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Like bacteria, eukaryotes have multiple types of DNA polymerases. Each of
these polymerases have particular functions and containing either a single
subunit or multiple subunits. For example, DNA polymerase γ is a trimeric
polymerase that is involved in mitochondrial DNA replication and repair. DNA
polymerase ζ and DNA polymerase κ are involved in translesion DNA synthesis
and each contains a single subunit.

The nuclear DNA replication requires DNA polymerase α/primase
(multisubunits), DNA polymerase ε (multisubuits) and DNA polymerase δ
(mutlisubunits). DNA pol α is a tetrameric protein with two α- and two a-
subunits. One subunit type has primase activity and another has
polymerization activity. However, this polymerase has no 3’-5’
exonuclease/proofreading activity, making it unsuitable for high fidelity
(accuracy) replication. It is involved in RNA primer synthesis. DNA polymerase ε
is a tetrameric protein that is involved in leading strand synthesis, while DNA
polymerase δ is a dimeric or trimeric protein that is involved in lagging strand
synthesis. Both polymerases have 3’-5’ proofreading activity. However, they
lack 5’-3’ exonuclease activity and thus cannot remove RNA primers.

Eukaryotic DNA 

polymerases



Instead, RNA primers are excised by ribonuclease RnaH (which degrades RNA

present in DNA-RNA hybrid), followed by the DNA synthesis by DNA

polymerase δ. This event leads to formation of 5’-overhangs called 5’-flaps by

the displacement of Okazaki fragment by replicative polymerase. These 5’-

flaps are then removed by Flap endonuclease 1 (FEN1). The polymerase δ

must interact with PCNA (proliferating cell nuclear antigen) for acquiring

higher processivity. PCNA is a protein found in large amounts in the nuclei of

proliferating cells. PCNA acts as a sliding clamp, thus equivalent to the β-

subunits of the DNA pol III holoenzyme in E. coli. Like β-clamp, PCNA forms a

ring-shaped structure and encircles DNA, but unlike β-clamp which is a

homodimer, PCNA is a homotrimer. RF-C (replication factor C) is clamp loader

for PCNA and thus acts like γ-clamp loading complex in E. coli. RF-C introduces

a conformational change in PCNA that allow it to encircle DNA. Other protein

involved in eukaryotic replication is RPA (replication protein A) which is

eukaryotic single stranded binding protein, thus equivalent to SSBs in E. coli.
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The origins of replication are well characterized in lower eukaryotes, but

are much less defined in higher eukaryotes. In vertebrates, a variety of A=T

rich sequences may be used for replication initiation. Yeast has defined

replication origins called autonomously replicating sequences (ARSs). Yeast

ARS consists of 150 bp and contain several essential conserved sequences

such as A-element and B1 element. Like bacterial initiator protein DnaA,

eukaryotes have an initiator protein called origin recognition complex. ORC

is a six-protein complex that binds and hydrolyzes ATP. ATP binding is

essential for sequence specific binding at the origin and ATP hydrolysis is

required for ORC to participate in the loading of eukaryotic DNA helicase

onto replicator DNA. Unlike DnaA, binding of ORC to yeast replicators does

not lead to the strand separation of a dsDNA.
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During G1 phase, ORC with its ATP bound form binds to the

origin and acts as landing pad for the assembly of other

initiation factors. Two other proteins, CDC6 and CDT1, are

then recruited to the ORC. These two proteins are helicase

loaders and loads two copies of MCM 2-7 helicase to the

origin. The ring-shaped hexameric MCM 2-7 helicase

functions much like bacterial DnaB protein. Both ORC and

CDC6 are AAA+ ATPases. ATP binding essential for origin DNA

binding and stable recruitment of helicase. The complex that

consists of ORC, CDC6, CDT1 and MCM 2-7 is referred to as

pre-replication complex (pre-RC).
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After formation of pre-RC, two protein kinases S-CDK and DDK

phosphorylates the components of the pre-RC complex. S-CDK

phosphorylates CDC6, CDT1 and one subunit of ORC, while DDK

phosphorylates MCM4 and MCM6. This phosphorylation event leads to the

dissociation of ORC, CDC6 and CDT1 from pre-RC with the concomitant

association of CDC45 and GINS proteins to the origin. The resulting

complex including CDC45, MCM 2-7 and GINS is called CMG complex in

which helicase and ATPase activities of MCM 2-7 are stimulated by CDC45

and GINS. The activated MCM 2-7 causes unwinding of DNA and hence

initiation of replication. All three DNA polymerases assemble at the origin

in a defined order. DNA Pol ε associates with the origin at the same time as

CDC45 and GINS before DNA unwinding. DNA Pol δ and DNA Pol α both

require DNA unwinding before their recruitment to the origin. This order

ensures that all three polymerases are present at the origin before the

synthesis of the first RNA primer.
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The phosphorylation of pre-RC assures only one replication

initiation at origin per cell cycle. The disassembly of pre-RC after

phosphorylation prevents replication from occurring again at the

same origin. The phosphorylated CDC6 undergoes ubiquitinated

proteasomal degradation by SCF that ensures any CDC6 cannot bind

again to an ORC containing origin for another round of replication.

The S-CDK (responsible for CDC6 phosphorylation) remains highly

active during S, G2 and M phase to early anaphase, preventing re-

replication occurring after completion of S-phase.
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The requirement for an RNA primer to initiate all new DNA synthesis creates a
dilemma for the replication of linear chromosomes in eukaryotes. At the very
end of the linear chromosome, there is no DNA strand to provide a free 3’-OH
for the synthesis of DNA to replace RNA primer of the terminal Okazaki
fragment at the 5’-end of the lagging strand. This produces a single-stranded
gap at the end of the DNA after one round of replication. Although this
shortening would only occur on one of the two strands of the daughter DNA
molecules, after next round of replication occurs both strands of the daughter
DNA molecule. This means that each round of DNA replication would result in
the shortening of one of the two daughter DNA molecules. This is called end
replication problem. Obviously, this scenario would disrupt the complete
propagation of the genetic material from generation to generation. Slowly, but
surely, genes at the end of the chromosomes would be lost.

End replication problem





Telomerase is an RNA-dependent DNA polymerase (reverse
transcriptase). It maintains chromosome length by synthesizing
telomeres at the 3’-ends of the chromosomes. The RNA upon which
telomerase activity depends is actually part of the enzyme’s structure.
That is, telomerase is a ribonucleoprotein and its RNA component
contain a 9-30 nucleotides long region that serves as template for the
synthesis of telomeric hexanucleotide repeats at the ends of the DNA.
The human telomerase’s RNA component is 450 nts long including
template sequence CUAACCCUAAC. The CCCUAA sequence of the
template RNA can base pairs with TTAGGG sequence of 3’-overhang of
the DNA.

Telomerase for dealing with end replication 

problem



Telomerase by using 3’-overhang as primer and its own RNA template

catalyzes the addition of hexanucleotide sequences to the 3’-

overhang by repeated cycles of polymerization and translocation.

Telomerase does not fill in the gap opposite the 3’-end of the lagging strand

template, it simply extends the 3’-end of the lagging strand template. The 5’-

end of the DNA is then extended by the lagging strand DNA replication

machinery. By providing an extended 3’-end, telomerase provides an

additional template for lagging strand replication machinery. By synthesizing

and extending RNA primers using the telomerase extended 3’-end as a

template, the cell can effectively increase the length of the 5’-end of the

chromosome.

Even after the action of lagging strand machinery, there remains a short

ssDNA region at the end of the chromosome. Indeed, the presence of a 3’-

overhang may be important for the end protection of the telomere.

Nevertheless, the action of telomerase and the lagging strand machinery

ensures that the telomere is maintained at sufficient length to protect the

end of the chromosome from shortening.







A number of proteins can bind the telomeres and

regulates the activity of telomerase, hence telomere

length. In yeast, Cdc13 protein binds to the 3’-overhang of

telomere and acts as positive activator of telomerase,

while in human POT1 protein binds to 3’-overhang and

blocks telomerase activity. In addition to this, the 3’-

overhang of telomere invades the dsDNA of telomere and

forms a t-loop. The formation of t-loop makes the ends of

telomere unrecognizable by DNA repair enzymes and

hence provides protection from that enzymes.
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Telomerase is present in single-celled organisms, germ

cells, early embryonic cells and certain proliferative

somatic cells (such as bone marrow cells), all of which

must undergo continuous cell division. Most somatic cells

have little or no telomerase activity and thus

chromosomes in these cells progressively shorten with

each cell division. These cells are capable of only a limited

number of divisions. When the telomeres have shortened

beyond a critical point, a chromosome becomes unstable

and is destroyed. This is related to cell senescence/aging

process.

Telomerase and aging
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