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When is DNA replicated? 

•  G1 (first gap) - growth of cell 

•  S (syntetic) - replication of nuclear DNA  
 (duplication of chromosomes) 

•  G2 (second gap) - growth of cell continues 

•  M - MITOSIS - cell divides its nucleus 

•  CYTOKINESIS - cell divides its cytoplasm 
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The cell cycle has four main stages 

• The cell cycle is the regular 
pattern of growth, DNA 
duplication, and cell division 
that occurs in eukaryotic cells 

• Four main stages:  

– gap 1 

– synthesis 

– gap 2 

– mitosis 

• Gap 1, synthesis, and gap 2 = 
interphase 

• During interphase, cells carry 
out normal functions (growth 
and preparation for cell 
division) 
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Gap 1 (G1) 

• Cell carries out its normal functions  

• Increases in size (growth) 

• Organelles increase in number 

• A cell spends most of its time in the G1 stage 

• Length of this stage varies by cell type 

• During G1, the cell must pass a critical checkpoint 
before it can proceed to the synthesis stage.  

– most animal cells need enough nutrition, adequate 
size, and relatively undamaged DNA to divide 
successfully. They also need specific signals from 
other cells, telling them whether more cell division 
is needed. 
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Synthesis (S) 

• Synthesis means  
“the combining of parts  
to make a whole.”  

• Cell makes a copy of its 
nuclear DNA  
(DNA located in nucleus) 

• During interphase,  
it is loosely organized  
and appears grainy in 
photographs 

• By the end of the S stage, 
the cell nucleus contains 
two complete sets of DNA. 
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Gap 2 (G2) 

• Normal functions 

• More Growth  

• Critical Checkpoint  

• Everything must be in 

order — good nutrition, 

adequate cell size, 

undamaged DNA —

before the cell goes 

through mitosis and 

division. 
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Mitosis (M) 

• Mitosis -  the division of the cell nucleus and its contents 

– the nuclear membrane dissolves, the duplicated DNA condenses 

around proteins and separates, and two new nuclei form. 

• Cytokinesis - divides the cell cytoplasm  

• Result = two daughter cells that are genetically identical to the 

original cell 
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Cells divide at different rates 

• The rate at which your cells 

divide is linked to your 

body’s need for those cells.  

• In human cells, the S, G2, 

and M stages together 

usually take about 12 hours.  

• The length of the G1 stage 

differs most from cell type 

to cell type. 
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G0 Stage 

• Cells that divide only rarely  

• In G0, cells are unlikely to divide, 
although they continue to carry 
out their normal functions.  

• Neurons stay permanently in G0 
stage.  

• Lymphocytes (type of white 
blood cell), may remain in G0 for 
years until they recognize an 
invader.  

– Once the invader binds to a 
lymphocyte receptor, the 
lymphocyte goes through rapid cell 
divisions to help fight infection. 
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Cell size is limited 

• If cells are too small, they 
can’t contain all necessary 
organelles and molecules.  

• Oxygen, nutrients, and 
wastes must be transported 
in adequate amounts and 
with adequate speed to keep 
the inside of a cell healthy 

• As a cell increases in size, its 
volume increases faster than 
its surface area 

• A further increase in size 
could result in a surface area 
too small for the adequate 
exchange of materials 
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Homologous 

Chromosomes 

A.  Two copies of each autosome 

are called homologous 

chromosomes. 

 (1) They are the same size, shape, 

and carry genes for the same 

traits.  
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Homologous Chromosomes 
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DNA double helix 
(2 nm in diameter) 

DNA, the double helix 

Nucleosome 
(10 nm in diameter) 

Histones 

Histones 

Histone 
tail 

H1 

Nucleosomes, or “beads on 
a string” (10-nm fiber) 
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30-nm fiber 

30-nm fiber 

Loops Scaffold 

300-nm fiber 

Chromatid 
(700 nm) 

Replicated 
chromosome 
(1,400 nm) 

Looped domains 
(300-nm fiber) Metaphase  

chromosome 
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Homologous Chromosomes 

B. Homologous pairs of chromosomes 

segregate during meiosis.  
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Crossing Over 

   Portions of chromatids may break 

off and attach to adjacent 

chromatids on the homologous 

chromosome = a process called 

crossing over. 
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Questions About DNA Replication 

• How does replication begin,  
how does it progress along the chromosome,  

• How does replication terminated, and  
what mechanism ensure that only one round of 
replication occurs before cell division? 

• Which enzymes take part in DNA replication, and 
what are their functions? 

• How does duplication of the long helical duplex 
occur without the strands being tangled? 
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• DNA replication is  

   semiconservative :  

 

• copying in which one strand  

   (parental) is conserved and  

   acts as a template for the other  

   (daughter) to be synthesized   

The Watson-Crick model of  DNA replication 
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The Watson-Crick model of DNA replication 
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Three possible models of DNA replication 
discontinuous 



YM-Bioinfo 

 1958 – Matthew Meselson and Franklin Stahl 

Experimental proof of  

semiconservative replication 

• Need to differentiate between parental and daughter DNA 

 

• Controlled isotopic composition of nucleotides  

   incorporated into newly synthesized daughter DNA 



• In 1958, Matthew Meselson and Franklin Stahl  

devised a method to investigate these models 

– They found a way to experimentally distinguish  

between daughter and parental strands 

 

• Their experiment can be summarized as such 

– Grow E. coli in the presence of 15N  

(a heavy isotope of Nitrogen) for many generations 

• The population of cells had heavy-labeled DNA 

– Switch E. coli to medium containing only 14N  

(a light isotope of Nitrogen) 

– Collect sample of cells after various times 

– Analyze the density of the DNA by centrifugation using a 

CsCl gradient 
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DNA 
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After one generation,                     

DNA is “half-heavy” 

This is consistent with both semi-

conservative and dispersive models 

After ~ two generations, DNA is of 

two types: “light” and “half-heavy” 

This is consistent with only   

the semi-conservative model 

Data analysis 
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The Meselson-Stahl experiment 
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Predictions: 

Conservative: no intermediate DNA ever! 

Dispersive: No fully light (14N) DNA in second gen. 

Only semi-conserv. fits observations! 



Transfer to 14N 

Etc. 

Invalidates 

conservative 

Invalidates 

discontinuous 
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Experiment dermonstrating that DNA replication in eukaryotic cells is 

semiconservative. (a) Schematic diagram of the results of an experiment in which cells 

were transferrred from a medium containing thymidine to one containing 

bromodeoxyuridine (BrdU) and allowed to complete two successive rounds of replication. 

DNA strands containing BrdU are shown in red. (b) The results of an experiment similar to 

that shown in a. In this experiment, cultured mammalian cells were grown in BrdU to two 

rounds of replication before mitotic chromosomes were prepared and stained by a 

procedure using fluorescent dyes and Giemsa stain. Using this procedure, chromatids 

containing thymidine within one or both strands stain darkly, whereas chromatids 

containing only BrdU stain lightly. The photograph indicates that, after two rounds of 

replication in BrdU, one chromatid of each duplicated chromosome contains only BrdU, 

while the other chromatid contains a strand of thymidine-labeled DNA. 
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Prokaryotic Replication 

The experimental evidence for  

semiconservative replication. 
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Which Direction does Replication go? 

– DNA double helix unwinds at a specific point called an 

origin of replication 

– Polynucleotide chains are synthesized in both directions 

from the origin of replication; DNA replication is 

bidirectional in most organisms 

– At each origin of replication, there are two replication 

forks, points at which new polynucleotide chains are formed 

– There is one origin of replication and two replication forks in 

the circular DNA of prokaryotes 

– In replication of a eukaryotic chromosome, there are several 

origins of replication and two replication forks at each origin 
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Is DNA Replication  

Unidirectional or Bidirectional? 

(a) Linear DNA virus 

 

(b) Some bacterial plasmid 

 

(c) Most organisms 
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January 2008 

Evidence for 

Bidirectional 

Replication 



YM-Bioinfo 

January 2008 

Evidence for Bidirectional Replication 
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Mechanism of DNA 

polymerase action 

3’OH of growing chain forms covalent bond 

with phosphate of dNTP. 

DNA polymerases can only add nucleotides 

to 3’ end (5’—>3’direction of synthesis). 
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(a) Origin of replication in an E. coli cell 

Origin of 
replication Parental (template) strand 

Double- 
stranded 
DNA molecule 

Daughter (new) strand 

Replication fork 
Replication 
bubble 

Two  
daughter 
DNA molecules 

0.5 m 
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Visualization of E. coli DNA replication 
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Most replication proceeds bidirectionally 

from a unique origin of replication. 

Unidirectional replication does occur in some viruses. 
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(b) Origins of replication in a eukaryotic cell 

Origin of replication 
Double-stranded 
DNA molecule 

Parental (template) 
strand 

Daughter (new) 
strand 

Bubble Replication fork 

Two daughter DNA molecules 
0.25 m 





Demonstration of bidirectional 

growth of cellular DNA chains. If 

cultured replicating cells are 

exposed alternately to high and low 

levels of [3H]thymidine, the 

resulting DNA will be heavily 

labeled (“hot”) near replication 

origins (Or) and lightly labeled 

(“warm”) farther away. When such 

labeled DNA is dried on a 

microscope slide as long linear 

molecules (fibers) and then exposed 

to a radiation-sensitive emulsion, 

autoradiographic signals should be 

produced corresponding to the hot-

warm DNA regions. (a) Predicted 

patterns of autoradiographicbands 

for uni- and bidirectional DNA 

synthesis. (b) Actual fiber 

autoradiograph of DNA from 

cultured mammalian cells shows 

autoradiographic signals consistent 

with bidirectional synthesis. [See 

J.A. Huberman and A.D. Rigss, 

1968, J. Mol. Biol., 32:327; and 

J.A. Huberman and A. Tsai, 1973, 

J. Mol. Biol. 75:5] 
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Chromosomal replication is bidirectional 

• Prokaryotic 

chromosomes have a 

single origin of 

replication, with two 

replication forks 

• Much larger 

eukaryotic 

chromosomes have 

many origins of 

replication 
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Visualization of bidirectional DNA replication. Replication of a circular chromosome 

produces a structure resembling the Greek letter theta (). Labeling with tritium (3H) shows that 

both strands are replicated at the same time (new strands shown in red). The electron 

micrographs illustrate the replication of a circular E. coli plasmid as visualized by 

autoradiography. 
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Leading and lagging strands 

Leading strand is  

made continuously 

Lagging strand is  

made discontinuously 
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Synthesis of the 

lagging strand 

(3’—>5’ strand) 

is discontinuous 

Discontinuous 

5’—>3’ synthesis 

on lagging strand 

allows overall 

3’—>5’ synthesis. 



Bidirectionel DNA-Replication 

of a Circular Genome 
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1. Special sites (or one site 

in bacteria) with a 

specific sequence of 

nucleotides that is 

recognized by the 

replication enzymes. 
 

 Starts at the 3’ end (sugar) 

of the template DNA 

molecule and proceeds 

toward the 5’ end 

(phosphate). 
 

Origins of replication 

These enzymes separate the strands, forming a replication “bubble”. 
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DNA Replication in Bacteria and Eukaryotes  
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• Initiated at specific point called an origin of replication, here the  

  double helix separates and forms replication forks 

• Eukaryotic DNA has multiple origins, producing multiple  

   replication sites, each replicating bidirectionally 
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Initiation 

• Control point for all replication 

• Occurs at an origin of replication 

– Specific DNA sequence 

– In bacteria about 250 base pairs 

• Bacteria have single origin 

• Eucaryotes have multiple origins 
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 hundreds or thousands of origin sites per chromosome.  
 

The replication bubbles elongate as the DNA is replicated and 
eventually fuse. 

Replication in eukaryotes 
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DNA Replication: a closer look 

• Origin of replication (“bubbles”):  beginning of replication 

• Replication fork: ‘Y’-shaped region where new strands of DNA are 

elongating 

• Helicase:catalyzes the untwisting of the DNA at the replication fork 

• DNA polymerase:catalyzes the elongation of new DNA 
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1 l culture = 4.1010 cells --> 400 000 km DNA synthesized (Earth-Moon distance) 

Yeast 14 Mbp 
(1 cm) 

3 kb/min 20 min 330 S would last 80hr if only 1 ori 

2.1013 km DNA synthesized (2 light-years) during life time (1016 cell divisions) 

Human 3 Gbp 
(2 m) 

3 kb/min 7 h >10 000 ? S would last 1 year if 1 ori 

Genome Fork speed S phase Origins Comment 

E. coli 4.6 Mbp 30 kb/min 40 min 1 S longer than doubling time 

Eukaryotes need multiple replication origins 
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Eukaryotes 

+ 
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Cell cycle control of chromosome duplication 
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Where does replication start? 

1. Replication of circular DNA 

– Theta () replication 

• Bacterial genomes 

• Bacteriophages (e.g. lambda) 

 

– Sigma () replication (rolling circle) 

• Bacteriophage lambda 

 

2. Replication of linear DNA 
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Theta () replication 

– identified by John Cairns 

– starts at a unique site called the origin of 

replication (oriC in Escherichia coli) 

– proceeds in both directions (bidirectional) 
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Theta () replication 

bidirectional 

Replication loop 

theta 
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Replication of circular DNA in 

E. coli: 

 

1. Two replication forks result in a 

theta-like () structure. 

 

2. As strands separate, positive 

supercoils form elsewhere in the 

molecule. 

 

3. Topoisomerases relieve tensions 

in the supercoils, allowing the 

DNA to continue to separate. 
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Origin of replication (oriC) 

E. coli 

~ 4.8 Mbp 

oriC position 1 

Tandem array of 

13-mers (AT-rich) 

Binding sites  

for DnaA (9-mers) 

245 bp 

5’-GATCTNTTNTTTT-3’ 

3’-CTAGANAANAAAA-5’ 

Consensus sequence 

5’-TTATCCACA-3’ 
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Initiation 

– starts at oriC in E. coli 

– requires at least 9 different proteins 

    (DnaA, DnaB, DnaC, HU, single-stranded 
  DNA binding proteins (SSBs), DnaG,  
  DNA gyrase, Dam methylase, and  
  RNA polymerase) 

– is the only regulated step in  
DNA replication 

– requires energy in form of ATP 

 

• Key steps: 

– opens DNA helix 

– establish a prepriming complex 
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E. coli chromosome 

has single origin 

of bidirectional 

replication (OriC). 

Eukaryotic chrom. 

have multiple 

bidir. Replication 

origins (not called 

OriC!!). 
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Origins control initiation of replication. In E. coli the chromosomal origin is 
called OriC. This origin is represented by a short sequence region (245 bp). 
It is an AT rich sequence that contains a series of repeats. There are three 13 
mer repeats and four 9 mer repeats. The 9 bp repeats are the initial binding 
sites for the dnaA protein.  

The minimal origin is defined by the distance between  

the outside members of the 13-mer and 9-mer repeats. 

The origin has two sets of repeats 
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Bacterial DNA Replication  

Is Coordinated with Cell Division 

The amount of DnaA protein provides a way  
to regulate DNA replication.  
 
To begin replication, enough DnaA protein must be  
present to bind to all of the DnaA boxes. Immediately  
after DNA replication, insufficient DnaA protein is  
available to reinitiate a second (premature) round of  
DNA replication at the two origins of replication.  
This is because twice as many DnaA boxes are found  
after DNA replication and because some DnaA proteins  
may be degraded or stuck to other chromosomal sites  
and to the cell membrane. 
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DnaB is an ATP-dependent Helicase 

SSB proteins prevent the separated  

strands from reannealing 

DnaB uses ATP hydrolysis  

to separate the strands 

DnaB unwinds DNA in  

the 5’-3’ direction 
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DNA Replication 

Prokaryotic DNA replication - E. coli 

This multistep process involves several proteins. 
 

• Protein   Function 

• Helicase  Begins unwinding of DNA helix 

• DNA gyrase  Assists unwinding 

• SSB proteins  Stabilizes single DNA strands 

• Primase  Synthesis of RNA primer 

• DNA polymerase III Elongation of chain by DNA synthesis 

• DNA polymerase I Removal of RNA primer and fill in 

•     gap with DNA 

• DNA ligase  Closes last phosphoester gap 
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DNA Ligase Covalently Closes 

Nicks in DNA 
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Proteins involved in DNA Replication 
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Single-Strand DNA Binding (SSB) 

Protein 
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Supercoiling of Unwound DNA 
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DNA 

Topoisomerase I 

Produces Single-

Strand Breaks in 

DNA 
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DNA Topoisomerase II Produces 

Double-Strand Breaks in DNA 



Properties of DNA Polymerases 
There are at least five types of DNA polymerase (Pol) in E coli,  

three of which have been studied extensively 

Only one DNA polymerase is the replicase. 

The others participate in repair of damaged DNA,  

restarting stalled replication forks, or bypassing damage in DNA. 



Properties of DNA Polymerases 



Function of DNA Polymerase 

DNA polymerase function has the following requirements: 

all four deoxyribonucleoside triphosphates: dTTP, dATP, 
dGTP, and dCTP 

Mg2+ 

an RNA primer - a short strand of RNA to which the 
growing polynucleotide chain is covalently bonded in the 
early stages of replication 

 

DNA-Pol I: repair and patching of DNA 

DNA-Pol III: responsible for the polymerization of the 
newly formed DNA strand 

DNA-Pol II, IV, and V: proofreading and repair enzymes 



Supercoiling and Replication 

DNA gyrase (class II 
topoisomerase) catalyzes 
reaction involving relaxed 
circular DNA: 

creates a nick in relaxed 
circular DNA 

a slight unwinding at the point 
of the nick introduces 
supercoiling  

the nick is resealed 

The energy required for this 
process is supplied by the 
hydrolysis of ATP to ADP and 
Pi 

 



Replication with Supercoiled DNA 

Replication of supercoiled circular DNA 

DNA gyrase has different role here. It introduces a 
nick in supercoiled DNA 

a swivel point is created at the site of the nick 

the gyrase opens and reseals the swivel point in 
advance of the replication fork 

the newly synthesized DNA automatically assumes 
the supercoiled form because it does not have the 
nick at the swivel point 

helicase, a helix-destabilizing protein, promotes 
unwinding by binding at the replication fork 

single-stranded binding (SSB) protein stabilizes 
single-stranded regions by binding tightly to them 

 



Primase Reaction 

The primase reaction 

RNA serves as a primer in DNA replication 

primer activity first observed in-vivo. 

Primase - catalyzes the copying of a short stretch 
of the DNA template strand to produce RNA 
primer sequence 

Synthesis and linking of new DNA strands 

begun by DNA polymerase III 

the newly formed DNA is linked to the 3’-OH of 
the RNA primer 

as the replication fork moves away, the RNA 
primer is removed by DNA polymerase I 

 



Replication Fork General Features 



Summary of DNA Replication in 

Prokaryotes 

DNA synthesis is bidirectional 

DNA synthesis is in the 5’ -> 3’ direction 

the leading strand is formed continuously 

the lagging strand is formed as a series of Okazaki 

fragments which are later joined 

Five DNA polymerases have been found to exist in E. coli  

Pol I is involved in synthesis and repair  

Pol II, IV, and V are for repair under unique conditions 

Pol III is primarily responsible for new synthesis 



Summary of DNA Replication in 

Prokaryotes 

Unwinding 

DNA gyrase introduces a swivel point in advance of the 
replication fork 

a helicase binds at the replication fork and promotes 
unwinding 

single-stranded binding (SSB) protein protects exposed 
regions of single-stranded DNA 

Primase catalyzes the synthesis of RNA primer 

Synthesis 

catalyzed by Pol III 

primer removed by Pol I 

DNA ligase seals remaining nicks 

 



Proofreading and Repair 

DNA replication takes place only once each generation in 
each cell 

 

Errors in replication (mutations) occur spontaneously 
only once in every 109 to 1010 base pairs 

 

Can be lethal to organisms 

 

Proofreading - the removal of incorrect nucleotides 
immediately after they are added to the growing DNA 
during replication (Figure 10.10) 

 

Errors in hydrogen bonding lead to errors in a growing 
DNA chain once in every 104 to 105 base pairs 



Proofreading Improves Replication Fidelity 

Cut-and-patch catalyzed by Pol I: cutting is removal of 
the RNA primer and patching is incorporation of the 
required deoxynucleotides 

Nick translation: Pol I removes RNA primer or DNA 
mistakes as it moves along the DNA and then fills in 
behind it with its polymerase activity 

Mismatch repair: enzymes recognize that two bases are 
incorrectly paired, the area of mismatch is removed, 
and the area replicated again 

Base excision repair: a damaged base is removed by 
DNA glycosylase leaving an AP site; the sugar and 
phosphate are removed along with several more bases, 
and then Pol I fills the gap 

 



DNA Polymerase Repair 



Mismatch Repair in Prokaryotes 
Mechanisms of mismatch repair encompass: 



Prokaryotic Replication 

Step one 

Helicase recognizes and binds to the origin for 
replication. 

It catalyzes the separation of the two DNA strands. 

DNA gyrase assists in unwinding and the replication 
fork is formed. 

DNA gyrase 

Helicase 

ATP 

ADP 

5’ 

 

3’ 



Step two 

Exposed single strands of DNA must then be stabilized and 

protected from cleavage of the phosphodiester bonds. 

SSB proteins perform this function. 

Complementary strands are now available as templates. 

SSB protein 

Prokaryotic Replication 



Prokaryotic Replication 

Step three 

Primase initiates synthesis by producing a short strand of 

RNA (4-10 nucleotides.) 

This is only required once for the leading strand. Separate 

initiation is required for all Okazaki fragments. 

DNA polymerase III can then process the 3’-hydroxyl group. 

primer RNA 

primase 

DNA polymerase III 



Prokaryotic Replication 

Step four 

After ‘priming’, DNA polymerase III can then process the 3’-

hydroxy group. 

The leading strand continues in the direction of the advancing 

replication fork. 

The lagging strand fragments stop when they reach another 

fragment. 



Prokaryotic Replication 

Step five 

The RNA primers are removed by the 5’->3’ nuclease action 

of DNA polymerase I. 

Remaining gaps are filled by DNA polymerase I. 

DNA 

polymerase I 



Prokaryotic Replication 

Step six 

DNA ligase is used to complete the final phosphoester bond. 

Termination of replication occurs when the two replication 

forks meet on the circular DNA. 

DNA ligase 

ATP ADP 



Simultaneous synthesis of  

both DNA strands 





Origin of replication 

Overview 

Leading 
strand 

Leading 
strand 

Lagging 
strand 

Lagging strand 

Overall directions 
of replication 

Template 
strand 

RNA primer 
for fragment 1 

Okazaki 
fragment 1 

RNA primer 
for fragment 2 

Okazaki 
fragment 2 

Overall direction of replication 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

5 

5 

5 

5 

5 

5 
5 

5 5 

5 
5 

5 

2 

2 

2 
1 

1 

1 

1 

1 
2 

1 



Okazaki fragments 



The replication origin expands as 

replication proceeds 
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Sigma () replication 

Rolling circle mechanism 
• Example: bacteriophage lambda () 

1. Lambda phages contains linear dsDNA. 

Upon infection of  bacteria ring closure 

occurs at the cos sites (12 nucleotiode 

cohesive ends) 

2. Endonucleotytic cleavage of one strand  

3. Attachment of new deoxynucleotides to 

the 3’-OH end (continuous DNA 

synthesis) 

4. Separation of the 5’ strand and synthesis 

of a new DNA strand in a discontinuous 

fashion 

5. Cleavage of linear dsDNA via terminase 

at cos sites and packaging into DNA.  



YM-Bioinfo 

Rolling circle model of 

DNA replication: 
 

1. Common in several 

bacteriophages including . 

 

2. Begins with a nick at the origin of 

replication. 

 

3. 5’ end of the molecule is displaced 

and acts as primer for DNA 

synthesis. 

 

4. Can result in a DNA molecule 

many multiples of the genome 

length. 

 

5. During viral assembly the DNA is 

cut into individual viral 

chromosomes. 
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DNA Replication, II 

• Antiparallel nature:  
  

• sugar/phosphate backbone 

runs in opposite directions;                              

• one strand runs 5’ to 3’, 

while the other runs 3’ to 5’;    

• DNA polymerase only 

adds nucleotides at the free 

3’ end, forming new DNA 

strands in the 5’ to 3’ 

direction only       
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DNA Replication, III 

• Leading strand:   
 synthesis toward the replication 

fork (only in a 5’ to 3’ direction from 

the 3’ to 5’ master strand) 

• Lagging strand:   
 synthesis away from the 

replication fork (Okazaki fragments); 

joined by DNA ligase (must wait for 

3’ end to open; again in a 5’ to 3’ 

direction) 

• Initiation:              
 Primer (short RNA 

sequence~w/primase enzyme),  

begins the replication process              
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1. E. coli - < 1 hour to copy each of the 5 million 

base pairs in its single chromosome and divide to 

form two identical daughter cells. 

2. A human cell can copy its 6 billion base pairs 

and divide into daughter cells in only a few 

hours. 

3. This process is remarkably accurate, with only 

one error per billion nucleotides. 

4. More than a dozen enzymes and other proteins 

participate in DNA replication.  

A large team of enzymes and other proteins  

carries out DNA replication 
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DNA polymerases in E. coli 

• DNA polymerase I: Proofreading 

– involved in clean-up functions, DNA repair, etc. 

• DNA polymerase II: Proofreading 

– involved in DNA repair 

• DNA polymerase III: Chromosome replication 

– principle replication enzyme in E. coli 

– fast  (250 –1000 nts/sec) and high processivity 

• DNA polymerase IV and V 

– discovered in 1999 

– involved in specific forms of DNA repair 
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E. coli DNA polymerase I has two exonuclease activities 
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Proofreading function  

of DNA polymerase I 

When a base pair mismatch is found, 

the end of the newly made strand is 

shifted into the 3ʹ exonuclease site.  

 

The DNA is digested in the 3ʹ to 5ʹ 

direction to release the incorrect 

nucleotide. 
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Proofreading function of DNA polymerase I 
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Some DNA polymerase have other 

enzyme activities. Ex. DNA pol I 

5’—>3’ polymerase 

5’—>3’ exonuclease 

3’—5’ exonuclease 
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3’—>5’ exonuclease activity allows 

“proofreading” of the last base inserted 
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DNA polymerase III 

• high catalytic potency (250 - 1,000 nts/sec) 

• high processitvity (> 500,000 nts) 

• high fidelity  

• 3’-5’ exonuclease activity (proofreading) 

• multipeptide complex (~ 830 kDa) 

– 10 different polypeptides 

– Catalytic DNA polymerase activity is encoded by polC 
(dnaE) 

• asymmetric dimer 

– can replicate both parental strands at the same time 
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DNA polymerase III in E. coli  

subunit No. of 

subunits

Gene Activity Component

 2 pol C (dnaE) DNA polymerase

 2 dnaQ (mut D) 3' - 5' exonuclease

 2 hol E stimulates exonuclease

 2 dnaX dimerizes core linker protein

 2 dnaX * (binds ATP ?)

 1 hol A binds to -subunit

' 1 hol B binds to  - and - 

subunit

 1 hol C (binds SSB ?)

 1 hol D binds to  and 

 4 dnaN optimizes processivity
sliding DNA 

clamp

clamp loader 

(loads b subunits 

on lagging strand 

at each Okazaki 

fragment)

core polymerase

DNA pol III in a multi-protein aggregate, termed the 

holoenzyme, carries out the major DNA synthesis functions. 
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DNA pol III holoenzyme is very 

complex, with many polypeptides 
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E. coli DNA polymerase III holoenzyme is a complex of 900 kD that contains  

10 proteins organized into four types of subcomplex:  

 

• There are two copies of the catalytic core.  

   Each catalytic core contains the α subunit  

   (the DNA polymerase activity),  

   ε subunit (3’ –5’ proofreading exonuclease), &  

   θ subunit (stimulates exonuclease).  

• There are two copies of the dimerizing subunit, τ,  

   which link the two catalytic cores together.  

• There are two copies of the clamp, which is responsible  

   for holding catalytic cores on to their template strands.  

   Each clamp consists of a homodimer of β subunits that  

   binds around the DNA and ensures processivity.  

• The γ complex is a group of 5 proteins,  

   the Clamp loader, that places the clamp on DNA. 
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β-subunit dimers clamp DNA 
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Space-filling model of  

β-subunit dimers bound to DNA 

Structure of the B clamp 
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Leading 
strand 

Lagging 
strand 

Overview 

Origin of replication Lagging 
strand 

Leading 
strand 

Primer 

Overall directions 
of replication 

Origin of  
replication 

RNA primer 

Sliding clamp 

DNA pol III 
Parental DNA 

3 

5 

5 

3 
3 

5 

3 

5 

3 

5 

3 

5 
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DNA polymerase III 

holoenzyme assembles 

in stages, generating an 

enzyme complex that 

synthesizes the DNA of 

both new strands. 
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Parental DNA 

DNA pol III 

Leading strand 

Connecting 
protein 

Helicase 

Lagging strand DNA  
pol III 

Lagging 
strand 
template 

5 

5 

5 

5 

5 

5 

3 3 

3 
3 

3 

3 
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A three-dimensional view of DNA replication 

DNA helicase and primase associate together to form a primosome.  

The primosome associates with two DNA polymerase enzymes to form a replisome. 
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The helicase creating the replication fork is connected 

to two DNA polymerase catalytic subunits, each of which 

is held on to DNA by a sliding clamp. The polymerase that 

synthesizes the leading strand moves continuously. The 

polymerase that synthesizes the lagging strand dissociates 

at the end of an Okazaki fragment and then reassociates 

with a primer in the single-stranded template loop to 

synthesize the next fragment. 
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Core polymerase and the β 

clamp dissociate at completion 

of Okazaki fragment synthesis 

and reassociate at the 

beginning. 
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The replication fork of E.coli 
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Looping of template for the lagging strand enables a dimeric 

DNA polymerase III holoenzyme at the replication fork to 

synthesize both of the daughter strands 
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Coordination between strands 

Model: 

1. The DNA moves through 

the DNA pol. III complex. 

2. Formation of new loops 

every ~ 1,000 bp 

Looping of the template 

Primer 
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Simultaneous replication occurs  

via looping of the lagging strand 
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Replication forks must stop and disassemble at the termination of replication. 

How is this accomplished?  

• Sequences that stop movement of replication forks have been identified in the  

   form of the ter elements of the E. coli chromosome or equivalent sequences in  

   some plasmids. The common feature of these elements is a 23 bp consensus  

   sequence that provides the binding site for the product of  

   the tus gene, a 36 kD protein that is necessary for  

   termination. Tus binds to the consensus sequence, where  

   it provides a contra-helicase activity and stops DnaB  

   from unwinding DNA. The leading strand continues to  

   be synthesized right up to the ter element, while the  

   nearest lagging strand is initiated 50-100 bp before reaching ter. 

• The result of this inhibition is to halt movement of the replication fork and  

   (presumably) to cause disassembly of the replication apparatus. Tus stops the  

   movement of a replication fork in only one direction. The crystal structure of a  

   Tus-ter complex shows that the Tus protein binds to DNA asymmetrically;  

   α-helices of the protein protrude around the double helix at the end that blocks  

   the replication fork. Presumably a fork proceeding in the opposite direction can  

   displace Tus and thus continue. A difficulty in understanding the function of  

   the system in vivo is that it appears to be dispensable, since mutations in the  

   ter sites or in tus are not lethal. 
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The termination of DNA replication 

Two sites in the bacterial chromosome, shown with rectangles, are ter sequences 

designated T1 and T2. The T1 site prevents the further advancement of the fork 

moving left to right, and T2 prevents the advancement of the fork moving right to 

left. As shown in the inset, the binding of Tus prevents the replication forks from 

proceeding past the ter sequences in a particular direction. 
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Termination 

• Replication forks meet at Ter sequences (locus) 

• Ter (termination) sequences  20 bp long 

– core consensus is: 5’-GTGTGTTGT-3’ 

– bound by Tus protein (terminus utilization substance) 

– not essential for termination of replication 

 oriC 

Clockwise fork Counterclockwise 

 fork 

TerG TerF     TerB TerC     TerA TerD TerB 

counterclockwise fork trap clockwise fork trap 
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Replication in eucaryotes 

• Very complex 

– larger chromosomes 

– Chromatin structure 

– proceeds bidirectionally (in humans) 

 

• Origins of replication (replicators) [Yeast] 

– ARS (autonomously replicating sequences) 

– ~ 150 bp long (AT- rich) 

– ~ 400 replicators on 17 chromosomes (haploid) 

 

• Origin recognition complex (ORC) 

– multi-subunit protein => binds at ARS 

– cell cycle regulated 
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Eukaryotic cells have a large number of DNA polymerases  

Each of the three nuclear DNA replicases  

has a different function: 

 

• DNA polymerase α  

   initiates the synthesis of new strands.  

• DNA polymerase δ  

   elongates the leading strand.  

• DNA polymerase ε may be involved in  

   lagging strand synthesis,  

   but also has other roles.  
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Similar functions are required at all replication forks  
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