and degradation of glucose by different sets of enzymes allow reciprocal
regulation of these two pathways.

5. Phosphofructokinese-1 (PFK-1) an enzyme of glycolysis, phosphofructokinase-2 (PFK-2)
and fructose-1, 6-bisphosphatase an enzyme of gluconeogenesis are the enzymes in-
volved in reciprocal regulation.

6. PFK-2 is under allosteric and hormonal control whereas PFK-1 and fructose-1, 6-
bisphosphotase are under allosteric control.

7. PFK-2 is another form of phosphofructokinase. It is a bifunctional protein. It has
kinase activity and phosphatase activity. Kinase activity phosphorylats fructose-6-
phosphate to fructose-2, 6-bisphosphate whereas phosphatase activity dephosphorylates
fructose-2, 6-biphosphate to fructose-6 phosphate. Both kinase and phosphatase ac-
tivities are under hormonal and allosteric control. Fructose-6-phosphate stimulates
kinase activity whereas cAMP mediated phosphorylation by proteinkinase activates
phosphatase activity and inhibits kinase activity.

8. Fructose-2, 6-bisphosphate is an important regulator of PFK-1 and fructose-1, 6-bis-
phosphatase. It plays critical role in the reciprocal regulation of glycolysis and
gluconeogenesis. It is a potent activator of PFK-1 compared to fructose-6-phosphate.
PFK-1 is highly active in presence of small amounts of fructose-2, 6-bisphosphate.
Fructose-1, 6-bisphosphatase is allosterically inhibited by fructose-2, 6-bisphosphate.

Mechanism of Reciprocal Regulation of Glycolysis and Gluconeogenesis

In the well fed state, fructose-6-phosphate concentration is more because of excess glu-
cose. This stimulates kinase activity of PFK-2 and inhibits phosphatase activity. Thus
under conditions of glucose excess fructose-2, 6-bisphosphate concentration increases
which stimulates glycolysis by activating PFK-1 and at the same time gluconeogenesis
is suppressed due to inhibition of fructose-1, 6-bisphosphatase (Fig. 9.17).

When the glucose is in short supply glucagon produced as response to hypoglycemia
stimulates the formation of cAMP which inhibits kinase activity of PFK-2 and activates
phosphatase activity through protein kinase mediated phosphorylation. Thus, under
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condition of glucose shortage fructose-2, 6-bisphosphate concentration decreases which
favours gluconeogenesis by activating fructose-1, 6-bisphosphatase and at the same time
glycolysis is inhibited due to decreased PFK-1 activity (Figure 9.17).
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Fructose-2, 6-bisphospahte
Fig. 9.17 Reciprocal regulation of glycolysis and gluconeogenesis. (+) indicates activation
(=) indicates inhibition
Other note worthy reciprocal regulators of glycolysis and gluconeogenesis are acetyl-
CoA and AMP.

Acetyl-CoA

As stated earlier acetyl-CoA is allosteric activator of pyruvate carboxylase and allosteric
inhibitor of pyruvate dehydrogenase. Under conditions of glucose short supply fatty acid
oxidation produces acetyl-CoA, which in turn stimulates gluconeogenesis by activating
pyruvate carboxylase and decreases glycolysis by blocking pyruvate dehydrogenase
action. Reciprocal regulation of glycolysis and gluconeogenesis by acetyl-CoA is respon-
sible for the carbohydrate sparing action of fat (Fig. 9.18).
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Fig. 9.18 Reciprocal regulations of glycolysis and gluconeogenesis by acetyl-CoA and AMP
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AMP. As stated earlier AMP is allosteric activator of PFK-1 and allosteric inhibitor of
fructose-1, 6-bisphosphatase. Under conditions of energy crisis AMP level is more and
this leads to stimulation of glycolysis by activating PFK-1 and suppression of
gluconeogenesis by inhibiting fructose-1, 6-bisphosphatase activity (Fig. 9.18).

Cori Cycle

As mentioned earlier the end product of glycolysis in rapidly contracting skeletal muscle
and in the erythrocyte is lactate. Since the lactate is freely permeable to cells it diffuses
into blood from erythrocytes and muscle. It reaches liver through circulation where it
is oxidized to pyruvate. Gluconeogenic pathway converts pyruvate to glucose. Glucose
then enters blood and taken up by skeletal muscle. Thus, liver furnishes glucose to the
contracting skeletal muscle which produces lactate from glucose to meet its energy
needs. Glucose is synthesized by liver from lactate. These reactions are called as Cori
cycle or glucose-lactate cycle (Fig. 9.19).
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4
Lactate «<— Pyruvate «——Glucose

Glycolysis
Skeletal Muscle
Fig. 9.19 Coricycle and glucose-alanine cycle

Glucose-alanine Cycle

In the skeletal muscle pyruvate is converted to alanine by transamination. Through the
circulation alanine reaches liver. In the liver pyruvate regenerated from alanine by
transamination is used for glucose synthesis. This process is called as glucose-alanine cycle.
This cycle operates during starvation when muscle proteins are degraded. This cycle is meant
for the transport of amino group nitrogen from muscle to liver (Fig. 9.19) also.

METABOLISM OF GALACTOSE

Source Dietary lactose is the major contributor of galactose. Lysosomal degradation of
glycolipids, glyco-proteins and normal turn over of cells also contributes to galactose.

Site Galactose is converted to glucose in the liver.

Entry of galactose Entry of galactose into liver cells is not insulin dependent.
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Reaction Sequence

The conversion of galactose to glucose involves active galactose formation. Active galac-
tose serves as donor of galactose for the synthesis of galactose containing glycolipids,
mucopolysaccharides, blood group substances and lactose. The reactions of active galac-
tose formation from galactose are similar to the formation of active glucose from glu-
cose.

1. Phosphorylation of galactose at carbon-1 is the initial reaction which is catalyzed by
galactokinase. ATP is the phosphate donor and Mg?" is required. Galactose-1-phos-
phate is the product.

2. Galactose-1-phosphate reacts with UDPG (Uridine Diphosphate Glucose) to form
UDP galactose and glucose-1-phosphate. Galactose-1-phosphate uridyl transferase
catalyzes this reaction. It transfers galactose to UDPG by replacing glucose. UDP-
galactose is the active galactose and donates galactose to the needy reactions.

In the lactating mammary gland, UDP-galactose reacts with glucose to form lactose.
The reaction is catalyzed by lactase synthase and UDP is released.

3. Epimerization of UDP-Galactose at carbon 4 converts it to UDP-glucose. The reac-
tion is catalyzed by UDP Galactose-4-epimerase. Epimerization involves NAD™ de-
pendent oxidation and reduction at carbon-4. 4-keto sugar is an intermediate. The
epimerase reaction is freely reversible. Hence, glucose can be converted to galactose
and therefore galactose is not essential in the diet. In lactating mammary gland
UDP-galactose may be formed from glucose-1-phosphate.

4. Finally glucose is liberated from UDP glucose as glucose-1-phosphate after in corpo-
ration into glycogen followed by phosphorolysis. The reactions of galactose metabo-
lism are shown in Fig. 9.20.

Medical Importance of Galactose Metabolism
Congenital galactosemia

It is due to the deficiency of galactose-1-phosphate uridyl transferase. The affected per-
sons are unable to utilize galactose. As a result, galactose accumulates in blood
(galactosemia) and excreted in urine (galactosuria). The condition is fatal in early life and
adult galactosemics tolerate galactose because two alternative pathways develops later.
In one pathway, galactose-1-phosphate is converted to UDP-galactose by UDP galactose
pyrophosphorylase (Fig. 9.20). Galactose is converted to xylulose in another pathway.

Symptoms

Vomiting and diarrhoea occurs when milk is consumed. Other symptoms are mental
retardation, Jaundice, liver failure and cataract due to accumulaton of galactitol a
reduced product of galactose in lens. Aldose reductase catalyzes the conversion of galac-
tose to galactitol. NADP serves as hydrogen donor. Continued intake of galactose may
lead to death. So, to prevent the occurrence of death milk or milk products must be
avoided.

Galactosemia due to deficiency of galactokinase and epimerase is rare.
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FRUCTOSE METABOLISM

Source

Dietary sucrose is the main source of fructose. Honey, fruit juices, sweet potatoes and
garlic bulbs also can contributes to fructose.
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Site. In the liver fructose is converted to glucose and to some extent in intestine and
in kidney. In tissues like skeletal muscle and adipose tissue it is converted to interme-
diates of glycolysis. Alternatively it can be converted to intermediates of glycolysis in the
liver also.

Entry of Fructose

Entry of fructose into cells is not insulin dependent. Facilitated transport mechanism is
responsible for the entry of fructose in to cells.

Reaction Sequence

The conversion of fructose to either glucose or intermediates of glycolysis involves
splitting of fructose into two trioses after initial activation (Fig. 9.21).

1. In the liver, fructose is phosphorylated by fructokinase in presence of Mg?*. ATP
serves as donor of phosphate and phosphorylation occurs at the carbon-1 of fructose.
Hence fructose-1-phosphate is the product of this reaction. This reaction also occurs
in kidney and intestine.

In the muscle and adipose tissue, fructose is phosphorylated to fructose-6-phosphate
by hexokinase. Further metabolism of fructose-6-phosphate occurs in glycolysis be-
cause it is an intermediate of glycolysis.

2. In the liver, fructose-1-phosphate is cleaved into two trioses by aldolase B. The
products of this reaction are dihydroxyacetone phosphate and glyceraldehyde.

PFKase reaction of glycolysis is by passed in fructose metabolism. So conversion of
fructose to trioses is not regulated unlike the conversion of glucose to trioses. Hence
rate of utilization of fructose in liver is high compared to glucose. This explains
lipogenic effect of sucrose. The intermediates or trioses formed from fructose are
converted to acetyl-CoA via pyruvate. As a result fattyacid synthesis is more. How-
ever Aldolase B has limited capacity to metabolize fructose. This route also explains
why fructose cannot be used as alternative to glucose in diabetics. When excess
fructose is consumed it is converted to fructose-1-phosphate depleting ATP which
causes liver damage.

3. In the liver, glyceraldehyde is converted to glyceraldyde-3-phosphate by aldehyde-
kinase. ATP is the phosphate donor and Mg?* is required.

Now glucose is formed from glyceraldehyde-3-phosphate and dihydroxyacetone phos-
phate by the reversible reactions of glycolysis and enzymes of gluconeogenesis. It
is the major route of fructose metabolism in liver. Alternatively triose phosphate
may be converted to pyruvate via glycolytic reactions with concomitant ATP pro-
duction.

Liver and other tissues have another route for the metabolism of glyceraldehyde in
which glyceraldehyde is converted to dihydroxyacetone phosphate via glycerol-3-
phosphate. Both glycerol-3-phosphate and dihydroxy acetone phosphate are used for
triglyceride or phospholipid synthesis.

4. Alcohol dehydrogenase converts glyceraldehyde to glycerol in a NADH dependent
reduction reaction.
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5. Glycerokinase phosphorylates glycerol to glycerol-3-phosphate. ATP is the phosphate
donor and Mg?* is also required. Glycerol-3-phosphate serve as precursor for triglyceride
and phospholipid synthesis.

6. Dihydroxy acetone phosphate is generated from glycerol-3-phosphate by glycerol-3-
phosphate dehydrogenase in a NAD" dependent oxidation reaction. Dihydroxyacetone
phosphate so formed can enter glycolysis or may be used for lipid biosynthesis.

Energetics

Overall equation for the conversion of fructose to glucose is

Fructose+2ATP+2H,0 —— Glucose+2ADP+2Pi

The above equation indicates that synthesis of glucose from fructose requires hydrolysis
of two high energy bonds.

Overall equation for the conversion of fructose to pyruvate is

Fructose+2ATP+2NAD* +4ADP+4Pi——2 pyruvate+4 ATP+2ADP+2Pi+2NADH+2H"

This equation is modified after cancelling same terms on both sides to

Fructose+2ADP +2Pi+2NAD* ——2 pyruvate+2ATP+2NADH +2H*

So the oxidation of fructose to pyruvate generates energy equal to aerobic glycolysis.

Medical Importance of Fructose Metabolism

Fructose metabolism is defective in some diseases.

1. Essential fructosuria

It is a rare, asymptomatic and harmless genetic disorder due to deficiency of fructokinase.
Fructosemia and fructosuria develops on consumption of fructose containing compounds
due to impaired utilization of fructose.

2. Hereditary fructose intolerance

It is due to the deficiency of aldolase B. Affected individuals appear normal until they are
exposed to fructose. On consumption of fructose vomiting and diarrhoea occurs. So they
usually develop aversion to sweets. Other symptoms are fructosemia, fructosuria, jaun-
dice, enlargement of liver, growth failure, kidney damage and hepatomegaly. Hypoglycemia
occurs in affected individuals after consumption of fructose due to accumulation of fruc-
tose-1-phosphate which inhibits phosphorylase.

BLOOD GLUCOSE HOMEOSTASIS

Blood Glucose Concentration

Glucose is the major carbohydrate present in the blood of humans and other mammals.
Fasting or post absorptive blood glucose level in normal humans ranges from 60-90 mg%
or 3.5-5.0 mM. After a meal (post-prandial) blood glucose level rises to 110-130 mg% or
6.0-7.0 mM. During fasting, the blood glucose level may fall to 50-60 mg% or 2.5-3.5 mM.
However, the level is restored to normal level under normal conditions. Usually the
arterial blood glucose level is higher than the venous blood. In birds, the blood sugar
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level is higher compared to human blood glucose level. However, the blood glucose level
of ruminants is lower than the human blood glucose level.

The blood glucose level is determined by two processes. They are:
1. Rate of entry of glucose into blood from different sources.

2. Rate of removal of glucose from the blood by various pathways.

Sources of Blood Glucose

1. Dietary carbohydrates. Mainly glucose, galactose and fructose are produced from
dietary carbohydrates. They reach liver via portal vain. Galactose and fructose are
also converted to glucose in liver. Dietary carbohydrate maintains blood glucose
level up to 3 hours after food in take.

2. Liver glycogenolysis maintains blood sugar level up to 16 hours after food intake.

3. Gluconeogenesis maintains blood sugar level up to 36 hours after food intake. Be-
yond that period (If food is not taken or fasting) also gluconeogenesis is the only
source of glucose.

Removal of Blood Glucose

Various pathways uses glucose for different purpose.
1. Glycolysis uses glucose for energy.
2. Glycogenesis uses glucose for glycogen formation.

3. HMP shunt and uronic acid pathways convert glucose to pentoses and
mucopolysaccharides.

4. Glucose is converted to fat also as we shall see in next chapter.

Maintenance of constant level of glucose in blood is one of the finally regulated of
all the homeostatic mechanisms. Liver, extra hepatic tissues and various hormones are
involved in blood glucose homeostasis.

These factors regulate blood glucose level by acting at either glucose source or
glucose utilization.

Liver

It plays a crucial role in the regulation of blood glucose level. Entry of glucose into
liver cells is not insulin dependent. Glucose can move freely across membrane of
hepatocyte. When the blood glucose level is increased liver bring down glucose level
to normal by increasing glucose utilization for glycogen and fat formation. Likewise
when blood glucose level falls to below normal liver raises blood sugar level to
normal by forming glucose from glycogenolysis and gluconeogenesis. In starvation
liver converts alanine derived from breakdown of muscle protein to glucose (glucose-
alanine cycle).

Extra hepatic tissues involved in blood glucose homeostasis are skeletal muscle,
kidney and erythrocytes. Entry of glucose into these tissues is dependent on insulin (not
freely permeable). So entry of glucose is rate limiting in the uptake of glucose by these
tissues.
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Skeletal muscle

It has an indirect role in blood glucose homeostasis. It removes glucose from blood and
converts it glycogen when ample glucose is present in blood. It contributes to liver
gluconeogenisis by supplying lactate (Cori cycle). As mentioned above it contributes to
glucose by supplying alanine during starvation.

Kidney

Kidney contributes to blood glucose by gluconeogenesis under the conditions of decreased
blood glucose. Further it regulates blood glucose level when blood glucose level is above
renal threshold value by eliminating glucose in urine.

Erythrocytes

They contribute lactate for gluconeogenesis. They remove glucose for NADPH, energy
and 2, 3-BPG production.

Hormones

Many hormones are involved in blood glucose homeostasis. They are divided into two
categories based on their action on blood glucose level.

1. Hypoglycemic hormone Which lowers blood glucose level. Only one hormone is
known under this category. Insulin is an hypoglycemic hormone.

2. Hyperglycemic hormones Which raises blood glucose level. They are glucagon,
epinephrine (nor-epinephrine), glucocorticoids, anterior pituitary hormones and thy-
roid hormone.

INSULIN

Insulin plays central role in blood glucose homeostasis. It is produced by beta (B) cells
of the islets of Langerhans in the pancreas as a direct response to hyperglycemia. Insulin
lowers blood glucose level by several ways.

1. Insulin increases the uptake of glucose by muscle and adipose tissue. Insulin in-
creases transport of glucose across membrane of peripheral tissues by increasing the
movement of glucose transporter from microsomes of plasma membrane. In the
muscle glucose is converted to glycogen and in the adipose tissue glucose is used for
fat formation. Insulin sensitive glucose transporter GLUT-4 is expressed in skeletal
muscles, cardiac muscle and adipose tissue.

2. In the liver, insulin increases activities of enzymes involved in glucose utilization
like glycolysis, glycogenesis, fatty acid synthesis, PDG, HMP shunt and decreases
activities of enzymes of glycogenolysis and gluconeogenesis.

3. Insulin stimulates glycolysis by increasing the synthesis of glucokinase, PFK-1 and
pyruvate kinase. Insulin increases activities of glucose-6-phosphate dehydrogenase
and phosphogluconate dehydrogenase of HMP shunt. Insulin incrases activity of
glycogen synthase. Insulin repress the synthesis of key enzymes of gluconeogenesis
and decreases activity of glycogen phosphorylase.

Oral hypoglycemic agents also causes insulin secretion.
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GLUCAGON

It is the major hyperglycemic hormone produced by alpha cells of islets of Langerhans
of pancreas. It is the major antagonist to insulin action. Hypoglycemia stimulates its
production or secretion. It increases glucose level by enhancing gluconeogenesis in liver.
It reduces the conversion of glucose to glycogen. As mentioned earlier all of these
actions are mediation through cAMP.

Epinephrine

Hypoglycemia stimulates its secretion by adrenal medulla. It increases formation of
glucose by enhancing glycogenolysis and gluconeogensis in liver and muscle. It prevents
the use of glucose for glycogen formation.

Glucocorticoids
They are secreted by adrenal cortex. Glucocorticoids raises blood sugar level by
1. Decreasing glucose utilization by extra hepatic tissues.

2. Promoting gluconeogenesis by increasing catabolism of proteins. Glucocorticoids
induces formation key enzymes of gluconeogenesis.

Anterior Pituitary Hormones

Two hormones of anterior pituitary gland elevates blood glucose level. They are growth
hormone and adrenocorticotropic hormone (ACTH). Hypoglycemia stimulates growth
hormone secretion. Growth hormone raises blood glucose level by

1. Decreasing the uptake of glucose by extra hepatic tissues.
2. Promoting mobilization of fat.
3. Increasing gluconeogenesis in liver.

ACTH raises blood glucose level indirectly by stimulating the production of gluco-
corticoids. In addition ACTH affects glycogen metabolism.

Thyroid Hormone

Thyroxine affects blood glucose through an unknown mechanism. The blood glucose level
is low in hypothyroidism and high in hyper thyroidism. Further, in hyper thyroidism
glycogen level found to be low in liver due to depletion of glycogen store. Thyroxine may
affect glucose utilization or may be needed for glucose absorption in the intestine.
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EXERCISES

ESSAY QUESTIONS

1.

2.

Describe fate of glucose in rapidly contracting skeletal muscle. Add a note on energy aspect
of this process.

Describe citric acid cycle. Add a note on its energetics.
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3.

© ©® =N

10.
11.

12.
13.

Define glycogenesis and glycogenolysis. Write reaction sequence and action of hormones for
any one process.

Describe direct oxidative pathway of glucose. Write note on medical importance of the
pathway.

Describe uronic acid pathway. Write its significance.

Trace pathway for the conversion of lactate to glucose. How it is regulated ?

Discuss blood glucose homeostasis.

Define glycolysis. Name types of glycolysis. Detail any one process along with energetics.

How dietary fructose and galactose are utilized in the body? Write about inherited diseases
associated with their utilization.

Describe inherited diseases of carbohydrate metabolism.

Write normal blood glucose level. Name its sources. How it enters cells? Out line its fate
inside cell.

Describe regulation of glycogen metabolism.

What is meant by reciprocal regulation. Explain with respect to glycolysis and gluconeogenesis.

SHORT QUESTIONS

1. Explain pyruvate dehydrogenase complex.

© ® NS N
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Write significance of glycolysis.

Write a note on 2, 3-bisphosphoglycerate cycle.

Give an account of glycogen storage diseases.

Write medical importance of hormonal regulation of glycogen metabolism.

Show complete oxidation of glucose in HMP shunt with appropriate equations.

How polyols are formed? Write importance of polyol pathway.

Write the role or acetyl-CoA and AMP in the reciprocal regulation of glycolysis and gluconeogenesis.
Write action of hypoglycemic hormones.

Write normal blood glucose level. In what conditions it is elevated?

. Write a note on Cori-cycle.

. Define gluconeogenesis. Name key enzymes of gluconeogenesis. How it is regulated?

. Write fate of NADPH of HMP shunt in liver, RBC and WBC.

. Write about reactions catalyzed by glucose-6-phosphate dehydrogenase and inherited

diseases of this enzyme.

MULTIPLE CHOICE QUESTIONS

1.

2.

Phosphofructokinase-1 is

(a) An enzyme of glycolysis (b) Inhibited by fructose-6-phosphate
(¢) An allosteric enzyme of glycolysis (d) Activated by ATP

Which one of the following statement is correct regarding pyruvate dehydrogenase?
(a) It is present in cytosol

(b) It is a multienzyme complex

(¢) It is multi enzyme complex present in mitochondria

(d) Acetyl-CoA is its substrate
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Glycogen isolated from liver of Type VI glycogen storage disease patient had normal struc-
ture. So, glycogen accumulation is due to deficiency of

(a) Muscle phosphorylase () Glucose-6-phosphatase

(¢) Liver phosphorylase (d) Glycogen synthase

In man, uronic acid pathway is unable to produce ascorbic acid due to lack of
(a) Gulonolactone oxidase (b) Lactonase

(¢) Xylulose (d) Xylitol

Synthesis of glucose from pyruvate requires

(a) Six high energy bonds (b) Two high energy bonds

(¢) Reduced NADP (d) NADH

FILL IN THE BLANKS

1. Entire chemical reactions network of body is called as ...................... .

2. Dietary galactose and fructose are converted to ............... in liver.

3. Fluoride decreases rate of glycolysis by inhibiting ................ .

4. Lysosomal glycogenolysis is blocked in ............... disease.

5. Congenital galactosemia is due to deficiency of ............. .

CASES

1. A child was brought to hospital with vomiting, dizziness and sweating. The child developed
all these problems and diarrhoea only after consumption of fruits, fruit juices or sweets made
from jaggery and sugar. The child mother informed on questioning that the child was normal
on breast feeding. On examination his weight was found to below normal and had liver
enlargement. His blood glucose level was below normal but reducing substances were found
in urine. Write your diagnosis.

2. A 10-year old boy with an history of reeling sensation and sweating was brought to hospital.

Physical examination showed swelling in the abdomen, liver enlargement and normal heart.
Glycogen isolated from liver biopsy specimen had normal structure. Blood glucose level was
below normal, uric acid and lipid levels were elevated. Write your diagnosis.



10

CHAPTER

LIPID METABOLISM

MEDICAL AND BIOLOGICAL IMPORTANCE

1.

In fed condition, excess calories consumed in the form of carbohydrates are conserved
in the form of lipids. Of course dietary lipids are also stored under well-fed condition.

. Even though excess energy may be stored in the form of carbohydrate (glycogen) hu-

mans and other mammals prefers to store excess energy only in the form of lipid
because

(@) Energy content of lipid is 2-3 times higher.

(b) Lipid can be stored without water of hydration, which is not possible with glycogen.
For example 1 gm of glycogen needs 2 gm of water for storage.

(c) Oxidation of lipid produces more water. For example, oxidation of glucose produces
approximately 45 water molecules where as oxidation of stearic acid produces nearly
165 water molecules.

. Usually lipid stores are greater compared to glycogen. A 70 kg individual may have lipid

store of about 15 kg. However, his glycogen store is about only 0.22 kg.

. During fasting or in between meals stored lipids are used to meet energy demands.

Glycogen store get depleted within 24 hours of fasting. Later, energy requirement of the
body is entirely met by stored lipid. Lipids can meet body energy requirements for
weeks.

. Desert animal camel suits well to dry conditions because it derives water and energy

from large amounts of lipids stored in hump. Hibernating and migratory birds also use
lipid stores to meet water and energy demands during hibernation and migration,
respectively.

Defect or changes in the pathways of lipid metabolism are directly related to develop-
ment of diseases.

. Increased fatty acid oxidation in starvation and diabetes leads to keto acidosis. De-

creased fatty acid oxidation leads to hypoglycemia.

Some drugs and poisons work by inhibiting pathways of lipid metabolism. Aspirin an
anti inflammatory drug works by inhibiting prostaglandin formation. Hypoglycin a toxin
causes hypoglycemia.

203
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9. Transport and storage of triglycerides are affected in obesity, diabetes and hyper
lipoproteinemia. Block in the movement of triglycerides cause fatty livers.

10. Abnormalities in lipoprotein metabolism cause various dyslipoproteinemias (dyslipidemias)
and fatty livers.

11. Accumulation of complex lipids leads to lipidoses.

12. Cholesterol is the major player in the development of atherosclerosis. Atherosclerosis
can cause coronary artery disease and other vascular diseases.

13. Excessive fat accumulation leads to obesity.

14. Cholesterol produces bile salts, which are required for digestion and absorption of
dietary lipids. Inhibitors of bile acid formation are used in the treatment of atherosclerosis.

Among lipids, triglycerides serves as stored form of energy. During fasting and or in
between meals they are broken down to glycerol and fatty acids. Fatty acids accounts for
95% of oxidation energy of triglycerides. The remainder is derived from glycerol. Hence
oxidation of fat or lipid is nothing but oxidation of fatty acids.

FATTY ACID OXIDATION

Sources of fatty acids

(@) Dietary sources Fatty acids formed from the digestion of dietary lipids are carried to
liver. From the liver, they are transported to cell in bound form with albumin.

(b) Endogenous sources As mentioned above, free fatty acids formed from body triglycerides
are used for energy production.

Though the plasma free fatty acid level is lower than blood glucose level they are rapidly
utilized by peripheral tissues. The plasma free fatty acid (FFA) has life of 3-4 minutes.

Site
Fatty acid oxidation occurs in the mitochondria of all types of cells like liver, heart, adipose
tissue, kidney, lung, skeletal muscle and some extent in brain.
Long chain fatty acid oxidation involves
(@) Activation in outer mitochondrial membrane
(b) Transport of activated fatty acids across inner mitochondrial membrane
(¢) Oxidation in mitochondria

The short and medium chain fatty acids are activated and oxidized in the matrix of
mitochondria. Since these fatty acids are freely permeable to inner mitochondrial mem-
brane, no transport system is required unlike long chain fatty acids.

Entry of fatty acid

At plasma membrane fatty acid dissociates from albumin and combines with membrane fatty
acid binding protein, which transports fatty acid into cytosol along with Na*.

Activation of fatty acids

Acyl-CoA synthetases present in outer mitochondrial membrane and in endoplasmic reticulum
are responsible for activation of long chain fatty acids. Short and medium chain fatty acids
are activated by distinct acyl-CoA synthetases present in the matrix of mitochondria. The
other name of synthetase is thiokinase. ATP, Mg®*" and CoASH are the co-factors required.
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These synthetases convert fatty acids to corresponding acyl-CoAs. ATP is hydrolyzed to AMP
and PP;. Further hydrolysis of PP; by pyrophosphatase pulls the reaction always towards the
formation of acyl-CoA (Figure 10.1).

OUTER INNER
MITOCHON- MITOCHON-
R—COOH DRIAL DRIAL
Fatty acid MEMBRANE MEMBRANE
ATP, CoASH \
Acyl—CoA )
Mg2+ Matrix of
/ Synthetase mitochondria
PPi + AMP /
}HZO
2Pi O
R—C~S—CoA — > Acyl—CoA
Acyl—CoA Carnitine N
acyltransferase-| /&Carnmne < Carnitine
(CAT-I) Carnitine
Acylcarnitine
\ECOA Translocase
Acylcarnitine Acylcarnitine
CoA
CAT—II
Carnitine
Acyl—CoA

Fig. 10.1 Activation and transport of fatty acids by acyl-CoA synthetase and carnitine
shuttle respectively

Transport of Fatty acyl-CoAs into mitochondria

Long chain acyl-CoAs formed are impermeable to inner mitochondrial membrane. Carnitine
shuttle transfers acyl-CoAs from outer mitochondrial membrane into matrix of mitochondria.
Carnitine shuttle consist of carnitine, enzymes and translocase. Carnitine is derived from
amino acid lysine. Liver and kidney synthesizes carnitine from lysine.

Carnitine shuttle

1. The shuttle begins with the transfer of acyl-CoA to carnitine to form acyl carnitine. This
reaction is catalyzed by carnitine acyl transferase-I (CAT-I). Acyl residue is attached to
hydroxyl group of B-carbon atom of carnitine through an ester linkage (Figure 10.2).
CAT-I is present in the outer mitochondrial membrane and it regulates entry of fatty
acids into mitochondria (Figure 10.1).

2. Acyl carnitine is translocated into matrix of mitochondria by carnitine-acyl carnitine
translocase present in inner mitochondrial membrane. Carnitine-acyl carnitine
translocase is a carrier protein involved in facilitated transport.

3. Carnitine-acyl transferase-II (CAT-II) present in inside of inner mitochondrial mem-
brane liberates acyl group from acyl carnitine as acyl-CoA.

4. To complete the shuttle, carnitine is sent back to out side of inner mitochondrial
membrane by carnitine-acyl carnitine translocase. Thus, carnitine shuttle transfers
acyl-CoA from outside of inner mitochondrial membrane into matrix of mitochondria.
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@, CHa ®, CHs
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COOH COOH
Carnitine (B-hydroxy- Acylcarnitine

-y-tri methyl ammonium butyrate)

Fig 10.2 Structures of carnitine and acyl carnitine

BETA (B) — OXIDATION
In the matrix of mitochondria, acyl-CoAs are degraded to acetyl-CoAs by B-oxidation.

B-Oxidation

It is a process in which fatty acids or acyl-CoAs are degraded by sequential removal of two
carbon fragments from carboxy terminus after oxidation of B-carbon of fatty acid to B-keto
form. It consist of four reactions. It involves —C—C—bond cleavage. The —C—C—bonds of
hydrocarbon chain of fatty acids are difficult to cut as such. Hence, the initial three reactions
of B-oxidation converts [-carbon to B-keto form. In the fourth reaction, B-keto acyl-CoA is
split into acetyl-CoA and an acyl-CoA with two carbons less by cleaving —C—C—bond be-
tween o and B-carbons. The acyl-CoA that is smaller by two carbons undergo B-oxidation once
again. The process continues till acyl-CoA is completely converted to acetyl-CoA (Figure 10.3)

—carbon o—carbon

CH3* CHzf CHz* CszcHZ*COSCOA

Acyl-CoA .
(Ce) [—oxidation
v 9
CH3—CH,—CH,— C~S— CoA + CH;COSCoA
p o Acetyl-CoA
Acyl-CoA o
(C.) \ B—oxidation
2 Acetyl-CoA

Fig. 10.3 Theory of B-oxidation of fatty acids, C—C bond cleaved is indicated by arrow

Reaction sequence of B-oxidation

1. Dehydrogenation of acyl-CoA is the first reaction of B-oxidation. It is catalyzed by FAD
containing acyl-CoA dehydrogenase. Product of this reaction is A%trans-enoyl-CoA. FAD
is reduced to FADH,. In mitochondria, distinct acyl-CoA dehydrogenases for short,
medium and long chain acyl-CoAs exist.

2. Addition of water across the double bond by Enoyl-CoA hydratase is the second reaction.
Since the enzyme is stereo specific only L-isomer is formed. Thus, the product of this
reaction is L-B-hydroxy acyl-CoA.

3. An NAD" linked B-hydroxy acyl-CoA dehydrogenase catalyzes conversion of B-hydroxy
acyl-CoA to B-keto acyl-CoA. NADH is produced at the end of reaction.
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4. B-keto acyl-CoA thiolase catalyzes splitting of —C—C bond of B-keto acyl-CoA at o, -
carbon atoms. As a result, one acetyl-CoA and an acyl-CoA with two carbon atoms less
than the original acyl-CoA are produced (Figure 10.4).

[
R—CH,—CH,—CH,—CH,—C ~ S—CoA
FAD

@

FADH,

Acyl—CoA

H 0

| [
R—CHZ—CHZ—C:(‘Z—C ~S—CoA

H

A2—trans—Enoyl—CoA
@l/HZO

0]

[

R—CHZ—CHZ—(‘:H—CHZ—C ~S—CoA
OH

L(+)—pB—Hydroxy—acyl—CoA
NAD*

@

NADH + H*
ﬂ o}
l
R—CH,—CH,—C—CH,—C ~ S—CoA

B—Ketoacyl—CoA
CoASH

@

0] 0]
!
R—CH,—CH,—C ~S—Co0A + CH;—C ~ S—Co0A
Acyl—CoA Acetyl—CoA
Shorter by two carbons

Fig. 10.4 Reaction sequence of B-oxidation

Now the acyl-CoA that is shorter by two carbons enters reaction sequence of B-oxidation
at first dehydrogenase step and undergoes B-oxidation process repeatedly till it is completely
oxidized to acetyl-CoA. Acetyl-CoA thus produced are oxidized in citric acid cycle.

Energetics of B-oxidation

Let us calculate the amount of energy produced when a saturated fatty acid like stearic acid
is oxidized in B-oxidation. Since stearic acid is a 18-carbon fatty acid it undergoes B-oxidation
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8 times producing 9 acetyl-CoA molecules (Figure 10.5). Further each B-oxidation process
generates one FADH, (reaction-1) and one NADH (reaction-3). Therefore, the products of B-
oxidation of stearyl-CoA are 9 acetyl-CoA, 8 FADH, and 8 NADH.

Over all equation of stearyl-CoA oxidation is given below

Stearyl-CoA + 8 NAD* + 8FAD + 8CoA + 8H,0 — 9 Acetyl-CoA + 8FADH, + 8NADH + 8H"

The compounds on the right side are involved in energy production.

Energy output of stearic acid oxidation

1. Number of ATPs generated by citric acid cycle oxidation of 9 Acetyl-CoAs (9 x 12) =108
2. Number of ATPs generated by respiratory chain oxidation of 8 NADH (8 x 3) = 24
3. Number of ATPs generated by respiratory chain oxidation of 8 FADH, (8 x2) = 16

Total =148

Stearyl-CoA oxidation and coupled phosphorylation is expressed as equation below.
Stearyl-CoA + 148ADP + 148Pi+ 260, — 148 ATP + 165 H,0 + 18 CO, + CoASH

Since two high energy bonds are needed for stearyl-CoA formation. The net yield of ATP
per molecule of stearic acid is obtained by modifying above equation.

Stearic acid + 260, + 146ADP + 146Pi — 146ATP + 18CO, + 165H,0

Thus, B-oxidation of stearic acid produces 146 ATP. Note that large amount of H,O is
also produced along with ATP.

Efficiency of B-oxidation

It has been estimated that stearic acid oxidation in calorimeter produces 1120 KJ of energy
B-oxidation of stearic acid in the body generates 146 ATPs. Since 51.6 KJ of energy is needed
for one ATP formation about 7280 KdJ of energy is used for ATP formation. Thus, only 65%
of energy is conserved and remainder is lost as heat. Therefore, efficiency of [B-oxidation
system is 65%.

Regulation of B-oxidation

Carnitineacyl transferase-I (CAT-I) activity regulates fatty acid oxidation. It is inhibited by
malonyl-CoA. In fed condition, more malonyl-CoA is produced. As a result, CAT-I is inhibited
and fatty acid oxidation diminishes. In contrast, during fasting or starvation, malonyl-CoA
concentration decreases and hence inhibition of CAT-I is relieved. As a result B-oxidation is
activated. Thus, B-oxidation is regulated at entry level.

Oxidation of unsaturated fatty acids

B-oxidation of mono and poly unsaturated fatty acids produces A3-cis-acyl-CoAs. Further
degradation of A®-cis-acyl-CoA is brought about by additional enzymes.

Oxidation of mono unsaturated fatty acid

1. For example, oleyl-CoA, a mono unsaturated fatty acid undergo B-oxidation 3 times to
produce 3 acetyl-CoA and A3-cis-enoyl-CoA.
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2. An isomerase converts this compound to A%-¢rans enoyl-CoA. Since this compound is a
substrate for hydratase of B-oxidation A%-trans enoyl-CoA undergoes p-oxidation 5 times
and 6 acetyl-CoAs are generated. Stages in the oxidation of oleyl-CoA are shown in
Figure 10.6.

Fig. 10.6 Oxidation reactions of mono unsaturated fatty acid.

Oxidation of poly unsaturated fatty acids

Oxidation of poly unsaturated fatty acids differs form mono unsaturated fatty acid oxidation
and requires additional enzymes apart from enzymes of oxidation of mono unsaturated fatty
acids.

1. Linoleyl-CoA undergo B-oxidation 3 times to produce 3 acetyl-CoAs and A’cis-A%-cis-
dienoyl-CoA.

2. An isomerase converts the product of the above reaction to A%-trans-A%-cis-dienoyl-CoA.
Since this compound is an intermediate of B-oxidation it undergo -oxidation to produce
acetyl-CoA and A*-cis-enoyl-CoA.

The conversion of A*-cis-enoyl-CoA to an intermediate of B-oxidation requires two addi-
tional enzymes.

3. An FAD dependent dehydrogenase converts A*-cis-enoyl-CoA to A%-trans-A*-cis-enoyl-CoA
by creating double bond.

4. A3-trans enoyl-CoA is generated from the product of the above reaction by NADPH
dependent reductase.

5. Isomerization of A3-trans enoyl-CoA by isomerase produces AZ-trans enoyl-CoA. Since
this compound is intermediate of B-oxidation it undergo B-oxidation 4 times to produce
5 acetyl-CoAs. Different stages of oxidation of linoleyl-CoA are shown in Figure 10.7.

Oxidation of very long chain fatty acids

Peroxisomes contain a modified form of B-oxidation for the oxidation of long and very long
chain fatty acids. The products of this oxidation of fatty acid are octanoyl-CoA, acetyl-CoA
and H,0,. Further, oxidation of octanoyl-CoA and acetyl-CoA occurs in mitochondria.
Peroxisomal fatty acid oxidation may boost mitochondrial B-oxidation by partially oxidizing
long chain fatty acids.
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Other types of fatty acid oxidation
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1. a-oxidation It is a process in which fatty acid is degraded by sequential removal of one
carbon from the carboxyl end after the oxidation of a-carbon to o-keto form. It occurs
in peroxisomes and mitochondria and in plants. Unlike B-oxidation, it does not generate

energy and requires no CoA intermediates.

Reaction sequence

1. Hydroxylation of o-carbon of fatty acid is the first reaction of this oxidative pathway.
Mono-oxygenase catalyzes this reaction. Vit. C, O, and Fe®" are other co-factors of this
reaction. o-Hydroxy fatty acid is the product of this reaction. In the brain, hydroxy fatty

acids are formed by this route.

2. Dehydrogenation and oxidative decarboxylation converts hydroxy fatty acid to a fatty

acid shorter by one carbon (Figure 10.8a)

Phytanic acid is the only fatty acid oxidized by o-oxidation. It is derived from plant
alcohol phytol, which is present in dairy products. It can not undergo B-oxidation due
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to methyl group at B-carbon. a-Oxidation converts phytanic acid to pristanic acid, which
undergo [B-oxidation to produce small molecules (Figure 10.8b).

o-carbon Dehydorgenase
Vit C NADH + H*
R—CH,—CH,—COOH 7T> R— CH,—CH,—COOH 7—L> R— CH,—C—COOH
Fatty acid O2 H,O O‘H NAD* (H)
o-Hydroxy fatty acid o-Ketoacid
A l:)%
CO,
R—CH,—COOH
B Fatty acid with one carbon less
o-oxidation [-oxidation

Phytol ——> Phytanic acid ——>Pristanic acid ——> Small molecules
Fig. 10.8 (a) Reactions of o-oxidation (b) oxidation reactions of phytanic acid

2. w-oxidation It is a process in which ®-carbon of fatty acid is oxidized to carboxylic
group. So, this oxidation convert fatty acids to dicarboxylic acids. It occurs in smooth
endoplasmic reticulum.

Reaction sequence

1. Hydroxylation of w-carbon by mixed function oxidase requiring cytP s, is the first step.
o-hydroxy fatty acid is the product of this reaction.

2. Further oxidation at w-carbon generates dicarboxylic acid, which can undergo B-oxida-
tion from either ends (Figure 10.9).

Medium chain fatty acids of adipose tissue undergo w-oxidation during ketosis.

H,0
CH3—(CHj,),—COOH 7—L> CHy—(CH,),— COOH
/! Fatty acid ./ NADPH +H® ™ |
w-carbon O, OH
w-Hydroxy fatty acid
p-oxidation

Small molecules€—  COOH—(CH,),— COOH
Dicarboxylic acid

Fig. 10.9 o-oxidation reaction sequence

Disorders of Fatty acids oxidation or Medical importance

Fatty acid oxidation is impaired in many diseases.

1. Carnitine deficiency

It occurs in premature infants and in new-borns. It is due to inadequate formation or loss
in urine due to renal leakage. Lack of carnitine results in impaired transport of acyl-CoAs
into mitochondria. The plasma-free fatty acid level raises due to decreased B-oxidation. Main
symptom is hypoglycemia, because all tissues use glucose for energy production, other
symptoms are lipid accumulation, muscle weakness and hypoketonemia. Oral supplementa-
tion of carnitine results in disappearance of symptoms.



Lipid Metabolism 213

2. Carnitine acyl transferase deficiencies

() Hepatic carnitine acyl transferase deficiency Deficiency of CAT-I in the liver
leads to impaired fatty acid oxidation. As a result, hypoketonemia and hypoglycemia
develops.

(b) Muscle carnitine acyl transferase-II deficiency Due to deficiency of CAT-II fatty
acid oxidation is impaired in muscle. Muscle weakness and myoglobinuria are the main
symptoms.

(c) Hypoglycemic agents like sulfonylureas particularly glyburide and tolbutamide used in
diabetics inhibit transferases.

3. Jamaican vomiting sickness

It occurs when unripe fruit of akee tree is consumed. An unusual amino acid hypoglycin
present in the fruit is the causating agent. It inhibits or inactivates short and medium chain
acyl-CoA dehydrogenases. As a result, these fatty acid’s oxidation is blocked and hypoglycemia
develops. However, the short and medium chain fatty acids undergo w-oxidation to produce
corresponding dicarboxylic acids, which may be excreted in urine.

4. Dicarboxylic acid uria

It occurs due to lack of mitochondrial medium chain acyl-CoA dehydrogenase. As a result
B-oxidation of these fatty acids is impaired. However, they undergo w-oxidation to produce
dicarboxylic acids, which are excreted in urine.

5. Refsum's disease

It is an inherited disease. a-Oxidation of phytanic acid is blocked in this disease. As a result
phytanic acid accumulates in the blood and liver. In corporation of phytanic acid in the cell
membrane affects membrane fluidity. Main symptoms are abnormalities in the skin, bone
and peripheral neuropathy. Consumption of phytanic acid free diet relieves symptoms.

6. Zell weger's syndrome

It is a rare disorder associated with absence of peroxisomes in most of the tissues. Affected
individuals are unable to utilize very long chain fatty acids. So, accumulation of these fatty
acids particularly occurs.

Propionate Metabolism

Medical and biological importance

1. Propionate is mainly produced in the rumen of reminants by bacteria. In ruminants
propionate meets 25% of energy needs.

2. In humans, propionyl-CoA arises from B-oxidation of fatty acids with odd number car-
bons, o-oxidation of phytanic acid, methionine and isoleucine catabolism and cholesterol
catabolism.

3. However, human colon contains some propionate.
4. Propionyl-CoA may be used for the synthesis of odd number fatty acids in adipose tissue.

5. Propionate and propionyl-CoA are converted to glucose. Alternatively, they are oxidized
via citric acid cycle to produce energy.

6. Propionate metabolism is defective in some diseases.
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Reaction sequence

1. In ruminants, propionate reaches liver from rumen through circulation. In the liver
propionate is activated by thiokinase in presence of ATP and Mg?*. The activation is
similar to fatty acid activation. Propionyl-CoA is the product of this reaction.

2. Biotin dependent carboxylation of propionyl-CoA is the next reaction of propionate
metabolism. The reaction is catalyzed by propionyl-CoA carboxylase. ATP and CO, are
the co-factors required. D-methyl malonyl-CoA is the product of this reaction.

3. Methyl malonyl-CoA racemase isomerizes the product of above reaction to L-isomer,
i.e., L-methyl malonyl-CoA.

4. Finally succinyl-CoA is generated from L-Methyl malonyl-CoA by shifting-COSCoA to
methyl carbon. The reaction is catalyzed by vit B;, (deoxy adenosyl cobalamin) contain-
ing mutase.

Succinyl-CoA can be used for energy production or may be converted to glucose. Reac-
tion sequence of propionate metabolism is shown in Figure 10.10

" H COOH
| Mgz (D \ - @ ‘
H—C—CHs 7g_r> H—C—CHs Biotin — H—C—CH,
. ‘ . ‘
COOH ATP  AMP + PPi COSCoA ATP CO, ADP +Pi Loscon
Propionate Propionyl-CoA D-Methyl
Malonyl-CoA
COOH COOH ®
TCA | @ |
Cycle € CHa HsC—C—H
yele | VitB;, COSCOA |
/ CH>
‘ L-Methylmalonyl-CoA
/ COSCoA
Glucose Succinyl-CoA

Fig. 10.10 Reaction sequence of propionate metabolism

Disorders of Propionate Metabolism
Utilization of propionate and propionyl-CoA is impaired in some diseases.

1. Congenital propionyl-CoA carboxylase deficiency

Symptoms of this condition are vomiting and ketosis. Since propionyl-CoA conversion to D-
methyl malony-CoA is impaired due to lack of propionyl-CoA carboxylase propionyl-CoA
combines with oxaloacetate to form methyl citrate in presence of citrate synthase. This
causes depletion of oxaloacetate and impaired acetyl-CoA utilization by citric acid cycle.
Accumulated acetyl-CoA is converted to ketone bodies, which leads to ketosis.

2. Mutase deficiency

It is characterized by excretion of more methyl-malonic acid in urine. In the absence of
mutase, methyl malonic acid can not be coverted to succinyl-CoA. So, methyl malonic acid
accumulates and methylmalonic aciduria occurs. Since vit. By, is the prosthetic group of
mutase methyl malonic aciduria occurs in vit By, deficiency also. However, this methyl
malonic acid uria disappears on administration of vit By,.
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Metabolism of Ketone bodies

Ketone bodies are, 1. Acetoacetic acid 2. B-Hydroxy butyric acid 3. Acetone. Acetoacetic acid
is the primary ketone body. The other two ketone bodies are derived from acetoacetic acid.

Ketone body metabolism consist of two phases.

1
2.

Ketogenesis

Ketolysis

Ketogenesis

1
2.

Synthesis of ketone bodies is called as ketogenesis.

Under certain conditions, production of acetyl-CoA either from B-oxidation or pyruvate
oxidation is more rapid than it can be utilized for other metabolic processes.

. Liver converts the excess acetyl-CoA to ketone bodies. Hence, liver can be considered

as net producer of ketone bodies.

Biological importance

1

The major purpose of ketone body formation in liver is to distribute excess fuel (acetyl-
CoA) to other tissues.

2. Even number fatty acids are more ketogenic than odd number fatty acids.

3. Fat is more ketogenic than carbohydrate because fat generates more acetyl-CoA.

Reaction sequence

Enzymes responsible for ketone body formation are present in liver mitochondria. Acetyl-
CoA is the starting material for ketogenesis.

1

Condensation of two acetyl-CoA molecules to form acetoacetyl-CoA is the first reaction
of ketogenesis. The reaction is catalyzed by thiolase. It is reversal of final reaction of
B-oxidation. Condensation involves —C—C— bond formation. Alternatively, aceto acetyl-
CoA may be directly formed from fatty acid B-oxidation.

There are two pathways for the formation of aceto acetate from acetoacetyl-CoA.

. In one pathway, aceto acetyl-CoA further condenses with one more acetyl-CoA to form

3-hydroxy-3-methylglutaryl-CoA (HMG-CoA). The reaction is catalyzed by HMG-CoA
synthase. This pathway is the major route of ketone body formation. This condensation

|
also involes —C-C- bond formation.
|

. HMG-CoA lyase splits HMG-CoA to acetoacetate and acetyl-CoA. The reaction involves

—C—C— bond cleavage.

In another pathway, acetoacetate is formed from aceto acetyl-CoA by deacylation. The
reaction is catalyzed by thiol esterase.

B-hydroxy butyrate is formed from acetoacetate on reduction. The reaction is catalyzed
by NADH-dependent dehydrogenase.

. Non-enzymatic decarboxylation of aceto acetate produces acetone.

Ketogenic amino acids contributes ketone bodies. Reactions of ketogenesis are shown in

Figure 10.11.



216 Medical Biochemistry

ﬁJ (1) CoASH ? (H) @ ?Hs ‘C‘J
2CH,—C ~ S— CoA——2—>CH,— C— CH,—C ~ S— CoA CH,— C—CH,—C ~ S— CoA
Acetyl-CoA Aceto acetyl-CoA Acety-CoA CoA cQAoH (‘)H
B-Hydroxy—p—Methyl
@ Glutaryl-CoA (HMG-CoA)
CoA ®
Acetyl-CoA

NAD* NADH+H* @
CHy— CH—CH— COOHA@— CH;— C—CH,—COOH

OH Acetoacetate
3—Hydroxy buty rate
®
f Cco,
CH3—C—CHjy
Acetone

Fig. 10.11 Ketogenesis reactions sequence

Ketolysis
1. Degradation of ketone bodies is called as ketolysis.
2. Ketone bodies produced in liver reaches peripheral tissues through circulation.

3. Heart, kidney cortex, brain and to some extent skeletal muscle uses ketone bodies for
energy production.

Biological importance

1. Heart and kidney cortex prefers to use ketone bodies rather than glucose. During
prolonged starvation, brain derives most of energy from ketone bodies.

2. Liver is unable to use ketone bodies due to lack of enzymes.

Reaction sequence of acetoacetate utilization

Activation of acetoacetate is the first step for its utilization. There are two ways for the
acetoacetate activation.

1. Acetoacetate is activated by acetoacetyl-CoA synthetase in presence of ATP, Mg?* and
CoA to acetoacetyl-CoA. This reaction is similar to fatty acid activation. AMP and PP;
are produced.

2. Acetoacetate activation in another route involves transfer of CoA-SH from succinyl-CoA
in presence of enzyme succinyl-CoA: acetoacetate CoA transferase or thiophorase to
aceto acetate. Product of this reaction is aceto acetyl-CoA.

3. Thiolase cleaves aceto acetyl-CoA to two molecules of acetyl-CoA. The acetyl-CoAs are
subsequently oxidized by citric acid cycle. Steps involved in utilization of acetoacetate
are shown in Figure-10.12.

B-Hydroxy butyrate utilization
There are two ways for the utilization of B-Hydroxy butyrate.
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1. Major route is the conversion of B-Hydroxy butyrate to acetoacetate by dehydrogenase.
NAD™ is the hydrogen acceptor. Acetoacetate thus formed is utilized for energy produc-
tion by the reaction sequence detailed earlier (Figure 10.12).

0 0 0
I Mg?* () CoA I I
CH;—C —CH,—COOH 7—f—> CH3—C—CH,—C ~S—CoA
Acetoacetate ATP  AMP + PPi
Acetoacetyl-CoA
CoA

@

Succinate @

Acetoacetate

Succinyl-CoA ?
2CH3;—C ~ S— CoA—> TCA cycle

Acetyl-CoA
Fig. 10.12 Reactions of acetoacetate utilization

2. Minor route is the direct activation of B-hydroxy butyrate by synthetase to B-hydroxy
butyryl-CoA followed by dehydrogenation to acetoacetyl-CoA, which is catalyzed by
dehydrogenase (Figure 10.13).

i
CH;—CH— CH,—COOH @ X CH;—C—CH,—COOH —> Acetoacetyl —CoA—> Acetyl —CoA
! NAD*  NADH + H*

OH Acetoacetate
B-Hydroxy butyrate NADH + H*
@
@
i
C

Hy— (‘DH—CHZ—C ~S—CoA NAD*
OH

B-Hydroxy butyryl-CoA

Fig. 10.13 Reactions of B-hydroxybutyrate utilization

Utilization of Acetone

Utilization of acetone by extra hepatic tissue is slow. It is removed by excretion in urine and
as COy through lungs.

Regulation of ketogenesis
There are several ways for regulation of Ketogenesis

1. Mobilization of free fatty acids from adipose tissue controls ketogenesis. Any condition
that increases mobilization of fat increase ketone body formation.

2. Liver carnitine-acyl transferase-I activity determines rate of ketone body formation.
Under fed conditions, CAT activity is inhibited by malonyl-CoA. Hence, ketogenesis is
decreased due to less acetyl-CoA. During starvation, CAT-I activity is high due to low
malonyl-CoA. Hence, ketogenesis is more due to plenty of acetyl-CoA.
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3. ATP level in the cell controls ketogenesis. More ATP level favours ketogenesis whereas
low ATP level prevents ketogenesis.

Medical Importance

1. Usually the utilization of ketone bodies by peripheral tissues is proportional to their
formation. Normal blood ketone bodies level is 1mg/100ml.

2. Under certain metabolic conditions, the rate of ketone body formation exceeds the rate
of their utilization by peripheral tissues. This results in accumulation of ketone bodies
in blood (hyper ketonemia) and their excretion in urine (ketonuria).

3. Ketosis Hyper ketonemia and ketonuria gives rise to ketosis. Main clinical symptoms
of ketosis are headache, nausae, vomiting and finally coma. It occurs in starvation,
uncontrolled diabetes mellitus, high fat diet, von Geirke’s disease, fevers, severe mus-
cular exercise and congenital propinyl-CoA carboxylase deficiency. Ketosis also occurs
in ruminants. In cattle, it occurs during lactation. In sheep, it occurs due to toxemia
of pregnancy.

4. Ketoacidosis Under normal conditions, ketone bodies acetoacetate and [-hydroxy
butyrate are neutralized by blood bicarbonate to maintain constant blood pH. Their
formation in large quantities in starvation and diabetes causes depletion of blood bicar-
bonate. As a result blood pH decrease and leads to condition known as acidosis. Since
acidosis is due to over production of ketone bodies it is also called as ketoacidosis. Thus,
over production of ketone bodies causes ketoacidosis.

5. Hypoketonemia Ketone body formation is impaired in some disease like carnitine
deficiency and hepatic CAT-I deficiency.

FATTY ACID SYNTHESIS

1. As mentioned earlier, humans and other mammals store energy in the form of lipid. But
energy is consumed mostly in the form of carbohydrate. Therefore, these organisms
must have mechanism for the conversion of carbohydrate to fat.

2. Fatty acid synthase a multi enzyme complex is responsible for the formation of fatty
acids, acetyl-CoA derived from pyruvate is substrate for this complex and palmitate is
end product.

3. Fatty acids are formed by the condensation of two carbon units. This condensation

[
involves —C-C - bond formation. So, fatty acid formation is the reversal of B-oxidation.
[

However, enzymes are different for two processes.

4. Existence of two separate sets of enzymes for synthesis and degradation of fatty acids
allows reciprocal regulation and prevents simultaneous operation of these pathways.

5. NADPH required for the formation of fatty acids is provided by HMP shunt, malic
enzyme and isocitrate dehydrogenase.

6. Site Fatty acid synthesis occurs in the cytosol of liver, kidneys, brain, lung, adipose
tissue and mammary gland.

7. Cytosolic synthesis of fatty is called as de novo (total) synthesis of fatty acids.
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Transport of acetyl-CoA

1.

Acetyl-CoA, which is the building block of fatty acids, is produced in the mitochondria
from pyruvate. But acetyl-CoA is not permeable to mitochondrial membrane and hence
it can not enter cytosol, which is the site of fatty acid synthesis.

. The transport of acetyl-CoA into cytosol is achieved in a circuitous manner. The acetyl-

CoA enters cytosol in the form of citrate, which is freely permeable.
Acetyl-CoA is converted to citrate by citrate synthase of citric acid cycle.

Tricarboxylate transporter present in mitochondrial membrane transports citrate into
cytosol.

. Acetyl-CoA is regenerated from citrate in the cytosol by ATP: citrate lyase cofactors are

ATP and CoA.

Oxaloacetate formed in the above reaction is reduced to malate by NADH-dependent
cytosolic malate dehydrogenase.

. Cytosolic malic enzyme converts malate to pyruvate in NADP*, dependent reaction.

NADPH produced in this reaction is used for fatty acid synthesis. Therefore, acetyl-CoA
transport from mitochondria to cytosol indirectly provides NADPH required for fatty
acid synthesis.

To complete the circuit, pyruvate generated in the above reaction re-enters mitochondria.
Acetyl-CoA transport is shown in Figure 10.14.

Fig. 10.14 Transport of acetyl-CoA from mitochondria to cytosol

In the fatty acid synthesis, only first acetyl-CoA is used as such the latters are used in the
form of malonyl-CoA. The reason for using malonyl-CoA instead of acetyl-CoA is to make
condensation reaction thermodynamically favourable.

Formation of Malonyl-CoA

Acetyl-CoA carboxylase, a biotin containing enzyme converts acetyl-CoA to malonyl-CoA.
HCO4™ serve as donor of CO, and ATP supplies energy needed for carboxylation. The enzyme
is a multimeric protein. It contains biotin, biotin carboxyl carrier protein, transcarboxylase
and regulatory site. The reaction occurs in two steps.
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1. In presence of ATP, first biotin of biotinyl enzyme is carboxylated.

2. Transfer of carboxyl to acetyl-CoA to form malonyl-CoA occurs in second step and
biotinyl enzyme is formed (Figure 10.15a). Acetyl-CoA carboxylase is regulatory enzyme
of fatty acid synthesis.

Fatty acid synthase complex
1. Mammalian fatty acid synthase complex is a dimer consisting of two monomers.

2. Each monomer contain an acyl carrier protein (ACP), 7 different enzymes and two free-
SH groups.

3. Two-SH groups are contributed by cysteine residue of a monomer at one end phospho
pantotheine of ACP at the other end.

4. Further cysteine-SH of one monomer is in close proximity to phosphopantotheine-SH
of other monomer indicating head to tail arrangement of monomers.

5. Individual monomers are not active only dimer is active.

6. Functional unit consist of one half a monomer interacting with complementary half of
the other monomer. Hence, only dimer is active and two fatty acids are produced
simultaneously. Organization of fatty acid synthase complex is shown in Figure 10.155.

Fig. 10.15 (a) Reaction catalyzed by acetyl-CoA carboxylase
(b) Schematic diagram showing functional and subunit divisions of fatty acid synthase complex
Fatty acid synthase reaction sequence

1. Transfer of a molecule of acetyl-CoA to -cys-SH group of one of the monomer by acetyl
trans acylase is the initial reaction of fatty acid synthesis.
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2. Likewise malonyl transacylase catalyzes the transfer of a malonyl-CoA to-pan-SH group
of the other monomer in this reaction.

3. A condensing enzyme [-keto acyl synthase catalyzes first —C—C— bond formation
between carbonyl of acetyl residue and o-carbon of malonyl residue in the third reac-
tion. In this special condensation reaction, acetyl group attacks methyl group of malonyl
residue to form B-keto acyl residue on-pan-S-. As a result-cys-SH group occupied by
acetyl residue becomes free. Further, the condensation is accompanied by release of
CO,, which drags the reaction towards C—C bond synthesis.

4. Reduction of B-keto acyl residue by B-keto acyl reductase to B-hydroxy acyl residue is
the fourth reaction. NADPH is the hydrogen donor.

5. In the next step, hydratase (dehydratase) removes one water molecule from B-hydroxy
acyl residue to form o, B-unsaturated acyl enzyme.
6. Another NADPH-dependent reduction reaction converts o,B-unsaturated acyl enzyme to
butyryl enzyme. The reaction is catalyzed by enoyl reductase.
For the synthesis of 16-carbon palmityl residue reactions from 2 to 6 are repeated six times.
One malonyl-CoA and 2 NADPH are utilized in each reaction sequence (Figure 10.16).
7. Release of palmityl residue from multi enzyme complex by the last enzyme thioesterase
of the enzyme complex is the final reaction of fatty acid biosynthesis.

Fatty acid synthase complex can not generate fatty acid other than palmitic acid because
thioesterase is less active on other fatty acids and-cys-SH of the complex can not hold
more than 14 carbon atoms.

Overall equation for palmitic acid synthesis is
7 Malonyl-CoA + Acetyl-CoA + 14NADPH + 14H* ——
Palmitic acid + 7CO, + 14NADP" + 6H,0 + 8CoA
Synthesis of fatty acids with odd number carbons

Ruminants contain C;5-C;; fatty acids. They are synthesized from propionyl-CoA.

REGULATION OF FATTY ACID SYNTHESIS

Acetyl-CoA carboxylase activity regulates fatty acid biosynthesis. It is under allosteric and
hormonal control.

Allosteric regulation

Acetyl-CoA carboxylase exist in two forms. An inactive protomer form and active polymer
form. Citrate is the allosteric activator and long chain acyl-CoA is the allosteric inhibitor.
Binding of citrate to monomer converts inactive form to active form. In contrast, long chain
acyl-CoA and malonyl-CoA prevents polymerization of monomer to active form. Usually, the
activity of acetyl-CoA carboxylase is inversely related to plasma-free fatty acid level. Any
condition that increases free fatty acid (Acyl-CoA) level inhibits fatty acid biosynthesis. Thus,
in starvation, high fat diet and diabetes fatty acid synthesis is diminished.

Hormonal regulation

Glucagon inhibits fatty acid synthesis by inhibiting acetyl-CoA carboxylase. It increases
cAMP mediated phosphorylation that converts active acetyl-CoA carboxylase to inactive
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acetyl-CoA carboxylase. In contrast, insulin favours fatty acid synthesis by activating acetyl-
CoA carboxylase. It promotes fatty acid synthesis by

1. Decreasing cAMP.

2. Increasing phosphatase activity that converts inactive acetyl-CoA carboxylase to active
form.

3. By increasing the availability of glucose.

Medical Importance

1. Few of the drugs used in the treatment of obesity work by inhibiting fatty acid synthe-
sis.

2. Hydroxy citrate is one such drug ATP citrate lyase is the target of its action. In
presence of hydroxy citrate, the enzyme can not act on its natural substrate citrate. As
a result, availability of acetyl-CoA for fatty acid synthesis is impaired. Garcinia cambogia
(malabar tamarind) contains hydroxy citrate.

3. In malarial parasite, fatty acid synthesis is brought about fatty acid synthesis system
type-II in which reactions of the pathway are catalyzed by independent enzymes. This
is different from that of host in which multi-enzyme complex of fatty acid synthase
system type-I is involved in fatty acid synthesis. It is of great pharmacological impor-
tance. It allows development of new drugs for treatment of malaria, which act by
blocking action of each of independent enzyme of parasite fatty acid synthesis. Triclosan
and cerulenin are inhibitors of enoyl reductase and ketoacyl synthase, respectively.
They are effective in killing malarial parasite in in vitro and in vivo.

Reciprocal regulation of fatty acid oxidation and synthesis

1. Fatty acid oxidation and synthesis are two opposite processes. Their simultaneous oc-
currence results in wasting of cellular resources.

2. In fed conditions, malonyl-CoA formation is increased due to activation of acetyl-CoA
carboxylase by citrate. Malonyl-CoA inhibits CAT-I activity. As a result, fatty acid oxi-
dation is decreased. Therefore, under fed conditions fatty acid synthesis is promoted and
fatty acid oxidation is inhibited.

3. In starvation, diabetes and high fat diet consumption raised plasma acyl-CoA inhibit
fatty acid synthesis by inactivating acetyl-CoA carboxylase. Less of malonyl-CoA forma-
tion due to inactivation of acetyl-CoA carboxylase stimulates CAT-I activity. This results
in more fatty acid oxidation. Therefore, under above mentioned conditions, fatty acid
synthesis is inhibited and at the same time fatty acid oxidation is favoured.

4. Thus, malonyl-CoA is the reciprocal regulator of fatty acid oxidation and fatty acid
synthesis.

Fatty acid chain elongation

Since fatty acid synthase produces only palmitic acid, stearic and other long-chain fatty acids
are produced from palmitic acid in endoplasmic reticulum by addition of two carbon atoms.
Malonyl-CoA serves as donor of two-carbon fragment. Elongation process also requires NADPH
as donor of hydrogen. Intermediates of the elongation process are CoA thioesters, which
makes this process different from fatty acid synthesis. The reactions involved in elongation
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are shown in Figure 10.17. In most of the tissues, this process stops with formation of
stearyl-CoA. However, in the brain, stearyl-CoA can be elongated to C,, fatty acids.

Mitochondria has another chain elongation system. Though it is not a major route for
the synthesis of long chain fatty acids from palmitic acid, it is effective in converting short
and medium chain fatty acids to long chain fatty acids. It requires acetyl-CoA and NAD (P) H.

[-ketoacyl-CoA

synthase [
CHs—(CHz)1s—COSCoA CH3—(CHz)14—C— CH,— COSCoA

Malonyl-CoA CoA, CO,

Palmityl-CoA B-keto stearyl-CoA
NADPH + H*
Reductase
NADP*
Reductase OH
NADPH + H* Dehydratase |
CH3—(CH2)15—COSCOA<7-L CH3—(CH2)14—CH:CH—CosooA<7— CH3—(CHzg)14—CH—CH,—COSCoA
Stearyl-CoA NADP+ a, f-unsaturated H20 B-Hydroxy stearyl-CoA
stearyl-CoA
Stearyl-CoA 2+
YO+ 21" Fe FAD NADH + H*

7 Y FADH, ¥ NNAD*

Stearyl-CoA + NADH + H' + 0, — >
Oleyl-CoA + NAD" + 2H,0

Oleyl-CoA + 2H20 Fe

Fig. 10.17 (a) Fatty acid elongation
(b) A%-desaturase system

UNSATURATED FATTY ACID BIOSYNTHESIS

In animals A%desaturase system of liver microsomes is responsible for the formation of
oleyl-CoA from stearyl-CoA. It consist of cythy; and two enzymes. They are NADH-cytby
reductase and desaturase (Figure 10.176). However, animals lack enzyme system that can
introduce double bonds beyond C-9 of fatty acid. Hence, they can not synthesize linoleic,
linolenic and arachidonic acid. But animals have an endoplasmic reticular system, which can
create double bonds between existing double bond and carboxyl end. Thus, animals can
synthesize only arachidonic acid from linoleic acid and are unable to synthesize linoleic acid
from oleic acid (Figure 10.18).
Linoleyl-CoA (18:2, A%1?)

Desaturation
Octadeca trienoyl-CoA (18:3, A%%:12)

Elongation
Eicosa tri\enoyI-CoA (20:3, AB11:14y

Desaturation
Arachido:lyI-CoA (20:4, AB811.14)
\\-\ CoA

Archidonic acid
Fig. 10.18 Biosynthesis of arachidonic acid
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TRIGLYCERIDE METABOLISM
Triglyceride biosynthesis

It occurs in the liver, adipose tissue and intestine of non-ruminants. Triglycerides synthe-
sized in liver and intestine are transported to other tissues where as in adipose tissue
triglycerides are stored. Both saturated and unsaturated fatty acids having 16-18 carbon
atoms are used for triglycerides formation after activation. They are used in the CoA form.

In the liver, triglyceride are synthesized from either free glycerol, dihydroxyacetone
phosphate of glycolysis or both. In the adipose tissue from dihydroxyacetone, phosphate
triglycerides are produced. In the intestine, from 2-monoacylglycerol triglycerides are formed.

Reaction sequence

1. Formation of glycerol-3-phosphate from dihydroxy acetone phosphate is the first step
and it is catalyzed by glycerol-3-phosphate dehydrogenase. NADH is the hydrogen donor.
This reaction occurs in liver and adipose tissue.

2. Alternatively, in the liver glycerol-3-phosphate is formed from free glycerol. The reac-
tion is catalyzed by glycerokinase. ATP and Mg?* are required.

3. Activated fatty acid is incorporated into glycerol-3-phosphate in this reaction.
Monoacylglycerol-3-phosphate or lysophosphatidate is the product of the reaction.
Glycerophosphate acyl transferase catalyzes this reaction.

4. Another molecule of fatty acid is transferred to 2-carbon of lyso phosphatidate by monoacyl
glycerol-3-phosphate acyl transferase to form phosphatidate. Phosphatidate is required
for compound lipid synthesis also.

5. 1, 2-diacyl glycerol is generated from phosphatidate by removing phosphate. The reac-
tion is catalyzed by phosphatase an hydrolase.

6. In the intestine 1, 2-diacyl glycerol is formed from monoacyl glycerol by the transfer of
fatty acid. The reaction is catalyzed by monoacyl glycerol acyl transferase.

7. Further esterification of 1, 2-diacyl glycerol with another molecule of fatty acid at 3-
carbon hydroxyl group result in the formation of trigyceride. The reaction is catalyzed
by 1,2- diacyl glycerol acyl transferase. Reaction sequence of triglyceride biosynthesis is
shown in Figure 10.19. Reactions 1,2 occurs in cytosol and remaining reactions occur
in endoplasmic reticulum.

Medical importance

1. Diet influences the type of fat produced in adipose tissue. Carbohydrate or starchy diets
produce hard fat where as diets rich is peanut oil or corn oil produce soft fat.

2. Triglyceride formation is marked in well fed state and decreased in starvation, diabetes.
High fat diet also decreases fat formation.

3. Usually triglyceride biosynthesis is directly related to fatty acid biosynthesis.
FAT MOBILIZATION OR TRIGLYCERIDE DEGRADATION OR LIPOLYSIS

Medical importance

1. Triglycerides stored in adipose tissue are degraded when there is stress or in energy
deficient conditions like starvation or diabetes.
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Fig. 10.19 Reaction sequence of triglyceride biosynthesis

Reaction sequence

1. Hormone sensitive lipase present in adipose tissue converts triglycerids to di or
monoglycerides and fatty acids.

2. Additional di or monoglyceride lipase converts mono or diglyceride to free fatty acids
and glycerol (Figure 10.20).

Fate of free fatty acids and glycerol

1. The free fatty acids are released into circulation. They reach other tissues after com-
bining with plasma albumin. Most of them are used for energy production in peripheral
tissues. Liver converts them into ketone bodies('/;).

2. The glycerol is also released into circulation because adipose tissue cannot utilize glyc-
erol. Glucose is formed from glycerol in liver.

Action of hormones on lipolysis

Triglyceride breakdown in adipose tissue is under hormonal control. Hormones like
epinephrine, nor epinephrine, glucagon, ACTH, MSH, TSH and growth hormone favours
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lipolysis where as insulin suppresses lipolysis. These hormones affect lipolysis by altering
cAMP level.

Hormones sensitive lipase exist in two forms. A active phosphorylated from and in active
dephosphorylated form. cAMP depend proteinkinase-A converts in active form to active form
by phosphorylation. Lipolytic hormones increases cAMP level by activating adenylate cyclase.
This inturn leads to increased lipolysis due to conversion of inactive hormone sensitive
lipase to active form by cAMP dependent proteinkinase. Insulin inhibits lipolysis by decreas-
ing cAMP level. Mechanism of activation and inactivation of hormone sensitive lipase by
hormones is shown in Fig. 10.20.

Epinephrine, Nor epinephrine, glucagon
/ e Insulin

Adenylate cyclase Phosphodiesterase
ATP > cAMP > AMP

®

Protein kinase A

Hormone sensitive lipase Hormone sensitive lipase

Inactive ATP  ADP active

Triglyceride37—> Diglycerides + FA

H or
20 @ Monoglycerides + FA

@l Monoglyceride

lipase
Glycerol + Fatty acid (FA)

Fig. 10.20 Action of hormone sensitive lipase and lipolysis reaction sequence

Medical importance

1. Under stressful conditions or starvation, hormones like epinephrine and glucagon are
released. They stimulate lipolysis to meet energy requirement of the tissues.

2. In diabetes lack of insulin causes increased lipolysis.

3. In pheochromocytoma plasma free fatty acid level is increased due to increased lipolysis.

BIOSYNTHESIS OF COMPOUND LIPIDS

Major compound lipids present in mammalian membranes are phospholipids and glycolipids.

Phospholipid Biosynthesis

Phosphatidyl choline or lecithin, phosphatidyl ethanolamine or cephalin and sphingo myelins
are major components of human cell membrane. Cardiolipin is another important phospholipid
of mitochondrial membrane. Phosphatidyl inositol is one of the phospholipid whose impor-
tance in signal transduction has been established recently.

Biosynthesis of lecithin and cephalin

1. It occurs in liver and adipose tissue.
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2. Phosphatidic acid serves as precursor for the synthesis of lecithin and cephalin. It is the
major route for the synthesis of these lipids.

3. Nitrogenous bases are activated prior to their incorporation into phospholipids. Activa-
tion occurs in the cytosol.
Formation of activated nitrogenous bases
Activated nitrogenous bases required for lecithin and cephalin formation are CDP-choline
and CDP-ethanolamine.

REACTIONS OF LECITHIN AND CEPHALIN BIOSYNTHESIS

Synthesis of CDP-Choline

1. Phosphorylation of choline by choline kinase is the first reaction. ATP and Mg?* are
other cofactors.

2. In the next reaction choline phosphate cytidyl transferase transfers choline to CTP to
form CDP-choline. CDP-choline is the donor of phosphocholine (Fig. 10.21).

Acyl
{Acyl
0P
Phosphatidate
Mgz (1) . H20 Mg (3 ,
Choline 7—? Phosphocholine ® Ethanolamine Ethanolamine
ATP ADP pi Phosphate  App  ATP
CTP CTP
@ Acyl @
PP EACV' PPi
CDP-choline OH  CDP-Ethanoclamine

1, 2-diglyceride

CMP
CMP

Acyl Acyl
EACW EAcyl
O-phosphoryl choline

O-phosphoethanolamine

Phosphatidyl choline 3SAH 3SAM Phosphatidyl ethanolamine
(Lecithin) (Cephalin)

Fig. 10.21 Reactions of lecithin and cephalin biosynthesis

Synthesis of CDP-Ethanolamine

Formation of CDP-ethanolamine also involves initial phosphorylation followed by trans-
fer of ethanolamine phosphate to CTP. Reactions 3 and 4 in Fig. 10.21. Ethanolamine kinase
catalyzes reaction 3 and phosphoethanolamine cytidyltransferase catalyzes reaction 4.

Synthesis of lecithin

5. 1, 2- diglyceride formed from phosphatidic acid by the action of phosphatase is used for
the formation of lecithin. The reaction occurs in endophasmic reticulum.
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6. Transfer of phosphocholine from CDP choline results in the formation of phosphatidyl
choline or lecithin. The reaction is catalyzed by phosphocholine transferase and CMP is
released. The enzyme is localized in endoplasmic reticulum.

Synthesis of cephalin

7. Transfer of phosphoethanolamine from CDP-ethanolamine to 1,2-diglyceride results in
the formation of phosphatidyl ethanolamine or cephalin. The reaction is catalyzed by
phosphoryl ethanolamine transferase and CMP is released.

Synthesis of lecithin from cephalin

8. Lecithin may be formed from cephalin by using S-adenosyl methionine as methyl source.
The reaction is catalyzed by methyl transferase. Biosynthetic reactions of lecithin and
cephalin are shown in Fig. 10.21.

Biosynthesis of cardiolipin and phosphatidyl inositol

Phosphatidic acid serves as starting material for the synthesis of cardiolipin and phosphatidyl
inositol. CDP-diglyceride is an important intermediate in this synthesis (Fig. 10.22).
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Fig. 10.22 Reactions of cardiolipin, phosphatidyl inositol and phosphatidyl serine biosynthesis

Reactions of this biosynthetic Pathway

1. Formation of CDP-diglyceride from phosphatidic acid is the first reaction of the path-
way. It is catalyzed by CTP phosphatidate cytidyl transferase.

2. CDP-diglyceride reacts with phoshatidyl glycerol to form cardiolipin. CMP is released.
Reaction is catalyzed by a transferase.

3. Transfer of inositol to 1,2-diglyceride generates phosphatidyl inositol. The reaction is
catalyzed by inositol transferase.

4. Phosphatidyl serine is also formed from 1, 2-diglycearide by the transfer of serine
(Fig. 10.22).
Biosynthesis of sphingomyelin

1. Enzymes involved in sphingomyelin synthesis are present in endoplasmic reticulum and
golgi complex.
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2. Sphingosine required for sphingomyelin (other sphingolipid) biosynthesis is formed from
palmitoyl-CoA and serine in the form dihydrosphingosine.

3. Ceramide is an important intermediate of sphingolipid formation.

Reaction sequence of sphingomyelin formation

First four reactions occur in endoplasmic reticuluim and final reaction occurs in golgi
complex.

1. In the first step palmitoyl-CoA condenses with serine. The reaction is catalyzed by 3-
keto dihydrosphingosine synthase enzyme. 3-keto dihydro sphingosine is the product of
this reaction and CO, is released.

2. Reduction of 3-keto dihydrosphingosine by NADPH dependent reductase produces
dihydrosphingosine in the second reaction. NADP* is formed.

3. Acyl transferase catalyzes the transfer of acyl group from acyl-CoA to N-atom of
dihydrosphingosine in the next reaction. Dihydroceramide is the product of this reaction.

4. FAD dependent dehydrogenation of dihydroceramide produces ceramide. The reaction is
catalyzed by dehydrogenase. FADH, is produced.

5. Now the ceramide reacts with CDP-choline to form sphingomyelin. The reaction is
catalyzed by phosphocholine transferase.

Reaction sequence of sphingomyelin synthesis is shown in Fig. 10.23.

Palmitoyl-CoA @ 3-Keto dihydro sphingosine
serine  CO, @ NADPH + H*
[ NADP*
Dihydro sphingosine
@ Acyl-CoA

$>CoA
Dihydro ceramide

FAD
@

$>FADH,
Ceramide

@ CDP-choline
J>CmP
Sphingomyelin

Fig. 10.23 Reaction sequence of sphingomyelin biosynthesis

Biosynthesis of glycolipids
1. Caramide is the starting material for the formation of cerebrosides, sulfolipids and
gangliosides.
2. Enzymes of glycolipid synthesis are present in golgi complex.
3. They are formed by the stepwise addition of sugars or sulfate to the ceramide. Activated

sugars or sugar derivatives act as donors of sugar. Active sulfate serves as donor of
sulfate.
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Synthesis of cerebrosides and sulfatides
UDP-galactose serves as donor of galactose. PAPS serve as donor of sulfate.

1. Galactosyl transferase catalyzes the transfer of galactose to ceramide to form
galactocerebroside.

2. A galacto sulfatide is formed from galactocerebroside by reacting with PAPS which
donates sulfate. The reaction is catalyzed by sulfokinase and PAP is released (Figure
10.24a).

Synthesis of gangliosides

1. Gangliosides are formed ceramide by stepwise addition of activated sugars like UDP-
glucose, UDP-galactose, CMP-NANA and UDP- N-acetyl galactosamine. Pathway for the
formation of gangliosides is shown schematically in Figure 10.245.

2. Glycosyltransferases present in golgi complex are involved in the transfer of sugars
from nucleotides.

(a)

UDP-Galactose UDP PAPS PAP

Ceramide @ Galacto cerebroside @ Galacto sulfatide

UDP-Glucose UDP UDP-Galactose UDP

CeramideA—L Ceramide-Glucose A—L Ceramide-Glucose-Galactose
CMP-NANA

N-acetyl galactosamine  UDP-N-acetyl galactosamine CmP

Ceramide-glucose-galactose \ Ceramide-Glucose-Galactose
NANA UDP NANA

GM, ganglioside GM; ganglioside

UDP-galactose (b)
UDP  N-acetyl galactosamine-galactose
[ . -
Ceramide-glucose-galac‘tose —> —> —> —>Higher ganglioside
NANA
GM, Ganglioside
Fig. 10.24 (a) Reactions of cerebrosides and sulfatides biosynthesis
(b) Biosynthetic pathway of gangliosides
Medical Importance
Several diseases are due to impaired metabolism of compound lipids.

A. Lipid storage diseases or lipidoses

Under normal conditions, synthesis and degradation of compound lipids is well balanced.
Deficiency or lack of enzymes of their degradation causes accumulation of these lipids in
tissues. Abnormal accumulation of compound lipids in various tissues lead to lipidoses or
lipid storage diseases. They are all inherited. Some of them are mentioned below.
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1. Gaucher's disease

It is due to deficiency of B-glucosidase. Since this enzyme is involved in the breakdown of
glucocerebroside. Its deficiency leads to accumulation of glucocerebrosides in liver and spleen.
Therefore, the characteristic symptoms are enlarged liver and spleen.

2. Krabbe's disease

Galactocerebrosidase is deficient in this condition. Accumulation of galactocerebrosides, mental
retardation and absence of myelin are the symptoms.

3. Neimann-Pick disease

It is due to defective sphingomyelinase. So, sphingomyelin accumulates in liver and spleen.
As a result, spleen and liver are enlarged. It is a serious condition and usually occurs in
infancy and causes death in few months.

4. Tay-Sachs disease

Hexosaminidase A is deficient in this disease. Since this enzyme degrades GM, gangliosides.
Its deficiency leads to accumulation of these in brain and nerves. Therefore, characteristic
symptoms are related to nervous systems. They are mental defects, neurological distur-
bances and blindness.

5. Farber's disease

Ceramidase is deficient in this condition. So, there is accumulation of ceramide in tissues.
Other symptoms are skeletal deformation, mental retardation and dermatitis.

6. Metachromatic leukodystrophy

It is due to deficiency of arylsulfatase A. Since this enzyme hydrolyzes galactosulftides, its
deficiency leads to accumulation of these lipids in nerve tissue. The nerves of people suffer-
ing form this disease stain yellowish brown with cresyl violet dye and hence the name.
Symptoms are absence of myelin, psychological disturbances and mental retardation.

B. Multiple sclerosis

In this condition phospholipids and sphingolipids are lost from white matter. However, it
contains cholesterol and its ester, which are not found usually. It is characterized by absence
of myelin.

LIPOPROTEIN METABOLISM

Metabolism of chylomicrons
Synthesis

1. In the smooth endoplasmic reticulum of intestinal mucosal cells trigly cerides (T'G) and
cholesterol (C) formed from dietary fat are coated with phospholipids (PL) and apoA-I,
A-IT and apo B-48 to generate chylomicrons.

These chylomicrons then emerge from enterocyte into lymphatics.
Chylomicron that enters lymphatics from intestine is called as nascent chylomicron.
Through the thoracic duct nascent chylomicrons enters blood.

ok N

In the circulation nascent chylomicrons combines with apo C and apo E to form mature
chylomicrons.



Lipid Metabolism 233

Degradation

1
2.
3.

Mature chylomicrons are rapidly removed from circulation by extra-hepatic tissues.
Half-life of plasma chylomicron is less than an hour in humans.

Lipoprotein lipase present in the walls of blood capillaries attacks triglycerides of mature
chylomicrons.

4. The enzyme is anchored to capillary wall through heparin sulfate.

10.
11.
12.

Apo C-II and phosphlipids are required for its activity.

Hydrolysis occurs when chylomicron binds to the enzyme on the endothelium. Apo C-
IT promotes binding of chylomicron to the enzyme.

. Triglycerides are hydrolyzed to glycerol (G) and free fatty acids (FFA). Most of the fatty

acids released are taken up by peripheral tissues.

Action of lipoprotein lipase on chylomicrons results in the loss of 90% of triglycerides,
apo A, apo C and small amounts of phospholipids.

The size of the mature chylomicron is reduced to half and it is called as chylomicron remnant.
The chylomicron remnants are taken up by liver through apo E receptors.
In the liver, remaining triglycerides and cholesterol ester (if any) are hydrolyzed and metabolized.

Lipoprotein lipase is also found in heart, adipose tissue, spleen, lung, renal medulla,
aorta, diaphram and lactating mammary gland. However, it is absent in liver. Further,
the affinity of the enzyme depends on its origin. For example, heart enzyme is ten times
more active than adipose tissue enzyme. Lactating mammary gland lipoprotein lipase
plays an important role in the secretion of triglycerides into milk. In Fig. 10.25, steps
involved in the synthesis and degradation of chylomicrons are shown.

Fig. 10.25 Synthesis and degradation of chylomicrons
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Metabolism of VLDL
Synthesis
1. Liver mainly synthesizes VLDL.

2. In hepatocytes, synthesized triglycerides combines with phospholipids, cholesterol and
apo B-100 to generate VLDL.

3. This VLDL is called as nascent VLDL.

4. Nascent VLDL are secreted into hepatic sinusoids and from there they enters circula-
tion.

5. Addition of apo C and apo E in the circulation generates mature VLDL from nascent
VLDL.
Degradation
1. VLDL are rapidly removed from circulation by extra hepatic tissues.
2. Half life of plasma VLDL is about 1-3 hours.

3. Action of lipoprotein lipase on VLDL results in the loss of triglycerides and apo C. Free
fatty acids and glycerol are metabolized.

4. Loss of triglycerides and apo C results in the formation of intermediate density
lipoproteins (IDL) or VLDL remnants.

5. Only one IDL particle is formed from each of VLDL particle.

6. In humans, most of the VLDL remnants are taken up by the liver and converted to
LDL. Uptake is through the apo E receptor mechanism.

7. However, LDL may be generated in the circulation from IDL by removing apo E
Various stages of VLDL metabolism are shown in Fig. 10.26.

Fig. 10.26 Formation and fate of VLDL
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Metabolism of LDL
Synthesis

1. Liver directly produces LDL. It is also formed from IDL in the circulation.
2. In the liver, synthesized cholesterol combines with triglycerides, phospholipids and
apoproteins to generates LDL. Apo B is the only apoprotein used for LDL formation.
Degradation

1. Each day, 50% of LDL is removed from circulation. Extra hepatic tissues removes half
of this and remainder is removed by liver.

2. The uptake of LDL by extra hepatic tissues is mediated by cell surface receptor. The
receptors are present in clathrin coated pits. Apo B-100 of LDL is recognized by the receptor
and LDL binds to the receptor. Then the LDL particles are taken up by endocytosis.

3. With in the cells LDL are broken down by lysosomal enzymes in 5-6 minutes.

4. Cholesterolesters and apo proteins are hydrolyzed by lysosomal hydrolases. Free cho-
lesterol released may be reesterified. It regulates intra cellular cholesterol synthesis.

5. Uptake of LDL by liver is mediated through a specific LDL receptor. In the liver, free
cholesterol released may be esterified and apoprotein is hydrolyzed to amino acids.
Steps of LDL synthesis and degradation are shown in Fig. 10.27.

Fig. 10.27 Synthesis and degradation of LDL

Regulation of LDL up take by extra hepatic tissues
1. Free cholesterol in cells regulates uptake of LDL by extra hepatic tissue.

2. Uptake of LDL by receptors depends on number of receptors on membrane surface
which are in turn regulated by cellular need for cholesterol.

3. If the cell has enough cholesterol then LDL receptors are not synthesized. So this
blocks entry of LDL or excess cholesterol into cells.
METABOLISM OF HDL
Synthesis

1. Liver mainly synthesizes HDL and intestine synthesizes to some extent.
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2. HDL secreted by liver (intestine) is called as nascent HDL and is composed of choles-
terol, phospholipid and apo A, apo C and apo E. Nascent HDL has flat discoid shape.

3. In plasma cholesterol of HDL is esterified by LCAT. Apo A-I activates LCAT.

4. LCAT system is also involved in the removal of free cholesterol from extra herpatic
tissues.

5. Cholesterolester (CE) formed by the action of LCAT moves from periphery to the center
of disc and HDL assumes spherical shape.

Degradation
1. Though the half life of HDL in blood has been established as 5 days, the exact fate of
HDL remains uncertain. It is a subject of intensive research.
2. However, three fates for HDL have been identified.

3. HDL may transfer cholesterolesters to other lipoproteins like VLDL, LDL. Apo D
component of HDL promotes transfer of cholesterolester from HDL to LDL or VLDL.
It is called as cholesterolester transfer protein. The cholesterolester of LDL or VLDL
is taken up by liver. Thus HDL mainly function as tissue cholesterol scavenging agent.
Since HDL removes free cholesterol from extra hepatic cells the incidence of
atherosclerosis or coronary artery disease (CAD) is inversely related to plasma HDL
concentration.

4. Some HDL is take in up by liver directly through apo E receptor and is metabolized.

5. Some HDL is converted HDL, and taken up by liver. Hepatic lipase releases free
cholesterol from HDL, for uptake into the liver. Formation and fate of HDL is shown
is Fig. 10.28.

Fig. 10.28 Formation and fate of HDL

Medical Importance

Plasma lipoproteins are altered in several diseases.
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Lipoproteinemias (Dyslipoproteinemias)

They are groups of genetic disorders associated with increased or decreased lipoproteins in
plasma. They are mainly due to defects in either production, transport or catabolism of
lipoproteins. Most of them are harmless.

They are of two types.
1. Hypolipoproteinemias: in which plasma lipoprotein is decreased.

2. Hyperlipoproteinemias: in which plasma lipoprotein is increased.

HYPOLIPOPROTEINEMIAS

A beta lipoproteinemia
1. This condition is due to block in apo B production.

2. Since apo B is required for VLDL and chylomicron their formation is affected. Further
LDL formation is also affected. Hence, LDL, chylomicrons and VLDL are absent in
plasma.

3. Plasma triglyceride and cholesterol levels are low.

4. Triglycerides accumulates in liver and intestine due lack of chylomicrons and VLDL.

Bassen-Kornzweig syndrome
1. It resembles abeta lipoproteinemia.
2. Plasma triglyceride and cholesterol levels are low and they accumulates in tissues.
3. Characteristic symptoms are acanthocytosis (spike like projections on erythrocytes),

atypical retinitis and extensive demyelination.

Familial hypo beta lipoproteinemia
1. The condition is characterized by low LDL and normal chylomicron levels in plasma.
2. It is not a serious condition affected individuals are normal and healthy.

3. Plasma cholesterol level is low.

Familial alpha-lipoprotein deficiency (Tangier disease)

1. It was first identified in Tangier island. The condition is characterized by the absence
of HDL in plasma. HDL formation is impaired due to lack of apo C-II.

2. Cholesterolesters accumulate in the tissues and plasma, cholesterol level is low.

3. Symptoms are hepato splenomegaly due to accumulation of cholesterol and orange
yellow tonsils.

HYPER LIPOPROTEINEMIAS (LIPIDEMIAS)

Type-l hyper lipoproteinemia
1. Lipoprotein lipase is deficient in this condition.
2. It is a rare condition and deficiency of lipoprotein lipase is due to decreased formation
of apo C-II, which is required for its activity.
3. Lipoprotein lipase deficiency impairs chylomicron clearance from plasma. As a result,
chylomicron accumulates in plasma (hyper chylomicronemia).
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4. Plasma triglycerides and cholesterol levels are elevated.
5. Xanthomas (collection of lipids in skin or tendon sheaths), abdominal pain are common
symptoms in this condition.

Type-Il hyper lipoproteinemia or Familial hyper cholesterolemia

1. It is most common among others.

2. It is due to slow clearance of LDL from circulation owing to defective LDL receptors.
3. Plasma LDL, triglycerides and cholesterol level are elevated.
4

. Severe xanthomas and deposition of lipid in tissues are major features. Hence, this
condition is associated with atherosclerosis and coronary artery disease.

5. Feeding of diet containing PUFA is beneficial to these individuals.

Wolman disease
1. It is a rare genetic disorder.

2. Lysosomal acid lipase, which hydrolyzes cholesterolester and triglyceride is absent in
this condition.

3. Plasma LDL level is elevated, cholesterolester accumulates in tissues.

4. It is fatal condition and death can occur in the first six months of life.

Familial hyper lipoproteinemia (Broad beta disease)
1. It is a rare condition, in which chylomicron catabolism is impaired.

2. In this condition production of apo E is defective and conversion of VLDL remnants to
LDL is also impaired.

3. Hence, both chylomicrons and VLDL remnants are more in plasma and condition is
referred as remnant disease. Plasma cholesterol and triglceride levels are elevated.

4. Symptoms are xanthomas and atherosclerosis.

Familial hyper triacylglycerolemia

1. The condition is characterized by increased triglycerides and cholesterol in blood (En-
dogenous hyperlipidemia).

2. The biochemical defect in this disorder is not clear.

3. The condition may progress to atherosclerosis.

Familial hyper lipoproteinemia
1. In this condition, both chylomicrons and VLDL are elevated in plasma.
2. Apo B is over produced and plasma cholesterol and triglyceride levels are elevated.

3. Xanthoma is the main symptom.

LCAT deficiency
1. A familial deficiency of this enzyme has been reported.

2. Lecithin and cholesterol levels are high in plasma of the affected individuals.
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3. Symptoms are accumulation of free cholesterol in erythrocytes, corneal infiltration,
hemolytic anemia and kidney damage.

In addition to the above, hyper lipoproteinemias also manifest as secondary complication
of diseases like diabetes, atherosclerosis, excessive use of oral contraceptives, hypothyroidism
and nephrotic syndrome.

Fatty livers
1. Liver contains about 5% lipid. Of this, about 1/4 is triglyceride.

2. Extensive accumulation of lipid in the liver leads to condition known as fatty liver. In
the fatty livers, the lipid content increases to 25-30%. Further, triglycerides and fatty
acid may occupy entire cytoplasm of hepatocyte.

Several factors causes accumulation of lipid in liver

1. Raised plasma free fatty acid level

When there is a mobilization of fat from adipose and extrahepatic tissues plasma free fatty
acid level increases. Liver takes up increasing amounts of fatty acids and esterifies them.
Hence rate of triglyceride synthesis is more. However, the synthesis of VLDL occurs only
at normal rate. As a result triglycerides accumulate and cause fatty liver. The plasma free
fatty acid level is elevated in (a) starvation (b) diabetes (c) high fat diet (d) carnitine defi-
ciency. Hence, in these conditions fatty liver occurs.

2. Metabolic block in the production of lipoproteins

Block in VLDL formation causes fatty liver even though the rate of triglyceride synthesis
is normal because VLDL transports triglyceride from liver to extra hepatic tissues. VLDL
formation may be blocked if substance (s) required for its formation are deficient. However,
when deficient substances are supplied fat accumulation cease.

Lipotropic factors Are compounds that relieve or prevent excess accumulation of lipids
in the liver. They are choline, methionine and betaine. These lipotropic factors cure fatty
liver due to choline or methionine deficiency. Choline deficiency may result from impaired
transmethylation reactions associated with methionine catabolism.

Choline deficiency leads to block in choline dependent phospholipid biosynthesis. This in
turn impairs formation of membranes needed for lipoprotein synthesis. Thus choline defi-
ciency results in block in VLDL formation and causes accumulation of fat in liver. Choline
deficiency may impairs carnitine biosynthesis also.

Other noteworthy lipotropic factors are PUFA, vit E, pyridoxine and pantothenic acid.
The deficiency of any one of these substances causes fatty liver. However, they can not
prevent occurrence of fatty liver due to choline deficiency.

3. Toxic substances

Several hepato toxic agents like carbon tetrachloride, chloroform, phosphorus, lead, arsenic,
alcohol and orotic acid causes fatty liver. Substances, which inhibit protein synthesis like
puromycin and ethionine, a methionine analog also cause fatty liver.

Medical Importance

Effect of fatty liver When accumulation of lipid in liver becomes chronic fibrotic changes
takes place in hepatocytes, which progress to cirrhosis and finally impaired liver function.
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ALCOHOL METABOLISM
Sources
(@) Endogenous Small amounts of alcohol in the blood may be produced by intestinal flora.

(b) Exogenous Alcohol consumed by pleasure seekers is absorbed easily all along gastro
intestinal tract and reaches liver.

Site Liver is the major site of alcohol metabolism.

There are two pathways for alcohol degradation.

1. Major pathway

In this pathway alcohol is converted to acetate by the action of cytosolic alcohol dehydrogenase
and mitochondrial aldehyde dehydrogenase (Fig. 10.29). Acetyl-CoA may be formed from
acetate which enters TCA cycle or fatty acid biosynthetic pathway.

2. Minor pathway

In this pathway alcohol is converted to acetaldehyde by microsomal cytP;,-dependent ethanol
oxidizing system (Fig. 10.29). It is an induceble pathway and become prominent in chronic
alcoholics.

CytPuso
Alcohol NADP*, H,0 NADPH, O,
dehydrogenase
CH3CHOH —————g—>  CH;CHO €————<—CH;CH,0H
Ethylalcohol NaAD+ NADH + H+ Acetaldehyde Ethyl alcohol
NAD*

Aldehyde dehydrogenase
NADH + H+

ATP  AMP + PPi

CH,COOH ———Z—> Acetyl-CoA

Acetic acid CoA

TCA cycle

Fig. 10.29 Reactions of alcohol utilization

Medical Importance

1. It serves as energy source like carbohydrate. However, if consumed excess (chronic
alcoholism) leads to fatty liver development.

Some individuals (chronic alcoholics) develop vit A and thiamin deficiency.
Lactic acidemia occurs due to excess NADH in the cytosol.

Women are more susceptible to alcohol effects than men.

ok N

Moderate consumption of alcohol was found to be beneficial to stroke patients. HDL
level is higher in people consuming small amount of alcohol daily.

6. Clearance of toxins from circulation by liver becomes slow and some compounds get
converted to carcinogens in chronic alcoholics.

7. Alcohol consumption aggravates gout and porphyrias.
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Lipid peroxidation
1. As stated in chapter-6 action of atmospheric oxygen on fats results in formation of peroxides.
2. In the body (in vivo) also, lipid peroxidation occurs.
3. Lipid peroxidation is a chain reaction.
4. Free radicals initiate lipid peroxidation chain reaction. Free radicals can be defined as

molecules having unpaired electrons in outer orbitals. They are highly reactive. They
all contain oxygen hence they often called as reactive oxygen species (ROS).

In biological systems, free radicals are generated by

1. Oxygen radicals

Oxygen radical are involved in lipid peroxidation. Hydrogen of methylene (—CHy—) group
of PUFA is susceptible to extraction due to adjacent double bonds. Hence, in presence of
oxygen free radical of PUFA is generated by extracting a methylene hydrogen from mem-
brane PUFA. Reaction of PUFA free radical with O, forms peroxy PUFA radical, which in
turn reacts with another molecule of PUFA to form PUFA free radical and endoperoxide
(Fig. 10.30) Ultimately malondialdehyde (MDA) and other small molecules are formed. Usually
MDA estimation used to assess extent of lipid peroxidation.

2. Superoxide

As such super oxide (O,") can not initiate lipid peroxidation. It generates reactive oxygen
species (ROS) or free radicals like singlet oxygen (O,) and hydroxyl radical (OH). These may
initiate lipid peroxidation.

PUFA COOH

Initiation

AR

Free radial of PUFA COOH
fOZ
0—0"
\/—\:/\/—\/\/\/\/\COOH

Peroxy radical of PUFA

PUFA (RH)
Propagation .
Free radical (R) PUFA

0-OH

COOH
Endo peroxide (Hydroperoxide)
of PUFA

Termination ‘L

Malondialdehyde (MDA) and other products
Fig. 10.30 Lipid peroxidation mechanism
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Apart from the above two systems, light or metals also can generate free radical, which
in turn can initiate lipid peroxidation.

Medical Importance

1. Membrane lipids particularly PUFA are in contact with O, and metal rich environment.
So, they are susceptible to lipid peroxidation which in turn can cause membrance
dysfunction.

2. Lipid peroxidation is associated with several diseases or conditions like ageing, diabetes,
cancer, necrosis, epilepsy, inflammatory or autoimmune disorders and cardiovascular
diseases like atherosclerosis.

3. Free radical scavenger systems (FRSS) Since free radicals initiate lipid peroxidation
body devised ways to remove free radicals.

(a) Enzymatic free radical scavenger system (EFRSS) It consist of antioxidant
enzymes like superoxide dismutase, glutathione-s-transferase, catalase, peroxidase
and glutathione peroxidase.

(b) Non-enzymatic free redical scavenger system (NEFRSS) It consist of several
compounds, which act as antioxidants. Most of them are naturally occurring. They
are glutathione, melatonin, tocopherol (vit E), ascorbic acid (vit C), lipoic acid, uric
acid, carotenes, caffeine and bilirubin.

Some artificial or synthetic antioxidants are widely used in preservation of processed fat
foods. They are butylated hydroxy toluene (BHT), butylated hydroxy anisole (BHA) and
propyl gallate (PG).

4. Some toxins work by generating free radicals. For example, carbon tetrachloride, alloxan
and hydroxy dopamine. Mostly they create oxidative stress, which results in impaired
function of tissues.

5. Radiation damage involves free radical generation.

BIOSYNTHESIS OF EICOSANOIDS

Eicosanoids are formed from essential fatty acids. In humans, eicosanoids are synthesized
from arachidonic acid. Small amounts of eicosanoids are also synthesized from dietary linolenic
and linoleic acids.

Site Except RBC eicosanoids are formed in all types of mammalian cells.

Synthesis of prostaglandins and thromboxanes
Source of arachidonic acid

There is some uncertainty regarding source of arachidonic acid. However, two alternate
sources are proposed.

1. Phospholipase A, action on membrane phospholipids generates arachidonic acid. Ca**
activates this enzyme.

2. Cholesterol esters containing arachidonic acid may also serve as arachidonic acid source.

Reactions of prostaglandins and thromboxane synthesis

Cyclooxygenase Pathway
1. First reaction is catalyzed by cyclooxygenase component of prostaglandin cyclooxygenase
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complex. It converts arachidonicacid to PGG, using 2 oxygen molecules. It is a
hemeprotein and located in microsomes. The enzyme complex has two components (a)
Cyclo oxygenase and (b) endoperoxidase components. Cyclooxygenase gets in activated
after operating 15-30 times by hydroperoxy group generated.

2. The PGG, is converted to PGH, by reduced glutathione dependent endoperoxidase
component of prostaglandin cyclooxygenase complex.

Specific enzymes present in different tissues catalyzes the formation of PGD, E, F
series, prostacyclins and thromboxanes from PGH,.

3. In the kidney and spleen PGE, and PGF,, are produced from PGH, by the action of
isomerase and reductas, respectively.

4. In the platelets, lung thromboxane A, is formed from PGH, by the action of thromboxane
A, synthase.

5. In the blood vessels, PGI is produced from PGH, by the action of synthase. Formation
of some prostaglandins and thromboxanes are shown in Fig. 10.31.
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Fig. 10.31 Cyclooxygenase pathway for prostaglandins and thromboxane biosynthesis
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Synthesis of leukotriens and lipoxins

Lipoxygenase pathway

Lipoxygenases are enzymes present in various tissues. They exhibit positional specificity and
oxygenate arachidonic acid at different positions. Addition of O, by these enzymes to
arachidonic acid generates hydroperoxides. Lipoxygenases are named according to position
they oxygenate.

Leucocytes and neutrophils have 5-lipoxygenase. Likewise kidney, platelets have 12-
lipoxygenase and lymphocytes, neutrophils and reticulocytes have 15-lipoxygenase.
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Reactions of leukotriene and lipoxin formation

1. In leucocytes 5-lipooxygenase adds O, to 5-position of arachidonic acid. This results in
the formation of 5-hydroxy eicosa tetraenoate (5-HPETE).

2. Leukotriene LTA, is generated from 5-HPETE by dehydration catalyzed by dehydrase.
3. By the action of 15-lipoxygenase on LTA, lipoxins are produced.

Formation of leukotriens and lipoxins is shown in Fig. 10.32.
4. LTA, also serve as precursor for the formation of LTB,, LTC, LTD, and LTE,.

Arachidonic acid ﬁCD—> 5-hydroperoxyeicosa tetraenoic acid
02 5-HPETE

Lipoxins «—— Leukotriens ——> LTB,
(LXA4,B4,C4,D4) (LTA4) —>LTE,

LTC,———>LTD,

Fig. 10.32 Lipoxygenase pathway for leukotriens and lipoxins formation

Medical importance

1. Anti inflammatory drugs like corticosteroids work by inhibiting the action of
phospholiopase A,.

2. Drugs like aspirin, indomethican, ibuprofen and phenyl butazone work by inhibiting
cyclooxygenase action.

3. Angiotensin II, bradykinin and epinephrine causes increase in intracellular Ca**, which
in turn activates phospholipase A,. As a result prostaglandin synthesis is increased. The
biological (medical) actions of the eicosanoids are described in chapter 6.

4. Cyclooxygenase (COX) exist in two or three isoforms. They are cyclooxygenase
(COX-1) and cyclooxygenase (COX-2). COX-1 is a membrane bound haemo and glycoprotein
with a molecular weight of 71 Kilodaltons (Kda). It is a dimmer and constitutive enzyme
expressed in most tissues. It is involved in prostaglandins that are involved in normal
cell regulatory activity.

COX-2 is an inducible enzyme with molecular mass of 70 Kda. It is not found in resting
cells. It is expressed in many tissues in chronic inflammation.

5. Side effects associated with use of nonsteroidal anti inflammatory drugs (NSAIDS) like
aspirin, indometacin or ibuprofen are gastrointestinal ulcers and renal disturbances.
They are due to inhibition of both the isoforms of COX by these drugs. Aspirin
inhibits by irreversible acetylation where as indomethican or ibuprofen inhibit
reversibly by competing with substrate. Since COX-2 is expressed in inflammatory
conditions selective NSAIDS that inhibits only COX-2 are free from side effects. At
least two selective COX-2 inhibitors are introduced into market at present
Nimesulide and Celecoxib are two such selective NSAID that work by inhibiting
COX-2.

6. COX-2 over expression occurs in Alzheimer's disease and colorectal cancer.
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CHOLESTEROL METABOLISM

Biosynthesis of cholesterol
1. About 1 gm of cholesterol is synthesized in the body per day.

2. Site. Cholesterol synthesis takes place in all nucleated cells particularly liver, adrenal
cortex, testis, ovaries, brain, placenta, aorta and skin. The enzymes of cholesterol
biosynthesis are present in micro somes and cytosol of the cells.

3. Precursors. Acetyl-CoAs generated from the break down of carbohydrates, fats and
aminoacids act as precursors of cholesterol. Acetyl-CoAs are transported from
mitochondria to cytosol by similar mechanism described for fatty acid biosynthesis.
HMP shunt generates NADPH required for cholesterol synthesis.

4. Synthesis of cholesterol takes place in several stages and involves condensation of two
and five carbon fragments. Further each condensation reaction involves —C—C— bond
formation. First 3 acetyl-CoA molecules condense to form 6 carbon mevalonate. In the
next stage 5 carbon isoprenoid unit is generated from mevalonate by loss of CO,. Then
six isoprenoid units condense in a specific stepwise manner to form 30 carbon
polyisoprenoid squalene. The squalene undergo cyclization to generate first sterol
lanosterol. Formation of cholesterol from lanosterol occurs after several steps.

3 Acetyl-CoA —> Mevalonate —» Isoprenoid

(Co) (Cg) (Cs)
Cholesterol +«<< Lanosterol «—— Squalene
(Ca7) (C30) (C30)

REACTIONS OF CHOLESTEROL SYNTHESIS

Formation of cholesterol from acetyl-CoA involves participation of numerous enzymes, which
catalyzes complex reactions. For the elucidation of this most complex and extra ordinary
pathway Bloch, Lynen and Corn forth were awarded Nobel Prize in 1964.

1. Synthesis of cholesterol begins with condensation of two acetyl-CoAs. The reaction is
catalyzed by B-ketothiolase or thiolase and acetoacetyl-CoA is the product. In this reac-
tion —C-C- bond is formed between methyl carbon of one acetyl-CoA and carbonyl
carbon of another acetyl-CoA. Alternatively aceto acetyl-CoA may be obtained from
acetoacetate by activation.

2. The acetoacetyl-CoA condenses with another molecule of acetyl-CoA in this reaction.
HMG-CoA synthase catalyzes the condensation and —C—C- bond is formed between p-
carbon of aceto acetyl-CoA and methyl carbon of acetyl-CoA. HMG-CoA is the product
of this reaction. HMG-CoA is key cholesterol precursor.

HMG-CoA is also an intermediate in ketogenesis which was described earlier. However,
the enzymes forming HMG-CoA from acetyl-CoA leading to formation of Cholesterol are
present in cytosol where as enzymes of HMG-CoA synthesis which needed for ketogenesis
are located in mitochondria.

HMG-CoA is the precursor of two isoprenoid intermediates of cholesterol synthesis.
They are isopentenyl pyrophosphate and dimethylallyl pyrophosphate. The formation of
isopentenyl pyrophosphate occurs in the next four reactions.
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. The carbonyl of thioestergroup HMG-CoA is reduced to an alcohol in an NADPH de-

pendent four electron reduction reaction catalyzed by HMG-CoA reductase. Mevalonate
is the product of this reaction.

. Mevalonate-5-phosphotransferase phosphorylates new-OH group of mevalonate in a ATP

dependent reaction. Mevalonate-5-phosphate is the product of this reaction.

. Phosphomevalonate kinase converts product of the above reaction to mevalonate-5-

pyrophosphate in another ATP dependent reaction.

Pyrophosphomevalonate is converted to 5-carbon isopentenyl pyrophosphate by
pyrophosphomevalonate decarboxylase in a ATP-dependent decarboxylation reaction.

The reaction involves formation of 3-phospho-5-pyrophosphomevalonate as a transient
intermediate. It is formed by phosphorylation on 3 carbon atom of pyrophosphomevalonate
(a) Decarboxylation of this intermediate results in dehydration and loss of P; (b) All
these phosphorylation, dehydration and loss of CO, and P; occur in a concerted reaction.

. In this reaction, dimethylallyl pyrophosphate is formed from the isopentenyl

pyrophosphate by the action of isopentenyl pyrophosphate isomerase. It is a reversible
reaction.

The two isomers isopentenyl pyrophosphate and dimethyl allylpyrophosphate are re-
sponsible for remaining carbon to carbon bond forming condensation reaction in choles-
terol synthesis. Since isopentenyl pyrophosphate acts as nucleophils (x) and dimethyl
allyl pyrophosphate acts as electrophile (y*) they undergo head-to-tail condensation.

In this reaction, prenyl transferase (Farnesyl pyrophosphate synthase) catalyzes head to
tail condensation of dimethylallyl pyrophosphate and isopentenyl pyrophosphate. As a
result carbon-carbon bond is formed between 1 carbon of dimethylallylpyrophosphate
and 4 carbon of isopentenyl pyrophosphate. Product of this reaction is geranyl
pyrophosphate.

Prenyl transferase catalyzes another head to tail condensation (1 — 4) of geranyl
pyrophosphate and isopentenyl pyrophosphate. A carbon-carbon bond is formed between
1 carbon of geranyl pyrophosphate and 4 carbon of isopentenyl pyrophosphate in this
reaction.

Squalene synthase now catalyzes head-to-head condensation of two farnesyl pyrophosphate
molecules. Formation of product squalene occurs in complex two-step reactions.

(@) In the first step, 1 carbon of one of farnesyl pyrophosphate is inserted into—Cy=Cq—
bond of second farnesyl pyrophosphate. This leads to formation of presqualene
pyrophosphate by eliminating pyrophosphate. In this reaction two —C—C- bonds are
formed between 1 carbon of one farnesyl pyrophosphate and 2,3 carbons of second
farnesyl pyrophosphate molecule.

(b) In the second step, presqualene pyrophosphate undergoes reduction and rearrange-
ment in presence of NADPH, which leads to formation of squalene with loss of
another pyrophosphate.

Intermediates of squalene to cholesterol are bound to squalene sterol carrier protein
which allows them to react in the aqueous phase of cell. In the next two reactions
squalene an open chain 30 carbon compound is cyclized to form tetracyclic steroid
skeleton lanosterol.
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11. Microsomal an NADPH-dependent squalene mono-oxygenase or squalene epoxidase
catalyzes oxidation of squalene to form squalene-2, 3-epoxide or 2, 3-oxidosqualene.

12. Squalene oxidocyclase converts squalene-2, 3-epoxide to lanosterol involving complex cyclization
process. In Fig. 10.33 reactions of lanosterol formation from acetyl-CoA are shown.
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Fig. 10.33 Cholesterol biosynthetic pathway. t Indicates —C—C— bond formation.
4 Indicates head to tail condensation
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Formation of cholesterol form lanosterol

Conversion of lanosterol to cholesterol involves several steps and they are shown in Figure-
10.33. Briefly they are

1. Lanosterol gives rises to desmosterol after the loss of three methyl groups and shift of
double bond. One methyl group is lost as formate and the other two methyl group are
released as CO,,.

2. Finally an NADPH dependent reductase catalyzes the formation of cholesterol from
desmosterol.

In another minor pathway cholesterol is formed from lanosterol via 7-dehydrocholesterol.

Other noteworthy compounds produced by intermediates of cholesterol biosynthetic pathway are

1. A fraction of dimethylallyl pyrophosphate is converted to HMG-CoA by transmethyl
gluconate shunt and isopentenyl adenosine of tRNA.

2. Farnesyl pyrophosphate is converted to ubiquinone, heme of cytochrome oxidase and
dolichol.

3. In bacteria and plants squalene is converted to hopane. Hopanoids are most abundant
biomolecules on this planet and they are not biodegradable. So they mostly serve as
precursors of petroleum products.

4. In plants, farnesyl pyrophosphate is converted to gibberellins, carotenes and chlorophyll.

Mevalonate independent pathway for cholesterol biosynthesis

1. Plasmodium falciparam causing malaria, Mycobacterium tuberculosis causing tubercu-
losis, Helicobacter Pylori causing gastritis, peptic ulcer disease, gastric cancer are able
to synthesize cholesterol by this pathway.

2. Two intermediates of glycolysis pyruvate and glyceraldehyde-3-phosphate are used for
formation of cholesterol in this pathway.
Medical importance

1. Pathogens of malaria and tuberculosis developed resistance to existing drugs. Since
enzymes of mevalonate independent pathway are different from human enzymes com-
pounds which exclusively act on enzymes of these pathogens may be useful as new class
of antimalarial and anti tubercular agents. Development of such new drugs saves more
human lives from these deadly pathogens.

Immediate fate of endogenous cholesterol

1. Cholesterol synthesized with in the cells is either esterified or released as free cholesterol.
2. In the liver and intestine dietary cholesterol is esterified.

3. The esterification of cholesterol in the liver or intestine or extrahepatic tissues is
catalyzed by Acyl-CoA-cholesterol acyl transferase (ACAT), which is an intracellular
enzyme. Fatty acid is esterified to the —OH group of 3 carbon of cholesterol.

ACAT
Acyl-CoA+Cholesterol W cholesterolester
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Transport of cholesterol

(a) Transport of dietary and hepatic cholesterol
1. In the intestine dietary cholesterol and cholesterol synthesized is incorporated into
chylomicrons and transported to liver.
2. In the liver, cholesterol is released from chylomicrons and incorporated into VLDL and
LDL.

3. VLDL and LDL secreted by liver contains cholesterol of dietary origin and also choles-
terol synthesized in the liver. So they transport cholesterol from liver to plasma.

4. In plasma highest proportion of cholesterol is found in LDL and most of it is in the
esterified form. The free form undergoes exchange between different lipoprotein frac-
tions and cell membrane.

5. Extra hepatic tissues take up LDL through receptor mediated endocytosis.

In extrahepatic tissues, LDL are broken down and lysosomal lipase hydrolyzes
cholesterolesters. The liberated free cholesterol may undergo either storage or for cell
membrane formation (Fig. 10.34)

Diet

Acetyl-CoA

Chylomicrons——> Cholesterol Circulation
~. VLDL
N
SN ‘l'
| : LDL
ntestine Receptor mediated
endocytosis
Proteins

Cholesterolester

Cell«<—Cholesterol —>Storage
membrane ACAT
Extra hepatic tissues

Fig. 10.34 Dietary and hepatic cholesterol trnasport.
6. LDL-cholesterol is referred as bad cholesterol because it supplies cholesterol to extra
hepatic tissues accumulation of which may lead to atherosclerosis.
(b) Extra hepatic tissue cholesterol transport (Reverse cholesterol transport)

1. The free cholesterol of extra hepatic tissue is esterified to HDL by plasma (LCAT)
lecithin-cholesterolacyl transferase. It catalyzes the transfer of fatty acid in position 2
of lecithin to cholesterol.

Lecithin of HDL + cholesterol  lysolecithin + cholesterolester

2. The cholesterol ester so generated diffuses into the core of HDL and transported to

liver. Lysolecithin combines with plasma albumin.

3. Thus, HDL-LCAT reaction plays important role in the transfer of extrahepatic tissue
cholesterol to liver.
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4. However, in plasma some cholesterol ester of HDL may be transferred to other
lipoproteins by cholesterolester transfer protein.

5. In liver cholesterol is eliminated as bile acids or as free cholesterol in bile (Fig. 10.35).
This process is called as reverse cholesterol transport.

VLDL
oAt T .
Cholesterol + HDL HDL Liver
Cholesterol ) )
ester™~y Bile acids
Cell membrane LDL

Cholesterol
Extra hepatic tissues

Fig. 10.35 Extra hepatic tissue cholesterol transport. (Reverse cholesterol transport)

6. HDL-cholesterol is referred as good cholesterol because it transports extrahepatic tissue
cholesterol to liver for elimination.

Regulation of cholesterol biosynthesis

Activity of HMG-CoA reductase regulate cholesterol biosynthesis. It is under hormonal and
feed back regulation in liver.

Hormonal regulation of cholesterol biosynthesis

Many hormones regulate cholesterol biosynthesis. They mediate their action through cAMP.
They can alter cAMP level. cAMP controls HMG-CoA reductase activity through covalent
modification.

HMG-CoA reductase exist in two forms an active unphosphorylated form and an in active
phosphorylated form. HMG-CoA reductase kinase catalyzes conversion of active form to in
active form by phosphorylation. Reductase phosphatase catalyzes conversion of less active
form to more active form by dephosphorylation. However, reductase kinase itself exist in
two inter convertible forms. Phosphorylation of reductase kinase by reductase kinase kinase
converts less active form to more active form. Reductase kinase phosphatase reverses this
process. Reductase kinase kinase is dependent on cAMP for its activity. cAMP is also re-
quired for the activity of protein kinase, which phosphorylates inactive phosphatase inhibi-
tor-1 to active phosphatase inhibitor-1. Active phosphatase inhibitor-1 inhibits
dephosphorylation reaction of phosphatases. Glucagon decreases cholesterol synthesis. It
increases cAMP thereby favouring the reactions that convert active reductase to inactive
form and at the same time suppressing reactions that maintain reductase in active form
thus inhibiting cholesterol biosynthesis. Insulin counter balances the action of glucagon. It
increases the cholesterol biosynthesis by favouring reactions that keep HMG-CoA reductase
in more active form (Fig. 10.36).

Other hormones that influence cholesterol biosynthesis are thyroxine and cortisol. Thy-
roxine increases cholesterol synthesis where as cortisol decreases cholesterol synthesis.

Feed back regulation of cholesterol biosynthesis

HMG-CoA reductase is subjected to feed back regulation by cholesterol. Cholesterol inhibits
HMG-CoA reductase by allosteric mechanism. Hence cholesterol diets reduces HMG-CoA
reductase activity.
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Fig. 10.36 Regulation of HMG-CoA reductase activity by hormones
© indicates inhibition @ indicates activation

Other noteworthy regulatory mechanisms are

1. LDL receptor synthesis Cholesterol synthesis is regulated in directly in extra hepatic

tissues by regulating rate of LDL receptor synthesis. High intracellular cholesterol
concentration inhibits LDL receptor synthesis whereas low intracellular cholesterol
concentration stimulates LDL receptor synthesis. Thus, in extra hepatic tissues choles-
terol synthesis is regulated at entry level.

. Esterification In extra hepatic tissues cholesterol synthesis is influenced by the rate
of its esterification by ACAT.

Catabolism of cholesterol

Humans lack enzyme system which can break steroid nucleus of cholesterol. So cholesterol
is not degraded to small compounds in the body. However, it is converted to bile acids in

the liver and eliminated through the bile.

Formation of bile acids

1. It is the major pathway of cholesterol catabolism. About 80% cholesterol is converted

to primary and secondary bile acids in liver and intestine. However, only small portions
of bile acids are excreted through feces.

2. About 0.5 gm of bile acids are formed per day in the body.

3. To-hydroxylase a cytP,s, - NADPH-dependent microsomal monooxygenase catalyzes first

reaction of bile acid formation. Vit. C is required for this reaction. 7o-hydroxylase is the
regulatory enzyme of bile acid biosynthesis and subjected to feed back inhibition.

. In one pathway, 7o-hydroxy cholesterol undergoes further hydroxylations and oxidation
of side chain to give trihydroxy coprostanoic acid. Loss of propionate results in the
formation of cholic acid from trihydroxy coprostanoic acid. In humans, cholic acid is the
major bile acid.
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5. In another route chenodeoxy cholic acid is synthesized from 7o-hydroxy cholesterol.
6. Cholic acid and chenodeoxy cholic acids are called as primary bile acids and they are the
end products of cholesterol catabolism in the liver (Fig. 10.37).
Formation of bile salts

In the liver, primary bile acids are activated to their corresponding CoAs. These activated
bile acids undergo conjugation with glycine and taurine to form tauro, glycocholate and
tauro, glycochenodeoxy cholate. They are secreted into bile. At physiological pH of bile, they
combine with Na*, K* ions to form bile salts (Fig. 10-37). They are secreted into intestine
as bile salts of bile. Bile also contains come free cholesterol. Na*, K* tauro and glycocholate,
Na*, K" tauro and glycochenodeoxy cholate are called as bile salts.

Fate of bile salts in the intestine

In the intestine a part of bile acids undergoes deconjugation and dehydroxylation by intes-
tinal bacteria. The products are deoxycholic acid and lithocholic acid, which are called as
secondary bile acids (Fig. 10.37).

Enterohepatic circulation

Most of primary and secondary bile acids are absorbed in ileum. About 99% of bile acids
secreted into intestine returns to liver through portal circulation. This is known as
enterohepatic circulation (from intestine to liver and back).

Only a small part of bile acids (400 mg/day) escaps reabsorption in the ileum. Lithocholic
acid is not reabsorbed because of its less solubility. So, it is eliminated through the feces
along with other bile that escaped reabsorption.

Other catabolic fates of cholesterol
1. Another important catabolic fate of cholesterol relates to steroid hormones.
2. Steroid hormones are synthesized in various tissues using cholesterol as starting ma-
terial. Finally, they are excreted in urine after conjugation.
Formation of Steroid Hormones

1. Five classes of steroid hormones are synthesized from cholesterol. They are progester-
one, testosterone, cortisol, aldosterone and estradiol.

2. Corpus luteum and placenta synthesizes progesterone. Testis and ovaries produce
testosterone and estradiol, respectively. Adrenal cortex produces aldosterone and cortisol.

3. NADPH is another important substance needed for steroid hormone formation.

4. Site Most of the reactions of steroid hormone formation occurs in mitochondria and
smooth endoplasmic reticulum.

5. Pregnenolone is the common intermediate of all the five classes of steroid hormone
biosynthetic pathways.

6. Enzymes involved in steroid hormone formation are dehydrogenases, hydroxylases and
lyases.

7. Formation of pregnenolone A mitochondrial cyt P,5, dependent cholesterol desmolase
converts cholesterol to pregnenolone by cleavage of side chain.
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Fig. 10.37 Reactions of cholesterol catabolism
8. Formation of steroid hormones from pregnenolone is out lined in Fig. 10.38.

9. Plasma and urinary levels of testosterone, estradiol and progesterone in men and
women at different stages are presented in Table 10.1.
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Cholesterol —>  Pregnenolone —> Progesterone

Prognenolone —>  Hydroxypregnenolone — Andostenediol — Testosterone
Progesterone —>  Hydroxyprogesterone — Deoxycortisol = — Cortisol
Progesterone —>  Deoxycorticosterone —> Corticosterone —> Aldosterone
Hydroxyprogesterone —>  Androstendione —> Testosterone —> Estradiol

Fig. 10.38 Outlines of steroid hormones formation from cholesterol

Table 10.1 Some steroid hormones plasma and urine levels in men and women of
different stages.

Steroid hormone Stage Plasma Urine
Testosterone in men Prepubertal <100 ng/100 ml 5.0 mg/day
Adult 300-1000 ng/100 ml| 10 mg/day
Estrogen in women Menstruation onset | 24-48 pg/ml 12 ng/day
Ovulation 50-300 pg/ml 56 pg/day
Leuteal phase 70-150 pg/ml 40 npg/day
Menopause 20 pg/ml -
Pregnancy - 20-4 Omg/day
Progesterone in women Ovulation 0.5-1.5 ng/ml -
Leuteal phase 10-20 ng/ml 40-50 mg/day
Menopause 0.1 ng/ml
Pregnancy >24 ng/ml 100 mg/day

Fecal sterols

A small amount of cholesterol present in bile is converted to coprostanol and cholestanol by
the intestinal bacteria and they are excreted in feces as fecal sterols.

Medical Importance
In several disease cholesterol metabolism is affected.

Plasma cholesterol concentration

Normal plasma cholesterol level is 150-250 mg%. Plasma cholesterol is mainly due to cho-
lesterol present in lipoproteins. Highest proportion is found in LDL and significant amount
in HDL and VLDL. Chylomicrons contain less cholesterol. It is present as free (30%) and
remaining is in the estrified form. Normal HDL-cholesterol level is 25-50 mg% and LDC-
cholesterol level is 75-150 mg%.

Factors affecting plasma cholesterol
1. It increases with age

Physical activity

Life style

Dietary fat

Smoking

S

Genetic factors

Hyper cholesterolemia
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Plasma cholesterol level is high in atherosclerosis, coronary artery disease, diabetes,
xanthomatosis, nephrotic syndrome, hypothyroidism and obstructive jaundice.

Hyper cholesterolemia and incidence of coronary artery disease

Though there are many lipids in plasma relative risk of developing Coronary Artery Disease
(CAD) is related to raised plasma cholesterol level. However, the most useful index of
coronary artery disease incidence is LDL:HDL cholesterol ratio. This ratio is used to predict
incidence of coronary disease.

Effect of PUFA of diet on plasma cholesterol

The polyunsaturated fatty acids (PUFA) in diet decreases plasma cholesterol where as satu-
rated fatty acids increase plasma cholesterol level. The mechanism is not clear. Hence,
consumption of diets rich in PUFA reduces incidence of coronary artery disease. Wheat
germ oil, safflower oil, sunflower oil, rice bran oil and peanut oil are rich sources of PUFA.

Cholesterol lowering drugs (Hypocholesterolemic drugs)

Since raised cholesterol level is associated with development of coronary artery disease,
several drugs are used to lower blood cholesterol level. Lowering of plasma cholesterol level
decreases incidence of coronary artery disease. For example, at the age of 40, a decrease
in blood cholesterol level from 250 to 200mg% lowers incidence of coronary artery disease
by 50%.

Hypocholesterolemic drugs lower plasma cholesterol level by affecting cholesterol
metabolism at several stages.

1. Lovastatin (Mevinolinate) It is a competitive inhibitor of HMG-CoA reductase. It
reduces plasma cholesterol level with minimal side affects. Compactin or mevastatin is
another competitive inhibitor.

2. Nicotinic acid It decreases plasma cholesterol by interfering with the mobilization of
free fatty acids.

3. Neomycin It interferes with bile acid re-absorption and absorption of dietary choles-
terol. As a result, elimination of cholesterol is more from the body. This leads to
decrease in plasma cholesterol level.

4. Probucol It also decreases blood cholesterol level by increasing excretion of cholesterol
and bile acids.

5. Cholesteramine (Questran) It lowers blood cholesterol level by decreasing re-absorp-
tion of bile acids.

6. Clofibrate (Astromid-S) It blocks cholesterol formation in liver and increases excre-
tion of cholesterol and bile acids. As a result, blood cholesterol level is decreased.

7. Dextro thyroxine (D-thyroxine) It lowers blood cholesterol level by accelerating
cholesterol catabolism thereby increasing fecal cholesterol excretion.

8. B-Sitosterol It is a plant sterol. It decreases blood cholesterol by blocking absorption
of dietary cholesterol.

9. Plant lectins and gums They lower blood cholesterol level by interfering with absorp-
tion of cholesterol and bile acids.
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10. Guava Consumption of this tropical fruit for three months bring down plasma choles-
terol from 250 mg% to 200 mg%.

Hypocholesterolemia

Plasma cholesterol level is decreased in hyper thyroidism, liver disease malabsorption syn-
drome and hemolytic anaemia.

Gall stones

Since cholesterol solubility is less in bile, an increase in cholesterol amount in bile favours
gall stone formation. However, genetic factors are mainly involved in gall stone formation.
Cholesterol content of gallstone is very high about 80%. Normally cholesterol is precipitated
around nucleus of protein and bilirubin. Bacterial infections also promote gall stone forma-
tion. Further, woman are three times more susceptible to this condition. Cholelithiasis
affected individuals have gallstones in biliary tract.

Atherosclerosis

1. It is an abnormality associated with cholesterol metabolism. Blood cholesterol level is
always high in atherosclerosis.

2. However, genetic factors are also involved in the development of this disease.

3. In this condition, initially cholesterol esters particularly cholesterol oleates of arterial
smooth muscle cells deposits in arterial intima. This leads to fatty streaks formation
and condition is reversible. If condition is not controlled continued extracellular depo-
sition of cholesterol esters along with apo B-100 of lipoproteins results in the formation
of plaque in the arterial wall.

4. Plaque formation in the arterial wall causes narrowing of arterial lumen.

5. Blood vessel narrowing due to deposition of cholesterolester and apo B-100 is called as
atherosclerosis.

6. Plaque in arteries promotes clot formation.

7. If clot formation occurs in coronary artery, the blood and O, supply to cardiac muscle
diminishes. This manifest as myocardial infarction or stroke because anoxia causes
necrosis of cardiac tissue.

8. Thus atherosclerosis cause coronary artery, disease (CAD)

9. Atherosclerosis may develop as secondary complication of diseases like diabetes,
hypothyroidism, lipid nephrosis and other type of dyslipoproteinemias.

10. Some atherosclerotic lesions occurs even with normal blood cholesterol level. Inflamma-
tory factors, low HDL levels are involved in this type of atherosclerosis development.
Decreased HDL level leads to monocyte in filtration into arterial wall, macrophage,
foam cell formation and lesion.

Antiatherogenic action of apoA-l of HDL
Let us examine how decreased HDL triggers atherosclerotic lesion despite normal choles-
terol level.
1. ApoA-I major apolipoprotein component of HDL inhibits atherosclerosis without altering
plasma cholesterol level by its antioxidant effect on LDL.
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2. It inhibits formation of minimally modified LDL (MM LDL) or oxidized LDL.

3. MM LDL is formed from LDL when hydroperoxide formation from LDL surface fatty
acids like arachidonic acid or linolenic acid reached a critical level by lipoxygenase
pathway.

4. In the arterial endothelium MM LDL produces monocyte chemotactic protein (MCP)
which causes monocyte in filtration.

5. Once monocyte enters into arterial wall they undergo MM LDL mediated transforma-
tion into macrophages that takes up more cholesterol form LDL. This leads to forma-
tion of foam cells and atherosclerotic lesion.

6. ApoA-I removes hydroperoxides formed on surface of LDL. Hence formation of MM LDL
is prevented.

7. Thus apoA-I inhibits atherosclerosis through its antioxidant effect.

8. Since apoA-I is component of HDL, decreases HDL leads to atherosclerotic lesion.

Cancer

Regulation of HMG-CoA reductase activity is lost in cancer cells particularly in hepatomas.
As a result, excess cholesterol is produced which in turn is used by growing cells for
membrane formation.

Obesity
Hydroxycitrate is used in treatment of obesity. It works by blocking cholesterol synthesis.

Lipoprotein (a) and coronary artery disease

It is a LDL variant present in plasma, which contains apo-A. It is cholesterolester rich
lipoprotein. Asian Indians have higher levels of this lipoprotein in plasma than most of the
other ethnic groups. High levels of lipoprotein (a) increases the risk of premature coronary
artery disease. Its level is also elevated in diabetes, nephrotic syndrome and renal failure.
High levels of this lipoprotein in plasma promotes fat deposition and clot formation in blood
vessel walls.

Brown Fat

1. It is a special type of adipose tissue. It is present in humans, hibernating animals like
grizzly bear, dormouse and mammals that live in cold environment.

2. Large number of mitochondria present are responsible for characteristic colour.

3. Brown adipose tissue mitochondrial respiratory chain does not produce ATP. It gener-
ates heat.

4. Thermogenin, an inner mitochondrial protein act as proton channel. Hence, protons
pumped out by respiratory chain flows back into mitochondria. As a result, respiratory
chain energy is released as heat instead of ATP.

Medical importance
1. In humans, it is present in front and back side of upper chest and neck.

2. In cold environment, epinephrine stimulates fat mobilization oxidation of fatty acids produce
heat rather than ATP. Thus, in cold environment, brown fat act as warming oven.
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18.

Medical Biochemistry

Brown fat is less or absent in obese people.

. Brown fat may be more in people who can eat but not get fat.
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