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ABSTRACT

Replication of the two template strands at eukaryotic cell DNA replication forks
is a highly coordinated process that ensures accurate and efficient genome dupli-
cation. Biochemical studies, principally of plasmid DNAs containing the Simian
Virus 40 origin of DNA replication, and yeast genetic studies have uncovered the
fundamental mechanisms of replication fork progression. At least two different
DNA polymerases, a single-stranded DNA-binding protein, a clamp-loading com-
plex, and a polymerase clamp combine to replicate DNA. Okazaki fragment syn-
thesis involves a DNA polymerase-switching mechanism, and maturation occurs
by the recruitment of specific nucleases, a helicase, and a ligase. The process of
DNA replication is also coupled to cell-cycle progression and to DNA repair to
maintain genome integrity.
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INTRODUCTION

In a proliferating eukaryotic cell, the duplication of the genetic complement
occurs every S phase of the cell cycle and must occur with high accuracy only
once per cell cycle. Furthermore, DNA replication in a single cell must be
coordinated with other cell-cycle processes such as mitosis and cytokinesis and
with DNA replication in the surrounding cells in tissue. Much of this regula-
tion occurs at the level of initiation of DNA replication via interaction with the
pathways that control cell cycle progression. Although we still do not fully un-
derstand how initiation of DNA replication occurs in eukaryotes, rapid progress
is being made and has been reviewed elsewhere (1, 2). Once initiation occurs,
the replication apparatus copies each replicon in a highly efficient process.
The fundamental mechanisms that operate at the eukaryotic DNA replication
fork are now quite well known and are discussed here. Because the replication
of DNA in eukaryotic cells must be coupled to DNA repair and assembly of
the DNA into chromatin, the replication fork proteins play prominent roles in
maintaining the fidelity of DNA replication, in coordinating replication with
cell-cycle progression, and in the inheritance of chromatin complexes.

CELLULAR REPLICATION FORK PROTEINS

Most of what is known about DNA replication in eukaryotes comes from exten-
sive studies performed using cell extracts from mammalian cells that support
the complete replication of plasmid DNAs containing the Simian Virus 40 DNA
replication origin (SV40ori) (3–6). SV40 DNA replication requires a single
virus-encoded protein, the SV40 large tumor antigen (T antigen), which func-
tions both as an initiator protein by binding to the SV40ori and as a DNA
helicase at the replication fork; thus the replication is achieved primarily by
cellular proteins that also function to duplicate cellular DNA. The purification
and reconstitution of DNA replication with purified proteins has yielded great
insight into the mechanism of DNA replication as well as other aspects of DNA
metabolism such as DNA repair and recombination (7–10).

Investigation of more specific enzymatic reactions and yeast genetic studies
have uncovered several proteins thought to be involved directly in DNA synthe-
sis at the replication fork. This review briefly outlines the current understand-
ing of the eukaryotic fork proteins (Table 1) and the reactions in which they
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Table 1 Functions of DNA replication fork proteins

Proteins Functions

RPA Single-stranded DNA binding; stimulates DNA polymerases;
facilitates helicase loading

PCNA Stimulates DNA polymerases and RFC ATPase
RFC DNA-dependent ATPase; primer-template DNA binding;

stimulates DNA polymerases; PCNA loading
Polα/primase RNA-DNA primer synthesis
Pol δ/εa DNA polymerase; 3′–5′ exonuclease
FEN1 Nuclease for removal of RNA primers
RNase HI Nuclease for removal of RNA primers
DNA ligase I Ligation of DNA
T antigenb DNA helicase; primosome assembly

aA specific function of DNA polymeraseε in replication has not been assigned, although
it is known to be essential for S-phase progression inS. cerevisiae(196, 197).

bT antigen is required for the replication of SV40 DNA. Its functional equivalent in
eukaryotic cells has not been identified.

participate. DNA ligases (11, 12) and topoisomerases I and II (13) are also re-
quired for replication, but since the function of these enzymes has been reviewed
elsewhere, they are not covered extensively here.

DNA Polymeraseα/Primase Complex
The DNA polymeraseα/primase complex (polα/primase) is the only enzyme
capable of initiating DNA synthesis de novo by first synthesizing an RNA primer
and then extending the primer by polymerization to produce a short DNA exten-
sion (RNA-DNA primer) (14). Analyses of SV40ori–dependent replication
in vivo and in vitro has demonstrated that polα/primase can synthesize an
RNA-DNA primer of approximately 40 nucleotides (nt) in length, including
about 10 nt of RNA primer (15–20). The short RNA-DNA then serves as a
primer for extension by another polymerase for DNA synthesis on either the
leading (continuously synthesized) strand or for each Okazaki fragment on the
lagging (discontinuously synthesized) strand (21–26). This process involves a
polymerase switch from polα/primase to either DNA polymeraseδ or ε (pol
δ andε) (see below). This switch occurs because, unlike other more complex
polymerases, polα/primase is not capable of processive DNA synthesis and
dissociates from the template DNA following primer synthesis (27).

The human cell polα/primase consists of four subunits (p180, p70, p58 and
p48), and similar subunits are found in all eukaryotes examined (for review
see 14, 28). cDNAs encoding all four subunits of human, mouse, or yeast (Sac-
charomyces cerevisiaeandSchizosaccharomyces pombe) pol α/primase have
been cloned, and active complexes have been reconstituted from recombinant



      

P1: DPI/plb P2: NBL/dat QC: NBL

April 29, 1998 13:49 Annual Reviews AR057-23

724 WAGA & STILLMAN

proteins expressed from baculovirus vectors in infected insect cells (14, 29, 30).
The p180 and p48 polypeptides harbor the DNA polymerase and primase cat-
alytic activities, respectively. Extensive mutational analyses of the genes en-
coding both polymerase and primase catalytic subunits show that they function
in DNA replication in vivo but also suggest a regulatory role for the primase sub-
unit (see below; 14, 31–33). The p58 subunit is necessary for the stability and
activity of the primase p48 subunit (29, 34, 35). Although no enzymatic activity
has been associated with p70 (also known as B subunit or p86 inS. cerevisiae)
(36, 37), biochemical studies have shown that p70 plays an important role in
the assembly of the primosome (see below). In a complementary approach, ge-
netic experiments with temperature-sensitive mutants ofS. cerevisiae(pol12-T)
revealed an essential function for the equivalent subunit (p86) in the initiation
of DNA replication (37).

The phosphorylation of polα/primase has been reported in human and
S. cerevisiaecells (38–40); both human p180 and p70 were phosphorylated
predominantly during late G2 and M phases of the cell cycle (38). Yeast p86
(B subunit) is phosphorylated in a manner that depends on the stage of the cell
cycle (39), but most phosphorylation occurs late in the cell cycle, suggesting
that it might play a role either in coordinating replication and mitosis or in reset-
ting the replication apparatus for the next S phase. Analysis of the initiation of
SV40 DNA replication showed that the primase activity during initiation could
be suppressed when polα/primase was phosphorylated by cyclin A-CDK2, but
not by cyclin B-CDC2 or cyclin E-CDK2, whereas DNA polymerase or primase
activities with synthetic templates were hardly affected by this phosphorylation
(41). This observation suggests that the phosphorylation of polα/primase may
play a regulatory role in the initiation of replication, but the in vivo significance
of the phosphorylation is unknown.

Replication Protein A (RPA)
Replication protein A (RPA; also reported previously as RFA or HSSB) is a
single-stranded DNA-binding protein that exists as a heterotrimeric complex
consisting of subunits with apparent masses of approximately 70, 34, and 11 kDa
in all eukaryotic cells examined (for review see 42, 43). The trimeric protein
was initially identified as a factor essential for SV40 DNA replication in vitro
(44–46), but subsequently it was shown to be involved in DNA recombination
and repair (43, 47).

RPA promotes extensive unwinding of duplex DNA containing the SV40ori
by SV40 T antigen, which in addition to recognizing theori in a sequence-
specific manner, is an RPA-stimulated DNA helicase (48–52). RPA also stimu-
lates polα/primase activity under certain conditions and is required for replica-
tion factor C (RFC)– and proliferating cell nuclear antigen (PCNA)–dependent
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DNA synthesis by DNA polymeraseδ (25, 53–57). In support of these bio-
chemical studies, some temperature-sensitive mutations in the gene encoding
the large subunit ofS. cerevisiaeRPA showed synthetic lethality, a form of
genetic interaction, with mutations in genes encoding polα, primase, or polδ
(58). Binding assays with purified proteins demonstrated that p70 binds to the
primase subunits of polα/primase and that the RPA heterotrimeric complex,
but not p70 alone, binds to SV40 T antigen (59, 60). These interactions are
thought to be required for the assembly of the primosome (see below).

cDNAs encoding each of the individual subunits of RPA have been cloned
from a variety of species (43, 61). Furthermore, RPA has been produced in
bacteria, and the recombinant human trimeric protein can support SV40 DNA
replication in vitro (62, 63). Functional RPA has also been produced by infec-
tion of recombinant baculoviruses into insect cells (64). Although the human
p70 subunit alone can bind single-stranded DNA, it cannot support DNA repli-
cation in vitro (55, 65, 66). Mutational studies to probe the structure of p70 have
located the DNA-binding region to the N-terminal two-thirds of the subunit; the
C-terminal third containing a putative zinc-finger was required for interactions
with the other two subunits (65–67).

More recent structural analysis of yeast RPA suggests that it contains a total of
four potential single-stranded DNA-binding domains that are distantly related
to each other (68). The domains are called SBDs and are made up of about 120
amino acids each; two are in the large subunit and one each is in the middle
and the small subunits, although the evidence for the DNA-binding domain
in the small subunit is not as convincing as for the large subunit domains. A
crystal structure of the two DNA-binding domains derived from the human large
subunit (p70) revealed two structurally related subdomains, each corresponding
to an SBD (69). It has been suggested that these SBDs, which contain clusters
of aromatic amino acids that are similar to structures within the DNA-binding
domain of theEscherichia colisingle-stranded DNA-binding protein (SSB), are
responsible for a higher-order assembly of the RPA-DNA complex, where RPA
might be wrapped with DNA (68). Indeed DNA-binding studies with human
RPA have demonstrated the existence of at least two distinct DNA-binding
modes of the protein: one involving 8–10 nucleotides and another involving 30
nucleotides (70, 71). There may well be higher-order interactions between RPA
and longer stretches of single-stranded DNA, as occurs forE. coli SSB (72).

Both the large (p70) and the middle (p34) subunits of human and yeast RPA
are phosphorylated in a cell-cycle-dependent manner (73). Increased levels of
similar phosphorylated forms of RPA are also seen in response to DNA dam-
age (74, 75). The phosphorylation of the p34 subunit has been characterized
extensively; it is phosphorylated in the S and G2 phases of the cell cycle, and
cyclin-dependent and DNA-dependent kinases have been identified as enzymes
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capable of phosphorylating p34 (76–84). The phosphorylation of RPA is de-
layed in cells from patients who have ataxia telangiectasia (AT), a cancer-prone
disease resulting from loss of the DNA damaging surveillance ATM gene pro-
duct; and the phosphorylation of RPA is compromised in yeast lacking the
MEC1gene, a gene with similarities to ATM (74, 85, 86). This is particularly
interesting because phosphorylation of RPA seems to decrease the interaction
between this protein and the cellular tumor suppresser protein, p53 (87). How-
ever, the role of phosphorylation on the function of RPA in either SV40 DNA
replication or nucleotide-excision repair is not clear (88–90), and even the link
between phosphorylation of RPA and S-phase checkpoint controls has been
questioned (91). Thus the functional significance of the RPA phosphorylation
remains to be determined.

A little understood aspect of RPA in cellular DNA metabolism is its ability
to assemble into discrete foci (pre-replication center) on postmitotic, decon-
densing chromosomes, which afterward serve as replication foci following the
assembly of a nuclear membrane (92). A protein called FFA-1, which is required
for the assembly of the RPA foci, has been identified inXenopusegg extracts
(93), but formation of the RPA foci required neither subunits of the cellular
initiator protein ORC (origin recognition complex), nor the Cdc6 protein (94),
both of which are essential for initiation of DNA replication inXenopusextracts
and in yeast (2). It is therefore not clear what relationship these replication foci
have to ORC-dependent DNA replication or if they form in a normal cell cycle.
It is possible that during chromosome decondensation, single-stranded DNA
regions created by tortional strain might be bound by RPA, providing local as-
sembly sites for polα/primase, which binds to RPA. The structure and function
of these foci and their role in normal DNA replication in cells remain to be
elucidated.

Replication Factor C (RFC)
One of the key proteins involved in loading the replicative polymerases to create
the replication fork is replication factor C (RFC), a complex of five subunits
(p140, p40, p38, p37, and p36) that is conserved in all eukaryotes (for review see
42). Functional homologs exist in bacteria, some bacteriophages, and Archea
(95). The cDNAs encoding the individual subunits of human and the yeast
S. cerevisiaeRFC have been cloned, and all five yeast genes are essential for
cell viability (96–104). Sequence comparisons show a high degree of similarity
among all five subunits, and based on these similarities and the conserved
sequences found among species, short stretches of amino acid sequences called
RFC boxes I–VIII have been defined (104). Box I is unique to the larger p140
subunit, is related to sequences in prokaryote DNA ligases, and is distantly
related to the BRCT motif present in many proteins that respond to DNA damage
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in cells (98, 105); boxes III and V are characteristic of sequence motifs present
in many ATP- and GTP-binding proteins. The other RFC sequence motifs,
particularly RFC box VIII, are found in a number of other replication proteins
and proteins of unknown function, in addition to being highly conserved among
the RFC subunits (104, 106).

RFC was first identified because it is an essential factor for SV40 DNA
replication in vitro (107). It preferentially binds to a primer-template junction
created by the annealing of an oligonucleotide to single stranded DNA, or by
synthesis of a DNA primer on a single-stranded DNA template. RFC can also
bind to a nick in duplex DNA. Binding requires ATP and upon binding to DNA,
RFC functions as a DNA-dependent ATPase, an activity stimulated further by
PCNA (56, 108–112). One study suggests that ATP hydrolysis is required
for the stable loading of PCNA (113), but other studies suggest that this is
not the case (56); thus the precise role of ATP in this process remains to be
determined. The main role for RFC is to load the trimeric, ring-like structure
of PCNA onto DNA at a primer-template junction or to load it onto a nicked
site in duplex DNA (56, 108, 109, 114). It has been reported that RFC can load
PCNA onto completely duplex DNA, but compared to the interactions with the
above-mentioned DNAs, this interaction is very sensitive to physiologic salt
concentrations and probably does not represent a reaction that occurs during
DNA replication in cells (115). RFC-catalyzed PCNA loading is a prerequisite
for assembly of polδ onto the template DNA to form a processive holoenzyme
(25, 108–113, 116), which then functions during synthesis of both the leading
and lagging strands at a DNA replication fork (see below).

A functional human RFC complex has been reconstituted using proteins ex-
pressed in recombinant baculovirus-infected insect cells (114, 117, 118), and
the yeast RFC has been overexpressed in yeast cells (119). Several mutational
analyses of human RFC show that distinct regions of the p140 subunit are re-
sponsible for DNA and PCNA binding (120, 121). The PCNA-binding domain
from the p140 subunit inhibits DNA replication in mammalian cells (120), sup-
porting a role for RFC in DNA replication in vivo. While the N-terminal region
that includes RFC box I in p140 has a DNA-binding activity, an RFC complex
lacking this region exhibits enhanced activity in a reconstituted SV40 DNA
replication reaction as well as enhanced PCNA loading activity (122). This
observation suggests a regulatory role for this protein domain that includes the
similarity to the BRCT motif. The large subunit of RFC is a target for caspases,
the proteases activated during apoptosis or programmed cell death (123, 124),
perhaps because it is a significant ATP-regulated enzyme involved in DNA
metabolism.

Limited structure-function analysis of the small subunits has been performed,
but the C-terminal sequences of each of the small subunits are required for
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formation of the RFC complex (122, 125). Three small subunits (p40, p37,
and p36) form a stable, core complex that has some DNA-dependent ATPase
activity, but without the large p140 subunit, this ATPase is no longer stimulated
by PCNA (117, 118, 126, 127). The p38 small subunit seems to provide a link
between the p140 and the core complex (118, 126).

A cold-sensitiveS. cerevisiaemutant in the gene encoding the RFC large
subunit (cdc 44) has been isolated and characterized (100). This mutation has
an altered DNA metabolism at the nonpermissive temperature that is consistent
with a role for RFC in DNA replication or DNA repair. These defects were
suppressed by mutations in the gene encoding PCNA (pol 30), supporting
the biochemical interaction between these two proteins (128). Interestingly,
a mutation in theRFC5gene encoding theS. cerevisiaep38 subunit homolog
causes a defect in a DNA-damage checkpoint signal that transmits to the Rad53
protein and the Tel1 protein, a yeast protein similar to the ataxia telangiectasia
gene product ATM (129). This observation suggests that RFC might function
in monitoring DNA damage at the replication fork.

Of all the DNA polymerase accessory proteins, the subunits of RFC show
both striking sequence and functional similarities to replication fork proteins
present inE. coli and bacteriophage T4 (γ -complex and gp44/gp62, respec-
tively; 95, 106). These proteins load a ring-like DNA polymerase clamp (e.g.
PCNA in eukaryotes and theE. coli β-subunit of DNA polymerase III) onto
the template DNA and, therefore, are known as clamp-loading proteins. The
recent determination of the crystal structure of a member of theγ -complex,
theδ′ subunit, shows it to have a provocative C-like shape that shows striking
structural overlap with the ring-like shape of theE. coli β-subunit and PCNA,
suggesting how the clamp-loader might open the ring-like clamp and load it
onto to DNA (Figure 1; 130). The clamp-loading function of RFC may be one
of the key regulated events in DNA metabolism.

Proliferating Cell Nuclear Antigen (PCNA)
Perhaps one of the most intensely studied proteins is proliferating cell nuclear
antigen (PCNA), the DNA polymerase clamp. Not only does this protein play
a central role in DNA metabolism, but it has become a significant clinical

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Figure 1 Structures of a polymerase clamp and a clamp-loading protein subunit.Top: stereo view
of a ribbon diagram of the structure of the clamp-loader,δ′, a part of theE. coliDNA polymerase III
γ -complex and a functional homolog of the RFC subunits (130).Bottom: super-position of theδ′
structure and a ribbon diagram of the structure of theE. coliDNA polymerase IIIβ-subunit (133), a
functional and structural homolog of PCNA. Note the similar shape of the clamp ring surrounding
the dimer-dimer interface of the twoβ-subunits and the clamp-loader C-shape.
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diagnostic marker for proliferating cells. A protein with an apparent mass on
polyacrylamide gels of 36 kDa, PCNA forms a homotrimeric complex and
functions as a DNA polymerase accessory factor (for reviews see 42, 131, 132).
The primary amino acid sequence of PCNA is not highly conserved among
species, but yeast and human PCNA nevertheless have an almost identical three-
dimensional shape that is also very similar to the structures of the functional
homologs of PCNA present inE. coli and bacteriophage T4 (i.e. theβ-subunit
of DNA polymerase III inE. coli and the gp45 protein of T4 phage) (95, 132–
135). These proteins exist as stable trimers that form a closed ring with a hole
in the center that encircles duplex DNA (Figure 1). Each protein monomer
of PCNA consists of two structurally similar domains that are linked via an
interdomain connecting loop on the surface of the protein (134). The internal
surface of the trimer contains sixα helices, and each helix is present in a
structural repeat in each PCNA monomer. Since RFC loads the PCNA trimer
onto DNA, it topologically links the PCNA trimer to the DNA, allowing PCNA
to track along the DNA (136). Most probably, RFC also functions to unload
the PCNA when DNA synthesis is complete, much like the bacterial and phage
T4 counterparts (137–139).

PCNA functions as a processivity factor for polδ during DNA replication
(140–144). Stimulation of polε by PCNA has also been detected but only
under limited conditions (145–147). PCNA itself does not have DNA-binding
activity, but it can be loaded onto the DNA by RFC in an ATP-dependent manner
(56, 114). PCNA then associates with polδ/ε at the primer-template junction
(56, 113, 116). Mutational analyses of PCNA have shown that distinct regions
of the trimeric ring are required for the stimulation of polδ or RFC ATPase
(148–151); PCNA mutants that alter certain amino acids on the internal surface
of the ring failed to stimulate polδ (149). In contrast, regions on the outer
surface, including both the N- and C-termini and the interdomain connecting
loop, are necessary for the interaction with polδ and RFC (149, 151).

PCNA also is capable of binding to other proteins, including the FEN1/Rad27/
MF1 nuclease (152, 153) (see below); DNA ligase 1 (154); the p53-inducible,
cyclin-dependent kinase (CDK) inhibitor protein p21 (WAF1, CIP1, sdi1)
(155, 156); the p53-inducible GADD45 protein (157, 158); the nucleotide ex-
cision repair protein XPG (159); DNA-(cytosine-5) methyltransferase (160);
the mismatch repair proteins MLH1 and MSH2 (161); and cyclin D (162, 163).
These varied interactions with DNA metabolism proteins imply that PCNA is a
central factor for the coordination of DNA replication, DNA repair, epigenetic
inheritance, and cell-cycle control.

The crystal structure of PCNA bound to a peptide derived from p21 shows
that the previously unstructured p21 peptide inserts itself into a cleft in the
interdomain connecting loop surface of PCNA (164). This very stable binding
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causes the inhibition of PCNA stimulation of polδ activity and competition
with the binding of PCNA to DNA ligase, DNA-(cytosine-5) methyltransferase,
XPG, and FEN1 (see below). Moreover, a monoclonal antibody that specifically
binds to this loop inhibits PCNA-activated DNA synthesis by polδ (165). Thus
the loop serves as an interface for interactions with other cellular proteins.

Immunofluorescent staining of cells with anti-PCNA antibodies has shown
that PCNA co-localizes with sites of DNA synthesis in nuclei (replication foci)
(166, 167). The PCNA staining pattern varies with the stage in the S phase,
corresponding with the region of the genome being replicated. In addition,
PCNA becomes resistant to extraction from nuclei with detergents such as
Triton X-100, only when cells enter the S phase of the cell cycle (166, 168).
PCNA resistance to Triton-extraction also occurs in DNA-damaged cells, even
in the G1 phase of the cell cycle, indicating that PCNA localizes to sites of
DNA repair (168–172). The variable, detergent-resistant PCNA in nuclei is
thought to reflect its topologically closed interaction with DNA at sites of DNA
metabolism.

DNA Polymerasesδ andε

Two DNA polymerases function during the S phase of the cell cycle in eukary-
otic cells (14). DNA polymeraseδ (pol δ) is a heterodimer composed of p125
and p50 subunits (for review see 14), although we consider it likely that the
native enzyme in mammalian cells andS. cerevisiaecontains an additional sub-
unit of approximate mass of 50 kDa. Recent biochemical and genetic evidence
shows that theS. pombepol δ contains five subunits, three of which are essen-
tial (173–175). p125 is the catalytic subunit for both DNA polymerase activity
and a proofreading, 3′-5′ exonuclease activity. cDNAs for each subunit have
been cloned (175–183). Moreover, an active human dimeric complex has been
reconstituted using proteins expressed in recombinant baculovirus-infected in-
sect cells (184). The N-terminal region of p125 interacts with PCNA (185, 186),
and although one report suggests that the polymerase activity of the large sub-
unit alone can be stimulated by PCNA inS. cerevisiae(185), a recent study
of mammalian polδ shows that the p50 subunit is required for PCNA stimula-
tion (184). To complicate matters further, a putative PCNA-independent polδ

was also isolated from mouse (187) andDrosophila(188). Thus further cha-
racterization of the structure of DNA polymeraseδ in mammalian cells and
S. cerevisiaeis necessary.

Pol δ is required for DNA synthesis of both the leading and lagging strands
during SV40 DNA replication in vitro (22–24, 26, 189). Many studies using a
variety of DNA templates support a role for polδ in RFC- and PCNA-depen-
dent DNA replication (24–26, 56, 109, 113, 146, 184, 189–194). Crosslinking
of DNA polymerases to replicating SV40 DNA in vivo also supports the
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involvement of both polδ and polα in SV40 DNA replication (195). Al-
though some reports demonstrate a role for polε in cellular DNA replication
(113, 146, 196–200), the in vivo crosslinking experiments indicate that polε is
not essential for SV40 DNA replication (195). This study, however, found that
pol ε did crosslink to replicating cell chromosomal DNA, consistent with the
essential function ofS. cerevisiaepol ε gene (POL2) in cellular DNA replica-
tion (196, 197). The precise role of polymeraseε in cellular DNA replication
remains to be determined.

FEN1 and RNaseHI
FEN1, a 46-kDa single polypeptide in human and mouse, is a 5′-3′ exo/endonu-
clease that is required for Okazaki fragment maturation (for reviews see 10, 201).
The primary sequence of the protein shows similarity to the repair protein
Rad2/XPG and other nucleases (202, 203). FEN1 was identified through pu-
rification of the enzyme that specifically cleaves a flap-structure DNA substrate,
hence the name flap endonuclease (204). Other researchers independently iden-
tified the same protein in different contexts, as follows: MF1 (192), 5′-3′ exonu-
clease (205), cca/exo (206), DNase IV (207), polε-associated nuclease (208),
human homolog ofS. pombeRad2 (203), and factor pL (209). The homologs
from S. cerevisiaeandS. pombewere identified as Rad27 (210, 211) and Rad2
(203), respectively, indicating a role for the protein in DNA repair. FEN1 is
required for SV40 DNA replication in vitro (192, 205).

Several biochemical studies have shown that FEN1 functions specifically
to remove the RNA primer attached to the 5′-end of each Okazaki fragment
(26, 200, 212–215). Extensive studies show that removal of the RNA primer
involves other proteins including an RNA-DNA junction endonuclease, PCNA,
and Dna2 helicase (10). The mechanism for maturation of Okazaki fragments
is described below, but removal of the RNA primer from the 5′-end of the
penultimate Okazaki fragment prior to joining to the newly synthesized Okazaki
fragment requires strand displacement synthesis to displace the RNA primer,
creating a flap structure with a 5′ unpaired RNA-DNA strand.

The enzymatic properties of FEN1 have been examined in some detail. When
provided a flap structure containing a 5′-segment of DNA (or RNA) that is not
paired to a template DNA, FEN1 efficiently cleaves at the branch point, releasing
the unpaired segment (202, 204, 207, 215, 216). However, if the 5′-segment of
DNA (or RNA) is completely paired, FEN1 can degrade DNA (or RNA) only
exonucleolyticaly from the 5′-terminus (192, 200, 202, 204, 214). A substrate
that contains a 5′-triphosphorylated ribonucleotide that is annealed to DNA,
such as an Okazaki fragment that is completely annealed to a single-stranded
DNA, cannot be degraded by FEN1 (200). In such a situation, removal of the
RNA requires a ribonuclease in addition to FEN1 (see below).
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PCNA and RPA stimulate yeast FEN1 activity under certain conditions
(152, 217). These interactions may be important for the maturation of Okazaki
fragments during lagging strand replication, as described below. The cyclin-
CDK inhibitor p21 disrupts the FEN1-PCNA interaction, suggesting that the
step might be regulated (153).

While bothS. cerevisiae RAD27andS. pombe rad2+ are not essential for
cell viability, both null mutants exhibit elevated chromosome loss rates and
increased UV sensitivity (203, 210, 218). Furthermore, arad27 null mutant
shows temperature-sensitive lethality (210, 211). Interestingly, a novel type
of mutation can be generated in cells lacking FEN1 activity. Sequences of
5–108 nucleotide pairs that are flanked by direct repeats of 3–12 nucleotide
pairs become duplicated at high frequency inrad27null mutants (219). This
unique mutation event is thought to result from a defect in lagging-strand DNA
synthesis, causing an increased recombination rate due to induced double-
strand-break repair of these lesions (220, 221).

RNase H activities in eukaryotic cells have been grouped into two classes, I
and II, based on molecular mass of the enzyme and requirements for a cofactor
(222). Among them, RNase HI is thought to be involved in the removal of
RNA primers during Okazaki fragment synthesis (200, 206, 223–225). While
the enzymatic activity of RNase HI has been known for a long time, its precise
molecular weight and subunit structure are still unclear. Nevertheless, biochem-
ical characterizations of RNase HI have revealed a unique substrate specificity;
it could endonucleolyticaly cleave RNA that is attached to the 5′-end of a DNA
strand, such as in an Okazaki fragment, leaving a single ribonucleotide on the
5′-end of the DNA strand (200, 226–228).

DNA Helicases
DNA helicases are enzymes that promote the processive unwinding of duplex
DNA, such as occurs at the DNA replication fork to create templates for the poly-
merases. During SV40 DNA replication, the virus-encoded T antigen functions
as the replicative DNA helicase, but for cell chromosome replication, the nature
of the replicative helicase remains unclear. Most DNA helicases required for
viral or prokaryotic DNA replication form a homomultimeric complex (hexamer
in most of the cases) (for review see 229). For example, T antigen functions
as a hexamer and assembles at the SV40ori as a do-decamer (two hexamers;
48, 49, 229). As DNA replication proceeds, the two hexamers at the divergent
replication forks probably stay connected, forming part of a so-called replisome
that the DNA passes through (230). It is highly likely, however, that several
distinct helicases would function in cell chromosomal replication and also that
the role of an individual helicase might be specialized for certain steps in the
replication process. Many eukaryotic cell DNA helicases have been identified,
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including the helicases associated with polδ/ε or RFC (see 229), but only a few
have been implicated in DNA replication.

DNA2 HELICASE Yeast Dna2 helicase was identified by screening for replica-
tion-defective mutants using a DNA replication assay in permeabilized cells
(231, 232). TheDNA2 gene encodes a 172-kDa protein that is essential for
cell viability, and the purified protein shows both DNA-dependent ATPase
and 3′-to-5′ DNA helicase activities (232, 233). Analysis of3H-labeled replica-
tion intermediates from wild-type anddna2temperature-sensitive mutant cells
showed that low-molecular-weight intermediates accumulate in thedna2mu-
tants but not in wild-type cells, indicating that the defect is at the elongation
stage of DNA replication (232).

MOUSE HELICASE B This mammalian helicase was identified through studies
of a temperature-sensitive mutant mouse cell line, tsFT848, which was shown
to be defective in DNA replication (234–236). DNA synthesis, but not RNA
and protein syntheses, in these mutant cells decreased at the nonpermissive
temperature. Comparative analyses of DNA-dependent ATPase activities in
fractionated extracts from wild-type and mutant cells showed that one of the
major ATPase activities, now designated helicase B, is decreased in the mutant
cells. Furthermore, this helicase activity from mutant cells showed heat sensi-
tivity. The DNA chain-elongation rate in the mutant cells, when analyzed by
fiber autoradiography, was the same in both wild-type and mutant cells, sug-
gesting that helicase B might be involved in a process that does not determine
the elongation rate of the fork.

MINI-CHROMOSOME MAINTENANCE PROTEINS The mini-chromosome mainte-
nance (MCM) proteins were first identified by yeast genetic studies as proteins
required for replication of plasmid DNAs containing cellular origins of DNA
replication. Researchers have since determined that these proteins are essential
components of the pre-replication complex established prior to the S phase at
origins of DNA replication (reviewed in 237, 238). Six MCM proteins have been
found in all eukaryotic cells examined to date, and they share a similar amino
acid sequence motif called the MCM box, part of which contains a putative AT-
Pase motif (239). Genes encoding MCM proteins have also been found in recent
sequences from Archea species, suggesting that they are ancient replication
proteins. The MCM protein complex appears to be a hexamer containing equal
amounts of each of the six proteins (239a). Two recent observations, when com-
bined, suggest, but do not prove, that the MCM proteins function as a replicative
DNA helicase at the cellular replication fork (240, 241). A complex of three
MCM proteins (Mcm 4, 6, and 7) is capable of displacing a short oligonucleotide
from a larger single-stranded DNA in an ATP-dependent manner, suggesting
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that it contains DNA helicase activity (241). In addition, some MCM proteins
appear to be bound to different regions of a replicon in the yeast genome at dif-
ferent times throughout the S phase of the cell cycle, beginning with the origins
of DNA replication where they are assembled in an ORC- and Cdc6-dependent
manner prior to S-phase entry (2, 240). This suggests that the MCM proteins
might track along the DNA with the DNA replication fork, perhaps acting to
unwind the DNA or performing another essential function (240).

Molecular Links Among FEN1, Dna2 Helicase,
and DNA Polymeraseα/Primase
Accumulating evidence indicates that a multi-enzyme complex exists in cells
that contains many of the activities discussed above (193, 242). In addition,
biochemical and genetic studies of yeast DNA replication have made connec-
tions linking many replication proteins into a multi-protein complex that may
function as a so-called replisome. Physical and genetic interactions between
the Dna2 helicase and FEN1 have been demonstrated; both proteins co-purified
and co-immunoprecipitated, and the overexpression ofFEN1 suppressed the
temperature-sensitive growth of adna2-1mutant (243). Conversely, overex-
pression ofDNA2suppressed the temperature-sensitive lethality of arad27null
mutant (defective in FEN1; 243). This FEN1-Dna2 helicase interaction may
play an important role in maturation of the lagging strand.

In an independent study, another allele ofdna2 (dna2-2) was isolated in
a genetic screen for mutants that show synthetic lethality with thectf4-14
mutant (244). Ctf4 protein (Ctf4p), which is identical to Pob1p and Chl15p,
was identified as a protein that bound to a polα catalytic subunit-affinity column
(245–247). Thectf4 null mutant is viable but exhibits elevated chromosome
loss, implying a function in some process of DNA metabolism (245, 246).

Cdc68p and Pob3p have also been identified as polα–binding proteins
(244). These proteins seem to compete with Ctf4p for binding to polα. Bio-
chemical and genetic interactions between polα and these polα–binding pro-
teins [Ctf4p, Cdc68p (248–250) and Pob3p] have also been demonstrated (244).
Furthermore, thecdc68-1mutation was also synthetic lethal with thedna2-2
mutation (244). These genetic and biochemical data suggest that the synthesis
of an RNA-DNA primer to start an Okazaki fragment and maturation of the
Okazaki fragment might be coordinately carried out during lagging strand syn-
thesis by a multi-protein complex containing polα/primase, Ctf4p, Cdc68p,
Pob3p, Dna2p helicase, and FEN1. Because FEN1 can bind directly to PCNA,
this complex might also contain RFC and polδ, consistent with biochemical
observations (193, 217, 242).

Another allele of RAD27 (erc 11-2) was unexpectedly isolated in a genetic
screen that sought to identify proteins that interacted with the G1 cyclins Cln1p
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and Cln2p [erc (elevated requirement forCLN function) mutations; 251]. The
rad27/erc11-2, cln1cln2mutant strain arrested in the S phase at nonpermissive
temperature and gradually lost viability. The temperature-sensitive lethality
could be rescued by expression ofCLN1or CLN2but not the other G1 cyclin,
CLN3. Moreover, overexpression ofDNA2(referred to asSEL1in the original
paper) andCDC9(DNA ligase) also rescue the temperature-sensitive lethality
(251). Although it is unclear how Cln1p/2p can rescue the defect in replication,
it is intriguing that both proteins that rescued the defect when overexpressed
could interact with PCNA. These studies suggest that the G1 cyclins Cln1p and
Cln2p might affect functions at the DNA replication fork.

MECHANISMS OF DNA SYNTHESIS
AT A REPLICATION FORK

The above-described studies on the replication proteins in eukaryotic cells have
identified their biochemical functions and several specific interactions among
these proteins. These interactions underlie the mechanism of DNA synthesis of
both the leading and lagging strands at the DNA replication fork. The following
sections describe our current understanding of how these proteins cooperate to
replicate DNA.

Primosome Assembly
One of the first steps after recognition of the origin of DNA replication and
local unwinding of the DNA is to load the polα/primase complex onto the
DNA, a step called primosome assembly. Details about the role of T antigen in
origin recognition and local unwinding of theori have been reviewed elsewhere
(229, 252). Primosome assembly normally involves a DNA helicase interact-
ing with the polα/primase, but a cellular helicase that functions in cellular
DNA replication in the same way that T antigen functions during SV40 DNA
replication has not been identified to date.

T antigen, polα/primase, and RPA interact with each other and cooperate
to initiate DNA synthesis at the SV40ori (16, 27, 36, 60, 254). The protein-
protein interactions that have been demonstrated are T antigen–polα/primase
(p70 and/or p180) (36, 255–258), RPA p70–primase (p48 and p58) (59), and
RPA–T antigen (59, 60). In addition, the bovine papillomavirus E1 initiator and
helicase protein also binds to polα/primase in a manner analogous to T antigen
(259). Primase assays with single-stranded template DNAs have shown that
although RPA from either humans or yeast represses primase activity, T antigen
can reverse the inhibition only when human RPA, but notS. cerevisiaeRPA, is
coating the DNA (60, 260). In addition, only human polα/primase, but not calf
thymus or mouse polα/primase, can support primer synthesis in the presence
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Figure 2 Polymerase switching and maturation of Okazaki fragments on a lagging-strand DNA
template. See text for details. Adapted from Reference 313.

of SV40 T antigen and RPA (261), indicating the existence of a species-specific
protein-protein interaction during primosome assembly (30, 261, 262). These
interactions that promote primosome assembly occur not only during initiation
of DNA replication at theori but also for the synthesis of each Okazaki fragment
(Figure 2; 10, 26, 56, 200, 212, 260).

Mapping the start sites for RNA-DNA primer synthesis around the SV40
ori sequence shows some preference for primer-site selection in vivo and in
the crude SV40 replication system (263–265; for review see 20). It has not
been determined whether initiation with the purified polα/primase, RPA, and
T antigen occurs at preferred sites for primer synthesis. A number of cellular
proteins that associate or cooperate with polα/primase, such as AAF (266, 267),
Ctf4 (Pob1) (245–247), Cdc68 (248–250), and Pob3 (244), might modulate the
interaction of the primase with the DNA and affect primer-site selection. In
addition, transcription factor activator domains can bind to RPA and stimulate
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replication in vitro (268, 269), but the precise mechanism of this activation is
unclear. In the context of cellular chromatin, these site-specific DNA-binding
proteins may aide in recruiting RPA and hence polα/primase to the DNA.

Polymerase Switching
Biochemical studies using the SV40 DNA replication system reconstituted with
purified proteins (21, 24, 26, 54, 190, 191) have shown that two different poly-
merases, polα/primase and polδ, are involved in DNA synthesis and that polδ

is involved in the synthesis of both the leading and lagging strands. The switch-
ing from polα/primase to polδ occurs during priming of the leading strand (24)
and during synthesis of every Okazaki fragment (26). The involvement of two
different DNA polymerases in lagging-strand DNA synthesis was suggested by
the analysis of SV40 DNA replication in vivo with DNA polymerase inhibitors
(15, 17). The mechanisms of initiation of leading strand synthesis and initiation
of each Okazaki fragment are apparently very similar: An RNA-DNA primer
is produced by polα/primase, and the 3′-terminus of the initiator DNA (iDNA)
is recognized by RFC and PCNA to expel the polα/primase and load polδ
(Figure 2; 24–26).

As suggested by the model in Figure 2, polα/primase starts the synthesis
of an RNA-DNA primer on an RPA-coated, single-stranded DNA template,
perhaps assisted by a putative cellular loading activity (such as T antigen),
to yield a short 30-nt primer RNA-DNA (18, 264, 270). Once the RNA-DNA
primer is synthesized, RFC binds to the 3′-end of the iDNA, displacing pol
α/primase. The turnover of polα/primase most likely occurs by the inherent
nonprocessive nature of the polα catalytic activity and the tight binding of
RFC to the primer-template junction, since both RPA and RFC decrease the
length of the iDNA (25). RFC binding triggers the assembly of the primer
recognition complex, which is accomplished through the loading of PCNA and
subsequent association of PCNA with polδ. Then the relatively processive pol
δ holoenzyme extends the DNA strand (16, 23–25, 191). For the initiation of
leading-strand DNA replication, the synthesis by the polδ/PCNA complex is
then processive and continuous, at least for 5–10 kb of DNA. For synthesis
on the lagging strand, DNA synthesis of the Okazaki fragment continues until
the polymerase encounters the previously synthesized Okazaki fragment. The
RNA primer from the preceding Okazaki fragment is then removed by a complex
processing reaction described below, and the remaining nick is sealed by DNA
ligase I.

Biochemical studies in vitro (described in this review) and studies in vivo
(195) show that polε is not required for SV40 DNA replication. But given the
enzymatic similarities between polδ and polε, such as high processivity, and the
observation that polymeraseε is essential for DNA replication (196, 197), polε
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almost certainly participates in cellular chromosomal replication. A difference
between these two systems is the mechanism of initiation, because many cellular
proteins are required to achieve what is achieved by T antigen. Therefore, pol
ε might be involved in the initiation of DNA replication. Alternatively, each
polymerase might be involved specifically in a separate process during DNA
replication. A genetic study utilizingS. cerevisiaestrains that contain mutations
in the proofreading exonuclease domains of either polδ or pol ε suggests that
each polymerase is involved in replicating different strands of the DNA (271).

Polymeraseε is also a unique polymerase in that it is involved in cell-cycle
checkpoint control and may therefore function at the DNA replication fork to
ensure accurate DNA synthesis, perhaps by a postreplicative repair mechanism
or another, as yet unrecognized, mechanism (272, 273). It is also possible that
pol ε functions in replicating large chromosomes as a specialized enzyme for
initiation of DNA replication at sites where DNA synthesis has halted tem-
porarily because the replication fork has to cope with the complex topology of
the cell’s chromosomes. Clearly, more studies on the role of polε are required.

A key protein in the polymerase switching appears to be RFC, and the loading
of PCNA by RFC is an essential event for the transition from a priming mode to
an extension mode of DNA synthesis. Given the functional similarities between
RFC and theE. coli pol III γ -complex (95), it is possible that RFC coordinates
the synthesis of both the lagging and leading strands. Further investigation of
the mechanism for coordinating DNA synthesis of both strands at the eukaryotic
cell DNA replication fork is necessary.

Maturation of Okazaki Fragments
In maturation of Okazaki fragment synthesis, the short Okazaki fragments syn-
thesized discontinuously on the lagging strand template are converted into long,
ungapped DNA products. This involves several distinct steps including removal
of the RNA primer, DNA gap synthesis, and sealing together of the two DNA.
Recent studies, and the observation that many of the proteins involved in this
process bind to PCNA, suggest that these steps may be regulated coordinately
with each other.

The analysis of lagging-strand DNA synthesis using highly purified proteins
has revealed the basis of the maturation mechanism. Two different nucleases,
RNase HI and FEN1, are involved in the complete removal of the RNA primer
(192, 200, 205, 206, 212–216). These nucleases are required for the complete
replication of SV40 DNA and for reconstitution of lagging strand synthesis
on artificial templates (26, 192, 200). An in vitro assay with a model substrate
showed that PCNA binds to FEN1 and stimulates FEN1 activity (152). This ob-
servation suggests that the removal of RNA (or RNA-DNA) might be triggered
either by the upstream DNA polymerase complex or by the newly synthesized
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DNA, creating a duplex DNA region upstream of the RNA at the 5′-end of the
Okazaki fragment. Consistent with the latter possibility, an assay for FEN1
using a synthetic oligonucleotide substrate showed that an upstream DNA can
influence the cleavage of a downstream flap substrate (204, 213–215).

Okazaki fragment processing and genome integrity during cell chromosome
replication might require additional proteins, such as the Dna2 helicase, to
complete the same process. Dna2 helicase has been suggested to be involved
in removal of RNA primers because of its biochemical and genetic interactions
with FEN1/Rad27 nuclease (243; also see above). Dna2 helicase, in conjunction
with the polymerase complex that synthesizes the Okazaki fragments, might
displace the RNA primer from the template DNA, thereby creating a flap-like
substrate for FEN1 endonuclease (see FEN1 and RNase HI section, Figure 3,
and Reference 10). A more interesting possibility is that in addition to the
RNA at the 5′-end of an Okazaki fragment, the DNA beyond the RNA-DNA

Figure 3 Two mechanisms for the removal of RNA primers. (A) RNase HI cleaves the RNA
segment attached to the 5′-end of the Okazaki fragment, leaving a single ribonucleotide adjacent to
the RNA-DNA junction. FEN1 then removes the remaining ribonucleotide. (B) Dna2 helicase dis-
places the RNA segment (or RNA-DNA). FEN1 then cleaves endonucleolyticaly the branch point,
releasing the displaced RNA (or RNA-DNA). Although the Dna2/FEN1-dependent mechanism has
not been proved, recent biochemical and genetic studies strongly support this model (see 10).



       

P1: DPI/plb P2: NBL/dat QC: NBL

April 29, 1998 13:49 Annual Reviews AR057-23

DNA REPLICATION IN EUKARYOTES 741

junction that was synthesized by DNA polα might also be displaced by Dna2
helicase and cleaved off by FEN1 (10). If this were the case, then the iDNA
that was made by polα would be removed by this Okazaki maturation process,
and the gap created would be filled in by either polδ or pol ε. This would be
a significant advantage for cells for maintaining genome integrity because pol
α/primase does not have a proofreading activity and thus could not remove any
errors that it inserted in the iDNA, whereas if this region of the template DNA
were “re-replicated” by polδ or polε, then the proofreading exonucleases from
these enzymes would ensure increased accuracy during replication. This mech-
anism for Okazaki fragment maturation might also prevent inappropriate DNA
replication of repeated regions in the genome, such as mini-satellite repeated
sequences, a common occurrence in human cancer cells (219, 220).

REPLICATION FORK PROTEINS
AND CELL-CYCLE CONTROL

S-Phase Checkpoint Control
When the genome is subjected to excessive DNA damage, or progression of
DNA replication forks is blocked, cells arrest progression of the cell cycle at
either the G1-S phase transition, the G2-M phase transition, or they slow down
S-phase progression. This activates transcription of genes that encode proteins
required for the repair of DNA and facilitates the repair process itself (reviewed
in 274). The signal transduction mechanisms that detect aberrant replication or
DNA damage in the S phase, and then block cell-cycle progression are called
S-phase checkpoints. Previous genetic studies inS. cerevisiaeandS. pombe
suggest that several replication fork proteins might be involved in these S-phase
checkpoints.

In S. cerevisiae, mutant cells that have a defect in polε ( pol 2) fail to ac-
tivate the damage-inducible transcription of certain damage responsive genes
in response to DNA damage by methyl methane sulfonate (MMS), or nucleotide-
depletion induced by hydroxyurea during the S phase. The mutant cells enter
into the M phase without correctly completing DNA replication (272). Thus
POL2might be involved in an S-phase checkpoint signaling mechanism. The
domain inpol ε that is responsible for its checkpoint function is separable from
its DNA polymerase catalytic domain (272). Recent studies suggest that the
Rad53p protein kinase is required for DNA-damage checkpoint signaling by a
pol ε- and Rfc5p-dependent mechanism (129, 273, 275).

DPB11, which was isolated as a multicopy suppressor of mutations in genes
encoding subunits ofS. cerevisiaepolε (pol2anddpb2), has a checkpoint func-
tion (276). A temperature-sensitive mutant inDPB11underwent cell division
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without completion of replication at the nonpermissive temperature, and the
mutant cells were sensitive to hydroxyurea, MMS, and UV irradiation. A
similar defect was demonstrated in mutants in the cut5+ gene inS. pombe,
although these mutants were sensitive only to DNA damage and not to nu-
cleotide depletion (277, 278). A recent report showed that the Cut5 protein,
which is similar in sequence to Dpb11p fromS. cerevisiae, binds to the Chk1
protein kinase that is known to control the cyclin-dependent Cdc2 kinase, the
principal regulator for M-phase entry (279).

Other replication proteins have been implicated in checkpoint controls. Yeast
mutants with defects in genes encoding RPA (S. pomberad11) (280), primase
(S. cerevisiae pri1) (281), S. pombepol α and polδ (282–284), and an RFC
small subunit (S. cerevisiae rfc5) (275, 285) have also been shown to exhibit
checkpoint defects. Some of these defects may occur because a replication
fork is not established after commitment to cell division, and others may be
the result of a real defect in signaling in response to DNA damage or a repli-
cation fork block. The primase mutations are particularly interesting because
they override a mechanism that slows down S-phase progression in the pre-
sence of continuous low doses of a DNA alkylating agent (281). Interestingly,
loss of theMEC1 gene, which is related to the ATM gene that is defective
in human ataxia telangiectasia, also causes the same effect (286), suggesting
that primase might be part of a signaling mechanism to the Mec1p checkpoint
pathway.

PCNA-p21 Interaction
The involvement of replication fork proteins in checkpoint signaling in meta-
zoan species is likely, but additional controls may be imposed on DNA replica-
tion in these cells. The identification of proteins that interact specifically with
PCNA has led to the emergence of PCNA as a key protein required for the
coordinated regulation of replication and other events that take place at the
replication fork, such as DNA methylation and DNA repair. In addition, over-
expression of PCNA inS. pomberesults in the delay of entry into the M phase
(287), perhaps because PCNA is binding a protein that is essential for this
process.

One of the well-characterized PCNA-interacting proteins is the p21 protein,
an inhibitor for cyclin-dependent kinase (CDK) (p21 has alternate names of
CIP1, WAF1, Sdi1; for review see 288, 289). p21 is induced during mitogenic
stimulation of mammalian cells and in response to DNA damage by the tumor
suppression protein p53, as well as many other stimuli. The protein binds to
and inhibits cyclin-dependent kinase (CDK) activities that are required for G1/S
progression, leading to cell-cycle arrest. Thus p21 functions as part of a DNA-
damage checkpoint mechanism.
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Interest in p21 with respect to the DNA replication fork was triggered by the
observation that p21 can form a quaternary complex with a CDK, cyclin, and
PCNA in normal cells but not in many transformed cells (162, 290), creating a
possible link between cell-cycle progression and DNA replication. p21 inhibits
SV40 DNA replication in vitro and in frog cell extracts through its direct binding
to PCNA (155, 156, 291, 292). Even though PCNA is essential for nucleotide-
excision repair (293, 294), p21 did not inhibit the repair in vitro (295, 296)
and in vivo (168). These results suggest that through its binding to both CDK
kinase and PCNA, p21 might function to coordinately regulate DNA replication,
repair, and cell-cycle progression in response to DNA damage, perhaps inducing
a switch from replication to repair.

The biological significance of this interaction is still unclear, even though the
p21-PCNA interaction has been characterized extensively, including mapping
of the binding domain in p21 (297–303), determination of a crystal structure
of PCNA complexed with a p21-derived peptide (164), and investigation of the
effect of p21 on DNA synthesis and the loading of PCNA onto DNA (115, 304).
A recent observation that p21 modulates the interactions between PCNA and
FEN1 endonuclease, DNA (5-cytosine) methyltransferase, and DNA ligase sug-
gests that the levels of p21 in the cell might control a switch from one PCNA-
dependent function to another at the DNA replication fork (154, 160, 305).
More evidence that the p21-PCNA interaction might be relevant in vivo is
provided by the recent observations that the E7 oncoprotein from human pa-
pillomavirus type 16 can abrogate a DNA damage–induced cell-cycle arrest
by binding to p21 (306, 307). These studies show that the p21-E7 interaction
results in both the reversal of p21 inhibition of CDK kinase activity and the p21
inhibition of PCNA function (306).

Regulation of Telomere Length
The appropriate regulation of telomere length and replication is also impor-
tant for maintaining the integrity of the genome. In addition, the length of
telomeres correlates with the replicative potential of cells (for review see 308).
Recent studies have indicated that in addition to telomerase, replication fork
proteins may directly regulate the length of telomeres. The mutations in the
S. cerevisiae POL1/CDC17gene encoding polymeraseα, as well as the gene
encoding the large subunit of RFC (CDC44 in S. cerevisiae), cause elonga-
tion of the telomeres (309, 310). Furthermore, pharmacological inhibitors of
cellular DNA polymerases disrupt coordinated DNA replication of the G-rich
strand that is synthesized by telomerase and the C-rich lagging strand (311).
Given that this telomere elongation requires telomerase activity and that both
pol α/primase and RFC are involved in lagging strand synthesis, both telo-
mere extension and lagging strand synthesis might be regulated coordinately, in
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conjunction with the function ofCDC13, a telomere-sequence-specific, single-
stranded DNA-binding protein that is required for telomere maintenance (312).
Further biochemical investigation of the mechanism for telomere replication is
needed to understand how both strands of the telomere are replicated.

CONCLUDING REMARKS

Modern research on the replication of DNA in eukaryotes can be grouped
into three related categories. One active area of research is to characterize
the DNA sequences that are important for replicator function and determine
where origins of DNA replication occur in chromosomes. Another area is to
identify the proteins involved in the mechanism and control of the initiation of
DNA replication in eukaryotes. This area is the most active area at the present
time, providing interesting links to cell-cycle research, developmental biology,
control of gene expression, and chromosome structure and function. A third
area is to extend the already remarkable progress in understanding the events
at the DNA replication fork, outlined above, to identify other proteins that
may cooperate with the known replication fork proteins to ensure accurate and
efficient DNA replication. Connections need to be made between the initiation
proteins that establish the replication fork and those proteins discussed above
that function to replicate DNA after initiation. Proteins that function at the
replication fork will likely play significant roles in inheritance of chromosome
structures by interacting with other proteins involved in chromatin assembly
and epigenetically inherited protein complexes. Clearly much more work needs
to be done.

ACKNOWLEDGMENTS

We thank John Kuryan for Figure 1, Dr. Robert Bambara for discussions, and
colleagues who provided preprints of research papers. Our work was supported
by a grant from the National Cancer Institute (CA13106).

Visit the Annual Reviews home pageat
http://www.AnnualReviews.org.

Literature Cited

1. Diffley JFX. 1996.Genes Dev.10:2819–
30

2. Stillman B. 1996.Science274:1659–64
3. Li JJ, Kelly TJ. 1984.Proc. Natl. Acad.

Sci. USA81:6973–77
4. Li JJ, Kelly TJ. 1985.Mol. Cell. Biol.

5:1238–46

5. Stillman BW, Gluzman Y. 1985.Mol.
Cell. Biol.5:2051–60

6. Wobbe CR, Dean F, Weissbach L, Hur-
witz J. 1985.Proc. Natl. Acad. Sci. USA
82:5710–14

7. Challberg MD, Kelly TJ. 1989.Annu.
Rev. Biochem.58:671–717



    

P1: DPI/plb P2: NBL/dat QC: NBL

April 29, 1998 13:49 Annual Reviews AR057-23

DNA REPLICATION IN EUKARYOTES 745

8. Stillman B. 1989.Annu. Rev. Cell. Biol.
5:197–245

9. Bambara RA, Huang L. 1995.Prog. Nu-
cleic Acid Res. Mol. Biol.51:93–122

10. Bambara RA, Murante RS, Henrick-
sen LA. 1997.J. Biol. Chem.272:4647–
50

11. Lindahl T, Barnes DE. 1992.Annu. Rev.
Biochem.61:251–81

12. Nash R, Lindahl T. 1996. See Ref. 314,
pp. 575–86

13. Andersen AH, Bendixen C, Westergaard
O. 1996. See Ref. 314, pp. 587–617

14. Wang TS-F. 1996. See Ref. 314, pp.
461–93

15. Nethanel T, Reisfeld S, Dinter-Gottlieb
G, Kaufmann G. 1988.J. Virol. 6:2867–
73

16. Matsumoto T, Eki T, Hurwitz J. 1990.
Proc. Natl. Acad. Sci. USA87:9712–16

17. Nethanel T, Kaufmann G. 1990.J. Virol.
64:5912–18

18. Bullock PA, Seo YS, Hurwitz J. 1991.
Mol. Cell. Biol.11:2350–61

19. Murakami Y, Eki T, Hurwitz J. 1992.
Proc. Natl. Acad. Sci. USA89:952–
56

20. Salas M, Miller JT, Leis J, DePamphilis
ML. 1996. See Ref. 314, pp. 131–76

21. Prelich G, Stillman B. 1988.Cell 53:
117–26

22. Lee S-H, Eki T, Hurwitz J. 1989.Proc.
Natl. Acad. Sci. USA86:7361–65

23. Weinberg DH, Kelly TJ. 1989.Proc.
Natl. Acad. Sci. USA86:9742–46

24. Tsurimoto T, Melendy T, Stillman B.
1990.Nature346:534–39

25. Tsurimoto T, Stillman B. 1991.J. Biol.
Chem.266:1961–68

26. Waga S, Stillman B. 1994.Nature369:
207–12

27. Murakami Y, Hurwitz J. 1993.J. Biol.
Chem.268:11008–17

28. Wang TS-F. 1991.Annu. Rev. Biochem.
60:513–52

29. Stadlbauer F, Brueckner A, Rehfuess C,
Eckerskorn C, Lottspeich F, et al. 1994.
Eur. J. Biochem.222:781–93

30. Brückner A, Stadlbauer F, Guarino LA,
Brunahl A, Schneider C, et al. 1995.Mol.
Cell. Biol.15:1716–24

31. Longhese MP, Jovine L, Plevani P, Luc-
chini G. 1993.Genetics133:183–91

32. Copeland WC, Tan X. 1995.J. Biol.
Chem.270:3905–13

33. Longhese MP, Fraaschini R, Plevani
P, Lucchini G. 1996.Mol. Cell. Biol.
16:3235–44

34. Santocanale C, Foiani M, Lucchini G,
Plevani P. 1993.J. Biol. Chem.268:
1343–48

35. Bakkenist CJ, Cotterill S. 1994.J. Biol.
Chem.269:26759–66

36. Collins KL, Russo AAR, Tseng BY,
Kelly TJ. 1993.EMBO J.12:4555–66

37. Foiani M, Marini F, Gamba D, Luc-
chini G, Plevani P. 1994.Mol. Cell. Biol.
14:923–33

38. Nasheuer H-P, Moore A, Wahl AF, Wang
TS-F. 1991.J. Biol. Chem.266:7893–
903

39. Foiani M, Liberi G, Lucchini G, Plevani
P. 1995.Mol. Cell. Biol.15:883–91

40. Ferrari M, Lucchini G, Plevani P, Foi-
ani M. 1996.J. Biol. Chem.271:8661–
66

41. Voitenleitner C, Fanning E, Nasheuer H-
P. 1997.Oncogene14:1611–15

42. Hübscher U, Maga G, Podust VN. 1996.
See Ref. 314, pp. 525–43

43. Wold MS. 1997.Annu. Rev. Biochem.
66:61–92

44. Wobbe CR, Weissbach L, Borowiec JA,
Dean FB, Murakami Y, et al. 1987.Proc.
Natl. Acad. Sci. USA84:1834–38

45. Fairman MP, Stillman B. 1988.EMBO
J. 7:1211–18

46. Wold MS, Kelly T. 1988.Proc. Natl.
Acad. Sci. USA85:2523–27

47. Sancar A. 1996.Annu. Rev. Biochem.
65:43–81

48. Stahl H, Droge P, Knippers R. 1986.
EMBO J.5:1939–44

49. Dean FB, Bullock P, Murakami Y,
Wobbe CR, Weissbach L, Hurwitz J.
1987.Proc. Natl. Acad. Sci. USA84:16–
20

50. Dodson M, Dean FB, Bullock P, Echols
H, Hurwitz J. 1987.Science238:964–
67

51. Wold MS, Li JJ, Kelly TJ. 1987.Proc.
Natl. Acad. Sci. USA84:3643–47

52. Brill SJ, Stillman B. 1989.Nature342:
92–95

53. Kenny MK, Lee S-H, Hurwitz J. 1989.
Proc. Natl. Acad. Sci. USA86:9757–61

54. Tsurimoto T, Stillman B. 1989.EMBO
J. 8:3883–89

55. Erdile LF, Heyers W-D, Kolodner R,
Kelly TJ. 1991. J. Biol. Chem.266:
12090–98

56. Tsurimoto T, Stillman B. 1991.J. Biol.
Chem.266:1950–60

57. Braun KA, Lao Y, He Z, Ingles CJ, Wold
MS. 1997.Biochemistry36:8443–54

58. Longhese MP, Plevani P, Lucchini G.
1994.Mol. Cell. Biol.14:7884–90

59. Dornreiter I, Erdile LF, Gilbert IU, von
Winkler D, Kelly TJ, Fanning E. 1992.
EMBO J.11:769–76

60. Melendy T, Stillman B. 1993.J. Biol.
Chem.268:3389–95



    

P1: DPI/plb P2: NBL/dat QC: NBL

April 29, 1998 13:49 Annual Reviews AR057-23

746 WAGA & STILLMAN

61. Ishiai M, Sanchez JP, Amin AA, Mura-
kami Y, Hurwitz J. 1996.J. Biol. Chem.
271:20868–78

62. Henricksen LA, Umbricht CB, Wold
MS. 1994.J. Biol. Chem.269:11121–
32

63. He Z, Wong JMS, Maniar HS, Brill SJ,
Ingles CJ. 1996.J. Biol. Chem.271:
28243–49

64. Stigger E, Dean FB, Hurwitz J, Lee S-
H. 1994.Proc. Natl. Acad. Sci. USA91:
579–83

65. Gomes XV, Wold MS. 1995.J. Biol.
Chem.270:4534–43

66. Kim DK, Stigger E, Lee S-H. 1996.J.
Biol. Chem.271:15124–29

67. Lin Y-L, Chen C, Keshav KF, Winch-
ester E, Dutta A. 1996.J. Biol. Chem.
271:17190–98

68. Philipova D, Mullen JR, Maniar HS, Lu
JA, Gu CY, Brill SJ. 1996.Genes Dev.
10:2222–33

69. Bochkarev A, Pfuetzner RA, Edwards
AM, Frappier L. 1997.Nature385:176–
81

70. Blackwell LJ, Borowiec JA. 1994.Mol.
Cell. Biol.14:3993–4001

71. Kim C, Paulus BF, Wold MS. 1994.Bio-
chemistry33:14197–206

72. Mitas M, Chock JY, Christy M. 1997.
Biochem. J.324:957–61

73. Din S, Brill S, Fairman MP, Stillman B.
1990.Genes Dev.4:968–77

74. Liu VF, Weaver DT. 1993.Mol. Cell.
Biol. 13:7222–31

75. Carty MP, Zernik-Kobak M, McGrath
S, Dixon K. 1994.EMBO J.13:2114–
23

76. Dutta A, Stillman B. 1992.EMBO J.
11:2189–99

77. Fotedar R, Roberts JM. 1992.EMBO J.
11:2177–87

78. Brush GS, Anderson CW, Kelly TJ.
1994. Proc. Natl. Acad. Sci. USA91:
12520–24

79. Pan Z-Q, Amin AA, Gibbs E, Niu H,
Hurwitz J. 1994.Proc. Natl. Acad. Sci.
USA91:8343–47

80. Boubnov NV, Weaver DT. 1995.Mol.
Cell. Biol.15:5700–6

81. Fried LM, Koumenis C, Peterson SR,
Green SL, van Zijl P, et al. 1996.Proc.
Natl. Acad. Sci. USA93:13825–30

82. Gibbs E, Pan Z-Q, Niu H, Hurwitz J.
1996.J. Biol. Chem.271:22847–54

83. Niu H, Erdjument-Bromage H, Pan Z-Q,
Lee S-H, Tempst P, Hurwitz J. 1997.J.
Biol. Chem.272:12634–41

84. Zernik-Kobak M, Vasunia K, Connelly
M, Anderson CW, Dixon K. 1997.J.
Biol. Chem.272:23896–904

85. Brush GS, Morrow DM, Hieter P, Kelly
TJ. 1996.Proc. Natl. Acad. Sci. USA
93:15075–80

86. Cheng XB, Cheong N, Wang Y, Ili-
akis G. 1996.Radiother. Oncol.39:43–
52

87. Abramova NA, Russell J, Botchan M,
Li R. 1997.Proc. Natl. Acad. Sci. USA
94:7186–91

88. Henricksen LA, Wold MS. 1994.J. Biol.
Chem.269:24203–8

89. Pan Z-Q, Park CH, Amin AA, Hurwitz
J, Sancar A. 1995.Proc. Natl. Acad. Sci.
USA92:4636–40

90. Henricksen LA, Carter T, Dutta A, Wold
MS. 1996.Nucleic Acids Res.24:3107–
12

91. Morgan SE, Kastan MB. 1997.Cancer
Res.57:3386–89

92. Adachi Y, Laemmli U. 1992.J. Cell Biol.
119:1–16

93. Yan H, Newport J. 1995.Science269:
1883–85

94. Coleman TR, Carpenter PB, Dunphy
WG. 1996.Cell 87:53–63

95. Stillman B. 1996. See Ref. 314, pp. 435–
60

96. Chen M, Pan Z-Q, Hurwitz J. 1992.
Proc. Natl. Acad. Sci. USA89:5211–
15

97. Chen M, Pan Z-Q, Hurwitz J. 1992.
Proc. Natl. Acad. Sci. USA89:2516–20

98. Bunz F, Kobayashi R, Stillman B. 1993.
Proc. Natl. Acad. Sci. USA90:11014–
18

99. Burbelo PD, Utani A, Pan Z-Q, Yamada
Y. 1993.Proc. Natl. Acad. Sci. USA90:
11543–47

100. Howell EA, McAlear MA, Rose D,
Holm C. 1994.Mol. Cell. Biol.14:255–
67

101. Li XY, Burgers PMJ. 1994.Proc. Natl.
Acad. Sci. USA91:868–72

102. Li XY, Burgers PMJ. 1994.J. Biol.
Chem.269:21880–84

103. Noskov V, Maki S, Kawasaki Y, Leem
S-H, Ono B-I, et al. 1994.Nucleic Acids
Res.22:1527–35

104. Cullmann G, Fien K, Kobayashi R, Still-
man B. 1995.Mol. Cell. Biol.15:4661–
71

105. Bork P, Hofmann K, Bucher P, Neuwald
AF, Altschul SF, Koonin EV. 1997.
FASEB J.11:68–76

106. O’Donnell M, Onrust R, Dean FB, Chen
M, Hurwitz J. 1993.Nucleic Acids Res.
21:1–3

107. Tsurimoto T, Stillman B. 1989.Mol.
Cell. Biol.9:609–19

108. Tsurimoto T, Stillman B. 1990.Proc.
Natl. Acad. Sci. USA87:1023–27



    

P1: DPI/plb P2: NBL/dat QC: NBL

April 29, 1998 13:49 Annual Reviews AR057-23

DNA REPLICATION IN EUKARYOTES 747

109. Lee S-H, Kwong AD, Pan Z-Q, Hur-
witz J. 1991.J. Biol. Chem.266:594–
602

110. Yoder BL, Burgers PMJ. 1991.J. Biol.
Chem.266:22689–97

111. Fien K, Stillman B. 1992.Mol. Cell.
Biol. 12:155–63

112. Podust VN, Georgaki A, Strack B,
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