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Preface

Biochemistry and Biotechnology both are multidisciplinary
branches of science. Biochemistry is the study of the chemical
processes in living organisms. It deals with the structure and
function of cellular components, such as proteins, carbohydrates,
lipids, nucleic acids, and other biomolecules. While Biotechnology
is defined as the science of using living things, and components of
living things: tissues, cells, proteins, genes or DNA, to produce
goods and services. It involves manipulating and modifying
organisms, often at the molecular level, to create new and practical
applications for agriculture, medicine and industry etc. It is often
used to refer to genetic engineering, however the term
encompasses a wider range. It combines disciplines like genetics,
molecular biology, biochemistry, embryology and cell biology,
which are in turn linked to practical disciplines like chemical
engineering, information technology, and robotics.

This book present a succinct account of the essential features
of the Biochemistry and Biotechnology, and is being prepared by
keeping in view the requirements of the students and academic
professionals. The text has been suitably illustrated with simple
and self explanatory diagrams. It is believed that the book is not
only useful to undergraduate and post graduate students of
biological sciences, life sciences and agricultural sciences, but also
as a reference tool to the others interested in the allied fields.

—S.Banerjee
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INTRODUCTION

How many of the 90 naturally occurring elements are essential
to life? After more than a century of increasingly refined investigation,
the question still cannot be answered with certainty. Only a year
or so ago the best answer would have been 20. Since then four
more elements have been shown to be essential for the growth
of young animals: fluorine, silicon, tin and vanadium. Nickel
may soon be added to the list. In many cases the exact role
played by these and other trace elements remains unknown or
unclear. These gaps in knowledge could be critical during a
period when the biosphere is being increasingly contaminated by
synthetic chemicals and subjected to a potentially harmful
redistribution of salts and metal ions. In addition, new and
exotic chemical form of metals (such as methyl mercury) are
being discovered, and a complex series of competitive and synergistic
relations among mineral salts has been encountered. We are led
to the realization that we are ignorant of many basic facts
about how our chemical milieu affects our biological fate. Biologists
and chemists have long been fascinated by the way evolution
has selected certain elements as the building blocks of living
organisms and has ignored others.

The composition of the earth and its atmosphere obviously
sets a limit on what elements are available. The earth itself is
hardly a chip off the universe. The solar system, like the universe,
seems to be 99 per cent hydrogen and helium. In the earth’s
crust helium is essentially nonexistent (except in a few rare
deposits) and hydrogen atoms constitute only about .22 per cent
of the total. Eight elements provide more than 98 per cent of
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the atoms in the earth’s crust: oxygen (47 per cent), silicon (28
per cent), aluminium (7.9 per cent), iron (4.5 per cent), calcium
(3.5 per cent), sodium (2.5 per cent), potassium (2.5 per cent)
and magnesium (2.2 per cent). Of these eight elements only five
are among the 11 that account for more than 99.9 per cent of
the atoms in the human body. Not surprisingly nine of the 11
are also the nine most abundant elements in sea-water. Two
elements, hydrogen and oxygen, account for 88.5 per cent of
the atoms in the human body; hydrogen supplies 63 per cent of
the total and oxygen 25.5 per cent. Carbon accounts for another
9.5 per cent and nitrogen 1.4 per cent. The remaining 20 elements
now thought to be essential for mammalian life account for less
than .7 per cent of the body’s atoms.

Background of Selection

Three characteristics of the biosphere or of the elements
themselves appear to have played a major part in directing the
chemistry of living forms. First and foremost there is the ubiquity
of water, the solvent base of all life on the earth. Water is a
unique compound; its stability and boiling point are both unusually
high for a molecule of its simple composition. Many of the
other compounds essential for life derive their usefulness from
their response to water fullness from their response to water:
whether they are soluble or insoluble, whether or not (if they are
soluble) they carry an electric charge in solution and, not least,
what effect they have on the viscosity of water. The second
directing force involves the chemical properties of carbon, which
evolution selected over silicon as the central building block for
constructing giant molecules. Silicon is 146 times more plentiful
than carbon in the earth’s crust and exhibits many of the same
properties. Silicon is directly below carbon in the periodic table
of the elements; like carbon, it has the capacity to gain four
electrons and form four covalent bonds.

The crucial difference that led to the preference for carbon
compounds over silicon compounds seems traceable to two chemical
features: the unusual stability of carbon dioxide, which is readily
soluble in water and always monometric (it remains a single
molecule), and the almost unique ability of carbon to form long
chains and stable rings with five or six members. This versatility
of the carbon atom is responsible for the millions of organic
compounds found on the earth. Silicon in contrast, is insoluble
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in water and forms only relatively short chains with itself. It can
enter into longer chains, however, by forming alternating bonds
with oxygen, creating the compounds known as silicones (-Si-O-
Si-0-Si). Carbon-to-carbon bonds are more stable than silicon-
to-silicon bonds, but not so stable as to be virtually immutable,
as the silicon-oxygen polymers are. Nevertheless, silicon has recently
been shown to be essential in a way as yet unknown for normal
bone development and full growth in chicks.

The third force influencing the evolutionary selection of the
elements essential for life is related to an atom’s size and charge
density. Obviously the heavy synthetic elements from neptunium
(atomic number 93) to lawrencium (No. 103), along with two
lighter synthetic elements, technetium (No. 43) and promethium
(No. 61), were never available in nature. (The atomic number
expresses the number of protons in the nucleus of an atom or
the number of electrons around the nucleus). The eight heavy
elements in another group (No. 84 and 85 and Nos. 87 through
92) are too radioactive to be useful in living structures. Six more
elements are inert gases with virtually no useful chemical reactivities:
helium, neon, argon, krypton, xenon and radon.

On various plausible grounds one can exclude another 24
elements, or a total of 38 natural elements, as being clearly
unsatisfactory for incorporation in living organisms because of
their relative unavailability (particularly the elements in the lanthanide
and actinide series) or their high toxicity (for example mercury
and lead). This leaves 52 of the 90 natural elements as being
potentially useful. Only three of the 24 elements known to be
essential for animal life have an atomic number above 34. All
three are needed only in trace amounts: molybdenum (No. 42),
in (No. 50) and iodine (No. 53). The four most abundant atoms
in living organisms—hydrogen, carbon, oxygen and nitrogen—
have atomic numbers of 1, 6, 7 and 8. Their preponderance
seems attributable to their being the smallest and lightest elements
that can achieve stable electronic configurations by adding one
to four electrons.

The ability to add electrons by sharing them with other
atoms is the first step in forming chemical bonds leading to
stable molecules. The seven next most abundant elements in
living organisms all have atomic numbers below 21. In the order
of their abundance in mammals they are calcium (No. 20),
phosphorus (No. 15), potassium (No. 19), sulphur (No. 16),
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sodium (No. 11), magnesium (No. 12) and chlorine (No. 17).
The remaining 10 elements known to be present in either plants
or animals are needed only in traces. With the exception of
fluorine (No. 9) and silicon (No. 14), the remaining eight occupy
positions between No. 23 and No. 34 in the periodic table.

Table 1.1. Comparison between the composition of the
human body with the approximate composition of
seawater, the earth’s crust and the universe at large.

Composition Composition of | Composition Composition
of Universe Earth’s Crust of Seawater |of Human Body
Percent of Total Number of Atoms

H 91 0 a7 H 66 H 63
He 9.1 Si 28 O 33 0 25.5
(0] .057 Al 7.9 Cl .33 C 9.5
N .042 Fe 4.5 Na .28 N 14
© .021 Ca 3.5 Mg .033 Ca 31
Si .003 Na 25 S .017 P 22
Ne .003 K 25 Ca .006 Cl .03
Mg .002 Mg 22 k .006 K .06
Fe .002 Ti 46 C .0014| S .05
S .001 H 22 Br .0005 | Na 03
C .09 Mg .01
All others <.01| All others <.1 All others <.1| All others <.01

It is interesting that this interval embraces three elements for
which evolution has evidently found no role: gallium, germanium
and arsenic. None of the metals with properties similar to those
of gallium (such as aluminum and indium) has proved to be
useful to living organisms. On the other hand, since silicon and
tin, two elements with chemical activities similar to those of
germanium, have just joined the list of essential elements, it
seems possible that germanium too, in spite of its rarity, will
turn out to have an essential role. Arsenic, of course, is a well-
known poison.

Functions of Essential Elements

Some useful generalizations can be made about the role of
the various elements. Six elements—carbon, nitrogen, hydrogen,
oxygen, phosphorus and sulphur—make up the molecular building
blocks of living matter: amino acids, sugars, fatty acids, purines,
pyrimidines and nucleotides. These molecules not only have
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independent biochemical roles but also are the respective constituents
of the following large molecules: proteins, glycogen, starch, lipids
and nucleic acids. Several of the 20 amino ‘acids contain sulphur
in addition to carbon, hydrogen and oxygen.

Phosphorous plays an important role in the nucleotides such
as adenosine triphosphate (ATP), which is central to the energetics
of the cell. ATP includes components that are also one of the
four nucleotides needed to form the double helix of deoxy-
ribonucleic acid (DNA), which incorporates the genetic blueprint
of all plants and animals. Both sulphur and phosphorous are
present in many of the small accessory molecules called coenzymes.
In bony animals phosphorous and calcium help to create strong
supporting structures. The electrochemical properties of living
matter depend critically on elements or combinations of elements
that either gain or lose electrons when they are dissolved in
water, thus forming ions.

The principal cations (electron-deficient, or positively charged,
ions are provided by four metals: sodium, potassium, calcium
and magnesium. The principal anions (ions with a negative charge
because they have surplus electrons) are provided by the chloride
ion and by sulphur and phosphorous in the form of sulfate ions
and phosphate ions. These seven ions maintain the electrical
neutrality of body fluids and cells and also play a part in
maintaining the proper liquid volume of the blood and other
fluid systems. Whereas the cell membrane serves as a physical
barrier to the exchange of large molecules, it allows small molecules
to pass freely.

The electrochemical functions of the anions and cations
serve to maintain the appropriate relation of osmotic pressure
and charge distribution on the two sides of the cell membrane.
One of the striking features of the ion distribution is the specificity
of these different ions. Cells are rich in potassium and magnesium,
and the surrounding plasma is rich in sodium and calcium. It
seems likely that the distribution of ions in the plasma of higher
animals reflects the oceanic origin of their evolutionary antecedents.
One would like to know how primitive cells learned to exclude
the sodium and calcium ions in which they were bathed and to
develop an internal milieu enriched in potassium and magnesium.
The third and last group of essential elements consists of the
trace elements. The fact that they are required in extremely
minute quantities in no way diminishes their great importance.
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In this sense they are comparable to the vitamins. We now
know that the great majority of the trace elements, represented
by metallic ions, serve chiefly as key components of essential
enzyme systems or of proteins with vital functions (such as
hemoglobin and myoglobin, which respectively transports oxygen
in the blood and stores oxygen in muscle). The heaviest essential
element, iodine, is an essential constituent of the thyroid hormones
thyroxine and triodothyronine, although its precise role in hormonal
activity is still not understood.

Trace Elements

To demonstrate that a particular element is essential to life
becomes increasingly difficult as one lowers the threshold of the
amount of a substance recognizable as a “trace.” It has been
known for more than 100 years, for example, that iron and
iodine are essential to man. In a rapidly developing period of
biochemistry between, 1928 and 1935 four more elements, all
metals, were shown to be essential: copper, manganese, zinc
and cobalt. The demonstration can be credited chiefly to a
group of investigators at the University of Wisconsin led by C.A.
Elvehjem, E.B. Hart and W.R. Todd. At that time it seemed
that these four metals might be the last of the essential trace
elements.

In the next 30 years, however, three more elements were
shown to be essential chromium, selenium and molybdenum.
Fluorine, silicon, tin and vanadium have been added since 1970.
The essentiality of five of these last seven elements was discovered
through the careful, paintstaking efforts of Klaus Schwarz and
his associates, initially located at the National Institute of Health
and now based at the Veterans Administration Hospital in Long
Beach, Calif. For the past 15 years Schwarz’s group has made
a systematic study of the trace-element requirements of rates
and other small animals. The animals are maintained from birth
in a completely isolated sterile environment.

The apparatus is constructed entirely of plastics to eliminate
the stray contaminants contained in metal, glass and rubber.
Although even plastics may contain some trace elements, they
are so tightly bound in the structural lattice of the material that
they cannot be leached out or be picked up by an animal even
through contact. A typical isolator system houses 32 animals in
individual acrylic cages. Highly efficient air filters remove all
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trace substances that might be present in the dust in the air.
Thus the animals only access to essential nutrients is through
their diet. They receive chemically pure amino acids instead of
natural proteins, and all other dietary ingredients are screened
for metal contaminants.

Since the standards of purity employed in these experiments
far exceed those for reagents normally regarded as analytically
pure, Schwarz and his co-workers have had to develop many
new alalytical chemical methods. The most difficult problem
turned out to be the purification of salt mixtures. Even the
purest commercial reagents were contaminated with traces of
metal ions. It was also found that trace elements could be
passed from mothers to their offspring. To minimize this source
of contamination animals are weaned as quickly as possible,
usually from 18 to 20 days after birth. With these precautions
Schwarz and his colleagues have within the past several years
been able to produce a new deficiency disease in rates. The
animals grow poorly, lose hair and muscle tone, develop shaggy
fur and exhibit other detrimental changes. When standard laboratory
food is given these animals, they regain their normal appearance.
At first it was thought that all the symptoms were caused by the
lack of one particular trace element. Eventually four different
elements had to be supplied to complete the highly purified diets
the animals had been receiving. The four elements proved to be
fluorine, silicon, tin and vanadium. A convenient source of these
elements is yeast ash or liver preparations from a healthy animal.
The animals on the deficiency diet grew less than half as fast as
those on a normal or supplemented diet. Growth alone, however,
may not tell the entire story. There is some evidence that even
the addition of the four elements may not reverse the loss of
hair and skin changes resulting from the deficiency diet.

Functions of Trace Elements

The addition of tin and vanadium to the list of essential
trace metals brings to 10 the total number of trace metals
needed by animals and plants. What role do these metals play?
For six of the eight trade metals recognized from earlier studies
(that is, for iron, zinc, copper, cobalt, manganese and molybdenum)
we are reasonably sure of the answer. The six are constituents
of a wide range of enzymes that participate in a variety of
metabolic processes. In addition to its role in hemoglobin and
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myoglobin, iron appears in succinate dehydrogenase, one of the
enzymes needed for the utilization of energy from sugars and
starches.

Enzymes incorporating zinc help to control the formation of
carbon dioxide and the digestion of proteins. Copper is present
in more than a dozen enzymes, whose roles range from the
utilization of iron to the pigmentation of the skin. Cobalt appears
in enzymes involvad in the synthesis of DNA and the metabolism
of amino acids. Enzymes incorporating managnese are involved
in the formation of urea and the metabolism of pyruvate. Enzymes
incorporating molybdenum participate in purine metabolism and
the utilization of nitrogen. These six meals belong to a group
known as transition elements. They owe their uniqueness to their
ability to form strong complexes with ligands, or molecular groups,
of the type present in the side chains of proteins. Enzymes in
which transition metals are tightly incorporated are called
metalloenzymes, since the metal is usually embedded deep inside
the structure of the protein. If the metal atom is removed, the
protein usually loses its capacity to function as an enzyme.

There is also a group of enzymes in which the metal ion is
more loosely associated with the protein but is nonetheless essential
for the enzyme’s activity. Enzymes in this group are known as
metal-ion-activiated enzymes. In either group the role of the
metal ion may be to maintain the proper conformation of the
protein, to bind the substrate (the molecule acted on) to the
protein or to donate or accept electrons in reactions where the
substate is reduced or oxydized. In 1968 the complete three
dimensional structure of the first metalloenzyme, cytochrome c,
was published. Cytochrome ¢, a red enzyme containing iron, is
universally present in plants and animals. It is one of a series of
enzymes, all called cytochromes, that extract energy from food
molecules by the stepwise addition of oxygen. The complete
amino acid sequence of cytochrome ¢ obtained from the human
heart was determined some 10 years ago by a group led by
Emil L. Smith of the University of Califormia at Los Angeles
and by Emanuel Margoliash of North-western University.

The iron atom is partially complexed with an intricate organic
molecule, protoporphyrin, to form a heme group similar to that
in hemoglobin. Of the iron atom’s six coordination sites, four
are attached to the heme group through nitrogen atoms. The



