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DNA Polymerases that Propagate
the Eukaryotic DNA Replication Fork
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and Peter M. J. Burgers ABSTRACT Three DNA polymerases are thought to function at the eukaryotic
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are initiated by DNA polymerase a-primase. Loading of the proliferating cell
nuclear antigen, PCNA, dissociates DNA polymerase « and recruits DNA poly-
merase § and the flap endonuclease FEN1 for elongation and in preparation for
its requirement during maturation, respectively. Nick translation by the strand
displacement action of DNA polymerase §, coupled with the nuclease action
of FENI, results in processive RNA degradation until a proper DNA nick is
reached for closure by DNA ligase I. In the event of excessive strand displace-
ment synthesis, other factors, such as the Dna2 nuclease/helicase, are required
to trim excess flaps. Paradoxically, the composition and activity of the much
simpler leading strand machinery has not been clearly established. The burden
of evidence suggests that DNA polymerase ¢ normally replicates this strand,
but under conditions of dysfunction, DNA polymerase § may substitute.
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INTRODUCTION

In eukaryotic cells, replication initiates at many origins, each one of which
needs to assemble a replication apparatus that will completely replicate its por-
tion of the chromosome with high fidelity. Fork assembly in eukaryotic cells
proceeds along pathways that are basically conserved from yeast to mammalian
cells. Insights in the elongation phase of DNA replication and the architecture
of the replication fork have mainly derived from % vitro replication studies of
SV40 viral DNA, from biochemical analysis of replication factors in general,
and from genetic analyses in the two yeasts, Schizosaccharomyces cerevisiae and S.
pombe. In this review, we will focus on the role of DNA polymerases o (Pol @),
Pol 8, and Pol ¢ during the elongation of DNA replication. We will briefly
describe the assembly of the initiation factors at replication origins, with an
emphasis on those factors that may be important in loading of the DNA poly-

Editor: Judith Campbell merases. The catalytic activities of each of these enzymes at the leading or at the
Address correspondence to Peter M. J.  lagging strand will be described in more detail. Particular emphasis will be given
Burgers, Department of Biochemistry, to recent progress in understanding the initiation, elongation, and completion
Washington University School of of lagging strand DNA synthesis, one of the most complex DNA metabolic

Medicine, St. Louis, MO 63110, USA. : o
E-mail: burgers@biochem.wustl.edu processes during movement of the replication fork.

115



BIOGENESIS OF THE DNA
REPLICATION FORK

In the yeast S. cerevisiae, the origin recognition com-
plex (ORCQ) is central to the initiation of DNA repli-
cation, as it specifically recognizes yeast replication
origins (Bell & Stillman, 1992). Beyond this indispens-
able initial binding event, origin activation is regulated
by the binding of many other factors, as well as by
posttranslational protein modification events. In re-
cent years, evidence has suggested that these factors are
likely present in all eukaryotic organisms, including S.
pombe, Drosophila, Xenopus, and humans, attesting to
the commonality of replication initiation pathways in
eukaryotes. Our current understanding of the initiation
of DNA replication and its control derives to a large
extent from biochemical and genetic studies in both
yeasts. Comparable initiation control mechanisms have
emerged from 7z vitro DNA replication studies using
Xenopus extracts.

The temporal order in which initiation factors are
loaded onto chromatin has been delineated in several
organisms. In studies using Xenopus laevis egg extracts,
an effective technique has been to remove a specific
factor from extracts by immunodepletion, in order to
assay the role of this factor in the association of other
factors of interest with chromatin. In S. cerevisiae and
in S. pombe, an anologous strategy involving the use
of temperature-sensitive mutants has been informative.
For an in-depth discussion of initiation and its control,
the reader is referred to recent reviews (Bell & Dutta,
2002; Kearsey & Cotterill, 2003). The tentative hierar-
chical scheme resulting from these studies is indicated
by the folllowing S. cerevisiae proteins and complexes:

ORC — Cdc6, Cdtl - Mcm2-7 — Cdc7/Dbf4 —
Mcm10, Dpb11/S1d2, Cdc45/S1d3, GINS, Pol ¢ —
RPA, Pol a-primase — PCNA, RFC — Pol §

Although it is well established that both Cdc6 and
Cdtl are required for loading the putative helicase
Mcm2-7 onto origin chromatin, there is less certainty
about the factors following this step. Mcm10 appears
to be involved in loading Cdc45 in S. cerevisiae (Sawyer
etal., 2004). At this point, the loading of a large number
of factors appears to be interdependent. The DPB11
gene (Cut5 in S. pombe) is of particular interest, as it
provides the most origin-proximal link to a DNA poly-
merase, Pol ¢ (Masumoto ef al., 2002). The association
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of Pol & with origin chromatin is interdependent on
the presence of three other complexes: Sld3/Cdc45,
the GINS complex, and Dpb11/Sld2 (Takayama et al.,
2003). Protein-protein interaction studies indicate that
the Mcm10 protein and the Cdc45 complex are pri-
marily responsible for chromatin loading and retention
of Pol a/primase (Mimura ez al., 2000; Zou & Stillman,
2000; Uchiyama et al., 2001; Ricke & Bielinsky, 2004).
Interestingly, Pol a-primase is not loaded onto chro-
matin in a temperature-sensitive dpb11-1 mutant at the
restrictive temperature, suggesting its entry after Pol &
(Masumoto ez al., 2000). An intriguing aspect of this
proposed scheme is that Pol ¢ is loaded onto origin chro-
matin, even before a primer is available to which it can
bind and elongate. It is possible that this initial loading
is more relevant for the checkpoint functions of Dpb11-
Pol ¢ than for the actual mechanics of DNA synthesis
(Arakietal., 1995; Navas et al., 1995). A double-stranded
DNA binding domain in the catalytic polypeptide of
Pol ¢ may be involved in chromation association of
this enzyme prior to primer formation (Tsubota ez al.,
2003). Finally, loading of Pol § may only occur as one
of the last steps in replication fork biogenesis, and then
only after loading of PCNA by RFC, presumably at a
step after primer synthesis by Pol a-primase.

The proposed structure of the replication fork in
Figure 1 can only be considered the most common
form. As we will discuss later, alterations to this pro-
posed fork structure can be tolerated in certain mu-
tants. The existence of altered fork structures in mutants
poses the question of whether these structures may also

FIGURE 1 Eukaryotic DNA replication fork. The minimal set of
proteins for fork propagation are indicated.
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occur in wild-type cells under specialized conditions,
e.g., when structural blocks or DNA damage impede
progression of the regular replication fork.

DNA POLYMERASES

The three DNA polymerases responsible for fork
propagation all belong to the B class of DNA poly-
merases (Burgers ez al., 2001). Structural information
about this class of enzymes derives from distantly re-
lated cousins, z.e., from bacteriophage RB69 and from
thermophiles (Hopfner et al., 1999; Zhao et al., 1999;
Rodriguez et al., 2000; Franklin ez al., 2001; Hashimoto
et al., 2001). The crystal structures of these enzymes
show a remarkable difference from class A DNA poly-
merases, for which E. coli DNA polymerase I, Klenow
fragment, forms the prototype (Derbyshire ez al., 1988).
The highest degree of structural conservation between
these two classes of enzymes localizes to the palm sub-
domain of the polymerase domain, which contains the
residues important for polymerase catalysis (Figure 2).
There is much less structural and sequence conservation
in the thumb and fingers subdomains. Despite this di-
vergence at the structural level, however, the fingers do-
mains show a high degree of functional conservation.
The incoming dNTP binds to the opened fingers do-
main through interactions with a conserved group of
positively charged interactions on a fingers helix. Bind-
ing of this nucleotide is followed by a conformational
change that is associated with a large rotation of the fin-
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gers domain to form a closed complex competent for
catalysis (Doublie ez al., 1998; Li et al., 1998; Franklin
et al., 2001). A comparison of the closed ternary com-
plexes of bacteriophage T7 DNA polymerase (A class)
and bacteriophage RB69 DNA polymerase (B class)
clearly shows the conservation of the palm domain and
the active site arrangement but, beyond this, also high-
lights large differences between these two classes (Dou-
blie et al., 1998; Franklin et al., 2001). Particularly, the
arrangement of the exonuclease domain is radically dif-
ferent. Whereas in the A class enzymes, the exonuclease
domain projects from the bottom of the palm subdo-
main, this domain projects from the top of the fingers
domain in the B-class enzymes.

This arrangment has distinct consequences for proof-
reading and for binding of the single-stranded template
DNA. Upon nucleotide misincorporation, the path that
the mismatched primer terminus must traverse to reach
the exonuclease domain is across and down the sur-
face of the palm domain for an A-type enzyme, but
up along the tip of the fingers domain for a B-type en-
zyme (Figure 2). In both types of enzymes, the single-
stranded template nucleotide adjacent to the template
nucleotide positioned in the active site, makes a 90°
turn. This sharp turn positions solely the template base
in the active site for base-pairing interaction with the
incoming dNTP. However, the environment of the rest
of the single-stranded DNA template is distinctly dif-
ferent. The template strand enters the active site of an
A-type enzyme from the fingers domain, but in the
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FIGURE 2 Structural comparison of class A and B DNA polymerases. Bacteriophage T7 DNA polymerase, lacking thioredoxin, is
compared to bacteriophage RB69 DNA polymerase. Both enzymes are in a closed complex with a dideoxy-terminated primer-template
DNA and an incoming base-paired dNTP. The polymerase active sites are in the same relative orientation. Coordinates are from (Doublie

et al., 1998; Franklin et al., 2001).
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B-class enzyme, the template strand projects into a pos-
itively charged cleft between the N-terminal domain
and the exonuclease domain. These distinct structural
differences may have emerged to allow an optimal in-
teraction of these enzymes with specialized processivity
factors and other cofactors. Most B-type enzymes func-
tion with a circular clamp as processivity factor, whereas
A-class enzymes normally function without a processiv-
ity factor, processivity through binding of thioredoxin
being an exception (Bedford ez al., 1997).

DNA Polymerase a-Primase

This DNA polymerase has the unique ability to initi-
ate DNA replication in eukaryotic cells because it cou-
ples the primase and DNA polymerase activities in the
same four-subunit complex. The subunit structure of
this heterotetrameric enzyme is conserved in all organ-
isms and has been firmly established for many years
(Figure 3) (reviewed in Hubscher e al, 2002; Muzi-
Falconi et al., 2003). The largest subunit (Poll) contains
the DNA polymerase activity, but lacks exonuclease ac-
tivity, despite the presence of an exonuclease domain,
which is likely maintained for structural purposes. The
Pril subunit (p48) catalyzes formation of the short RNA

Pol12  Poll . 5o,
SENED ) €D -
Primase

Pol3

0 Pol31 Pol32
Pol & (553>
Pol ¢

FIGURE 3 Subunit interactions in DNA polymerases. Subunit
interactions are summarized as reviewed in detail in (MacNeill
et al., 2001; Muzi-Falconi et al., 2003; Pospiech and Syvaoja, 2003).
Sizes and names of the subunits are from S. cerevisiae, except for
Cdm1 (S. pombe), which subunit is not found in S. cerevisiae. The
polymerase subunits are shaded in dark and the primase subunit
Pri1) of Pol « in black. The third subunit Pol32) of Pol 6 is extremely
elongated in shape, and the catalytic subunit of Pol ¢ Pol 2) is a
two-domain polypeptide, interactions with the other subunits be-
ing localized to the C-terminal domain. See text for details and
references.
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primers utilized for elongation by Pol «. The remain-
ing two subunits, the B subunit (Pol12, p79) and Pri2
(p58) play a role in stabilizing and regulating the cat-
alytic subunits, and are found tightly associated with
the polymerase and primase subunit, respectively.

The DNA primase activity in Pol a/primase is the
only activity known to prime DNA replication in
eukaryotes (reviewed in Arezi & Kuchta, 2000; Frick
& Richardson, 2001). The primase binds the single-
stranded DNA template and catalyzes primer forma-
tion. The final size of the RNA primer is determined
by the length of the oligoribonucleotide that fits in the
primase initiation groove. For the eukaryotic primases,
this size varies from 8 to 12 nucleotides. Although the
primase accessory subunit does not contain catalytic ac-
tivity, its presence is important for primase stability, for
the efficiency of initiation, and for primer length de-
termination (Santocanale ez al., 1993; Zerbe & Kuchta,
2002). This subunit also may mediate transfer of the
nascent RNA primer terminus to the polymerase sub-
unit (Arezi et al., 1999). Following the synthesis of the
RNA primer, the Poll subunit of Pol o extends the
primer by approximately 20 nucleotides, from which
lagging strand DNA replication continues.

As Pol « is the true initiator of DNA replication, it
is not surprising that its activity is tightly regulated by
post-translational modification and by interactions with
many other proteins, from proteins involved in chro-
matin remodeling to replication initiation and elon-
gation. Interactions of Pol « have been mapped to
many initiation proteins, including Mcm10 and Cdc45,
both of which have been shown to play critical roles in
the initation of DNA replication (Bell & Dutta, 2002;
Fien et al., 2004; Ricke & Bielinsky, 2004). Further cell-
cycle-dependent regulation of Pol « function is ac-
complished through phosphorylation of the B subunit.
The C-terminus of this subunit is phosphorylated by
Cdk2/cyclin A (Cdc28/Clb in yeast) during the S and
G2 phases, and it has been speculated that this phos-
phorylated form is involved in ongoing lagging strand
replication, whereas the hypophosphorylated form may
play a role in accurate initiation of DNA replication
(Nasheuer et al., 1991; Desdouets et al., 1998; Muzi-
Falconi et al., 2003).

DNA Polymerase 6

Pol § is the lagging strand DNA polymerase and, as
discussed below, has evolved to deal efficiently with the
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recurring problem of Okazaki fragment maturation. Pol
8 from §. cerevisiae has three subunits of 125 (Pol3), 55
(Pol31/Hys2), and 40 kDa (Pol32) (Gerik et al., 1998).
The enzymes from S. pombe and humans have an addi-
tional small fourth subunit that functions to stabilize
the complex (Figure 3) (Zuo et al., 1997; Liu et al., 2000;
Podust et al., 2002). The enzymes from the three dif-
ferent sources show roughly similar structure-function
characteristics (reviewed in MacNeill ez al., 2001). The
catalytic and the second subunit form a stable complex,
to which the third subunit is tethered solely via inter-
actions with the second subunit (MacNeill ez al., 1996;
Geriketal., 1998). The third subunit of Pol § is extremely
elongated in shape, which prompted early speculations
that forms of Pol § containing this subunit might form
higher-ordered structures (Burgers & Gerik, 1998; Mo et
al., 2000; Zuo et al., 2000). However, further biophysical
studies showed that the complex contains one of each
of the subunits, z.e., it is a monomeric catalytic complex
(Johansson ez al., 2001; Bermudez et al., 2002).

The S. cerevisiae POL32 gene for the third subunit
is dispensible for growth, although deletion mutants
show poor growth, are sensitive to replication inhibitors
and DNA damage, are defective for mutagenesis, and
show synthetic lethality with a host of other genes that
function in DNA metabolism (Gerik ez 4l., 1998; Huang
etal., 2002; Tong et al., 2004). The orthologous S. pombe
Cdc27 gene is essential for growth (Hughes ez al., 1992;
Bermudez et al., 2002).

PCNA as Accessory Factor for Pol 6

Two-subunit forms of Pol §, lacking the Pol32 sub-
unit, and here designated Pol3/Pol31, have been iso-
lated and studied in some detail. In fact, the first form
of Pol § isolated was the two-subunit form from calf thy-
mus, and until a few years ago, all studies of mammalian
Pol § were carried out with this two-subunit form (Lee
et al., 1984; Sun et al., 1997; Zhou et al., 1997). Further-
more, the processivity clamp PCNA was first discovered
as an auxiliary factor for the two-subunit Pol § (Tan ezal.,
1986; Prelich et al., 1987).

The various subassemblies of Pol § have been em-
ployed to identify both physical and functional inter-
action with PCNA. Although it has been firmly etab-
lished that multiple interactions exist between PCNA
and the subunits of Pol 8, both their identity and
function have largely remained elusive, in part be-
cause some interactions with PCNA are only mani-

QxxLxxFF

FIGURE 4 DNA-dependent interactions between Pol § and
PCNA. Interactions between Pol32 and PCNA reposition from the
interdomain connector loop region of PCNA in the absence of
DNA (Off DNA) to the C-terminus when PCNA encircles the DNA
(On DNA). Interactions of PCNA with Pol3 require that PCNA en-
circles the DNA. Pol31 (not shown) may also contribute to PCNA
binding.

fested when PCNA encircles the DNA (Figure 4). In the
absence of DNA, direct interactions between PCNA
and Pol3/Pol31 are negligible, whereas they are very
strong when PCNA encircles the DNA. Interactions,
if detected have been very weak, and considerable dis-
agreement about their relevance exists among the inves-
tigators who have worked on this problem (Eissenberg
etal., 1997; Tratner etal., 1997; Gerik et al., 1998; Hughes
et al., 1999; Zhang et al., 1999; Shikata et al, 2001;
Lu et al, 2002). On the other hand, the observation
that DNA replication by this two-subunit Pol § is stim-
ulated by PCNA is indicative of a functional interac-
tion on the DNA (Tan et al., 1986; Zhang et al., 1995;
Burgers and Gerik, 1998). Indeed, stable mammalian
DNA - PCNA - Pol3/Pol31 complexes have been iso-
lated (McConnell et al., 1996; Mozzherin et al., 1999).
Therefore, loading of PCNA onto DNA appears to re-
veal a binding domain for Pol3/Pol31 that previously
had been inaccessible (Figure 4).

In contrast, the Pol32 subunit has at its carboxy-
terminus a consensus PCNA-binding domain
QxxLxxFF, like in the Cdk inhibitor p21 and FEN1
(reviewed in Warbrick, 2000; Majka & Burgers, 2004).
Similarly to FEN1, binding of Pol32 off the DNA is
directed to the interdomain connector loop of PCNA,
and binding on the DNA to the carboxy-terminus of
PCNA (Figure 4) (Gomes & Burgers, 2000; Johansson
et al., 2004). Consequently, binding of the complete
Pol & assembly to PCNA off the DNA is largely de-
termined by the C-terminus of Pol32 (Bermudez ¢t al.,
2002; Johansson et al., 2004). Finally, the importance of
the PCNA-binding domain in Pol32 is unclear. I vitro,
the contribution of this domain to processivity by
Pol § is minor, and only uncovered under unfavorable
replication conditions. Iz vivo, deletion of this domain
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