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DNA replication

Replication is the synthesis of DNA from DNA catalyzed by a class of enzymes

called DNA polymerases. The enzymes require all four deoxyribonucleotides

(ATP, GTP, TPP and CTT) as substrates, DNA-template, a primer and two

divalent cations (Mg2+ and Zn2+) for this biosynthetic process. As the enzyme

requires DNA-template, it is called DNA-dependent DNA polymerase. The

reaction catalyzed by the enzyme is the formation of a phosphodiester bond

between two deoxyribonucleotides. The 3’-OH of last nucleotide acts as a

nucleophile and attacks α-phosphate of an incoming dNTP, thus forming a

phosphodiester bond with concomitant release of a pyrophosphate (PPi).

The hydrolysis of PPi by pyrophosphatase provides the energy to allow the

reaction to proceed in a forward direction. Unlike RNA polymerase, DNA

polymerase can not initiate the reaction de novo (formation of a

phosphodiester bond between first two nucleotides). Rather, it requires a

primer (a pre-formed ribonucleotide sequence) to initiate reaction. In other

words, DNA polymerase can add nucleotides to a pre-formed nucleotide

sequence.



Modes of replication



Meselson and Stahl’s experiment





There are five different types of DNA polymerases in

bacteria on the basis of enzymatic properties, subunit

composition and abundance. DNA polymerases IV and V

are involved in translesion synthesis. DNA polymerase II is

involved in translesion synthesis and DNA repair. The

remaining DNA polymerases I and III are responsible for

DNA replication. All three DNA polymerases namely DNA

polymerase I, II and III has 5’-3’ polymerization activity

and 3’-5’ exonuclease (proofreading) activity, but only

Polymerase I have 5’-3’ exonuclease activity.

Types of DNA 

polymerases





The structure of substrate-bound DNA polymerase resembles a partially

closed right hand. Based on the hand analogy, the three domains of the

polymerase are called thumb, fingers and palm.

The palm domain is composed of a β-sheet and contains the primary

elements of the catalytic site. In particular, this region of DNA polymerase

binds two divalent metal ions (Mg2+ and Zn2+) that alter the chemical

environment around the correctly base-paired dNTP and 3’-OH of the primer.

One Mg2+ reduces the affinity of O- for H+ in 3’-OH group. This generates a

3’O that is primed for nucleophilic attack of the α-phosphate of the incoming

dNTP. Another Mg2+ coordinates the negative charges of the β-phosphate

and γ-phosphate of the dNTP and stabilizes the PPi produced by joining the

primer and the incoming nucleotide. In addition to catalysis, the palm domain

also monitors the base pairing of the most recently added nucleotides. The

palm domain makes extensive H-bonds with base pair in minor groove of the

newly synthesized DNA. These contacts are not base specific but only form if

the recently added nucleotides are correctly base-paired.

Structure of DNA polymerase





The fingers are also important for catalysis. Several residues located within

the fingers bind to the incoming dNTP. More importantly, once a correct

base pair is formed between the incoming dNTP and the template, the

finger domain moves to enclose the dNTP. This closed form of polymerase

hand stimulates catalysis by moving the incoming nucleotide into close

contact with the catalytic metal ions. The finger domain also associates

with the template region, leading to a nearly 90ᵒ turn of the

phosphodiester backbone between the 1st and 2nd bases of the template.

This bend serves to expose only the first template base after the primer at

the catalytic site and avoids any confusion concerning which template base

should pair with the next nucleotide to be added.

The thumb domain interacts with the DNA that has been most recently

synthesized. This serves two purposes: first, it maintains the correct

position of the primer and the active site; second, it helps to maintain a

strong association between the DNA polymerase and its substrate. This

association contributes to the ability of DNA polymerase to add many

dNTPs each time it binds a primer:template junction.

Continue……….





Discrimination between correct and 

incorrect base pair

For the purpose of adding the correct nucleotide to the primer, DNA

polymerase monitors the ability of the incoming nucleotide to form an

A:T or G:C base pair, rather then detecting the exact nucleotide that

enters the active site. when a correct base pair (A:T or G:C) is formed,

the 3’-OH of primer and α-phosphate of incoming dNTP are in optimum

position for catalysis to occur. The correct alignment between 3’-OH of

primer and the α-phosphate of incoming dNTP enhances the rate of

catalysis. When an incorrect base pair (A:G, A:C, T:G or T:C) is formed,

the α-phosphate of incoming dNTP is displaced and the resulting

incorrect alignment between 3’-OH of primer and α-phosphate of

incoming dNTP leads to reduced rate of catalysis.





DNA polymerase shows an impressive ability to distinguish between

rNTPs and dNTPs. This discrimination is mediated by the steric exclusion

of rNTPs from the DNA polymerase active site. In DNA polymerases, the

nucleotide binding pocket cannot accommodate a 2’-OH on the incoming

nucleotide. This space is occupied by two amino acids (called

discriminator amino acids) that make van der Waals contacts with the

sugar ring of incoming nucleotide. When there is a correctly base-paired

dNTP, there is no steric clash between deoxy-ribose sugar of incoming

dNTP and the discriminator amino acids of nucleotide binding pocket. As

a result, the 3’-OH of primer and α-phosphate of incoming dNTP are in

close proximity that enhances the rate of catalysis. But, when there is

incorrectly-paired rNTP, a steric clash is occurred between the

discriminator amino acids of nucleotide binding pocket and ribose sugar

of incoming rNTP. This results in displacement of α-phosphate of rNTP, its

inappropriate alignment with 3’-OH of the primer and reduced rate of

catalysis.

Discrimination between rNTP and 

dNTP





DNA polymerase I is specialized for removal of RNA primers

and subsequent DNA synthesis, recombination and repair.

The proteolytic cleavage of DNA polymerase I by subtilisin

produces two unequal fragments: one small fragment that

retains 5’-3’ exonuclease activity and one large (Klenow)

fragment that retains 3’-5’ exonuclease (proofreading)

activity and 5’-3’ polymerization activity. Due to its low

processivity, DNA Pol. I readily synthesize across the short

region previously occupied by an RNA primer but is

released before degrading and resynthesizing large amount

of DNA that was primed by the RNA.

DNA polymerase I



DNA polymerase III is a multisubunit protein that consists of 10 types

of subunits (αβγδδ’εθƬχψ). Among 10 subunits, αεθ constitute core

polymerase, while Ƭ3γδδ’ constitute clamp loading (γ) complex.

Together core polymerase and clamp loading complex are called

DNA polymerase III holoenzyme. The core polymerases linked

through Ƭ-subunits. Two additional subunits χ and ψ are bound to

the clamp-loading complex. The core polymerase can synthesize

DNA but have a much lower processivity. The necessary increase in

processivity is provided by the addition of the β-subunits. Two β-

subunits associate to form a donut-shaped structure that encircle

ssDNA and acts like a clamp. Each dimer associates with a core

polymerase and slides along the DNA as replication proceeds. The β-

sliding clamp prevents the dissociation of DNA polymerase III from

DNA, dramatically increasing processivity.

DNA polymerase III







Catalysis by DNA polymerase is rapid. They are capable of

adding 1000 dNTPs/sec to a primer strand. The speed of

replication is largely due to processive nature of DNA

polymerases. The degree of processivity is defined as the

average number of nucleotides added each time the enzyme

binds a primer:template junction. Each DNA polymerase has a

characteristic processivity that can range from only a few

nucleotides to more than 50000 nucleotides added per

binding event. Among three polymerases, Polymerase III have

highest processivity, whereas Polymerase I have lowest

processivity.

Processivity of DNA polymerase



Processivity is facilitated by sliding of DNA polymerases along the DNA

template. Once bound to a primer:template junction, DNA polymerase

tightly interacts with much of the double-stranded portion of the DNA in a

sequence-nonspecific manner. These interactions include electrostatic

interactions between the phosphate backbone and the thumb domain

and the interactions between the minor groove of DNA and the palm

domain. The sequence nonspecific nature of these interactions permits

the easy movement of the DNA even after it binds to polymerase. Each

time a nucleotide is added to the primer strand, the DNA partially releases

from the polymerase (the H-bonds with the minor groove are broken, but

the electrostatic interactions with the thumb are maintained). The DNA

then rebinds to the polymerase in a position that is shifted by 1 bp using

the same sequence nonspecific mechanism. Further increases in

processivity are achieved through interactions between the polymerase

and accessory proteins.

Reason behind processivity



This mode of DNA replication is semi-discontinuous where one

strand synthesis takes place continuously and another

discontinuously is called semi-discontinuous replication. Two core

complexes of the DNA polymerase III holoenzymes are

required for replication, one core for leading strand

synthesis and another for lagging strand synthesis.

However, leading strand synthesis occurs continuously,

while lagging strand synthesis occurs discontinuously in

the form of Okazaki fragments. The coordination

between leading and lagging strand synthesis at the

same time by a single asymmetric DNA polymerase III

holoenzyme is accomplished by looping the DNA

template for lagging strand synthesis, bringing together

the two points of polymerization.

Semi-discontinuous mode of 

replication







The antiparallel nature of DNA creates a complication for the simultaneous

replication of the two exposed DNA templates at the replication fork. As DNA

synthesis always occurs in 5’-3’ direction, so one template strand that run in 3’-

5’ direction can be used for the DNA synthesis. Then, how another template

strand that run in 5’-3’ direction acts as template strand or how DNA

polymerase copy a template strand that run in 5’-3’ direction. This problem was

resolved by Reiji Okazaki and his colleagues in the 1960s. They found that one

of the new DNA strands is synthesized in short pieces called Okazaki fragments

whose synthesis takes place in 5’-3’ direction. These fragments vary in length

from 1000 to 2000 nts in bacteria and from 100 to 400 nts in eukaryotes. This

work ultimately led to the conclusion that one strand is synthesized

discontinuously (in the form of Okazaki fragments) on 5’-3’ template strand and

is known as lagging strand, while another strand is synthesized continuously on

3’-5’ template strand and is called leading strands. Thus, leading strand

synthesis occurs in 5’-3’ direction that is identical to the direction of movement

of the replication fork and lagging strand synthesis occurs in 3’-5’ direction

(overall) that is opposite to the movement of the replication fork.

Why replication is semi-discontinuous



All DNA polymerases require a primer (a short nucleotide sequence) with a free 3’-

OH. They cannot initiate a new DNA strand de novo. Rather, they can only extend

DNA strand by adding dNTPs. Cells use the ability of RNA polymerase to do what DNA

polymerase cannot: start a new chain de novo. Primase is a specialized RNA

polymerase dedicated to making short RNA primers (5-10 nts long) on an ssDNA

template. These primers are subsequently extended by DNA polymerase. Although

DNA polymerases incorporate only dNTPs, they can initiate synthesis using either an

RNA primer or a DNA primer annealed to the DNA template.

Although both the leading and lagging strands require primase to initiate DNA

synthesis, the frequency of primase function on the two strands is dramatically

different. Each leading strand requires only a single RNA primer, while lagging strand

requires multiple primers, one for each RNA primer.

Unlike the RNA polymerases involved in mRNA, rRNA and tRNA synthesis, primase

does not require an extended DNA sequence to initiate RNA synthesis. Instead,

primase prefer to initiate RNA synthesis using an ssDNA template containing a

particular trimer (GTA in E. coli). In E. coli genome, GTA sequence is overrepresented

in that DNA sequence that acts as a template for lagging strand synthesis.

Priming for replication initiation





To complete DNA replication, the RNA primers that are used for initiation

must be removed and replaced with DNA. Removal of the RNA primers can

be thought of as a DNA-repair event and this process shares many of the

properties of excision DNA repair.

The RNA primer is removed by 5’-3’ exonuclease activity of DNA polymerase

I. Removal of the RNA primers leave a gap in the dsDNA that is an ideal

substrate for DNA polymerase – a primer:template junction. DNA

polymerase fills this gap until every nucleotide is base paired, leaving a DNA

molecule that is complete except for a break in the phosphodiester

backbone between the 3’-OH and 5’-phosphate of the repaired strand. This

nick in the DNA can be repaired by an enzyme called DNA ligase. DNA ligase

use ATP to create a phosphodiester bond between an adjacent 5’-phosphate

and 3’-OH. Only after all RNA primers are removed and replaced with DNA

and the associated nicks are sealed is DNA synthesis complete.

RNA primer removal and nick 

translation







The mode of DNA replication is semi-conservative wherein each DNA

strand acts as a template for the synthesis of a new DNA strand,

resulting in formation of two daughter DNA molecules, each with one

new strand and one old (parental) strand.

For the purpose of replication of both strands of dsDNA at the

same time, both strands must be separated (unwind) to create two

template DNAs. The point at which separation of the strands and

synthesis of new DNA takes place is known as replication fork. The

replication fork moves continuously toward the duplex region of

unreplicated DNA, leaving in its wake two ssDNA templates that each

direct the synthesis of a complementary DNA strand.

DNA replication is semi-

conservative



Formation of replication fork by DNA 

helicase

The formation of replication fork requires the separation of two strands

of dsDNA that is accomplished by a class of enzymes called DNA

helicases. These enzymes bind to and move directionally (5’-3’) along

ssDNA and separates the strands ahead of replication fork using energy

from ATP. Typically, DNA helicases that act at replication forks are

hexameric proteins that assume the shape of a ring. These ring-shaped

protein complexes encircle one of the two single strands at the

replication fork adjacent to the single-stranded:double-stranded

junction. Each subunit of a hexamer has a hairpin protein loop that binds

a phosphate of the DNA backbone and its two adjacent ribose

components. Interestingly, these DNA-binding loops are found in a right-

handed spiral staircase, each binding the next phosphate along the

ssDNA. The top of the staircase is associated with the 5’-end and the

bottom with the 3’-end of the ssDNA.



Conformational changes of helicase during strand 

separation

The six subunits form a central pore through which DNA helicase pulls

ssDNA during translocation on DNA. A subunit first binds the ssDNA at

the top of the structure and the DNA-binding loop moves through

successive conformations toward the bottom, bringing the DNA along

with it. Importantly, each of these conformations is associated with a

different nucleotide-bound state: the top conformation is in an ATP-

bound state, the middle is in an ADP-bound state and the bottom lacks

a bound nucleotide. Thus, as a single subunit binds, hydrolyzes and

releases ATP, it will cycle through the top, middle and bottom

conformation.

Like DNA polymerases, DNA helicases act processively. Each time

they associate with substrate, they unwind multiple base pairs of DNA.



In prokaryotes, DNA helicase itself cannot initiate the unwinding of

dsDNA. The initiator protein first sperates DNA strands at the origin,

providing a short stretch of ssDNA to which a helicase binds. In E. coli,

initiator protein is DnaA which is a member of the NTPase family

related to hexameric helicases (DnaB). Each DnaA has one ATPase

domain and two DNA-binding domains, one for 9-mer element and

another for 13-mer element. Eight DnaA protein molecules, all in the

ATP-bound state, assemble to form a helical complex encompassing the

9-mer elements and 13-elements in oriC. The 13-mer elements, which

bind only the ATP-bound DnaA, allow discrimination between the active

and inactive forms of DnaA. The interaction of DnaA with 13-mer

elements allows the separation of the DNA strands over more than 20

bp within the 13-mer repeat region.

Requirement of initiator protein for 

replication fork formation



Stabilization of ssDNA template by SSBs

After the DNA helicase has passed, the newly generated ssDNA must remain

free of base pairing until it can be used as a template for DNA synthesis. To

stabilize the separated strands, single stranded binding proteins (SSBPs)

rapidly bind to the separated strands. Each SSBP is a tetramer of four identical

subunits. Each tetramer covers about 32 nts of DNA. Binding of SSBP is

cooperative, that is, binding of one tetramer stimulates binding of another

tetramer to the immediately adjacent ssDNA. The several SSBPs on same

ssDNA interact with one another and this SSBP-SSBP interaction strongly

stabilizes SSBP binding to ssDNA and makes sites already occupied by one or

more SSBP molecules preferred SSB-binding sites.

The cooperative binding ensures that ssDNA is rapidly coated by SSB as it

emerges from the DNA helicase. Once coated with SSBs, ssDNA is held in an

elongated state that facilitates its use as a template for DNA or RNA primer

synthesis. The SSBs interact with ssDNA in a sequence-independent manner

through electrostatic interactions with the phosphate backbone and stacking

interactions with the DNA bases.



As the strands of DNA are separated at the replication fork, the dsDNA in
front of the fork becomes increasingly positively supercoiled. This
accumulation of supercoils is the result of DNA helicase eliminating the base
pairs between the two strands. If there were no mechanism to relieve the
accumulation of these supercoils, the replication machinery would grind to a
halt in the face of mountain strain in front of the fork.

This problem is most clear for the circular chromosomes of bacteria, but it
also applies to linear eukaryotic chromosomes. These linear chromosomes
could in principle rotate along their length to dissipate the introduced
supercoils. This is not the case, however: It is simply not possible to rotate a
DNA molecule that is millions of base pairs long each time one turn of the
helix is unwound.

These positive supercoils are removed by a type-II topoisomerase called
DNA gyrase that introduces negative supercoils at the expense of ATP
hydrolysis. They act through inducing transient double-stranded breaks in
dsDNA, passing the intact helix through the cut and resealing the breaks.
Gyrase is a tetramer of two α-subunits and two β-subunits.

Removal of positive super coils ahead of 

replication fork



The circular chromosome of E. coli has a single replication origin (oriC) that
consists of 245 bp. The oriC has four 9-mer elements and three AT rich 13-mer
elements. The initiator protein DnaA with its one domain binds the repeated 9-
mer elements in oriC in their double-stranded form. DnaA in its ATP-bound
form also interacts with repeated 13-mer elements in oriC and results in the
separation of the DNA strands over more than 20 bp within the 13-mer
repeated region that leads to a localized region of strand separation called the
replication bubble. Each DnaA has a ssDNA-binding domain that binds one
strand of a dsDNA and changes its (bound ssDNA) structure in such a way that
it can not hybridize to the complementary ssDNA. After that, a complex of DNA
helicase (DnaB) and helicase loader (DnaC) becomes associated with the DnaA-
bound oriC. The DnaC catalyzes the opening of the DnaB protein ring and
placement of the ring around the ssDNA at the origin. The helicase then
extends the process of DNA strand separation by breaking H-bonds, resulting in
the formation of two bidirectional replication forks. Thus, the process of
separation of DNA strand separation is initiated by DnaA protein, that is further
extended by the helicase enzyme. The ssDNA strand is coated with SSB protein
to prevent DNA renaturation. The enzyme gyrase relieves the topological stress
produced by helicase during strand separation.

Initiation



Organization of oriC





The enzyme DNA primase (DnaG) then attaches to one of the ssDNA templates and

synthesizes a short stretch of ribonucleotide sequence called RNA primer to initiate

the synthesis of DNA. This RNA primer is then extended by one DNA polymerase III

core enzyme complex without any break or in an unstoppable fashion until

termination. This is the synthesis of leading strand. On the other hand, another DNA

primase associates with the second ssDNA template and synthesizes a short RNA

primer that is elongated by another DNA polymerase III core enzyme complex.

However, this elongation event does not continue until termination. Long before

that, strand elongation stops and the core enzyme complex along with its β-clamp

dissociates from the template strand. DNA primase again attaches to the second

ssDNA template (to a region that is different from previously occupied region) and

synthesizes a new RNA primer. DNA polymerase core complex along with a new β-

clamp associates with the new RNA primer and extends the new primer for a short

distance and then stop, followed by its dissociation from the template. Thus, a cycle

of primase association, RNA primer synthesis, DNA polymerase core complex

association, short strand synthesis, polymerase dissociation is repeated multiple

times until the termination. This is the synthesis of lagging strand synthesis that

occurs in the form of short nucleotide fragments (called Okazaki fragments)

synthesis.

Elongation









In E. coli, termination of replication occurs at a specific region of DNA

called terminus region. This region is located opposite the oriC and

consists of multiple copies of a 20 bp sequence called Ter. The Ter

sequences are arranged on the chromosome to create a sort of trap that

a replication fork can enter but cannot leave. The Ter sequences has

binding sites for Tus protein. The Tus-Ter complex can arrest a replication

fork from only one direction. Only one Tus-Ter complex functions per

replication cycle – the complex first encountered by either replication

fork. When either replication fork encounters a functional Tus-Ter

complex, it halts. The other fork halts when it meets the first

halted/arrested fork. As the opposing replication forks generally halt

when they collide, Ter sequences do not seem essential, but they may

prevent overreplication by one replication fork in the event that other is

delayed or halted by an encounter with DNA damage.

Termination






