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ABSTRACT: The past decade has witnessed an exciting evolution in our understanding of eukaryotic DNA
replication at the molecular level. Progress has been particularly rapid within the last few years due to the
convergence of research on a variety of cell types, from yeast to human, encompassing disciplines ranging from
clinical immunology to the molecular biology of viruses. New eukaryotic DNA replicases and accessory proteins
have been purified and characterized, and some have been cloned and sequenced. In vitro systems for the
replication of viral DNA have been developed, allowing the identification and purification of several mammalian
replication proteins. In this review we focus on DNA polymerases alpha and delta and the polymerase accessory
proteins, their physical and functional properties, as well as their roles in eukaryotic DNA replication.
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I. INTRODUCTION

During the past decade, our understanding
of eukaryotic DNA replication at the molecular
level and the nature of the proteins that function
at the replication fork have increased exponen-
tially as a result of the convergence of research
in a variety of disciplines and the successful ap-
plication of knowledge gained from the eludi-
cation of the basic mechanisms of DNA repli-
cation in prokaryotes. Highlights include the
development of a cell-free system capable of rep-
licating simian virus 40 (SV40) DNA, which has
led to the identification and purification of several
mammalian replication proteins, and the cloning
and sequencing of replication proteins from or-
ganisms as phylogenetically distant as yeast,
Drosophila, and mammals, which has elucidated
the remarkable conservation of structure and
function in the components of the eukaryotic rep-
lication apparatus. New eukaryotic DNA poly-
merases and their accessory proteins have been
purified and characterized, and genetic ap-
proaches have been used to define the functional
roles of these polymerases in yeast.
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Of necessity, this review is not comprehen-
sive but does focus primarily on the molecular
mechanism of DNA replication, with particular
emphasis on the proteins that function at the rep-
lication fork.

Just as the mechanisms by which phage DNAs
are replicated were initially investigated as a
strategy to elucidate the mechanism by which E.
coli replicates its chromosome, the use of SV40
DNA as a model replicon has resulted in impor-
tant insights into the mechanism of eukaryotic
DNA replication. SV40 is a particularly useful
model because, except for a single virally en-
coded protein, the large tumor antigen (T anti-
gen), replication of the viral genome utilizes host
replication proteins. A major breakthrough in the
area of eukaryotic DNA replication was the de-
velopment of cellular extracts capable of repli-
cating plasmids containing the SV40 origin of
replication (ori) when supplemented with T an-
tigen. Replication in this reconstituted system is
apparently identical to that of SV40 DNA rep-
lication in vivo, i.e., replication is bidirectional
from the origin and semidiscontinuous. Fraction-
ation of these cellular extracts and purification
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of the components required for replication re-
sulted in the confirmation of the replicative func-
tion of several previously identified proteins, as
well as in the identification and characterization
of new replication proteins. The power of genetic
manipulation in delineating the functions of pro-
karyotic replication functions had not been avail-
able previously in studying mammalian replica-
tion. However, the striking conservation of both
the structure and function of replication proteins
in phylogenetically diverse eukaryotic species has
allowed the rapid establishment of suspected rep-
lication function of mammalian proteins via ge-
netic manipulation of their counterparts in yeast.

This review has benefitted greatly from re-
cent reviews on both prokaryotic DNA replica-
tion, notably those of Alberts,! Kornberg,? and
McHenry,* as well as on eukaryotic DNA rep-
lication, i.e., those of Lehman and Kaguni,*
Burgers,® Challberg and Kelly,® Hay and Rus-
sell,” Sitney and Campbell,® Stillman,® Bambara
et al.,'” Thommes and Hubscher,'' and Wang.'?

Il. THE DNA POLYMERASES

A. The DNA Polymerase Alpha-Primase
Complex

DNA polymerase alpha (pol alpha) was first
isolated from calf thymus tissue over 30 years
ago." It has long been postulated to be the eu-
karyotic DNA replicase because of its sensitivity
to a variety of inhibitors of DNA replication,
e.g., aphidicolin, and its increased activity in
rapidly proliferating cells.’? In recent years sub-
stantial evidence has been accumulated that sup-
ports a replicative role for pol alpha and its hom-
olog in yeast, pol I. Neutralizing monoclonal
antibodies to pol alpha inhibit DNA replication
in permeabilized cells or when microinjected into
nuclei,'*"* and a temperature-sensitive replica-
tion mutant of mouse cells has been identified as
a pol alpha mutant.'¢-!? Pol-alpha gene expression
has been found to correlate positively with the
activation of cell proliferation and cell transfor-
mation at both the transcriptional and post-tran-
scriptional levels.'®!'® Furthermore, pol alpha is
required for replication of SV40 DNA in in vitro
systems from human or monkey cells.*2?* The
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yeast homolog of pol alpha, pol I, is encoded by
a single copy gene POL! (formerly called
CDC17), which is essential for both mitotic and
premeiotic DNA replication.?*?¢ Conditional le-
thal mutants in poll undergo S-phase arrest when
grown at the nonpermissive temperature.

1. Structure and Properties of Pol Alpha-
Primase

In spite of intensive biochemical research on
pol alpha, the low abundance of the protein and
its unusual sensitivity to proteolysis confounded
efforts to define the subunit structure of the pro-
tein for many years, and it was not until recently
that the structure of the homogeneous enzyme
was definitively established.*'2*"-* The use of
various protease inhibitors during purification by
conventional methods and the introduction of im-
munoaffinity chromatography have minimized but
not eliminated the problem of. proteolysis. Pol-
alpha species purified by immunoaffinity chro-
matography from calf thymus,”*' human KB
cells,* and yeast®* have been found to be similar
in structure to those purified by, conventional pro-
cedures from the same sources,*?” as well as
from human HeLa cells,* monkey CV-1 cells,*
rabbit bone marrow,* rat liver,*"*> Drosophila
melanogaster,* and cultured mouse cells.*46
It is now generally accepted that pol alpha is
composed of four subunits: a catalytic subunit of
approximately 160-180 kDa; a polypeptide of
approximately 70 kDa whose function is unclear;
and polypeptides of 60 and 50 kDa, which are
associated with primase activity.**** The cata-
lytic polypeptide is frequently obtained as a clus-
ter of polypeptides of 125-180 kDa, many of
which are catalytically active. However, partial
peptide mapping of the isolated polypeptides and
the use of a panel of monoclonal antibodies to
pol alpha have demonstrated that, whereas the
70-kDa, 60-kDa, and 50-kDa polypeptides are
unrelated to the 180-kDa polypeptide and to each
other, the other high-molecular-weight polypep-
tides are most likely proteolytic fragments of the
180-kDa catalytic polypeptide.*?

a. The Catalytic Subunit
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A full-length cDNA clone of the catalytic
subunit of human KB cell DNA polymerase alpha
was isolated by screening a cDNA library with
oligonucleotide probes corresponding to the amino
acid sequences of several pol alpha peptides.'®
A molecular weight of 165,000 was deduced from
the single open reading frame. Antipeptide an-
tibodies raised to both C- and N-terminal peptides
have been used to demonstrate that the polypep-
tide encoded by the full-length cDNA has a mo-
lecular weight on SDS-polyacrylamide gel elec-
trophoresis of 180,000.#” This was the only
species detected by immunoblotting when anti-
bodies to an N-terminal peptide were used. The
active proteolytic fragments were found to result
from endoproteolytic cleavage, particularly at a
susceptible lys-lys bond, which resulted in the
generation of the 165-kDa major degradation
product. The higher than expected molecular size
of the catalytic polypeptide is due, at least in
part, to posttranslational modification of the 165-
kDa primary translation product. In addition to
being a phosphoprotein, the catalytic subunit of
pol alpha reacts with the lectins concanavalin A
and Ricinus communis agglutinin, suggesting that
it is a glycoprotein.*” The functions of these co-
valent modifications of the primary structure are
unclear; however, it has been suggested that they
may play a role in nuclear localization of the
enzyme and/or serve as recognition sites for other
replication proteins.

A genomic clone of the catalytic subunit of
S. cerevisiae DNA polymerase I was’ isolated
from a lambda gtl1 library using polyclonal an-
tibodies to yeast pol 1.2?* A molecular weight
of 167,000 was deduced from the gene sequence.
Comparison of the primary structures of pol I and
pol alpha, as well as replicative DNA polymer-
ases of bacterial and viral origin, revealed six
regions of striking similarity, thought to represent
functional domains.'®“® Two of the regions of
homology have been identified as potential deox-
ynucleoside triphosphate binding domains, and a
third region, which contains cysteine-rich se-
quences, is a potential metal binding domain that
could be involved in DNA binding. A DNA pri-
mase interaction domain has been postulated to
be localized in the amino-terminal half of the
polypeptide, a region that is not involved in
catalysis.'?

b. The 70-kDa Polypeptide

The function of the 70-kDa polypeptide of
pol alpha has not been elucidated as yet. It has
been postulated that the 70-kDa polypeptide might
serve as an anchor, connecting polymerase with
primase subunits and may possibly play a regu-
latory role.?*3° Consistent with the proposed reg-
ulatory role is the recent demonstration that the
70-kDa polypeptide is a phosphoprotein, as is the
180-kDa catalytic subunit.’> The amino acids
phosphorylated are serine and threonine. How-
ever, dephosphorylation of the 180-kDa and the
70-kDa polypeptides by acid phosphatase did not
affect either the polymerase or primase activities.
In addition, a monoclonal antibody to the 70-kDa
subunit of pol alpha from human and mouse cells
inhibits the primase but not the DNA polymerase
activity.”!

¢. DNA Primase

Pol alpha is usually isolated as a tight com-
plex with DNA primase, an oligoribonucleotide
polymerase that synthesizes short ribonucleotide
primers, which can be extended by the DNA
polymerase.* Its role in the initiation of Okazaki
fragments at replication forks is well docu-
mented, and it may also function to initiate lead-
ing-strand synthesis at replication origins.%"%?
The isolation of the bifunctional pol alpha-pri-
mase complex from a variety of eukaryotic cells
and tissues, e.g., Drosophila,*3>* yeast,3
human HeLa and KB cells, #3657 cultured mouse
cells,*! and calf thymus,***% jmplies a func-
tional association of these two activities. Dis-
sociation of enzymatically active primase from
the pol alpha-primase complex has been accom-
plished by the use of mild denaturing agents, and
it is found to be associated with polypeptides of
approximately 60 and 50 kDa.**¢' Complete dis-
sociation of the 60- and 50-kDa subunits has not
resulted in enzymatically active primase, and it
is not clear at present whether both polypeptides
are required for catalytic activity. However, po-
lyclonal antibodies raised against the separated
49-kDa calf thymus polypeptide were found to
markedly inhibit primase activity, while antibod-
ies raised against the isolatd 59-kDa polypeptide
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were much less inhibitory, suggesting that the
active site of the enzyme resides on the 49-kDa
polypeptide.®® Furthermore, photocross-linking
studies showed that only the 49-kDa polypeptide
of calf thymus primase had a binding site for
GTP. Similarly, the primase activity of yeast pol
I 1s associated with two subunits of 58 and 48
kDa. The primase activity is inhibited by poly-
clonal antibodies raised against the 48-kDa sub-
unit,%? which was also found to contain an ATP
binding site, indicating that the active site is lo-
cated in this subunit.®* The precise role of the
58-kDa polypeptide is not known at this time.

The yeast gene encoding the 48-kDa subunit
has been cloned and sequenced and the molecular
weight of 47,623 deduced from the gene
sequence® is in good agreement with the molec-
ular mass determined by SDS-polyacrylamide gel
electrophoresis.®® Similarly, the cDNA for the
49-kDa polypeptide of mouse primase has been
cloned and sequenced.® The sequence predicts
a molecular weight of 49,295. Comparison of the
amino acid sequences of mouse p49 and yeast
p48 revealed extensive homology in the amino-
terminal halves of the proteins, although the car-
boxyl-terminal halves were divergent. The N-
terminal haives of mouse and yeast p50 are even
more highly conserved than the catalytic subunits
of human pol alpha and yeast pol 1.5 This region
also contains a metal-binding motif, suggesting
a role in DNA binding.

2. Role of Pol Alpha in Replication

Pol alpha-primase was among the first rep-
lication proteins identified by the use of the in
vitro SV40 DNA replication system.5-%¢ Cell ex-
tracts immunodepleted of pol alpha-primase were
unable to replicate SV40 DNA, and activity was
restored by the addition of purified pol alpha-
primase.? Interestingly, the source of the pol
alpha-primase was found to be species specific,
i.e., only pol alpha-primase from permissive cells
(human or monkey) could function in the SV40
system,® and a specific interaction of T antigen
with pol alpha-primase was suggested.”®”' Re-
cently, it was demonstrated that T antigen binds
specifically to the catalytic subunit of pol alpha-
primase.”?> Although both primate and nonpri-
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mate pol alpha species were capable of interact-
ing with T antigen, the affinity of the human
enzyme for T antigen was an order of magnitude
greater than that of a calf-thymus enzyme.

Pol alpha, by virtue of its tightly associated
DNA primase, is unique among DNA polymer-
ases in its ability to initiate DNA synthesis in the
absence of a primer.*?’ The pol alpha-primase
complex is ideally suited to act as a lagging-
strand replicase, since the primase activity is ca-
pable of the frequent initiations required for the
synthesis of Okazaki fragments.”® Experimental
evidence supporting a role for pol alpha-primase
in lagging-strand synthesis has come from recent
studies in which plasmids containing the SV40
origin of replication were replicated with purified
mammalian proteins, supplemented with SV40
large T antigen.”®’> These studies demonstrated
that both DNA polymerases alpha and delta are
required for the replication of the leading and
lagging strands at the replication fork. When pol
alpha-primase was the only DNA polymerase
present, only short lagging-strand fragments were
synthesized. It is likely that pol alpha-primase is
also responsible for the initiation of bidirectional
replication at the origin, since in the absence of
pol alpha-primase no replication takes place.”’”®
In the SV40 system, the interaction between T
antigen, which binds to origin sequences, and
pol alpha-primase would result in the localization
of pol alpha-primase at the origin. The identity
of the protein(s) that fulfills this function of T
antigen in cellular DNA replication is unknown.

B. DNA Polymerase Delta

DNA polymerase delta (pol delta) was first
identified in 1976 as a distinct mammalian DNA
polymerase that differed from other known spe-
cies of mammalian DNA polymerase (alpha, beta,
and gamma) in having an intrinsic 3'-5’ exonu-
clease activity.’® The discovery of a mammalian
DNA polymerase having an associated 3'-5' ex-
onuclease implied that this DNA polymerase
would be able to proofread errors made during
DNA synthesis and that the mechanisms whereby
the fidelity of DNA replication is maintained in
eukaryotes may be similar to those of
prokaryotes.”’
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1. Structure and Properties of Pol Delta

DNA polymerase delta was purified to hom-
ogeneity from calf thymus. A native molecular
weight of 173,000 was calculated, based on a
sedimentation coefficient of 7.9 S and a Stokes
radius of 53 A. The homogeneous enzyme com-
prises two polypeptides of 125 and 48 kDa, as
estimated from SDS-polyacrylamide gel electro-
phoresis.” The catalytic polypeptide has been
identified as the 125-kDa subunit by immuno-
blotting with neutralizing polyclonal antibodies
to pol delta.”

In spite of evidence that strongly suggested
that the 3'-5' exonuclease activity is an integral
part of pol delta, e.g., the constant association
of both polymerase and exonuclease activities
throughout various purification and analytical
procedures and identical rates of heat inactivation
of the two activities, we, as well as others, were
concerned that pol delta might be a form of pol
alpha contaminated with an unrelated 3'-5' ex-
onuclease activity. Both pol alpha and pol delta
were found to be high molecular weight, acidic
proteins with very similar sensitivities to a variety
of replication inhibitors, i.e., both polymerases
are sensitive to inhibition by N-ethylmaleimide,
arabinosyl nucleotides, and aphidicolin but are
relatively resistant to dideoxynucleotides. How-
ever, a variety of studies with homogeneous pol
alpha and pol delta have established unequivo-
cally that they are distinct DNA polymerases with
different biochemical properties.® For example,
DNA polymerases alpha and delta have distinc-
tive chromatographic properties and can be sep-
arated from one another by chromatography on
DEAE-cellulose and hydroxylapatite. The en-
zymes have very different template preferences,
i.e., pol alpha prefers DNase-activated DNA,
whereas the most active template for pol delta is
poly(dA-dT). The nucleotide analogs butyl-
phenyl-dGTP and butylanilino-dATP also dis-
criminate between the two polymerases, i.e., pol
alpha is very sensitive to the analogs (Ki = 1
M), while pol delta is relatively resistant (Ki
= 100 wM). The subunit structures of the en-
zymes are also different; pol alpha is composed
of four subunits of 165, 70, 65, and 55 kDa,*!2
whereas pol delta is composed of two subunits
of 125 and 48 kDa.>%#1-82 Furthermore, pol delta

has an intrinsic 3'-5' exonuclease activity but is
devoid of primase activity, whereas pol alpha has
a tightly associated primase activity but lacks 3'-
5’ exonuclease activity. With the exceptions of
pol alpha purified as a multiprotein complex from
calf thymus®? or HeLa cells,® the homogeneous
DNA polymerase alpha from Drosophila, which
has a cryptic 3’-5’ exonuclease activity,® and
human DNA polymerase alpha purified by im-
munoaffinity chromatography,® homogeneous
DNA polymerase alpha from all other species
thus far examined has been found to lack any
exonuclease activity.

A further distinguishing property of pol delta
is that the core enzyme alone is not very pro-
cessive and requires the presence of an auxiliary
protein, the proliferating cell nuclear antigen
(PCNA), to become highly processive, whereas
pol alpha is moderately processive and is unaf-
fected by PCNA .57

Immunological studies have further estab-
lished that pol alpha and pol delta are distinct
enzymes.”>’ Neutralizing polyclonal antibodies
to calf thymus pol delta failed to inhibit or im-
munoprecipitate pol alpha from either calf thy-
mus of human KB cells or to immunoblot any
polypeptides in pol alpha preparations. Con-
versely, neutralizing monoclonal antibodies to pol
alpha from KB cells inhibit both human and calf
pol alpha but not calf pol delta”™” nor human
pol delta.®!

The structural relationship between the cat-
alytic subunits of pol alpha and pol delta have
also been examined by both two-dimensional
tryptic peptide mapping” and by partial peptide
mapping using N-chlorosuccinimide.®' These
studies demonstrated that the two enzymes have
unique and unrelated peptide structures.

Recently, pol delta was purified from HeLa
cells and was shown to consist of subunits of 130
and 47 kDa.®! A 178-kDa species of pol delta
has been purified from mouse cells consisting of
subunits of 125 and 50 kDa.*? A distinct form of
pol delta consisting of a single polypeptide of
125 kDa was also purified from mouse cells.®
It would appear that the 125-kDa polypeptide is
the dissociated catalytic subunit of pol delta;
however, the identity of the polypeptide has not
yet been established, either by peptide mapping
or immunological studies. In contrast to pol delta,
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p12S is not stimulated by PCNA, and it has been
suggested that p50 is required for the interaction
of pol delta with PCNA %2

An analog of pol delta called DNA polymer-
ase III has been discovered in yeast.”® This en-
zyme was successfully purified from a protease-
deficient strain of Saccharomyces cerevisiae in
the presence of protease inhibitors. Similar to pol
delta, pol IIT is tightly associated with a 3'-5’
exonuclease activity, is devoid of primase activ-
ity, is extremely sensitive to aphidicolin, and is
relatively resistant to butylphenyl-dGTP. The
polypeptide composition of pol III is also iden-
tical to that of mammalian pol delta, i.e., both
enzymes are heterodimers with subunits of ap-
proximately 125 and 50 kDa.

Like pol delta, pol III is relatively nonpro-
cessive in the absence of yeast PCNA but is highly
processive in its presence. Unexpectedly, calf
thymus PCNA was able to stimulate the activity
and processivity of pol III and, conversely, yeast
PCNA was able to partially substitute for mam-
malian PCNA in increasing the processivity of
calf thymus pol delta.®*' This suggests that the
sites of protein-protein interaction between pol
delta and its auxiliary protein have been con-
served during evolution. ‘

It has been demonstrated that pol I and pol
III are two distinct enzymes and are the products
of separate genes. Pol I has been identified as
the product of the S. cerevisiae cell-cycle division
gene CDC17 (POL1),** while pol III has been
identified as the product of CDC2 (POL3).5%3
The levels of pol III are normal in cdcl7 mutants
that are deficient in pol I and, conversely, cdc2
mutants lack pol III but have normal levels of
pol 1.923

It was recently proposed to utilize the Greek
letter nomenclature for all eukaryotic DNA po-
lymerases and to assign a different Greek letter
to each genetically distinct DNA polymerase.®*
Consequently, pol 1 is now called yeast pol alpha
(ypol alpha) and pol 111 is now called ypol delta.

2. Role of Pol Delta in Replication
Although DNA polymerase delta was first

described over a decade ago,’ it is only recently
that its essential role in eukaryotic DNA repli-
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cation was firmly established. A replicative func-
tion for pol delta was initially inferred from stud-
ies that showed the proliferating cell nuclear
antigen (PCNA), an auxiliary protein specific for
pol delta,?” -8 is essential for in vitro SV40 DNA
replication.®® Additional support for a replicative
role for pol delta has come from studies of DNA
synthesis in permeabilized mammalian cells. In-
hibitors that preferentially affect pol alpha and
not pol delta, i.e., monoclonal antibodies to pol
alpha and butylphenyl-dGTP, at concentrations
that completely inhibited pol alpha activity, re-
sulted in only partial inhibition of DNA repli-
cation.®*7 However, an inhibitor that is equally
effective in inhibiting both pol alpha and pol delta,
i.e., aphidicolin, led to complete inhibition of
DNA replication.®® More direct evidence for an
essential role for pol delta in eukaryotic DNA
replication has come from studies with in vitro
SV40 DNA replication systems.?'#* In these
studies pol delta, in addition to pol alpha, was
found to be required for efficient replication of
DNA containing the SV40 origin of replication.

. Further evidence supporting the essential role of

pol delta in the replication of eukaryotic chro-
mosomes has come from genetic analysis of the
budding yeast Saccharomyces cerevisiae, which
demonstrated that the catalytic subunit of yeast
pol delta is encoded by the CDC2 gene,®*** now
called POL3, an essential gene required for DNA
replication.”® Temperature-sensitive mutants of
pol3 arrest in the S phase of the cell cycle at
nonpermissive temperatures.'®

A specific role for pol delta as the leading-
strand replicase was postulated based on the func-
tional properties of the enzyme.’3:80:101.102 Eyj-
dence in support of this hypothesis has come from
more recent studies with the SV40 replication
system reconstituted with highly purified pro-
teins, which demonstrated that in the absence of
pol delta or any of its accessory proteins, syn-
thesis occurred preferentially on the lagging-strand
template.’ ">

C. DNA Polymerase Epsilon

Recently, another high-molecular-weight
DNA polymerase was discovered in mammalian
tissues and was also designated pol delta because
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of a tightly associated 3'-5’ exonuclease activ-
ity. 103104 Ag the second mammalian DNA poly-
merase found to have an associated 3'-5" exo-
nuclease, it has also been called pol delta-2, or,
since it differs from pol delta in being highly
processive in the absence of PCNA, it has been
called PCNA-independent pol delta.'®'%” Recent
evidence strongly suggests that pol delta and pol
delta-2 are distinct enzymes (reviewed in
Syvaoja'®®), and, to avoid confusion, pol delta-
2 has been renamed DNA polymerase epsilon
(pol epsilon).**

1. Structure and Properties of Pol
Epsilon

Pol epsilon, similar to pol delta, is sensitive
to aphidicolin and is resistant to butylphenyl-
dGTP. However, in contrast to pol delta, pol
epsilon is relatively insensitive to inhibition by
carbonyldiphosphonate, a triphosphate analog.®
At a concentration of 15 pM carbonyldiphos-
phonate, pol alpha was inhibited 5%, pol epsilon
20%, and pol delta 93%. Comparative studies
between calf thymus pol alpha and pol epsilon
have shown that carbonyldiphosphonate is ap-
proximately 20 times more potent in inhibiting
pol epsilon than pol alpha.'®”

A multisubunit form of pol epsilon purified
from calf thymus was found to have a native
molecular weight of 290,000, whereas a second
form had a native molecular weight of 240,000.'%
The active-site subunits of these species of pol
epsilon were identified by photoaffinity labeling
and were found to be 220 and 145 kDa, respec-
tively.''® Another form of calf thymus pol epsilon
has been purified to near homogeneity and has
been found to consist of four subunits of 140,
125, 48, and 40 kDa, with the 140- and 125-kDa
polypeptides identified as catalytically active by
activity gel analysis.'"’

Pol epsilon isolated from HeLa cells appears
to be a single polypeptide of 215 kDa.!% Im-
munological and structural studies suggest that
pol delta and pol epsilon are distinct but they
may share some homology.” Polyclonal anti-
bodies to calf-thymus pol delta were able to neu-
tralize the activity of HeLa pol epsilon, albeit at
higher antibody concentrations. However, the

same antibody preparation that immunoblotted
the 125-kDa catalytic subunit of pol delta did not
immunoblot any polypeptides in the pol epsilon
preparation.” Furthermore, partial peptide map-
ping of the catalytic subunits of pol delta and pol
epsilon from HeL a cells suggested that these two
peptides do not share any primary sequence.?!
The DNA polymerase isolated from human
placenta, which has an associated 3'-5’ exonu-
clease activity and consists of a single polypep-

tide of 170 kDa,!"' has now been identified as-

pol epsilon.'? However, it is not clear whether
the rabbit bone marrow enzyme isolated by
Bymes,''* which is a single polypeptide of 122
kDa and is highly processive in the absence of
PCNA, should be classified as pol epsilon or pol
delta, in light of the recent report that the isolated
125-kDa catalytic subunit of pol delta is unres-
ponsive to PCNA and can be highly processive
under certain assay conditions.®? Recently, both
pol delta and pol epsilon have been found to be
present in rabbit bone marrow’!* and human pla-
centa,''? as well as in HeLa cells.®

Mammalian pol epsilon appears to be the
counterpart of yeast pol II, which also has a tightly
associated 3'-5' exonuclease activity.!'>!"7 Ge-
netic analysis and immunological studies suggest
that pol II, now called yeast pol epsilon, is dis-
tinct from both ypol alpha and ypol delta.!!"-118
Yeast pol epsilon activity is not inhibited by either
monoclonal antibodies to ypol alpha or by po-
lyclonal antibodies to ypol delta.!'® Furthermore,
the levels of ypol epsilon are normal in mutants
that entirely lack ypol alpha or ypol delta.!'” Ac-
tivity gel analysis of ypol epsilon suggested that
the catalytic polypeptide is 170 kDa, although
active proteolytic fragments of 132, 120, and 105
kDa were also observed in the preparation.!'” As
with mammalian pol epsilon, ypol epsilon is sen-
sitive to inhibition by aphidicolin but is resistant
to butylphenyl-dGTP. It is devoid of detectable
primase activity but has an associated 3'-5' ex-
onuclease activity and is highly processive in the
absence of yPCNA.

Recently, two forms of pol epsilon were iso-
lated from yeast. One form is a single polypeptide
of 145 kDa and the other, a more complex form,
designated pol II* or ypol epsilon*, consists of
5 polypeptides of 200, 80, 34, 30, and 29 kDa.'*®
Activity gel analysis demonstrated that the 145-
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kDa polypeptide of ypol epsilon and the 200-kDa
polypeptide of ypol epsilon* were catalytically
active. Immunological studies that demonstrated
pl45 is immunoblotted by polyclonal antibodies
raised against ypol epsilon* and partial peptide
mapping with Staphylococcus aureus V8 pro-
tease suggested that the 145-kDa polypeptide of
ypol epsilon is derived from the 200-kDa poly-
peptide of ypol epsilon*. It was proposed that
ypol epsilon* is a holoenzyme form of ypol ep-
silon, although no differences in the activity or
processivity of these two forms of the enzyme
were detected. Similar to mammalian pol epsi-
lon, ypol epsilon is highly processive in the ab-
sence of PCNA; however, in contrast to mam-
malian pol epsilon, the processivity of ypol epsilon
and ypol epsilon* can be somewhat stimulated
by calf thymus PCNA.

Very recently the POL2 gene-encoding yeast
pol epsilon was cloned and analyzed.'?® The gene
expressed a transcript of 7.5 kb containing a read-
ing frame that encoded a protein of M, 255,649,
suggesting that the various isolated forms of yeast
pol epsilon have undergone proteolytic
degradation.

2. Role of Pol Epsilon in Replication or
Repair

The in vivo role of pol epsilon is unclear at
present. It has been suggested that the mamma-
lian enzyme is involved in DNA repair, since pol
epsilon has been shown to be required for DNA
repair synthesis in permeabilized, UV-irradiated
human diploid fibroblasts.!%*!?' A similar role in
DNA repair has been suggested for ypol epsilon;
however, gene disruption studies have shown that
the gene for ypol epsilon (POL2) encodes an
essential protein.'? Deletion of the POL2 gene
resulted in inviability and a terminal morphology
typical of S-phase arrest, suggesting that pol ep-
silon may be required for chromosomal DNA
replication, in addition to pol alpha and pol delta.
However, the establishment of a replicative role
for pol epsilon will require the characterization
of conditional lethal mutants in the POL2 gene.
Pol epsilon has not been found to be required for
SV40 DNA replication, suggesting that it may
not be essential for cellular DNA replication. It
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is clear that further studies are necessary to com-
pletely define the in vivo function of this enzyme.

. POLYMERASE ACCESSORY
PROTEINS

A. Proliferating Cell Nuclear Antigen

The proliferating cell nuclear antigen (PCNA)
is a protein that has been rediscovered a number
of times (for reviews see Celis et al.,'”> Ma-
thews,!® and Tan'?*). It was initially identified
in 1978 as a nuclear protein reactive with sera
from a subset of patients with the autoimmune
disorder systemic lupus erythematosus (SLE) and
was found only in actively proliferating cells.'?>12¢
In 1980 an acidic nuclear protein of 36 kDa that
correlated with the proliferative state of cells was
identified by Bravo and Celis and was named
cyclin.'?™ This protein was subsequently dem-
onstrated to be identical to PCNA by Mathews
and his colleagues.'”® To avoid confusion with
other cell-cycle-regulated proteins involved in the
control of mitosis that have also been called cy-
clins, the term PCNA is used to designate this
nuclear protein.

The synthesis of PCNA is induced when
quiescent cells are stimulated to divide by serum
or mitogens, and its synthesis immediately pre-
cedes that of DNA.'#*12%32 The increase is re-
flected by a corresponding increase in the PCNA
mRNA levels.!*3-3* Indirect immunofluoresc-
ence using human autoantibodies to PCNA de-
tected the protein only in S-phase nuclei and dem-
onstrated that the nuclear distribution of PCNA
mimicked the topographical pattern of DNA syn-
thesis, suggesting that PCNA may be a cell-cycle-
regulated protein involved in the regulation of
DNA synthesis.'??13%:135-137 However, recent
studies with continuously cycling HeLa cells have
shown that the level of PCNA, as detected by
immunoblotting'*® or immunoprecipitation,'?®
does not fluctuate significantly during the cell
cycle, arguing against a cyclin-like role for this
protein in the regulation of entry into S phase.
Although there is an increase in the rate of syn-
thesis of both PCNA and PCNA mRNA begin-
ning in late G1 and peaking during the S phase
of the cell cycle, the magnitude of the increase
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is only two- to threefold. Thus, like several other
proteins required for DNA replication, PCNA is
synthesized in a cell-cycle-regulated manner, but
it is not degraded at the end of the S phase.

The discrepancy between the results obtained
by indirect immunofluorescence and the results
obtained by quantitating PCNA in continuously
cycling cells has been clarified recently with the
discovery of two populations of PCNA in the
nucleus.'® Approximately 65% of the nuclear
PCNA is not bound at sites of DNA replication
and is lost when methanol is used as a fixative.
The fraction of PCNA that is tightly bound to
DNA (approximately 35%) is resistant to extrac-
tion by methanol and is detected by immunoflu-
orescence. It is this fraction that increases at the
G1-S interface and reaches a maximum in mid-
S phase. Thus, during S phase PCNA localizes
in the nucleus at sites of active DNA synthesis.

DNA synthesis is not required for PCNA syn-
thesis, since inhibitors of DNA synthesis, such
as hydroxyurea and aphidicolin, have no effect
on PCNA synthesis following the stimulation of
quiescent cells.'*! However, both DNA synthesis
and cell-cycle progression were inhibited in Balb
¢/3T3 and Chinese hamster ovary cells when they
were exposed to antisense oligonucleotides to the
PCNA codon sequences.'**'** Furthermore, when
human autoantibodies to PCNA were injected into
Xenopus eggs, both chromosomal and plasmid
DNA replication were inhibited. '* These results
are consistent with the involvement of PCNA in
DNA replication.

Recently, direct biochemical links between
PCNA and DNA replication were established by
the finding that PCNA is required for efficient
replication of SV40 DNA in cell-free extracts
from human 293% or HeLa cells'*® and that PCNA
is identical to an auxiliary protein for DNA po-
lymerase delta.®7:88.145

A factor (auxiliary protein) was discovered
that markedly stimulates the activity of pol delta
on template/primers containing long stretches of
single-stranded DNA, e.g., poly(dA)/oligo(dT).*
In the absence of the auxiliary protein, pol delta
core enzyme has a very low processivity and
extends a primer only 10-20 nucleotides before
dissociating from the primer terminus. However,
in the presence of the auxiliary protein pol delta
becomes highly processive, essentially replicat-

ing the entire length of the template at each en-
zyme binding event.”**®® This factor has no effect
on the activity or processivity of pol alpha.

Using the following criteria, the auxiliary
protein for pol delta was demonstrated to be phys-
ically, immunologically, and functionally iden-
tical to PCNA: (1) both proteins comigrate on
SDS-polyacrylamide gel electrophoresis and on
two-dimensional gel electrophoresis;'*® (2) auto-
antibodies to PCNA neutralize the activity of the
auxiliary protein and monoclonal antibodies to
authentic PCNA detect the auxiliary protein in
immunoblots;**¢ and (3) the calf thymus auxiliary
protein for pol delta can substitute for human
PCNA in SV40 DNA replication in vitro and,
conversely, human PCNA can effectively sub-
stitute for calf-thymus pol delta auxiliary protein
in stimulating the activity and processivity of calf-
thymus pol delta with primed homopolymer
templates.®

The molecular mechanism by which PCNA
increases the activity and processivity of pol delta
has recently been investigated kinetically.4’
PCNA decreases the Km for the template/primer
poly(dA)/oligo(dT), consistent with the sugges-
tion that PCNA increases the processivity of pol
delta by increasing the residence time of the en-
zyme on the template/primer.

PCNA is a highly conserved protein that has
been found in species ranging from mammals to
insects to yeast to higher plants.'® Furthermore,
a gene with significant homology to rat PCNA
has been found in the genome of the baculovirus
Autographa californica.'* The cDNAs for sev-
eral mammalian PCNAs have been cloned and
sequenced, and have been shown to differ by only
a few amino acids.’**'** Calf thymus and yeast
PCNA are both acidic proteins with very similar
chromatographic properties.®** PCNA from mam-
malian species is a homodimer of 36-kDa sub-
units by SDS-polyacrylamide gel electrophore-
sis, although the deduced amino-acid sequence
gives a M, of 29,000, whereas the yeast PCNA
is a trimer or tetramer of 26-kDa subunits. Sim-
ilar to calf-thymus PCNA, yeast PCNA stimu-
lates the activity of ypol delta by increasing its
processivity.® Most striking is the ability of calf-
thymus PCNA to stimulate the activity and pro-
cessivity of ypol delta and the ability of yeast
PCNA to partially substitute for mammalian
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PCNA in stimulating the processivity of calf-
thymus pol delta. This suggests that the sites of
protein-protein interaction between pol delta and
its auxiliary protein have been conserved during
evolution.®*' However, it has been shown that
yeast PCNA is not recognized by two monoclonal
antibodies that were raised against SDS-dena-
tured rabbit PCNA.#-!%0 These antibodies can im-
munoblot PCNAs from other mammalian spe-
cies, but they do not immunoprecipitate
mammalian PCNA or block PCNA-dependent pol
delta activity.'*¢ More recently, monoclonal an-
tibodies that were raised against recombinant rat
PCNA have been shown to react with a 36-kDa
band in insect cells.'*! In contrast to monoclonal
antibodies raised against denatured PCNA, these
antibodies were able to immunoprecipitate native
mammalian PCNA.

The structure of the human PCNA gene has
been determined.'*? It is a unique copy gene that
consists of six exons. Analysis of the 5'-flanking
region identified several functional promoters,
and full expression of a linked reporter gene re-
quired 395 base pairs of 5'-flanking sequence.
Interestingly, the PCNA promoter is bidirectional
and directs the transcription of reporter genes in
both orientations. The gene has recently been
localized to human chromosome 20.'5

The role of PCNA in SV40 DNA replication
has been investigated by analyzing the products
synthesized in the presence and absence of
PCNA.'%2154 I the presence of PCNA, the syn-
thesis of both leading and lagging strands occurs,
whereas in the absence of PCNA, only early rep-
lication intermediates and short lagging-strand
fragments are synthesized. This suggests that
PCNA, like pol delta, is required for leading-
strand synthesis, although it is not required for
the initiation of DNA synthesis at the SV40 origin
of replication.

B. Replication Factor C

Replication factor C (RFC) is the most re-
cently identified replication factor required for in
vitro replication of SV40 DNA.'5%%8 An inde-
pendently discovered factor, named activator I
protein (Al), may be the same as RFC. Both are
multisubunit complexes with polypeptide molec-
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ular weights reported as 140, 41, and 37 kDa
(RFC)'551%8 and 145, 40, 38, 37, and 36.5 kDa
(A1).1%%1%° Pyrified RFC (A1) has DNA-depen-
dent ATPase activity and, like PCNA, is believed
to be an accessory protein for DNA polymerase
delta, since its absence from a reconstituted SV40
DNA replication reaction results in the loss of
leading-strand synthesis.”>:138160

Studies on the interaction of RFC (A1) with
other components of the replication complex have
supported its designation as a pol delta accessory
protein. 1**!% Although pol delta/PCNA can rep-
licate poly(dA)/oligo(dT) template/primers with
high processivity in the absence of RFC,*® coat-
ing of the template/primer with RPA, a single-
stranded DNA binding protein, results in the re-
quirement for RFC for utilization of the tem-
plate.'>® Similarly, singly primed phage DNA,
e.g., M13 (+) strand DNA, is not a template
for pol delta/PCNA, except in the presence of
RFC and single-stranded DNA binding protein.*
RFC has also been reported to slightly stimulate
the activity of pol alpha, either in the presence
or absence of RPA.?* Whether this is physiolog-
ically significant is not clear as yet. Al appar-
ently has no effect on pol alpha activity.'>*-'%

RFC has been postulated to be a primer bind-
ing protein, binding specifically to template/
primer. Primed single-stranded DNA, but not
single-stranded DNA or double-stranded DNA,
competes for binding of labeled poly(dA)/
oligo(dT) to RFC.'*® Similarly, primed templates
were found to be the most effective in stimulating
the ATPase activity of RFC, whereas single-
stranded and double-stranded DNA were less
active.

Studies on the interactions of RFC (A1), pol
delta, and PCNA with template/primers coated
with RPA demonstrated that pol delta and RFC
form an isolatable complex.'*:'% In these studies
it was observed that RFC is the first protein to
bind to the RPA-coated template/primer, fol-
lowed by PCNA, and finally by pol delta. It was
also found that ATP is required for the binding
of PCNA to the RFC-template/primer complex,
although ATP-gamma-S can substitute for ATP
in this reaction. Binding of pol delta to the com-
plex absolutely requires ATP, and nonhydrolyz-
able ATP analogs cannot substitute.

The functional properties of the accessory

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informaheal thcare.com by Malmo Hogskola on 01/07/12

For personal use only.

proteins PCNA and RFC (A1) are very similar
to those of the auxiliary subunits (beta, gamma,
delta) of E. coli DNA polymerase II'$'-'62 and
of the accessory proteins (products of genes 44/
62 and gene 45) of T4 DNA polymerase.!¢1%7
These accessory proteins are required by their
respective core polymerases to constitute a fully
functional replicative DNA polymerase holoen-
zyme for the replication of the leading strand at
the replication fork.' The prokaryotic accessory
proteins endow the cognate core polymerase with
the ability to replicate singly primed single-
stranded DNA with high processivity and to rep-
licate through kinetic barriers generated by the
single-stranded DNA template.’s® It is believed
that the accessory proteins increase the affinity
of DNA polymerases for the template-primer
junction by forming a ‘‘sliding clamp’’,'®® thus
preventing the DNA polymerase from dissociat-
ing from the 3' end of the growing DNA chain
upon encountering a kinetic block. This hypoth-
esis is supported by the observation that DNA
polymerases form stable complexes with tem-
plate/primer in the presence of the accessory pro-
teins and ATP.'62170.17!

The function of RFC in eukaryotic DNA rep-
lication has been likened to that of the protein
products of T4 genes 44/62, in T4 DNA repli-
cation, and to that of the gamma and delta sub-
units of E. coli pol III. Similarly, PCNA is thought
to be analogous to T4 gene 45 protein and the
beta subunit of pol III.'**'¢° Similar to the stim-
ulation of the DNA-dependent ATPase activity
of the gene 44/62 proteins by the gene 45 protein,
the DNA-dependent ATPase of RFC is markedly
stimulated by PCNA.'%%1° Furthermore, some
amino-acid sequence similarity has been reported
between human PCNA and T4 gene 45 protein. !>

C. Other Polymerase Accessory
Proteins

There are several reports in the literature of
accessory protein for pol alpha, so named be-
cause they affect the activity or template speci-
ficity of pol alpha in in vitro assays of the purified
enzyme. It is not clear as yet whether any of
these proteins function as pol alpha accessory
proteins in vivo.

1. Primer Recognition Proteins

Two proteins, originally called C! and
C2,172173 and more recently PRPI and PRP2,'7*
which function as a complex to affect the ability
of pol alpha to utilize template/primers with high
template to primer ratios, have been isolated from
both human and monkey cells. The complex did
not alter the processivity of pol alpha, nor did it
affect the Km values for dNTP substrates. It did
lower the Km value for the primer terminus when
DNA templates with high template to primer ra-
tios were used. Thus, it was proposed that the
complex increased the ability of pol alpha to find
the primer terminus by reducing nonproductive
binding of the enzyme to single-stranded DNA.

PRP1 has a molecular weight of 36 kDa and
PRP2 has a weight of 41 kDa, although the ratio
of the two polypeptides in the active complex is
unclear. It has been reported recently that PRP1
is physically and functionally identical to phos-
phoglycerate kinase.!”

2. Alpha Accessory Factor

A protein that stimulates pol alpha/primase
activity with unprimed DNA templates has been
purified from cultured mouse cells.!’s The pro-
tein, alpha accessory factor (AAF), is a hetero-
dimer with subunits of 132 and 44 kDa. AAF
has been characterized as a template affinity pro-
tein, since it appears to both increase the pro-
cessivity of pol alpha/primase on unprimed tem-
plates and to cause pol alpha/primase to remain
associated with a single-stranded DNA template
while priming and extending multiple fragments.
This results in the serial replication of a popu-
lation of DNA molecules.!”’

IV. OTHER REPLICATION PROTEINS
A. Replication Protein A

Replication protein A (RPA),!"® also known
as replication factor A (RFA)'”® or human single-
stranded DNA binding protein (hSSB),'®® was
identified as a cell-derived replication protein in
the in vitro SV40 DNA replication system. Ho-
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mogeneous RPA is a multisubunit protein con-
sisting of three polypeptides of approximately 70,
32, and 14 kDa.'”®'® This complex is tightly
associated, as evidenced by the cosedimentation
of all three subunits as a single species in glycerol
gradients containing 0.5 M KCl and 1.7 M urea'™®
or after treatment with 6 M urea.'” RPA has high
affinity for single-stranded vs. double-stranded
DNA!341% but has no detectable enzymatic ac-
tivity, e.g., exonuclease, endonuclease, ATPase,
topoisomerase, or helicase.!>

RPA is absolutely required in the reconsti-
tuted SV40 replication system.*154181 It j5 needed
for the T-antigen catalyzed unwinding of duplex
DNA at the origin of replication and, thus, is
involved at an early stage of initiation,!821% T
antigen, in the presence of ATP, RPA, and to-
poisomerase I or II, catalyzes extensive unwind-
ing of SV40-origin-containing DNA, forming a
highly underwound plasmid DNA (form
U),178.182.185-187 ywhijch is similar to form I un-
wound DNA in E. coli.'®® In the unwinding re-
action, it is believed that RPA acts to facilitate
the generation of a single-stranded region and to
stabilize the single-stranded DNA as it is being
generated by T-antigen helicase activity.'* The
requirement for RPA for origin unwinding is rel-
atively nonspecific, since other single-stranded
DNA binding proteins, e.g., those from E. coli,
adenovirus, and herpes simplex virus, can sub-
stitute for RPA in this reaction.!®>!'* However,
heterologous single-stranded DNA binding pro-
teins are unable to substitute for RPA in the com-
plete SV40 DNA replication reaction.'®?'8* This
suggests that, in addition to the initial DNA un-
winding, RPA is involved in DNA chain elon-
gation, most likely through protein-protein in-
teractions with other replication proteins.
Although the requirement for RPA to unwind
SV40 origin-containing DNA seems not to be
very specific, it appears that some specificity is
involved in this reaction, since T4-gene 32 pro-
tein and calf-thymus UP1 cannot substitute for
RPA.'¥” The UP1 protein was long thought to be
a eukaryotic single-stranded DNA binding pro-
tein, based on its high affinity for single-stranded
DNA and its ability to stimulate pol alpha;'®
however, later studies have shown it to be a pro-
teolytic product of a heterogeneous ribonucleo-
protein. ' The inability of UP1 to substitute for
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human RPA in the initial DNA unwinding further
argues against this protein as an eukaryotic SSB.

Single-stranded DNA binding protein is ab-
solutely required for chromosomal DNA repli-
cation in prokaryotes,'?!!2 and these proteins
have been shown to stimulate DNA replication
through protein-protein interactions. The T4 gene
32 protein has been shown to stimulate DNA
synthesis, in part through a direct interaction with
the DNA polymerase holoenzyme.'¢*'%* Analo-
gously, human RPA is absolutely required for
eukaryotic DNA replication and has been shown
to stimulate both of the DNA polymerases be-
lieved to be involved in DNA replication at the
fork, pol alpha and pol delta.?:!4187

Recent studies have shown that RPA stim-
ulates DNA synthesis catalyzed by pol alpha on
both poly(dA)/oligo(dT) and primed single-
stranded M13 DNA templates, and appears to act
by increasing the processivity of pol alpha. The
products of the reaction are in the range of Oka-
zaki fragments (100-200 nucleotides).?* Similar
results were obtained by Kenny et al.,'® who
demonstrated that with (dA).u0/(dT) 2.5, RPA
stimulated pol alpha activity five- to tenfold. Sev-
eral single-stranded DNA binding proteins, e.g.,
those of E. coli, adenovirus, and herpes simplex
virus, which were able to substitute for RPA in
the origin unwinding reaction, were unable to
stimulate pol alpha activity.?*-'¥” However, E.
coli SSB was found to stimulate the processivity
of the 182-kDa catalytic subunit of Drosophila
pol alpha but not the intact four-subunit en-
zyme.'** Calf thymus UPI1, which is not active
in the unwinding of SV40 origin sequences, does
stimulate pol alpha activity.'s7-'%

RPA also stimulates pol delta activ-
ity;23-160.187 however, the mechanism of stimu-
lation differs from that of pol alpha. RPA has no
effect on the processivity of pol delta on poly(dA)/
oligo(dT). The stimulation of pol delta activity
by RPA appears to be relatively nonspecific, since
it can be substituted by other single-stranded DNA
binding proteins, e.g., those of E. coli, adeno-
virus, and phage T4 (gene 32 protein). However,
calf thymus UP1 had no effect on pol delta ac-
tivity.'®? The stimulation of pol delta activity by
RPA was observed only in the presence of PCNA
and RFC.23.160,180 '

Single-stranded DNA binding activity has
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been localized to the 70-kDa subunit of RPA . 15419
The functions of the two smaller subunits (32
kDa and 14 kDa) are unknown, although mon-
oclonal antibody to the 32-kDa subunit has been
found to inhibit SV40 DNA replication in vi-
tro."®® Recently four monoclonal antibodies raised
against RPA were shown to inhibit SV40 DNA
replication using crude extracts from HeLa
cells.'® Three of the antibodies were specific for
the 70-kDa subunit, and one was specific for the
32-kDa subunit. None of these antibodies inhib-
ited the binding of RPA to single-stranded DNA.
One of the antibodies to the 70-kDa subunit was
found to inhibit both the stimulation of pol delta
by RPA and the origin unwinding reaction, but
it had no effect on the stimulation of pol alpha
by RPA. In contrast, the other two monoclonal
antibodies to the 70-kDa subunit and the mon-
oclonal antibody to the 32-kDa subunit inhibited
the stimulation of pol alpha by RPA but had no
effect on DNA unwinding or pol delta stimula-
tion. It was suggested that there exist at least
three domains in the RPA protein. In addition to
a domain required for DNA binding, a separate
domain is required for DNA unwinding and pol
delta stimulation, and a third domain is involved
in the stimulation of pol alpha.

A yeast analog of RPA has been identified
in S. cerevisiae based on its ability to substitute
for human RPA in the origin unwinding reac-
tion.!” As with other heterologous single-stranded
DNA-binding proteins, yeast RPA could not sub-
stitute for human RPA in the complete SV40
DNA replication reaction. Similar to human RPA,
yeast RPA is composed of three subunits of 69,
36, and 13 kDa, and the largest subunit contains
the single-stranded DNA binding activity.

Recently, a 34-kDa single-stranded DNA
binding protein that functions as an accessory
protein for strand exchange protein (SEP1), a
protein required for recombination, was purified
from S. cerevisiae.'”® Cloning and sequencing of
the gene encoding the 34-kDa protein revealed
an open reading frame encoding a 70-kDa pro-
tein, suggesting that the 34-kDa protein is a pro-
teolytic product of the primary translation prod-
uct. Comparison of the sequence of the 70-kDa
yeast protein with the 70-kDa subunit of human
RPA showed extensive similarity. Furthermore,
the 70-kDa subunit of yeast RPA, isolated on the

basis of its ability to substitute for human RPA
in the origin unwinding assay, was 100% iden-
tical to the product of this yeast gene, which has
been called RPA]. Gene disruption experiments
have shown that the S. cerevisiae gene (RPA1)
codes for an essential function, and the terminal
phenotype of spores containing a disrupted copy
of RPA1 is consistent with a defect in an early
stage of DNA replication.!®® Thus, as is the case
with the prokaryotic single-stranded DNA bind-
ing proteins, e.g., E. coli SSB and T4 gene 32
protein, which are required for both replication
and recombination, the eukaryotic single-stranded
DNA-binding protein RPA may also have more
than one function.

The 32-kDa subunit of RPA from both yeast
and human cells undergoes phosphorylation/de-
phosphorylation in a cell-cycle-dependent man-
ner.'”?% This subunit, whose function is un-
clear, is phosphorylated on serine residues at the
G1 to S-phase transition and is dephosphorylated
during mitosis, suggesting that the replication ac-
tivity of this protein may be regulated by phos-
phorylation. However, the effects of phospho-
rylation of the 32-kDa subunit on RPA activity
are not clear, as both phosphorylated and de-
phosphorylated forms of RPA were fully active
in a reconstituted SV40 DNA replication reac-
tion. The cDNA for the 32-kDa subunit of RPA
has been cloned and sequenced, and the protein
has been overexpressed in E. coli.'*® The delin-
eation of the functions of the 32-kDa subunit, as
well as the 70- and 14-kDa subunits, of RPA will
be facilitated by the ability to overexpress these
proteins and to carry out site-directed
mutagenesis.

B. DNA Helicases

DNA helicases enzymatically unwind duplex
DNA in a reaction that is coupled with the hy-
drolysis of nucleoside 5’-triphosphates.?! In the
prokaryotic and eukaryotic DNA replication sys-
tems studied thus far, one or more DNA helicases
have been found to be essential components of
the replication machinery. These enzymes trans-
locate unidirectionally along one DNA strand,
thus displacing the other strand, to allow the sep-
arated strands to serve as templates for the lead-
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ing-strand and lagging-strand replicases at the
fork.

In the replication of bacterial and phage gen-
omes, the DNA helicases that are responsible for
moving the replication fork, e.g., E. coli dnaB
helicase,?®? T4 gene 41 helicase,? and T7 gene
4 helicase,”®* have several common properties:
they all translocate in the 5’ to 3’ direction along
the lagging-strand template, they all prefer a rep-
lication-fork-like DNA substrate, and they all are
tightly associated with a DNA primase. These
properties are also shared by the herpes virus
replicative helicase.?*

On the other hand, the DNA helicase that
unwinds the parental DNA duplex in the repli-
cation of SV40 DNA appears to be T antigen, a
virally encoded protein. T antigen is clearly re-
quired for the initiation of DNA replication in
plasmids containing the SV40 origin of replica-
tion.”%>2 T antigen binds to origin sequences
and, with the help of RPA, unwinds the origin
to allow the entry of pol alpha-primase to initiate
both leading- and lagging-strand synthesis. Stud-
ies with neutralizing monoclonal antibodies to T-
antigen helicase suggest that T-antigen helicase
must continue to function during the elongation
phase of replication.?%-2% [n contrast to the pro-
karyotic DNA helicases, T-antigen helicase
translocates in the 3' to 5' direction, presumably
along the leading-strand template.%:2'¢

The cellular counterpart(s) of T antigen, i.e.,
origin binding proteins and replicative DNA hel-
icases, are still unknown. Over the past few years
several eukaryotic DNA helicases have been pur-
ified and characterized, at least in part.2*'2'' It
is not yet clear whether any of these helicases is
involved in replication. Further purification and
characterization of these enzymes, as well as the
preparation of immunological reagents, will be
required to elucidate their cellular roles.

1. Yeast DNA Helicases
a. RAD3 Protein

The RAD3 gene of S. cerevisiae encodes an
89-kDa polypeptide with both DNA-dependent

ATPase and DNA helicase activities.?'>?!3 The
helicase requires either ATP or dATP, translo-
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cates in the 5' to 3’ direction, and is capable of
unwinding long stretches of duplex DNA (up to
850 bp). A single-stranded tail on the fragment
to be displaced is not required for duplex un-
winding, but it has not been determined whether
a fork-like substrate structure is preferred. The
Km for ATP is 67 pM. RAD3 mutants are de-
fective in the excision of pyrimidine dimers and
other bulky adducts, suggesting that the RAD3
protein is involved in excision repair of damaged
DNA. Site-directed mutagenesis was employed
to produce a mutant protein that lacked ATPase
and helicase activity. Although the RAD3 gene
is essential for cell viability, the rad3 mutant that
was devoid of helicase activity was viable, sug-
gesting that the protein has another, as yet uni-
dentified, activity that is essential for viability.?*?

b. ATPase Il

ATPase III is a 63-kDa polypeptide from S.
cerevisiae that has both DNA-dependent ATPase
and DNA helicase activities.*'* The direction of
translocation of ATPase III has not been deter-
mined, nor has the activity of the enzyme with
a fork-like substrate. ATP is the preferred sub-
strate for hydrolysis (Km 700 pM), and other
ribonucleoside and deoxyribonucleoside triphos-
phates are poor substrates, with Km values in
excess of 10 mM. ATPase III stimulates the ac-
tivity of yeast pol alpha on a variety of template/
primers. The stimulation appears to be specific,
since the activities of yeast pol epsilon, calf-thy-
mus pol alpha, and E. coli pol 111 are not affected
by the helicase. Interestingly, a rad3 mutant was
found to have markedly reduced levels of ATPase
IIT activity. Since these two helicases are encoded
by different genes, it was suggested that the ac-
tivity of ATPase III might be regulated by the
RAD3 protein.?'*

2. Xenopus DNA Helicase

A DNA helicase has been partially purified
from Xenopus laevis ovaries.?'> A native molec-
ular weight of 140,000-170,000 has been cal-
culated from the Stokes radius and sedimentation
coefficient. Analysis by SDS-PAGE suggests that
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75- and 62-kDa polypeptides copurify with the
helicase activity. ATP and dATP were the only
nucleoside triphosphates that supported DNA un-
winding. The Km for ATP in the hydrolysis re-
action was found to be 1 mM. The direction of
unwinding has not been determined; however,
the Xenopus helicase efficiently unwinds both
tailed and fully hybridized DNA substrates, sug-
gesting that there is no preference for a fork-like
substrate.

3. Mouse DNA Helicase

ATPase B, isolated from mouse FM3A cells,
has been found to be a DNA helicase.?'¢*'® The
protein has only been partially purified; however,
a polypeptide of 58 kDa has been identified as
having an ATP binding site by photoaffinity la-
beling. The enzyme has a native molecular weight
of approximately 100,000, based on glycerol gra-
dient sedimentation. ATPase B unwinds duplex
DNA in a 5' to 3' direction and is capable of
unwinding duplexes up to 140 base pairs in length.
The unwinding reaction requires a hydrolyzable
NTP as a cofactor. ATPase B is unusual in that
all NTPs and dNTPs can serve as substrates for
hydrolysis, although ATP is slightly preferred.
The Km for ATP in the hydrolysis reaction was
found to be 750 wM. During the early stages of
purification, ATPase B was found to be associ-
ated with pol alpha, although it did not stimulate
pol alpha activity on a variety of template/primers.
ATPase B is equally efficient at unwinding tailed
or untailed partial duplexes.

4. Hela Cell DNA Helicases
a. DNA Helicase |

DNA helicase 1, isolated from HeLa cell nu-
clei, is a 65-kDa polypeptide that unwinds DNA
in the 3’ to 5’ direction.?'® It also unwinds RNA/
DNA hybrids. The enzyme does not require a
replication-fork-like substrate. The nucleoside
triphosphate requirement can only be satisfied by
ATP or dATP.

b. RIP100

RIP100 is a 100-kDa helicase that has been
purified from HeLa cell nuclei.?® It copurifies
with a 60-kDa protein (RIP60) that binds to a
putative replication origin. ATP or dATP is re-
quired for activity, and the enzyme translocates
in the 3’ to 5’ direction.

5. Calf Thymus DNA Helicases
a. Pol Alpha Associated Helicase

A DNA helicase that partially copurifies with
pol alpha has been purified to homogeneity from
calf thymus.?! The 47-kDa helicase translocates
in the 3’ to 5’ direction and can utilize ATP,
dATP, CTP, or dCTP as a cofactor. The Km for
ATP is approximately 200 pM. A fork-like sub-
strate is not required for unwinding, although it
has not been determined whether it may be pre-
ferred over other substrates.

b. Pol Delta Associated Helicase

A DNA helicase that partially copurifies with
pol delta has been purified from fetal calf thy-
mus. 222223 The helicase (delta helicase) has a mo-
lecular weight by gel filtration of approximately
56,000, and a 56-kDa polypeptide containing an
ATP binding site has been identified by pho-
toaffinity labeling. The direction of translocation
is 5 to 3, and a fork-like substrate is required
for activity. The nucleoside triphosphate require-
ment is satisfied by ATP or dATP, and other
nucleotides do not support unwinding to any sig-
nificant extent. The Km for ATP for hydrolysis
is approximately 40 pM.

Delta helicase was identified as a component
of a protein fraction that allowed pol delta to carry
out strand-displacement synthesis, suggesting that
the helicase is required to displace the nontem-
plate strand in this reaction. However, in recon-
stitution experiments with purified pol delta,
PCNA, and delta helicase, strand displacement
synthesis was not observed, suggesting that one
or more components of the protein fraction that
are required for strand-displacement synthesis had
been lost on purification of the helicase. Since
REC functions as an accessory protein for pol
delta,’®>1% jt is likely that RFC is required for
strand-displacement synthesis by pol delta/ PCNA.
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V. FIDELITY OF DNA REPLICATION

In order to maintain viability and species
identity, DNA must be replicated with great fi-
delity, whereas evolution is only possible if ge-
netic variability is generated. These opposing de-
mands have resulted in DNA replication processes
with low but finite error frequencies. Measure-
ments of spontaneous mutation rates in prokar-
yotes suggest that the average frequency of sub-
stitution mutation is of the order of 107 to 10~'°
misincorporations per base pair per generation.**
This level of accuracy is the result of a multistep
process: (1) base selection in the initial incor-
poration of a complementary nucleotide at the 3’
end of a growing DNA chain, (2) exonucleolytic
excision of a newly added mismatched nucleotide
at the primer terminus, i.e., proofreading, and
(3) postreplication repair.?>?*” The first two steps
in ensuring the fidelity of replication, i.e., base
selection and proofreading, are integral proper-
ties of prokaryotic DNA polymerases, and the
relative contributions of these processes to the
fidelity of prokaryotic DNA polymerases and
multicomponent replication complexes have been
extensively studied (reviewed in Kunkel,??® Kun-
kel and Bebenek,??® and Loeb and Perrino®?®).

In eukaryotes the fidelity of DNA replication
is at least as great as that of prokaryotes; spon-
taneous mutation rates of 107! to 1072 have
been estimated.?** However, the mechanism by
which fidelity is achieved in eukaryotes is less
clear. Pol alpha, which is generally found to be
devoid of 3'-5' exonuclease activity, was the only
known eukaryotic DNA replicase for many years.
Consequently, proofreading by the DNA poly-
merase was thought not to be a significant
factor in maintaining replication fidelity in
eukaryotes. The findings that nuclear DNA
polymerases that are capable of proofreading
are present in both higher and lower eukaryotes,
i.e., DNA polymerases delta and epsi-
lon,76:92.93.103,106.115,117.231,232 g that proofreading
by a 3'-5' exonuclease activity can reduce the
frequency of some base-substitution errors as
much as 100-fold,?2*2 suggested that proofread-
ing during DNA synthesis may be a significant
factor in maintaining the fidelity of eukaryotic
DNA replication, as is the case in prokaryotes.
Recent in vivo studies on the effects of imbal-
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ances in intracellular pools of ANTPs on the spec-
trum of mutations at the aprt locus in Chinese
hamster ovary cells suggests a ‘“next nucleotide”’
effect, characteristic of exonucleolytic proof-
reading,?** further supporting the importance of
proofreading in eukaryotic DNA replication.

In vitro measurements of error frequency are
dependent upon the method used, the type of
mispair being measured, and the sequence con-
text. However, by most measures of error fre-
quency, pol alpha, which is generally found to
be devoid of 3’-5’ exonuclease activity, is rela-
tively unfaithful as compared to DNA polymer-
ases delta and epsilon, both of which have an
associated 3'-5’ exonuclease activity. Since pol
alpha-primase is thought to be the lagging-strand
replicase, the low fidelity of this enzyme is prob-
lematic in that it is unlikely that lagging-strand
synthesis is less faithful than Ieading-strand
synthesis.

Several models have been proposed to ac-
count for the in vivo fidelity of pol alpha.?** Ex-
onuclease activity has been measured in multi-
protein pol alpha preparations from calf-thymus
and HeL a cells,®*# suggesting that a loosely as-
sociated 3'-5’ exonuclease, which is removed
during purification of the enzyme, might proof-
read errors of incorporation by pol alpha. Fur-
thermore, it was recently reported that purified
calf-thymus pol alpha, which lacked 3'-5" ex-
onuclease activity, was unable to extend a mis-
matched primer terminus efficiently.** Purifi-
cation of an exonuclease activity from calf-thymus
extracts that was capable of removing terminal
mispairs, thereby allowing primer extension by
pol alpha, was identified as pol delta, and it was
suggested that the 3’-5' exonuclease of pol delta
may be responsible for proofreading errors of
incorporation by both pol alpha and pol delta at
the replication fork.>*¢

Consistent with the observation that putative
3'-5' exonuclease domains, first identified in E.
coli pol 1?7 and present in a wide variety of
prokaryotic and eukaryotic DNA polymerases,
are also present in the catalytic subunit of both
human and yeast pol alpha,*® several immu-
noaffinity purified preparations of pol alpha have
been found to have 3'-5' exonuclease activity.
Pol alpha from Drosophila melanogaster has been
found to have a ‘‘cryptic’’ proofreading exonu-
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clease activity, i.e., no exonuclease activity was
detectable in the four-subunit holoenzyme; how-
ever, dissociation of the 73-kDa subunit resulted
in the appearance of exonuclease activity and an
accompanying 100-fold increase in fidelity.*
Human lymphocyte pol alpha-primase, purified
by immunoaffinity chromatography, has also been
found to have a proofreading 3'-5" exonuclease
activity, but, unlike the Drosophila enzyme, the
presence of the 68-kDa subunit did not mask the
expression of the exonuclease activity of the hu-
man enzyme.® The fidelity of the immunoaffin-
ity-purified human pol alpha was found to be one
to two orders of magnitude higher than that of
the conventionally purified enzyme and to show
a ‘‘next nucleotide’’ effect, suggesting that the
increased fidelity of the immunoaffinity-purified
enzyme was the result of exonucleolytic proof-
reading. Similarly, the 180-kDa catalytic subunit
of yeast pol alpha has recently been found to have
a weak 3'-5’ exonuclease activity.”® However,
the fidelity of the isolated catalytic subunit was
low and was not significantly different from that
of the intact four-subunit yeast pol alpha,?! sug-
gesting that the 3’-5’ exonuclease does not serve
an editing function. The association of 3'-5' ex-
onuclease activity with the human lymphocyte
pol alpha has been attributed to the rapid isolation
of the enzyme with an intact, undegraded cata-
lytic subunit.®® However, immunoaffinity-puri-
fied calf thymus pol alpha was found to be totally
devoid of 3’-5' exonuclease activity, and no ex-
onuclease activity was detected in the dissociated
catalytic subunit.>**23* Thus, it is still not clear
whether pol alpha has any endogenous 3'-5' ex-
onuclease activity that can serve a proofreading
function.

Fidelity studies with the in vitro SV40 rep-
lication system, using crude cell extracts rather
than purified components, has shown that, al-
though DNA replication with the cell extract is
more faithful than that with isolated pol alpha-
primase, the error frequency was found to be
significantly higher than the in vivo error fre-
quency for SV40 replication.>*-**! Whether this
is due to the fact that postreplication repair pro-
cesses contribute significantly to the overall error
rate in vivo or to the lack of replication factors
in the cell extract that are necessary for fidelity
is not clear at present.

VI. SUMMARY AND PERSPECTIVES

It is becoming increasingly apparent that the
fundamental mechanisms of DNA replication
have been highly conserved during evolution.
Recent studies suggest that, similar to DNA rep-
lication in prokaryotes, proofreading by a DNA
polymerase-associated 3’-5' exonuclease is a
major mechanism by which eukaryotes maintain
replication fidelity. An ever-increasing number
of eukaryotic DNA polymerases are found to
have associated 3'-5’ exonuclease activity, e.g.,
DNA polymerase epsilon, DNA polymerase
gamma,®**?* and some preparations of DNA
polymerase alpha, in addition to DNA poly-
merase delta. Analogous to prokaryotes, the rep-
lication fork in eukaryotes is asymmetric, i.e.,
leading-strand synthesis is continuous, whereas
synthesis of the lagging strand is discontinuous,
and accessory proteins modify the properties of
the DNA polymerases that carry out leading- and
lagging-strand DNA synthesis. However, sig-
nificant differences are also evident. In contrast
to prokaryotic DNA replication, where a single
core DNA polymerase catalyzes both leading-
and lagging-strand DNA synthesis, e.g., Pol III
of E. coli, two distinct DNA polymerases may
catalyze leading- and lagging-strand synthesis in
eukaryotes, i.e., pol delta for replication of the
leading strand and pol alpha for the lagging
strand. Furthermore, in prokaryotes DNA pri-
mase is tightly associated with the replicative
DNA helicase, whereas in eukaryotes DNA pri-
mase is tightly associated with the lagging-strand
replicase, pol alpha.

Within eukaryotes, replication proteins ap-
pear to be highly conserved. There is a striking
similarity in both the structural and functional
properties of mammalian and yeast DNA poly-
merases. For example, mammalian and yeast pol
alpha have identical subunit structures. Both are
heterotetramers with subunits of nearly identical
size. Both enzymes have DNA primase activity
and both are moderately processive. Similarly,
mammalian and yeast pol delta are both hetero-
dimers with catalytic subunits of 125 kDa. Both
enzymes have endogenous 3'-5' exonuclease ac-
tivity, and both have very low intrinsic proces-
sivities but become highly processive in the pres-
ence of PCNA. Remarkably, calf PCNA can
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increase the processivity of yeast pol delta and
vice versa. The deduced primary structures of the
catalytic subunits of human and yeast pol alpha
are 31% identical, whereas those of calf and yeast
pol delta are 44% identical.*** In each case, re-
gions of even higher similarity have been iden-
tified that may be important in substrate binding
and catalysis or may be necessary for protein-
protein or protein-DNA interactions.

The recent success in the reconstitution of
SV40 DNA replication with purified proteins has
led to the identification and characterization of
at least seven mammalian replication proteins and
offers approaches and opportunities for further
elucidation of molecular mechanisms involved in
the replication of chromosomal DNA. It appears
that additional protein(s) may be required for a
fully reconstituted SV40 DNA replication ap-
paratus, since the rate of replication-fork move-
ment in the reconstituted system is only one tenth
of that found in vivo, and the Okazaki fragments
are unusually long.**¢ In addition, the cellular
proteins whose functions are fulfilled by large T
antigen in the SV40 DNA replication system,
i.e., origin binding and DNA helicase activities,
are yet to be identified. It is also not known
whether a cellular helicase is required for effi-
cient replication of the SV40 chromosome, in
addition to T antigen. The delta helicase, which
has several properties characteristic of a repli-
cative helicase, may be a candidate for a repli-
cative eukaryotic DNA helicase.

A schematic representation of a eukaryotic
replication fork, based on our current understand-

Helicase

5 RF-C

Pol d

ing and adopted from a model previously pro-
posed for prokaryotic DNA replication,*” is
shown in Figure 1. In this model the replicative
DNA helicase unwinds parental DNA strands,
thus providing templates for both leading- and
lagging-strand synthesis. Pol delta, PCNA, and
RFC organize as a leading-strand replicase,
whereas pol alpha-primase replicates the lagging-
strand template. RPA binds to and stabilizes the
single-stranded DNA exposed by the helicase to
protect it from nuclease attack and, possibly, to
facilitate the organization of a more efficient rep-
lication complex. Although this model summa-
rizes our knowledge to date, many events at the
fork are still unknown: How are leading- and
lagging-strand synthesis coordinated? Are pol al-
pha and pol delta components of a replisome?
What is the mechanism of recycling pol alpha
from a completed Okazaki fragment to a newly
exposed lagging-strand template at the advancing
fork? These are only a few of the questions that
are currently being addressed, with the ultimate
goal of understanding how eukaryotic chromo-
somal DNA replication is regulated and cellular
proliferation is controlled.
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