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Introduction and Historical Background
One of the most essential properties of living organisms is the ability to replicate themselves as
the organisms possess a complete description of themselves. This description is in the form of an
instruction set which specifies each step required for the cell to construct its exact replica. A
copy of the instruction set is given to each descendent so that it can in turn replicate itself. This
information for self-replication is stored in a molecule called deoxyribonucleic acid (DNA).
DNA is a polymer of deoxyribonucleotides and acts as genetic material in all organisms except
some RNA viruses.
Information stored in DNA is useful only if a mechanism exists for its expression. In biological
systems, the information stored in DNA is copied into a related molecule called ribonucleic acid
(RNA) via a process called as transcription. Information stored in RNA is translated into
proteins. Therefore the genetic information of DNA is transcribed to RNA which is translated to
proteins. In this chapter, we will discuss the structure and properties of DNA and RNA.

Historical Background
Friedrich Miescher, a Swiss physician in 1869 isolated a substance on alkaline treatment of
nuclei of white blood cells. The chemical analysis revealed this substance to be composed of
carbon, nitrogen, hydrogen, oxygen and a high percentage of phosphorus. Miescher named it
nuclein. Albrecht Kossel and Phoebus Levene in 1930 proved that nuclein is a deoxyribonucleic
acid (DNA) consisting of four nitrogenous bases: cytosine (C), thymine (T), adenine (A), and
guanine (G); deoxyribose sugar, phosphate group and the basic unit of DNA i.e nucleotide was
composed of a sugar attached to base and phosphate. E. Chargaff (1940) discovered the
"equimolarity" of bases ([A]=[T], [G]=[C]) but he stated that the amount of G+C in a given
DNA molecule does not always equal to that of A+T and can vary from 36% to 70% of the total
contents. Susequently Frederick Griffith (1928), Oswald Avery (1944) and A.D. Hershey and
M.Chase (1952) through a series of elegant experiments independently established DNA
molecules to be the support of heredity. Then James Watson and Francis Crick solved the
structure of DNA, owing to the X ray diffraction work of Rosalind Franklin and Maurice
Wilkins. For this path-breaking discovery Watson, Crick and Wilkins were awarded the Nobel
Prize in 1962.
Nucleic Acids are macromolecular structures which store all the information necessary for
building and maintaining life. These are of two types namely DNA and RNA. DNA is
considered as the repository of genetic information. RNA (ribonucleic Acid) may be regarded as
vector and translator of this information. From chemical viewpoint, nucleic acids are giant linear
condensation polymers of nucleotides. A Nucleotide consists of a nitrogenous base, pentose
sugar and a phosphate group.

Nucleotides as components of nucleic acids
Nitrogenous base
The nitrogenous bases are of two types viz. purines and pyrimidines. Purines have six and five
membered rings while pyrimidines have only a six-membered ring (Fig. 1). Purines are of two
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types- Adenine (A) and Guanine (G) whreas pyrimidines are of three types- Cytosine (C),
Thyamine (T) and Uracil (U). The bases are usually referred by their initial letters. Each nucleic
acid contains 4 types of bases. The same two purines A and G in both DNA and RNA and two
pyrimidines C and T in DNA and C and U in RNA respectively. Structurally U differs from T by
the presence of a methyl group at position C5 in the latter.

Fig. 1: Structure of Nitrogenous Bases
Bases exist in two alternative tautomeric states, which are in equilibrium with each other. The
nitrogen atoms attached to the purine and pyrimidine rings are in the amino form in the
predominant state and rarely assume the imino configuration. Likewise, the oxygen atoms
attached to the guanine and thymine normally have the keto form and only rarely take on the
enol configuration.
Sugar
Nucleic acids either have ribose or deoxyribose sugar. Ribose is present in RNA and
deoxyribose in DNA and differs from ribose in lacking a –OH group at 2' position (Fig. 2). The
various atoms are named as 1', 2' etc. in the sugar in order to distinguish them from the atoms of
the nitrogenous bases. Hydroxyl group present at the 1' position of pentose sugar forms
glycosidic bond with the N9 of purine and N1 of pyrimidines to form a nucleoside. A phosphate
group can be attached to the C-3' or C-5' of the sugar to form a nucleotide. In the structure of
DNA and RNA, 5' phosphorylated form of nucleosides are present. Ribo derivatives of
nucleotides are present in RNA and deoxyribo derivatives are present in DNA. There are four
such nucleotides- adenosine monophosphate (AMP), guanosine monophosphate (GMP), cytidine
monophosphate (CMP) and thymidine monophosphate (TMP) in DNA and uridine
monophosphate (UMP) in place of TMP in RNA.

Fig. 2: Structure of Pentose sugars
3

Inter-nucleotide linkages are formed by a phosphodiester bond between a 5'-phosphate group and
the 3'-hydroxyl group of the next nucleotide sugar (Fig. 3). The phosphodiester linkages impart
an inherent polarity to the DNA chain. This polarity is defined by the asymmetry of the
nucleotides and their manner of joining. DNA chains have a free 5'-phosphate or 5'-hydroxyl on
one end and a free 3'-phosphate or 3'-hydroxyl on other end. DNA sequences are written from 5'
end (on the left) to the 3' end, generally with a 5'-phosphate and a 3'-hydroxyl.

Fig. 3: Formation of phosphodiester linkage
Watson - Crick Model of DNA Structure
In 1951, James Watson traveled from the United States to work with Francis Crick, an English
physicist at the University of Cambridge. Crick was working on X-ray crystallography to study
the structure of protein molecules. Together, Watson and Crick used X-ray crystallography data,
produced by Rosalind Franklin and Maurice Wilkins at King's College in London, to decipher
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DNA's structure. Instead, it was Franklin's famous "photograph 51" that finally revealed the
helical structure of DNA to Watson and Crick. The picture of DNA that had been crystallized
under moist conditions shows a fuzzy X in the middle of the molecule, a pattern indicating a
helical structure. The important structural features of DNA are as given below and are also
shown in Fig. 4.
1) The DNA molecule consists of two unbranched polynucleotides chains (strands) held
together in an antiparallel manner. The base sequence of one strand determines the
sequence of second strand as the two strands are self complementary.
2) The strands are twisted about each other in the shape of a right-handed double helix.
Indeed DNA is often depicted as a twisted ladder in which base pairs form the banisters
and deoxyribose-phosphate chains form the outsides.
3) DNA molecule has a diameter of approximately 20 A° which conforms to the B form of
DNA.
4) DNA double helix is mainly stabilized by hydrogen bonds between bases. Adeninethymine pair forms two-hydrogen bonds together and cytosine-guanine pair forms three.
The base pairing is thus restricted. Since the hydrophobic bases are stacked inside and the
hydrophilic ribose-phosphate chains are on the outside. The base stacking interactions,
which are largely nonspecific with respect to the identity of the stacked bases, make the
major contribution to the stability of the double helix. Van der Waals forces and
hydrophobic interactions are also deeply involved in the stabilization of the double helix.
5) A always pairs with T and G with C because of complementarity both of shape and
hydrogen bonding properties. A and T match up so that a hydrogen bond can form
between the exocyclic amino group at C6 on A and the carbonyl at C4 in T and likewise
between N1 of A and N3 of T. Similarly, a hydrogen bond can form between N1 of G
and N3 of C, between the carbonyl at C6 of G and the exocyclic amino at C4 of C and
between exocyclic amino at C2 of G and carbonyl at C2 of C. A can not pair with C and
G can not pair with T due to incompatibility in the hydrogen bonding sites.
6) One turn of DNA helix has 10.5 base pairs and covers a distance of 34 A° and an angle of
360°. Therefore two adjacent base pairs are separated by app. 3.4 A° and rotated by an
angle of 36°. This distance of 34 A° between two crossovers is called pitch.
7) The N-glycosidic bonds between base and sugar of a given base pair are not directly
opposite to one another; therefore two edges called major and minor are formed. The
edge which measures more than 180° from one glycosidic bond to another is called major
edge and forms major groove. The edge which measures less than 180° from one
glycosidic bond to another is called minor edge and form minor groove. C6, N7 and C8
of the purine rings and C4, C5 and C6 of the pyrimidine rings line up in the major
groove. Most of these groups distinguish one base from another. The minor groove is
paved with C2 and N3 of the purine and C2 of the pyrimidine rings. These two grooves
of different width appear between ribose-phosphate chains on the surface of the
molecule. In these grooves, the bases are exposed to solvent and to other molecules. By
this way, some molecules may interact with specific bases without disrupting the double
helix.
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Fig. 4: Structure of Double helical model of DNA
Polymorphism in DNA
The Watson-Crick structure is also called as B-form DNA. This structure is the most stable for a
random-sequence DNA under physiological conditions and is therefore the standard point of
reference in any study of properties of DNA. Two other DNA structural variants that have been
well characterized in the crystal structures are the A and Z forms. Alternative forms of the
double helix are the result of nonplanar puckered forms of the furanose ring of the sugar residues
and conformational variations of the sugar-phosphate groups that form the backbone of the
constituent polynucleotide.
Sugar Pucker
Pucker means small fold or wrinkle. The four of the five atoms (C-1', C-4', O-1' and either C-2'
or C-3') in the furanose ring tend to be in one plane, whereas fifth atom (either C-2' or C-3') is
puckered out of plane (either below or above). This displacement is usually designated as endo
or exo, depending upon whether it occurs on the same or opposite side as C-5' respectively. The
four different sugar ring conformations are designated as C-2' endo or C-2' exo, C-3' endo or C-3'
exo. In the C-2' endo structure, the 2' carbon lies above the furanose ring on the same side as the
base and the 5'-carbon. C-3' exo structure is quite similar. In C-3' endo structure, it is the 3'
carbon that lies above the furanose ring (Fig. 5). The C-2' exo structure is quite similar to C3'endo. The B-form double helix acquires a C-2' endo conformations. The A form and RNA
double helix requires C-3' endo conformation. RNA can not form B helix because of the
combined energy cost of converting all sugars to C-2' endo and because of the steric interference
that a C-2' endo would cause in the structure.
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Fig. 5: Sugar Pucker
Syn and Anti conformations
Another variation in nucleic acid conformations arises from rotations about the C1'–N-glycosidic
bond that is responsible for variants known as syn and anti forms as shown in figure 5. The base
is attached to the pentose sugar via the glycosidic bond. The relative orientation of the base with
respect to the sugar is denoted by dihedral angle χ (chi) about this bond. Dihedral angle is the
angle between two planes containing four atoms. This angle is assigned a value of 0° for the cis
conformations of the bonds O1' –C1' and N9-C8 in case of purines and O1' –C1' and N1-C6 in
case of pyrimidines. Bulk of the purine ring moiety is away from sugar and it is called anti
conformation. When χ is 210°, then the conformation is called syn as bulk of the purine ring is
in close proximity to the sugar moiety as shown in figure 5. Syn is less stable because of steric
repulsion but anti is the most stable conformation as steric repulsion is minimised. The degree of
preference of one conformation over the other depends on the puckering of the sugar moiety.
Generally, the pyrimidines tend to adopt the anti conformation and purines assume both forms.

Tilting and twisting of base pairs
Base pairs are perpendicular to the helix axis. Any deviation of the base pairs from this 90° angle
is called a tilting of the base pairs. Angle deviated from 90° is called tilt angle (Fig. 6b). It is
denoted by θT. When θT is positive, the bases onto the right will be below the plane of paper.

Fig. 6: Tilting of base pairs as shown in A form of DNA (b)
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Finally, the conformational variations in DNA may result from relative orientation of the planes
of the bases between strands. The angle between planes containing paired bases is called twist
angle (Fig. 7 b) and this process is called as the twisting of the base pairs. Twist angle is denoted
by θP.

Fig. 7: Twisting of base pairs
Therefore DNA can assume following different conformations (A, B, Z) depending upon the
above discussed parameters.
A, B and Z forms of DNA
The A-form is sometimes found in some parts of natural DNA in presence of high concentration
of cations or at a lower degree of hydration (<65%) compared to B form which is present at low
ionic strength and high degree of hydration. The DNA is still arranged in a right-handed double
helix, but the rise per base pair is 0.23nm and the number of base pairs per helical turn is 11 (all
C3'-endo/anti) while in the B form there are 10 nucleotides per helical turn, all of conformation
C2'-endo/anti. The major groove is narrow and deep and minor groove is shallow and wide. A
form is shorter and wider than the B form. The plane of the bases is nearly perpendicular to the
helix axis in B form of DNA. The C-form and D-form are unusual subclasses of B-type. C-DNA
is sometimes observed under 45% of hydration while D-form is only found in artificial DNA.
The Z-form is so called as the phosphodiester backbone of DNA assumes a zigzag arrangement.
It is observed in G-C rich local region of DNA. It is longer, thinner and possesses an unusual
left-handed helix. There are 12 base pairs per helical turn, with a rise of 0.38 nm per base pair,
with a single narrow deep groove. These zigzag form mainly results from the alternation of
purines (C3'-endo/syn) and pyrimidines
(C2'-endo/anti). Whether A-DNA actually occurs
in cells is uncertain, but there is evidence for some short stretches of Z DNA in both prokaryotes
and eukaryotes, which might have some role in the regulation of the gene expression or in
genetic recombination. The changes in the shape of DNA can affect its binding with proteins and
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may be involved in regulation during replication or transcription. Different forms of DNA are
compared in Table1.
Table 1: Comparison of structural properties of A, B and Z forms of DNA
Helix Type
A

B

Z

Shape

Short and Broad Longer and thinner

Elongated and slim

Helix rotation

Right-handed

Right-handed

Left-handed

Helix diameter

25.5 A°

23.7 A°

18.4 A°

Pitch

24.6 A°

33.2 A°

45.6 A°

∼10

12

Base pair per turn of Helix ∼11
Rise per base pair

2.3 A°

3.32 A°

3.8 A°

Rotation per base pair

33.6°

35.9 °

-60° per 2 bp

Base pairs per helix repeat

1

1

2 (alternating GC)

Tilt of base pairs

+19°

-1.2°

-9°

Twist of base pairs

+18°

+16°

∼0°

Glycosidic-bond
conformation

anti

anti

anti at C and syn at
G

Helix axis location

Major groove

Through base pairs

Minor grove

Major-groove proportions

Wide and
Extremely
narrow and very intermediate depth
deep

Flattened out on
helix surface

Minor-groove proportions

Very broad but
shallow

Extremely narrow
but very deep

Narrow and of
intermediate depth

Tertiary Structure of DNA
The size of DNA poses an interesting biological problem in itself. DNA of a human cell is about
105µm long while nucleus of the cell is having the diameter of
5-10µm. It is clear that
cellular DNA needs a high degree of structural organization just to fit into the cell. Moreover,
this packaging must permit access to the information in the DNA for the processes such as
replication and transcription. Let us discuss this important property of DNA structure called
DNA supercoiling.
DNA Supercoiling
Supercoiling is an important and intrinsic aspect of DNA tertiary structure that is ubiquitous in
cellular DNAs and highly regulated by each cell. The term supercoiling literally means the
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coiling of a coil. A telephone cord is a coiled wire. The twisted path often taken by the coiled
wire as it goes from the base of the phone to the receiver is called a supercoil. In DNA structure,
two strands are coiled around a central axis. Any bending or twisting of that axis upon itself is
called as DNA supercoiling (Fig. 8).

Fig. 8: Formation of supercoil in DNA
If there is no net bending of the DNA axis upon itself, the DNA is said to be in relaxed state. The
various concepts of supercoiling are derived from a branch of mathematics called topology
which involves the study of properties of an object that do not change under continuous
deformation. Such properties are called as topological properties e.g. linking number (Lk). Those
properties which change under continuous deformations are called as geometric properties e.g.
twist number (Tw) and writhe no (Wr).
Linking, Writhe and Twist numbers
Linking number can be defined as the number of times one strand of DNA crosses over another
when DNA molecule lies flat on plane. It specifies the number of helical turns in a closedcircular DNA (ccDNA) in the absence of any supercoiling. Lk for a closed-circular DNA is
always an integer. It is positive for right handed DNA and negative for left handed DNA.
Linking number does not vary when double stranded DNA is twisted or deformed in any way as
long as both DNA strands remain intact. The linking number can be changed by ±1 by breaking
one DNA strand, rotating one of the ends 360° about the unbroken strand and rejoining the
broken ends. Two forms of a given circular DNA that differs only in a topological property such
as linking number are referred to as topoisomers.
Linking number can be broken into two structural components called writhe (Wr) and twist
(Tw). These two are geometric properties. In addition Tw and Wr need not be integers. Wr is a
measure of coiling of the helix axis. Tw determines the local twisting or spatial relationship of
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neighbouring base pairs. With change in linking number occurs, resulting strain is usually
compensated by writhe (supercoiling) and some by changes in twist giving rise to the equation
Lk =Tw + Wr
Let us discuss the fundamental properties of supercoiling and the physical origin of the
phenomenon. Let us consider the small circular DNA such as plasmids in order to understand the
supercoiling. Plasmid DNA molecule without break in either strand is called closed circular
(ccDNA). If such ccDNA molecule conforms closely to the B-form structure i.e. one turn of the
double helix for each 10.5 bps, the DNA will be relaxed rather than supercoiled. Let us consider
the effect of underwinding in 105 bp segment of a relaxed circular DNA. This segment will be
having ten helical turns or one for every 10.5 bp (105/10.5). If one of these turns (twist) is
removed, there will be 105/9 i.e. approximately 12 bp per turn rather than the 10.5 found in BDNA. This molecule is now thermodynamically strained. The strain can be accommodated in
one of the two ways. First, the two strands can simply separate over the distance corresponding
to one turn of B-DNA i.e. 10.5 bp or the DNA can form a superhelical turn within itself, called a
writhe. Superhelical turn formation is a better and favourable alternative as the neighbouring bps
in underwound DNA stack in positions that more closely approximate those they would assume
in B-DNA. The number of twists (turns) is 10 again so the number of base pairs per turn is again
10.5. Moreover, twisting the axis of the DNA usually requires less energy than breaking the Hbonds that stabilize paired bases. Therefore underwound DNA prefers to form the superhelical
turn as shown in Fig. 9. However, the three-dimensional shape of the molecule has changed in
response to the initial change in the number of twists. The change in shape of the molecule can
be observed as an alteration in the electrophoretic mobility. Supercoiling can come about by
either adding or subtracting twists relative to unstrained circular DNA.

Fig. 9: The effects of DNA underwinding
ccDNA having 105 bps is having Lk value of 10 in the relaxed state. This linking number in the
relaxed DNA is considered as reference and called Lko. If one turn is removed from this
molecule, Lk will be 9. The change (∆Lk) can be expressed by the equation.
11

∆Lk = Lk-Lk0 =9-10 = -1
The change in the linking number can be expressed by a length independent quantity called
superhelical density (σ), which is a measure of the turns removed relative to those present in
relaxed DNA.
σ = ∆Lk/ Lk0 = -1/10 = -0.1
This value means that 10% of the helical turns present in the DNA has been removed. The value
of σ for cellular DNA generally falls in the range of -0.05 to -0.07 which means that degree of
underwinding in cellular DNA is 5 to 7%. The negative sign of σ denotes that the change in
linking number comes as a result of underwinding the DNA. The supercoiling induced by
underwinding is defined as negative supercoiling. If the DNA is overwound, the resulting
supercoiling is defined as positive.
Besides writhing, unwinding DNA, cruciform formation (via palindromes), triple helix
formation, and Z-DNA formation all can reduce superhelical tension. There are certain enzymes
in every cell which can change the linking number of DNA such enzymes are called
topoisomerases. These enzymes play an especially important role in processes such as replication
and DNA packaging. These are two classes of such enzymes called type 1 and type 2. Type 1
enzymes bind to DNA and make single stranded cut. The 5' end of the cleaved strand is covalent
bonded to the active site tyrosine residue. The 3' end of this strand is rotated at the angle of 360°
around the uncleaved strand to change the linking no in increments of 1 as shown in Fig. 10.
Type 2 topoisomerase break both DNA strands and change Lk in increments of 2 shown in
Fig. 11.

Fig. 10: Mechanism of action of Type 1 Topoisomerases
In E.coli, there are four different topoisomerases named topoisomerases I-IV. Topisomerases I
and III come under type 1 category and generally they relax DNA by removing negative
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supercoils (they increase Lk). Topisomerases II and IV come under type 2 category.
Topisomerases II is also called DNA gyrase and can introduce negative supercoils (decrease Lk).
It uses the energy of ATP. Topisomerases IV catalyses the decatenation of newly replicated
DNA molecules.

Fig. 11: Mechanism of action of Type 2 Topoisomerase
Eukaryotic cells also have type 1 and type 2 topoisomerases. There is only one known example
of each type, called topoisomerase I and II respectively. Both types of enzymes in eukaryotic
cells can relax both positive and negative supercoils but type 2 enzymes in eukaryotic cells
cannot introduce negative supercoils.
There are two forms of negative supercoiling that can be taken up by the same underwound DNA
called as plectonemic and solenoidal supercoiling. The two forms are readily interconvertible.
The plectonemic form is more stable in solution. It involves right handed turns and does not give
the compaction required to package DNA in the cell. Solenoidal supercoiling involves tighter left
handed turns and provides a much greater degree of compaction. Solenoidal form can be
stabilized by protein binding and is the form found in chromatin.
Every cell actively unwinds its DNA with the help of enzymes and maintains it in the unwound
state as it makes easier the separation of DNA strands during the processes of replication and
transcription. The unwound state can be maintained only if the DNA is a closed circle or if
linear; it is bound and stabilized by proteins such that the strands are not free to rotate about each
other. If there is a break in one of the strands of a protein free circular DNA, free rotation at that
point will cause the unwound DNA to revert spontaneously to the relaxed state. In a closed
circular DNA, the total number of helical turns is fixed and can not be changed without at least
transiently breaking one of the DNA strands.
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Packaging of DNA
In nondividing eukaryotic cells, the chromosomal material which is amorphous and randomly
dispersed throughout the nucleus is called chromatin. But when the cells prepare to divide the
chromatin condenses and assembles itself into a species specific number of well defined
structures called chromosomes. Chromosomes are densely colored bodies in eukaryotic nuclei
that can be visualized with the light microscope after the cells are stained with a dye.
Formation of Nucleosomes
When chromatin is treated with a solution of very low ionic strength (0-5mM), it unfolds giving
rise to a structure that in an electron micrograph has the appearance of beads on a string. R.
Kornberg and his coworkers demonstrated that beads in the electron micrograph are complexes
of DNA and histones called nucleosomes. They are the fundamental units of organization upon
which the higher order packing of the chromatin is built. Each nucleosome contains eight histone
molecules, two copies each of H2A, H2B, H3 and H4. 146 bps of DNA are tightly wrapped
around the histone core in the form of a left-handed solenoidal supercoil and makes about 1.75
turns about it. 54 base pairs called linker DNA serve as linker between nucleosomes. Histone H1
(fifth type) binds the middle of nucleosomal DNA and ends of linker DNA (Fig. 12). H1 histones
pull adjacent nucleosomes into close proximity. Linker DNA is digested when chromatin is
treated with DNA digesting enzymes, releasing nucleosome particles.

Fig. 12: Structure of Nucleosomes
Histone proteins found in the chromatin of all eukaryotic cells have molecular weight ranging
from 11,000 to 21,000. These proteins are rich in basic amino acids- arginine and lysine as these
together constitute one fourth of the amino acid residues. H3 and H4 are nearly identical in
amino acid sequence in all eukaryotes suggesting a strict conservation of their function. Rest of
the histones show a lesser degree of sequence homology between eukaryotic species.
The histone octamer present in the nucleosome is a disc shaped structure that assembles in an
ordered fashion only in the presence of DNA. Each core histone protein contains a histone-fold
domain, which mediates the assembly of these histone only intermediates into histone octamer.
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This histone fold is composed of three α helical regions separated by two short unstructured
loops. This histone fold is followed by N-terminal tails.
In each case this histone fold mediates the formation of head to tail heterodimers of specific pairs
of histones. Heterodimer of H3 and H4 histones is formed first, which can form a tetramer with
two molecules each of H3 and H4. This tetramer binds to DNA then two H2A-H2B dimers join
this tetramer to form the final nucleosome. The exposed N-terminal tails provide a guide for
DNA to wrap around histone. The H3 and H2B tails emerge between the two DNA helices while
H4 and H2A tails emerge either above or below two DNA helices.
But tails are the site of extensive modifications that alter the function of individual nucleosomes.
These modifications include acetylation and methylation of lysine and phosphorylation of
serines. Acetylation of N-terminal tails is frequently associated with regions of active gene
expression. Histone modifications are carefully preserved. Modified histones recruit enzymes
that modify nearby histones. Enzymes containing specialized domains called bromodomain and
chromodomain bind to acetylated histones and acetylate nearby histones. The nucleosome has an
approximate two fold axis of symmetry called the dyad axis.
The H3-H4 tetramer and H2A-H2B dimmers each interact with a specific region of the DNA
within the nucleosome. Out of the 147 bps of the DNA, histone fold regions of H3-H4 tetramer
interact with the central 60 bps while two H2A-H2B dimers each associate with approximately
30 bps of DNA. H3-H4 tetramer forms the top half of the histone octamer while H2A-H2B
dimer form the bottom part of histone octamer.
There are extensive interaction between the H3-H4 tetramer and the DNA through hydrogen
bonds. There are around 140 hydrogen bonds between the histones and the DNA. Most of the
bonds are between oxygen atoms in the phosphodiester backbone near the minor groove of the
DNA and the proteins. Seven hydrogen bonds are formed between bases in the minor groove of
the DNA and the protein side chains. The large number of such hydrogen bonds provides the
force to bend the DNA.
The highly basic nature of histones masks the negative charge of the phosphates on the inside of
the bend. The histones also facilitate the close juxtaposition of the two adjacent helices necessary
to wrap the DNA more than once around the histone octamer.
Although the histone proteins of the octamer are among the most conserved eukaryotic proteins
but several histone variants are found in eukaryotic cells. One such variant is H2a.Z and is
generally associated with transcribed regions of DNA. This variant histone does not change the
overall structure of histones. But the presence of this variant inhibits nucleosomes from forming
repressive chromatin structures thereby creating regions of easily accessible chromatin that are
more compatible with transcription. CENP-A is another histone variant, which replaces H3 in
centromeric DNA. Such CENP-A containing nucleosomes are incorporated into the kinetochore
which mediates attachment of the chromosomes to the mitotic spindle. CENP-A has a substantial
extension of the N-terminal tail region compared to H3. This extended tail may generate novel
binding sites for other protein components of the kinetochore.
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Nucleosomes are assembled immediately after the DNA is replicated. Histones do not randomly
form nucleosomes rather chaperones guide these histones to form nucleosomes behind the
replication fork. CAF-I, Asf I and NAP-I are negatively charged chaperone proteins that form
complexes with either H3-H4 tetramers or H2A-H2B dimmers and escort them to the site of
nucleosome assembly. Asf I and NAP-I work together synergistically to bring H3-H4 tetramers
to the assembly site. Asf I helps to load CAF-I with new tetramer. Finally, chaperones such as
NAP-I brings H2A-H2B dimers to the nucleosomes and this completes the formation of
nucleosomes. During DNA replication, nucleosomes are transiently dissembled. Histone H3-H4
tetramers and H2A-H2B dimers are randomly distributed to one or more daughter molecules.
Each new DNA molecule receives half old and half new histones. Eukaryotic DNA is
underwound even though eukaryotic cells lack enzymes that underwind DNA. During
nucleosome formation, there is wrapping of DNA tightly around histone core.
It requires the removal of one helical turn in the DNA to accommodate the tight turn. This
binding process does not break the DNA or change the linking number, so formation of a
negative solenoid supercoil must be accommodated by compensatory positive supercoil
elsewhere in the DNA. Eukaryotic topoisomerases can not unwind DNA but they can relax
positive supercoils. Relaxing the unbound positive supercoil leaves one negative supercoil in the
region of the DNA bound to nucleosome thus resulting in a net decrease in linking number.
Nucleotide sequence of the bound DNA plays significant role in nucleosome formation. The
histone cores do not bind randomly to the DNA but AT rich regions of DNA are involved. Minor
groove of the DNA helix contacts the nucleosome core. The tight wrapping of the DNA around
the protein core requires minor groove compression at these points and AT rich sequences make
such compression easier. Nucleosome core formation compact the DNA sevenfold but the total
compaction in a chromosome is greater than 10,000 fold, which suggests for even higher orders
of structural organization.
Formation of 30 nm fibres, loops, rosettes and coils
Nucleosomes organize to form a structure called 30 nm fibre (Fig. 13). It requires one molecule
of histone H1 per nucleosome and there are six nucleosomes per fibre. 30nm regions are
interrupted by binding of sequence-specific. DNA-binding proteins. N-terminal tails in histone
proteins are required to stabilize the 30nm fibre by interacting with adjacent nucleosomes.
Formation of 30nm fibre provides an approximately 100-fold compaction of the DNA. The next
level of folding involves the association of DNA with a nuclear scaffold (Fig. 13). The scaffold
contains several proteins like histone H1, topoisomerase II and Structural Maintenance of
Chromosome (SMC). SMC proteins are key components of the machinery that condenses and
holds daughter chromosomes together after chromosome duplication. It results in the formation
of loops. Each loop contains 20,000 to 100,000 base pairs and contains a set of related genes.
Loops are separated by scaffold attachment regions (SARs),the binding sites for topoisomerase
II. SARs can insulate the different transcriptional unit from each other so that proteins regulating
transcription of one gene do not influence the transcription of a neighboring gene.
Approximately 1000 such loops exist in the average chromosome. However, during
transcription, chromatin uncoils in the transcribed region between SARs into the 10nm beads-ona-string form. Six loops form one rosette in the next level of chromatin organization. Thirty
rosettes form one coil and there are about 10 coils in each chromatid of metaphase chromosome.
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Fig. 13: Formation of 30 nm fibre and loops
Packaging of DNA in prokaryotes
In case of bacteria, DNA is compacted in a structure called nucleoid, which appears to be
attached at one or more points to the inner surface of the plasma membrane. The nucleosome
structure of eukaryotes are absent in prokaryotes. Histones like proteins (HU) are abundant in E.
coli. However a scaffold like structure which organizes prokaryotic chromosomes into a series of
looped domains may exist. Bacterial chromosomes appear to be much more dynamic and
irregular in structure than eukaryotic chromatin, reflecting the shorter cell cycle and very active
metabolism of a bacterial cell.

RNA Structure
Shortly after the Miescher discovered nuclein, which is now called as DNA, Felix Hoppe-Seyler
a senior scientist working in the same laboratory discovered another substance very similar to
DNA. This substance is now known as RNA. It was first isolated from yeast and later from
bacteria and plants. Initially it was thought that RNA was absent in animals and if animals
contained RNA it was because they eat plants.
Robert Feulgen (1914) discovered a dye that stained only DNA and another dye that stained only
RNA. By staining cells with these dyes, he discovered that DNA and RNA are both present in all
cells. RNA is a linear polymer of ribonucleotide units linked by 5’-3’ phosphodiester bonds (Fig.
14). RNA differs structurally from DNA in three important ways- it contains ribose rather than
2’-deoxyribose sugar of DNA, uracil base in place of thymine and usually found as a single
polynucleotide chain. Except certain viruses, it does not act as the genetic material.
Types of RNA
Although DNA is the repository of genetic information within cells, RNA molecules participate
in the processes by which genetic information is expressed. RNA molecules are classified by
their cellular localization and functions. Three major forms are present in prokaryotic cells.
1. Messenger RNA (mRNA): It carries genetic information from DNA to ribosomes, the
cellular organelles involved in protein synthesis.
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2. Ribosomal RNA (rRNA): It is an integral part of ribosomes. It makes half the mass of
eukaryotic ribosomes and two third mass of prokaryotic ribosomes. About 75% of the
cellular component of RNA is rRNA. There are several species of rRNA molecules within a
given cell.
3. Transfer RNA (tRNA): It carries the amino acid that is added to the growing polypeptide
chain during protein synthesis.

Fig. 14: Structure of RNA
In addition to these three types of RNA molecules, eukaryotic cells contain large nuclear RNA
molecules having widely varying molecular weights. Heterogenous nuclear RNA (hnRNA)
molecules are precursors of mature mRNA. Small nuclear RNA molecules (SnRNA) are also
present in the nucleus of eukaryotic cells. These molecules bind to proteins to form complexes
called small nuclear ribonucleoprotein particles (SnRNPs or snurps). SnRNP play important role
in the processing of hnRNA to form mRNA.
Properties of RNA
The presence of ribose sugar in RNA greatly affects the properties of RNA. The 2' hydroxyl
group of ribose prevents RNA molecule from adopting B conformation, allows more tertiary
interactions to occur and promotes chemical reactions. Treatment of RNA with alkali (0.1M) at
25°C degrades it to a mixture of 2' and 3' nucleoside monophosphates in a few hours, while DNA
is quite stable under the same conditions. This cleavage reaction is facilitated by 2' hydroxyl
group which forms a nucleophile in the presence of alkali and attacks the adjacent
phosphodiester bond to produce cyclic 2', 3' nucleoside monophosphate. During this process,
phosphodiester bond breaks therefore cleaving the RNA molecule. During next step, hydrolysis
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of cyclic phosphodiester takes place in the presence of second hydroxide ion forming a mixture
of 2' and 3' nucleoside monophosphates.
Secondary and Tertiary structures of RNA
RNA is capable of forming long double helices, but these are unusual in nature. RNA chains
frequently fold back on themselves to form base-paired segments between short stretches of
complementary sequences. RNA may adopt one of the various stem-loop structures such as
hairpin, a bulge or a simple loop (Fig, 15). The stability of such stem-loop structures is in some
cases enhanced by the special properties of the loop. A stem-loop with the tetraloop sequence
UUCG is unexpectedly stable due to special base stacking interactions in the loop.

Fig. 15: Secondary structures of RNA
Base pairing between noncontiguous sequences form complex structures called pseudoknots.
RNA frequently exhibits local regions of base pairing but not the long-range, regular helicity of
DNA because of non-Watson-Crick base pairing between four nucleotides. GU base pair is
formed because of hydrogen bond formation between N3 of uracil and carbonyl on C6 of
guanine and between the carbonyl on C2 of uracil and N1 of guanine. The presence of 2’hydroxyl in ribose sugar of RNA prevents RNA from adopting a B form helix. Rather, double
helical RNA resembles the A-form structure of DNA, having shallow and wide minor groove
and narrow and deep major groove.
RNA can fold to form complex tertiary structures as it has enormous rotational freedom in the
backbone of its non-base-paired regions. Tertiary structures involve unconventional base pairing
such as the base triples (U:A:U) and base-backbone interactions seen in tRNAs. Proteins can
assist the formation of tertiary structures by large RNA molecules present in ribosome as
proteins shield the negative charges in RNA backbone thus preventing electrostatic repulsion.
Structural complexity of RNA has been utilized to generate novel RNA species having specific
desirable properties. RNA molecules can act as biological catalysts just like proteins. Such RNA
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enzymes are known as ribozymes. They exhibit many of the features of a classical enzyme, such
as an active site, a binding site for a substrate and a binding site for a cofactor, such as metal ion.
RNase P was one of the first ribozymes discovered. It is involved in generating tRNA molecules
from larger precursor RNAs. Other ribozymes are involved in RNA splicing reaction of
themselves called group I introns. Another example of ribozyme is hammerhead, which is a
sequence specific ribonuclease present in certain infectious RNA agents of plants known as
viroids. The discovery of ribozyme has changed our view about the evolution of life. We can
now imagine that primitive form of life might have based entirely on RNA. RNA can function
both as genetic material and enzyme. Protein world might have arisen from RNA world as
peptidyl transferase enzyme which is involved in peptide bond formation is an RNA molecule.
This RNA enzyme acts on carbon center to create peptide bond unlike RNase P, hammerhead
and other previously known ribozymes, which act on phosphorus centers. The most fundamental
reaction of protein world i.e. peptide bond formation is thus linked to RNA chemistry through
this reaction. Perhaps the ribozyme of ribosome is a prototype of an earlier form of life in which
all enzymes were RNAs.

Renaturation
The DNA double helix unwinds locally during biological processes such as replication,
transcription and genetic recombination. Complete unwinding of DNA can occur in vitro and is
called denaturation of DNA. The ordered state of DNA present in nature is called native state.
The disrupted state in which molecules are in random coil conformation is called denatured state.
A transition from native to denatured state of DNA is called denaturation. It is also called as
helix to coil transition. Denaturation occur when the hydrogen bonds between bases break and
two strands separate. It is caused by heat, helix-destabilizing proteins, pH change and
denaturants.
A solution of denatured DNA can be treated in such a way that native DNA reforms. This
process is called renaturation or reannealing and the reformed DNA is called renaturated DNA.
Two requirements must be satisfied for renaturation process: The salt concentration must be
optimum so that the electrostatic repulsion between the phosphate groups in the two strands is
eliminated. Usually 0.15 to 0.5M NaCl is used. Secondly the temperature must be high enough to
prevent the formation of random intrastrand hydrogen bonds. It should not be too high as it will
prevent the formation of stable interstrand base pairs. The optimal temperature for renaturation is
20-250C below the value of melting temperature (Tm). Melting temperature is the temperature at
which half of the DNA denatures.
Renaturation is slow compared to denaturation. It involves nucleation in which two
complementary strands of DNA must collide and form interstrand hydrogen bonds over a limited
region. It is a rate limiting step as it depends upon the effective collisions between
complementary strands such that the base pairs are formed at correct positions. Since this is a
result of random motion, it is a concentration dependent process. Second step is called zippering
and it involves the formation of additional hydrogen bonds between complementary strands that
are partially hydrogen bonded. This step occurs quite rapidly (Fig. 16).
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Fig. 16: Denaturation and Renaturation of DNA
Kinetics of Renaturation (Cot curves)
The parameters that affect the degree to which single stranded DNA reassociates are its initial
concentration (moles of nucleotides) and the time (in sec) allowed for the reaction both
collectively called Cot value. A convenient term for comparing the reassociation rates of
different DNA fractions is the Cot1/2 value i.e. the Cot at which one half of a given fraction
renatures. Lower the value of Cot 1/2, the higher the reassociation rate and vice versa.
The following equation describes the kinetics of renaturation. Co is the initial concentration of
denaturated DNA (moles of bases/L) and C is the concentration of unrenaturated DNA at time t
(in minutes). k is the rate constant that depends upon the temperature and size of the DNA
fragments.
C/Co =1/ (1+kCot)
When C/ Co is half i.e. half of the DNA get renatured
1/2= 1/ 1+ kCot 1/2
1+ kCot 1/2 = 2
kCot1/2= 1
Cot1/2 = 1/k
This is significant expression because it can be shown that k is inversely proportional to the
number N of bases per repeating unit.
k ∝ 1/N
thus Cot1/2 ∝ N
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If there are no repeating sequences, so that the DNA molecule itself represents a unique
sequence, then N is the no. of base pairs in the complete DNA molecule of the organism. The
data obtained from Cot 1/2 value is used to determine the no. of copies and the sizes of each
sequence.
Significance of Renaturation
Renaturation is a valuable tool in molecular biology since it can be used to determine the genetic
relatedness between different organism, to detect particular species of RNA, to determine
whether certain sequences occur more than once in the DNA of a particular organism and to
locate specific base sequences in a DNA molecule.
DNA from calf thymus and E. coli were broken into fragments of about 1000 bps, denaturated
into single strands and renatured for various time periods and at various DNA concentrations.
The extent of reassociation (%) was measured and plotted against Cot values. E. coli DNA
associates at the same speed as there is only one cot value and therefore only one class of DNA.
On the other hand the calf DNA reassociates at three different rates; therefore there are three
classes of DNA. One class reassociates very rapidly with a Cot1/2 value of 0.1 or less is called
simple sequence DNA. Second class of DNA reassociates at a very slow rate with a Cot1/2 value
of 1 to 10,000 is called unique sequence DNA while third class of DNA reassociates at an
intermediates rate having a Cot1/2 value of 0.1 to 1 is called intermediate repeat DNA. The
relative proportions of these three classes vary significantly from one eukaryote to another. This
division of DNA into three classes has been made possible by reassociation experiments.
Three classes of DNA
Simple sequence DNA
It comprises 10-15% of mammalian DNA. This is a rapidly reassociating DNA as it is having a
very low cot1/2 value (0.1 or less). This is the simplest DNA to analyze and consists of several
hundred to several million copies of 5-10 bp sequence present in long tandem array to form long
stretches upto 105 bp. However in many cases, repeating sequence containing 20-200 nucleotides
are known to occur in vertebrate and plant genomes. This is nonfunctional DNA and present near
centromere and telomere. Average base composition and buoyant density of this class of DNA
differs from single copy DNA and this DNA can be separated from single copy DNA by
equilibrium density gradient centrifugation in an ultracentrifuge.
Centrifugation of DNA of Drosophila virilis yields three minor or secondary or satellites bands
around the main density band of single copy DNA in equilibrium density gradient and therefore
this DNA is called as satellite DNA. However not all simple sequence DNA separates from
main DNA band of simple sequence to form satellite bands, therefore the term simple- sequence
DNA is preferred to satellite DNA. In human and other mammals, some of the simple sequence
DNA exists in 1-5x103 base pair short regions, formed by 20-50 repeats of a 15-100 base pair
sequence.
These regions are called minisatellites to distinguish them from long stretches of 105 bps called
satellites.
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Intermediate Repeat DNA
It comprises 25-40% of mammalian DNA and reassociates at a rate faster than single copy DNA
with a Cot1/2 value of 0.1-10. The term intermediate repeat DNA is so called as it consists of
moderately repetitive DNA sequences interspersed throughout the genome. This DNA is also
known as mobile DNA or transposable genetic element as it is capable of moving or transposing
to the new sites in the genome. It is classified into two types:1. Short interspersed elements (SINES): It consists of several hundred copies of 150-300 bp
sequence. Only one class of SINES has been found in mammalian genome.
2. Long interspersed elements (LINES): It consists of several hundred copies of 5000-7000 bp
sequence. About 10 classes of LINES have been found in mammalian genome. However
multiple copies of both SINES and LINES may not be exact repeats.
Single copy DNA
About 50-60% of mammalian DNA reassociates rather slowly and is having Cot1/2 value of 100
to 10,000. There is only one copy of each gene and this DNA contains most of the genes
encoding mRNA. However not all single copy DNA specifies for proteins. Only 5% of the total
DNA in humans actually encodes proteins or functional RNA molecules. The remainder of
single copy DNA separates functional DNA sequences and is called as spacer DNA.
Hybridization
When denaturated DNA from two different species is mixed together, some strands of one
species will associate with another to yield hybrid duplex in a process called hybridization. This
shows the fact that different organism have some common evolutionary heritage and therefore
homologous sequences. The closer the evolutionary relationship between the species, the more
extensively will their DNA hybridize. The hybridization of DNA strands from different sources
forms the basis of a powerful set of techniques essential in molecular genetics. A specific DNA
sequence or a gene can be detected in the presence of many other sequences if the two sequences
are complementary so that they can hybridize. The isolation and identification of specific genes,
RNAs, identify an individual on the basis of a single hair at the site of a crime or to predict the
onset of some diseases in an individual decades before symptoms appear are some of the
important applications of hybridization techniques.
Restriction Endonucleases
Gene cloning requires the cleavage of DNA molecules in a very precise and reproducible
fashion. A site specific endonuclease inactive upon host DNA and active upon exogenous DNA
is called restriction endonuclease. Such enzymes allow the molecular biologists to cut DNA
molecules required for gene cloning at specific positions. The initial observation that led to
discovery of restriction endonucleases was made in the early 1980s. It was observed that some
strains of bacteria are resistant to infection by bacteriophage. This phenomenon was called as
host controlled restriction and modification. The bacterium produces an enzyme that degrades
phage DNA as soon as it infects the bacterium. A virus sometimes manages to invade as its DNA
is modified by the methylase before the restriction enzyme can act. When this happens, the virus
is not blocked by the restriction-modification system of the host bacterium and can infect with a
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much higher frequency. The bacterium’s own DNA is normally protected from attack as it is
methylated at specific sequences by modification methylase phenomenon.
These enzymes are called as restriction endonucleases because the bacterium which possess
them can restricts the entry of phages because of their abilty to cleave the genomic DNA of the
invaders. Many, perhaps all species of bacteria, synthesize these enzymes. About 3000 such
enzymes with over 200 different recognition sequences have been characterized. There are three
classes of restriction endonucleases Type I-Type III. Type I and III are complex and have only a
very little role in genetic engineering while Type II enzymes are main enzymes with role in gene
cloning.
Nomenclature
Restriction endonucleases are named according to the system described by Smith and Nathans
(1973). A restriction enzyme is named by the first letter of the genus and the first two letters of
the species of the bacterium that produced it, followed by its serotype or strain designation, if
any, and a roman numeral if the bacterium contains more than one type of restriction enzyme.
For ex. EcoR1 is produced by E. coli strain RY131.
Types of restriction endonucleases
Type I Enzymes
Type I restriction endonucleases are complex multifunctional proteins consisting of three types
of subunits-R, M and S responsible for restriction, methylation and recognizing the target site on
DNA respectively. Three contiguous genes known as hsdR, hsdM and hsdS encode these
subunits. These enzymes cleave unmethylated DNA in the presence of S-adenosyl-L-methionine
(AdoMet), ATP and Mg2+ and also function as DNA methylases and ATPases. Their cleavage
site is located more than 1000bps away from the recognition site. The recognition sequences are
hyphenated with two constant domains of 3 and 4 bases separated by a nonspecific spacer of 6 or
8 bases. About 105 ATP molecules are hydrolyzed for each restriction. The enzyme remains
bound to the recognition site during cleavage and DNA is looped out around it with concomitant
supercoiling. AdoMet may be an allosteric activator as it is not broken down during the reaction.
These enzymes are not useful for gene manipulation since cleavage sites are non-specific.
Type II enzymes
Type II restriction endonucleases require only Mg2+ for their activity. They contain two identical
subunits (having restriction and recognition activities). These are neither methylases nor
ATPases. These enzymes cut DNA at specific nucleotide sequences. They appear to translocate
along the DNA until they recognize a specific site and if this is unmodified, cleavage occur at
this site or near to this site to give rise to discrete DNA fragments of defined length and
sequence. For each type II endonuclease, there is a corresponding modifying enzyme that blocks
restriction activity by methylating specific nucleotides within the recognition sequence. Many
type II enzymes recognize hexanucleotide target sites. For example PvuI (isolated from Proteus
vulgaris) cuts DNA only at the hexanucleotide CGATCG sequence. A second enzyme from the
same bacterium called PvuII cuts at a different hexanucleotide CAGCTG. But other type II
enzymes cut at four, six or even eight nucleotide sequences. Almost all recognition sequences of
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restriction endonucleases are palindromes i.e. they read the same when both strands are read in
5'→3' direction.
Some endonucleases such as HindII cut clearly through the DNA helix by cleaving both
complementary strands at the same nucleotide position, typically in the centre of recognition site.
These enzymes leave flush or blunt ended fragments (e.g. HaeIII, recognition sequence GG↓CC,
SmaI recognition sequence CCC↓GGG).
Other endonucleases cleave each strand off-centre in the recognition site, at position two to four
nucleotides apart. This creates fragments with exposed ends of short-single stranded sequences
called as sticky or cohesive ends, as they can stick the DNA molecules together again after base
pairing. One advantage of the enzymes that generate sticky end after digestion is that different
recognition sequences may produce the same sticky ends and therefore can be ligated together.
Various enzymes leave single-stranded over-hangs on either the 5' or 3' ends of the DNA
fragments. Bgl II (AGATCT) and BamH1 (GGATCC) restriction endonucleases produce GATC
sticky ends. The same sticky end is also produced by SauIIIA, which recognizes only the tetra
nucleotide GATC.
There are certain enzymes called type II S restriction endonucleases which do not cleave within
the recognition sequence, e.g. enzyme Hph I cleave DNA eight bases before the sequence
TCACCC and neither the recognition nor the cleavage sequence is symmetrical.
Type III enzymes
These have two different subunits, a nuclease (R subunit) and a combined methylase and
specificity factor (M subunit). They differ from type I enzyme in not catalyzing extensive ATP
hydrolysis following nuclease action. The holoenzyme is essential for restriction and two
activities compete with one another. The recognition sites are not symmetrical consisting of 5-6
bps. The endonuclease makes staggered cuts 20-30 bases from the 3' end of the recognition site.
These enzymes cleave DNA at well-defined sites, require ATP and Mg2+ but they have partial
requirement for SAM. In these respects, they have properties intermediate between type Type II
and I enzymes.
Nucleic Acid Sequencing
Sequencing provides the most basic information about the DNA: the nucleotide sequence. It is
important for determining the complexity of gene expression and basis for genetic diseases.
Therefore, several methods for sequencing large fragments of DNA were developed. However,
using the Chemical Cleavage and Chain Termination methods performed majority of the
sequencing during the initial years. These two methods are being described here.
Maxam-Gilbert Method of DNA sequencing
The method of DNA sequencing invented by Allan Maxam and Walter Gilbert is called
Chemical Cleavage method because it is based on cleavage of DNA strand in a base specific
manner followed by analysis of cleaved fragments on denaturing polyacrylamide gels of very
high resolving ability. Here single stranded DNA whose sequence is to be determined is radio
labeled at one end with 32P. Polynucleotide kinase is usually used to add 32P at the 5'-hydroxyl
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terminus. The labeled DNA is then broken preferentially on the 5' side of each of the four
nucleotides. The conditions are chosen that an average of one break be made per chain. In
practice, DNA is treated by reagents such as hydrazine, dimethylsulfate (DMS) or formic acid,
which specifically modify the bases within the DNA molecule. Let us take the following cases
where reactions are absolutely specific for guanine or for cytosine residues and those that are
specific only for purines or pyrimidines. DMS methylates N7 of G, which then opens between
C8 and N9. Formic acid weakens A and G glycosidic bonds by protonating purine ring nitrogens.
Hydrazine splits the ring of T+C. In the presence of NaCl, only C reacts with hydrazine. In all
four reactions, piperidine is added which catalyses phosphodiester bond cleavage at the position
where the modified base is present. Fragments produced are radio labeled at the 5' end. The
fragments in each mixture are then separated by polyacrylamide gel electrophoresis, which can
resolve DNA molecules differing in length by just one nucleotide. The auto radiogram of the gel
produced from four different chemical cleavages displays a pattern of bands from which the
sequence can be read directly (Fig. 17).

Fig.17: Chemical Cleavage method of DNA sequencing
Chain Termination method (dideoxy method) of DNA sequencing
The Chain termination method developed by Frederick Sanger is a simulation of DNA
replication where polymerization is carried out by large fragment of E. coli DNA polymerase I
(Klenow fragment). In this method the complementary strands of the DNA to be sequenced are
separated by heating and annealed with specific synthetic
oligonucleotides (sequencing
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primers). The sequencing primers are complementary to the 3’ end of the target DNA and
contain a 3’-OH group. In addition to all four normal dNTPs (dATP, dCTP, dGTP and dTTP)
this method involves the use of a small amount of 2’, 3’-dideoxy nucleoside triphosphate
(ddNTP), which lacks the 3’-OH group of deoxy nucleotides. When such a nucleotide is
incorporated in the growing chain, the chain growth is terminated as this nucleotide lacks a free
3’-OH. By using only a small amount of the ddNTP, a series of truncated chains is generated,
each of which ends with the dideoxy analog at one of the positions occupied by the
corresponding base.
In the chain terminator technique, the sequencing reaction is carried out in four tubes. The
DNA to be sequenced is incubated in each tube with the DNA polymerase-I, a suitable primer
and four normal dNTPs. The reaction mixture also includes a tagged compound, either one of
the dNTPs or the primer. The tag, which may be a radioisotope or a flourescent label, permits
easy detection of the products of the polymerase reaction. In each tube a different ddNTP is
also added. The reaction products are from these four tubes are electrophoresed side by side on
polyacylamide gel having sufficiently high resolving power to separate DNA fragments that
differ from each other in length by a single base. The lengths of the truncated chains indicate
the positions where the ddNTP was incorporated (Fig. 18). Thus the sequence of the replicated
strand can be read from the gel. Two sets of gels, one run for a longer time than the other, can
be used to obtain the sequence up to 800 bases of DNA. The sequence obtained by the chainterminator method is complementary to the DNA strand being sequenced.

Fig. 18: Sanger method of DNA sequencing
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Automated DNA sequencing
Large-scale sequencing operations are accelerated by automation. The primers used in the four
chain–extension reactions are each linked to a different fluorescent dye. Such four separate
reaction mixtures are combined and subjected to gel electrophoresis in a single lane. The
terminal base is identified by its characteristic fluorescence as each fragment exits the bottom
of the gel with an error rate of 1%. In most advanced systems, the sequencing gel is contained
in an array of up to 96 capillary tubes instead of slab-shaped apparatus. Sample preparations,
loading are performed by robotic systems and electrophoresis and data analysis are fully
automated. Such systems can simultaneously sequence 96 DNA samples averaging 600 bases
requiring total time of 2.5 hours and hence can identify up to 5,50,000 bases per day with only
15 min of human attention.
Nucleic acid sequencing has become a routine as determining amino acid sequence of the
protein is generally far more time consuming than determining the nucleotide sequence of its
corresponding gene. In fact, nucleic acid sequencing is invaluable for studying genes where
products have not yet been identified from the gene sequence , the probable function of its
protein product may be deduced by base sequence comparison to these genes whose products
are already characterized.
The development of large scale sequencing techniques facilitated the sequencing of entire
genomes. Craig Venter (1995) reported the complete genome sequence of bacterium
Haemophilus influenza. The complete genome sequence of over 200 prokaryotes as well as
those of 28 eukaryotes including Saccharomyces cerevisiae, Caenorhabditis elegans,
Drosophila melanogaster, Arabidopsis thaliana and humans has been reported.
Two groups one led by Craig Venter and the other by Francis Collins, Eric Lander and John
Sulston reported the rough draft of the human genome sequence of 3.2 billion nucleotides in early
2001 and complete sequence in mid 2003. This stunning achievement will revolutionize the way
both biochemistry and medicine are viewed and practiced but it will still require many years of
further effort before its full significance is understood. It has been concluded that human genome
contains only 30,000 protein encoding genes. Human genome consists of repeating sequences of
various types. Only 1.1% to 1.9% of the genome encodes proteins. Only a small fraction of
human proteins are unique to vertebrates and most occur in other if not all life forms. Any two
people are >99.9% genetically identical.
Summary
Nucleotides serve as diverse set of important functions. They not only carry the genetic
information as subunits of nucleic acids but they are also the primary carriers of chemical
energy in cells, acts as structural components of many enzyme cofactors and metabolic
intermediates.
A nucleotide consists of a nitrogenous base (purine or pyrimidine), a pentose sugar and one or
more phosphate groups. DNA is a linear polymer of four different 2’-deoxyribonucleotides
linked by 5’-3’ phosphodiester bonds. Watson and Crick discovered the three dimensional
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structure of B-DNA. It shows the polymorphism and consists of double stranded helix where two
strands are antiparallel, self complementary and coiled around each other in right-handed manner
in A and B form of DNA and left handed manner in Z-DNA. In all three conformations, adenine
is paired with thymine and guanine with cytosine. Therefore, the sequence of one strand
determines the sequence of the other. Hydrophobic, Vander Waals, base stacking, hydrogen
bonding and ionic interactions are the forces stabilizing the DNA double helix.
DNA can be positively or negatively supercoiled. The amount of supercoiling is defined by a
linking number which equals the number of times one strand of DNA crosses the other when the
molecule lies flat in a plane. Supercoiled DNA is under torsional strain; the removal of supercoils
is therefore thermodynamically favored. The enzymes, which can add or remove supercoils are
called DNA topoisomerases.
Nuclear DNA is organized in complexes with basic proteins called histones to form nucleosomes
in chromatin in eukaryotes. There are five types of histones H1, H2A, H2B, H3 and H4. Each
nucleosome consists of 146 base pairs coiled 1.75 times around a histone octamer that contains
two molecules each of histones H2A, H2B, H3 and H4. Histone H1 is associated with linker
DNA between two nucleosomes. There are higher order of DNA packaging like 30nm fibre,
loop, rosette and coils.
Like DNA, RNA is a linear polymer of four nucleotides linked by 5’-3’ phosphodiester bonds.
There are three important differences between DNA and RNA as it contains ribose sugar, uracil
as pyrimidine base and are normally single stranded. Adenine can pair with uracil and guanine
with cytosine by Watson-Crick base pairing to produce various secondary structures. RNA
molecules alone or DNA-RNA can form double stranded structure having the same conformation
as A-DNA by the formation of Watson-Crick base pairs between complementary nucleotides.
RNA can form complex tertiary structures based on the unconventional interactions between
bases and sugar-phosphate backbone. Nucleases hydrolyze phosphodiester bonds present in
polynucleotide chains. Restriction endonucleases cleave DNA at specific sequences which are
mainly palindromes.
Primary structure of DNA molecules can be determined by chemical cleavage method of Maxam
and Gilbert, enzymatic method by F. Sanger. Both procedures employ the labeling of a terminal
nucleotide, followed by separation and detection of generated oligonucleotides.
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