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DNA is synthesized by adding 
nucleotides to the 3’–OH end 
of the growing chain, so that 
the new chain grows in the 5’ 
to 3’ direction

All DNA Polymerases synthesize DNA in one 
direction  5’ -> 3’



DNA Polymerases Are the Enzymes  
That Make DNA

• Both pro- and  eukaryotic 
cells have several different 
DNA polymerase (DNA 
replicase) enzymes 

• One bacterial DNA 
polymerase undertakes 
semiconservative replication 
of the genome; the others are 
involved in repair reactions.

Only one DNA polymerase in 
prokaryotes is the “true” replication 

enzyme, or “replicase”



DNA Polymerases Are the Enzymes  
That Synthesize DNA

• Both pro- and  eukaryotic 
cells have several different 
DNA polymerase (DNA 
replicase) enzymes 

• In eukaryotes replication of 
the genome and repair are 
achieved by a wider variety of 
enzyme subunits… plethora 
of greek alphabet names



DNA Polymerases Have a Common 
Structure

• Many DNA polymerases have a large cleft composed of 
three domains that resemble a hand. 

• DNA lies across the “palm” in a groove created by the 
“fingers” and “thumb.”

The structure of the Klenow 
fragment from E. coli DNA 

polymerase I

Structure from Protein Data Bank 1KFD. L. S. Beese, J. M. Friedman, 
and T. A. Steitz, Biochemistry 32 (1993): 14095-14101.



DNA Polymerases Control the Fidelity of 
Replication

• High-fidelity DNA polymerases involved in replication 
have a precisely constrained active site that favors 
binding of Watson–Crick base pairs. 

• processivity – The ability of an enzyme to perform 
multiple catalytic cycles with a single template instead of 
dissociating after each cycle.



Type of DNA Polymerases 
Controls the Fidelity of 

Replication

• DNA polymerases (including the 
replicase) often have a 3′–5′ 
exonuclease activity that is 
used to excise incorrectly 
paired bases. 

• The fidelity of replication is thus 
improved by proofreading 
ability unto  ~100.

Bacterial DNA polymerases are able to 
“scrutinize” the base pair at the end of the 
growing chain and excise the nucleotide 
added in the case of a misfit



DNA Polymerases Are the Enzymes That 
Synthesize DNA

• DNA is synthesized in both semiconservative replication of entire 
chromosomes (replisomes)…. and dispersive replication of relatively 
short patches of DNA -including damaged DNA sequences 

Each parental strand of DNA 
acts as a template



Different DNA Polymerases Have different  
Nuclease Activities, as their function dictates.

• DNA polymerase I 
(prokaryotes) has a unique 
5′->3′ exonuclease activity 
that can be combined with 
DNA synthesis to perform 
“nick translation” in which 
the polymerase replaces 
part of a pre-existing 
strand of duplex DNA with 
newly synthesized 
material. 

• This exonuclease activity  
can also be achieved by 
specific exonuclease
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Fidelity of replication comes at a price…  
Priming Is Required to Start DNA Synthesis

• All DNA polymerases require a 3′–OH priming end to 
initiate DNA synthesis.

A DNA polymerase require a 3’–OH end to initiate replication



Priming Is Required to Start DNA 
Synthesis

• The priming end can be provided by 
an RNA primer, a nick in DNA, or a 
priming protein.

There are several methods for providing 
the free 3’–OH end that DNA 
polymerases require to initiate DNA 
synthesis…. DNA or RNA 3’ OH 



Priming Is Required to Start chromosomal DNA 
Synthesis

• Priming of replication on 
double-stranded DNA 
always requires a replicase, 
SSB, and a primase. 

• DnaB is the helicase that 
unwinds DNA for replication 
in E. coli.

Initiation requires several 
enzymatic activities, including 
helicases, single-strand 
binding proteins, and synthesis 
of the primer



• The replisome – Comprises a multi-protein complex that 
assembles at the bacterial replication fork to undertake 
synthesis of DNA. 

• It contains DNA polymerase and other enzymes.



Replication eyes can be uni- or bidirectional.
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 Replicated DNA is seen as a replication bubble flanked by non-replicated 
DNA
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• Replication is 
unidirectional when a 
single replication fork is 
created at an origin. 

• Replication is 
bidirectional (with 
respect to the 
chromosome) when an 
origin forms it creates 
two replication forks 
that move in opposite 
directions.
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Initial replication is detected by incorporation of green label

Photo reproduced from K. Marheineke, et al., Visualization of bidirectional initiation of 
chromosomal DNA replication in a human cell free system, Nucleic Acids Res., vol. 33 
(21), pp. 6931-3941, by permission of Oxford University Press. Photo courtesy of 
Kathrin Marheineke and Torsten Krude.

�20



• Replication is 
unidirectional when a 
single replication fork is 
created at an origin. 

• Replication is 
bidirectional when an 
origin creates two 
replication forks that 
move in opposite 
directions.

Replicons may be unidirectional or bidirectional, 
depending on whether one or two replication 

forks are formed at the origin. 



The D loop maintains an opening in 
mammalian mitochondrial DNA, 
which has separate origins for the 
replication of each strand

�22



Replication forks are organized into “foci” in the nucleus

Photos courtesy of Anthony D. Mills and Ron Laskey, Hutchinson/MRC 
Research Center, University of Cambridge.
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DNA Replication: youtube.com/watch?v=yqESR7E4b_8

http://youtube.com/watch?v=yqESR7E4b_8


Initiation: Creating the Replication Forks at 
the Origin oriC in prokaryotes

• Initiation takes place at the singular oriC and requires 
the sequential assembly of a large protein complex on 
the membrane. 

• to initiate oriC must be fully methylated  to initiate. 
• DnaA- ATP (a licensing factor) binds to short repeated 

sequences and forms an oligomeric complex that melts 
DNA.

The minimal origin is defined by the distance between the outside members of the 
13-mer and 9-mer repeats. 



Replication Requires a Helicase and a 
Single-Strand Binding Protein

• Replication requires a helicase to separate the strands of 
DNA using energy provided by hydrolysis of ATP (very 
expensive). 

• A single-stranded binding protein is required to maintain the 
separated strands.

A hexameric helicase 
moves along one strand of 

DNA



Initiation: Creating the Replication Forks at 
the Origin oriC

• After DnaA has opened up the DNA, the hexameric 
DnaB arrives at the replication fork. Gyrase and SSB 
are also required, as well as Hu proteins. The gyrase is 
a topoisomerase II, which is required to offset the 
localized stress caused by the action of the 2  helicases 

• A short region of A-T -rich DNA is melted. 

• DnaG is bound to the helicase complex and expands 
away from the oriC  creating the replication forks.

• DnaG is an RNA primase – A type of RNA polymerase 
that synthesizes short segments of RNA that will be 
used as primers for DNA replication.



Initiation: Creating the 
Replication Forks at the 

Origin oriC

• Six DnaC monomers 
escort each hexamer of 
DnaB, and this 
complex binds to the 
origin.

Pre-priming involves formation of a 
complex by sequential association of 

proteins, which leads to the separation 
of DNA strands
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Initiation: Creating the Replication Forks at 
the Origin oriC

• After DnaA has opened up the DNA, the hexameric 
DnaB arrives at the replication fork. Gyrase and SSB 
are also required, as well as Hu proteins. The gyrase is 
a topoisomerase II, which is required to offset the 
localized stress caused by the action of the 2  helicases 

• A short region of the A-T -rich DNA is melted. 

• DnaG is bound to the helicase complex and expands 
away from the oriC  creating the replication forks.

• DnaG is an RNA primase – A type of RNA polymerase 
that synthesizes short segments of RNA that will be 
used as primers for DNA replication.



Initiation: Creating the Replication Forks at 
the Origin oriC

A two-state assembly model of DNA during initiation. 
Adapted from Journal of Biological Chemistry, vol 285, Karl E. Duderstadt, et 
al., Origin Remodeling and Opening in Bacteria..., pp. 28229-28239. © 2010 
The American Society for Biochemistry and Molecular Biology 



• oriC contains binding sites for DnaA: dnaA-boxes. 

• oriC also contains 11 GATC/CTAG repeats that are 
methylated on Adenine residues on both strands.

The E. coli origin of replication, oriC, contains multiple binding sites for the DnaA 
initiator protein. 



Replication initiates at the bacterial origin when a cell passes a critical 
threshold of size
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Methylation of the Bacterial Origin Regulates 
Initiation

• Replication generates 
hemi-methylated 
DNA, which cannot 
initiate replication. 

• There is at least a 13-
minute delay before the 
GATC/CTAG repeats 
are remethylated.

Only fully methylated origins can initiate 
replication. 



The fixed interval of 60 minutes between initiation of replication and cell 
division produces multi-forked chromosomes in rapidly growing cells
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• SeqA binds to hemi-methylated DNA and is required for 
delaying rereplication. 

• SeqA may interact with DnaA. 
• As the origins are hemi-methylated they bind to the cell 

membrane and may be unavailable to methylases. 

• The dat locus contains DnaA-binding sites that titrate 
availability of DnaA protein. 

• Hda protein is then recruited to the replication origin to 
convert DnaA-ATP to DnaA-ADP.

Multiple Mechanisms Exist to Prevent 
Premature Re-initiation of Replication



Initiation: A little more complex in   
Eukaryotes.....

• Cell Cycle dependency 

• licensing factor required??–  factors located 
in the nucleus and necessary for replication that 
is inactivated or destroyed after one round of 
replication. 
– New factors must be provided for further rounds of 

replication to occur.



Each Eukaryotic Chromosome Contains 
Many Replicons 

• A chromosome is divided into many replicons. 

• The progression into S phase is tightly controlled. 

• checkpoint – A biochemical control mechanism that 
prevents the cell from progressing from one stage to the next 



Replication forks are organized into “foci” in the nucleus

Photos courtesy of Anthony D. Mills and Ron Laskey, Hutchinson/MRC 
Research Center, University of Cambridge.
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The eukaryote cell cycle

�40



�41



Each Eukaryotic Chromosome Contains 
Multiple Replicons 

• A chromosome is divided into many replicons. 

• The progression into S phase is tightly controlled. 

• checkpoint – A biochemical control mechanism that 
prevents the cell from progressing from one stage to the next 
unless specific goals and requirements have been met. 



Replication Origins Can Be Isolated in Yeast 

• Origins in S. cerevisiae 
are short A-T 
sequences that have 
an essential 11-bp 
sequence. 

• The ORC is a complex 
of six proteins ORC1-6 
that binds to an ARS.

 An ARS extends for ~50 bp and 
includes a consensus sequence (A) 
and additional elements (B1–B3). 



Replication Origins Can Be Isolated in Yeast

• A domain – The conserved 11-bp sequence of A-T base 
pairs in the yeast ARS element that comprises the 
replication origin.  

• Related ORC complexes are found in multicellular 
eukaryotes.



3.bp.blogspot.com/-



The elusive determinants of replication origins

EMBO reports  
Volume 8, Issue 4, pages 332-334, 1 APR 2007 DOI: 10.1038/sj.embor.7400954 
http://onlinelibrary.wiley.com/doi/10.1038/sj.embor.7400954/full#embr7400954-fig-0002

http://onlinelibrary.wiley.com/doi/10.1002/embor.v8.4/issuetoc
http://onlinelibrary.wiley.com/doi/10.1038/sj.embor.7400954/full#embr7400954-fig-0002
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• Cell Cycle dependency 

• licensing factors required??–  factors located 
in the nucleus that are necessary for replication 
and which are inactivated or destroyed after one 
round of replication. 

– Consequently, new factors must be provided for 
further rounds of replication to occur.

Initiation: A little more complex in   
Eukaryotes.....



Licensing Factor 
Controls Eukaryotic 

Re-replication

• Initiation of another 
replication cycle becomes 
possible only after 
licensing factor(s) 
reenters the nucleus 
following mitosis.

Licensing factor in the nucleus is 
inactivated after replication. 



�54



�55



Proteins at the origin control susceptibility to initiation
�56



Proteins at the origin control susceptibility to initiation
�57



Licensing Factor(s) Binds to ORC

Proteins at the origin replication complex (ORC) control susceptibility to initiation. 

Adapted from R. C. Heller, et al., Cell 146 (2011): 80-91 
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http://biotech.gsu.edu/houghton/8620/pdf/Tsuyama'05(licensing_factors).pdf


�60



26

Treslin is a relatively newly identified factor for initiation of DNA replication in 
vertebrates  
 -Treslin interacts with TopBP1, a protein required for initiation of DNA replication  
 -Association of Treslin and TopBP1 requires cyclin-dependent kinase activity  
 -Treslin and TopBP1 collaborate in the Cdk2-mediated loading of the initiator   
protein Cdc45 onto DNA
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Mini Chromosome Maintenance 
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Forsburg Lab Research
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Cdc45p has emerged as a 
pivotal factor in the 
transition to replication-
involved in loading of the 
polymerase on to the 
chromatin

Origin firing is effectively 
controlled by two kinases: CDK 
and DDK
 

In  budding  yeast,  at  least, 
inactivation  of  CDK  has  the 
dramatic  effect  of  causing 
massive rounds of re-replication; 
a similar, although less dramatic.
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Variety of Studies -indicate different effects 
of different replication mutations

• conditional lethal mutations – mutations that are lethal 
under one set of conditions, but are not lethal under a 
second set of conditions, such as temperature

• dna mutants - temperature-sensitive replication mutants in 
E. coli that identify a set of loci called the dna genes.

• in vitro complementation – a functional assay used to 
identify components of a process. 
– the reaction is reconstructed using extracts from different 

mutant cells. 
– fractions from wild-type cells are then tested for 

restoration of activity.



• slow-stop mutants – temperature-sensitive replication 
mutants that produce a slowly derived affect on 
replication events and were subsequently found to be 
defective in initiation of replication. 

• quick-stop mutants – temperature-sensitive replication 
mutants that produce a rapidly derived affect on 
replication events when temperature shifted to the non-
permissive temperature, and which were found to be 
defective in replication elongation during synthesis of 
DNA.



The Two New DNA Strands Have Different Modes 
of Synthesis

• The DNA polymerase advances continuously when it 
synthesizes the leading strand (5′–3′), but synthesizes 
the lagging strand by making short fragments (Okasaki 
fragments) that are subsequently joined together. 

• semidiscontinuous replication – The mode of 
replication in which one new strand is synthesized 
continuously while the other is synthesized 
discontinuously.



DNA is synthesized by adding 
nucleotides to the 3’–OH end 
of the growing chain, so that 
the new chain grows in the 5’ 

to 3’ direction

DNA Synthesis:



Priming Is Required to Start DNA Synthesis

• All DNA polymerases require a 3′–OH priming end to 
initiate DNA synthesis.

A DNA polymerase requires a 3’–OH end to initiate replication



• As such, all DNA Synthesis 
requires a “primer” of one sort 
or another. 

• The priming 3’OH can be 
provided by an RNA primer, a 
nick in the DNA, or a priming 
protein.

There are several methods for 
providing the free 3’–OH end that DNA 
polymerases require to initiate DNA 
synthesis



The Two New DNA Strands Have Different 
Modes of Synthesis

The leading strand is synthesized continuously, whereas the lagging strand 
is synthesized discontinuously



https://www.youtube.com/watch?v=TNKWgcFPHqw

Fundamentals of chromosomal DNA replication 

https://www.youtube.com/watch?v=TNKWgcFPHqw


Okazaki 
Fragments Are 

Linked by Ligase

• Each Okazaki fragment 
starts with a primer and stops 
before the next fragment. 

• DNA polymerase I removes 
the primer and replaces it 
with DNA.

Synthesis of Okazaki 
fragments require priming, 
extension, removal of RNA 
primer, gap filling, and nick 
ligation



Okazaki Fragments Are Linked 
by Ligase

• DNA ligase makes the bond that 
connects the 3′ end of one Okazaki 
fragment to the 5′ beginning of the 
next fragment.

DNA ligase seals nicks between 
adjacent nucleotides by employing an 
enzyme-AMP intermediate



Coordinating Synthesis of the Lagging and 
Leading Strands

• Different enzyme units are required to synthesize the 
leading and lagging strands. 

• In E. coli, both these units contain the same catalytic 
subunit (DnaE). 

• In other organisms, different catalytic subunits may be 
required for each strand.

Leading and lagging catalytic units behave differently



In Prokaryotes DNA polIII holoenzyme 
consists of a number of subcomplexes of 

protein subunits

• The E. coli replicase DNA polymerase III is a 900-kD 
complex with a dimeric structure. 

• Each monomeric unit has a catalytic core, a dimerization 
subunit, and a processivity component.



DNA Polymerase III 
Holoenzyme Consists 

of Subcomplexes
• A clamp loader places the 

processivity subunits on DNA, 
where they form a circular 
clamp around the nucleic 
acid. 

• One catalytic core is 
associated with each template 
strand.

DNA polymerase III holoenzyme 
assembles in stages, generating an 
enzyme complex that synthesizes the DNA 
of both new strands



The Clamp Controls Association of Core 
Enzyme with DNA

• The core on the leading strand is processive because its 
sliding clamp keeps it on the DNA. 

• The clamp associated 
 with the core on the 
 lagging strand 
 dissociates at the end of 
 each newly synthesized  
     Okazaki fragment 
     and reassembles for the 
 next fragment.

The dimeric polymerase 
model



The Clamp Controls 
Association of Core 
Enzyme with DNA

• The helicase DnaB is 
responsible for interacting 
with the primase DnaG to 
initiate each round of 
Okazaki fragment 
synthesis.

Each catalytic core of Pol III synthesizes 
a daughter strand. DnaB is responsible 
for forward movement at the replication 
fork



The Clamp Controls Association of Core 
Enzyme with DNA

Core polymerase and the Beta 
clamp dissociate at completion 
of Okazaki fragment synthesis 
and reassociate at the 
beginning



 In eukaryotes….different  DNA Polymerase 
subunits undertake Initiation and Elongation

• A replication fork has one complex of DNA polymerase 
α/primase, one complex of DNA polymerase δ, and 
one complex of DNA polymerase ε. 

• The DNA polymerase α/primase complex initiates the 
synthesis of both DNA strands. 

• DNA polymerase ε elongates the leading strand and the 
second DNA polymerase δ elongates the lagging strand.



Each catalytic core of the Replicase 
synthesizes a daughter strand.  

The DnaB subunit is responsible for  
forward movement at the replication fork



Each catalytic core of the Replicase 
synthesizes a daughter strand, with the 
responsibilities of the different core subunits 
 ε and  δ, defined by leading and lagging 
strand function, respectively. 

The MCM complex is responsible for  
forward movement at the replication fork



�89Molecular Cell 65, 105–116, January 5, 2017 
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Similar functions are required at all replication forks
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�96Molecular Cell 64, 1035–1047, December 15, 2016 1037 
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DNA Replication: youtube.com/watch?v=yqESR7E4b_8

http://youtube.com/watch?v=yqESR7E4b_8
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Lesion Bypass Requires 
Polymerase 

Replacement

• A replication fork stalls 
when it arrives at 
damaged DNA. 

• The replication 
complex must be 
replaced by a 
specialized DNA 
polymerase for lesion 
bypass.

The replication fork stalls and may 
collapse when it reaches a damaged 
base or a nick in DNA. Arrowheads 
indicate 3′ ends.



Lesion Bypass Requires 
Polymerase 

Replacement

• A replication fork stalls when it 
arrives at damaged DNA. 

• The replication complex must 
be replaced by a specialized 
DNA polymerase for lesion 
bypass.

When replication halts at damaged 
DNA, the damaged sequence is 
excised and the complementary 
(newly synthesized) strand of the 
other daughter duplex crosses over to 
repair the gap. Replication can now 
resume, and the gaps are filled in



Lesion Bypass Requires Polymerase 
Replacement

• After the damage has 
been repaired, the 
primosome is 
required to reinitiate 
replication by 
reinserting the 
replication complex.

The primosome is required to 
restart a stalled replication fork 
after the DNA has been repaired
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