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PREFACE

The present title ‘Molecular Biology’ has been carefully organised and clearly written to
attract the interest of students. It is specially developed according to the latest syllabus of Calcutta
University and is meant to cater to the needs of undergraduate students. The book explains the
essential principles, processes and methodology of molecular biology. It is flourished with numerous
illustrations and molecular structures which help the students in retaining the concepts in an
effective manner. Efforts have been made to explain the subject matter in a simple, consise and
lucid manner. It is hoped that the readers will gain an understaning of the fundamentals and tools
of molecular biology.

To make the work more comprehensive and informative, the authors have consulted many
authoritative books, research journals, abstracts, monographs, etc., so there can be no claim to
originality except in the manner of treatment.

The author express their thank to their friends and colleagues whose continuous inspirations
have initiated them to bring out this book.

The authors tried hard to be accurate and up-to-date in statement and realise the impossibilty
of completely avoiding errors. Therefore, the authors will greatly appreciate having their attention
called to any questionable statement.

As in past, it has been a pleasure to work with all the talented people of Himalaya Publishing
House whose assistance and support were unfailing. They produced the book with their usual
care and high standards.

Authors
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If was Friedrich Meischer (1844-1895) who anticipated an approach to the biology of
cell that has come into its own only in the last twenty years. He was able to isolate
the nucleus from the discarded bandages of pus cells for the first time. Furthermore,
he obtained a material that possessed much stronger properties than protein and
also contained large amount of phosphorus. He called the material as nuclein. Later
on, he worked more on nuclear material and found it to contain a salt of the acidic
nuclein and the basic substance protamine. Altmann obtained essentially protein-free
nuclein and introduced the term nucleic acid. Fischer identified purines and pyrimidine
bases in 1880. Kossel worked on chemistry of the nucleic acid and recognized that
histones and protamines are associated with nucleic acids—and was awarded the
Nobel Prize for demonstrating the presence of the two pyrimidines and two purines
in nucleic acids. Franklin W. Stahl presented first evidence that nucleic acid forms the
genetic material. P.A. Levine (1931) stressed that there are two types of nucleic acids,
i.e. deoxyribonucleic acid (DNA) and ribonucleic acid (RNA).

Nucleic acids are found in all living organisms, whether plants, animals or viruses.
They are longer and heaviest macromolecules ranging in molecular weight from about
30,000 to several millions.

Their large size is due to the fact that in them thousands and even millions of
monomeric units are joined together by polymerization to form a single giant-sized
macromolecule. They occur in all living cells as a major component of the nucleus
and also as a component of cytoplasmic structures such as ribosomes.

LOCATION OF NUCLEIC ACID
Generally, the DNA is supposed to be present only in nucleus associated with

the chromosomes, and RNA in the cytoplasm of the cells of all the organisms. But
the recent observations, however, have proved that the DNA is not only associated
with the nuclear regions of the cell but it is also associated with mitochondria,
chloroplast, centrioles etc. and similarly, RNA is also present in the nuclear region
particularly in nucleolus.

CHEMICAL BACKGROUND OF NUCLEIC ACIDS
Nucleotides are the basic chemical sub-units of the nucleic acids, the structural

relationship of the two being analogous to that of amino acids and protein. Each
nucleotide consists of three elements: (i) a heterocyclic ring containing nitrogen and

1
CHAPTER

Nucleic Acid (DNA)



2 MOLECULAR BIOLOGY

referred to as the base, (ii) a five carbon sugar or pentose
and (iii) phosphoric acid. On the removal of phosphoric
acid, the remainder compound of the sub-unit is called
a nucleoside.

Now, let us discuss every component in detail.

Bases
The bases are of common occurrence in nucleic acid

and are five in number. The bases are of organic type
and are relatively hydrophobic or water shunning. By
hydrolyses and paper chromatography, two types
(Purines & Pyrimidines) of bases have been recorded.

The pyrimidines are 6-membered rings while the
purines consist of fused 5 or 6 membered rings. It is
customary to designate the ring positions by 1 through
9 for the purines and 1 through 6 for the pyrimidines.

The two principal purine bases are Adenine (A)
and Guanine (G). The pyrimidines are Uracil (U),
Cytosine (C) and Thymine (T), which differs from uracil
only in having a methyl substituent in the C5 position.

Pentose Sugar
Levine (1909) identified pentose sugar as a main

constituent of nucleic acid structure. It exists in two
forms: (i) ribose and (ii) deoxyribose. In the ribonucle-
otide series, the sugar is ribose. In the deoxyribonucle-
otide, it is deoxyribose.

Phosphoric Acid
It is tri-functional and can form upto three ester bonds. This triply esterified

phosphate does not appear to occur in nucleic acids, doubly esterified phosphate
does occur and infact provides the mode of linkage of the nucleotides to form the
polymeric nucleic acids. The bond formed by a doubly esterified phosphate between
the sugars of the different nucleotides is called the phosphodiester bond.

DEOXYRIBONUCLEIC ACID (DNA)
It was Furberg (1952) who suggested in an speculative way that DNA molecule

is formed by the coiling of a single nucleic acid chain. An equally speculative model
was proposed by Pauling & Corey (1953) in which three chains twisted to form a
long axis, with the bases projecting outwards from a central core formed by the
backbone phosphate group. In 1951, Chargaff has pointed out that DNA contains
equal proportion of purine and pyrimidine. Dotty (1961) has emphasized much on
the physical properties of DNA. Watson & Crick first made a plausible structural
model for a self-duplicating molecule which fitted the physical and chemical facts.

Fig. 1.1. Double-stranded DNA.
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In honour of this work Watson, Crick and Wilkins were awarded the Noble Prize in
1962, and as a result, one strand of double-stranded DNA is sometimes called Watson
(W) and its complement is called Crick (C). Khorana (1968), nobel laureate, devised a
chemical method for the specific synthesis of inter-nucleotide linkage and has applied
them to the synthesis of ribopoly-nucleotides.

The name for DNA is derived from the type of sugar it contains, its abundance
in nuclei, and its hydrophilic or water-loving phosphates, which make the
macromolecule sour or acidic. DNA is present in the cells of all plants, animals,
prokaryotes and in a number of viruses. In eukaryotes, it is combined with proteins
to form nucleoproteins. In prokaryotes, it consists of a single giant molecule of DNA
about 1000 microns long, without any association proteins. DNA is also found in
certain cell organelles like mitochondria, plastids, centrioles etc.

DNA Contents
The amount of DNA has been found to be constant in a species though it varies

from species to species. For example, the amount of DNA in the diploid cells of fowl
has been measured as 2.5 picograms, where the sperm of the same species contains
just half (1.25 pg) of the DNA of the diploid cell. (The amount of DNA is usually
measured by the microunit of the weight known as the picogram. One picogram
(pg) is equal to 10–12 grams.

One picogram of DNA has the molecule of 31 cm. long, so by taking the weight
of DNA, amount in the nucleus and the size of the DNA, the molecule can be
calculated easily. By employing this method, Dupraw and Bahs (1968) have calculated
that the human diploid cells with the 5.6 pg.
DNA amount contain 174 cm. long DNA
molecule. Likewise, they measured that the
Trillium cells with 120 pg DNA contain 37
metres long DNA molecule and the polytenic
chromosomes of the Drosophila with 293 pg
DNA contents having 97 metres long DNA
molecule.

In polyploid organisms, the amount of
DNA increases proportionately. In tetraploid
cell, it is double the amount of DNA found
in the diploid cell of the same species.
Minimum fluctuation has been reported in
mammalian species whereas remarkable
narrations have been observed in fishes,
amphibians and avian species.

STRUCTURE OF DNA
DNA is the key molecule in the living

world. It is most complex and the heaviest
molecule of the cell, having a molecular Fig. 1.2. Physical structure of DNA.
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weight of 108 to 1011. With the excep-
tion of some viruses, it is the heredi-
tary material of all organisms from
bacteria and protozoa to the higher
plants and animals. Stahl presented
first evidence that nucleic acid forms
genetic material. Griffith, Avery,
MacLeod and McCarty proved DNA as
a genetic material. In DNA, about
400,000 nucleotides are present in one
molecule. The average molecular
weight of a nucleotide is 300.

DNA is composed of two back
bones or chains running in the anti-
parallel fashion. The two chains are
interwined in a clockwise direction. In
a double helix normally found in or-
ganisms, each successive base pair in
the stack turns 36 in a clockwise di-
rection. The double helix therefore
makes a complete turn of 360, every
ten base pairs like circular staircase.
The diameter of the DNA molecule is
about 20Å or 2 nanometer (1 nanom-
eter = 1 billionth of a meter); the base
pair is about 3.4Å thick, and the dis-
tance for a complete turn is 34Å. The twisting of the strands results in the formation
of deep and shallow spiral grooves.

All the space between the back bone of one chain and the back bone of the
other is, however, not uniformly filled in by the base pairs. Less of the space around
the top of a base pair is filled in them around in the bottom, which creates an empty
major area and an empty minor area. When we look at the double helix, all the
empty major areas combine to make up a major groove and all the empty minor
areas combine to make up a minor groove.

MOLECULAR WEIGHT OF DNA
The molecular weight of DNA molecules are very difficult to determine accurately

by the methods of classical chemistry since they range from 108 to 1011. The best
absolute methods of DNA molecular weight determination are light scattering on
low-angle instruments, equilibrium analytical ultra centrifugation in caesium chloride
gradients and viscoelastic relaxation. The size of large DNA molecules from individual
chromosomes of eukaryotic cells has recently been determined by viscoelastic
relaxation, and it appears that in Drosophila at least, the DNA is contained in one
complete molecule per chromosome. The molecular weights of DNA from a variety
of sources are shown in Table 1.1.

Fig. 1.3. Showing anti-parallel nature of DNA.
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Table 1.1. DNA molecular weight
Source Mol. wt. Length Number of nucleotide pairs

E. coli 2 × 109 1 mm 3 x 106

H. influenzae 8 × 108 300 m 12 x 105

Mycoplasma 4 × 108 150 m 6 x 105

PPLO Stain
H39
Bacteriophage 1.6 × 106 0.6 m —
 x 174
Polyoma Virus 3 × 106 1.1 m 4.6 x 103

Mouse Mitochondria 9.5 × 106 5 m 14 x 103

Drosophila melanogaster 43 × 109 20 mm 65 x 106

MOLECULAR STRUCTURE OF DNA
A DNA molecule is a polymer consisting of several thousand pairs of

deoxynucleotide monomeres. Each monomere is composed of base (A, T, C, or G),
plus a deoxyribose plus phosphate as given below:

Nitrogenous Bases
Chargaff reported two types of nitrogenous bases from the DNA extract of calf

thymus nuclei. The bases were purines and pyrimidines. Adenine and guanine are
the purine bases and cytosine and thymine are the pyrimidine bases. He isolated the
bases in the molar proportions: 28% adenine, 24% guanine, 20% cytosine and 28%
thymine. Chargaff’s equivalence rule has been found to apply almost universally in
different organisms (viruses, bacterias, plants and animals).

Table 1.2. Base composition of DNA in various organisms

Base Percentage

Species Adenine Thymine Guanine Cytosine

Man (sperm) 31.0 31.5 19.1 18.4
Ox 29.0 29.1 21.2 21.2
Chicken 28.8 29.2 20.5 21.5
Salmon 29.7 29.1 20.8 20.4
Locust 29.3 29.3 20.5 20.7
Sea urchin 32.8 32.1 17.7 17.7
Yeast 31.7 32.6 18.8 17.4
Wheat germs 28.1 27.4 21.8 22.7
Tuberculosis bacillus 15.1 14.6 34.9 35.4
Escherichia coli 26.1 23.9 24.9 25.1
Bacteriophage T2 32.6 32.6 18.2 16.6

However, DNA isolated from higher plants and animals was in general rich in
adenine and thymine and relatively poor in guanine and cytosine. A + T/G + C ratio
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of DNA in human beings is about 1.40 : 1. In
viruses, bacteria and lower plants, cytosine and
guanine bases are found in greater proportion.
A + T/G + C ratio in Mycobacterium tubercu-
losis is 0.60 :1.

Chargaff’s Rules
In 1950, Erwin Chargaff formulated important

generalizations about DNA structure. These
generalizations are called Chargaff’s rules in his
honour. They are summarized below:

(i) The DNA molecule, irrespective of its source,
always has the A—T base pairs equal in
number to the G—C base pairs.

(ii) The purines and pyrimidines are always in
equal amounts, i.e. A + G = T + C.

(iii) The amount of adenine is always equal to
that of thymine and the amount of guanine
is always equal to that of cytosine, i.e. A =
T and G = C.

(iv) The base ratio A + T/G + C may vary from
one species to another, but is constant for a
given species. This ratio can be used to
identify the source of DNA and can help in
classification.

(v) The deoxyribose sugar and phosphate
components occur in equal proportions.
The pyrimidines are single-ring compounds,

with nitrogen in position 1’ and 3’ of a 6-mem-
bered benzene ring. The two most common py-
rimidines of DNA are cytosine (C) and thymine
(T). The purines are double-ring compounds. It
consists of a 6-membered imidazole ring joined
to a pyrimidine ring at positions 4’ and 5’. The
two most common purines of DNA are adenine
(A) and guanine (G).

These bases are arranged linearly on the back
bones or the chains which are composed of
alternating sugar phosphate. The bases have specific way of combining, if C is found
in one chain, G will be opposite to it, and in the other, if A is on one, T must be on
the other or in other words, adenine (A) is always paired with thymine (T) and
guanine (G) with cytosine (C). Thus, for all cells, the number of thymine is always
equal to the number of adenine, and the number of guanine is equal to the number
of cytosine, that is

Fig. 1.4. The structure of a portion of one
strand of a DNA molecule. Each
nucleotide consists of a sugar, a
phosphate group, and a purine or
pyrimidine base.
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A = T
G = C

However, the number
of AT pairs in double helix
of DNA can and usually
does differ from the num-
ber of GC pairs. The cili-
ated protozoan Tetrahy-
mena has one of the most
AT-rich DNAs known,
with about 80 per cent AT
base pairs and 20 per cent
GC base pairs. Human
DNA contains about 60 per
cent AT and 40 per cent
GC base pairs, and E. coli
DNA contains about 45 per
cent AT and 55 per cent
GC pairs.

On the basis of base
pairs, two categories of
DNA have been reported,
the A—T type showing ex-
cess of A and T, for example, Tetrahymena sea urchin, human being and E. coli.
Similarly, the GC type shows excess of G and C than A and T as seen in tuber-

culosis bacteria. The chains of the
double helix are held together by hydro-
gen bonds. On an average, the DNA
molecule in a human chromosome con-
sists of about 1.3 x 108 base pairs. Since
60 per cent are AT pairs and 40 per cent
are GC pairs, the two chains are joined
by about 3.1 x 108 hydrogen bonds.

Among nitrogenous bases, two
hydrogen bonds are developed between
A and T and three hydrogen bonds are
formed between C and G. This hydrogen
bond formation precludes A-C or G-T
pairs. Only these arrangements—A-T
and C-G are possible, for two purines
would occupy too much space to allow

a regular helix and correspondingly, two pyrimidines would occupy too little. The
sickness of these pairing rules result in a complementary relation between the sequences

Fig. 1.5. The hydrogen-bonded base pairs of DNA.

Fig. 1.6. Base pairing in DNA.
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of bases on the two intertwined chains. For
example, if we have a sequence ATGTC
on the chain, the opposite chain must
have a sequence TACAG.

The bases are joined to the pentose by
N-C glycosidic bonds. For the purine, the
glycosidic bond is between the C1 position
of the pentose sugar and the N9 position
of the base. For the pyrimidine, the link-
age joins the C1 and N3 position.

Both the purine and pyrimidine bases
are flat, relatively water insoluble molecules
which tend to stack above each other per-
pendicular to the direction of the helical
axis.

On the basis of base pairs, two cat-
egories of DNA have been reported, the
A-T type showing excess of A and T, for
example, sea urchin and G-C type showing excess of G and C. (e.g. tuberculosis
bacteria).

Polarity of DNA
A DNA chain has polarity because phosphodiester linkage is between the 3’

carbon of one sugar and the 5’ carbon of the next sugar. Thus, the ends of the chain
are different—a deoxyribose 3’—OH group occurs at one end and a 5’ carbon bearing
a PO4 group is at the other end. In a double-stranded structure (a duplex), the two
chains have opposite polarities : at each end of a duplex, one chain bears a 3’—OH
and the other has a 5’—PO4.

Unusual Bases in DNA
Besides four common bases (ATCG), certain unusual bases have also been reported

in DNA. In some viruses, uracil occurs in the place of thymine in DNA. In some
bacterial viruses (bacteriophages), cytosine is replaced by 5-hydroxymethyl-cytosine.

Sugar
Pentose sugar is found in

DNA. More specifically it is deoxy-
ribose sugar having five carbon
atoms. Mori (1929) isolated this
sugar from the guanine nucle-
otide. The final structural features
or double-stranded DNA need to

be considered as dictated by the sugars, which face one way (with their ring 0 up)
in one strand and the opposite way (ring 0 down) in the other. Because of this

Fig. 1.7. A—Glycosidic bond between C1 (sugar) and
N3 (base), for pyrimidine base. B—Glycosidic
bond between C1 (sugar) and N9 (base) for
purine base.

Fig. 1.8. Chemical formula of pentose sugars.



9NUCLEIC ACID (DNA)

opposite arrangement of the sugars in the two strands, and because the sugar binds
to an off centre position of its attached base, the whole DNA molecule is constrained
to coil or twist, forming a double helix. Thus, we see that all the sugars in one
strand are directed to one side i.e., the strand has polarity. And the two strands in a
double helix are said to have opposite polarity, that is, to
run in opposite directions or antiparallel to each other. The
sugar of the two strands are directed in opposite directions.

Phosphoric Acid
It is one of the constituents of the nucleic acid, which

along with sugar form the backbone of DNA, on which the
nitrogen bases are linearly arranged. Phosphoric acid can
form upto three ester bonds which does not appear to occur.
The bond formed by a doubly esterified phosphate between
the sugars of two different nucleotides is called the
phosphodiester bond. One strand has phosphodiester bonds in 3’—5’ direction, while
the  other strand has phosphodiester bonds in 5’-3’ direction. Systems containing the
base plus the pentose sugar and the phosphates are referred to as nucleotides. And
the system containing only the base plus the pentose sugar without a phosphate is
referred to as nucleoside. There are about 400,000 nucleotides per DNA molecule.
There are two categories of DNA—the A-T type (showing excess of adenine and
thymine) and C-G type (showing excess of guanine and cytosine).

Nucleosides
A combination of a base with a pentose molecule is called a nucleoside. In the

nucleoside, the base molecule is always bound to carbon to the sugar molecule. If
the sugar molecule involved is deoxyribose, it is called a deoxyribonucleoside, and if
the sugar is ribose, then it is called a ribonucleoside. The glycosidic bonds are de-
veloped between sugar molecules and nitrogenous bases. The linkage in the purine
nucleoside is at position 9 of the purine; and in the pyrimidine nucleosides at posi-
tion 3 of the pyrimidine, various nucleosides are ‘uridine’, uracil nucleoside; cyti-
dine, cytidine nucleoside; thymidine, thymine nucleoside; ‘adenosine’, adenine nucleo-
side and guanosine, guanine nucleoside.

In liver tissues and some other n-glycosidic bonds, splitting enzymes are present.
The enzymes are nucleosidases (Kalchar considered these as phosphorolyses).

Nucleotides
The various nucleosides react with phosphoric acid to form monophosphate es-

ters, which belong to a general class of compounds called nucleotide. The nucleotide
may contain either ribose or deoxyribose as the sugar component and that leads to
specific names such as ribonucleotides and deoxyribonucleotides. The nucleotides
are named as the phoshpates of their corresponding nucleosides. For example, ad-
enosine phosphate or adenylic acid; guanosine phosphate or guanylic acid; thym-
ine phosphate or thymidylic acid and cytidine phosphate or cytidylic acid.

Fig. 1.9. The phosphodiester
linkage.
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A polynucleotide is formed by joining the phos-
phate of a single nucleotide—via a dehydration re-
action—to the free 3’ position of another nucleotide
to produce the dimer. Repeating the process with
the free 3’ end of the dimer, trimer, and so forth
produces the polymer. Since the first part of the
polymer to be formed is its free 5’ end, it is said to
grow from its free 5’ end towards its free 3’ end, or
in the 5’-3’ direction. Since the sugar molecule has
distinguishable right side up and upside down ends,
and since all the sugars in a strand face the same
way, the polynucleotide is said to be polarized and
the two strands in a double helix are said to have
opposite polarity, that is to run in opposite direc-
tion or anti-parallel to each other.

PRIMARY STRUCTURE OF DNA
As stated already, phosphodiester bonds are

developed between phosphoric acid and pentose
sugar. These bonds are basically the internucleotide
bonds in DNA. Since C-4’ in the sugar is occupied
in ring formation and C—2’ carries no hydroxyl
group, only the hydroxyl groups at position 3’ and
5’ in the sugar residue are available for inter-
nucleotide linkages. The absence of a hydroxyl group
at C—2’ makes cyclic phosphate formation
impossible, and DNA is therefore not hydrolyzed by
alkali in the same way as in RNA. This property has been made use of in the
separation of DNA from RNA.

SECONDARY STRUCTURE OF DNA
X-ray defraction has been extensively employed in the study of the molecular

architecture of DNA by Astbury and later by Franklin and Gosling and on a very
extensive scale by Wilkins and his colleagues.

Using early information obtained by this technique and chemical observations,
Watson and Crick put forward the view in 1953 that the DNA molecule is double-
stranded and in the form of a right handed helix with the two polynucleotide chains
would round the same axis and be held together by hydrogen bonds between their
bases.

By making scale models, they were able to show that the bases could fit in if
they were arranged in pairs of one purine and one pyrimidine, and when the
formation of hydrogen bonds between the bases were considered in detail, it became
evident that the most likely pairing arrangement was adenine with thymine, and
guanine with cytosine.

Fig. 1.10. Molecular structure of a
nucleotide.
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It has already been mentioned that Chargaff originally emphasized the equivalence
of adenine and thymine and of guanine and cytosine in DNA from many sources,
and this remains one of the most important pieces of evidence for the double helical
structure. The way in which the bases might be arranged in such a structure is

Fig. 1.11. The double-stranded structure of a portion of the DNA molecule. Adenine
can pair only with thymine and guanine only with cytosine. Thus the order of
bases along one strand determines the order of bases along the other.
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shown in Fig. 1.5 which shows the linkage by hydrogen bonds of adenine in a chain
to thymine in the other or vice versa and of guanine in the first chain to cytosine in
the second or vice versa. Accordingly, the order in which the bases occur in one
chain automatically determines the order in the other chain, which is its
complementary. Apart from this essential condition, there are no restrictions on the
sequence of pairs of bases along the chains. The pairs of bases are flat and may be
stacked one above the other like a pile of plates.

The basic model put forward by Watson & Crick, remains close to the accepted
structure of the molecule in solution. Therefore, the more refined X-ray defraction
studies of Wilkins and his colleagues have shown that DNA fibres can have three
possible structures and other techniques for the determination of secondary structure,
such as ORD and CD and low angle X-ray scattering have been used to relate the
structure of the fibres to the structure of DNA molecule in solution of various types.

The B structure of DNA is found in fibres of 92% relative humidity and is believed
to correspond most closely to the structure of DNA in solution of low ionic strength.
The structure is very close to the original Watson—Crick model. The two chains are
of opposite polarity in the sense that the internucleotide linkage in one strand is 3’
 5’ while in the other it is 5’  3’. The two helixes are both right-handed and
cannot be separated without unwinding. The chains are held together by hydrogen
bonding between the base pairs and are complementary, the sequence of bases in
one thus being determined by the sequences of bases in the other.

The original belief that hydrogen bonds alone were responsible for the stability
of the helix is now less widely held, and it is thought that considerable part of the
stability of the DNA double helix is maintained by base stacking forces or ‘apolar’
bonds. These bonds are consequent upon the hydrophobic nature of the bases
themselves. This makes contact with an aqueous medium entropically unfavourable
owing to the increase in water hydrogen bonding created by such an interaction—
contact with the medium is minimized by vertical stacking of the bases above each
other in the case of a single-stranded molecule, and by both stacking and combination
of strands to give further reduction of the surface area exposed in double-stranded
DNA. Hydrogen bonds conform additional stability and also specificity.

The A structure of DNA is found in fibres of 75 per cent of relative humidity
when the creation for the DNA is sodium, potasium or caesium, while this structure
is also in the form of a right- handed double helix, it differs from the B structure in
that the bases are not flat but are tilted, the pitch of the helix and number of bases
per turn is altered and the structure of the back bone is slightly different. The biological
interest in the A structure lies in the fact that it is believed to be very close to the
conformation adopted by double-stranded RNA and by DNA—RNA hybrids in
solution. Because of the presence of the extra 2’ hydroxyl group, tRNA appears to be
unable to adopt the B conformation. Thus, when it is engaged as a template for
making RNA, the DNA molecule must presumably adopt the A conformation. Various
organic solvents and proteins have been suggested to force the DNA from the B
form into the A conformation.
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The C form of DNA is found in fibres of lithium DNA at 66 per cent relative
humidity. It is also believed to occur in concentrated salt solutions and ethylene glycol.
Under these conditions, the base stacking force will be much reduced and the relative
power of the hydrogen bond strengthened. Again the basic structure is a double
right-handed helix with small differences in the pitch, number of residues per turn,
base tilt and back-bone conformations relative to the B structure. It has been suggested
that this type of structure occurs in chromatin and in some viruses. Bram has studied
the A, B and C structures in solution together with two metastable structures which
he has called the T and P structures. He has concluded that much greater scope for
structural diversity lies within AT rich regions of the DNA molecule.

TERTIARY STRUCTURE OF DNA
The DNA from many sources, particularly cellular chromosomal DNA, cannot

be isolated in the form of intact molecules because of its large size and consequent
sensitivity to shear the enzymic degradation. However, the DNA from many viruses
from mitochondria and chloroplast and from a few other sources (e.g. bacterial
plasmid DNA) can be isolated in an undergraded form. The examination of such
undergraded DNA has shown that the double helical secondary structure of DNA
can in some instances be further constrained, giving rise to tertiary structures such
as supercoiled and open cyclic molecules. Linear DNA occurs naturally and is also a
product of the degradation of cyclic DNA. Single-stranded DNA both in linear and
cyclic forms is found in some viruses, and can be formed artificially by denaturing
double-stranded DNA. The properties of these different forms of DNA will now be
described.

Double-stranded Linear DNA
Intact linear double-stranded DNA molecules are found in viruses in the molecular

weight region 120 x 106 and in chromosomes in even larger molecules although some
of the larger molecules may have been cyclic molecules sheared open by isolation
procedures. Linear molecules of lower molecular weight which are a result of
degradation during isolation, are also found in commercial heterogenous preperations
such as calf thymus DNA. Although the conventional DNA models would suggest
that such molecules are rigid about their long axis, it is evident that they must possess
some degree of flexibility in order to be accommodated in virus particles and cells
from a physiochemical point of view, short lengths of DNA below 500,000 in
molecular weight may be treated as slightly flexible rods whereas the longer DNA
molecules behave more like stiff worm like coils. This stiffness of the double helical
structure gives to DNA solution their characteristic viscosity, especially when the
DNA is of high molecular weight.

Double-stranded Cyclic DNA
Double-stranded cyclic DNA has been isolated from animal viruses such as

polyoma and SU40 and from bacterial viruses such as Pm2. It also occurs as a
intermediate in the replication of other bacterial viruses such as  x 174 and among
bacterial plasmid DNAs. RNA tumor viruses have recently been shown to form a
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circular duplex intermediate during animal cell infection. The entire chromosome of
E. coli which was known for many years to be circular but was too large for
conventional DNA isolation procedures has now been isolated and its physical and
biological properties have been studied in vitro. In eukaryotic cells, double-stranded
circular DNA has been isolated from both mitochondria and chloroplast. The
occurrence and properties of circular DNA molecules has been reviewed. All circular
DNA molecules have two possible structural forms which differ considerably in
physical, chemical and biological properties.

Covalently closed cyclic DNA molecules have no breaks at all in either strand,
with the consequences that any change in the secondary structure of the DNA which
affects the number of residues per turn of the helix must have circumstant effects on
the tertiary structure of the molecules. Such DNA can best be envisaged as a simple
cyclic structure which has been hypothetically open, had the two strands of the
double helix unwound by a few turns and resealed. The resulting molecule could try
to rewind the two strands back to their normal structure but would be unable to do
so because of covalent closure, with the result that the circular duplex itself will take
on super helical or ‘supercoiled turns to compensate. The number and nature of
supercoiled turns will, of course, depend on the difference between the secondary
structure of the DNA when it was sealed and the secondary structure under the
conditions of observation.

Convalently closed double-stranded DNA differ very considerably from linear or
open cyclic molecules of the same size and base composition. The two strands of the
DNA are unable to separate and thus a high temperature is required to disrupt the
structure of the supercoiled DNA. Similarly, a much higher pH value is required to
break the base pairing in the supercoiled DNA than in the cyclic or linear DNA, and
this phenomenon can be used in the purification of DNA. When these DNA molecules
eventually do melt and two strands cannot separate, but the entire molecule collapses
into a compact, fast-sedimenting complex of the two interwound random cells. It
has been suggested that the secondary structure of such DNA can differ detectably
from that of the open circular form because of the tertiary restraints on the molecules.
SU40 DNA has been shown to have atleast one region of unwound DNA and
polyoma to have at least three. The intrinsic viscosity is low, and the sedimentation
rate, about 20 per cent faster than in the open circular molecules of the same size.
Although the actual tertiary structure of the super helix is not yet known, it is most
commonly represented by a straight interwound superhelix. Other forms as teroidal
and the structures of branches have been shown to exist in the solution.

One double-stranded cyclic DNA can be described as linear DNA which has
been joined at the ends to form a circle but in which one or other of the two strands
has a break such that it can rotate round the non-broken strand. Denaturation of
such a molecule would be expected to lead to one single-stranded circular DNA
molecules. The extent to which such molecules are present in the cell is still difficult
to assess. Open cyclic DNA can also occur where there is a breakdown both of the
single strands of the duplex but the two breaks are far apart. This is the case with
DNA molecules with cohesive ends.
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Structure of the DNA in Eukaryotic Chromosome
The DNA of most eukaryotic cells is composed partly of unique sequences of

DNA, partly of moderately, repeated sequences and partly of high repeated sequences.
Highly repeated sequences are present in all eukaryotic cells although they vary in
amount from 1% of the genome to more than 50 per cent and average about is
percent. They are found in blocks of several million repeat units of a sequence which
is between 6 and 8 base pairs long. The DNA sequences frequently have a different
G + C content from the bulk of the cell DNA and consequently bond at a different
or satellite position on caesium chloride gradients, Guinea pig and Drosophila satellite.
DNAs are of at least three types and later groups differing from each other in only
one base pair. Originally the satellites were thought to be several hundred base pairs
long but sequencing has shown them to be very much smaller. Satellite regions are
usually clustered near the centromere region of the chromosome and may be
responsible for the maintenance of its structural integrity in some way. Because of
their highly repeated sequence, such fragments of DNA often form grades.

Moderately repetitive DNA includes the genes coding for histones and ribosomal
RNA. About 1000 copies of such genes may be present per genome although the
number of ribosomal genes is variable. The sequences of the two major species of
ribosomal RNA are arranged in turns with species DNA in between.

Unique DNA sequences are more difficult to detect but appear to be present in
the genes which code for proteins of more specialized functions such as haemoglobin
or fibroin. The arrangement of unique and repetitive regions of DNA along the
chromosome is not fully established but over a substantial portion of the genome,
unique and moderately repetitive sequences appear to alternate. The distance between
moderately repetitive sequences has been reported as 2000 to 3000 bases in most
metazoa but greater in Drosophila. Another structural feature of eukaryotic DNA is
the high proportion of ‘palindromic regions’ or regions of inverted repetition. These
are sequences of DNA arranged in two-fold symmetry such that the molecule can
open up into a cruciform structure as first suggested by Gieres. The majority of those
present in eukaryotic DNA are 300–1200. Nucleotides are long and comprise upto
30 per cent of the genome in some species. Prokaryotic DNAs have neither this
quantity nor length of palindromic regions but many areas of the bacterial genome
which have been sequenced because of their functional interest, such as repressor
binding-sites and RNA polymerase binding sties, show extensive two-fold symmetry,
and it is likely that the interaction of the protein with the DNA involves the
stabilization of some cruciform type of structure.

The DNA in the eukaryotic chromosome is extensively folded. Various methods
of packaging the stiff double helix, inducting supercoiling and linkage, have been
suggested to account for this.

FORMS OF DNA
DNA can exist in many forms. Some significant forms of DNA are being described

below:
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Z-DNA or Left-handed DNA
Rich and his co-workers have proposed a left-handed double helix model with a

zig-zag sugar phosphate backbone in anti-parallel organization. The phosphate
backbone follows a zig zag course as the sugar residues have alternating orientation,
so that repeating unit is a dinucleotide as against the usual or B-DNA where repeating
unit is a mono-nucleotide. There are twelve base pairs or six repeating dinucleotide
units in one complete helix (twist through 360). The base pairs are considerably tilted
from the axis. The angle of twist per repeating unit (dinucleotide) is 60. The size of
one complete helix is 45Å. Z-DNA is a slimmer version of the double helix with a
diameter of only 18Å. Major and minor grooves are found in all types of DNA. Z-
DNA is different again, with one groove virtually non-existent but the other very
narrow and deep.

B-DNA or Right-handed DNA
It is the usual and most common form of DNA. Its structural model was proposed

by Watson & Crick. The length of a helix is about 34Å. It contains 10 pairs of
mononucleotide units. The rise of helix per base pair is 3.37Å and the tilt of a base
pair is 6.3. The diameter of DNA molecule is 20Å. The repeating unit is a
mononucleotide and the orientation of sugar molecule is not alternating.

A-DNA
This type of DNA is shorter, more compact and squatter than B type. It is also a

right-handed DNA. The length of helix is reduced to 28.15Å. There are 11 base pairs
per helix. There is a tilting of base pairs from the axis of the helix (20.2), with the
axial rise of per base pair to be about 2.56Å. It seems doubtful that A-DNA occurs
under biological conditions.

C-DNA
C-DNA is found under even greater dehydration condition. It is less compact

than B-DNA. The size of helix is greater than found in A type of DNA but is smaller
than found in B-DNA. It is about 31Å. There are 91/3 base pairs per turn of the
helix. There is the axial rise of about 3.32Å and the tilt of base pairs is about 7.8.

D-DNA
In this type of DNA, there are 8 base pairs per turn of helix. There is an axial

rise of base pair which is 3.03Å with a titling of about 16.7.

E-DNA
It occurs in helices lacking guanine in its base composition. It has even fewer

base pairs i.e., 71/2 per turn.

P-DNA
More recent research by Jean-Francois Allemand and colleagues has shown that

if DNA is artificially stretched, still another form of the molecule is assumed, which
they have called P-DNA. It is longer and more narrow than B-DNA, and the
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Table 1.3. DNA contents per genome in some organisms
S.No. Organism Nucleotide pairs

1. Viruses
X 174 4500a

Polyoma 0.5 × 104

Bacteriophage 0.5 × 105

2. Bacteria
Escherichia coli 4 × 106

Bacillus megaterium 3 × 107

3. Fungi
Asperigillus 4 × 107

4. Porifera
Tube sponge 0.05 × 109

5. Coelenterata
Jelly fish 0.3 × 109

6. Echinodermata
Sea urchin 0.8 × 109

7. Annelid
Nercid worm (sperm) 1.4 × 109

8. Mollusca
Snail (Tectorius) 6.3 × 109

9. Arthropoda
Drosophila 0.8 × 108

Cliff crab 1.4 × 109

10. Urochordata
Tunicates (Ascidea atra) 0.15 × 109

11. Vertebrates
(a) Lung fish (Protopterus) 47 × 109

(b) Shark 2.6 × 109

(c) Carp 1.7 × 109

(d) Frog 23 × 109

(e) Toad 7 × 109

(f) Necturus 3.4 × 109

(g) Amphiuma 90 × 109

(h) Green turtle 2.5 × 109

(i) Alligator 2.4 × 109

(j) Chicken 1.1 × 109

(k) Duck 1.2 × 109

(l) Dog 2.5 × 109

(m) Man 2.8 × 109

(n) Horse 2.8 × 109

(o) Mouse 2.4 × 109
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phosphate groups, found on the outside of B-DNA, are present inside the molecule.
The nitrogenous bases, present inside the helix in B-DNA, are found closer to the
external surface of the helix in P-DNA, and there are 2.62 bases per turn.

Palindromic DNA
The term Palindromic DNA (Wilson & Thomas 1974) is applied to the part of

DNA in which nucleotides of one strand going in one direction are the same as the
nucleotides of the other strand going in the other direction, e.g.:

-C-C-G-G-T-A-C-C-G-G-
-G-G-C-C-A-T-G-G-C-C-

Palindromic sequence
A palindrome is a sequence of DNA that would be read the same in either

direction. Each strand of a palindromic sequence is complementary to itself as well
as to the other strand of the double helix. Perfect palindromes (GAATTC) are
frequently sites of recognition for restriction endonuclease. Less perfect palindromes
(TACCTCTGGCGTGATA) often occur in binding sites for other proteins, such as
repressors. Interrupted palindromes (GGTTXXXAACC) make it possible for single-
stranded nucleic acids to have the loop stem (hairpin) structure as in tRNA.

Repetitive DNA or Satellite DNA
It has been seen that certain short sequences of bases are repeated hundreds of

times in DNA. Such DNA has been called repetitive DNA or satellite DNA. The
repetition of sequences may occur in hundreds, thousands or millions of reiterated
units in a chromosome or set of chromosomes. Many, and perhaps all, of these regions
of repeated DNA are heterochromatic. Repetitious DNA in any quantity can be
separated from the remainder of nuclear DNA by sedimentation at high speed using
CsCl density gradients.

It has been observed that a small fraction of the genome consists of short (e.g.
20 base pairs) simple sequences repeated many times. Most of this highly repetitive
DNA is found in the centromeric region, where two chromatids join. Prokaryotic
DNA does not contain repeated base sequences whereas all eukaryotes except yeast,
contain repetitive DNA. In human beings, 30% of the DNA contains sequences which
are repeated at least 20 times.

In Drosophila, about 25% of the DNA is of this type. In hermit crab the sequence
ATCCATCCATCC; kangaroo rat, ACACAGCGGG; and in a guinea pig CCCTAA
may be repeated as many as 107 times per cell and may make up as much as 10
percent of all the DNA. The repetitive DNA can replicate but cannot transcribe to
form RNA due to the absence of the promotor site for the smooth functioning of
RNA polymerase.

STRUCTURAL VARIATION IN DNA
Following three structural variations have been reported: (a) Double-stranded

DNA, (b) Single-stranded DNA and (c) Circular DNA.
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Double-stranded DNA
This is the common DNA present in all the living organisms. This contains two

polynucleotide chains running anti-parallel and twisted around each other in the
form of a regular double helix. The detailed structure of this type of DNA has already
been explained.

Single-stranded DNA
This type of DNA is found in bacterial viruses like bacteriophage virus. During

replication, single-stranded DNA becomes double-stranded. Single stranded DNA
differs from double-stranded DNA in the following respects:

Single stranded Double stranded

1. The nitrogenous bases A.T.G.C. are present 1. A = T and C = G.
in the ratio 1:1, 3:0. 9:0, 7.

2. The reactive sites are exposed and therefore, 2. It is resistant to the action of formaldehyde.
it is not resistant.

3. It is somewhat star shaped. 3. It is linear or filamentous type.
4. Ultraviolet absorption increases from 4. Ultraviolet absorption from 0 to 800C.

20-900C.

Single-stranded DNA molecules have a strong tendency of foldback on them-
selves to form irregular double-helical hairpin loops whenever their sequences permit
significant numbers of
nucleotides to base-
pair. Imperfect as
these loops are, they
nonetheless are ener-
getically favoured un-
der physiological salt
conditions, since they
allow much more ef-
fective stacking of the
flat hydrophobic sur-
faces of the bases
than is possible in any fully extended single-stranded DNA which are so hydrogen-
bonded, and their molecules are highly compacted. If, however, there are only mini-
mal numbers of neutralizing cations (e.g. less than or equal to 0.01 M Na+), then the
electrostatic repulsion between the partially unneutralized phosphates will keep the
single-stranded chains highly extended and there will be fewer hairpin loops.

Single-stranded DNA is always denser than double-helical DNA. Much more
complete hydrogen bonding to water is possible for the atoms of the highly regular
double helix than for the atoms of the inherently irregularly shaped single-stranded
DNA. In the absence of base-pairing hydrogen bonds, van der Waal’s interactions
take over and bring the atoms of DNA closer together than would be the case if
they formed regular hydrogen bonds with each other. An analogy can be made with

Fig. 1.12. Single-stranded DNA.
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the behaviour of water, which
becomes less dense as it forms
the regular, hydrogen-bonded
lattic of crystalline ice.

Circular DNA
This type of DNA is found

in bacteria. It has been reported
biochemically that in this type of
DNA, C=G bases are more
numerous than A=T.

NON-CHROMOSOMAL DNA

Mitochondria, Yolk-and
Chloroplast DNA

In recent years, investi-
gations of many workers (Swift,
Nass, Moore, Piko, Taylor etc.)
have demonstrated quite convincingly that plastids and mitochondria in many kinds
of plants and animals contain DNA.

Table 1.4. Difference between prokaryotic and eukaryotic DNA

Prokaryotic DNA Eukaryotic DNA

1. Occurs in the cytoplasm. 1. Occurs in the nucleus, mitochondria and
plastids.

2. Much less in amount than in eukaryotic cells. 2. Much more in amount than in prokaryotic
cells.

3. Circular in form. 3. Linear in form in the nucleus, circular in
mitochondria and plastids.

4. Has little proteins associated with it. 4. Nuclear DNA is associated with proteins,
extranuclear DNA is not.

5. Can code for fewer (3 to 4,000) proteins. 5. Can code for far more proteins.
6. There is little non-functional DNA. 6. Greater part of DNA is non-functional.
7. Denatures into a tangled mass. 7. Nuclear DNA denatures into two distinct

strands, extranuclear DNA denatures into
a tangled mass.

8. No non-coding introns within the coding 8. Non-coding introns occur within coding
regions. regions.

9. No organeller DNA. 9. Mitochondria and chloroplasts have
organeller DNA.

10. Exists as a single chromosome. 10. Exists as 2 to many chromosomes.
11. Additional DNA may occur as plasmids. 11. Plasmids are lacking.

In sea-urchins and amphibia, much of the cytoplasmic DNA has been found to
be associated with mitochondria. Evidence for DNA in yolk spherules has also been

Fig. 1.13. Schematic folding of a single-stranded DNA molecule to
form irregular double-helical loops in regions of sequence
homology.
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