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Deoxyribonucleic acid (DNA) is replicated and repaired by
a family of enzymes called DNA polymerases. Eukaryotic
cells have a diversity of these enzymes that, while sharing
a common biochemical activity, are specialized for par-
ticular roles. Three polymerases are required for the rep-
lication of the nuclear genome, with pol o involved in
priming and initial synthesis and pols 6 and ¢ involved in
bulk DNA replication. These polymerases are dependent
on a large number of other proteins which unwind the
DNA and perform other functions essential for efficient
DNA synthesis. Polymerases are also involved in DNA
repair and many repair-specific enzymes have been iden-
tified. Some repair polymerases can refill a gap generated
by removal of damaged DNA, or copy a damaged
template, allowing DNA synthesis to proceed across a
damaged template. Repair polymerases can also have
tissue-specific functions in lymphoid cells, where they
contribute to somatic hypermutation of immunoglobulin
genes.
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Introduction

The major function of deoxyribonucleic acid (DNA)
polymerases is to replicate the genome and thus to allow
transmission of genetic information from one generation
to the next. In eukaryotic cells, this takes place during a
discrete period (S phase) of interphase, and replicated
chromosomes are subsequently segregated to daughter
cells during mitosis. As well as replicating DNA, poly-
merases help to maintain the integrity of the genome by
participating in various modes of DNA repair. DNA
polymerases are also required for the replication of
eukaryotic viruses. Some viruses, such as SV40, use host
polymerases while others, such as adenovirus, encode their
own polymerase; discussion of viral polymerases is outside
the scope of this review. See also: Cell Cycle

The basic catalytic reaction of DNA polymerases is to
effect semiconservative replication of DNA, using a single-
stranded DNA chain as a template and four deoxynucleo-
tides (deoxythymidine triphosphate (dTTP), deoxycytidine
triphosphate (dCTP), deoxyguanosine triphosphate (AGTP),
deoxyadenosine triphosphate (dATP)) as precursors for
DNA synthesis (Figure 1). The enzyme assembles the pre-
cursor nucleotides on the template to form a complementary
DNA strand, selecting the incoming nucleotide using the base
pair rules A T and G ¢C. To start synthesis on a single-
stranded DNA molecule, DNA polymerases need a primer.
This is a length of ribonucleic acid (RNA) or DNA that is
annealed to the single-stranded template. The primer pro-
vides a 3-OH that can be extended by the polymerase; this
configuration of the primer is important because polymerases
can only extend a new chain in the 5’ to 3" direction. If the
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Figure 1 (a) Basic mechanism catalysed by DNA polymerases.

Polymerization of nucleotides on the single-stranded template requires a
primer (RNA or DNA) which provides a 3'-OH group to which the incoming
nucleotide is joined and the direction of synthesis is thus 5" to 3". Only
nucleotides that correctly base pair with the templates strand (according to
A *T, G *Crules) are incorporated. One molecule of pyrophosphate (PP;) is
produced per nucleotide incorporated. (b) Steps in the polymerization
reaction. The order of the reaction is binding to the template—primer,
followed by binding of the dNTP. dNTP is cleaved at the o/ bond to give
dNMP that is added onto the chain, PP; is released, and the polymerase
translocates along to the next 3’ terminus or dissociates.

DNA template to be replicated is double-stranded, poly-
merase action still needs a primer and, in addition, re-
quires other enzymes to unwind the double helix. See also:
DNA Helicases; DNA Polymerase Fidelity Mechanisms;
Polymerase Processivity: Measurement and Mechanisms

Structural Diversity of Eukaryotic Cel-
lular Polymerases

Although all DNA polymerases share the same basic
catalytic mechanism, at least 16 distinct polymerases have
been identified in human cells (Hubscher er al., 2002;
Prakash et al., 2005; Table 1). The reason for this diversity
seems to be that polymerases have become specialized by
modifying the characteristics of the polymerization reaction
or by acquiring additional biochemical functions to tailor
individual enzymes to particular tasks. In contrast to the
single polymerase responsible for bacterial chromosome
replication, three polymerases (o, 6 and €) are needed for
eukaryotic chromosome replication (Table 1), and even more
polymerase diversity is needed for DNA repair (Table 1).
Polymerases involved in chromosome replication may also
participate in repair pathways, such as nucleotide excision
repair. Other types of repair synthesis involve specialized
polymerases, some of which are proficient at replicating
through a lesion, and this translesion synthesis (TLS) may be
mutagenic. See also: Bacterial DNA Polymerase I

Some eukaryotic DNA polymerases consist of a single
polypeptide chain, whereas others, such as those involved
in chromosome replication, are composed of several

Table 1 Eukaryotic DNA polymerases

Polymerase Family  Function

0 (theta) A Base-excision repair?

v (nu) A ?

v (gamma) A Mitochondrial DNA
replication

o (alpha) B Chromosome replication
(initiation, Okazaki frag-
ment priming)

S (delta) B Chromosome replication
(elongation, lagging strand
synthesis)

Nucleotide excision repair,
mismatch repair

¢ (epsilon) B Chromosome replication
(elongation, leading strand
synthesis)

Nucleotide excision repair,
mismatch repair?

C (zeta) B Translesion synthesis

B (beta) X Base-excision repair

A (lambda) X Base-excision repair, non-
homologous end joining

W (mu) X Nonhomologous end
joining

TdT X Nonhomologous end
joining

1 (eta) Y Translesion synthesis,
error-free replication of
CPDs

1 (iota) Y Translesion synthesis

« (kappa) Y Translesion synthesis,
nucleotide-excision repair

Revl Y Translesion synthesis

Telomerase RT Telomere maintenance

DNA polymerase o (Trf4/5), originally implicated in chromosome
cohesion (Wang et al., 2000), is in fact a poly(A) RNA polymerase and
has no DNA polymerase activity (Haracska et al., 2005). Trf4 and
TrfS proteins of Saccharomyces cerevisiae exhibit poly(A) RNA
polymerase activity but no DNA polymerase activity. CPD =cyclo-
butane pyrimidine dimmer.

different subunits. However, in each case one of the sub-
units is easily identifiable as containing the polymerase
catalytic site and this allows classification of polymerases
on the basis of amino acid sequence similarities. Eukaryotic
DNA polymerases fall into five families, designated A,
which also includes the archetypal Escherichia coli DNA
polymerase I; B, which includes eukaryotic polymerases
involved in bulk chromosome replication and RT, X and
Y, which include enzymes involved in DNA repair or
specialized types of replication (Table 1). On the basis of
sequence comparisons, polymerases in different families
may have limited similarity, but polymerases in families A
and B appear to have an identical mechanism for the
polymerization reaction (see the following section).
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Polymerases Involved in Chromosome
Replication

Chromosomes are replicated during the S phase of the cell
cycle by three multisubunit polymerases — DNA pols a, &
and & — which are found in all eukaryotes. The process of
DNA replication involves initiation, which involves pol a,
when DNA synthesis is activated at multiple replication
origins in the chromosomes, and elongation, which involves
extension by pols 6 and € of the short DINA chains generated
during initiation by pol a. A summary of the properties of
these polymerases is provided in the following sections; for
detailed information on these polymerases refer to the
comprehensive reviews by Hubscher ef al. (2002); Garg and
Burgers (2005) and Johnson and O’Donnell (2005).

Pol a

Only pol o has an associated primase activity capable of
synthesizing short (approximately 10 nucleotide) RNA
primers, and this function is associated with two of the four
polymerase subunits. DNA pol o is therefore the only
enzyme known to be involved in primer synthesis during
initiation at the origins of replication. Also, the 5" to 3’
directionality of DNA polymerase means that one strand
of the DNA has to be synthesized discontinuously and
therefore pol o is also required during the elongation step
for the priming of synthesis of Okazaki fragments on the
lagging strand. Following primer synthesis, DNA synthesis
can occur, catalysed by the largest subunit, but since
this polymerase does not have proofreading ability, syn-
thesis is error-prone. The remaining subunit (B subunit)
may have a role in regulating polymerase activity. After
DNA pol o has synthesized a short (30—40 nucleotide)
stretch of DNA, a process called polymerase switching
takes place in which pol atis displaced from the template and
synthesis by pols & or & takes over. See also: DNA
Replication: Mammalian; Eukaryotic Chromosomes;
Eukaryotic Replication Origins and Initiation of DNA
Replication

Pol

Pol 4 is a three- or four-subunit polymerase and probably
functions at the lagging strands of the replication fork
(Kunkel and Burgers, 2008). Unlike pol o, pol ¢ has
proofreading activity, which is important for the high-
fidelity replication of chromosomes. Efficient synthesis of
DNA by pol 6 requires proliferating cell nuclear antigen
(PCNA); pol 6 interacts with PCNA via multiple inter-
actions. Since PCNA forms a ring around the template, this
enhances the processivity of the polymerase. See also:
DNA Polymerase Fidelity Mechanisms; Eukaryotic Repli-
cation Fork.

As well as being involved in chromosome duplication,
pol & (and possibly pol €) is involved in nucleotide excision
and mismatch repair. This type of repair involves recog-
nition of a damaged or mismatched nucleotide, followed by

single-stranded incisions on each side of the damaged/
mismatched region. This allows removal of a short oligo-
nucleotide (24-32 nucleotides) and the resulting single-
stranded region can then be copied by pol 6. Ligation of the
nick completes the repair.

Pol ¢

Pol € consists of four subunits and probably functions at the
leading strand (Kunkel and Burgers, 2008). Like pol 8, pol &
hasa 3'-5" exonuclease activity that provides a proofreading
function. Pol ¢ is a processive enzyme by itself and it is not
clear whether it needs to interact with PCNA for function
in vivo (reviewed in Garg and Burgers, 2005). Although pol e
is considered to be involved in bulk chromosome repli-
cation, the N-terminal region of the catalytic subunit, which
contains the DNA polymerase and exonuclease motifs, is
not essential for viability in yeasts, implying that pol 6 can
assume the synthetic role of pol € (Kesti ez al., 1999). DNA
pol e catalytic domains are dispensable for DNA replication,
DNA repair and cell viability (Kesti et al., 1999; Feng and
D’Urso, 2001). Schizosaccharomyces pombe cells lacking the
N-terminal catalytic domains of DNA pol ¢ are viable but
require the DNA damage checkpoint control (Feng and
D’Urso, 2001). As well as physically replicating the DNA in
the chromosomes, pol € has been proposed to have a
checkpoint role in budding yeast. This property resides in
the noncatalytic C-terminal region of the large catalytic
subunit, and may reflect the role the enzyme plays in the
assembly of other replication factors at the replication fork.
See also: Checkpoints in the Cell Cycle

Factors Involved in Polymerase
Function at the Replication Fork

As can be seen from the preceding discussion, proper
function of the replicative polymerases is dependent on a
number of other proteins. The DNA in a cell does not exist
as a naked single-stranded structure on which polymerases
can freely function, but rather as a double-stranded helix in
a protein-covered chromosome. Polymerase duplication of
chromosomal DNA can therefore take place only after a
number of factors have acted to allow the polymerase
access to the DNA and create an environment conducive to
polymerase activity. During initiation of replication, a
whole network of proteins is involved in generating single-
stranded DNA and loading polymerases onto the origin,
although there is considerable uncertainty about how
the replicative polymerases associate with chromatin
(reviewed in Sclafani and Holzen, 2007). An initial step
required for DNA replication is pre-replicative complex
formation, when origin recognition complex (ORC),
Cdc10-dependent transcript 1 (Cdtl) and cell division cycle
6 (Cdc6) assemble the minichromosomal maintenance 2-7
(Mcm2-7) helicase at the origins. Subsequently, activation
of cyclin-dependent kinase (CDK) and Cdc7 kinase leads
to association of other proteins with origins, such as
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Go-Ichi-Ni-San complex (GINS), Cdc45 and pols o and €
(reviewed in Scafani and Holzen, 2007). The early recruit-
ment of pol ¢ reflects its probable role as the leading strand
polymerase, so that it is in a position to take over from
priming synthesis by pol a. Although both pols o and €
associate with origins at around the same time, it is possible
that distinct pathways effect this recruitment (Pai et al.,
2009). On the one hand, pol € chromatin association may
require interaction with Dpbl1, which in turn interacts
with other initiation factors, synthetically lethal with
dpbl1 (Sld2) and SId3, in response to CDK activation
(Zegerman and Diffley, 2007). On the other hand, pol o
recruitment may require Mcm10 and acidic nucleoplasmic
DNA-binding protein 1 (Andl) (Ricke and Bielinsky,
2004; Zhu et al., 2007). Initiation by pol o requires DNA
unwinding to take place, and the MCM protein complex
most likely provides this helicase activity. It may be critical
to control the chromatin association of pol a, since it has
intrinsic primase activity and can potentially initiate rep-
lication de novo.

Following priming of synthesis, additional factors are
required to allow polymerase switching, in which pols d and
¢ take over from pol o and elongate the nascent DNA
chain. This process involves the combined action of the
replication protein A (RPA), replication factor C (RFC)
and PCNA proteins (Waga and Stillman, 1998) and is best
understood for switching to pol & which is thought to occur
on the lagging strand. When pol o encounters RPA on
single-stranded DNA, the DNA pol o activity is inhibited.
This allows binding of RFC, which recognizes the 3’ end of
the DNA formed by pol a. RFC has been termed ‘clamp
loader’ as it functions to assemble PCNA, which forms a
trimeric clamp, around the DNA template. PCNA links
pols 3, and possibly &, to the template and acts to increase
the processivity of the polymerases by preventing pre-
mature dissociation from the template. On the leading
strand, polymerase switching is only required once, but on
the lagging strand it is needed every time DNA pol o
initiates (100-200 nucleotides). On the lagging strand,
synthesis is terminated when pol & collides with the primer
of the adjacent Okazaki fragment. Accessory factors such
as the flap endonuclease (FEN) exonuclease, Dna2 exo-
nuclease and DNA ligase are needed to remove the RNA
primer and to seal the nick between the 3’ end of the newly
synthesized strand and the 5’ end of the Okazaki fragment,
allowing completion of DNA synthesis. A model showing
the sequence of events involved in polymerase loading and
DNA synthesis is available at www.dnareplication.net.

Polymerases with Specialized
Functions in Genome Replication

Telomerase

Telomerase is another polymerase required to complete
chromosome synthesis for maintaining telomeres at the

ends of chromosomes (reviewed in Autexier and Lue,
20006). Telomeres are eroded during DNA replication since
thelagging strand cannot be replicated from the very end of
the chromosome. This erosion is counted by telomerase,
which adds repeats of a short sequence to the ends of
chromosomes. This enzyme is actually an RNA-directed
DNA polymerase, and is unusual in that it is not template-
directed but uses an internal RNA molecule to direct DNA
synthesis. See also: Telomeres

Pol y

DNA pol v is found in mitochondria and is required for
replication and repair of the mitochondrial DNA. Pol y
consists of one catalytic subunit and two accessory sub-
units, all encoded in the nuclear genome. Mutations in pol y
are associated with a number of neurodegenerative diseases
(reviewed in Chan and Copeland, 2009).

Polymerases Involved in DNA Repair

Most types of DNA repair involve the generation of a
single-stranded region of DNA and therefore require the
action of DNA polymerases to regenerate the double-
stranded structure (Wood and Shivji, 1997). A diverse set
of proteins is needed for recognition of the various types of
damaged DNA and their subsequent processing, to pro-
vide a suitable substrate for DNA polymerases. The dis-
cussion here is restricted to polymerase action in the final
synthetic stages of repair.

Enzymes from four different classes of polymerases
(A, B, X and Y) have been shown to participate in DNA
repair (Table 1). These polymerases use a variety of mech-
anisms to affect repair. A number of polymerases have been
recently identified and characterized which are involved in
the process of TLS (reviewed in Prakash ez al., 2005). In this
case, the polymerase can function at the replication fork,
temporarily replacing a normal replicative polymerase
which is incapable of copying the damaged base and
allowing synthesis across the site of damage. Several such
polymerases (see the following section) have been shown to
be directed to damaged DNA by interaction with ubiqui-
tylated PCNA. It is important to regulate the activity of
translesion polymerases carefully, to avoid potentially
mutagenic replication. This is because these polymerases
copy undamaged DNA with poor fidelity, partly because
they lack proofreading activity, and also because they can
extend primers that are mispaired with the template, or can
more readily incorporate nucleotides that do not form
correct Watson—Crick base pairs with the template.

There has been considerable evolutionary expansion of
TLS polymerases in vertebrates compared to simpler
eukaryotes, possibly reflecting their roles in processes such
as immunoglobulin gene hypermutation (reviewed in Sale
et al., 2009) and other tissue-specific functions. It may also
reflect the fact that they are specialized to cope with repli-
cation across different types of lesions. Several TLS
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polymerases have been seen to cooperate to allow the
bypass of a DNA lesion, with the first polymerase inserting
a base opposite the site of the lesion and a different enzyme
extending the synthesis.

Other repair polymerases are specialized to incorporate
a single nucleotide into the site of a lesion that has been
removed (e.g. pol B in base excision repair (BER)) or per-
form template-independent synthesis (e.g. pols A and p in
nonhomologous end joining). See also: DNA Damage;
DNA Mismatch Repair: Eukaryotic; DNA Repair; DNA
Repair by Reversal of Damage; Human Mismatch Repair:
Defects and Predisposition to Cancer; Nucleotide Excision
Repair in Eukaryotes

Polymerases Involved in Base
Excision Repair

Pol

In BER, removal of an altered base is followed by excision
of a single abasic nucleotide. DNA pol B, a family X
polymerase, then serves to fill in the missing nucleotide; this
involves an activity in the N-terminal domain of the protein
that removes the 5" phosphate remaining after nucleotide
excision, followed by a polymerization reaction to fill in the
missing nucleotide. This limited synthesis makes sense in
terms of the biochemical properties of DNA pol B, which is
distributive and has no proofreading activity. In a different
mode of BER (termed °‘long-patch’), a longer (2-10
nucleotide) stretch of DNA is removed, but it is unclear
whether this is filled in by pol B, or by the replicative &
and & polymerases. See also: Base Excision Repair, AP
Endonucleases and DNA Glycosylases

Pol 0

Pol 6 has a lower fidelity than other family A polymerases
and is moderately processive (Arana et al., 2008). It is
capable of inserting a nucleotide opposite an abasic site and
continuing synthesis. Pol 6 may therefore participate in
BER, overlapping in this function with pol p. Pol 0 is also
one of several error-prone polymerases that have been
proposed to play a role in somatic hypermutation (Masuda
et al., 2005; reviewed in Sale er al., 2009). This process
allows mutation of antibody genes at a rate that is 10° times
higher than background levels and is important for gen-
erating antibody diversity. See also: Immunoglobulin Gene
Rearrangements; Somatic Hypermutation in Antibody
Evolution

Translesion Polymerases

Pol n

The importance of the family Y polymerase, pol
N, is demonstrated by the genetic disease xeroderma
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pigmentosum variant (XPV) in which affected individuals
lack the enzyme and as a consequence suffer a high rate of
sunlight-induced skin cancer (reviewed in Prakash et al.,
2005). This defect seems to arise from the requirement for
pol n in copying T-T photodimers, which are a product of
UV irradiation of DNA. Normal replicative polymerases
are impeded by these photodimers, but pol n correctly
incorporates two As opposite each mutant T—T site, thus
allowing error-free replication. Pol n also allows error-free
bypass of 8-oxoguanine (Haracska et al., 2000), but it has a
high error rate when copying undamaged nucleotides (102
to 107 compared to 10~° for pol §). The polymerase
appears to extend mismatched primer termini inefficiently
which could allow a proofreading polymerase such as 6 to
remove the mismatched base, thus mitigating its high error
rate. Recent evidence suggests that pol n interacts with
PCNA, allowing pol n to be targeted to the replication
fork, and that ubiquitylation of PCNA may be important
for allowing pol n to take over from the replicative DNA
polymerase at the site of a DNA lesion (Acharya et al.,
2008). The error-prone nature of pol n DNA synthesis may
also be exploited to generate mutations in antibody genes.

Pol {

Pol { is a family B polymerase which appears to contribute
to TLS by its ability to extend a primer—template in the
vicinity of a DNA lesion (reviewed in Gan et al., 2008).
Since some bypass polymerases, such as pol 1, can effi-
ciently incorporate opposite a lesion but may not be able to
extend from the incorporated base, pol { extends synthesis
and thus aids complete replication over the lesion. Pol
allows error-free replication past thymine glycol (Johnson
et al., 2003), and this may help to explain embryonic
lethality seen in pol { deficient mice.

Pol

Pol 1 is family Y polymerase which has been shown to be
able to bypass some types of DNA damage in vitro
(reviewed in Vidal and Woodgate, 2009). It is an unusual
polymerase as its error rate is dependent on the template
nucleotide. Forinstance, it is moderately accurate when the
template nucleotide is A, but misincorporates G rather
than A when the template is T. It is possible that this is
related to its use of Hoogsteen base pairing for DNA syn-
thesis. The enzyme lacks processivity and is not able to
continue synthesis from the first nucleotide inserted. Its
biological function is still unclear, and mice lacking pol tdo
not show any dramatic phenotypes.

Pol k

The family Y polymerase pol x, like pol , has been impli-
cated in extending from the nucleotide incorporated
opposite a damaged site by another polymerase. [tis not an
essential enzyme in mice. Pol k has also been implicated in
nucleotide excision repair, and in TLS past interstrand
crosslinks (Minko ez al., 2008).
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Rev1

Bypass of an abasic site can be effected by the family Y
polymerase Revl, which incorporates a C in a template-
dependent (but not template-directed) manner. Revl can
also incorporate C against all four nucleotides (Haracska et
al., 2002). Revl contains an N-terminal Brcal C-terminus
(BRCT) domain that is important for allowing interaction
with PCNA (Guo et al., 2006). Genetic evidence suggests
that this protein may contribute to TLS in a mechanism
that does not require its catalytic function, presumably as it
may affect the recruitment of other proteins at the damage
site (Haracska et al., 2001). Consistent with this, a C-
terminal region of Revl is able to interact with a number of
other family Y polymerases. Revl appears to contribute to
immunoglobulin hypermutation (Sale et al., 2009).

Polymerases Involved in NHE]

Pol ., Pol p and TdT

These family X polymerases function in nonhomologous
end joining, allowing repair of double-strand breaks (Ma
etal.,2004). They have an unusual property of being able to
perform template-independent extensions of 3" ends and
this is likely to be important to provide microhomology
between broken ends, facilitating their ligation and joining.
These polymerases have also been implicated in V(D)J
recombination in the immune system. Pol A may also
function in BER (Braithwaite ez al., 2005).

Polymerase with Unknown Functions

Pol v

Pol v lacks proofreading activity and shows lower fidelity
than other family A polymerases. The most common error
generated by pol v involves the insertion of a T opposite a
template G, and in some sequence contexts the error rate
can even exceed 10% (Arana et al., 2007). Although the
precise biological function of this enzyme is unknown, it is
orthologous to the Drosophila mus308 protein which has a
role in the repair of interstrand crosslinks (Marini et al.,
2003).

Catalytic Function of Polymerases

Structural analyses of family A and family B polymerases
have revealed similarity in their structures and catalytic
mechanisms (Steitz, 1999; Patel and Loeb, 2001). The
enzyme can be compared to a cupped right hand, with the
palm providing the catalytic amino acids, the fingers
binding the incoming nucleotide and the single-stranded
template, and the thumb binding the double-stranded
DNA (Figure 2). The palm domain appears to be

Fingers

(b) RB69 pol

Figure 2 Structure of RB69 polymerase. RB69 is a prokaryotic family B
polymerase, and is therefore likely to have a structure representative of
eukaryotic replicative polymerases (a, 3, €; Franklin et al., 2001). (a)
Polymerization mode. DNA template—primer (pink-orange) first binds to
the polymerase thumb domain, followed by binding of a nucleotide
triphosphate (blue), complementary to the template base immediately
adjacent to the 3’-OH of the primer. On binding the dNTP, the finger
domain (shown here in the open conformation) rotates (black arrow)
towards the palm domain to form a closed ternary complex. This facilitates
phosphodiester bond formation between primer 3'-OH and the a-
phosphate of the incoming dNTP. (b) In the exonuclease (proof-reading)
mode, the thumb tip rotates to partition the DNA to the exonuclease site
(shown in yellow), allowing removal of a noncomplementary base.
Reproduced with permission from Patel and Loeb (2001).

homologous for the A and B families, and while the finger
and thumb domains are not, they show analogous features.
Both family A and family B polymerases show a con-
formational change on DNA binding that involves
rotation of the DNA-binding thumb domain towards
the catalytic palm domain. On binding of the deoxy-
riboneucleotide triphosphate (dNTP), the polymerase
then adopts a ‘closed conformation’ in which the
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nucleotide-binding site closes up, and the incoming dANTP
becomes enclosed in a pocket with hydrophobic residues
around the base and ribose and a hydrophilic environment
around the triphosphate. Recent work has mapped in more
detail the contact points of the nucleotide to two aspartic
acid residues in the active site that are widely conserved in
both DNA and RNA polymerases. These make contact
with two magnesium ions that enter the binding cleft
associated with phosphates of the incoming nucleotide.
These metal ions are critical for catalysis of the polymer-
ization reaction, and function by promoting the nucleo-
philic attack of the primer 3'-OH to the a-phosphate of the
incoming dNTP. This closed pocket conformation is only
possible if the incoming nucleotide achieves correct
Watson—Crick pairing with the template, thus helping to
promote fidelity of the enzyme.

As mentioned in the preceding section, a number of the
replicative polymerases have, in addition to the polymerase
activity, an exonuclease activity that is involved in proof-
reading — the removal of an inappropriate nucleotide that
does not have correct Watson—Crick pairing with the
template. Analysis of the crystal structure has also been
able to shed light on this aspect of polymerase function.
The exonuclease domain is not within the polymerization
active site but is about 30—40 A away. If the wrong nucle-
otide is incorporated onto the growing chain, it slows
polymerization, probably because the 3'-OH of the primer
to which the next nucleotide must be added is mis-
orientated. This allows time for the primer terminus to
move into the exonuclease active site. The DNA loses
contact with the polymerization cleft but remains attached
to the polymerase via the thumb domain, which rotates
allowing movement of the DNA chain into the exonuclease
domain. The fact that the DNA template does not lose
contact with the polymerase at any time during this oper-
ation allows misincorporations to be removed efficiently
and this mechanism therefore contributes to both
the fidelity and processivity of the polymerase reaction.
See also: DNA Polymerase Fidelity Mechanisms

Assays

The incorporation of nucleotides easily lends itself to an
assay for the enzyme. All assays for DNA polymerases
involve measurement of the incorporation of labelled
nucleotides into a primed DNA template. Various tem-
plates have been used. The earliest was activated calf thy-
mus DNA, where single-stranded gaps are made in a
double-stranded template by DNase I. In this case, the
ability of the enzyme to fill in the gaps (on average 30—-40
bp) is measured. More modern assays use single-stranded
DNA molecules (such as bacteriophage M 13) with a single
primer, or use homopolymer type substrates such as
poly(dA) sparsely primed with dT. These templates have an
additional advantage in that the ability of a polymerase to
synthesize a long stretch of DNA, or to pass a particular
sequence or DNA structure, can also be ascertained.

Biochemical characterization of polymerase activity
in vitro routinely measures three parameters: the rate of
polymerization, fidelity and processivity. The fidelity for
polymerases with a proofreading activity is generally
around 1 error per 10°-10° nucleotides incorporated.
Processivity can be very variable depending on the poly-
merase and is often increased by accessory factors.

Current Research Topics and
Unanswered Questions

The last few years have seen some progress on under-
standing the interactions and recruitment of polymerases
at the replication fork. Repair polymerases are also
beginning to be better understood. The in vitro synthesis
properties of many of them are now quite well defined and
in some cases clues as to their cellular function have been
determined. However, many questions still remain to be
answered about both replicative and repair polymerases.
For example, the exact mechanisms by which replicative
polymerases are recruited to chromatin require clarifi-
cation, and it also needs to be determined whether the
assignment of pol ¢ to the leading strand and pol § to the
lagging strand holds up for all areas of the genome and in
all organisms. Structural studies on the repair polymerase
families need to be extended. In addition, more infor-
mation needs to be gathered about their precise cellular
functions and how the correct polymerase is recruited to a
specific lesion. Given the ongoing interest in all of these
areas, it is likely that the answers to some of these questions
will soon be available.
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