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INTRODUCTION

Bioinorganic chemistry is a field that analyse the role of metals in biology.
Bioinorganic chemistry includes the study of both natural phenomena, such as the
behaviour of metalloproteins as well as artificially introduced metals, including
those that are non-essential, in medicine and toxicology. Bioinorganic chemistry is
important in elucidating the implications of electron-transfer proteins, substrate
bindings and activation, atom and group transfer chemistry as well as metal properties
in biological chemistry.

Bioorganic chemistry is the branch of chemistry which integrates organic
chemistry and biochemistry. Bioorganic chemistry is a scientific discipline that
combines organic chemistry and biochemistry. It is that branch of life science that
deals with the study of biological processes which are related to chemical methods.
Protein and enzyme function are examples of these processes. Bioorganic chemistry
involves the study of biological processes using chemical methods. Organic
chemistry methods are used to synthesize biological molecules and to examine
their structure, to investigate biochemical reactions.

Biophysical chemistry is a physical science that uses the concepts of physics
and physical chemistry for the study of biological systems. The field of biophysical
chemistry seeks a mechanistic understanding of important biological phenomena.
Study of physical chemistry in biological processes requires molecular understanding
of structure and dynamics. Biophysical chemistry is aimed at the collection and
analysis of quantitative data to provide predictive physical models describing
biological phenomena occurring at the molecular level.

This book is divided into five units that attempt to give the students the basic
idea of bioinorganic, bioorganic and biophysical chemistry, biological cell and
membrane, diffraction methods and metal ions in biological system, statistical
mechanics in biopolymers and their interaction, thermodynamics of biopolymer
solutions, molecular adaptation, applications and mechanism of enzymes and co-
enzymes. The book follows the Self-Instructional Mode or SIM format wherein
each unit begins with an ‘Introduction’ to the topic followed by an outline of the
‘Objectives’. The detailed content is then presented in a simple and structured
manner interspersed with Answers to ‘Check Your Progress’ questions. A list of
‘Key Terms’, a ‘Summary’ and a set of ‘Self-Assessment Questions and Exercises’
is also provided at the end of each unit for effective recapitulation.
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UNIT1 BIOLOGICAL CELLANDITS
CONSTITUENTS

Structure

1.0 Introduction
1.1 Objectives
1.2 Biological Cell
1.2.1 DNA and RNA in Living System
1.3 Cell Membrane
1.3.1 Transport of lons Across Membrane
1.3.2 Irreversible Thermodynamic Treatment of Membrane Transport
1.3.3 Nerve Conduction
1.4 Role of Metal lons in Biological System
1.5 Sodium-Potassium Pump
1.6 Transport and Storage of Dioxygen
1.6.1  Structure and Functions of Myoglobin, Hemocyanin and Hemerythrin
1.62 Model Synthetic Complexes of Iron Cobalt Copper
1.6.3 Structure and Functions of Haemoglobin
1.7 Answers to ‘Check Your Progress’
1.8 Summary
1.9 Key Terms
1.10 Self-Assessment Questions and Exercises
1.11 Further Reading

1.0 INTRODUCTION

The cell is the basic structural and functional unit of life. Every cell contains of a
cytoplasm enclosed within a membrane, which contains many biomolecules, such
as proteins and nucleic acids. Proteins are large, complex molecules that play
many critical roles in the body. Proteins also receive signals from outside the cell
and mobilize intracellular response. Enzymes are protein catalysts that speed
biochemical reactions by facilitating the molecular rearrangements that support
cell function.

The cell membrane, also called the plasma membrane, is found in all cells
and separates the interior of the cell from the outside environment. The cell membrane
consists of a lipid bilayer, including cholesterols that sit between phospholipids to
maintain their fluidity at various temperatures. The mechanisms that transport ions
across membranes are facilitated diffusion and active transport. Facilitated diffusion
of solutes occurs through protein-based channels. A nerve conduction study is a
medical diagnostic test commonly used to evaluate the function, especially the

ability of electrical conduction, of the motor and sensory nerves of the human
body.

Metal ions are fundamental elements for the maintenance of the lifespan of
plants, animals and humans. Their substantial role in biological systems was
recognized a long time ago. Trace metals within the human body include iron,
lithium, zinc, copper, chromium, nickel, cobalt, vanadium, molybdenum, manganese
and others. Trace metals are metals needed by living organisms to function properly
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and are depleted through the expenditure of energy by various metabolic processes
of living organisms.

The sodium—potassium pump is found in many cell (plasma) membranes.
Powered by Adenosine TriphosPhate or ATP, the pump moves sodium and
potassium ions in opposite directions, each against its concentration gradient. Ina
single cycle of the pump, three sodium ions are extruded from and two potassium
ions are imported into the cell.

A hemeprotein or heme protein, is a protein that contains a heme prosthetic
group. They are a very large class of metalloproteins. Hemoglobin or haemoglobin,
is the iron-containing oxygen-transport metalloprotein in the red blood cells of
almost all vertebrates as well as the tissues of some invertebrates. Hemoglobin in
blood carries oxygen from the lungs or gills to the rest of the body. Myoglobin is
an iron- and oxygen-binding protein found in the cardiac and skeletal muscle tissue
of vertebrates in general and in almost all mammals. Hemocyanins are proteins
that transport oxygen throughout the bodies of some invertebrate animals. These
metalloproteins contain two copper atoms that reversibly bind a single oxygen
molecule. Hemerythrin is an oligomeric protein responsible for oxygen transport
in the marine invertebrate phyla of sipunculids, priapulids, brachiopods, and in a
single annelid worm genus, Magelona.

In this unit, you will study about the biological cell, DNA and RNA in living
system, cell membrane, transport of ions, nerve conduction, sodium—potassium
pump, hemeprotein, hemoglobin, myoglobin, hemocyanins, hemerythrin, and model
synthetic complexes of iron cobalt copper.

1.1 OBJECTIVES

After going through this unit you will be able to:

o Understand the biological cell
Elaborate on the DNA and RNA in living system
Interpret the cell membrane

Know about the transport of ions

Analyse the nerve conduction

Explain about the sodium—potassium pump

Discuss about the hemeprotein, hemoglobin and myoglobin

Comprehend the hemocyanins and hemerythrin
e Describe the model synthetic complexes of iron, cobalt, copper

1.2 BIOLOGICAL CELL

Living beings are composed of cell or many cells. A cell is a mass of cytoplasm
enclosed by plasma membrane and contain certain organelles besides nucleus. It
is aunit of biological entity covered by semipermeable membrane and capable of
medium free of other living systems.



Cell is an open system as it allows the entry and exit of matter and energy. It
takes up matter for sustenance, growth and division. Organisms are built according
to information encoded in a collection of genes. This vast information is packaged
into a set of chromosomes that occupies the space of cell nucleus. Genes are more
than storage lockers for information, they constitute the blueprint for reconstructing
cellular structure. The molecular structure of genes allows for changes in genetic
information that lead to variation among individuals which forms the basis of
evolution. Exchange of matter and energy between a cell and its surrounding
environment is dynamic. By being able to regulate the entry and exit of materials
into and out of it and by chemical changes, cell attains homeostasis in which internal
levels of materials remain constant. Such an open, steady state system is in contrast
to the closed, equilibrium system of non-living world which don’t allow the
movement of material into and out of them. All of the energy required by life on the
earth surface arrives in the form of electromagnetic radiation. The energy of light is
trapped by light absorbing pigments present in membranes of photosynthetic cells.

Cells expand an enormous amount of energy by breaking down and rebuilding
the macromolecules and organelles of which they made of. The first culture of
human cell was begun by George Gey of Johns Hopkins University in 1951. The
cells are obtained from a malignant tumour and named HeLa cells. Every cell is
enclosed on all sides by a distinct covering called plasma membrane. It keeps the
cell contents in place and prevents their mixing up with extracellular materials. This
enables the cell to maintain its highly organized structure and carry on reactions in
aregulated manner.

In 1809, Lamarck stated that nobody can have life if its constituent parts
are not cellular tissue. A French biologist H.J Dutrochet stated in 1824 that all
organic tissue are globular cells of small size which appear to be united by simple
adhesive forces. Thus all tissues, animal and plant organs are only cellular tissue
variously modified. In 1831, a Scotch botanist Robert Brown discovered the
nucleus in orchid root cell. It was found that cells were surrounded by some sort
of limiting structure, cell membrane. A French zoologist Dujardin discovered in
1835 asemifluid living material in certain protozoans. He called this material sarcode.
In 1840, a similar material was noted in plant cells by biologist Purkinje. He
proposed the term protoplasm. Theodore Schwann stated that all animals were
formed of cells. Schwann found that animal cells had nuclei and were enclosed by
thin cell membrane instead of thick cell wall. He defined the cell as a membrane
bound nucleus containing structure. He proposed cell hypothesis stating that all
plant and animal bodies are composed of cells. The cells of protists fungi, plants
and animals have in their cytoplasm many membrane bound compartments called
organelles.

The first three organelles are surrounded by double membrane known as
envelope. The part of cytoplasm excluding compartments are eukaryotic cells.
The cell of bacteria and blue green algae don’t contain membrane bound
compartment called single compartment cell called prokaryotic cell. The lack of
compartments show primitive nature of these organisms.
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Statements of Cell Theory
It states that:
¢ Allliving things are composed of minute units, the cells.

e A cellis a mass of protoplasm containing a nucleus and bounded by cell
membrane and by cell wall.

o All cells are basically alike in structure and metabolic activities.

e The function of an organism is the result of the activities and interaction of
its constituent cells.

Shortcomings of the Cell Theory

e Bacteria and blue green algae don’t have organized nucleus. Their genetic
material is not enclosed by nuclear envelope and lies in the cytoplasm

¢ Protozoans are not cellular. They are acellular.

o (Certain fungi, have hyphae composed of a multinucleate mass of cytoplasm
without division into cells.

o Some tissue have a good deal of nonliving material, the matrix, between the
cells.

Cell Properties
Organization

Organism is the sum of its component cells, and its activities are the sum of the
activities ofits cell. New function emerge with each increasing level of organization.
Just as molecules have different properties from its constituent atoms, tissue have
different function from its cells, organs have different activities from its component
tissue, and organism have different properties from its organ system.

Cellular Totipotency

Every cell contains a complete set of genes in its nucleus. If the nucleus of fertilized
egg of frog is removed and replaced with the nucleus from skin cell, normal
development starts and perfect frog is produced. This experiment shows that the
nuclei of all cells are totipotent, i.e., they have a complete genetic information.

Autonomous Existence

Each cell take up food material as micromolecules and synthesizes living matter.
Each cell itself disposes of its own worn out components with the help of lysosomes,
each cell has its own life span, and each cell respires and draws oxygen from the
environment and oxidizes food molecules to liberate energy which stores as ATP
molecules.

Differentiation, Dedifferentiation and Redifferentiation

The cells at certain sites in the body of multicellular organism remain undifferentiated
and retain the power of mitotic divisions to provide for growth. Such cells are
known as undifferentiated cells. At certain times, the specialized cells revert to
actively dividing state for producing new cells. This process is known as
dedifferentiation. A stem cutting of a plant, say rose when fixed in the soil, sprouts



new roots by dedifferentiation and grows into a new plant. The new cells produced
by the dedifferentiation once again differentiate into the cells of various tissue which
make up into new parts in place of lost ones. This change in cells is called
redifferentiation.

Various Chemical Reactions

Cells function like miniature chemical plants. The simplest bacterial cell is capable
of different chemical transformations, which occur at any rate in the inanimate
world. All chemical changes that take place in cells require enzymes that increase
the rate at which reaction occurs. The sum total of all the reaction in cell represent
cell metabolism.

Response to Stimuli

Cells within a multicellular plant or animal respond to stimuli. Most cells are covered
with receptors that interact with substance in highly specific ways. Cell possess
receptors to hormones, extracellular materials and to substance on surface of other
cell. A cell receptors provide pathways through which external agents can evoke
specific response in target cells. Cell respond to stimuli by changing their metabolic
activities.

Cells Evolve

It is presumed that cells evolved from some type of precellular life form, which in
turn evolve from non-living organic material. If we observe the features of bacterial
cell living in intestinal tract, cell that is part of lining of intestinal tract, we can see
the difference between the two cells. Both are evolved from common ancestral
cell that lived more than 3 billion years ago. These structures are shared by two
distantly related cells, such as their similar plasma membrane and ribosomes are
present in ancestral cells.

Self Regulation

Cell regulatory mechanism becomes evident when they break down, for example,
the failure of cell to correct mistake when its duplicate its DNA result in debilitating
mutation, transform the cell into a cancer cell.

Highly Complex and Organized

The more complex a structure, greater the number of parts that must be in proper
place, less tolerance of errors in nature and interaction of parts, the more regulation
that must be exerted to maintain the system.

Every cell is enclosed by a distinct covering called plasma membrane which
keeps the cell contents properly and prevent their mixing up with extracellular
materials which enables the cell to maintain its highly organized structure and to
carry on reaction in regulated manner. The exchange of materials allowed by cell
membrane is in a selective and regulated manner which keeps the cell contents
distinct from surrounding materials. The cells of bacteria and blue green algae do
not contain membrane bound compartments in the cytoplasm. Such single
compartment cells are called prokaryotic. The lack of compartments shows the
primitive nature of organism. The main advantage of compartments is that to enable
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the cell to keep separate the various kinds of chemical reaction occurring in it all
the time. Cell is organized mass of protoplasm which is capable of performing all
life activities and is separated from environment by protective and selectively
permeable envelope. The envelope is made up of cell wall in (plants) and plasma
membrane in (all types of cell). Plasma membrane is part of protoplasm while cell
wall is product of unit mass of protoplasm. The unit mass of protoplasm contained
in cell is called protoplast. Protoplast is differentiated into four parts plasma
membrane, cytoplasm, nucleus and vacuoles.

CELL

PROKARYOTIC EUKARYOTIC

ANIMAL PLANT
I

L) 1
CELL ENVELOPE PROTOPLAST

L) L] L] 1
CELL PLASMA CYTOPLASM NUCLEUS VACUOLE
WALL MEMBRANE

PLASMA ORGANELLES NUCLEAR CO]NI{]::AC
MEMBRANE ENVELOPE SAp
NUCLEOPLASM
CYTOPLASMI RGLEORLAS AIR OR
C MATRIC NUCLEAR MATRIX GAS
CHROMATIN

NUCELOLUS

Fig. 1.1 Cell Classification

Two main type of cells present are prokaryotic and eukaryotic (Refer Figure 1.1).

Cytoplasm is differentiated into cytoplasmic matrix, cell organelles and cell
inclusions. Cytoplasmic matrix (hyaloplasma) is the fluid part of cytoplasm which
exists in both sol and gel state respectively called plasmasol and plasma gel. Water
constitutes 90% of the matrix. Matrix is the crystallo-colloidal complex where
some chemicals are present as true solution and others as colloidal solution, for
example, minerals, sugars, amino acids, vitamins, proteins, enzymes, etc.

The autonomic vital movement that occurs in the cytoplasmic matrix also
called as protoplasmic streaming or cyclosis. Reason for cyclosis is either sol-gel
changes or movement by microfilaments through their molecular motors. The matrix
is the seat of synthesis of no of biochemicals like fats, proteins, carbohydrates,
coenzymes. Cell organelles exchange materials through cytoplasmic matrix. It helps
in distribution of materials inside the cell.

Characteristics that Distinguish Prokaryotic and Eukaryotic Cell

The eukaryotic cell certainly evolved from prokaryotic ancestors. Because of their
common ancestry, both type of cell share an identical genetic language, similar set
of metabolic pathways and many common structural features. Both type of cells
are bounded by plasma membrane that serve as selectively permeable barrier
between the living and non-living world. Both type of cell is surrounded by a rigid,
non-living cell wall that protects the delicate life form. The genetic material of a
prokaryotic cell is present in a nucleoid. In contrast, eukaryotic cell possess a



nucleus, region bounded by a complex membranous structure called nuclear
envelope. The chromosomal DNA of eukaryotes unlike prokaryotes is tightly
associated with proteins to form complex nucleoprotein material called chromatin.
Eukaryotic cell contain array of membrane bound organelles. It includes
mitochondria, where chemical energy is made available to fuel cellular activities,
an endoplasmic reticulum, where many of cell proteins and lipids are manufactured.
Golgi complex, where materials are sorted, modified and transported to specific
cellular destination. Plant cell contain additional membranous organelles, i.e.,
chloroplast which is site of photosynthesis and large vacuole that occupy most of
the cell volume. Both the eukaryotic and prokaryotic cells possess ribosomes
which are non-membranous particles on which proteins of cell are manufactured.
However one major difference between both type of cells are eukaryotic cell
divide by complex process of mitosis in which duplicated chromosomes condense
into compact structures that are segregated by microtubule containing apparatus
called mitotic spindle which allows each daughter cell to receive an equivalent
array of genetic material. In prokaryotes, there is no compaction of the chromosome
and no spindle. The DNA is duplicated, two copies are separated by the growth
of intervening cell membrane. The movement of prokaryotic cell may be
accomplished by a thin protein filament called flagellum which protrudes from the
cell and rotates.

A Comparison of Prokaryotic and Eukaryotic Cell
Features Held in Common by the both Types of Cells
¢ Plasma membrane of similar construction.
¢ Genetic information encoded in DNA using identical genetic code.

e Same mechanism of photosynthesis ( between cyanobacteria and green
plants).

e Same mechanism for synthesizing and inserting membrane proteins.
e Shared metabolic pathways ( for example, glycolysis and TCA cycle).

e Same mechanism for transcription and translation of genetic information
including ribosomes.

e Same apparatus for conservation of chemical energy as ATP (located in
plasma membrane of prokaryotes and mitochondrial membrane of
eukaryotes).

¢ Protein digesting structure (Proteasomes) of similar construction.
Features of Eukaryotic Cells not found in Prokaryotes

e Complex membranous cytoplasmic organelles (endoplasmic reticulum, Golgi
complex, lysosomes, peroxisomes).

e Complex cytoskeletal system (microfilaments, intermediate filaments,
microtubules) and associated motor proteins.

¢ Ability to ingest fluid and particulate matter by enclosure within plasma
membrane vesicles.

e (Cellulose containing cell wall.
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e Cell division using a microtubule containing spindle that separates
chromosomes.

e Presence of two copies of genes per cell.
o Presence of three different RNA synthesizing enzymes (RNA polymerases).

o Sexual reproduction requiring meiosis and fertilization.

Structure of Prokaryotic Cell

A prokaryotic cell is a single envelope system. There is no membrane enveloping
the genetic material. It is present in bacteria and blue green algae. Some organisms
like mycoplasma, rickettsias and spirochetes are similar to bacteria and are
prokaryotes (Refer Figure 1.2). The prokaryotes comes under kingdom Monera
and Super kingdom Prokaryota. Prokaryotes are divided into two groups: the
Archaea (Archaebacteria) and the Bacteria (Eubacteria). Members of the Archaea
are closely related to eukaryotes than they are to the other group of prokaryotes.
Archaea include group of organism whose evolutionary ties to one another are
revealed by similarities in the nucleotide sequence of their nucleic acid. These
species live in extremely inhospitable environment known as extremophiles. It
includes methanogens, halophiles, acidophiles and thermophiles, included in the
latter group are hyperthermophiles which live in hydrothermal vents of ocean floor.
The latest among this group is strain 121, because it is able to grow and divide in
superheated water at temperature of 121 degree Celsius. All other prokaryotes
comes under domain bacteria. This includes smallest known cell called mycoplasma,
only prokaryotes lacking cell wall. The most complex prokaryotes are
cyanobacteria, which contain errays of membranes serve as site of photosynthesis.

Ribosomes

Plasmid

Cell Wall
(peptidoglycan)

Flagella

Cytoplasm

Slime Capsule
(glycocalyx)

Nucleoid
(contains genophore)

Cell Membrane

Fig 1.2 Prokaryotic Cell Structure under Electron Microscope

Organization of Prokaryotic Cell
Prokaryotic cell mainly contains 3 components:
e Quter covering or cell membrane
e Cytoplasm

e Nucleiod



Outer Covering: It comprises three layers: inner plasma membrane, middle cell
wall and outer slimy capsule.

e Cell Membrane: It is thin and flexible, composed of lipids and proteins. It
controls the movement of molecules into and from the cell. It carries
respiratory enzymes for energy reactions. In bacteria, small infolds of plasma
membrane, i.., mesosomes bear respiratory enzymes and is analogous to
mitochondria of eukaryotic cell. In photosynthetic bacteria and in blue green
algae, pigment and enzyme molecules that absorb and convert light into
chemical energy are associated with plasma membrane and its infolds called
photosynthetic lamellae. Photosynthetic lamellae are analogous to
chloroplasts of eukaryotic cells. Plasma membrane of prokaryotic cell serve
many function which are located in separate membrane bound organelles in
eukaryotic cells. Plasma membrane is thought to play role in replication and
division of nuclear material. The plasma membrane serve many function
which are located in membrane bound organelles in eukaryotic cell. The
infolds remains continuous with cell membrane. The prokaryotic cell is non
compartmentalized

e Cell Wall: The outer covering is surrounded by non-living, rigid cell wall. In
gram positive bacteria, cell wall consists of thick layers. It consists of
peptidoglycan and teichoic acid. Peptidoglycan consists of complex of
oligosaccharide chains and short peptides called murein. The oligosaccharide
is made of sugar derivatives acetylglucosamine and acetylmuramic acid joined
together by a 1,4 linkages. Teichoic acid consists of glycerol or ribitol subunits
linked by phosphate groups. In gram negative bacteria, the cell wall consists
of peptidoglycan, periplasmic space and outer membrane, the peptidoglycan
layer lacks teichoic acid. The periplasmic space consists of proteins secreted
by cell. The outer membrane consists of lipopolysaccharides. Blue green algae
have cell wall structure similar to gram negative bacteria but still they are
Gram positive in Gram negative bacteria, i.e., E.coli. The peptidoglycan layer
is thin about 25A lacks teichoic acid and lies next to the plasma membrane.
The periplasmic space lies outside the peptidoglycan layer and contain proteins
secreted by cell. The outer membrane consists of a lipid bilayer and
lipopolysaccharides. It is permeable and contain porin proteins which line
channels large enough to let chemicals pass.

e Capsule: It protects the cell against desiccation and virus attacks. It is
present outside the cell wall in form of gelatinous coat.

Cytoplasm: It contains water, proteins, lipids, inorganic ions. It contains enzymes
for various biosynthetic reactions and protein forming machinery containing
ribosomes, all types of RNA. Ribosomes are the only organelle found in prokaryotic
cell. They lie free in cytoplasm and form polyribosome at time of protein synthesis.
Cytoplasm do not show streaming movements. It do not show cyclosis,
phagocytosis, pinocytosis and exocytosis. They contain gas vacuoles in cytoplasm.
They lack well developed organelles except ribosomes (which is 70 S type)

Nucleoid (Genophore): It consists of single chromosome that is coiled, double
stranded, circular not associated with histones. Transcription and translation occur
in the cytoplasm. There is no nucleolus. It consists of single chromosome, which is
coiled forming body. The chromosome is short, simple and attached to membrane.
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There is a single copy of chromosome. The DeoxyriboNucleic Acid or DNA is
double stranded and helical but circular and associated with proteins, replication
of DNA is continuous throughout the cell cycle. Transcription and translation occur
in the cytoplasm. Mitotic apparatus is not formed during cell division, there is no
nucleolus

Plasmids: They are small circular genetic material in addition to nucleiod. They
generally code for proteins required by organism in resistance against antibiotics
and toxic materials. They are not essential for the growth of the cell. Some encode
proteins needed by organism to resist antibiotics.

Pili: Short, rod like non motile structure made up of protein pilin. They are used
for attachment to surfaces. Many bacteria in addition to flagella is short, rod like
non motile processes called pili or fimbriae on the surface, formed of protein pilin.
Pili is used for attachment to surfaces, some bacteria bear tubular sex pili.

Flagella: Many bacteria bear whip like locomotory organelle called flagella. It is
locomotory organelle present in prokaryotes composed of spiral chains of subunits
of protein named flagellin which is unrelated to actin or tubulin. A bacterial flagellum
is about 150A thick and 10-15um long. It has two main parts- filament and basal
body.

Filament: It has the form of a fixed, spiral resembling a corkscrew. It is composed
of intertwined spiral chains of subunits of protein named flagellin, it is unrelated to
actin or tubulin.

Basal Body: It comprised of two regions: shaft and hook. The shaft bears a pair
of rings in gram positive bacteria and two pairs of rings in gram negative bacteria.
The inner ring is embedded in the plasma membrane and fixed to the shaft. The
outer ring is attached to the cell wall but is free to slip on the shaft surface called S
ring. The bacterial flagellum doesn’t have any bounding membrane and grows at
the tip. This is in contrast to the eukaryotic flagellum which is bounded by a cell
membrane and grows at the base adjacent to the basal body.

Structure of Eukaryotic Cell

Organisation

A eukaryotic cell is two envelope system. First membrane surrounds the cell while
second envelope the nucleus and other organelles. It occurs in protists, fungi,
plants and animals. The most complex cells are not found inside plants and animals
but in single celled protists. Complex unicellular organism represent one evolutionary
pathway. An alternate pathway leads to evolution of multicellular organism in which
different activities are carried out by different specialized cells, which is formed by
the process of differentiation. The pathway of differentiation followed by each
embryonic cell depends upon the signals it receives from surrounding environment.
Most eukaryotic cell possess single nucleus that contains only two copies of most
genes (Refer Figure 1.3).

Size

Human cells range from 20 to 30pum. Nerve cells are the longest in size. Among
the smallest are 2pum long Plasmodium vivax. The size of the cell is directly related



to its function. The surface area of cell tells the capacity to exchange material with
the environment. Cells and their organelles are defined in micrometers. There are
many reasons for cell being small in size. The greater a cells cytoplasmic volume,
longer it takes to synthesize the messages required by the cell. As cell increases in
size, surface area/ volume decreases. The ability of a cell to exchange substance
with its environment is proportional to its surface area. If cell grows beyond a
certain size, its surface would not be sufficient to take up the substance.

Shape

It may be spherical, polygonal, disc like, oval, spindle like, irregular. The shape is
related to its function. Muscle and nerve cell are adapted to their function. Form of
cell depends on its function, pressure, age and viscosity.

Number

Majority of organisms have numerous cells so are called multicellular organism
while organism made up of single cell is unicellular. Though all multicellular organism
begin life as single cell, i.e., zygote.

Cellwall

Call membrans

Colgivesides Golgi apparates
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Smooth ERjno Chioroplast
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Fig 1.3 Ultrastructure of a Eukaryotic Cell with Central Vacuole Cell Wall (Plant Cell)

Physical Structure

It is composed of three layers:
¢ Cell membrane
¢ Cytoplasm
¢ Nucleus

Cell Membrane

All eukaryotic cells are surrounded by elastic living covering called cell membrane.
It is composed of lipid protein complex and lack respiratory enzymes. Certain
protists, fungi and plant cells have rigid non-living covering called cell wall which
protects and supports the cell.
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Cytoplasm

The part of cell between nucleus and plasma membrane is called cytoplasm. It
consists of semifluid, translucent ground substance cytosol. Cytoplasm shows
streaming movements and contain two structures, i.e., organelles and inclusions.
Each organelle has its own function which is regulated by the control centre of the
cell called nucleus

Inclusions are non-living or deutoplasmic structures that includes stored
organic materials (starch grains, aleurone layers, fat droplets and glycogen granules,
pigment granules and inorganic crystals.

Nucleus: The genetic material is enclosed by distinct envelope. It is double stranded,
helical and linear complexed with histones and non-histones. Replication of DNA
occurs during S phase of cell cycle. Transcription occurs in nucleus and translation
in cytoplasm. One or more rounded bodies called nucleoli is present in the nucleus.
Nucleus controls all the activities of the cell and cell devoid of it dies.

Plasmids: There are no plasmids present in eukaryotic cells. Cilia and flagella
have 9+2 plan of microtubules, composed of proteins tubulin. The cilia and flagella
move the fluid around them and act as locomotory organelle.

Difference between Prokaryotic and Eukaryotic Cell

Prokaryotic Cells Eukaryotic Cells

* DNA is naked and circular, not | *« DNA is linear and associated
associated with histones with histone proteins to form

nucleosomes
* Ribosomes are 70 S type * Ribosomes are 80 S and 70 S in
organelles
* Single envelope organization is |+ Two envelope organization is
present present

* An organized nucleus is absent, | * An organized nucleus is present
instead nucleoid is present

* A spindle apparatus is not formed |+ A spindle apparatus is generally
present

* There is no change in the amount | + There is regular change in
of DNA throughout the life cycle amount of DNA in the life cycle

Transcription and Translation | » Transcription occurs inside
occur in cytoplasm nucleus and translation in
cytoplasm

Protein present in flagella is
flagellin

Pilli and plasmids are found in | ¢ Both pili and plasmids are absent
organisms  which  help in| in eukaryotes

Flagella has tubulin protein

conjugation

* Flagella if present , are single | » Flagella if present are 11
stranded stranded

» Sap vacuoles are absent, Gas | Sap vacuoles are present. Gas
vacuoles may be present vacuoles are absent

» Examples: Bacteria, Blue green |« Examples: Algae (Except Blue
algae, mycoplasma green algae), Fungi, plants and

animals




Structure and Functions of Protein and Enzyme

Proteins are built as chains of amino acids, which then fold into unique three-
dimensional shapes. Bonding within protein molecules helps stabilize their
structure, and the final folded forms of proteins are well-adapted for their functions.

The significance of the unique sequence, or order, of amino acids, known as
the protein’s primary structure, is that it dictates the 3-D conformation the
folded protein will have. This conformation, in turn, will determine the function of
the protein. We shall examine protein structure at four distinct levels (Refer Figure
1.4) how sequence of the amino acids in a protein (primary structure) gives identity
and characteristics to a protein, how local interactions between one part of the
polypeptide backbone and another affect protein shape (secondary structure) how
the polypeptide chain of a protein can fold to allow amino acids to interact with
each other that are not close in primary structure (tertiary structure); and how
different polypeptide chains interact with each other within a multi-subunit protein
(quaternary structure) found in biological cell.

Frimary structure

Secondary structure
regular sub-structures

S Tertiary structure
, three-dimensional strscture

Quaternary structure
compiex of protein molecules

Fig. 1.4 Four Levels of Protein Structure
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Proteins are responsible for nearly every task of cellular life, including cell shape
and inner organization, product manufacture and waste clean-up, and routine
maintenance. Proteins also receive signals from outside the cell and mobilize
intracellular response.

Main Functions of Protein in biological Cell

e Protein is necessary in building and repairing body tissues
e Hormone Production

e Hormones are chemicals produced by glands in one part of the body that
help coordinate activities and communicate with other areas

e Enzymes
e Immune Function
e Energy

The collection of proteins within a cell determines its health and function. Proteins
are responsible for nearly every task of cellular life, including cell shape and
inner organization, product manufacture and waste clean-up, and routine
maintenance. Proteins also receive signals from outside the cell and mobilize
intracellular response. They are the workhorse macromolecules of the cell and are
as diverse as the functions they serve.

Proteins can be big or small, mostly hydrophilic or mostly hydrophobic,
exist alone or as part of a multi-unit structure, and change shape frequently or
remain virtually immobile. All of these differences arise from the unique amino acid
sequences that make up proteins. Fully folded proteins also have distinct surface
characteristics that determine which other molecules they interact with. When
proteins bind with other molecules, their conformation can change in subtle or
dramatic ways.

Protein functions are as diverse as protein structures. For example, structural
proteins maintain cell shape, akin to a skeleton, and they compose structural
elements in connective tissues like cartilage and bone in vertebrates. Enzymes
are another type of protein, and these molecules catalyse the biochemical reactions
that occur in cells. Other work of proteins like as monitors, changing their shape
and activity in response to metabolic signals or messages from outside the cell.
Cells also secrete various proteins that become part of the extracellular matrix or
are involved in intercellular communication.

Proteins are sometimes altered after translation and folding are complete.
In such cases, so-called transferase enzymes add small modifier groups, such
as phosphates or carboxyl groups, to the protein. These modifications often shift
protein conformation and act as molecular switches that turn the activity of a protein
on or off. Many post-translational modifications are reversible, although different
enzymes catalyse the reverse reactions. For example, enzymes called kinases
add phosphate groups to proteins, but enzymes called phosphatases are required
to remove these phosphate groups.

Cells be dependent on thousands of different enzymes to catalyse metabolic
reactions. Enzymes are proteins, and they make a biochemical reaction more likely



to proceed by lowering the activation energy of the reaction, thereby making these
reactions proceed thousands or even millions of times faster than they would without
a catalyst. Enzymes are highly specific to their substrates. They bind these substrates
at complementary areas on their surfaces, providing a snug fit that many scientists
compare to a lock and key. Enzymes work by binding one or more substrates,
bringing them together so that a reaction can take place, and releasing them once
the reaction is complete. In particular, when substrate binding occurs, enzymes
undergo a conformational shift that orients or strains the substrates so that they are
more reactive.

The name of an enzyme usually refers to the type of biochemical reaction it
catalyses. For example, proteases break down proteins, and dehydrogenases
oxidize a substrate by removing hydrogen atoms. As a general rule, the *-Ase’
suffix identifies a protein as an enzyme, whereas the first part of an enzyme’s name
refers to the reaction that it catalyses.

1.2.1 DNA and RNA in Living System

RiboNucleic Acid or RNA and DeoxyriboNucleic Acid or DNA are polymers
constituted of monomers called mononucleotide units. These mononucleotide units
are united together by intermolecular dehydration reactions that make phosphate
ester bonds. Specialized enzymes catalyse such reactions.

Structure and Properties of DNA

In the early 1950s, four scientists, James Watson and Francis Crick at
Cambridge University and Maurice Wilkins and Rosalind Franklin at King’s
College, determined the true structure of DNA from data and X-ray pictures
of a molecule taken by Franklin. In 1953, Watson and Crick published a
paper in the scientific journal Nature describing their research. They showed
that DNA molecule is not only double-stranded, but also has two strands
attached around each other forming a coil, or helix. A double helix represents
the exact structure of DNA.

Except viruses, in most living organisms, genetic information is stored in
DNA. DNA resides in the nucleus of living cells. Four different nucleotide bases
occur in DNA, namely Adenine (A), Cytosine (C), Guanine (G) and Thymine (T).

The nucleotide bases of the DNA molecule form complementary pairs with
the nucleotides hydrogen bond to another nucleotide base in a strand of DNA,
opposite to the original. This bonding is specific, with adenine always pairing with
thymine (and vice versa) and guanine always pairing with cytosine (and vice versa).

A unique feature of DNA molecule is that it is able to make exact copies of
itself, or is self-replicate. When an organism requires more DNA, such as during
reproduction or cell growth, a break in the hydrogen bonds between the nucleotide
bases takes place, leading to the separation of two single strands of DNA. New
complementary bases are brought in by the cell and paired up with each of the two
separate strands, thus forming two new, identical, double-stranded DN A molecules.

DNA is present in cells in the long structures in the nucleus, also known as
chromosomes. These chromosomes duplicate before the cells divide and this
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Biological Cell and process is known as DNA replication. Chromosomes are condensed thread-like
its Constituents . . ..
structures of DNA. DNA is present in the eukaryotes inside the cell nucleus.

A small amount of DNA is also available in cell organelles like mitochondria
or chloroplasts. On the other hand, in prokaryotes like bacteria and archaea,
DNA is present in the cytoplasm. Chromatin proteins, such as histones, compact
and organize DNA into chromosomes. A DNA molecule consists of two long
polymers, which face in the opposite direction and are known as “anti-parallel’.
This means that in a double helix the direction of the nucleotides in one strand is
opposite to the direction of the other strand.

NOTES

Every sugar moiety is connected to one of the four types of molecules known
as bases. Each stand has polarity, that is, a top and a bottom that imparts 3' (three
prime) and 5' (five prime) ends. Information is encoded within the sequence of
these bases along the backbone. The 5' end has a terminal phosphate group
while whereas the 3' end has a terminal hydroxyl group. Hydrogen bonds that
bind the bases attached to the two strands help in stabilizing the DNA double
helix. Figure 1.5 shows the DNA molecular topography.

Fig. 1.5 Molecular Topography of DNA

Chemically, DNA is a long polymer that is comprised of nucleotide units.
The DNA chain is 22-26 A (Angstroms) wide and each nucleotide unitis 3.3 A
long. DNA polymers are large molecules that may have millions of nucleotides.

DNA exists as paired molecules in living beings. The two polymers, or
strands, interweave like vines. This gives it the characteristic double helical shape.
A nitrogenous base bonded to a sugar is known as a nucleoside and a base bonded
to a sugar and one or more phosphate groups is known as a nucleotide. [f multiple
nucleotides are bonded together, like in DNA, this polymer is called a
polynucleotide.

Nitrogenous base + sugar = Nucleoside

Nitrogenous base + sugar + phosphate group = Nucleotide

Multiple nucleotides linked together = Polynucleotide

Figure 1.6 shows the chemical structure of DNA and the hydrogen bonds
are shown as dotted lines.
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Fig. 1.6 Chemical Structure of DNA

The backbone of the DNA strand consists of alternating phosphate and
sugar residues. The sugar in DNA is known as 2-deoxyribose, a pentose (five-
carbon) sugar. Pentose can be differentiated from ribose as shown in Figure 1.7.
In RNA ribose sugar is present in place of deoxyribose. The sugars join together
forming phosphodiester bonds between third and fifth carbon atoms of adjacent

sugar rings, as shown as Figure 1.8.
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Fig. 1.7 Difference between 2-Deoxyribose Sugar and Ribose Sugar
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Fig. 1.8 Formation of Phosphodiester Bond and Polynucleotide
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Bases in DNA
The bases in DNA are classified into two types:

1. Purines: Examples of purines include adenine and guanine (fused five- and
six-membered heterocyclic compounds).

2. Pyrimidines: Examples of pyrimidines include cytosine and thymine (six-
membered rings).

Uracil (U), a fifth pyrimidine base, usually replaces thymine in RNA and
differs from thymine because it lacks a methyl group on its ring.

Grooves

A twisted DNA molecule shows two types of grooves that are different based on
size. The major groove is 22 A wide while the minor groove is 12 A wide. Because
it is narrow, the edges of the bases are less accessible in the minor groove in
comparison to major groove that leads to lesser interaction. Proteins such as
transcription factors that can bind to specific sequences in double-stranded DNA
therefore make contacts to the sides of the bases exposed in the major groove
normally.

Base pairing

Complementary base pairing is when each type of base on one strand establishes
a link with exactly one type of base on the other strand. Purines form hydrogen
bonds with pyrimidines. The arrangement of two nucleotides binding together across
the double helix is known as a base pair.

The double helical DNA strands can be pulled apart like a zipper either by
mechanical force or by applying high temperature. The concept of
‘Complementarity’ causes duplication of all information in the double-stranded
sequence of a DNA helix, which is essential in DNA replication. This reversible,
specific interaction between complementary base pairs is crucial for all DNA
functions in living organisms (Figure 1.9). In this figure, non-covalent hydrogen
bonds between the pairs are shown as dashed lines.
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(a) GC base pair with three hydrogen bonds
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(b) AT base pair with two hydrogen bonds
Fig. 1.9 Base Pairing



The two types of base pairs are able to form various numbers of hydrogen
bonds. The AT base pair forms two hydrogen bonds while the GC base pair forms
three hydrogen bonds. DNA that has high GC content is more stable than DNA
that has low GC content. The DNA double helix that separates easily tends to
have a high AT content. The strength of the interaction can be calculated by finding
the temperature that is needed to break hydrogen bonds. This is known as the
melting temperature or T_ value. When all the base pairs ina DNA double helix
melt, the strands separate and are there in solution as two completely independent
molecules.

Sense and anti-sense

A DNA sequence is referred to as ‘sense’ if its sequence is the same as that of a
messenger RNA copy that is translated into protein. Its opposite is known as the
‘anti-sense’ when the sequence is on the opposite strand. Some DNA sequences
in prokaryotes and eukaryotes, and more in plasmids and viruses, distort the
difference between sense and anti-sense strands by having overlapping genes.

Supercoiling

The process of DNA supercoiling involves twisting DNA into a rope-like structure.
If the DNA is twisted in the direction of the helix, it is known as positive
supercoiling. The bases are held more tightly together but if they are twisted in the
opposite direction, it is known as negative supercoiling. This way the bases
come apart more easily. Most DNA have slightly negative supercoiling introduced
by enzymes called topoisomerases.

Alternate DNA structures

The many conformations in which DNA exists include A-DNA, B-DNA and Z-
DNA (Refer Figure 1.10). The conformation adopted by DNA is dependent on
the hydration level, DNA sequence, amount and direction of supercoiling, chemical
modifications of bases, type and concentration of metal ions and the presence of
polyamines in solution.

Fig. 1.10 Structures of A, Z and B DNA (from Left to Right)

As compared with B-DNA, A-DNA forms a wider, right-handed spiral
with a shallow, wide minor groove and a narrower, deeper major groove. The A
form occurs under non-physiological conditions in partially dehydrated samples of
DNA. DNA segments, where the bases have been chemically modified by
methylation, may undergo a larger change in conformation and adopt the Z form.
Here, the strands turn about the helical axis in a left-handed spiral, the opposite of
the more common B form.

Biological Cell and
its Constituents

NOTES

Self - Learning
Material 21



Biological Cell and
its Constituents

NOTES

Self - Learning
22 Material

Base modifications

It is supposed that base modifications are involved in packaging. Regions that
have low or no gene expression usually have high methylation levels of cytosine
bases (Refer Figure 1.11). Despite the significance of 5-methylcytosine, it can
deaminate to leave a thymine base. Methylated cytosines are therefore particularly
prone to mutations. Other base modifications include adenine methylation in bacteria
and the presence of 5-hydroxymethylcytosine in the brain. Deamination converts
5-methylcytosine into thymine.

NHz NH3 Q
| - /L \(KN J /NQ
N" Y0 /J\)
H N -
Cytosine 5-Methylcytosine Thymine

Fig. 1.11 Structure of Cytosine, 5-Methylcytosin

Structure and Properties of RNA

RNA has derived its name from the sugar group present in its backbone, that is,
ribose. Some of the features of DN A and RNA are common. However, there are
also features that differentiate DNA from RNA. Both have a sugar-phosphate
backbone with nucleotide bases attached to it. Adenine, cytosine and guanine are
common in both. However, RNA lacks thymine. It contains uracil in place of
thymine. Further, DNA is a double-stranded molecule, whereas RNA is a single-
stranded molecule.

RNA is the key genetic material used in microorganisms, such as viruses. It
also plays an important role in the production of proteins in other living organisms.
Due to its ablity to move around the cells of living organisms, it functions as a
genetic messenger, transmitting the information contained in the cell’s DNA to
other parts of the cell. This transmission helps in protein synthesis.

Ribonucleic acid (RNA) is a biologically important molecule that consists
of along chain of nucleotide units. Each nucleotide has a nitrogenous base, a
ribose sugar and a phosphate. RNA is transcribed from DNA by enzymes known
as RNA polymerases and is usually processed further by other enzymes. RNA is
considered very important in the synthesis of proteins. Messenger RNA (mRNA),
a type of RNA, carries information from DNA to ribosomes, made of proteins
and ribosomal RNAs that bind together to form a molecular machine that can
read mRNAs and translate the information they carry into proteins. Other RNAs
with diverse roles exist — in particular, these regulate which genes are expressed
and are also the genomes of most viruses.

Each nucleotide in RNA comprises ribose sugar, with carbons numbered
from 1'to 5'. Abase is attached to the 1' position, generally Adenine (A), Cytosine
(C), Guanine (G) or Uracil (U). Adenine and guanine are purines while cytosine
and uracil are pyrimidines.

A phosphate group is attached to the 3' position of one ribose and the
5' position of the next ribose. Phosphate groups have a negative charge at



physiological pH, making RNA a charged molecule. The bases may form hydrogen
bonds between cytosine and guanine, between adenine and uracil and between
guanine and uracil (Refer Figure 1.12).
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Fig. 1.12 RNA Nucleotide with Ribose Sugar, Phosphate and Base

The functional form of single-stranded RNA molecules frequently asks for a
certain tertiary structure. The basis for this structure is given by secondary structural
elements that are hydrogen bonds within the molecule. This causes many
recognizable secondary structure ‘Domains’, such as hairpin loops, bulges and
internal loops. Since RNA is charged, metal ions such as Mg*" are required to
stabilize many secondary and tertiary structures.

Comparison with DNA
RNA and DNA are both nucleic acids, but differ in the following ways:

DNA RNA
1. Long polymer with a deoxyribose and 1. Polymer with a ribose and phosphate
phosphate backbone backbone
2. Four different bases: adenine, guanine, 2. Four different bases: adenine,
cytosine and thymine guanine, cytosine, and uracil

3. It is a nucleic acid containing the genetic | 3. The main job of RNA is to transfer the

instructions used in the development and genetic code required creating proteins
functioning of living organisms from the nucleus to the ribosome. This
4. Stands for deoxyribonucleic acid process prevents the DNA  from

leaving the nucleus, so that it stays
safe. Without RNA, proteins could
never be made.

5. A double- stranded molecule with a long
chain of nucleotides

6. Deoxyribose sugar in DNA is less

reactive because of C-H bonds. 4. Stands for ribonucleic acid.

5. A single-stranded molecule in most of
its biological roles and has a shorter
chain of nucleotides

7. Stable in alkaline conditions

8. Has smaller grooves where the damaging
enzyme can attach which makes it harder . ) .
for the enzyme to attack DNA. 6. Ribose sugar is more reactive because

9. The helix geometry of DNA is of B- of C-OH (}?ydroxy.l) bonds.. )

Form. 7. Not stable in alkaline conditions.

8. has larger grooves which makes it

easier to be attacked by enzymes.

9. The helix geometry of RNA is of A-

Form.
10.RNA is more resistant to damage by
Ultra-violet rays.

10. Can be damaged by exposure to Ultra-
violet rays
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Most biologically active RNAs, such as mRNA, tRNA, rRNA, snRNAs
and other non-coding RN As, have self-complementary sequences that enable
parts of the RNA to fold and pair with itself. This causes double helices to form.
Structural analysis of these RNAs shows that they are highly structured and their
structures, unlike DNA, do not consist of long double helices but rather collections
of short helices packed together into structures similar to that of proteins. Thus,
RNAs can attain chemical catalysis like enzymes do.

Types of RNA
There are three types of RNA, which are as follows:

1. Ribosomal RNA (rRNA) (Insoluble RNA): This form of RNA has the
highest molecular weight. It is the most abundant RNA of all types of RNAs.
There are two different types of RNA in the prokaryotic and in eukaryotic
cells. In prokaryotes the ribosome possesses two different subunits, large
and small. Large subunits (50 s) contains two types of rRNA;. 23 sand 5
s named upon the sedimentation behaviour. The smaller subunit (30 s)
contains 16 s types.

The ribosome of eukaryotes also possesses three different types of rRNAs
named on the sedimentation behaviour. Larger subunit contains 5 s and 28
s types. The smaller subunit contains 18 s types.

The mammalian rRNA possesses 5 s, 5.8 s and 28 s types in larger subunit
and in smaller subunit it contains only one 18 s types. Figure 1.13 shows
the structure of rRNA.

Fig. 1.13 Structure of rRNA

2. Messenger RNA (mRNA) (Template RNA): Messenger RNA is the
most heterogeneous in size and stability. Its amount is 5 per cent of total
RNA of'the cell. It is synthesized on the surface of the DNA template. This
carries the genetic information to assemble the amino acids from DNA to
ribosomes, hence it is called messenger RNA. In prokaryotes the mRNA is
unstable rather than in eukaryotes. The mRNA is complementary to the
DNA template strand. In eukaryotes there are specific 5’ cap, which is the
recognition site for ribosome subunit, whereas in prokaryotes there is no



specific 5’ recognition site. As a result, there can be many ribosomal binding B iO’?giCCal Cell and
. . o« . . . . its Constituents
sites in prokaryotes, each one giving rise to a different type of protein.

In mammals the 5’ cap is methylated that means a cap of 7-methyle guanosine
triphosphate is linked to the 5° end. The 3’ end of mMRNA possess 20 -250
nucleotides of adenylate residue, which is called poly A tail. This tail probably
works as a stabilizer in the cell. Figure 1.14 shows the structure of mRNA.

NOTES

The structure of a typical human protein coding an RNA including the untranslated regions (UTRs)

Cap, |SUTR Coding sequence (CDS) JUTR Polly A
Start Stop tall

5 3
Fig. 1.14 Structure of mRNA

3. Transfer RNA (tRNA) (Soluble RNA): It is the smallest polymeric form
of RNA. It is nearly 15 per cent of total RNA of the cellular RNA. The
most important function of tRNA is to act as a specific carrier of activated
amino acids to specific site on the protein synthesis. Now, nearly 50 sequences
are known. Robert W. Holley presented the clover leaf model for the tRNA.
Figure 1.15 shows the structure of tRNA.

The common structural features of tRNA are as follows:

o AlltRNAs have acommon design, consisting of three folds. This gives
them a shape of a clover leaf.

e The molecular weight of all tRNA molecules range from 24,000 to
31,000.

o tRNAs contain 7-15 unusual bases. Many of them are methylate of
unmethylated derivatives of A, U, G C.

e The 5’ end is phosphorylated and terminal residue is usually guanylate.
e The base sequence of 3” end of all tRNAs is CCA.

e Nearly 60 per cent of the nucleotides in tRNAs bases are paired to
form double helices.

e There are 5 groups of bases which are not base paired. These forms
loops which are as follows:

o 3’ CCA terminal region

o The Ribothymine-Pseudouracil-cytosine (RPC) loop
o The extra arm or little loop
o The DiyHdrouracil loop (DHU)
o Anticodon loop
¢ The unique feature of all the tRNAs is that distance between CCA to
anticodon is constant.
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Fig. 1.15 Structure of tRNA

DNA is Genetic Material

There is direct evidence that DN A is genetic material. According to Frederick
Griffith (1928), there are two types of strains of dipococcus pneumonia:

(1) Smoth (virulent strain)
(i) Rough (avirulent strain)

Smooth strain has a specific polysaccharide capsule and the rough strain
lacks this specific capsule. Both these S and R strains are of many types designated
as SI, SII, SIII. and RI, RIIL, RIII, and so on. In his experiment, Griffith injected
laboratory mice with live RII strain and the mice suffered no illness. When he
injected the SIII strain the mice became ill and died. But when he injected heat-
killed SIII, the mice did not fall ill. When he injected a mixture of RII and heat-
killed SIII, the mice became ill and died, which he found strange. By conducting
a postmortem on the dead mice, he found that the heart of the mice contained
both RII and SIII strains.

On the basis of the fact that S form can mutate to R form but R form cannot
mutate to S form, he concluded that bacteria must have a transformation of the
living RII strain and restoration of the capsule in the presence of heat-killed SIII
strain.
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Fig. 1.16 Bacterial Transfomation

However, he could not understand the cause of bacterial transfomation. In
1944, Oswald Avery, Colin Macleod and Maclyn McCary demonstrated that it
was DNA.
Semi-conservative nature of DNA: The Watson and Crick’s model of DNA
structure and replication suggested that the replication is semi conservative.
According to this method, the two original polynucleotide strands of the duplex
will unwind and each will serve as a template for the new strand. Both duplexes
that result from replication should be hybrid in nature, each containing an old strand
derived from the original strand and a new strand which has been formed during
the replication process.

Since each of the two double helices conserves only one of the parent
polynucleotide strand, the process is said to be semiconservative.

Genetic Code: The DNA molecule is composed of three kinds of moieties
phosphoic acids, deoxyribose sugar and nitrogen base. The poly sugar phosphate
backbone is always the same but the nitrogenous bases differ from one segment to
another. Therefore, the information might depend on their sequence. The sequences
of nitrogen bases of a given segment of DNA molecule, have been found to be
identical to the linear sequence of amino acids sequence in protein molecule.

Second letter

A G

uuu UCU UAU uGU u

U UUC}P UCC {go. DAY UealCrs ¢

UUA}Leu UCA UAA Stop UGA Stop A

uuG UcG UAG Stop UGG Trp (G

cuu ccu CAU}H.S CGU u

5 o CUC) o, CCCY o CAC ¥ \cee ©
£ 7 CUA CCA CAA}Gin CGA[A9 A o
~  CuG CCG CAG CGG G 3
i AUU ACU AAU AGU Uua
A AUC }He accl . AAC Jasn oot I8 g

AUA ACA [ ' AAA AGA A

AUG Met ACG AAG}LyS AGG}Arg G

Cuu GCU GAU} Asp GCU U

o CUC GCC| 51, GAC SP Gae av B

CUA ceal? GAA}GI GGA (=Y A

cuG GCG GAGS Y Gee G

Fig. 1.17 Genetic Code

The properties of the genetic code are as follows:
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1. The code is a triplet codon: The nucleotides of mRNA are arranged as a
linear sequence of codons, each consisting of three successive nirogenous
bases.

2. The codon is non-overlapping: In translating mRNA molecules, the codons
do not overlap but read sequentially.

3. The code is commaless: It means that after one amino acid is coded, the
second amino acid will be coded automatically by the next three letters.

4. The code is non- ambiguous: Non-ambiguous code means that a particular
codon will always code for the same amino acids.

5. The code has polarity: The code is always read in a fixed direction, i.e, 5'
3'direction.

6. The code is degenerate: More than one codon may specify the same amino
acid, which is called degeneracy of code.

7. Some codes act as start codons: In most organisms, the AUG codon act as
the start codon. In rare cases, GUG also serves as a start codon.

8. Some codes act as stop codons: Three codon UAG, UAA ad UGA are the
chain stop or termination codon.

9. The code is universal: Same genetic code is found valid for all organisms
ranging from bacteria to man.

A Helix-To-Coil Transition Model

Consider a macromolecule consisting of N units (think residues) comprising v
helical sequences. There is a total of NH helical units and NC = N-N, coil units.
Define the partition function for the melting of one helical unit as s = exp (AH__ /
RT) where AH_ is the enthalpy needed, R is the molar gas constant (related to the
Boltzman constant kg through Avegadro’s number N, asR=Kk;N, )and T is
the temperature in absolute units. Assume that it takes no enthalpy to form a coil
so that the partition function for a coil unit is equal to 1. Define the partition
function for the removal of one helical sequence as 6. The partition function for the
helix-to-coil melting process is:

Z=X][]sNM¢"
The product [T is taken over all helical units N}, and all helical sequences v

and the summation X is taken over all possible configurations (i.e., over all
possible unit arrangements to form the macromolecule with N units).

helical unit

helical sequence

i,

coil s€quence 7%
é-a

Fig. 1.18 Schematic Representation of the Helical and Coil Sequences



1.3 CELL MEMBRANE

Plasma membrane is the outer membrane covering of cell protoplasts discovered
by Schwann (1838). It was called cell membrane by Nageli and Cramer (1855).
The name plasmalemma of plasma membrane was given to it by Plowe (1931).
Biomembranes are not visible under the light microscope because their thickness
is below the resolving power of the microscope. Under electron microscope
biomembranes appear to be trilaminar or tripartite. Freeze etching technique has
shown that a membrane possesses particles of different sizes. Membrane occur
inside the cytoplasm. Internal membranes are rare in prokaryotes. They occur in
eukaryotic cells as covering of several cell organelles like nucleus, mitochondria,
plastids, lysosomes, Golgi bodies, peroxisomes, etc. Vacuoles are separated from
cytoplasm by a membrane called tonoplast. All membranes whether external or
internal are called cell membranes or biomembranes. Average thickness of
membrane is 75 A. Biomembranes are selectively permeable for solutes but
semipermeable for water.

The asymmetric functioning of such system is of little value to cells. It was
unclear for many years as to how a phospholipid bilayer which is only 5 nm thick,
could be strong enough to withstand stress on the plasma membrane of most cells.
The size of most animal cells are small enough for adhesive forces between water
molecules, to maintain spherical cell shape inside a lipid bilayer surface. Plasma
membrane is able to lie passively as unreinforced thin lipid barriers at the surface
of cell. Monocytes surrounded by thin membranes are deformed as they migrate
between vascular endothelial cells in response to injury. Cell membrane face
continuous challenge to their integrity from within. An area of membrane about
equal to area of entire cell surface turns over every 30 min in many cells due to
endocytosis and exocytosis. Endocytosis and exocytosis depend on the
cytoskeleton for movement of vesicles to and from plasma membrane and
cytoskeletal infrastructure influences the motion of membrane. The first proposal
that cellular membranes might contain a lipid bilayer was made in 1925 by two
Dutch scientists E. Gorter and F. Grendel. They extracted the lipid from human
blood cells and measured the amount of surface area the lipid would cover.
Mammalian red blood cell lack both nuclei and cytoplasmic organelles, plasma
membrane is the only lipid containing structure and all of the lipids extracted from
the cells can be assumed to have resided in the cells plasma membranes. Experiments
conducted in 1960 led to the concept of membrane structure known as fluid mosaic
model proposed in 1972 by S. Jonathan Singer and Garth Nicolson of University
of California, San Diego.

Composition of Biological Membrane

The lipid bilayer is fundamental structure of most biomembranes. Non lamellar
lipid structure also form important components of biomembranes. The phospholipids
that are present in biomembranes are highly amphipathic, phosphate containing
groups esterified that have long chain fatty acyl groups. The phosphate containing
groups are electrically charged and are hydrophilic whereas the hydrocarbon side
chain of fatty acyl groups are hydrophobic. In the phospholipid bilayer, these
hydrophobic side chains extend within each leaflet toward each other to form
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containing group seek position in bilayer between hydrophobic interior and either
of two external aqueous phases. Animal biomembrane also contain other lipids,
such as cholesterol in addition to phospholipids. Cholesterol is less amphipathic
than are phospholipids because hydrophilic portion of cholesterol is due to its
uncharged and small hydroxyl group rather than to electrically charged and larger
phosphate containing group. The protein content of biomembranes varies from
20% to more than 70% depending on the membrane. The ratio of lipid to protein
in membrane varies, depending on type of cell membrane (plasma/ endoplasmic/
Golgi), type of organism (bacteria/plant/animal) and type of cell (cartilage/ muscle
/liver). Inner mitochondrial membrane has a very high ration of protein/ lipid in
comparison to red blood cell plasma membrane, which is high in comparison to
membranes of the myelin sheath that form wrapping around nerve cell. Inner
mitochondrial membrane contains protein carriers of the electron transport chain
and relative to other membranes, lipid is diminished.

NOTES

In contrast, myelin sheath act as electrical insulation for nerve cell it encloses,
a function that is carried by thick lipid layer of high resistance. Biomembranes
transport is believed to be catalyzed by integral membrane proteins, though their
activities are influenced by peripheral proteins. The tertiary and quaternary structure
of integral membrane proteins has been studied. For example, aquaporin-1
(CHIP28) monomer, a member of protein family forms water channel in many
epithelial and non-epithelial tissue is observed using cryo electron crystallography
to form tetramers of four water channel pathways through the plasma membrane.
Biomembranes structure is asymmetric as well as heterogeneous (Refer
Figure 1.19).
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Fig. 1.19 Biomembranes Structure

Proteins: Proteins constitute 20 to 70 % of the membrane by mass. They occur
in different ways and forms in different sites of plasma membrane. Two distinct
types are common. Extrinsic proteins and intrinsic proteins. Extrinsic proteins are
attached to the periphery of the lipid bilayer and can be separated from the
Self - Learnin membrane. Peripheral proteins are mostly made up of amino acids having

- g e . . . .. .
30 Material hydrophilic side chains which act with the polar heads of lipid molecules or with




surrounding water. Intrinsic proteins are partly or wholly embedded in the lipid
bilayer. The constituent amino acids of these proteins form hydrophobic bonds
with fatty acids of lipid molecules. These proteins are soluble in organic solvents.
Due to differential distribution of peripheral proteins, two surfaces of a membrane
1s always asymmetric. Most integral membrane proteins are inserted into membranes
in the endoplasmic reticulum by a process that involves amino acid residue signaling
sequences. Integral proteins are transmembrane proteins that is they pass entirely
through lipid bilayer and have domains that protrude from both extracellular and
cytoplasmic side of membrane (Refer Figure 1.20).

Lipid-anchored proteins

\ Phospholipid bilayer

Integral membrane protein Peripheral membrane protein
Fig. 1.20 Protein Membrane

Some membrane transport proteins undergo large conformational changes
during processing and functioning. Peripheral proteins that are located entirely
outside the lipid bilayer on either of cytoplasmic or extracellular side, and are
associated with surface of membrane by non-covalent bonds. Lipid anchored
proteins are located outside the lipid bilayer on either the extracellular surface but
are covalently linked to lipid molecule situated within the bilayer. Besides structural
proteins, the plasma membrane possess several enzymes which regulate cellular
metabolism. More than 30 different types of enzymes are known to occur in
association with plasma membrane. The carrier proteins embedded in the membrane
help in transport of solutes.

Lipids: Lipids have asymmetric concentration across biomembranes, for example,
out of four most abundant category of phospholipid in plasma membrane, the
anionic one (phosphatidylserine) and a zwitterionic one (phosphotidylethanolamine)
are more concentrated in the inner than the outer leaflet of bilayer. Free energy is
required to move these phospholipids against their concentration gradients. The
asymmetric distribution of lipids across the plasma membrane is scrambled by
normal and artificial process. Cellular activation by stimuli is associated with increase
in the cytosolic free Ca?* concentration. Membrane lipids contain wide variety of
lipids all of which are amphipathic, .i.e., they contain hydrophilic and hydrophobic
regions.

There are three types of membrane lipids:
e Phosphoglycerides
e Sphingolipids

e Cholesterol
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Phosphoglycerides: Phospholipids constitute a major portion of lipids (55-57%)
in plasma membranes. They belong to mainly two categories. Neutral phospholipids
and acidic phospholipids. Examples of neutral phospholipids are lecithin, cephalin,
sphingomyelin, etc. Most membrane lipids contain phosphate group which make
them phospholipid, most membrane phospholipids are built on glycerol backbone
called phosphoglycerides.

Unlike triglycerides, which have three fatty acid and are not amphipathic,
membrane glycerides are diglycerides-only two of the hydroxyl group of glycerol
are esterified to fatty acid, third is esterified to hydrophilic phosphate group. These
phospholipid molecules constitute the structural framework of plasma membrane.

Sphingolipids: A less abundant class of membrane lipids are sphingolipids, they
are derivatives of sphingosine, an amino alcohol that contain a long hydrocarbon
chain. Sphingolipid consists of sphingosine linked to a fatty acid by its amino group.
This molecule is ceramide. The various sphingosine based lipids have additional
group esterified to terminal alcohol of sphingosine. If substitution is
phosphorylcholine, molecule is sphingomyelin, which is only phospholipid of
membrane (Refer Figure 1.21).

Cholesterol: It is an amphipathic molecule like phospholipids having both
hydrophilic and a hydrophobic portion. Cell membrane would be too fluid and
too permeable to some molecules without cholesterol. Cholesterol is part of steroid
ring that is closely attracted to part of fatty acid chain on the nearest phospholipid.

Cholesterol is sterol lipid derived from squalene, forming a major component
of animal cell membrane. It is absent in higher plant membranes and bacteria. In
animal cells, it affect membrane fluidity.
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Fig. 1.21 Structure of Membrane Lipid

Phospholipid Bilayer

Membrane formation is due to a self-assembly process which is a consequence of
amphipathic nature of phospholipid molecules. The polar hydrophilic heads of
phospholipids come in contact with water while their hydrophobic tails cannot do
so. There are two methods of arrangement pf phospholipids in contact with water-
micelle ( globule) and bilayer (bimolecular sheet) in which hydrophobic tails are
inside and the hydrophobic heads are towards outside. The micelle or globular
form would be mechanically unsound as the bulky double tails would not be able



to get adjusted in the center of globule. The driving force for the formation of lipid
bilayer is hydrophobic interaction amongst the hydrocarbon tails of lipid molecules.
Vander walls forces help in close packing of tails. Polar heads of phospholipids
are held to water molecules by electrostatic attractions and hydrogen bonds. Lipid
bilayers are also called cooperative structures because their molecules are held
together by many reinforcing non-covalent interactions which are predominantly
hydrophobic. Because of these interactions lipid bilayers have a tendency to become
extensive, close on themselves and the ability of self-sealing (Refer Figure 1.22).
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Fig. 1.22 Lipid Bilayer showing Inner and Outer Leaflets

Carbohydrates: More than 90% of the membrane carbohydrate is covalently
linked to proteins to form glycoproteins Their peripheral association is highly
asymmetric. The remaining carbohydrates are covalently linked to lipids to form
glycolipids. Unlike proteins and lipids, carbohydrates are not integral component
of membranes. Their peripheral association is highly asymmetric. Oligosaccharides
are covalently bounded to membrane lipids and integral proteins on their non-
cytosolic sides. Oligosaccharides are assembled and transferred to membrane
proteins and lipids and modified in the lumen of endoplasmic reticulum and Golgi
apparatus. No mechanism is known for assembly and attachment of molecules to
segments of proteins and lipids at cytosolic surface of membranes. The carbohydrate
rich zone on the surface of cell is known as glycocalyx. Specific glycosylation of
some integral membrane proteins appear to be essential for their transport activities.

Proteins penetrate through membranes rather than remaining external to
lipid bilayer was derived from results of a technique called freeze fracture replication.
Here tissue is frozen solid and struck with blade, which fractures block into two
pieces. Once the membrane are split, metals are deposited on their exposed surface
to form replica which is viewed in the electron microscope (Refer Figure 5.5).

Functions of Biological Membrane

e Membranes are continuous and enclose compartments. The plasma
membrane encloses the contents of cell, whereas the nuclear and cytoplasmic
membranes enclose diverse intracellular spaces. The various membrane
bound compartments possess different contents. It allows specialized
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activities to proceed without external interference and enable cell activity to
be regulated independently.

Membrane prevent the unrestricted exchange of molecules from one side
to another. Membranes provide the means of communication between
compartments.

They form outer boundaries around the cells to maintain environment inside
the cell different from those of outside environment.

Membrane prevent the unrestricted exchange of molecules from one side
to the other. At the same time, membrane provide the communication
between the compartments they separate

The plasma membrane contain machinery for physically transporting
substance from one side of membrane to another from region where solute
is at low concentration to a region where solute is at higher concentration.
The plasma membrane is able to transport ions thereby establishing ionic
gradients across itself.

The plasma membrane of organism mediates the interaction between a cell
and its neighbours. The plasma membrane allow cells to recognize and
signal one another, to adhere when appropriate and to exchange material
and information

Membranes are involved in the process by which one type of energy is
converted to another type (energy transduction). Membranes are involved
in transfer of chemical energy from carbohydrates and fats to ATP.

Plasma membrane plays a role in response of cell to external stimuli, a
process known as signal transduction. Membranes possess receptors that
combine with specific molecules. The interaction of a plasma membrane
receptor with external ligand cause the membrane to generate signal that
stimulate or inhibit internal activities.

Boundaries round distinct sub-cellular compartments (Nucleus,
Mitochondria, Lysosomes, Golgi bodies, etc.), compartmentalize and
segregate intracellular events, and separate cells from one another,
Membranes mediate regulation of cellular functions by: acting as selective
barriers, allowing inside environment of cells or organelles to differ from
outside.

Plasma membrane is selectively permeable outer boundary of cell.

Plasma membrane contains: Specific systems; Pumps, Channels,
Transporters used for exchange of nutrients and other materials with the
environment.

Normal cellular function starts with normal cell membrane, 1.e., damage to
membrane can affect water balance and ion influx and therefore grossly
alter most processes within the cell.

In nerve cells, the cell membrane takes part in transmission of impulses.
They provide sheaths for cilia and flagella.

Secretory, excretory and waste products are thrown out by plasma
membrane through exocytosis.
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1.3.1 Transport of Ions Across Membrane

Fluidity of Plasma Membrane

The physical state of the lipid of a membrane is described by fluidity. Simple artificial
bilayer composed of phosphatidylcholine and phosphotidylethanolamine, whose
fatty acids are unsaturated. If temperature is kept warm, lipid exist in fluid state. At
this temperature, lipid bilayer is described as two dimensional liquid crystal. If the
temperature is lowered, point is reached where the bilayer changes. The lipid is
converted from a liquid crystalline phase to a frozen gel in which movement of
phospholipid fatty acid chains is restricted. The temperature at which this change
occurs is called transition temperature.

Saturated fatty acids have a shape of straight, flexible rod. Cis unsaturated
fatty acids have crooks in the chain at sites of double bond. Phospholipids with
saturated chains pack together more tightly than those containing unsaturated chains.
The greater the degree of unsaturation of fatty acids of bilayer, lower the temperature
before bilayer gels.

Another factor that influences bilayer fluidity is fatty acid chain length. The
shorter the fatty acyl chains of phospholipid, lower is its melting temperature. The
physical state of membrane is affected by cholesterol. Because of their orientation
within bilayer, cholesterol disrupt the close packing of fatty acyl chains and interfere
with mobility.

Cholesterol tends to increase durability while decreasing the permeability of
amembrane. Many basic cellular processes including cell movement, cell growth,
and cell division, formation of intercellular junction, endocytosis, and secretion
depend on the movement of membrane components.

Cell membrane do not exist in rigid state nor any disordered state. They are
partly fluid and partly rigid or stabilized. Membrane fluidity is mainly controlled by
fatty acid moieties of phospholipids. Fluidity increases with the decrease in fatty
acid chain and increase in the number of double bonds. Usually one fatty acid is
saturated. Its straight chain helps in packing. The second fatty acid is unsaturated
with one or more double bonds. Bends appear in the region of double bonds.
Such bends interfere in close packing of phospholipids and increase fluidity. Bacteria
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are known to regulate fluidity by changing the number of double bonds and length
of saturated acyl chains. Ratio of saturated to unsaturated fatty acid is 1.6 at 42
degree Celsius. Cholesterol and other lipids provide stability to membranes by
preventing displacement of phospholipid due to their large size, formation of
membrane complexes and interaction with adjacent phospholipids.

Glycoprotein
Camohgdme

Hydrophilic Side Chain—
Rer:ron

Hydrophilic
Regﬁ)n
Transmembrane
Protein

Fig. 1.24 Fluid Mosaic Model

Fluid Mosaic Model of Plasma Membrane:

e [tis the most acceptable model of a biomembranes proposed by Singer
and Nicolsonin 1972.

o According to this model, the membrane does not have a uniform disposition
of lipids and proteins but is mosaic of two.

e The membrane is not solid but is quasi-fluid. The quasi-fluid nature of the
biomembranes is shown by their properties of quick repair, dynamic nature,
ability to fuse, expand and contract.

¢ Fluid mosaic model postulates that the lipid molecules are present in a viscous
bilayer as in lamellar model.

¢ Protein molecules occur at places both inside and on the outer side of lipid
bilayer.

¢ The integral proteins are called intrinsic or integral proteins while the external
ones are known as extrinsic or peripheral proteins. Integral proteins account
for 70% of the total membrane proteins. They cannot be extracted from the
membrane without disrupting the latter.

e The plasma membrane that surrounds these cells has two layers (a bilayer)
of phospholipids (fats with phosphorous attached), which at body
temperature are like vegetable oil (fluid).

¢ Both layers of the plasma membrane have the hydrophilic heads pointing
toward the outside; the hydrophobic tails form the inside of the bilayer

e Each phospholipid molecule has a head that is attracted to water
(hydrophilic: hydro =water; philic =loving) and a tail that repels water
(hydrophobic: hydro = water; phobic = fearing.



e The extrinsic proteins are attached covalently to phospholipid head or non- B iolélgiccal Cte_t” antd
covalently to transmembrane proteins. They can be separated with mild 1 onstents
treatment.

¢ Proteins provide the structural and functional specificity to the membranes.
Membrane proteins provide structural and functional specificity to the
membranes.

NOTES

e Many membrane proteins function as enzymes. Some of them behave as
permeases for allowing facilitated diffusion. A few proteins act as carriers
because they actively transport different substances across the membrane.

e Some lipids and extrinsic proteins present on the outer side possess small
carbohydrate molecules to form glycolipids and glycoproteins. They
constitute glycocalyx.

e Conjugated oligosaccharides function as recognition centers, site of
attachment, antigens, etc. Oligosaccharides provide negative charge to the
outer surface.

¢ Because cells reside in a watery solution (extracellular fluid), and they contain
awatery solution inside of them (cytoplasm), the plasma membrane forms a
circle around each cell so that the water-loving heads are in contact with the
fluid, and the water-fearing tails are protected on the inside.

e The lipid bilayer can exist in fluid state. For flip flop to occur, hydrophilic
head group of lipid must pass through internal hydrophobic sheet of the
membrane. Thus cells contain enzymes that move certain phospholipids
from one leaflet to other. These enzymes play role in establishing lipid
asymmetry and reverse the slow rate of passive transmembrane movement.
Because lipids provide the matrix in which integral proteins of membrane
are embedded, the physical state of lipid is important determinant of mobility
of integral proteins.

¢ Plasma membrane proteins are not totally free to drift around randomly but
instead they are subjected to various influences that affect their mobility.
Some membranes are crowded with proteins, so random movements of
one molecule can be impeded by its neighbors. The plasma membrane
possess fibrillary network or membrane skeleton consisting of peripheral
proteins situated on the cytoplasmic surface of membrane. Studying the
factors that affect membrane protein mobility is to genetically modify cells
to produce altered membrane proteins.

¢ Integral proteins whose cytoplasmic portion have been genetically deleted
move much greater distance than their counterparts indicating that barriers
reside on cytoplasmic side of the membrane. It suggest that membrane
underlying skeleton form network of fences creating compartments that
restrict the distance an integral protein can travel. Proteins move across the
boundaries from one compartment to another through break in fences.

Evidences for Fluid Mosaic Model

¢ Fluid mosaic model can explain the presence of different types of permeability
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e [taccounts for dynamic nature of biomembranes with their quick repair.

e The change in permeability in different parts of the same membrane can be
explained

e The model explains the passage of both electrolytes and non-electrolytes
through the biomembranes

e [tprovides for quick growth, expansion and contraction of the membrane

e The model provides for the occurrence of protein particles both on the
surface and interior of cell membranes.

Asymmetry of Biomembranes

e The two surfaces of the biomembranes are not similar, .i.e. , the membranes
are asymmetric

e Lipids present in the outer and inner side of the bilayer are commonly
different, for example, lecithin on the outer side and cephalin on the inner
side of erythrocyte membrane

e The amount and types of extrinsic proteins are different on the two sides.
They are more abundant on the inner surface than on the outer surface

¢ Oligosaccharides are attached to external surface of lipids and proteins of
biomembranes. They are absent on the inner side.

Proteins are huge molecules, so their movement within lipid bilayer might be
restricted. Phospholipids are small molecules that make up the very fabric of lipid
bilayer. When individual phospholipid molecules of plasma membrane are tagged
and followed under microscope using ultra high speed cameras, they are confined
for brief period and hop from one area to another.

Analysis indicates that phospholipid diffuses freely within one compartment
before jumps into neighbouring compartment and then over another fence into an
adjacent compartment. Treatment of the membrane with agents that disrupts the
underlying membrane skeleton removes some of the fences that restrict phospholipid
diffusion. As the contents of a cell are surrounded by its plasma membrane, all
communication between the cell and the extracellular medium must be mediated
by this structure. In this way, plasma membrane has a dual function. On one hand,
it must retain the dissolved material of the cell so that they do not leak out into the
environment while on other hand, it must allow the necessary exchange of materials
into and out of the cell. The lipid bilayer of membrane is suited to prevent the loss
of charged and polar solutes from a cell. Several different processes are known
by which substances move across membrane: simple diffusion through lipid bilayer,
simple diffusion through an aqueous protein lined channel, diffusion that is facilitated
by a protein transporter and active transport which requires an energy driven
protein pump capable of moving substance against concentration gradient.

Transport Across Membrane

There are three types of membrane transport,.i.e.,
o Diffusion
o Active Transport

e Bulk Transport



Diffusion: It is a spontaneous process in which a substance moves from a region
of high concentration to a region of low concentration, eliminating the concentration
difference between the two regions. It is of two types- passive and facilitated.

Passive Diffusion: The membrane plays a passive role in the transport of
substances across it. The unassisted movement is from higher concentration side
to the side where concentration is lower. Since the membranes have hydrophobic
interior, simple or passive diffusion occurs only for small, non-polar molecules.
For example, oxygen, carbon dioxide, small uncharged polar molecules like ethanol
and glycerol

Facilitated Diffusion: The transport across the membrane is along the
concentration gradient but is facilitated by the presence of membrane proteins
without involving expenditure of energy. Membrane proteins taking part in facilitated
diffusion are of two types, carrier proteins and channel proteins. Both of them are
integral membrane proteins with several transmembrane segments.

Water molecules move much more rapidly through cell membrane than do
dissolved ions or small polar organic solutes which are non-penetrating. Because
of this difference in the penetrability of water vs solutes, membranes are
semipermeable. Water moves readily through a semipermeable membrane from a
region of lower solute concentration to region of higher solute concentration. The
process is known as osmosis, and is demonstrated by placing cell in solution
containing non-penetrating solute at a concentration different that present within
cell itself. When two compartments of different solute concentration are separated
by a semipermeable membrane, the compartment of higher solute concentration is
said to be hypertonic relative to the compartment of lower solute concentration,
known as hypotonic. When cell is placed into hypotonic solution, cell gains water
by osmosis and swells. Conversely, cell placed into hypertonic solution loses water
by osmosis and shrinks. It suggests that a cells volume is controlled by the difference
between the solute concentration inside the cell and that in the extracellular medium.
Once the internal solute concentration equals the external solute concentration,
the internal and external fluids are isotonic and no net movement of water into or
out of cell occurs.

Channel Protein Mediated Facilitated Diffusion

Ion Channels: Cell membrane contain ion channels that is openings in membrane
that are permeable to specific ions. Bert Sakmann and Erwin Neher at the Max
Planck Institute in Germany in 1970s and early 1980s developed technique to
monitor the ionic current passing through single ion channel. Most ion channels are
highly selective in allowing only one particular type of ion to pass through the pore.
Most of the ion channels that are identified can exist in either an open or closed
conformation such channels are said to be gated. The opening and closing of the
gates are subject to complex physiologic regulation and induced by variety of
factors depending on particular channel.

Three major categories of channels are:
e Voltage Gated Channels
¢ Ligand Gated Channels
e Mechano Gated Channels
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Voltage Gated Channels: The channels open and close in response to changes
in membrane potential are voltage gated channels.

Ligand Gated Channels: Its conformational state depends on the binding of a
specific molecule which is not the solute that passes through channel.

Some ligand gated channels are opened or closed following the binding of a
molecule to the outer surface of the channel, others are opened or closed following
the binding of ligand to the inner surface of channel. For example, neurotransmitter
such as acetylcholine, act on outer surface of cation channels, while cyclic
nucleotides such as cyclic AMP act on the inner surface of calcium ion channels.

Mechano Gated Channels: Its conformational stated depends on mechanical
forces that are applied to the membrane. Members of one family of cation channels,
for example, are opened by the movements of stereocilia on the hair cells of the
inner ear in response to sound.

Porins: They are present in the outer membrane of mitochondria, chloroplasts
and some bacteria. The transmembrane segment of the protein has a closed
cylindrical 4 sheet called a barrel. It is water filled pore that is bigger than the ion
channels. It allows passage of small sized hydrophilic molecules and solutes.

Aquaporins: They are membrane channels for the passage of water molecules.
Each aquaporin has a central channel lined by 24 transmembrane segments of
four proteins. The diameter of the channel is about 0.3 nm, wide enough to allow
passage of water molecules. The rate of water movement is several billion molecules
per second.

Active Transport: Like facilitated diffusion, active transport depends on integral
membrane proteins that selectively bind a particular solute and move it across the
membrane in a process driven by changes in protein conformation. Unlike facilitated
diffusion, movement of solute against gradient requires the coupled input of energy.
The endergonic movement of ions or solutes across the membrane against a
concentration gradient is coupled to an exergonic process such as hydrolysis of
ATP.

¢ Direct or Primary Active Transport: The active transport is directly
coupled to exergonic reaction, most commonly hydrolysis of ATP. Four
types of ATPases are P type, V type, F type and ABC type.

¢ Indirect or Secondary Active Transport: It is linked to direct active
transport which produces high concentration of sodium ions in animal cells
or hydrogen ions in bacterial cells ions on the outside. The ions have tendency
to enter the cells as per their electrochemical gradient. They do so by forming
symport and antiport systems. In symport, inward passage of hydrogen
ions or sodium ions is coupled to passage of organic solutes. An antiport
system involves exchange of potassium ions for hydrogen ions and calcium
ions for sodium ions.

Bulk Transport: It involves the enclosure of the materials under transport in the
vesicles of membrane called carrier vesicles. The vesicles are formed in response
to chemical stimuli received in specific areas having receptors. It is of two types-
Pinocytosis and Phagocytosis.



Pinocytosis: It is also known as cell drinking. Invagination of the vesicles requires
attachment of three types of proteins on the cytosolic side- adapter protein, clathrin
and dyanmin. The pinched off vesicle is initially coated and pinosome either burst
in cytoplasm, fuse with lysosome or release its content into the vacuole. They are
either fluid phase pinocytosis or adsorptive pinocytosis.

Phagocytosis: It is the bulk transport of solid matter like food, foreign particles,
and pathogen across the membrane by means of carrier vesicles. Also known as
cell eating. The carrier vesicles are known as phagosome. Fusion of lysosome
with phagosome produces a food vacuole. The digested substances diffuse out.
The vacuole with undigested material is called residual vacuole. The indigestible
matter is thrown out of cell through exocytosis or cell vomiting or ephagy.

Other Ion Transport System: Biologists are eagerly awaiting a high resolution
structure of Na“/K* ATPase. A great deal can be learnt about P type pump by
studying related protein, the Ca- ATPase whose three dimensional structure has
been determined. The calcium pump is present in the membrane of endoplasmic
reticulum where it transport Ca?* ions out of cytosol into the lumen of organelle.
The transport of Ca*"ions by Ca- ATPase is accompanied by large conformational
changes. The sodium potassium pump is found only in animal cells. Unlike P type
pumps, V type pumps utilize the energy of ATP without forming a phosphorylated
protein intermediate. It actively transport hydrogen ions across the walls of
cytoplasmic organelles and vacuoles. Another diverse group of proteins that
transport ions is ATP binding cassette transporter because all the members of this
family share homologous ATP binding domain.

1.3.2 Irreversible Thermodynamic Treatment of
Membrane Transport

To fully comprehend the membrane transport processes a knowledge is required
of the structure of the membrane and of the internal interactions between ions matrix
and solvent during such processes. Irreversible Thermodynamics, provides a more
rigorous and comprehensive analysis of these measured quantities than any other
theoretical method available. This concept is however confined to situations in which
the membrane system is near equilibrium and where the resultant phenomenological
equations are linear functions of the applied forces. Since ion exchangers are
intrinsically heterogeneous the validity of the Onsager Reciprocal Relations must
be questioned Stein have given this problem a general treatment which is applicable
to systems in mechanical equilibrium. Their conditions for the validity of the Onsager
Reciprocal Relations require that flow and forces be measured normal to the
membrane surface and that forces are constant over that surface. All local forces
must bear a constant relationship to their potential difference across the membrane
and this implies that path lengths through the membrane must be equal. These
conditions are valid for a homogeneous membrane and it is postulated that the
experimental membranes in this study are sufficiently homogeneous on a
macroscopic scale to allow the Onsager Reciprocal Relations. Irreversible
Thermodynamics may be used to interpret and predict to a high degree of accuracy
of'the transport and diffusion properties of membranes.
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Irreversible Thermodynamics have shown that for the AMP C60 membrane
in aunivalent cationic form the analogous electrolyte solution is a good model on
which to base predictive calculations. It is hoped to show in this work whether or
not the properties of the calcium form may be analyzed to a similar degree of
accuracy using calcium chloride solution models. To / 6 To ensure that as far as
possible, the sodium and calcium forms of the membranes were under parallel
conditions the anion concentration of equilibrium solution was the same in both
cases .

Since ion-exchangers are inherently heterogeneous the validity of the O.R.R.
must be justified. Snell and Stein have applied a general treatment to systems in
mechanical equilibrium. From this work the conditions for the validity of the O.R.R.
require that the forces and flows be measured normal to the membrane surface
and that these forces must be uniform over that surface. All local forces must bear
a constant relationship to the potential difference across the membrane. This means
that the diffusional path lengths across the membrane must be equal. This condition
implies that the local in homogeneities of the membrane must-be distributed
uniformly throughout the matrix and be orders of magnitude smaller than the
geometric thickness of the membrane. In effect the membrane must be uniformly
heterogeneous on a “microscopic’ scale or macroscopically homogeneous. The
membrane system consists of four components which are the counter ion, the co-
ion, water, and the matrix-fixed sulphonate.

Thermodynamically the flow of substances from one compartment to another
can occur in the direction of a concentration or electrochemical gradient or against
it. If the exchange of substances occurs in the direction of the gradient, that is, in
the direction of decreasing potential, there is no requirement for an input of energy
from outside the system; if, however, the transport is against the gradient, it will
require the input of energy, metabolic energy in this case. For example, a classic
chemical mechanism for separation that does not require the addition of external
energy is dialysis. In this system a semipermeable membrane separates two solutions
of different concentration of the same solute. If the membrane allows the passage
of water but not the solute the water will move into the compartment with the
greatest solute concentration in order to establish an equilibrium in which the energy
of the system is at a minimum. This takes place because the water moves from a
high solvent concentration to a low one (in terms of the solute, the opposite occurs)
and because the water is moving along a gradient there is no need for an external
input of energy.

A physiological process can only take place if it complies with basic
thermodynamic principles. Membrane transport obeys physical laws that define
its capabilities and therefore its biological utility.

A general principle of thermodynamics that governs the transfer of substances
through membranes and other surfaces is that the exchange of free energy, AG, for
the transport of a mole of a substance of concentration C1 in a compartment to
another compartment where it is present at C2 is:

c
AG = RT log —-;1?
=i |



When C2 is less than C1, AG is negative, and the process is
thermodynamically favorable. As the energy is transferred from one compartment
to another, except where other factors intervene, an equilibrium will be reached
where C2=C1, and where AG = 0. However, there are three circumstances under
which this equilibrium will not be reached, circumstances which are vital for the in
vivo functioning of biological membranes

e The macromolecules on one side of the membrane can bond preferentially
to a certain component of the membrane or chemically modify it. In this
way, although the concentration of the solute may actually be different
on both sides of the membrane, the availability of the solute is reduced
in one of the compartments to such an extent that, for practical purposes,
no gradient exists to drive transport.

¢ A membrane electrical potential can exist which can influence ion
distribution. For example, for the transport of ions from the exterior to
the interior, it is possible that:
AG = RTlog E-’ﬂifff- - ZFAP
ol side

Where F is Faraday’s constant and AP the membrane potential in volts. If
AP is negative and Z is positive, the contribution of the term ZFAP to AG will be
negative, that is, it will favor the transport of cations from the interior of the cell.
So, if the potential difference is maintained, the equilibrium state AG =0 will not
correspond to an equimolar concentration of ions on both sides of the membrane.

e Ifaprocess with anegative AG is coupled to the transport process then
the global AG will be modified. This situation is common in active transport
and is described thus:

{:!1'1555: e
AG = RT log —;—«-uvl-«-~ L AG"

“outside
Where A G* corresponds to a favorable thermodynamic reaction, such as
the hydrolysis of ATP, or the co-transport of a compound that is moved in the
direction of its gradient.

The fundamental equation which served as starting point for numerous
further developments is that of Nernst and Planck. It is based on the assumption
that the steady velocity of transport in a viscous medium vector V'is directly
proportional to the driving force of vector X, the proportionality factor being the
constant mobility. Thus,

e -+
v = wX (1)
For diffusional flows

Xy = — grad [ 2)

Where X, is the force acting on the ith component and ﬁg its

electrochemical potential. The flux of the ith component (J;) is the product of
velocity and concentration, or,
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Ji = vy = cwiX A3)

In the case of unidirectional diffusion of a non-electrolyte, Equation (3)

yields readily the conventional equation of Fick. Assuming that the system is dilute

in the ith component, and that ideality may be attributed to the chemical potential
is:

pi = pi? + RT Ing

__du_ _RTd
X = dx ¢ dx )
Inserting Equation (4) into (3) we obtain
deg de;
":RT“’*(‘ d_x) zﬂﬁ(‘ Ix) 5)
Where
Dy = RTwqg (6)

Is the coefficient of diffusion according to the well-known equation of

Einstein. For the flow of an electrolyte, the electrochemical potential ji;, may be
written as

fit = p® + RT Inc; 4 2Fp 7)

Where YV the local electrical potential and zi is is the valency of the ith
component. Inserting Equation (7) into (2) we obtain

_ dw _ (RTdg dy
xi=— Y= () ®)
Which upon insertion into (3) gives the renowned Planck expression
Ji =RTuw || — dei s azk ( d
oA de) T RT |7 dx ©)

Equation (9) has been tested extensively for diffusion in liquid and solid
media.

A limitation of Equation (3), and the derived expressions (8) and (9), is that
they deal with independent flows, i.e., with cases in which the transport of each
component is not influenced by the concomittant flows passing through the system.
It is known, however, since the pioneering work of Reuss in 1809, that we
should in general assume a coupling between flows, which may profoundly change
the transport pattern. In his ingenious experiments on the electro kinetic behaviour
of porous media, Reuss demonstrated that the flow of electricity is accompanied
by a volume flow, while a flow of water, induced by a mechanical pressure head,
results in a flow of electrical current. A series of other coupling phenomena were
discovered during the XIXth century, such as thermoelectricity, thermo-osmosis



and thermodiffusion. It is therefore evident that a comprehensive theory of
membrane transport should treat explicitly the coupling between flows and should
provide a measure for the transport interaction.

In the study of biological systems, there is a special interest in the
interpretation of coupling between diffusional transport and metabolic processes
taking place within the membrane or in its vicinity. Such coupling, known in
physiology as active transport, which plays an important role in the regulatory
function of cells and tissue, will be considered later.

A suitable theoretical introduction to the analysis of coupling phenomena is
provided by the thermodynamics of irreversible processes. Although kinetic and
statistical mechanical treatments are better suited for the visualization of the
processes under consideration, the statistical mechanics of irreversible processes
is still an inadequate tool for the description of condensed systems. Despite its
inherent limitation as a formal and ‘empty’ conceptual system, non-equilibrium
thermodynamics has the advantages of simplicity and consistency in making its
statements a useful guide in membrane study. It is indeed the apparent simplicity of
the equation which misleads the inexperienced who may believe that the
thermodynamic statements are trivial and ‘Self-Evident’ a convenient starting point
for the development of the phenomenology of non-equilibrium thermodynamics is
the treatment of the total change in entropy, written in the form

dS = d.5 + d;§ (10)

Where d,S is the entropy exchanged with the surrounding and d,S' is the
entropy created within the system by all irreversible processes. In the terms of
Equation (10) the second law may be written as

ds=>0 (11)

Or, the irreversible entropy change is positive definite. d,§ equals zero for
equilibria and is positive for all irreversible processes. The thermodynamic
description of the rate processes is based on the increase in inner entropy per unit
time or on the entropy formation d,$7d# For isothermal processes, it is convenient
to use the dissipation function introduced by Lord Rayleigh, ¢ = T(d,S/d#), which
measures the degradation of free energy per unit time due to irreversibility.

1.3.3 Nerve Conduction

All the living organisms which have lungs for breathing, the physiological respiration
involves respiratory cycles of inhaled and exhaled breaths. Inhalation or breathing
in is usually an active movement. The contraction of the diaphragm muscle cause a
pressure variation, which is equal to the pressures caused by elastic, resistive and
inertial components of the respiratory system. In contrast, exhalation or breathing
out is usually a passive process. Breathing in, brings air into the lungs where the
process of gas exchange takes place between the air in the alveoli and the blood in
the pulmonary capillaries.

The fact that the Central Nervous System (CNS) controls the respiratory
system was first described by Whytt, a neurologist, who observed an unconscious
reflex breathing action. The Central Nervous System (CNS) includes the brain
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and spinal cord. The brain and spinal cord are protected by bony structures,
membranes, and fluid. The brain is held in the cranial cavity of the skull and it
consists of the cerebrum, cerebellum, and the brain stem. The nerves involved are
cranial nerves and spinal nerves.

The ventilatory system is typically designed to bring oxygen into the body,
to fuel energy-generation and to remove carbon dioxide, which is a waste product
of cellular metabolism. The system is made up of the cortex of the brain, which
controls voluntary breathing, the brainstem which is involved with automatic
breathing, the spinal cord and motor neurons which transmit nerve impulses, the
respiratory muscles which are the effectors of the system and a complex system of
feedback receptors and nerves that precisely regulate ventilation process.

Voluntary Breathing Controllers: The signals for voluntary breathing
originate in the cerebral cortex. There are centers within the parietal cortex that
send the signals for inspiration and expiration to occur. These cortical areas project
to the motor neurons in the spinal cord via the cortico-spinal tracts.

Automatic Breathing Controllers: Automatic breathing is controlled by
a complex system that includes respiratory centers in the pons and medulla, nerve
tracts in the lower brainstem, and the feedback mechanisms that are both chemical
and mechanical in nature.

Spinal Cord: The spinal cord and the motor nerves conduct the nerve
impulses from the cortex and brainstem to the anterior horn cells of the motor
neurons that supply the respiratory muscles. The nerve fiber tracts in the spinal
cord that are responsible for voluntary (cortico-spinal tract) and automatic (reticulo-
spinal tract) breathing are distinct within the spinal cord.

Lower Motor Neurons: In the Peripheral Nervous System (PNS), the
lower motor neuron has its cell body in the spinal cord (anterior horn cell) but exits
the spinal cord to become the spinal nerve roots and the nerves that supply the
respiratory muscles.

Respiratory Muscles: The respiratory muscles are the mechanical effectors
of the breathing system. The respiratory muscles are often divided into 3 major
groups: the inspiratory muscles, the expiratory muscles, and the accessory muscles
of respiration. The muscles are of the upper airway that maintain patency during
the respiratory cycle and are often also considered muscles of respiration. The
diaphragm is the major muscle of inspiration as it contributes approximately 70%
to inspiratory tidal volume in the normal condition. The innervation of the diaphragm
is via the phrenic nerve, which originates from cervical nerve roots.

However, there are several nerves responsible for the muscular functions
involved in respiration but the following three types are considered as the important
respiratory nerves:

Phrenic Nerves: The nerves stimulate the activity of the diaphragm. They
are composed of two nerves, the right and left phrenic nerve, which pass through
the right and left side of the heart, respectively. They are autonomic nerves.

Vagus Nerve: This nerve innervates the diaphragm as well as movements
in the larynx and pharynx. It also provides parasympathetic stimulation for the
heart and the digestive system. It is a major autonomic nerve.



Posterior Thoracic Nerves: These nerves stimulate the intercostal muscles
located around the pleura. They are considered to be part of a larger group of
intercostal nerves that stimulate regions across the thorax and abdomen. They are
somatic nerves.

All these three types of nerves regulate and control the signal of the ascending
respiratory pathway from the spinal cord to stimulate the muscles that perform the
movements essential for the respiration process.

If any of the above mentioned three respiratory nerves are damaged then
they can cause severe health problems, such as paralysis of diaphragm if the phrenic
nerves are damaged, irritation to the phrenic or vagus nerves can result in hiccups.

Check Your Progress

. Give the statements of cell theory.

. What s cytoplasmic matrix?

. What do you understand by cell membrane?

. Define the term genophore.

. Define protein.

. Give the main functions of protein in biological cell.
Which is the constitutional unit of DNA and RNA?
What is the classification of base in DNA?

Define the complamentry base pair in DNA.

_
S o

. Give the types of membrane lipid.

—_—
[

. What are the categories of membrane transfort?

—_
[\S)

. Define the vagus nerve.

1.4 ROLE OF METAL IONS IN BIOLOGICAL
SYSTEM

Metal ions are fundamental elements for the maintenance of the lifespan of plants,
animals and humans. Their substantial role in biological systems was recognized a
long time ago. They are essential for the maintenance of life and their absence can
cause growth disorders, severe malfunction, carcinogenesis or death. They are
protagonists as macro or microelements in several structural and functional roles,
participating in many biochemical reactions, and arise in several forms. They
participate in intra and inter cellular communications, in maintaining electrical
charges and osmotic pressure, in photosynthesis and electron transfer processes,
in the maintenance of pairing, stacking and the stability of nucleotide bases, and
also in the regulation of DNA transcription. They contribute to the proper
functioning of nerve cells, muscle cells, the brain and the heart, the transport of
oxygen and in many other biological processes up to the point that we cannot even
imagine a life without metals.
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Metals (Cobalt (Co), Nickel (Ni) and Chromium (Cr)) are used in
prosthesis manufacturing because of their high mechanic stability and good
biological compatibility, but their corrosion products have been shown to elicit
biological responses. Monocytes and macrophages are the first barrier of the
innate immune system, which interact with abrasion and corrosion products,
leading to the release of proinflammatory mediators and Reactive Oxygen Species
(ROS). The inflammation-relevant changes in monocytes and macrophages after
exposure to several concentrations of metal salts (CoCl,, NiCL,, CrCl, x 6H,0)
were studied by analysing viability, gene expression, protein release and ROS
production. Metal particles, as well as their corrosion products, have been shown
to elicit a biological response in the aseptic loosening of endoprosthetic implants.
Owing to different metal alloy components, the response may vary depending on
the nature of the released corrosion product.

Titanium (Ti), being one of the most abundant elements in the earth’s crust
with many examples of bioactive properties, is widely used in the cosmetic industry.
Titanium Dioxide (TiO,) Nano Particles (NPs) are often incorporated in
sunscreens as physical sun blockers absorbing Ultra Violet (UV) radiation.

Exact needs vary among species, but commonly required plant trace
elements include copper, boron, zinc, manganese, and molybdenum. Animals also
require manganese, iodine, and cobalt.

Elements are present in different forms in the nature, and these elements are
very essential for the body to perform different functions. Trace elements are very
important for cell functions at biological, chemical and molecular levels. These
elements mediate vital biochemical reactions by acting as cofactors for many
enzymes, as well as act as centres for stabilizing structures of enzymes and
proteins. Some of the trace elements control important biological processes by
binding to molecules on the receptor site of cell membrane or by alternating the
structure of membrane to prevent entry of specific molecules into the cell. The
functions of trace elements have a dual role. In normal levels, they are important
for stabilization of the cellular structures, but in deficiency states may stimulate
alternate pathways and cause diseases. These trace elements have clinical
significance and these can be estimated using different analytical method. The four
main electrolytes namely sodium, magnesium, potassium, and calcium constitute
about 1.89%, while the rest 0.02% or 8.6 g of an average human adults is made
up of 11 typical trace elements. However, this tiny fraction exerts a tremendous
influence on all body functions. Most of them mediate vital biochemical reactions
by acting as a cofactor or catalyst for many enzymes. They also act as centres of
building stabilizing structures, such as enzymes and proteins. The accumulation of
metals or deficiency of these elements may stimulate an alternate pathway which
might produce diseases. Interaction among the trace elements may also act as a
scaffold upon which the etiopathogenesis of many nutritional disorders lie. Although
these elements account for only 0.02% of the total body weight, they play
significant roles, for example as active centres of enzymes or as trace bioactive
substances. Trace elements refers to elements that occurs in natural and perturbed
environments in small amounts and that, when present in sufficient bioavailable
concentrations are toxic to living organism.



Elements, such as iron, zinc, and selenium are essential components of
enzymes where they attract or subtract molecules and facilitate their conversion to
specific end products. Few elements donate or accept electrons in redox
reactions, which results in generation and utilization of metabolic energy and have
an impact on the structural stability and to import certain biological molecules.
Iron is involved in the binding, transporting, and release of oxygen in higher
animals. Some of the trace elements control important biological processes by
facilitating the binding of molecules to their receptor sites on cell membrane, by
alternating the structures or ionic nature of membrane to prevent or allow specific
molecules to enter or leave a cell and in inducing gene expression resulting in the
formation of protein involved in life processes.

Essential Elements for Human Body
Four organic basic elements: H, C, N, O
Quantity elements - Na, Mg, K, Ca, P, S, Cl.
Essential trace elements - Mn, Fe, Co, Ni, Cu, Zn, Mo, Se, 1.

Function suggested from active handling in humans, but no specific identified
biochemical functions - Li, V, Cr, B, F, Si, As.

Biological Classification of Trace Elements

Classification proposed by Frieden (1981) which divided the elements into micro,
trace, and ultra-trace elements based on the amount found in tissues.

Essential Trace Elements: Boron, cobalt, copper, iodine, iron, manganese,
molybdenum, and zinc.

Probable Essential Trace Elements: Chromium, fluorine, nickel, selenium, and
vanadium.

Physically Promotive Trace Elements: Bromine, lithium, silicon, tin, and
titanium.

Categorical Classification of Trace Elements

It is observed that there are at least 29 different types of elements including metal

and noN-metals in an adult human body. These 29 elements can be broadly
classified into five major groups they are as follows:

Group I: These elements are the basic components of macromolecules, such as
carbohydrates, proteins, and lipids. The elements belonging to these groups are
carbon, hydrogen, oxygen, and nitrogen.

Group II: These are nutritionally important minerals. They are also called as
principal elements or macro elements. Their daily requirement for an adult human
is above 100 mg/day. The deficiency of such elements usually proves fatal unless
intervened properly. The elements belonging to this group are sodium, potassium,
chloride, calcium, phosphorous, magnesium, and sulphur.

Group III: There are the essential trace elements. An element is called as trace
elements when their requirement per day is below 100 mg and deficiency leads to
disorders and may prove fatal. The elements belonging to this group are copper,
iron, zinc, chromium, cobalt, iodine, molybdenum, and selenium. Of these, iodine
is a non-metal, while others are metals.
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Group IV: They are additional trace elements. Their role is not clear and they
may be essential. The elements belonging to this group are cadmium, nickel, silica,
tin, vanadium, and aluminium.

Group V: This group of metals is not essential their presence may produce toxicity.
They have no known function in the human body. The elements belonging to this
group are gold, mercury, cyanide, and lead.

The trace elements included Group III also called as minor elements. Their
requirement is below 100 mg/day and their absence may not hinder normal
development, but their activity may be substituted by another metal. Analytical
methods are used to measure metal concentration in human tissues and body

fluids.

The term ‘Biomolecule’ refers to any organic molecule that is formed by a
living organism. This includes large polymeric molecules like proteins,
polysaccharides and nucleic acids and small molecules like primary metabolites,
secondary metabolites and natural products.

Any living system is primarily composed of six elements, which are as follows:

e Carbon

e Hydrogen

e Oxygen

e Nitrogen

e Phosphorus

e Sulphur
There are some other functional elements, such as Calcium (Ca), Sodium

(Na), Magnesium (Mg), Copper(Cu), Zinc(Zn), etc. as shown in Table 1.1. Among
these, carbon (C) is the most important element.

Table 1.1 Chemical Compositions of Important Biomolecules

Element Per cent by mass
Oxygen 65
Carbon 18
Hydrogen 10
Nitrogen 3
Calcium 1.5
Phosphorus 1.2
Potassium 0.2
Sulfur 0.2
Chlorine 0.2
Sodium 0.1
Magnesium 0.05
Iron 0.004
Cobalt, Copper, Zinc, <0.05 each
Iodine
Selenium, Fluorine <0.01 each




Carbon (C) is the most important owing to its property to form an infinite
number of compounds. This helps carbon to form stable covalent bonds and C—C
chains of unlimited length. Carbon has a unique property called catenation, that is,
the property of forming bonds with the same element. It is tetravalent in nature and
can form single, double and triple covalent bonds to combine with hydrogen, oxygen,
sulphur, nitrogen and chlorine to form various types of compounds.

Every living system is built up in a hierarchical manner. Multicellular organisms
are made up of organ systems, which are constituted by tissues. These tissues are
a collection of cells, which contain organelles. It is after this that the world of
biomolecules appears (Table 1.2). Macromolecules (proteins, lipids, nucleic acids
and polysaccharides) are formed from monomeric units or building blocks (amino
acids, fatty acids, glycerol, nucleotides and monosaccharides).

Table 1.2 Chemical Compositions of Macromolecules

Macromolecule Monomers Major Functions
Proteins Amino acids Fundamental basis of structure
and function of cell (static and
dynamic function)

Polysaccharide Monosaccharides Form of storage of energy to meet
short-term demands
Lipid Fatty acids, glycerol | Form of storage of energy to meet

long-term demands; structural
components of membranes
Nucleic acids Nucleotides Carrier of genetic information

1.5 SODIUM-POTASSIUM PUMP

Na*/K" ATPase Pump

This electrogenic P-type membrane pump carries out the coupled transport of
three Na* ions outside and two K* ions inside the cell. It is a transmembrane
heterodimeric Protein and comprises of @ and § subunits, forming intracellular and
extracellular domains and five pair of transmembrane helices. The o and 3 subunits
have four isoforms each, expressed in tissue and cell specific manner, and they
vary in their sensitivity towards Sodium and the steroid glycoside ouabain (inhibitor
of Na* /K* ATPase in animals). The pump carries out a coupled ion transport
accomplished by the hydrolysis of ATP and a subsequent phosphorylation event.
It requires Mg?**-ATP as its major substrate and has affinity towards specific ligands.
The a subunit is 110 kDa in size and comprises of about 1000 Amino Acid residues.
It has four isoforms (., ., o, and o) which differ in their functional properties.
The o, subunit is a housekeeping isoform expressed in most of the tissues. The
saline environment triggers the quantitative expression of specific isoforms depending
upon their Sodium binding affinity. The o subunit consists of five pairs of
transmembrane helices forming the cation transport path and three cytoplasmic
domains, which have the binding sites for Mg?*-ATP and Na*. These cytoplasmic
domains are specified as nucleotide binding sites, phosphorylation site and a actuator
site. These transmembrane helices move or rotate along to transport ions across
the membrane. The a.subunit is an active component of the pump carrying out
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phosphorylation and ion transport. The B subunitis 55 kDa in size composed of
370 Amino Acid residues, of which 30 Amino Acids form a cytosolic loop and
300 Amino Acids are folded to form the extracellular domain. The 3 subunit has
three consecutive glycosylation sites on its extracellular folds. This subunit does
not contain any active site for the substrate. It, however, interacts with the o subunit
to restore the native structure of the enzyme. There are three S-S bonds present in
the extracellular folds of the subunit necessary to provide the K* occlusion state of

the enzyme.

Glycosylation

Ouabain binding site SIPES e

B

K’ subunit

AR ADD
T
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' Calcium binding site
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Fig. 1.25 Structure of the Na*/K* ATPase

The pump operates through a cycle of phosphorylation-dephosphorylation
events accompanied with Na” and K*binding and hydrolysis of ATP. Sodium
binding at the cytosolic loop of the a subunit initiates the Sodium-dependent
phosphorylation of the pump, accomplished by hydrolysis of previously bound
ATP. This results in the formation of an acyl-phosphate complex between the Pi of
ATP released and a specific Asp residue or As portable residue, an a.-Amino-
Acid residue. This phosphorylated state of the pump, commonly stated as [E P],
now excludes three Na* ions out of the cell. Two Potassium molecules then bind
to the extracellular fold of the enzyme and the enzyme attains [E,P] state. This is
followed by occlusion of K* into the cell and subsequent dephosphorylation of the
pump. Ouabain is a specific glycoside which can bind to the phosphorylated o
subunit of the enzyme in the [E, P] state after it has excluded three Na" ions (Refer
Figure 1.25).



Inhibition of the ATPase by Calcium

Calcium is aregulator of the Sodium pump. It inhibits the pump at the physiological
concentration range of 0.08-5 pM. In excitable cells, depolarisation causes an
increase in [Ca*']_ 0 which crosses the threshold level and inhibits specific isoforms
of the pump in a concentration and affinity-dependent manner. Calcium at higher
concentrations can, however, inhibit the pump in general, irrespective of the isomer.
The mechanism of inhibition due to calcium can be explained as follows:

e The o subunit of the enzyme is associated with calcium inhibition, with o,
isomer having greater affinity for calcium at physiological levels of 0.08-5
uM or even at higher concentration of 10 mM.

e Ca?" in the concentration range of 10~° M competes with magnesium for
ATP and lowers the concentration of Mg?**-ATP, which is a rate limiting
substrate for the enzyme.

¢ Calmodulin and Calnaktin are the two Calcium-Binding Proteins which
mediate the process of Calcium inhibition of this enzyme.

e Calmodulin and Calnaktin lower the threshold level of Calcium-Mediated
inhibition from 100 uM to 2-5 uM of Ca*".

e These Proteins are unable to inhibit the pump in the absence of Ca?*. Calcium-
dependent inhibition of the pump is initiated by Calmodulin and Calnaktin
and they interact with at least one or more Proteins in the membrane or
cytosol to bring about inhibition of the pump.

e The process of Ca*" inhibition associated with the o subunit of the enzyme
is non-competitive and it does not compete with the binding site for Na®.

1.6 TRANSPORT AND STORAGE OF
DIOXYGEN

Dioxygen (O,) plays an important role in the energy metabolism of living
organisms. Free oxygen is produced in the biosphere through photolysis (light-
driven oxidation and splitting) of water during photosynthesis in cyanobacteria,
green algae, and plants. During oxidative phosphorylation in cellular respiration,
the chemical energy of oxygen is released as it is reduced to water, thus closing the
biological water-oxygen redox cycle.

Haemoglobin is able to transport oxygen within the body due to its unique
structure. Its structure consists of four globin subunits: two o and two 3 subunits.
Each subunit contains a heme prosthetic group with an iron bound.

Definition

Haemoglobin is a conjugated chromoprotein which contains haeme as prosthetic
group and globin as the apoprotein part. Conjugated proteins are proteins which
have a protein part known as apoprotein and a non-protein part known as
prosthetic group. Chromoproteins are proteins which are coloured.
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General information about Hb

In adult human beings, the normal concentration of haemoglobin present is 13—18
gm/dl. There is about 750 g of Hb in the total circulating blood of a 70-kg man.
One sub-unit of haemoglobin binds to one molecule of oxygen and one Hb has
four subunits. 1 g of Hb can carry 1.34 ml of oxygen. Space occupied by Hb in an
erythrocyte is about 35 per cent and contributes to about 97 per cent of dry
weight. About 27-32 pg of Hb is present in one molecule of erythrocyte.
Approximately 6.25 g of Hb is formed and destroyed in the body each day.

History of discovery of Hb

Different aspects of Haemoglobin (Hb) were discovered at different times. In
1940, Hunefeld discovered the Hb in blood. In 1951, Otto Funko was able to
isolate Hb crystals by successively diluting Red Blood Cell or RBCs with a
solvent such as pure water, alcohol or ether, followed by slow evaporation of the
solvent from the resulting protein solution. Hb’s reversible oxygenation was found
out by Felix Hoppe—Seyler. Its molecular structure was discovered by Max Perutz
by x-ray crystallography in 1959. He received Nobel Prize in chemistry in 1962
along with John Kendrew. Functions of Hb were found out by physiologist Claude
Bernard.

Hemoprotein

A hemeprotein (or haemprotein), or heme protein, is a protein that contains a
heme prosthetic group. They are a very large class of metalloproteins. The heme
group discusses the functionality, which can include oxygen carrying, oxygen
reduction, electron transfer, and other processes. Heme is bound to the protein
either covalently or non-covalently or both. The heme consists of iron cation bound
at the centre of the conjugate base of the porphyrin, as well as other ligands
attached to the ‘Axial Sites’ of the iron. The porphyrin ring is a planar dianionic,
tetradentate ligand. The iron is typically Fe*" or Fe**. One or two ligands are
attached at the axial sites. The porphyrin ring has 4 nitrogen atoms that bind to
the iron, leaving two other co-ordination positions of the iron available for bonding
to the histidine of the protein and a divalent atom.

R /N R
{1

Fig. 1.26 Binding of Oxygen to a Heme Prosthetic Group




Hemeproteins probably evolved to incorporate the iron atom contained within the
protoporphyrin IX ring of heme into proteins. As it makes hemeproteins responsive
to molecules that can bind divalent iron, this strategy has been maintained throughout
evolution as it plays crucial physiological functions. Oxygen (O,), Nitric Oxide
(NO), Carbon Monoxide (CO) and Hydrogen Sulphide (H,S) bind to the iron
atom in heme proteins. Once bound to the prosthetic heme groups (Refer Figure
1.26), these molecules can modulate the activity/function of those hemeproteins,
affording signal transduction. Therefore, when produced in biologic systems (cells),
these gaseous molecules are referred to as gasotransmitters.

Roles of Hemeproteins

¢ Hemeproteins have diverse biological functions including oxygen transport,
which is completed via hemeproteins including hemoglobin, myoglobin,
neuroglobin, cytoglobin, and leghemoglobin.

¢ Some hemeproteins - cytochrome P450s, cytochrome ¢ oxidase, ligninases,
catalase and peroxidases - are enzymes. They often activate O, for oxidation
or hydroxylation.

¢ Hemeproteins also enable electron transfer as they form part of the electron
transport chain. Cyctochrome a, cytochrome b, and cytochrome c have
such electron transfer functions.

The sensory system also relies on some hemeproteins including FixL, an oxygen
sensor, CooA, a carbon monoxide sensor, and soluble guanylyl cyclase.

1.6.1 Structure and Functions of Myoglobin,
Hemocyanin and Hemerythrin

Structure and Functions of Myoglobin

Myoglobin (MB) is an iron- and oxygen-binding protein found in the cardiac and
skeletal muscle tissue of vertebrates in general and in almost all mammals.
Myoglobin is distantly related to haemoglobin. Compared to haemoglobin,
myoglobin has a higher affinity for oxygen and does not have cooperative binding
with oxygen like haemoglobin does. In humans, myoglobin is only found in the
bloodstream after muscle injury. High concentrations of myoglobin in muscle cells
allow organisms to hold their breath for a longer period of time. Diving mammals,
such as whales and seals have muscles with particularly high abundance of
myoglobin. Myoglobin is found in Type [ muscle, Type Il A, and Type II B, but
most texts consider myoglobin not to be found in smooth muscle.

Myoglobin was the first protein to have its three-dimensional structure
revealed by X-ray crystallography. This achievement was reported in 1958 by
John Kendrew and associates. For this discovery, Kendrew shared the 1962
Nobel Prize in chemistry with Max Perutz. Despite being one of the most studied
proteins in biology, its physiological function is not yet conclusively established:
mice genetically engineered to lack myoglobin can be viable and fertile, but show
many cellular and physiological adaptations to overcome the loss. Through
observing these changes in myoglobin-depleted mice, it is hypothesised that
myoglobin function relates to increased oxygen transport to muscle, and to oxygen
storage; as well, it serves as a scavenger of reactive oxygen species.
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Myoglobin can take the forms OxyMyoglobin (MbO,), carboxy
Myoglobin (MbCQO), and metMyoglobin (met-Mb), analogously to
haemoglobin taking the forms Oxyhemoglobin (HbO,), CarboxyHaemoglobin
(HbCO), and metheMoglobin (met-Hb).

Like haemoglobin, myoglobin is a cytoplasmic protein that binds oxygen on
a haeme group. It harbors only one globulin group, whereas haemoglobin has four.
Although its haeme group is identical to those in Hb, Mb has a higher affinity for
oxygen than does haemoglobin. This difference is related to its different role:
whereas haemoglobin transports oxygen, myoglobin’s function is to store oxygen.

Myoglobin belongs to the globin superfamily of proteins, and as with other
globins, consists of eight alpha helices connected by loops. Myoglobin contains
153 amino acids.

Myoglobin contains a porphyrin ring with an iron at its centre. A proximal
histidine group (His-93) is attached directly to iron, and a distal histidine group
(His-64) hovers near the opposite face. The distal imidazole is not bonded to the
iron but is available to interact with the substrate O,. This interaction encourages
the binding of O,, but not Carbon Monoxide (CO), which still binds about 240x
more strongly than O,

The binding of O, causes substantial structural change at the Fe centre,
which shrinks in radius and moves into the centre of N4 pocket. O,-binding
induces ‘Spin-Pairing’: the five-coordinate ferrous deoxy form is high spin and the
six coordinate oxy form is low spin and diamagnetic. Figure 1.27 show the
oxygenated myoglobin molecule. This structure shows the structural change when
oxygen is bound to the iron atom of the haeme prosthetic group. The oxygen
atoms are coloured in green, the iron atom is coloured in red, and the haeme
group is coloured in blue.
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Fig. 1.27 Molecular Orbital Description of Fe-O, Interaction In Myoglobin



Fig. 1.28 Oxygenated Myoglobin Molecule

Structure and Functions of Hemocyanin

Hemocyanins (Hc) are proteins that transport oxygen throughout the bodies of
some invertebrate animals. These metalloproteins contain two copper atoms that
reversibly bind a single oxygen molecule (O,). They are second only to
haemoglobin in frequency of use as an oxygen transport molecule. Unlike the
haemoglobin in red blood cells found in vertebrates, hemocyanins are not confined
in blood cells but are instead suspended directly in the hemolymph. Oxygenation
causes a colour change between the colourless Cu(I) deoxygenated form and the
blue Cu(Il) oxygenated form.

Hemocyanins are found only in the Mollusca and Arthropoda: the earliest
discoveries of hemocyanins were in the snail Helix pomatia (a mollusc) and in the
horseshoe crab (an arthropod). They were subsequently found to be common
among cephalopods and crustaceans and are utilized by some land arthropods,
such as the tarantula Eurypelma californicum, the emperor scorpion, and the
centipede Scutigera coleoptrata. Also, larval storage proteins in many insects
appear to be derived from hemocyanins.

The arthropod hemocyanin superfamily is composed of phenoloxidases,
hexamerins, pseudohemocyanins or cryptocyanins, (dipteran) hexamerin
receptors. Phenoloxidase are copper containing tyrosinases. These proteins are
involved in the process of sclerotization of arthropod cuticle, in wound healing, and
humoral immune defense. Phenoloxidase is synthesized by zymogens and are
activated by cleaving an N-terminal peptide. Hexamerins are storage proteins
commonly found in insects. These proteins are synthesized by the larval fat body
and are associated with molting cycles or nutritional conditions. Pseudohemocyanin
and cryptocyanins genetic sequences are closely related to hemocyanins in
crustaceans. These proteins have a similar structure and function, but lack the
copper binding sites.

The evolutionary changes within the phylogeny of the hemocyanin
superfamily are closely related to the emergence of these different proteins in
various species. The understanding of proteins within this superfamily would not be
well understood without the extensive studies of hemocyanin in arthropods.

Although the respiratory function of hemocyanin is similar to that of
haemoglobin, there are a significant number of differences in its molecular structure
and mechanism. Whereas haemoglobin carries its iron atoms in porphyrin rings
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(haeme groups), the copper atoms of hemocyanin are bound as prosthetic groups
coordinated by histidine residues. The active site of hemocyanin is composed of a
pair of copper(I) cations which are directly coordinated to the protein through the
driving force of imidazolic rings of six histidine residues. It has been noted that
species using hemocyanin for oxygen transportation include crustaceans living in
cold environments with low oxygen pressure. Under these circumstances
haemoglobin oxygen transportation is less efficient than hemocyanin oxygen
transportation. Nevertheless, there are also terrestrial arthropods using
hemocyanin, notably spiders and scorpions, that live in warm climates. The
molecule is conformationally stable and fully functioning at temperatures up to 90
degrees C.

Most hemocyanins bind with oxygen non-cooperatively and are roughly
one-fourth as efficient as haemoglobin at transporting oxygen per amount of blood.
Haemoglobin binds oxygen cooperatively due to steric conformation changes in
the protein complex, which increases haemoglobin’s affinity for oxygen when
partially oxygenated. Each hexamer complex was arranged together to form a
larger complex of dozens of hexamers. In one study, cooperative binding was
found to be dependent on hexamers being arranged together in the larger complex,
suggesting cooperative binding between hexamers. Hemocyanin oxygen-binding
profile is also affected by dissolved salt ion levels and pH.

Hemocyanin is made of many individual subunit proteins, each of which
contains two copper atoms and can bind one oxygen molecule (O,). Each subunit
weighs about 75 kilo Daltons (kDa). Subunits may be arranged in dimers or
hexamers depending on species; the dimer or hexamer complex is likewise
arranged in chains or clusters with weights exceeding 1500 kDa. The subunits are
usually homogeneous, or heterogeneous with two variant subunit types. Because
of the large size of hemocyanin, it is usually found free-floating in the blood, unlike
haemoglobin.

Fig. 1.29 Crystallographic Analysis of Oxygenated and Deoxygenated
States of Hemocyanin



Structure and Functions of Hemerythrin

Hemerythrin is an oligomeric protein responsible for oxygen (O,) transport in the
marine invertebrate phyla of sipunculids, priapulids, brachiopods, and in a single
annelid worm genus, Magelona. Myohemerythrin is a monomeric O,-binding
protein found in the muscles of marine invertebrates. Hemerythrin and
myohemerythrin are essentially colourless when deoxygenated, but turn a violet-
pink in the oxygenated state.

Hemerythrin does not, as the name might suggest, contain a heme. The
names of the blood oxygen transporters hemoglobin, hemocyanin, hemerythrin, do
not related to the haeme group (only found in globins), instead these names are
derived from the Greek word for blood. Recent evidence has revealed
hemerythrin to be a multi-functional protein — contributing to innate immunity and
anterior tissue regeneration in worms.

The mechanism of dioxygen binding is unusual. Most O, carriers operate via
formation of dioxygen complexes, but hemerythrin holds the O, as a
hydroperoxide (HO,, or -OOH"). The site that binds O, consists of a pair of iron
centres. The iron atoms are bound to the protein through the carboxylate side
chains of a glutamate and aspartates as well as through five histidine residues.
Hemerythrin and myohemerythrin are often described according to oxidation and
ligation states of the iron centre shown in following table:

Fe?*—OH—Fe”* deoxy (reduced)
Fe’* —OH—Fe®* semi-met
Fe™*_—0—Fe**—00H" oxy (oxidized)

Fe**—OH—Fe™*— (any ather ligand) | met {oxidized)

The uptake of O, by hemerythrin is accompanied by two-electron oxidation
of the diferrous centre to produce a hydroperoxide (OOH”) complex (Refer
Figure 1.30). The binding of O, is roughly described in this diagram:

O
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Nhis ~ H Nbs 5 0
his, | \‘\OI,I \\\\Nhis N iS,, | \\‘O"/,l | \‘\‘NhiS
l,,’ e”\\ ., ”\ O 1y, “I\ Fe”\
Nhig ‘\ l’ \Nhis -0, Nhis/ \\ / Nhis
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Fig. 1.30 Active Site of Hemerythrin before and after Oxygenation

Deoxyhemerythrin contains two high-spin ferrous ions bridged by hydroxyl
group (A). One iron is hexacoordinate and another is pentacoordinate. A hydroxyl
group serves as a bridging ligand but also functions as a proton donor to the O,
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substrate. This proton-transfer result in the formation of a single oxygen atom (-
oxo) bridge in oxy- and methemerythrin. O, binds to the pentacoordinate Fe**
centre at the vacant coordination site (B). Then electrons are transferred from the
ferrous ions to generate the binuclear ferric (Fe**,Fe’™) centre with bound peroxide
(©).

Hemerythrin typically exists as a homooctamer or heterooctamer composed
of a- and B-type subunits of 13—14 kDa each, although some species have
dimeric, trimeric and tetrameric hemerythrins (Refer Figure 1.31). Each subunit has
a four-a-helix fold binding a binuclear iron centre.

Fig. 1.31 Trimeric Hemerythrin Protein Complex

1.6.2 Model Synthetic Complexes of Iron Cobalt Copper

The many synthetic complexes which take up molecular oxygen reversibly can be
divided into two groups one is those which fix molecular oxygen in the bridge,
dimeric, way, M: O, = 2:1, and another is in the monomeric way, where M: O,
= 1:1, as in the natural systems. Many dimeric adducts with a bridge of the p-
peroxy type have been known for a long time but monomeric adducts have only
been obtained and examined recently. All the oxygen adducts can be divided into
three groups according to the geometry of the molecule towards the metal atoms
(Refer Figure 1.32) it must be emphasized that most of the models which closely
resemble natural systems have been prepared from cobalt.

/O MELE /U /0

LgMe 0 Lg=Me =0 Lﬁ—Me\
0
Me=Co Me=Co,Fe Me=1r,Rh,Pt
bridged asymmetrical symmetrical

Fig. 1.32 Synthetic Model of Iron and Cobalt



Our studies on models of oxygen-carrying systems led to the discovery of
new synthetic systems which take up the molecular oxygen reversibly aqueous and
in dimethylformamide solutions. These are the cobalt (II) complexes, containing
amino acid molecules, and imidazole as ligands. Systems of the type Co—
imidazole—amino acid, which are capable of taking up oxygen reversibly, have
been obtained with the amino acids listed in Table 1.3. Intensely dark brown
coloured oxygen adducts arise on dissolving the polymeric Co" ‘Inner’ complex of
imidazole [Co(imid), ] in an aqueous solution of an amino acid or dipeptide through
which oxygen or air is passed, at a temperature close to 0°C. A similar reaction is
observed with [Co (Himid) ,(H,0),CO,] the amino acid has to be in excess to
shift the equilibrium in favour of the adduct (Refer Figure 1.33). The ‘Active’ Co!!
complex capable of intense oxygen absorption can be obtained in a similar way in
an atmosphere of N, or Ar, or even O, but at higher temperatures (50—60°).
The inert gas and temperature cause the displacement of oxygen from the oxygen
adducts. On the formation of the oxygen adduct, or ‘Active’ complex, one
imidazole molecule is replaced oxygen or a solvent molecule (Refer Figure 1.41).
The unusual ability for rapid oxygen uptake, higher even than the histidine
complexes, must be emphasized that system is also unusual because of the perfect
reversibility of the process, which allows the oxygen uptake cycle to be repeated
many times, without noticeable irreversible oxidation to CO The resistance of
solutions of the oxygen adducts towards molecular oxidation to give an inactive
monomeric Co" complex depends on the nature of the amino acids. Generally,
adducts formed by complexes with dipeptides are less stable. Only in the
presence of alpha-amino-carboxylic acid are complexes formed capable of taking
up oxygen reversibly.
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Fig. 1.33 Scheme of Reactions for Forming ‘Active’ and Oxygenated Complexes
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Table 1.3 Neutral Aliphatic Amino Acid and their Substituents

Neutral aliphatic amino acids

Amino acids with substituents

Glycine Serine

Alanine Homoserine
Sarcosine Proline
a-Aminobutyric acid Hydroxyproline
Valine Methionine
Norvaline Citrulline
Isoleucine Lysine
Glutamine
Ornithine
Arginine

Asparagine

A negative result is obtained with amino acids and with y amino-
dicarboxylic acids. The presence of an aromatic ring in the B-position, or of a
heterocyclic ring, destroys the ability to take up oxygen. This is due most probably
to the inductive effect of the ring on the electron density of the o-amino-carboxylic
acid group. The basicity of the imidazole group is essential. Replacement of
imidazole by weaker bases (pyrazole, benimidazole, purine bases, pyrazine)
results in complexes which have lost the ability to take up oxygen. The
considerable reactivity of the oxygen adducts must be emphasized.

The photo physical properties of two mononuclear pentaco-ordinated
copper(Il) complexes formulated as [Cu(L)(CI)(H,0)] and [Cu(L)(Br)(H,0)],
HL = (1-[(3-methyl-pyridine-2-ylimino)-methyl]-naphthalen-2-ol) were
synthesized and characterized by elemental, physicochemical, and spectroscopic
methods. The density function theory calculations are used to investigate the
electronic structures and the electronic properties of ligand and complex. The
interactions of copper (II) complexes towards calf thymus DNA were examined
with the help of absorption, viscosity, and fluorescence spectroscopic techniques
at pH 7.40. All spectroscopy’s result indicates that complexes show good binding
activity to calf thymus DNA through groove binding. The optical absorption and
fluorescence emission properties of microwires were characterized by
fluorescence microscope. From a spectroscopic viewpoint, all compounds
strongly emit green light in the solid state. The microscopy investigation suggested
that microwires exhibited optical waveguide behaviour which are applicable as
fluorescent nanomaterials and can be used as building blocks for miniaturized
photonic devices. Antibacterial study reveals that complexes are better
antimicrobial agents than free Schiff base due to bacterial cell penetration by
chelation. Moreover, the antioxidant study of the ligand and complexes is evaluated
by using 1,1-DiPhenyl-2-PicrylHydrazyl (DPPH) free-radical assays, which
demonstrate that the complexes are of higher antioxidant activity than free ligand.

Copper (II) complexes play an important role in the active sites of a large
number of metalloproteins in biological systems and potential application for
numerous catalytic processes in living organisms that involve electron transfer
reactions or activation of some antitumor substances. These processes are also
involved in bioinorganic and medicinal chemistry. In fact copper (II) chelates have
been found to interact with biological systems and to exhibit antineoplastic activity



[4-6] and antibacterial, antifungal, and anticancer activity. Some copper (II) N, S,
O/N, N-donor chelators are good anticancer agents due to strong binding ability
with DNA base pair. Pyridines are common but vital heterocyclic compounds in
organic synthesis, especially as agrochemicals and synthetic intermediates. For
example, pyridine derivatives, such as (aromatic) alkoxyl pyridine compounds,
amidopyridine, and its derivatives, substituted fused pyridine compounds, have
already been widely applied in the fields of agrochemical products. Moreover,
pyridine derivatives play a unique role in anthelminthic, acaricide, bacteriocide, and
phytocide. For these biological effects we choose the pyridine derivative ligand as
a starting material.

1.6.3 Structure and Functions of Haemoglobin

Haemoglobin has two parts. They are:
1. Haeme
2. Globin

Structure of Haeme

Haeme is iron-containing porphyrin nucleus. The porphyrins are complex in nature,
having a ‘tetra-pyrrole’ (four pyrrole rings) structure which are linked by —CH =
bridges called ‘methynyl’ or ‘methylidine’ bridges. The structure of haeme is shown
in Figure 1.34. The valency of iron (Fe) in Hb is six. Iron ion is situated at the
centre linking to four nitrogens of the pyrrole rings. The fifth linkage is with the
nitrogen of the imidazole ring of Histidine (His) of polypepetide chains, i.e., ‘haeme-
linked’ group. In case of a-chain, histidine is located in amino acid number 87
and in case of B-chain, itis located in His 92. The sixth valence is linked to H,O
in deoxygenated Hb. In case of oxygenated Hb, the H,O is displaced by O,.

Hb.H,O +0O,=Hb.O, + H,O
Structure of Globin

The protein part of the Hb is globin. Globin has four peptide chains as shown in
Figure 1.34. Each a-chain consists of 141 amino acids and each -chain consists
of 146 amino acids. The protein portion of each of this chain is called globin. Each
subunit or globin has a molecular weight of about 17,000 dalton which makes the
total molecular weight of the tetramer of about 68,000 daltons.

Polypeptide
chain
B(-)chain

a(-)chain

Haeme

Haemoglobin

Fig. 1.34 Structure of Haemoglobin
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Both types of chains are similar in structure. The secondary structure of
these four chains is a-helix. Each a-chain and B-chain folds into 8 a-helical
segments which further folds to form globular tertiary structure. These four
polypeptide chains are arranged in the form of tetrahedron. The four polypeptide
chains are then bound to each other by salt bridges, hydrogen bonds and
hydrophobic interaction. The folded tertiary structures of helices form pocket.
These pockets are known as ‘Haeme Pockets.” In each of these four ‘haeme
pockets,” one haeme is located. Therefore, each Hb molecule contains four ‘haeme’
units. The gene located for a-chain is situated on chromosome number 16 and the
B, v and d-chains are located on chromosome number 11.

Types of Haemoglobin

Haemoglobins can be classified mainly into two types. Some Hbs are normal
types and some are abnormal variants.

Normal Haemoglobin

There are a variety of normal human haemoglobins which are made up of four
sub-units of polypeptides. The polypeptide sub-units are made of different
combinations of five different polypeptide chains. The five sub-units are usually
known as a, 3, v, 0 and €. Most normal human Hb contains two a-chains with
two other 3, v, d and € sub-units. Depending on this, they can be classified as
follows:

In the Embryo

1. Gower 1(C ¢,) and Gower 2 (g,y,): This is present in foetus in the first
three months of pregnancy. There are two a-chains and two e-chains, i.e.,
a,&, in Gower 2.

2. Hb Portland: In this case, e-chains and y-chains are produced in access
and bind with each other to form €,y,. Such foetuses do survive but for
some time and commonly die after birth. Such a condition is known as
hydrops foetalis.

In Adults

1. Hb-A1 (a,f,): It constitutes of about 90-95 per cent of normal
haemoglobin in adults. Normal adult Hb consists of two a-chains and two
B-chains and they are expressed as a3, (Refer Figure 1.35).

2. Hb-A2 (a.,8,): 8-chain synthesis begins late in the third trimester and in
adults, normal range is 1.5-3.5 per cent (Refer Figure 1.35).

3. Hb-A3: Itis present mainly in the old red cells and it is an altered form of
Hb A. It constitutes to about 3—10 per cent of the total adult type.

4. Hb-A, (Glycosylated Hb): Itis a glycosylated adult Hb present in increased
percentage in the patients of diabetes mellitus. In a normal person, it is
about 3—5 per cent but it increases to about 615 per cent of total Hb in
case of people suffering from diabetes mellitus.



Adult haemoglobin Fetal haemoglobin

Fig. 1.35 Structure of Hb in Adults

Pathologic Mutant Variant

Hemoglobin variants are a part of the normal embryonic and foetal development,
but may also be pathologic mutant forms of haemoglobin in a population, caused
by variations in genetics. Some well-known haemoglobin variants such as sickle-
cell anemia are responsible for diseases, and are considered haemoglobinopathies.
Other variants cause no detectable pathology, and are thus considered non-
pathological variants.

e Haemoglobin H (B,): Itis a variant form of Hb, formed by a tetramer of
B-chain, which causes a disease named ‘Thalassaemia Major’. Beta
thalassaemias are due to mutations in the HBB gene on chromosome 11,
also inherited in an autosomal-recessive fashion. The severity of the disease
depends on the nature of the mutation. Mutations are characterized as ([3°
or B-thalassaemia major) if they prevent any formation of 3-chains (which
is the most severe form of B-thalassaemia) and they are characterized as
(B* or B-thalassaemia intermedia) if they allow some [3-chain formation to
occur. In either case there is a relative excess of a-chains, but these do not
form tetramers, rather, they bind to the red blood cell membranes, producing
membrane damage and at high concentrations they form toxic aggregates.

The a-thalassaemias involve the genes HBAland HBA2, inherited in a
Mendelian recessive fashion. It is also connected to the deletion of the 16p
chromosome. Alpha thalassaemias result in decreased a-globin production,
therefore fewer a-globin chains are produced, resulting in an excess of b-
chains in adults and excess g-chains in newborns. The excess b-chains
form unstable tetramers (called haemoglobin or Hb of 4 b- chains) which
have abnormal oxygen dissociation curves as a- and b-chains are present
in haemoglobin about 3 per cent of adult haemoglobin is made of a and b-
chains. Just as with b-thalassaemia, mutations can occur which affect the
ability of this gene to produce a-chains. This is known as d-thalassaemia.

e Haemoglobin barts (y,): It refers to the defect in a-chain gene. It causes
less expression of a-chain which causes increased amount of y-chain in
respect to a-chain. This y-chain forms tetramer. Haemoglobin S (a,3,°) is
a case in which the Hb has hereditary defect in B-chain which results in
defective Hb causing sickling of RBC. This condition is mostly known as
sickle cell disease. This is caused in the homozygous condition (Figure 1.36).
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Red Blood Cells

Sickle cell Normal red

blood cell

HBB Sequence in Normal Adult Hemoglobin (Hb A):

Nucleotide CTG ACT CCT GAG GAG AAG TCT

Amino Acid Leu Thr Pro Glu Glu Lys Ser
I | |
3 6 9

HBB Sequence in Mutant Adult Hemoglobin (Hb S5):

Nucleotide CTG ACT CCT GTG GAG AAG TCT
Amino Acid Leu Thr Pro Val Glu Lys Ser
1 1 |
3 6 g

Fig. 1.36 Sickle Cell

e Haemoglobin AS: It refers to such a heterozygous condition in which one

gene is normal adult Hb and another is sickle cell gene. An individual who
has such a variety of cells suffers from sickle cell trait.

Haemoglobin C (o.,,%): Some change in 3-chain causes mild chronic
haemolytic anaemia. The sixth position of 3-chain which contains glutamic
acid is replaced by lysine (Refer Figure 1.36).

Haemoglobin E (o,3,"): If the twenty-sixth position of B-chain containing
glutamic acid is replaced by lysine it causes mild chronic hemolytic anaemia.

Haemoglobin SC: It is a heterozygous gene containing one form of sickle
gene and another Hb C gene.

Haemoglobin D (o, 3,"): In this type of variant, the glutamic acid in the
twenty-sixth position of B-chain is replaced glutamine.

Chronic Heinz Body Anaemia (CHBA): They are the unstable Hb variants
which are formed due to amino acid substitution in the globin chain. The
example of a-chain unstable variants are HbTorino, Hb Boyte Heights and
Hb Point Philip. The examples of B-chain unstable variants are Hb Belfast,
Hb St Luais and Hb Zurich. The y-chain unstable variants include HbF
Poole. All these type of variants cause haemolytic anaemia.

Variant with Increased Oxygen Affinity: In this case, Hb binds very
tightly with oxygen, so that oxygen cannot be removed easily. Examples of

such variants are: a-chain variant (Hb Chesapeake) and 3-chain variant
(Hb Olympia).

Variant with Decreased Oxygen Affinity: Hb has less tendency to bind
with oxygen. For example, Hb Kansas, Hb Rothschild, Hb Hope.



1 2 3 & 5 6 7 8 9 10
val-his-leu-thr-pro- glu - glu -lys-ser-alza
lys-C gly-G
val-S

11 12 13 14 15 16 17 18 19 20 21
-val=-thr-ala-leu-try-gly-lys-val-asp-val-asp

22 23 24 25 26 27 28 29 30 31
-glu-val-gly-gly- glu =ala-leu=gly=-arg-leu-
ala=-A, lys-E

Fig. 1.37 Mutant-Vaciants of Haemoglobin

Derivatives of Haemoglobin

The nearest formal oxidation state of iron in Hb-O, is the +3 state, with oxygen in
the—1 state (as superoxide .O,"). The diamagnetism in this configuration arises
from the single unpaired electron on superoxide aligning anti-ferromagnetically
from the single unpaired electron on iron, to give no net spin to the entire
configuration, in accordance with diamagnetic oxy-haemoglobin from experiment.

1. Carboxy haemoglobin: It is formed when carbon monoxide comes in
contact with haemoglobin. The tendency of CO binding to Hb is 200 times
more than O,. This is harmful and life threatening.

2. Meth haemoglobin: In this case, iron changes to ferric state and is incapable
of binding with oxygen. Normally, the Meth haemoglobin present in blood
is about 1 per cent. The oxidation of Hb is stopped by the orientation of
haeme pocket. The meth haemoglobin formed is reverted back to ferrous
state by enzyme system present in the cell.

3. Sulph haemoglobin: It is formed when sulphur combines with the haeme
of Hb. It is green in colour and is incapable of carrying oxygen.

Synthesis of Haemoglobin

Hb is synthesized in a complex series of steps. Formation of haeme part occurs in
the mitochondria and cytosol of immature RBCs, while the globin part is synthesized
by ribosome in cytoplasm. Production of Hb occurs during erythropoiesis of
immature RBCs in red bone marrow. During erythropoiesis, even after loss of
nucleus, the production of Hb continues till reticulocyte stage.

Synthesis of Haeme

Haemoglobin (Hb) is synthesized in a complex series of steps. The haeme part is
synthesized in a series of steps in the mitochondria and the cytosol of immature
red blood cells, while the globin protein parts are synthesized by ribosomes in the
cytosol.
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Following are the stages involved in synthesis of haeme (Refer Figure 1.38).

Fe, + binding elements —> mRNA transcription Glycine ALA dehydrogenase
Porphobilinogen

AN 2x

/ | 4XJ/ PB de-eminase

A 0 Hydroxymethyl bilans
~ ALA synthase  d-Amino-laevulinic Uroporphyrinogen
Succinly CoA ———> acid (dALA) III synthase
Uroporphyrinogen 111
| Up-decarboxylase 111
co,&], Updecarvony
Protoporphyrinogen Il g4————— Coproporphyrinogen 111
CP-I1I oxidase

Protoporphyrin IIT oxidesc

Protoporphyrin IX
\ \' Heame > Heamaglobin
<

Ferochelatase

Globin chains

\ Mitochondrion / Cytoplasm

Fig. 1.38 Synthesis of Haeme

Biosynthesis of porphyrin: Stages involved in the formation of porphyrin are:
Stage I

o Synthesis of d-amino laevulinic acid (3-ALA): It occurs in mitochondria.
First, the succinyl CoA and glycine condense together to form a-amino-f3-
ketoadipic acid. After that on release of carbon-di-oxide, it forms 5-amino
laevulinic acid. This reaction occurs in the presence of 6-ALA synthase.
The coenzymes involved in this reaction are pyridoxal phosphate, pathothenic
acid (forming CoA—SH) and Mg"™.

Stage 11

o Synthesis of co-prophyrinogen Il and I (cytosolic)

o Formation of porphobilinogen: d-ALA then moves into the cytoplasm
from mitochondria. Two molecules of d-ALA undergo condensation
reaction to form porphobilinogen in presence of enzyme d-ALA
dehydrogenase. Co-factor involved is copper.

e Formation of uroporphyrinogen I and III

o Uroporphyrinogen I (minor series): In the presence of enzyme,
porphobilinogen de-eminase (uroporphylinogen I synthase), four
molecules of porphobilinogen condenses, losing four molecules of
ammonia and form uroporphyrinogen I or hydroxymethyl bilane.

o Uroporphyrinogen III formation (major series): The cyclization of the
uroporphyrinogen I occurs in the presence of uroporphyrinogen I11
synthase with deaminase. The product formed is called
uroporphyrinogen I11.

o Formation of co-prophyrinogen III: In presence of uroporphyrinogen
Il decarboxylase (removing carbon-di-oxide), the uroporphyrinogen
[ is decarboxylated to form coporphyrinogen IIL



Stage 111
e Formation of protoporphyrin IX

After the formation of co-proporphyrinogen III, it enters mitochondria. In
mitochondria, Coproporphyrinogen Il is converted to protoporphyrinogen
in the presence of coproporphyrinogen Il oxidase. Protoporphyrinogen is
then converted to protoporphyrin IX in presence of enzyme protoporphyrin
I oxidase.

Stage IV

Fe* isinserted in central position of protoporphyrin IX by haeme synthetase
to form haeme. Haeme is then coupled with protein globin to form
haemoglobin.

Catabolism of Haemoglobin

RBC is mainly destroyed in RE cells situated in bone marrow, spleen and liver as
shown in Figure 1.39. When RBCs complete their life cycle or become defective,
they are broken down and haemoglobin is released. Haemoglobin is then broken
down releasing:

¢ Protein portion globin which is catabolized into free amino acid.
e Iron of haeme enters ‘Iron Pool” which is recycled or stored as ‘Ferritin.’

e Porphyrin ring is catabolized to form bile pigment, biliverdin and bilirubin in
RE cells.

The bilirubin is formed either from ‘Haeme’ of destroyed erythrocyte or from
other sources (such as haeme from haemoglobin synthesis, degradation of
haemoglobin within immature erythrocyte, destruction of immature erythrocyte in
the bone and breakdown of other haeme pigments such as cytochrome, myoglobin
and catalase).

Extravascular or intravascular haemolysis

Unconjugated bilirubin

h - Urobilinogen
Blood + dlblumm

Hepatic sinusoid \4
Unconjugated bilirubin
transported with
ligandin or
Z protein
conjugated to
glucuronic acid
Conjugated bilirubin Urobilinogen
1

Biliary Protal vein
system Urobilinogen
- excreted in urine
bacterial | 10%
. .Y proteases 0
Conjugated bilirubin© —> Urobilinogen >Feaces

Small intestine

Fig. 1.39 Catabolism of Haemoglobin
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Biological Cell and Formation of Bile Pigment from Haeme
its Constituents

The pigments of bile are mainly the ‘biliverdin’ and “bilirubin’ for which bile colour
is yellow-green. Among the two, bilirubin constitutes the major portion of bile

NOTES pigment.

In microsome of RE cells (reticulo endothelial cells), oxidative hydrolysis of
the iron-porphyrin ring occurs due to the enzymehaeme—o.—methenyloxygenase.
It is not yet proved whether globin separates first or after ring opening. The opening
of ring helps in removal of Fe++. The ring is being fused at a-methane bridge
between pyrrole rings I and II. The first product that is formed in this step is
biliverdin and carbon monoxide. This biliverdin is then converted to bilirubin in
presence of bilirubin reductase NADH or NADPH as source of hydrogen donor.
This has been shown in Figure 1.40.
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Haeme

| [Haeme oxygenase]
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Biliverdin
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H
| |
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H H H H

Bilirubin
Fig. 1.40 Formation of Bile Pigment

Bilirubin is a non-polar compound and is soluble in lipid. When bilirubin
binds with albumin by non-covalent bond, it’s solubility increases in plasma. Such
a form is known as un-conjugated or indirect bilirubin. Albumin acts as a carrier of
bilirubin carrying bilirubin from blood to liver.

In liver, bilirubin dissociates from the carrier albumin molecules and enters
haepatocytes (liver cell). In smooth endoplasmic reticulum of haepatocyte, bilirubin
then conjugates with one or two molecules of glucuronic acid (the acid form of
glucose) to form bilirubin monoglucuronide and bilirubin diglucuronide.

The enzyme catalyzing this reaction is glucuronyl transferase and its transfer
glucuronic acid from UDP—GA to the propionic acid carboxyl group of bilirubin
through ‘ester linkage.” Such a process is known as ‘Conjugation’ and the bilirubin
mono and di-glucuronide formed is known as conjugated bilirubin. Conjugated
bilirubin is soluble in water and is smaller in size than unconjugated bilirubin because

Self - Learning itis attached to albumin. Therefore, the conjugated bilirubin can easily pass through
70 Material




glomerular filter. Unconjugated bilirubin cannot pass through the filter. For this
reason, conjugated bilirubin appears in urine.

The conjugated bilirubin formed in liver is transported to intestine through
gallbladder. On reaching caccum and the colon of large intestine, the glucuronides
is released from bilirubin and bilirubin is set free by the enzyme -glucuronidase
produced by the bacteria present in that area.

Bilirubin is ultimately reduced in a series of reaction by enzyme system present
in intestinal tract which is majorly contributed by anaerobic bacteria in the caecum.

The ultimate product formed is L-stercobilinogen which on exposure to air
undergoes auto-oxidation. After auto-oxidation, L-stercobilinogen is converted
to L-stercobilin which gives characteristic colour to faeces.

Some of the meso-bilirubinogen is converted to D-urobilinogen which is
less stable than stercobilin. After oxidation of D-urobilinogen , it forms urobilin IX
which has blue-green or violet coloured pigments.

Entero-Hepatic Circulation of Bile Pigments

The intermediary products which were produced during successive reduction of
bilirubin are absorbed from intestine and are returned to liver for re-excretion.
Such circulation of bile secretion is called as ‘entero-hepatic circulation’ (viz. entero
means intestine and haepatic means liver) of bile pigments.

Some of these derivatives which are able to escape the entero-hepatic
circulation are excreted in urine but majority the is excreted in facces.

These bile pigments are significant for determining different types of Jaundice.
Bilirubin is determined by Vanden—Berg reaction.

Functions of Haemoglobin

Heamoglobin can transport oxygen, carbon-di-oxide and nitric oxide. Heamoglobin
carries oxygen from lungs to tissues in oxy-heamoglobin form. After releasing the
oxygen in tissue, it takes up carbon-di-oxide and itself form caroboxy-haemoglobin.
Haemoglobin then returns to lungs and release the CO, and it is able to transport
another gas, i.e., nitric oxide. It helps in regulating blood pressure by relaxing the
walls of blood vessels which in turn increases the blood flow in vessels. Thus,
amount of nitric oxide released affects the contraction and relaxation of blood
vessels ultimately affecting the blood pressure. Haeme part of haemoglobin
contributes to the formation of bile pigments (see Figure 1.41).

Neutral, cool (lungs)
high O,, low CO,

Hb +40, Hb(0O,)4

Haemoglobin Oxy Haemoglobin

Acid, warm (tissues)
high CO,, low O,

Fig. 1.41 Formation of Haemoglobin

The Bohr Effect

The ability of haemoglobin to release oxygen is affected by pH, CO, and by the
differences in the oxygen-rich environment of the lungs and the oxygen-poor
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environment of the tissues. The pH in the tissues is considerably lower (more
acidic) than in the lungs. Protons are generated from the reaction between carbon-
di-oxide and water to form bicarbonate:

CO,+HO —— > HCO, +H"

This increased acidity serves a two-fold purpose. First, protons lower the
affinity of haemoglobin for oxygen, allowing easier release into the tissues. As all
four oxygen protons are released, haemoglobin binds the two protons. This helps
to maintain equilibrium towards the right side of the equation. This is known as the
Bohr effect, and is vital in the removal of carbon-di-oxide as waste because CO,
is insoluble in the bloodstream. The bicarbonate ion is much more soluble and can
thereby be transported back to the lungs after being bound to haemoglobin. If
haemoglobin could not absorb the excess protons, the equilibrium would shift to
the left and carbon-di-oxide will not be removed. In the lungs, this effect works in
the reverse direction. In the presence of the high oxygen concentration in the
lungs, the proton affinity decreases. As protons are shed, the reaction is driven to
the left, and CO, is formed as an insoluble gas to be expelled from the lungs. The
proton poor haemoglobin now has a greater affinity for oxygen, and the cycle
continues (see Figure 1.42).

Transport of CO, and the Bohr Effect
Plasma
Tissue RBC

0,

Chloride
shift

carbonic
Anhydrase

CO; CO,+H,0

Fig. 1.42 The Bohr Effect

Check Your Progress

13. Which trace elements are found in plants in biological system?
14. What is minor elements and why is called so?

15. Define biomolecule.

16. What do you understand by the Na+/K+ pump?

17. How the haemoglobin is able to transport the oxygen within the body of
arganism.

18. What is haeme pockets?
19. What do you understand by myoglobin?
20. Whatis hemerythrin?




1.7

ANSWERS TO ‘CHECK YOUR PROGRESS’

. It states that:

e All living things are composed of minute units, the cells

o A cellis amass of protoplasm containing a nucleus and bounded by cell
membrane and by cell wall

o All cells are basically alike in structure and metabolic activities

¢ The function of an organism is the result of the activities and interaction
of its constituent cells.

. Cytoplasmic matrix (hyaloplasma) is the fluid part of cytoplasm which exists

in both sol and gel respectively called plasmasol and plasma gel. Water
constitutes 90% of the matrix. Matrix is the crystallo-colloidal complex
where some chemicals are present as true solution and others as colloidal
solution, for example, minerals, sugars, amino acids, vitamins, proteins,

enzymes, etc.

. Cell membrane is thin and flexible, composed of lipids and proteins. It

controls the movement of molecules into and from the cell. It carries
respiratory enzymes for energy reactions.

. Genophore consists of single chromosome that is coiled, double stranded,

circular not associated with histones. Transcription and translation occur in
the cytoplasm. There is no nucleolus. It consists of single chromosome
which is coiled forming body.

. Proteins are built as chains of amino acids, which then fold into unique

three-dimensional shapes. Bonding within protein molecules helps stabilize
their structure, and the final folded forms of proteins are well-adapted for
their functions.

. Main Functions of Protein in biological Cell

e Protein is necessary in building and repairing body tissues.
e Hormone Production.

e Hormones are chemicals produced by glands in one part of the body
that help coordinate activities and communicate with other areas.

e Enzymes.
¢ Immune Function.
e Energy.

. RiboNucleic Acid or RNA and DeoxyriboNucleic Acid or DNA are

polymers constituted of monomers called mononucleotide units. These
mononucleotide units are united together by intermolecular dehydration
reactions that make phosphate ester bonds.

. The bases in DNA are classified into two types:

¢ Purines: Examples of purines include adenine and guanine (fused five-
and six-membered heterocyclic compounds).
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10.

I1.

12.

13.

14.

15.

16.

17.

18.

19.

¢ Pyrimidines: Examples of pyrimidines include cytosine and thymine (six-
membered rings).

. Complementary base pairing is when each type of base on one strand

establishes a link with exactly one type of base on the other strand. Purines
form hydrogen bonds with pyrimidines. The arrangement of two nucleotides
binding together across the double helix is known as a base pair.

There are three types of membrane lipids:

o Phosphoglycerides

e Sphingolipids

e Cholesterol

There are three types of membrane transport, .i.¢.,
¢ Diffusion

e Active Transport

e Bulk Transport

Vagus nerve is the nerve innervates the diaphragm as well as movements in
the larynx and pharynx. It also provides parasympathetic stimulation for the
heart and the digestive system. It is a major autonomic nerve.

Commonly required plant trace elements include copper, boron, zinc,
manganese, and molybdenum. Animals also require manganese, iodine, and
cobalt.

The trace elements included Group III also called as minor elements. Their
requirement is below 100 mg/day and their absence may not hinder normal
development, but their activity may be substituted by another metal.
Analytical methods are used to measure metal concentration in human
tissues and body fluids.

The term ‘Biomolecule’ refers to any organic molecule that is formed by a
living organism. This includes large polymeric molecules like proteins,
polysaccharides and nucleic acids and small molecules like primary
metabolites, secondary metabolites and natural products.

Na*/K* electrogenic P-type membrane pump carries out the coupled
transport of three Na* ions outside and two K ions inside the cell. It is a
transmembrane heterodimeric Protein and comprises of o and 3 subunits,
forming intracellular and extracellular domains and five pair of
transmembrane helices.

Haemoglobin is able to transport oxygen within the body due to its unique
structure. Its structure consists of four globin subunits: two a and two 3
subunits. Each subunit contains a heme prosthetic group with an iron bound.

The four polypeptide chains are then bound to each other by salt bridges,
hydrogen bonds and hydrophobic interaction. The folded tertiary structures
of helices form pocket. These pockets are known as ‘Haeme Pockets.’

Myoglobin (MB) is an iron- and oxygen-binding protein found in the
cardiac and skeletal muscle tissue of vertebrates in general and in almost all
mammals. Myoglobin is distantly related to haemoglobin.



20. Hemerythrin is an oligomeric protein responsible for Oxygen (O,) transport

in the marine invertebrate phyla of sipunculids, priapulids, brachiopods, and
in a single annelid worm genus, Magelona. Myohemerythrin is a monomeric
O,-binding protein found in the muscles of marine invertebrates.
Hemerythrin and myohemerythrin are essentially colourless when
deoxygenated, but turn a violet-pink in the oxygenated state.

1.8

SUMMARY

Living beings are composed of cell or many cells. A cell is a mass of
cytoplasm enclosed by plasma membrane and contain certain organelles
besides nucleus. It is a unit of biological entity covered by semipermeable
membrane and capable of medium free of other living systems.

Cell is an open system as it allows the entry and exit of matter and energy.
It takes up matter for sustenance, growth and division. Organisms are built
according to information encoded in a collection of genes. This vast
information is packaged into a set of chromosomes that occupies the space
of cell nucleus.

The first three organelles are surrounded by double membrane known as
envelope. The part of cytoplasm excluding compartments are eukaryotic
cells. The cell of bacteria and blue green algae don’t contain membrane
bound compartment called single compartment cell called prokaryotic cell.
The lack of compartments show primitive nature of these organisms.

The cell walls are small circular genetic material in addition to nucleiod. They
generally code for proteins required by organism in resistance against
antibiotics and toxic materials. They are not essential for the growth of the
cell. Some encode proteins needed by organism to resist antibiotics.

Cells be dependent on thousands of different enzymes to catalyse metabolic
reactions. Enzymes are proteins, and they make a biochemical reaction
more likely to proceed by lowering the activation energy of the reaction,
thereby making these reactions proceed thousands or even millions of times
faster than they would without a catalyst. Enzymes are highly specific to
their substrates.

The name of an enzyme usually refers to the type of biochemical reaction it
catalyses. For example, proteases break down proteins, and
dehydrogenases oxidize a substrate by removing hydrogen atoms. As a
general rule, the -Ase’ suffix identifies a protein as an enzyme, whereas the
first part of an enzyme’s name refers to the reaction that it catalyses.

The double helical DNA strands can be pulled apart like a zipper either by
mechanical force or by applying high temperature. The concept of
‘Complementarity’ causes duplication of all information in the double-
stranded sequence of a DNA helix, which is essential in DNA replication.

The nucleotide bases of the DNA molecule form complementary pairs with
the nucleotides hydrogen bond to another nucleotide base in a strand of
DNA, opposite to the original. This bonding is specific, with adenine always
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pairing with thymine (and vice versa) and guanine always pairing with
cytosine (and vice versa).

A small amount of DNA is also available in cell organelles like mitochondria
or chloroplasts. On the other hand, in prokaryotes like bacteria and
archaea, DNA is present in the cytoplasm. Chromatin proteins, such as
histones, compact and organize DNA into chromosomes.

A DNA sequence is referred to as ‘sense’ if its sequence is the same as that
of'a messenger RNA copy that is translated into protein. Its opposite is
known as the ‘Anti-Sense’ when the sequence is on the opposite strand.

Plasma membrane is the outer membrane covering of cell protoplasts
discovered by Schwann (1838). It was called cell membrane by Nageli and
Cramer (1855).

The asymmetric functioning of such system is of little value to cells. It was
unclear for many years as to how phospholipid bilayer only 5 nm thick
could be strong enough to withstand stress on the plasma membrane of
most cells.

The lipid bilayer is fundamental structure of most biomembranes. Non
lamellar lipid structure also form important components of biomembranes.

Lipids have asymmetric concentration across biomembranes, for example,
out of four most abundant category of phospholipid in plasma membrane,
the anionic one (phosphatidylserine) and a zwitterionic one
(phosphotidylethanolamine) are more concentrated in the inner than the
outer leaflet of bilayer.

The spinal cord and the motor nerves conduct the nerve impulses from the
cortex and brainstem to the anterior horn cells of the motor neurons that
supply the respiratory muscles. The nerve fiber tracts in the spinal cord that
are responsible for voluntary (cortico-spinal tract) and automatic (reticulo-
spinal tract) breathing are distinct within the spinal cord.

The signals for voluntary breathing originate in the cerebral cortex. There are
centres within the parietal cortex that send the signals for inspiration and
expiration to occur. These cortical areas project to the motor neurons in the
spinal cord via the cortico-spinal tracts.

Metal ions are fundamental elements for the maintenance of the lifespan of
plants, animals and humans. Their substantial role in biological systems was
recognized a long time ago. They are essential for the maintenance of life
and their absence can cause growth disorders, severe malfunction,
carcinogenesis or death.

Titanium (Ti), being one of the most abundant elements in the earth’s crust
with many examples of bioactive properties, is widely used in the cosmetic
industry. Titanium Dioxide (TiO,) Nano Particles (NPs) are often
incorporated in sunscreens as physical sun blockers absorbing Ultra Violet

(UV) radiation.

Carbon (C) is the most important owing to its property to form an infinite
number of compounds. This helps carbon to form stable covalent bonds
and C—C chains of unlimited length. Carbon has a unique property called



catenation, that is, the property of forming bonds with the same element. It
is tetravalent in nature and can form single, double and triple covalent
bonds to combine with hydrogen, oxygen, sulphur, nitrogen and chlorine to
form various types of compounds.

Every living system is built up in a hierarchical manner. Multicellular
organisms are made up of organ systems, which are constituted by tissues.

Calcium is a regulator of the Sodium pump. It inhibits the pump at the
physiological concentration range of 0.08-5 uM. In excitable cells,
depolarisation causes an increase in [Ca”]cyt, which crosses the threshold
level and inhibits specific isoforms of the pump in a concentration and
affinity-dependent manner.

The process of Ca?* inhibition associated with the 4 subunit of the enzyme is
non-competitive and it does not compete with the binding site for Na*.

Haemoglobin is able to transport oxygen within the body due to its unique
structure. Its structure consists of four globin subunits: two o and two 3
subunits. Each subunit contains a heme prosthetic group with an iron bound.

Myoglobin (MB) is an iron- and oxygen-binding protein found in the
cardiac and skeletal muscle tissue of vertebrates in general and in almost all
mammals. Myoglobin is distantly related to haemoglobin. Compared to
haemoglobin, myoglobin has a higher affinity for oxygen and does not have
cooperative binding with oxygen like haemoglobin does.

Copper (II) complexes play an important role in the active sites of a large
number of metalloproteins in biological systems and potential application for
numerous catalytic processes in living organisms that involve electron transfer
reactions or activation of some antitumor substances.

1.9

KEY TERMS

Prokaryotic cell: A prokaryotic cell is a single envelope system. There is
no membrane enveloping the genetic material. It is present in bacteria and
blue green algae.

Cell membrane: It is thin and flexible, composed of lipids and proteins. It
controls the movement of molecules into and from the cell. It carries
respiratory enzymes for energy reactions.

Basal body: It comprised of two regions: shaft and hook. The shaft bears
a pair of rings in gram positive bacteria and two pairs of rings in gram
negative bacteria. The inner ring is embedded in the plasma membrane and
fixed to the shaft.

Proteins: Proteins are built as chains of amino acids, which then fold into
unique three-dimensional shapes. Bonding within protein molecules helps
stabilize their structure, and the final folded forms of proteins are well-
adapted for their functions.

Phosphoglycerides: Phospholipids constitute a major portion of lipids (55-
57%) in plasma membranes. They belong to mainly two categories. Neutral
phospholipids and acidic phospholipids.
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o Passive diffusion: The membrane plays a passive role in the transport of
substances across it. The unassisted movement is from higher concentration
side to the side where concentration is lower.

e Phrenic nerves: The nerves stimulate the activity of the diaphragm. They
are composed of two nerves, the right and left phrenic nerve, which pass
through the right and left side of the heart, respectively. They are autonomic
nerves.

1.10 SELF-ASSESSMENT QUESTIONS AND
EXCERCISES

Short—-Answer Questions
1. Give the properties of cell in biology.
. Differentiate between prokaryotic and eukaryotic cell.
. How do prokaryotic and eukaryotic cells resemble?
. Give the properties and structures of DNA.
. What is the molecular structure of Uracil and Adenine?
. Differentiate between DNA and RNA.
. Give the types of RNA.

. Define the cell membrane.
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. Give the evidence for fluid mosaic model.
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. What is nerve conduction?
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. Define the trace metal in biological system.
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. Give the categorical classification of trace elements.
. Define the Na*/K* pump.
. Give the structure of haeme.
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. Define the term of myoglobin.
16. Give the synthetic model of iron, cobalt and copper.

Long —Answer Questions
1. Elaborate on the cell structure and history.
2. Give the salient features of eukaryotic cells and prokaryotic cell.
3. Discuss structure and properties of DNA and RNA in living organism.
4

. Explain in detail about the cell membrane with the help of their components
and their properties.

5. Elaborate on the irreversible thermodynamic treatment of membrane
transport.

6. Discuss in detail about the physiology of nerve conduction.

7. Analyse the essential and trace metals of biological system.



8. Illustrate the Na*/K* pump.
9. Describe the transport and storage of dioxygen with the help of examples.
10. Give an elaborated the structure and types of haemoglobin.
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2.0  INTRODUCTION

Bioenergetics is the branch of biochemistry that focuses on how cells transform
energy, often by producing, storing or consuming Adenosine TriPhosphate (ATP).
Bioenergetics processes, such as cellular respiration or photosynthesis, are essential
to most aspects of cellular metabolism, therefore to life itself. Exergonic reactions
are also called spontaneous reactions, because they can occur without the addition
of energy. In other hand endergonic reactions are the reactions where energy
enters the system, the free energy here is positive (greater than 0).

ATP hydrolysis is the catabolic reaction process by which chemical energy
that has been stored in the high-energy phosphoanhydride bonds in Adenosine
TriPhosphate (ATP) is released after splitting these bonds. ATP is the higher energy
form (the recharged battery) while ADP is the lower energy form (the used battery).

Diffraction-based techniques such as single-crystal X-ray crystallography,
electron microscopy, and neutron diffraction are well established and they have
paved the road to the stunning successes of modern-day structural biology. Light
scattering methods provide data on biological macromolecules (i.e., proteins, nucleic
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acids) that are complementary with those of size exclusion chromatography, gel
electrophoresis, analytical ultracentrifugation and mass spectrometry methods.
Small-Angle X-Ray Scattering (SAXS) and Small-Angle Neutron Scattering
(SANS) are the two complementary techniques known jointly as Small-Angle
Scattering (SAS). X-ray diffraction, a phenomenon in which the atoms of a crystal,
by virtue of their uniform spacing, cause an interference pattern of the waves present
in an incident beam of X rays. Optical rotatory dispersion is the variation in the
optical rotation of a substance with a change in the wavelength of light. It used to
find the absolute configuration of metal complexes.

ATP cyclic transformation from ATP to ADP and again back to ATP is called
as ATP cycle. ADNA or DeoxyriboNucleic Acid polymerase is a member of a
family of enzymes that catalyse the synthesis of DNA molecules from nucleoside
triphosphates, the molecular precursors of DNA. Photosystem I (PS I) and
photosystem II (PS II) are two multi-subunit membrane-protein complexes involved
in oxygenic photosynthesis. The main difference between photosystem I and Il is
that PS T absorbs longer wavelengths of light (>680 nm) whereas PS Il absorbs
shorter wavelengths of light (<680 nm).

Electron transfer reactions involve the movement of an electron from one
molecular species (the donor) to another (the acceptor) and turn out to be an
essential quantum mechanical component in various biological processes.

Nitrogenases are enzymes that are produced by certain bacteria, such as
cyanobacteria. These enzymes are responsible for the reduction of nitrogen to
ammonia. Nitrogenases are the only family of enzymes known to catalyze this
reaction, which is a key step in the process of nitrogen fixation.

In this unit, you will study about the bioenergetics, exergonic and endergonic
process, ATP hydrolysis, diffraction methods, light scattering, Small-Angle X-Ray
Scattering (SAXS), X-ray diffraction, optical rotatory dispersion, ATP cycle, DNA
polymerization, chlorophyll, Photosystem I (PS I) and photosystem II (PS II),
electron transfer in biology system, structure and function of metalloprotein,
nitrogenases.

2.1 OBJECTIVES

After going through this unit you will be able to:

Understand the bioenergetics process in biological system

Elaborate on the exergonic and endergonic process
Interpret the ATP hydrolysis

Know about the diffraction and light scattering methods
Analyse the (SAXS), X-ray diffraction and ORD
Explain about the ATP cycle

Discuss about the DNA polymerization

Comprehend the chlorophyll
Describe the Photosystem I (PS I) and photosystem II (PS II)
¢ Analyse the electron transfer in biology system



¢ Discuss about the structure and function of metalloprotein Bioenergetics
e Know about the nitrogenase and biological nitrogen fixation

2.2  INTRODUCTION TO BIOENERGETICS NOTES

Bioenergetics is a field in biochemistry and cell biology that concerns energy flow
through living systems. This is an active area of biological research that includes
the study of the transformation of energy in living organisms and the study of
thousands of different cellular processes such as cellular respiration and the many
other metabolic and enzymatic processes that lead to production and utilization of
energy in forms such as Adenosine TriphosPhate (ATP) molecules. That is, the
goal of bioenergetics is to describe how living organisms acquire and transform
energy in order to perform biological work. The study of metabolic pathways is
thus essential to bioenergetics.

Bioenergetics is the part of biochemistry concerned with the energy involved
in making and breaking of chemical bonds in the molecules found in biological
organisms. It can also be defined as the study of energy relationships and energy
transformations and transductions in living organisms. The ability to harness energy
from a variety of metabolic pathways is a property of all living organisms. Growth,
development, anabolism and catabolism are some of the central processes in the
study of biological organisms, because the role of energy is fundamental to such
biological processes. Life is dependent on energy transformations; living organisms
survive because of exchange of energy between living tissues/ cells and the outside
environment. Some organisms, such as autotrophs, can acquire energy from sunlight
without needing to consume nutrients and break them down. Other organisms,
like heterotrophs, must intake nutrients from food to be able to sustain energy by
breaking down chemical bonds in nutrients during metabolic processes such as
glycolysis and the citric acid cycle. Importantly, as a direct consequence of the
First Law of Thermodynamics, autotrophs and heterotrophs participate in a universal
metabolic network—Dby eating autotrophs, heterotrophs harness energy that was
initially transformed by the plants during photosynthesis.

In a living organism, chemical bonds are broken and made as part of the
exchange and transformation of energy. Energy is available for work (such as
mechanical work) or for other processes (such as chemical synthesis and anabolic
processes in growth), when weak bonds are broken and stronger bonds are made.
The production of stronger bonds allows release of usable energy.

Adenosine TriphosPhate (ATP) is the main ‘energy currency’ for organisms;
the goal of metabolic and catabolic processes are to synthesize ATP from available
starting materials , and to break- down ATP into Adenosine DiphosPhate (ADP)
and inorganic phosphate by utilizing it in biological processes. In a cell, the ratio of
ATP to ADP concentrations is known as the ‘energy charge’ of the cell. A cell can
use this energy charge to relay information about cellular needs; if there is more
ATP than ADP available, the cell can use ATP to do work, but if there is more ADP
than ATP available, the cell must synthesize ATP via oxidative phosphorylation.

Living organisms produce ATP from energy sources via oxidative!l ¢ - Learning
phosphorylation. The terminal phosphate bonds of ATP are relatively weak  material 83



Bioenergetics compared with the stronger bonds formed when ATP is hydrolyzed (broken down
by water) to adenosine diphosphate and inorganic phosphate. Here it is the
thermodynamically favorable free energy of hydrolysis that results in energy release;
the phosphoanhydride bond between the terminal phosphate group and the rest
ofthe ATP molecule does not itself contain this energy. An organism’s stockpile of
ATP is used as a battery to store energy in cells. Utilization of chemical energy
from such molecular bond rearrangement powers biological processes in every
biological organism.

NOTES

Living organisms obtain energy from organic and inorganic materials, i.e.,
ATP can be synthesized from a variety of biochemical precursors. For example,
lithotrophs can oxidize minerals such as nitrates or forms of sulfur, such as elemental
sulfur, sulfhites, and hydrogen sulthide to produce ATP. In photosynthesis,
autotrophs produce ATP using light energy, whereas heterotrophs must consume
organic compounds, mostly including carbohydrates, fats, and proteins. The amount
of energy actually obtained by the organism is lower than the amount present in
the food; there are losses in digestion, metabolism, and thermogenesis.

Environmental materials that an organism intakes are generally combined
with oxygen to release energy, although some can also be oxidized anaerobically
by various organisms. The bonds holding the molecules of nutrients together and
in particular the bonds holding molecules of free oxygen together are relatively
weak compared with the chemical bonds holding carbon dioxide and water
together. The utilization of these materials is a form of slow combustion because
the nutrients are reacted with oxygen (the materials are oxidized slowly enough
that the organisms do not actually produce fire). The oxidation releases energy
because stronger bonds (bonds within water and carbon dioxide) have been
formed. This net energy may evolve as heat, which may be used by the organism
for other purposes, such as breaking other bonds to do chemistry required for
survival.

(1) Free energy (AG) is the useful energy also known as the chemical
potential.

(i) The firstlaw of thermodynamics states that ‘the total energy of a system
plus its surroundings remains constant’. This is also the laws of
conservation of energy. Energy may be transferred from one part to
another or may be transformed into an-other form of energy.

(i) The second law of thermodynamics states that ‘the total entropy of a
system must increase if a process is to occur spontaneously’.

Entropy

Entropy represents the extent of disorder of the system and becomes maximum
when it approaches true equilibrium. Under constant temperature and pressure,
the relationship between the free energy change (AG) and the change in entropy
(AS) is given by the following equation which combines the two laws of
thermodynamics.

AG=AH-TAS

Self - Learning
84 Material



where AH = the change in enthalpy (heat) and T = the absolute temperature.
Under biochemical reactions AH is approximately equal to AE.

Enthalpy

In a process carried out at constant volume (for example, in a sealed tube), the
heat content of a system is equal to internal Energy (E), as no PV (Pressure Volume)
work is done. But, in a constant pressure process, the system also expends energy
in doing PV work.

Therefore, the total heat content of a system at constant pressure is equivalent
to the internal Energy (E) plus the PV (Pressure Volume Product) energy. This is
called as enthalpy and is represented by the symbol H. Thus, enthalpy may be
defined by the equation,

H=E+PV

In simpler words, enthalpy is the total heat content of a system. It reflects
the number and kinds of chemical bonds in the reactants and products. Like internal
energy, enthalpy is also a function of state and therefore, it is not possible to quantify
the absolute enthalpy. However, a change in Enthalpy (AH) accompanying a
process can be measured accurately. Thus,

AH=HP - Hr
(where p =products; r =reactants)
The unit of AH is joules/mole (or calories/mole)

The reactions which are accompanied by release of heat energy are called
as exothermic reactions. In such cases, there is negative change in enthalpy (-AH)
from reactants to products. For example, in combustion of glucose to CO,"H,0,
large amount of heat is released. Therefore, this is an exothermic reaction with -
AH. melting of ice into liquid water and its subsequent vaporization into water
vapours absorb considerable heat from the surroundings, therefore this is an
endothermic reaction with + AH.

2.2.1 Exergonic and Endergonic Process

Exergonic Process

An exergonic process is a process in which there is a positive flow of energy from
the system to the surroundings. This is in contrast with an endergonic process.
Constant pressure, constant temperature reactions are exergonic if and only if the
Gibbs free energy change is negative (AG < 0).These reactions occur
spontaneously.

An exergonic reaction is a reaction that releases free energy. Because this
type of reaction releases energy rather than consuming it, it can occur
spontaneously, without being forced by outside factors. In chemistry terms,
exergonic reactions are reactions where the change in free energy is negative. Free
energy measures the total amount of energy available in a system; negative
changes mean that energy has been released, while positive changes mean that
energy has been stored. Reactions where chemical bonds are broken, releasing the
energy in those bonds, are often exergonic reactions.
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Exergonic Reaction

1
Reactants
2

Products

Free Energy

Progress of Reaction

For living things, the chemical bonds in molecules such as sugars, proteins,
and fats can be used as energy storage. This can be seen in metabolism, where
sugars, proteins, and fats are created by consuming energy from photosynthesis or
cellular respiration. It can be seen again when the organism needs energy and these
molecules are broken down. Fat contains more energy than sugar by weight
because fat molecules contain more chemical bonds than sugar molecules. The
more bonds the molecule contains, the more energy can be released by breaking
those bonds. Although the breakdown of sugars, fats, and other exergonic
reactions are spontaneous — living things use enzymes to speed these reactions up
tremendously. The enzymes work by bringing the substrate molecule (such as, a fat
or sugar to be metabolized) into an ideal arrangement for the reaction to begin.
This lowers the activation energy of the exergonic reaction, making it much more
likely to occur.

Exergonic reactions are used by living things to move energy out of ‘Storage’
in one molecule, such as a sugar or fat, and into an active form, such as ATP. This
is done by breaking the chemical bonds in the sugar or fat, and passing its energy
in the form of electrons or another currency to a new molecule. The highly efficient
process of cellular respiration uses electron transport chains and other highly
specialized chemical equipment to create a shocking 38 molecules of ATP from a
single glucose molecule.

Examples of Exergonic Process

Glycolysis

Glycolysis is the first process used by prokaryotes and eukaryotes alike to turn
energy stored in sugar into ATP. For eukaryotes, glycolysis is only the first step in
a process that leads to cellular respiration; for prokaryotes, glycolysis may be the
only means they have of obtaining ATP from glucose. By breaking the chemical

bonds that held the two molecules together as one, the enzymes of glycolysis
harvest enough energy to produce two molecules of ATP.

Sugars are a good form of energy storage for cells because they are fairly
stable; unlike ATP, they do not spontaneously decay and release their energy every
time they run into an enzyme that needs energy. Controlling the rate of glucose to
ATP conversion allows the cell to control the rate at which it spends the energy it
has stored. This can be a lifesaving adaptation in times when food is scarce.



Cellular Respiration

In eukaryotic cells that practice cellular respiration, the pyruvate molecules left over
from glycolysis undergo even more bond-breaking to release even more energy.
The bond-breaking equipment of cellular respiration is so advanced that at the end
of this process, all that’s left is carbon dioxide. Glucose has been broken down
into single-carbon units. The energy released by this reaction is harvested to
produce a net gain of 30 more molecules of ATP, in addition to the two gained
from glycolysis.

Fatty Acid Catabolism

Fatty acid catabolism refers to the breakdown of fatty acids. For organisms that
can afford long-term energy storage, fatty acids are a great way to do it. Fat
molecules can contain much more energy than sugar molecules, because they
contain many more chemical bonds. While glucose molecules contain 6 carbon
atoms, 6 oxygen atoms, and 12 hydrogen atoms bound together — fatty acids
contain anywhere from 2 to 26 carbon molecules, and up to 2 hydrogen atoms per
carbon. In fatty acid catabolism, these long energy-storing chains are broken
down into smaller chunks that can be broken down into carbon dioxide, just like
with glucose in cellular respiration.

Endergonic Process

An endergonic reaction is one that requires free energy to proceed. An example of
an endergonic reaction of biological interest is photosynthesis. Photosynthetic
organisms conduct this reaction by using solar photons to drive the reduction of
carbon dioxide to glucose and the oxidation of water to oxygen. The free energy
change during a chemical reaction or a physical transformation which takes
place at constant pressure is described by the  familiar AG symbol where G is
the Gibbs free energy. By definition, AG is positive for an endergonic process (and
negative for an exergonic process). When the reaction takes place at constant
volume, the free energy change is described by the symbol AF, where F is the
Helmbholtz free energy.

An endergonic reaction is a reaction in which energy is absorbed. In
chemistry terms, this means that the net change in free energy is positive — there is
more energy in the system at the end of the reaction than at the beginning of it.
Because endergonic reactions involve a gain in energy, that energy has to be
supplied from an outside source in order for the reaction to occur.

Endergonic Reaction -

2

Products

Free Energy

Progress of Reaction —
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Bioenergetics In biology, organisms use endergonic reactions to store energy from
outside sources. Photosynthesis, which uses the energy of sunlight to create
sugars, is an endergonic reaction. So is fatty acid anabolism, in which the energy
from food is stored in fat molecules. In general, reactions that involve creating new
chemical bonds are endergonic. The chemical bonds ‘Store’ the reaction energy
until they are broken, at which point some of the energy that was put into the initial
reaction is released. This is the principle on which the metabolism of glucose, fatty
acids, and other biological fuels is based. Energy from sunlight or another source
that was used to create the chemical bonds in sugars, proteins, or fats is liberated
when those bonds are broken through processes like glycolysis and cellular
respiration.

NOTES

In general, metabolic reactions that involve creating chemical bonds are
called ‘Anabolic Reactions’. Metabolic reactions that involve breaking bonds to
release energy are called ‘Catabolic Reaction’. It is this movement of energy
through chemical bonds which allows life to exist. The endergonic reactions of
photosynthesis and chemosynthesis allow creatures at the bottom of the energy
pyramid to survive — and to feed organisms like ourselves, who get their energy
by breaking down sugars and fats to liberate that stored energy.

Function of Endergonic Reactions

Endergonic reactions have two important purposes in biology. One is to release
energy stored in food molecules, allowing organisms to survive without harvesting
all their energy directly from sunlight. The other purpose is to create the building
blocks of life: DNA, RNA, proteins, and all the other building blocks of cells must
be created through reactions that form new bonds between chemical building
blocks. These bond-building reactions are generally endergonic. Organisms need
energy to grow because it actually takes energy to produce new materials. For
plants, this may mean the sugars, lipids, and nucleic acids that their leaves are
made of; for humans, it means the lipids of our cell walls, the protein in our
muscles, and of course the DNA in our cells. In most cases, the energy required
to build new cells comes from ATP. ATP is a storage molecule for the energy of
glucose; which ultimately comes, of course, from the sun through photosynthesizing
plants.

Examples of Endergonic Reactions
DNA/RNA Synthesis

DNA and RNA synthesis are fascinating because they do not use ATP the same
way more endergonic reactions do. You may recall that DNA has four bases — A,
T, C, and G. Rather than being expended and then regenerated during DNA
synthesis, ATP is one of the building materials. The process starts out with
trisophosphates of each of the base pairs: ATP, TTP, CTP, and GTP. When DNA
polymerase moves one of these nucleotide triphosphates into position to attach to
the growing DNA strand, one of the nucleotide’s phosphate groups breaks off —
and is replaced by the formation of a new bond between the nucleotide and the
DNA strand.
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Protein Synthesis Bioenergetics

Protein synthesis is a more typical example of how living things move energy, and
add it to reactions to allow new chemical bonds to form. During protein synthesis,
a variety of enzymes and ribozymes work together to complete the steps
necessary to add an amino acid to a growing protein. In all, about five ATP must
be consumed to add a single amino acid to a growing protein.

NOTES

This process is immensely costly for bacteria; for E. coli cells, about 95% of
all the ATP they make is used for protein synthesis. This investment pays off
substantially in the long run, since proteins, such as enzymes can drastically lower
the activation energy required for thousands of subsequent chemical reactions. The
proteins that are made with the energy from ATP allow our metabolisms, muscles,
and even our brains and sensory organs to function.

Fatty Acid Synthesis

Fatty acid synthesis uses both ATP and another energy-carrying molecule —
NADPH - to supply energy to create fatty acids. Making a fatty acid takes a
great deal of energy; it can take 7 ATPs and 14 NADPH to add two carbon
molecules to a fatty acid chain, and some fatty acids can have up to 26 carbons.
But fatty acids, just like proteins, are necessary for an organism to function and
grow; they make up most of the cell and intracellular membranes, as well as serving
other purposes.

2.2.2 Hydrolysis of ATP

ATP hydrolysis is the catabolic reaction process by which chemical energy that
has been stored in the high-energy phosphoanhydride bonds in Adenosine
TriPhosphate (ATP) is released after splitting these bonds, for example in muscles,
by producing work in the form of mechanical energy. The product is Adenosine
DiPhosphate (ADP) and an Inorganic Phosphate (Pi). ADP can be further
hydrolyzed to give energy, Adenosine MonoPhosphate (AMP), and another
Inorganic Phosphate (Pi). ATP hydrolysis is the final link between the energy
derived from food or sunlight and useful work, such as muscle contraction, the
establishment of electrochemical gradients across membranes, and biosynthetic
processes necessary to maintain life. However, when the P-O bonds are broken,
input of energy is required. It is the formation of new bonds and lower-energy
inorganic phosphate with a release of a larger amount of energy that lowers the
total energy of the system and makes it more stable.

Hydrolysis of the phosphate groups in ATP is especially exergonic, because
the resulting inorganic phosphate molecular ion is greatly stabilized by multiple
resonance structures, making the products (ADP and Pi) lower in energy than the
reactant (ATP). The high negative charge density associated with the three adjacent
phosphate units of ATP also destabilizes the molecule, making it higher in energy.
Hydrolysis relieves some of these electrostatic repulsions, liberating useful energy
in the process by causing conformational changes in enzyme structure.

In humans, approximately 60 percent of the energy released from the
hydrolysis of ATP produces metabolic heat rather than fuel the actual reactions
taking place. Due to the acid-base properties of ATP, ADP, and inorganic
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phosphate, the hydrolysis of ATP has the effect of lowering the pH of the reaction
medium. Under certain conditions, high levels of ATP hydrolysis can contribute to
lactic acidosis.

Hydrolysis of the terminal phosphoanhydridic bond is a highly exergonic
process. The amount of released energy depends on the conditions in a particular
cell. Specifically, the energy released is dependent on concentrations of ATP, ADP
and Pi. As the concentrations of these molecules deviate from values at equilibrium,
the value of Gibbs free energy change (AG) will be increasingly different. In
standard conditions (ATP, ADP and Pi concentrations are equal to 1M, water
concentration is equal to 55 M) the value of AG is between -28 to -34 kJ/mol.

The range of the AG value exists because this reaction is dependent on the
concentration of Mg?" cations, which stabilize the ATP molecule. The cellular
environment also contributes to differences in the AG value since ATP hydrolysis is
dependent not only on the studied cell, but also on the surrounding tissue and even
the compartment within the cell. Variability in the AG values is therefore to be
expected.

The relationship between the standard Gibbs free energy change A G° and
chemical equilibrium is revealing. This relationship is defined by the equation A G°
= -RT In(XK), where K is the equilibrium constant, which is equal to the reaction
quotient Q in equilibrium. The standard value of AG for this reaction is, as
mentioned, between -28 and -34 kJ/mol; however, experimentally determined
concentrations of the involved molecules reveal that the reaction is not at
equilibrium.

In one particular study, to determine AG in vivo in humans, the
concentration of ATP, ADP, and Pi was measured using nuclear magnetic
resonance. In human muscle cells at rest, the concentration of ATP was found to
be around 4 mM and the concentration of ADP was around 9 uM. Inputing these
values into the above equations yields AG = -64 kJ/mol. After ischemia, when the
muscle is recovering from exercise, the concentration of ATP is as low as | mM
and the concentration of ADP is around 7 uM. Therefore, the absolute AG would
be as high as -69 kJ/mol.

Synthesis of ATP From ADP

ATP synthase is a protein that catalyzes the formation of the energy storage
molecule ATP using ADP and Inorganic Phosphate (P1). It is classified under
ligases as it changes ADP by the formation of P-O bond (phosphodiester bond).
The overall reaction catalyzed by ATP synthase is:

ADP+P,+2H*,, = ATP+ H,0 + 2H",,

The formation of ATP from ADP and P1i is energetically unfavourable and
would normally proceed in the reverse direction. In order to drive this reaction
forward, ATP synthase couples ATP synthesis during cellular respiration to an
electrochemical gradient created by the difference in proton (H") concentration
across the inner mitochondrial membrane in eukaryotes or the plasma membrane
in bacteria. During photosynthesis in plants, ATP is synthesized by ATP synthase
using a proton gradient created in the thylakoid lumen through the thylakoid
membrane and into the chloroplast stroma.



Eukaryotic ATP synthases are F-ATPases, running ‘In Reverse’ for an Bioenergetics
ATPase. This article deals mainly with this type. An F-ATPase consists of two
main subunits, F; and F,, which has a rotational motor mechanism allowing for

ATP production. ATP synthase is a molecular machine.
NOTES

2.3 DIFFRACTION METHOD

Diffraction methods are used for the identification and also for the quantification
of constituents of crystalline structures. Diffraction patterns are obtained with an
object with crystalline structure is irradiated by X-ray photons, or by other
particles (electrons, neutrons, etc.).

Diffraction-based techniques, such as single-crystal X-ray crystallography,
electron microscopy and neutron diffraction are well established and have
covered the road to the stunning successes of modern-day structural biology. The
major advances achieved in the last 20 years in all aspects of structural research,
including sample preparation, crystallization, the construction of synchrotron and
spallation sources, phasing approaches and high-speed computing and
visualisation, now provide specialists and non-specialists alike with a steady flow
of molecular images of unprecedented detail.

X-Ray Diffraction (XRD) is a tool for characterizing the arrangement of
atoms in crystals and the distances between crystal faces. The method determined
the size of atoms, the lengths and types of chemical bonds, and the atomic-scale
differences among various materials, especially minerals and alloys. X-ray powder
diffraction is a rapid analytical technique primarily used for phase identification of
a crystalline material and can provide information on unit cell dimensions. The
analysed material is finely ground, homogenized, and average bulk composition is
determined. Protein X-ray crystallography is a technique used to obtain the three-
dimensional structure of a particular protein by X-ray diffraction of its crystallized
form. This three dimensional structure is crucial to determining a protein’s
functionality. Whereas powder diffraction is a scientific technique using X-ray,
neutron, or electron diffraction on powder or microcrystalline samples for
structural characterization of materials. An instrument dedicated to performing such
powder measurements is called a powder diffractometer.

The basic principle of diffraction methods is based on the Bragg equation,
which defines the relation between the wavelength of the radiation, the angle of the
incident radiation and the crystal lattice geometry of the object irradiated.

2.3.1 Light Scattering

Non-invasive light scattering methods provide data on biological macromolecules
(i.e., proteins, nucleic acids, as well as assemblies and larger entities composed of
them) that are complementary with those of size exclusion chromatography, gel
electrophoresis, analytical ultracentrifugation and mass spectrometry methods.
Static light scattering measurements are useful to determine the mass of
macromolecules and to monitor aggregation phenomena. Dynamic light scattering
measurements are suitable for the quality control and to assess sample ‘
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chemical treatments, probe the binding of ligands, and study interactions between
macromolecules.

Scattering is a term used in physics to describe a wide range of physical
processes where moving particles or radiation of some form, such as light or
sound, are forced to deviate from a straight trajectory by localized non-
uniformities (including particles and radiation) in the medium through which they
pass. In predictable use, this also includes deviation of reflected radiation from the
angle predicted by the law of reflection. Reflections of radiation that undergo
scattering are often called diffuse reflections and unscattered reflections are
called specular (mirror-like) reflections. Originally, the term was confined to light
scattering As more ‘Ray’ like phenomena were discovered, the idea of scattering
was extended to them, so that William Herschel could refer to the scattering of
‘Heat Rays’(not then recognized as electromagnetic in nature). John Tyndall, a
pioneer in light scattering research, noted the connection between light scattering
and acoustic scattering. Near the end of the 19th century, the scattering of cathode
rays (electron beams) and X-rays was observed and discussed. With the
discovery of subatomic particles and the development of quantum theory in the
20th century, the sense of the term became broader as it was recognized that the
same mathematical frameworks used in light scattering could be applied to many
other phenomena.

Quantitative modelling of tissue scattering and absorption properties is
fundamental to determine light transport and energy deposition in tissue, key to
both diagnostic and therapeutic applications of light. The rich spectroscopic
behaviour of biological tissue arising from its complex structure, as one main
strength of optical interaction with biological tissue and cells compared to other
biomedical imaging modalities, has also provided a powerful non-invasive probe to
structural alterations in tissue due to disease or physiology. It is hence critical to
establish connection between the characteristics of light scattering to the complex
structure of tissue and cells.

A fractal continuous random medium model has been proposed for light
scattering by biological medium based on the observation that many biological
tissues have fractal-like organization and on a macroscopic scale the constituents
of tissue have no clear boundaries and merge into a quasi-continuum structure.
The model has been shown to describe well light scattering by both tissue and cell
suspensions. The fractal dimension and the correlation length reflecting both the
morphological structure of tissue and the nuclear structure can be detected by
spectroscopic light scattering measurement. The unified model is currently the
only analytical model for light scattering by cells that describes correctly both the
Mie resonance structure near forward scattering direction and the fractal scattering
at larger angles. Preliminary experimental results show the fractal model can be
successfully applied to discriminate accurately normal and malignant prostate
tissues

2.3.2 Low Angle X-Ray Scattering

Small-Angle X-Ray Scattering (SAXS) is a small-angle scattering technique by
which nanoscale density differences in a sample can be quantified. This means that
it can determine nanoparticle size distributions, resolve the size and shape of



(monodisperse) macromolecules, determine pore sizes, characteristic distances of
partially ordered materials, and much more. This is achieved by analysing the
elastic scattering behaviour of X-rays when travelling through the material,
recording their scattering at small angles (typically 0.1 — 10°, hence the ‘Small-
Angle’in its name). It belongs to the family of Small-Angle Scattering (SAS)
techniques along with small-angle neutron scattering, and is typically done using
hard X-rays with a wavelength of 0.07 — 0.2 nm. Depending on the angular range
in which a clear scattering signal can be recorded, SAXS is capable of delivering
structural information of dimensions between 1 and 100 nm, and of repeat
distances in partially ordered systems of up to 150 nm. USAXS (Ultra-Small
Angle X-Ray Scattering) can resolve even larger dimensions, as the smaller the
recorded angle, the larger the object dimensions that are probed.

SAXS and USAXS belong to a family of X-ray scattering techniques that
are used in the characterization of materials. In the case of biological
macromolecules, such as proteins, the advantage of SAXS over crystallography is
that a crystalline sample is not needed. Moreover, the properties of SAXS allow
investigation of conformational diversity in these molecules. Nuclear magnetic
resonance spectroscopy methods encounter problems with macromolecules of
higher molecular mass (> 3040 kDa). However, owing to the random orientation
of dissolved or partially ordered molecules, the spatial averaging leads to a loss of
information in SAXS compared to crystallography.

Applications of Small-Angle X-Ray Scattering

SAXS is used for the determination of the microscale or nanoscale structure of
particle systems in terms of such parameters as averaged particle sizes, shapes,
distribution, and surface-to-volume ratio. The materials can be solid or liquid and
they can contain solid, liquid or gaseous domains (so-called particles) of the same
or another material in any combination. Not only particles, but also the structure of
ordered systems like lamellae, and fractal-like materials can be studied. The
method is accurate, non-destructive and usually requires only a minimum of sample
preparation. Applications are very broad and include colloids of all types including
interpolyelectrolyte complexes, micelles, microgels, liposomes, polymersomes,
metals, cement, oil, polymers, plastics, proteins, foods and pharmaceuticals and
can be found in research as well as in quality control.

X-Ray Diffraction

X-ray diffraction, a phenomenon in which the atoms of a crystal, by virtue of their
uniform spacing, cause an interference pattern of the waves present in an incident
beam of X-rays. The atomic planes of the crystal act on the X-rays in exactly the
same manner as does a uniformly ruled grating on a beam of light. X-Ray
Diffraction Analysis (XRD) is a technique used in materials science to determine
the crystallographic structure of a material. XRD works by irradiating a material
with incident X-rays and then measuring the intensities and scattering angles of the
X-rays that leave the material. Protein X-ray crystallography is a technique used to
obtain the three-dimensional structure of a particular protein by x-ray diffraction of
its crystallized form. This three dimensional structure is crucial to determining a
protein’s functionality. Fiber diffraction is a method used to determine the
structural information of a molecule by using scattering data from X-rays. Rosalind
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Franklin used this technique in discovering structural information of DNA. The
experiment places a fiber in the trajectory of an X-ray beam at right angle.
Obtaining a clear diffraction pattern of an object required that the crystal be pure
and the X-ray strong enough. However, as Franklin realized, DNA existed in two
forms in equilibrium which resulted in a very unclear diffraction pattern. These
forms were the A form, which is the dehydrated form of DNA, and the B form,
which generated a long and fibrous structure due to humid conditions. Franklin,
applying her chemistry background, then proceeded to isolate these two forms
using clever laboratory techniques such as “manipulation of the critical hydration of
her specimens”. The A and B forms were then separated and subjected to X-ray
crystallography obtaining the pictures which would be the basis of Watson and
Crick’s helical DNA structure.

The diffraction pattern obtained by Franklin and Wilkins showed a X pattern
which hinted of a 2 stranded helical form

D

Dynamic Light Scattering DLS, also called Photon Correlation Spectroscopy
(PCS), is a light-scattering technique used to study the average particle size of NPs
based on the laser diffraction method. This technique uses the scattering of light
from colloidal particles suspended in a liquid medium.

2.3.3 Photo Correlation Spectroscopy

Dynamic Light Scattering (DLS) is a technique in physics that can be used
to determine the size distribution profile of small particles in suspension or
polymers in solution. In the scope of DLS, temporal fluctuations are usually
analysed by means of the intensity or photon auto-correlation function (also
known as photon correlation spectroscopy or quasi-elastic light scattering). In
the time domain analysis, the Auto Correlation Function (ACF) usually decays
starting from zero delay time, and faster dynamics due to smaller particles lead to
faster decorrelation of scattered intensity trace. It has been shown that the intensity
ACEF is the Fourier transformation of the power spectrum, and therefore the DLS
measurements can be equally well performed in the spectral domain. DLS can
also be used to probe the behaviour of complex fluids, such as concentrated
polymer solutions.

Applications of Photon Correlation Spectroscopy (PCS)

DLS is used to characterize size of various particles including proteins, polymers,
micelles, vesicles, carbohydrates, nanoparticles, biological cells and gels. If the



system is not disperse in size, the mean effective diameter of the particles can be
determined. This measurement depends on the size of the particle core, the size of
surface structures, particle concentration, and the type of ions in the medium.
Since DLS essentially measures fluctuations in scattered light intensity due to
diffusing particles, the diffusion coefficient of the particles can be determined. DLS
software of commercial instruments typically displays the particle population at
different diameters. If the system is monodisperse, there should only be one
population, whereas a polydisperse system would show multiple particle
populations. If there is more than one size population present in a sample then
either the CONTIN analysis should be applied for photon correlation
spectroscopy instruments, or the power spectrum method should be applied for
Doppler shift instruments.

Stability studies can be done conveniently using DLS. Periodical DLS
measurements of a sample can show whether the particles aggregate over time by
seeing whether the hydrodynamic radius of the particle increases. If particles
aggregate, there will be a larger population of particles with a larger radius. In
some DLS machines, stability depending on temperature can be analysed by

controlling the temperature in situ.

2.3.4 Optical Rotatory Dispersion (ORD) and Circular
Dichroism (CD)

The three-dimensional structure of macromolecules in solution can be studied by
noting their properties of absorption of polarised light. The plane polarised light is
atype of light consisting of waves oscillating in a single plane. This is obtained by
passing a beam of light through a Nicol prism or a polarizing screen.

When a plane polarised light is passed through a substance, the polarised
light will rotate to a certain angle depending on its structure. It has also been found
that this depends on the wavelength of light. Hence, the rate of change of rotation
is measured with wavelength of light which is known as Optical Rotatory Dispersion
(ORD).

Certain optically active substances have been found to absorb polarised light
differently, i.e., differential absorption of Right (R) and Left (L) circularly polarised
light. Thus another spectroscopy Circular Dichroism Spectroscopy (CDS) has been
developed to investigate the interaction of polarised light and the samples.

Both CD and ORD are almost same but, due to the relative simplicity of
CD spectra, CD analysis has gained its superiority. The resolution of CD bands is
also superior.

Circularly polarised lights is obtained by superimposing two plane polarised
light of the same wavelength which come through the monochromator and Nicol
prism. This superimposed light can be resolved into Right (R) and Left (L) waves.
Certain substances absorb differentially R and L waves and show refraction with
elliptically polarised beam.

ORD and CD are useful in the study of the secondary structure of
macromolecules, particularly protein and amino acids in solution. CD spectra is
also useful for the study of binding of substrate and inhibitor to the enzyme.
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Bioenergetics The helical structure of DNA and protein can be studied with the CD spectra.
CD spectrum, is very sensitive to any structural changes of the macromolecule.
So, any interaction of protein with nucleic acids can be studied by observing changes
in the CD spectra. The transitions between double-stranded and single- stranded
nucleic acids can be studied with CD spectrophotometer.

Infra-Red (IR) Spectrophotometry: Infra-red (10°-10* nm) shows vibrational
spectra, so molecules under infra-red show different vibrational levels. These

vibrational levels change with the bonding characteristics of the compound. For
example, vibrations of C — H,-CH, and CH, will differ.

Similarly, various functional groups like methyl, carbonyl, amide groups,
etc. will show different IR spectra. Hence the IR spectra is useful in biochemistry,
particularly for the study of macromolecules and membranes, for the identification
of drugs, for the study of secondary structure of proteins, such as the number of
helical structures present in protein etc.

NOTES

Check Your Progress

What do you understand by bioenergetics?

What is enthalpy?

Define the term exergonic process.

What is an endergonic reaction?

Differentiate between anabolic and catabolic reactions.
What are diffraction methods?

What is the role of XRD in biochemistry?

What is Photo Correlation Spectroscopy?
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24 ATP CYCLE

The compounds we use as chemical fuels to run automobiles are highly reduced
organic compounds, such as natural gas (CH,) and petroleum derivatives. Energy
is released when these molecules are burned in the presence of oxygen, converting
the carbon to more oxidized state, as in carbon dioxide and carbon monoxide
gases. The degree of reduction of a compound is also a measure of its ability to
perform chemical work within the cell. The more hydrogen atoms that can be
stripped from a “fuel” molecule, the more ATP that ultimately can be produced.

D . . . I
Carbohydrates are rich in chemical energy because they contain strings of (1 {—Ll'—OH )

units. Fats contain even greater energy per unit weight because they contain strings
| :
of more reduced! H—‘-l'—l Dlunits.

As the sole building block of both starch and glycogen, glucose is a key
molecule in the energy metabolism of plants and animals. The free energy released
by the complete oxidation of glucose is very large:
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C,H,,0, + 60, - 6CO, + 6H,0
AG"” =-686 kcal/mol
By comparison, the free energy required to convert ADP to ATP is relatively
small:
ADP +Pi — ATP + H,0
AG? =7.3 kcal/mol

It is evident from these numbers that the complete oxidation of a molecule of
glucose to CO, and H,O can release enough energy to produce a large number of
ATPs. As we will see in this chapter later on, upto 36 molecules of ATP are formed
per molecule of glucose oxidized under conditions that exist in most cells. For this
many ATP to be produced, the sugar molecule is disassembled in many small steps.
Those steps in which the free-energy difference between the reactants and
products is relatively large can be coupled to reactions that lead to the formation of
ATP.

There are basically two stages in the catabolism of glucose, and they are
virtually identical in all aerobic organisms. The first stage, glycolysis, occurs in the
soluble phase of the cytoplasm (the cytosol) and leads to the formation of
pyruvate. The second stage is the tricarboxylic acid (TCA) cycle or Krebs
cycle, which occurs within the mitochondria of eukaryotic cells and the cytosol of
prokaryotic cells and leads to the final oxidation of the carbon atoms to carbon
dioxide. Most of the chemical energy of glucose is stored in the form of high-
energy electrons, which are removed as substrate molecules are oxidized during
both glycolysis and the TCA cycle. It is the energy of these electrons that is
ultimately used to synthesize ATP.

ATP ADP

Muotility, contraction

Biosynthesis of cell material

- Active trangport

Transmiszion of impulses

1)) )

— Biolumiinescence
ADP+ M Energy transpor ATP
spent form system charged form

o—= () —_

Carbohydrate fat Mitocondron Co,+H,O
miecules exhaust

Fig. 2.1 Diagrammatic Representation of the Energy Liberation in Mitochondrion and
its Utilization in Various Cellular Functions
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Adenosine Triphosphate or ATP

The ATP consists of a purine base adenine, a pentose sugar ribose and three
molecules of the phosphoric acids. The adenine and ribose sugar collectively
constitute the nucleoside adenosine which by having one, two or three phosphate
groups forms the adenosine monophosphate (AMP), adenosine diphosphate
(ADP) and adenosine triphosphate (ATP) respectively. In ATP the last phosphate
group is linked with ADP by a special bond known as “energy rich bond”
because when the last phosphate group of the ATP is broken the large amount of
energy is released as shown by the following reaction:

A-P~P~P=A-P-P+  Pi  + 7300 calories
ATP ADP Phosphate group Energy
In the above reaction, we have seen that by the breaking of the energy rich
bond about 7300 calories of energy are released, while the common chemical
bond releases only 300 calories of energy. The chemical reactions which
synthesize the energy rich bond or ~P bond require great amount

of energy which is supplied by the oxidation of the food-stuffs in the
mitochondria. The utility

of energy rich phosphate bond (~P) of the ATP is that great amount of energy
which is kept stored in

the ready state in a very limited space of the cell. The stored chemical energy
is disposed of

very quickly at the time of the need in various cellular functions such as
respiratory cycle, protein and nucleic acid synthesis, nervous transmission, cell
division, transportation and bioluminescence, etc. (Fig. 2.2).

Exergonic processes Endergonic processes

Synthesis of proteins,

ATP lipids. carbohydrates

Anaerobic
ghycolysis

Active Tansport

Oxidative
phosphorylation )
Merve conduction

and transmission

ADP

Bioliminescence

Fig. 2.2 Diagrammatic Representation of uses and Synthesis of ATP.



Because the terminal phosphate linkage in ATP is easily cleaved with release
of free energy, ATP acts as an efficient phosphate donor in a large number of
different phosphorylation reactions. In this way, ATP acts as a carrier molecule like
the acetyl CoA and as coenzyme like the CoA or NAD.

Later on, besides ATP, certain other energy rich chemical compounds have
been found to be active in the cellular metabolism. These are cytosine
triphosphate (CTP), uridine triphosphate (UTP) and guanosine
triphosphate (GTP). These compounds, however, derive the energy from the
ATP by nucleoside diphosphokinases. The energy for the production of ATP or
other energy rich molecules is produced during the breakdown of food molecules
including carbohydrates, fats and proteins (catabolic and exergonic activities).

Energy transducers. The cell organelles, such as chloroplasts and
mitochondria, which convert one form of energy to another are known as energy
transducers. The plants and animals have not only evolved highly effective energy
transducers but have also developed very efficient control systems to regulate the
energy transformations and to enable the cells to adjust to variations in
environmental conditions.

2.4.1 DNA Polymerization

DNA polymerase is responsible for polymerization of deoxyribonucleotides the
building blocks of DNA, during the replication of DNA. During this process,
DNA polymerase ‘Reads’ the existing DNA strands to create two new strands
that match the existing ones. DNA polymerase adds nucleotides to the 3'end of a
DNA strand, one nucleotide at a time.

Every time when a cell divides, DNA polymerase is required to duplicate
the DNA, so that a copy of the original DNA molecule can be passed to each
daughter cell. In this way, genetic information is passed down from generation to
generation. As stated in earlier unit (replication of DNA), during initiation of DNA
replication, an enzyme called Helicase Unwinds the highly coiled double helix DNA
molecule by breaking down the Hydrogen bonds between the nucleotide base
pairs. Unwinding leads to the opening of the double-stranded helical DNA to two
single strands of DNA that can be used as templates for replication.

DNA polymerases have highly conserved structure, as their different catalytic
subunits vary among species and are independent of their domain structures. Its
shape resembles a right hand with thumb, finger and the palm domains. The major
role of finger domain is to bind the nucleoside triphosphates (dATP, dGTP, dCTP,
dTTP) with the DNA template bases. The thumb domain helps in translocation
and positioning of the DNA whereas the palm domain helps in catalysing the transfer
of phosphoryl groups in the phosphoryl transfer reaction. DNA is bound to the
palm domain when the enzyme is active. Prokaryotic and Eukaryotic DNA
polymerase differs in structure and function of various domains during replication
process and is described as follows:
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Prokaryotic DNA Polymerase

Prokaryotic DNA polymerase exists in two forms as core polymerase and
Poloenzyme. Core polymerase synthesizes DNA from the DNA template but it
cannot initiate the synthesis alone but holoenzyme can accurately initiate DNA
synthesis. Following are the types of Prokaryotic DNA polymerases:

DNA Polymerase I (Pol I): DNA polymerase [ enzyme (Pol I) is a part of
prokaryotic family ‘A’ polymerases, encoded by the polA gene. This enzyme is
involved in excision repair with both 3'-5" and 5'-3' exonuclease activity and
processing of Okazaki fragments generated during lagging strand synthesis. Pol I
is the most abundant polymerase, accounting for more than 95% of polymerase
activity in E. coli. Pol I adds about 15-20 nucleotides per second, which shows
its poor processivity.

DNA Polymerase II (Pol II): DNA polymerase II belongs to family ‘B’
polymerase and is a polB gene product also known as DNAA. Polymerase Il has
3'-5'exonuclease activity and participates in DNA repair. Pol Il is also thought to
be a backup to Pol Il as it can interact with holoenzyme Proteins and assume a
high level of processivity. The main role of Pol Il is to direct polymerase activity at
the replication fork and helped stalled Pol Il bypass terminal mismatches.

DNA Polymerase III (Pol I1T): DNA polymerase III holoenzyme is the primary
enzyme involved in DNA replication in E. coli and belongs to family C
polymerases. It consists of three parts:

e Pol III Core
¢ Beta Sliding Clamp
e Clamp-Loading Complex

The core consists of three subunits: a, the polymerase activity hub, €,
exonucleolytic proof-reader and 6, which may act as a stabilizer for. The holoenzyme
contains two cores, one for the lagging and leading strand. The beta sliding clamp
is present in duplicate, one for each core, to create a clamp that encloses DNA. The
third assembly is a seven-subunit (12y002 yy) clamp loader complex (Refer
Figure 2.3).

Fig. 2.3 Structure of DNA Polymerase 11l in Prokaryotes with Different Subunits
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Bioenergetics all photosynthetic organisms, including green plants, prokaryotic blue-green
algae (cyanobacteria), and eukaryotic algae. It absorbs energy from light; this
energy is then used to convert carbon dioxide to carbohydrates.

NOTES Chlorophyll occurs in several distinct forms: chlorophylls @ and b are the
major types found in higher plants and green algae; chlorophylls ¢ and d are found,
often with a, in different algae; chlorophyll e is a rare type found in some golden
algae; and bacterio-chlorophyll occurs in certain bacteria. In green plants chlorophyll
occurs in membranous disclike units (thylakoids) in organelles called chloroplasts.
The chlorophyll molecule consists of a central magnesium atom surrounded by a
nitrogen-containing structure called a porphyrin ring; attached to the ring is a long
carbon—hydrogen side chain, known as a phytol chain. Variations are due to minor
modifications of certain side groups. Chlorophyll is remarkably similar in structure
to haemoglobin, the oxygen-carrying pigment found in the red blood cells of
mammals and other vertebrates.

Chlorophyll is a fundamental component of PSI. Chlorophyll is a porphyrin
complex of magnesium and is responsible for the green colours of leaves. It plays
an important role in receiving light energy and transferring it to redox reaction
systems. Chlorophyll is excited from the singlet ground state to the singlet excited
state by light, the energy of the excited state is transferred to an acceptor within 10
ps, and the resultant energy reduces an iron-sulphur complex and is finally used
for reduction of carbon dioxide in subsequent dark reactions. Since charge
separation by photochemical excitation is the most important first stage, studies
on photo induced electron transfer are have been actively performed using various
kinds of porphyrin compounds as models of chlorophylls. PSI, which obtains
oxidizing energy by electron transfer, converts ADP to ATP.
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Fig. 2.5 Structure of Chorophyll

Metal Complexes in Transmission of Energy

Many biological reactions are known to involve metal ions. There are also metals
recognized as essential elements, although their roles in living organisms are not
clear. Bioinorganic chemistry, the study of the functions of metals in biological
systems using the knowledge and methods of inorganic chemistry.
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The Following List Shows Typical Bioactive Substances Containing Metals: Bioenergetics

1. Electron Carriers. Fe: cytochrome, iron-sulphur protein. Cu : blue copper
protein.

. Metal Storage Compound Fe: ferritin, transferrin. Zn : metallothionein. NOTES
. Oxygen Transportation Agent Fe: hemoglobin, myoglobin. Cu: hemocyanin.
. Photosynthesis. Mg: chlorophyll.

. Hydrolase. Zn: carboxypeptidase. Mg: aminopeptidase.

AN L B~ LN

. Oxidoreductase. Fe: oxygenase, hydrogenase. Fe, Mo: nitrogenase.
7. Isomerase. Fe: aconitase. Co: vitamin B12 coenzyme.

The Basis of Chemical Reactions of Metalloenzymes Are:
1. Coordinative activation (coordination form, electronic donating, steric effect),
2. Redox (metal oxidation state),

3. Information communication, and, in many cases, reaction environments are
regulated by biopolymers such as proteins, and selective reactions are
performed.

Examples of Actions of Metals Other Than By Metalloenzymes Include
1. Mg: MgATP energy transfer
2. Na/K ion pumping,

3. Ca: transfer of hormone functions, muscle contraction, nerve transfer, blood
coagulation, are some of the important roles of metals.

The formation of glucose and dioxygen by the reaction of carbon dioxide and
water is a skillful reaction using photo energy and in which chlorophyll (Refer
Figure 2.4), which is a magnesium porphyrin and a manganese cluster complex,
plays the central role. A chloroplast contains Photo System I (PSI) and Photo
System II (PSII), which use light energy to reduce carbon dioxide and to oxidize
water.

2.4.3 Glucose Storage

Glucose is the main source of fuel for our cells. When the body doesn’t need to
use the glucose for energy, it stores it in the liver and muscles. This stored form of
glucose is made up of many connected glucose molecules and is called glycogen.
Glycogen is stored in the liver. When the body needs more energy, certain proteins
called enzymes break down glycogen into glucose. They send the glucose out into
the body. After your body has used the energy it needs, the leftover glucose is
stored in little bundles called glycogen in the liver and muscles. Your body can
store enough to fuel you for about a day. After you have not eaten for a few hours,
your blood glucose level drops. Your pancreas stops churning out insulin. After
exercise, the restoration of muscle glycogen occurs in a biphasic manner. During
the first phase, glycogen synthesis is rapid (12—30 mmol/g wet weight/h), does not
require insulin, and lasts 30—40 minutes if glycogen depletion is substantial.

Certain organic phosphates, formed in the tissues out of anabolic chemical

reaction, play a key role in the energy transactions of living organisms.  Self - Learning
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Bioenergetics The importance of organic phosphates in metabolism was first indicated by the
studies of Harden and Young, who found that fermentation of glucose by cell-free
yeast juice in-creased rapidly when inorganic phosphorus is added to the medium,

which was later converted to organically bound phosphate.

NOTES The work of Embden, Meyerhof, Cori and their associates show that organic

phosphates concerned with the metabolism of glucose by yeast are also
intermediates in the metabolism of glycogen and glucose in muscle and other
tissues.

The presence of ATP, ADP, CP and other high-energy phosphate compounds
in the tissue and their participation in different metabolic processes indicate the
importance of organic phosphates in metabolism. The sugar phosphates, although
not high-energy compounds, are obligatory intermediates. Their formation involves
phosphorylation by the high-energy compound ATP in presence of suitable enzymes.

The term phosphorylation includes all chemical reactions in the body which
require combination with phosphoric acid. The reverse changes are called
dephosphorylation, where phosphoric acid is dissociated from the compound.

These two processes are probably the reversible reactions of the same
enzyme system.

1. Physiological Importance of Phosphorylation

Phosphoric acid enters into the composition of cell protoplasm. Hence,
phosphorylation is an essential chemical process for all cells. In addition to this it
takes an essential part during absorption and metabolism of different foodstuffts.

2. Oxidative Phosphorylation

This reaction can take place only in presence of intact oxidation process and the
energy-yielding (oxidation) mechanism is coupled with energy-harnessing
(phosphorylation) mechanism. Uncoupling agents like 2, 4-dinitrophenol inhibit
phosphorylation but not oxidation. They elevate the oxygen consumption rate.
The second stage in phosphorylation process is transfer of phosphate group from
ATP to other intermediates. Oxidative phosphorylation takes place in the cristae
of the mitochondria.

Control of Phosphorylation

i. Enzymes

The enzymes that take part in this process are phosphorylase, phosphatase, etc.

ii. Hormones

e Adrenal cortex is believed to be directly responsible for phosphorylation.
Glucocorticoids inhibit phosphorylation adrenalectomy accelerate it.

o Anterior pituitary, by its adrenocorticotrophic hormone, may exert a superior
control on phosphorylation, through adrenal cortex. The marasmic condition
that develops in diseases of adrenal cortex may be partly explained by the
consequent disturbance of phosphorylation, which affects absorption,

metabolism and nutrition of the body. Growth hormone affects
Self - Learning . . .. ..
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iii. Inorganic Salts Bioenergetics
Sodium may have some effects on phosphorylation.

It is believed that adrenal cortex controls phosphorylation by helping the
enzymes responsible for the process. But it is also known that many of the defects, NOTES
seen in diseases of the adrenal cortex, are rectified by giving enough NaCl. For
instance, the defective fat absorption in adrenalectomised animals improves by
giving NaCl.

It is interesting to note that it is the same adrenal cortex which also controls
Na metabolism. From these observations it may be suggested that adrenal cortex
controls phosphorylation not by a direct action on the enzymes but by an indirect
influence on Na metabolism.

It is also known that phospholipids are antagonistic to cholesterol. These
two compounds are always found to remain together. It is also interesting to note
that adrenal cortex which controls phosphorylation and therefore phospholipid
formation controls metabolism of sterols.

2.4.4 Photosystem I (PS I) and Photosystem II (PS II)

The process of photosynthesis is largely comprised of biochemical steps categorized
intwo categories, 1.€., the light dependent step (Light Reaction) and light independent
step (Dark Reaction). The Light Reaction is accomplished by Oxidation—
Reduction Reactions mediated by electron transfer between Pigment-Protein
Complexes. Thus, Oxygen evolution and excitation /energy transfer process is a
function of intensity and wavelength of light energy rece