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At the onset of S phase, chromosomal replication is
initiated by the loading of DNA polymerase o
onto replication origins. However, the molecular
mechanisms for controlling the initiation are poorly
understood. Using Xenopus egg extract, we report
here the identification of a Xenopus homolog of
Cdc45, a yeast protein essential for the initiation of
replication, which is shown to be an essential molecule
for the initiation of replication via the loading of
DNA polymerase o onto chromatin. XCdc45, by
physically interacting with the polymerase in the
extract, became associated with chromatin only after
nuclear formation. During S phase, XCdc45 co-
localized with the polymerase in the nuclei, and the
loading of the polymerase, which depended on
endogenous XCdc45, was facilitated by exogenously
added recombinant XCdc45. These findings, together
with the apparent requirement of S-phase-cdk activity
for the loading of XCdc45, suggest that XCdc45,
under the control of S-phase cdk, plays a pivotal
role in the loading of DNA polymerase o onto
chromatin.
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Introduction

In eukaryotes, the replication of the genome is strictly
controlled during cell-cycle progression. One of the funda-
mental questions about the control of replication is how
replication is initiated at the onset of S phase. This
question is intimately related to another question: how is

of M phase (reviewed in Chongt al, 1996; Kearsey

et al, 1996). In contrast, how the licensed chromatin in
the pre-replicative state is activated into a replicative state
atthe onset of S phase is poorly understood. The replicative
state is established by recruiting DNA polymerase
primase onto the replication origins, but little is known
about what is the essential component for recruiting the
polymerase and how these processes are controlled by
S-phase-promoting kinases such as cyclin-dependent
kinases (cdks).

S-phase-promoting cdk has been proposed to play a
dual role in controlling the initiation of chromosomal
replication; one for triggering replication at the onset
of S phase, and the other for preventing re-replication
(Nasmyth, 1996; Stern and Nurse, 1996). Recent studies
with budding yeast further suggest that S-phase-promoting
cdk prevents re-replication by inhibiting the transition of
replication origins to a pre-replicative state (Dahmann
et al, 1995; Piattiet al, 1996). More recently, using
formaldehyde cross-linking, it has been suggested that the
cdk activity during S, G and M phases prevents MCM
loading onto the replication origins (Tanaket al.,
1997). Similar data has also been reported using the cell-
free extract ofXenopuseggs, showing that high levels of
S-phase cdk2 prevent association of Mcm3, but not ORC,
with chromatin (Huaet al., 1997). These data suggest that
S-phase-cdk activity modulates the state of chromatin at
the onset of S phase; however, the molecular nature of
the target of these kinases has not been clarified.

CDC45 of Saccharomyces cerevisiagas originally
identified by screening cold-sensitiwelc mutants (Moir
et al, 1982), which were subsequently shown to interact
genetically withMCM5 (CDC46 and MCM7 (CDC47)
(Hennessyet al.,, 1991). The cloning ofcDC45 reveals
that it is not a member of MCM, but is essentially required
for the initiation of chromosomal replication (Hopwood
and Dalton, 1996; Hardy, 1997; Zoet al, 1997). In
addition, Cdc45 interacts genetically with ORC (Hardy,
1997; Zouet al,, 1997), and physically with MCM proteins

re-replication prohibited until the end of M phase? Recent (Hopwood and Dalton, 1996; Dalton and Hopwood, 1997;
studies have revealed that the latter mechanism, theZou and Stillman, 1998) and the yeast replication origins
licensing of replication, is conserved in eukaryotes (Kubota (Aparicio et al, 1997). Therefore, Cdc45 was initially

et al, 1997; THonmeset al, 1997; Tanakat al., 1997,
also reviewed in Blow, 1996). The replication-competent,
licensed chromatin is in a pre-replicative state (Diffley
et al, 1994), which is formed by sequential assembly of
origin recognition complex (ORC), Cdc6 and minichromo-
some maintenance protein complex (MCM) onto chro-
matin (Colemaret al, 1996; Romanowsket al., 1996;
Rowleset al,, 1996; Donovaret al., 1997; Tanakat al.,

assumed to be required for the formation of the pre-
replicative complex (Hopwood and Dalton, 1996) or as a
component of the pre-replicative complex (Aparieical.,
1997), which has been formed before START. However,
a recent study indicates that Cdc45 functions in late G
after START and prior to DNA synthesis (Owens al.,
1997). More recently, it has been shown that Cdc45
associates with chromatin after START, depending on

1997). The assembly of MCM on the chromatin apparently Clb—Cdc28 kinase activity, thus suggesting that Cdc45
plays an essential role for the licensing of replication, i.e. associates with the pre-replicative complex after activation
MCM is dissociated from chromatin as it is replicated, of S-phase-promoting cdk (Zou and Stillman, 1998). All

and MCM is re-associated with chromatin only at the end of these characteristics make Cdc45 a good candidate for
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involvement in the activation of the licensed chromatin, (Figure 1C). We first examined whether or not XCdc45
in the pre-replicative state. However, its exact role in is required for DNA replication in the extract. Upon
initiation of replication remains largely unknown. Here, depletion of XCdc45 from the extract, the replication
we report the identification ofdenopusCdc45 homologas  activity was diminished to<10% of the mock-depleted
an essential molecule for the loading of DNA polymerase  extract (Figure 1D). In order to examine the nature of
onto chromatin under the control of S-phase-cdk activity. residual replication activity, total DNA was isolated from
the extracts and subjected to alkali agarose gel electro-
phoresis (Figure 1E). The detection of replicated DNA
with the incorporation of?P-labelled dCTP showed that
Identification of a Xenopus Cdc45 homolog nascent DNA was synthesized in the mock-depleted extract
A potentialXenopugdc45 homolog (XCdc45) was cloned in the presence of a low concentration of aphidicolin
as follows. We first identified a partial sequence of a (~80% inhibition of total DNA synthesis). In the XCdc45-
putative human homolog (EST64671) by searching for depleted extract, no nascent DNA was synthesized, but a
the homolog of yeast Cdc45 in the EST database. Nextsmall amount of DNA with high molecular mass was
we cloned a full-length human cDNA (DDBJ/EMBL/ produced. The high molecular DNA was also produced
GenBank accession No. AF062495) by screening a HeLain the mock-depleted extract as a result of a complete
cDNA library with the EST sequence as a probe. Finally, round of replication (compare with Mahbubaat al.,

we isolated a putativ&kenopushomolog (DDBJ/EMBL/ 1997). In accord with this, the polymerase activity
GenBank accession No. AF062494) by screeninggno- measured with activated DNA was not significantly
pus oocyte cDNA library with the full-length human decreased upon XCdc45 depletion (data not shown).
cDNA as a probe. The open reading frame of X&mopus These results suggest that XCdc45 is required for the
cDNA encoded a protein consisting of 567 amino acids initiation stage of DNA replication in the extract.

with a calculated molecular mass of 65 kDa. The predicted In order to obtain more insight into the role of XCdc45,
amino acid sequence showed a strong homology to thewe examined the behavior of XCdc45 in the egg extract.
putative human homolog (75% identity) and significant Upon addition of sperm chromatin to the extract, ORC
sequence identity with the yeast Cdc45 (~25%). Highly and MCM became associated with the chromatin within
conserved regions among these three protein sequence%0 min, before the nuclear structures had been assembled
(Figure 1A) were noted at locations along the entire length around the chromatin. However, XCdc45 only became
of the peptides. In addition, acidic patches (Hopwood and associated with chromatin 30 min after the addition of
Dalton, 1996), consisting of ~50% of the acidic amino chromatin; after the formation of nuclei. In the absence of
acids, and potential nuclear localization sequences locatedmembrane fractions of the extract (high speed supernatant;
at the end of the patches (Hopwood and Dalton, 1996), HSS), we detected neither the formation of nuclei nor the
were also found to be conserved among these proteins.association of XCdc45 with the chromatin (Figure 2A),
These data suggest that the clonéehopusand human suggesting that nuclear formation is required for the
sequences are indeed putative homologs of the yeastassembly of XCdc45 onto chromatin. Essentially the same

Results

Cdc45. results were obtained by examining the chromatin fractions
by immunoblotting (Figure 2B). XMcm6 became associ-
Involvement of XCdc45 in DNA replication ated with chromatin before, or in the absence of, nuclear

To investigate the role of the putative XCdc45 in DNA formation. As with the behavior of XCdc45, we found
replication, we expressed a Hitgged version of that XCdc45 is not required for the formation of licensed
XCdc45 (XCdc45-Hig) in baculovirus-infected Sf-9 cells.  chromatin (Figure 2B). Examination of chromatin fractions
The recombinant protein, purified with Ni-nitrilotriacetic prepared from mock- and XCdc45-depleted extracts
acid (NTA) agarose, consisted of a single polypeptide demonstrated no difference in the association of XOrcl
with an apparent molecular mass of 66 kDa (Figure and XMcm3 with the chromatin, while XCdc45 was only
1B). The purified XCdc45-Hisprotein and glutathione-  absentin the chromatin fraction prepared from the depleted
Stransferase (GST)-fused C-terminal peptide were used asextract. These results suggest that XCdc45 is not required
antigens to produce polyclonal antibodies. Both antibodies for licensing chromatin, and that it is assembled onto the
recognized a 63 kDa protein in S-phase egg extract licensed chromatin only after nuclear formation. Consistent
(Figures 1C and 3A). For immunoprecipitation of endogen- with this, recombinant XCdc45 could rescue the replication
ous XCdc45 from the extract, the antisera were further activity of the depleted extract when added after nuclear
affinity purified with the recombinant protein. Figure 1B formation as well as before its formation (Figure 2C).
shows that the first immunoprecipitates of the extract with These results indicate that recombinant XCdc45 could be
the purified anti-XCdc45 antibody yielded a specific functionally substituted for endogenous XCdc45 and that
protein with an apparent molecular mass of 63 kDa, XCdc45 is required for the initiation process after the
slightly smaller than that of the recombinant protein which formation of nuclear structures.
contained an additional tag. The immunoprecipitated
63 kDa protein was also recognized by antibodies against Investigation into the interaction of XCdc45 with
the full-length (Figure 3A) and C-terminal peptide (data polymerase
not shown). These results indicate that the protein corres-Nuclear formation, which is essential for replication (Blow
ponding to the cloneXenopussequence is present in the and Laskey, 1986; Newport, 1987), leads to the accumula-
egg extract. tion of various proteins required for replication. In order
With the anti-XCdc45 antibody, endogenous XCdc45 to understand the function of XCdc45, we looked for
could be depleted from the extract almost completely possible target proteins which physically interact with
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Fig. 1. Requirement of theXenopusCdc45 homolog for the replication of chromosomal DNA in cell-free extract&asfopuseggs. A) The

schematic structure of a putativeenopusCdc45 homolog compared with.cerevisia€Cdc45 and a putative human homolog. Numerical values

indicate the percent identity of amino acids in each conserved region between XCdc45 and the other proteins. The percentages of acidic amino acids
are indicated just below the acidic patch regid®) Expression of endogenous and recombinant XCdc45 protein. Endogenous protein was isolated

by immunoprecipitating S-phase egg extract with anti-XCdc45 antibody bound to a protein A matrix. The first imnmunoprecipitates contained most of
XCdc45 proteins. Recombinant XCdc45 protein tagged with; dishe C-terminus (XCdc45-Hjswas expressed in Sf9 cells and purified with

Ni—NTA resin. Both samples were resolved by SDS—-PAGE, and visualized by Coomassie Blue st@jingnunodepletion of XCdc45 from

S-phase egg extract. Extracts were treated with preimmune (mock) and anti-XCdc45 antibodies bound to protein A matrix, resolved by SDS—-PAGE
and immunoblotted with anti-XCdc45 C-terminal peptide antiboBy. lohibition of the replication activity of S-phase egg extract upon depletion of
XCdc45. Sperm chromatin was incubated in mock, mock-plugd/@nl aphidicolin and XCdc45-depleted extracts for 90 min at 23°C. Replication
activity was monitored as the incorporation P-labelled dCTP into DNA. Relative values are givel) Requirement of XCdc45 for the initiation

stage of DNA replication. Sperm chromatin was incubated in the extracts as in (D), and the total DNA was isolated and subjected to alkali agarose
gel electrophoresis.

XCdc45 by examining the immunoprecipitates from the yeast has shown that Cdc45 physically interacts with
extract. Figure 3A shows that a small amount of DNA Mcm2 during S phase (Zou and Stillman, 1998).
polymerasen was co-immunoprecipitated with XCdc45, The possible association of XCdc45 with polymerase
but not the control and anti-XMcm3 immunoprecipitates. led us to speculate that XCdc45 is required for replication
We also examined the possible association of XMcm7 by physically interacting with the polymerase to recruit it
and PCNA with XCdc45, but failed to detect a significant onto replication origins. If this were the case, XCdc45
association (data not shown). It should also be noted thatshould be loaded onto the chromatin at the same time or
a very faint signal of XMcm5 was detected with anti- prior to the loading of the polymerase. Immunoblotting
XCdc45 immunoprecipitates. This contrasts with the of the chromatin fractions showed that the polymerase
previous reports from budding yeast, which showed that and XCdc45 became associated with chromatin at the
the yeast Cdc45 forms a physical complex with Mcm5 same time, i.e. after the formation of the nuclei (Figure
and 7 in the cell extracts prepared from log-phase cultures3B). Figure 3C shows further that XCdc45 and the
(Hopwood and Dalton, 1996; Dalton and Hopwood, 1997). polymerase were co-localized in the nuclei throughout
These conflicting results may be explained if XCdc45 can the progression of S phase. Both proteins precisely co-
form a complex with XMcms only after nuclear formation, localized in every nuclei formed in the extract at the onset
i.e. at the onset of S phase. A recent report with budding of replication (30 min). During the progression of S phase,
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Fig. 2. Loading of XCdc45 onto chromatin after nuclear formation.

(A) Immunofluorescent detection of XCdc45 and XMcm6 on
chromatin with and without nuclear formation. Sperm chromatin was
incubated in S-phase egg extract (low speed supernatant; LSS), and
membrane-depleted S-phase extract (high speed supernatant; HSS) at
23°C for the indicated times, and the localization of XCdc45 and
XMcm6 was visualized by rabbit anti-XCdc45 and mouse anti-
XMcm6 antibodies followed by Cy2-labelled anti-rabbit and Texas
red-labelled anti-mouse antibodies, respectively. DNA was visualized
with Hoechst. Scale bar, 20m. (B) Loading of XCdc45 onto the
chromatin after the assembly of licensed chromatin. Sperm chromatin
was incubated in egg extracts as for (A). As a control (-sperm), sperm
chromatin was omitted from the extract, and mock-, and XCdc45-
depleted extracts were prepared as for Figure 1C. The chromatin
fractions isolated from the extracts were resolved by SDS—PAGE, and
visualized by immunoblotting with specific antibodies as indicated.

(C) Rescue of the replication activity of XCdc45-depleted extract with
recombinant XCdc45. Sperm chromatin was incubated in mock- and
XCdc45-depleted extracts in the presence®@[dCTP, and XCdc45-
Hisg (20 ng{ul extract) was added to the XCdc45-depleted extracts
before (0 min) or after nuclear formation (45 min). Sixty and 90 min
after the addition of sperm chromatin, the replication reaction was
stopped and DNA was isolated and subjected to agarose gel
electrophoresis.
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both signals in the nuclei decreased (60 min), and essen-
tially no signal was detected 90 min after nuclear forma-
tion, when the replication was completed in most of the
nuclei (compare with Figure 3D). Conspicuous
co-localization of XCdc45 and the polymerase was also
observed when the replication was inhibited by aphidi-
colin. Both signals in the nuclei were enhanced in the
presence of aphidicolin (Figure 3C). This may suggest
that the activation of origins in the absence of DNA
synthesis facilitates the accumulation of both proteins onto
the chromatin. In contrast to the polymerase, the XMcm6
signal in the nuclei was most intense at the onset of
replication, and the signal rapidly decreased during
replication (Figure 3D). The intensity of the XCdc45
signal in the nuclei increased after the start of replication
(40 min), and its intensity was reciprocally related to that
of XMcm6. These results showed that XCdc45 function
is closely related to the loading of the polymerase onto
chromatin.

An essential requirement of XCdc45 for the loading of
the polymerase is shown in Figure 4A. Upon depletion
of XCdc45 from the extract, neither the loading of the
polymerase nor the initiation of replication was observed
(see Figure 1D). In contrast, the loading of Mcm proteins
onto the chromatin occurred normally in the depleted
extracts (Figure 2B). These results suggest that XCdc45
is required for the loading of the polymerase on the
licensed, pre-replicative chromatin, which has been
assembled before nuclear formation. Data with recom-
binant XCdc45 provided further support for the idea that
XCdc45 is intimately involved in the loading of the
polymerase. Figure 4B shows that the addition of an
excess of recombinant XCdc45 (the concentration of
endogenous XCdc45 was estimated to be about 1l ng/
extract), accelerated the association of the polymerase
with chromatin in parallel with the rapid association of
the recombinant XCdc45 on chromatin. In addition, the
rapid association of the recombinant XCdc45 apparently
suppressed the association of endogenous XCdc45 on
the chromatin (Figure 4C), suggesting competition for
the same site. Therefore, the acceleration of the polymerase
loading with the recombinant protein suggests that XCdc45
is essential for the rate determining step in the poly-
merase loading.

S-phase cdk-dependent loading of XCdc45 onto
chromatin

The next question is how the loading of XCdc45 onto the
chromatin might be regulated. Since nuclear formation has
been shown to facilitate the accumulation of S-phase cdk
into the nuclei (Hueet al, 1997), we examined whether
the cdk activity is required for the loading of XCdc45.
With Xenopusegg extracts, it has been established that
p21(Cipl), inhibits replication through the inhibition of
S-phase-cdk activity in the extract (Strausfetdal., 1994;
Chen et al, 1995; Jacksoret al, 1995). The same
concentration of p21 sufficient to inhibit replication also
inhibited the loading of both XCdc45 and the polymerase
onto the chromatin (Figure 5A). Immunoblotting of chro-
matin fractions confirmed further that the loading of
XOrcl and XMcm3 was not affected by p21 (Figure 5A),
consistent with the fact that both proteins were loaded
before the formation of nuclei. This observation is in
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Fig. 3. Identical behavior of XCdc45 and DNA polymerasehroughout the S phaseA) Co-immunoprecipitation of DNA polymerase and XCdc45

in S-phase egg extract with anti-XCdc45 antibody. The egg extract was incubated with preimmune, anti-XCdc45 and anti-XMcm3 antibodies bound
to a protein A matrix. The egg extract (@) and immunoprecipitates from 5@ extracts were resolved by SDS-PAGE and immunoblotted with

anti-DNA polymerasen, anti-XMcm5 and anti-XCdc45 antibodie)( Simultaneous loading of XCdc45 and polymerase onto chromatin during

nuclear formation. Sperm chromatin was incubated in the egg extract at 23°C for the indicated times and the chromatin fraction was isolated,
resolved with SDS—-PAGE, and immunoblotted with anti-DNA polymei@santi-XMcm6 and anti-XCdc45 antibodie<C) Co-localization of

XCdc45 and the polymerase in replicating nuclei. Sperm chromatin was incubated in the egg extract for 30 and 60 min at 23°C in the presence and
absence of 1Qug/ml aphidicolin, and the samples were treated with Triton X-100 followed by fixation with formaldehyde, and processed for
immunofluorescence. Scale bar, 2. (D) Different behavior of XCdc45 and XMcmé in replicating nuclei. Sperm chromatin was incubated in the

egg extract for 30, 40 and 90 min, and the samples were treated and processed as for (C). Scalenbar, 20

agreement with the previous finding that the pre-replicative chromosomal replication in the extract ¥Enopuseggs.
complex is formed in the absence of the S-phase-cdk XCdc45 became associated with chromatin only after
activity (Dahmanret al., 1995; Huaet al, 1997; Tanaka  nuclear formation, and it could rescue the replication
et al, 1997). In order to confirm that the effect of p21 is activity of the XCdc45-depleted extract after nuclear
due to the inhibition of cdk activity, we next prepared an formation. This contrasts with the behavior of XMCM,
extract depleted of Xcdk2, an essential component for the XCdc6 and XORC, which assemble with chromatin before
initiation of replication in the extract (Fang and Newport, nuclear formation (Colemamet al, 1996; Romanowski
1991; Jacksoret al, 1995). In order to do this, we used et al, 1996; Rowleset al, 1996). In addition, XMCM
sucl-conjugated agarose, which was successfully used tcand XCdc6 are unable to rescue the replication activity
deplete Xcdc2 and Xcdk2 from the extract (Blow and of the depleted extracts after nuclear formation (Coleman
Nurse, 1990; Fang and Newport, 1991; Straustsldl., et al, 1996; Kubotaet al., 1997). These data suggest that
1996). Upon treating the extract with sucl agarose, Xcdk2 XCdc45 is not involved in the licensing reaction observed
was almost completely depleted from the extract, while a with the extract, and in accordance with this, XCdc45 is
small amount of Xcdc2 remained in the extract (Figure not required for the loading of XMCM onto chromatin.
5B), and both the loading of XCdc45 and the polymerase Therefore, it is reasonable to assume that XCdc45 is not
onto the chromatin were severely inhibited (Figure 5C). a component of the licensed chromatin in a pre-replicative
All these results indicate that S-phase cdk is required for state. Absence of physical interaction between XCdc45
the loading of XCdc45, and eventually for the loading of and XMCM in the egg extract further suggests that
the polymerase onto the pre-replicative chromatin. XCdc45 interacts with XMCM only after nuclear forma-
tion. Actually, the inhibition of replication activity with
aphidicolin led to the co-localization of XCdc45 and
XMCM in the nuclei, since both proteins appeared to be
In the present study we have identifié@nopusCdc45 uniformly distributed on the chromatin in the absence of
homolog as an essential molecule for the initiation of replication activity. Preliminary experiments indicated the

Discussion
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Fig. 4. Essential role of XCdc45 for the loading of DNA polymerase
a onto the chromatin.A) Requirement of XCdc45 for the loading of
polymerase onto chromatin. Sperm chromatin was incubated in the
mock- and XCdc45-depleted extracts for 40 min at 23°C, and the
samples were processed for immunofluorescence as for Figure 3C.
Scale bar, 2@um. (B andC) Stimulation of the loading of the
polymerase onto chromatin by recombinant XCdc45. Sperm chromatin
was incubated in S-phase egg extract with 0, 25 and 100 ng
recombinant XCdc45-Hisper pl extract for 30 min at 23°C, and
samples were processed for immunofluorescence (B), and
immunoblotting of the chromatin fraction (C). R and E denote
recombinant and endogenous XCdc45, respectively. Scale bam20

physical association of XMCM and XCdc45 under such
conditions (data not shown). In consideration of recent
data on Cdc45 (Zou and Stillman, 1998), we would like
to propose that XCdc45 interacts with XMCM on the

licensed chromatin after nuclear formation, that is, at the

the view that XCdc45 plays a pivotal role in the activation
of the licensed chromatin.

Previous studies of the simian virus 40 (SV40) DNA
replication system (Challberg and Kelly, 1989; Stillman,
1989; Borowiecet al., 1990; Waga and Stillman, 1994)
provide us with a good framework for understanding the
molecular mechanisms for the initiation of replication in
eukaryotes. In the SV40 system, SV40 large T antigen
plays crucial roles in the initiation (Fanning and Knippers,
1992). It has three distinct functions: first to recognize
origins, secondly to unwind the origin DNA, and thirdly
to recruit the polymerase onto the origins. Recent studies
with eukaryotic chromosome replication reveals that the
first function is provided by ORC, a conserved initiator
protein for the assembly of pre-replicative complex
(Stillman, 1996; Dutta and Bell, 1997). The second func-
tion may be provided by the MCM 4-6-7 complex, which
has recently been reported as having DNA helicase activity
(Ishimi, 1997). The present study suggests that the third
function requires a Cdc45 homolog as an essential com-
ponent. This notion is further supported by recent studies
concerning the physical association of Cdc45 with
replicating origins of the yeasS§.cerevisiae(Aparicio
et al, 1997). Although the dependence of the polymerase
loading on XCdc45 did not support the direct role of
XCdc45 on the polymerase loading, the physical asso-
ciation of XCdc45 and the polymerase, together with the
close relationship between the loading of XCdc45 and the
polymerase, suggests that XCdc45 mediates the loading
of the polymerase, possibly as a component of a putative
loading protein of the polymerase.

The present study further shows that the loading of
XCdc45 onto chromatin is under control of S-phase cdk.
An essential role for cdk in the regulation of cell-cycle
progression has been established (Nasmyth, 1996; Stern
and Nurse, 1996). However, the target of the kinase at the
onset of S phase has not been identified. Here, we have
shown that the loading of XCdc45 is apparently controlled
by S-phase-cdk activity, possibly by cdk2 in the extract.
It is therefore possible that factors involved in its loading
are good candidates for bona fide substrates of the cdk.
During the preparation of the manuscript, similar data
has been reported with budding yeast, showing that the
association of Cdc45 with chromatin depends on the
activity of S-phase cdk (Zou and Stillman, 1998). Their
report together with ours suggest that the function of
S-phase cdk is conserved from the yeast to higher
eukaryotes. Further studies on the mechanisms of the
activation of XCdc45 will give us a better understanding
of how S-phase cdk controls replication in eukaryotes.

Materials and methods

Cloning and sequencing of cDNAs

A partial sequence of potential human Cdc45 homolog (EST64671) was
identified by searching for homology with the ye&sterevisiae€Cdc45

using the EST database, and the fragment of EST64671 was obtained
by amplifying cDNA of HeLa cells by PCR using & primer (TCCG-
ATTTCCGCAAAGAG) and a 3 primer (AATATAGTGTCTTCATCA-

GG). The amplified cDNA fragment was used as a probe to clone a full-
length human cDNA from a lambda ZAPII-derived cDNA library of
HelLa cells mMRNAs (Stratagene), which was then used to clotenapus
homolog by screening a lambda ZAPII-derived cDNA library@nopus

onset of S phase. The present finding that XCdc45 is gocyte mRNAs (Kubotaet al, 1995). From 12.510° plaques, we

required for the loading of DNA polymerasereinforced
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isolated two clones for human Cdc45, and one clone for XCDC45. Each
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XCdc45 and anti-DNA polymerase antibodies (IF), and for immunoblotting of the chromatin fraction with anti-polymerase, -XOrc1, -XMcm3

and -XCdc45 antibodies (IB). Scale bar, gth. (B) Depletion of cdks from

with mock- and sucl-conjugated agarose, and the treated extract together with the proteins bound to the agarose beads were resolved by SDS-PAGE

and immunoblotted with anti-PSTAIR antibodyC)X Absence of the loading

cdks. Sperm chromatin was incubated in the egg extracts treated with mock- and sucl agarose for 30 min at 23°C, and XCdc45 and the polymerase

were detected by immunofluorescence. Scale bapyrg20

S-phase egg extract with sucl agarose. The egg extracts were treated

of XCdc45 and the polymerase onto chromatin following depletion of

clone was sequenced for both strands with an automatic DNA sequencergenerously provided by Drs A.Rowles and J.J.Blow (ICRF Clare Hall),

(ABI,373A).

Expression of XCdc45 protein

To prepare a full-length recombinant XCdc45 with s the C-terminus
(XCdc45-His6), a 5primer (AATTCTAGAATGTTTGTGAGTGATCT-
CCG) and a 3primer (TGCGGATCCGTGATGATGATGATGATGTG-
ACAATAGAGAAATAAGAGC) were used to amplify XCDC45 cDNA.
PCR mixtures (50ul) contained template (10 ng), primers (50 pmol
each), LA-Tag DNA polymerase (TAKARA), and the buffer supplied
by the manufacturer. The reactions were cyclec 3% follows: 94°C

1 min; 50°C 1 min; and 72°C 3 min. The product was subcloned into
pFastBacl (Gibco-BRL), and a recombinant baculovirus XCdc4g-His
was obtained by standard procedures (Gibco-BRL). Sf9 cell lysates
containing XCdc45-Higwere prepared and immediately applied onto a
Ni-NTA column (Qiagen) with purification according to the manufac-
turers’ instructions. Protein concentrations were determined using a
protein assay kit (Bio-Rad). To prepare a GST fused C-terminal XCdc45
peptide, theEcaRl-Xhd fragment of XCDC45 cDNA (~400 bp) was
subcloned into pGEX 4T-2 (Pharmacia). The recombinant protein,
expressed irEscherichia coli(lon™ strain), was purified as described
earlier (Kubotaet al.,, 1995).

Antibodies

Polyclonal rabbit antisera against recombinant XCdc45 proteins were
kindly generated by Dr K.Tamai (MBL). Each antiserum was further
purified with recombinant full-length XCdc45-His6 protein immobilized
on Affi-Gel 15 (Bio-Rad). The affinity purified antibodies were dialyzed
against 0.1 M NaCl, 20 mM HEPES-KOH (pH 7.5) containing 0.02%
NaNs, concentrated and stored at 4°C. Anti-chick DNA polymerase
monoclonal antibody (6-1E) was generously provided by Dr A.Matsukage

and it was further purified with recombinant XOrc1 immobilized on Affi-

Gel 10 (Bio-Rad). Anti-PSTAIR monoclonal antibody was generously
provided by Dr M.Yamashita (Hokkaido University). Characterization
of other antibodies was as described previously (Kulettal., 1997).

Preparation of egg extracts, immunoprecipitates and

chromatin fractions

S-phase egg extract (LSS), and membrane-depleted S-phase egg extract
(HSS) were prepared from activat¥énopuseggs (Kubotat al., 1993).

To prepare samples for immunoprecipitation, 1@0 of LSS were
incubated with 1Qug preimmune and anti-XCdc45 antibodies bound to
20 pl of Affi-Prep Protein A matrix (Bio-Rad) for 15 min at 0°C.
Proteins bound to the matrix were recovered and washed with EB
(100 mM KClI, 2.5 mM MgC} and 50 mM HEPES—KOH pH 7.5) three
times and the obtained immunoprecipitates were solubilized with SDS—
PAGE sample buffer. To prepare immunodepleted extracts, .1 Gff

LSS were treated three times with the same composition of the matrix
as for the immunoprecipitation. To prepare Xcdc2- and Xcdk2-depleted
extract, 100pl of LSS were treated two times with 3@ of control
agarose, and sucl-conjugated agarose (5 mg sucl protein/ml agarose,
Oncogene Research Products) for 15 min at 0°C. To prepare chromatin
fractions, sperm chromatin (4000 sperm heh@ktract) was incubated
with the treated extracts for appropriate times at 23°C, and {00
samples were diluted with 90l of ice cold EB containing 0.25%
Triton X-100. After 1 min incubation at 0°C, the chromatin fractions
were isolated from the extracts, and their identity of the chromatin
fraction was verified by immunofluorescence. Digestion with micrococcal
nuclease led to release of XOrcl and XCdc45 from the chromatin
fractions, but not nuclear lamin (unpublished data).

(Aichi Cancer Research Center). The antibody specifically recognized a Assay for DNA replication

Xenopusegg protein with an apparent molecular mass of 200 kDa, and
also the 200 kDaXenopusDNA polymerasea expressed in Sf9
cells (unpublished data). Polyclonal rabbit antisera against XOrcl was

DNA replication activity was measured as the incorporation of
[a-32P]dCTP (from 0.7-3.5 kB extract) into sperm DNA according
to the method described by Dasso and Newport (1990). The reaction

5705



S.Mimura and H.Takisawa

was initiated by the addition of sperm chromatin to the extract at a  minichromosome maintenance complexes iBaccharomyces

concentration of 2000 sperm hegdsHf extract. After incubation at cerevisiae identification of Cdc45p as a suburiitlol. Cell. Biol, 17,
23°C for an appropriate time, the samples|($ were removed and 5867-5875.

added to the same volume of a stop buffer consisting of 0.25 mg/ml Dasso,M. and Newport,J.W. (1990) Completion of DNA replication is
proteinase K, 8 mM EDTA, 80 mM Tris—HCI (pH 8.0), 0.13% (w/v) monitored by a feedback system that controls the initiation of mitosis
phosphoric acid, 10% (w/v) Ficoll, 5% (w/v) SDS, 0.2% (w/v) bromo- in vitro: studies inXenopus. Cell61, 811-823.

phenol blue. After incubation at 37°C for 1 h, the samples were applied to Diffley,J.F.X., Cocker,J.H., Dowell,S.J. and Rowley,A. (1994) Two steps
agarose gels and subsequently autoradiographed with BAS 2000 (Fuji in the assembly of complexes at yeast replication originsvo. Cell
Film). For alkali agarose gel electrophoresis, the reaction was stopped by 78, 303-316.

adding a stop buffer consisting of 20 mM Tris—HCI (pH 8.0), 200 MM  Donovan,S., Harwood,J., Drury,L.S. and Diffley,J.F.X. (1997) Cdc6p-
NaCl, 5 mM EDTA, 0.5% SDS, 2ug/ml RNase A and 20Qug/ml dependent loading of Mcm proteins onto pre-replicative chromatin in
Proteinase K (Mahbubaret al, 1997). After further incubation for budding yeastProc. Natl Acad. Sci. US4, 5611-5616.

30 min at 37°C, DNA was extracted sequentially with phenol—chloroform  putta,A. and Bell,S.P. (1997) Initiation of DNA replication in eukaryotic
and chloroform, then precipitated with ethanol. Pellets were resuspended cells. Annu. Rev. Cell. Dev. Bigl13, 293-332.

in alkali gel loading buffer (50 mM NaOH, 1 mM EDTA, 1.25% Ficoll, Fang,F. and Newport,J. (1991) Evidence that the-S5and G-M
0.0125% bromophenol blue). Alkaline gels were prepared by adding 1%  transitions are controlled by different cdc2 proteins in higher
(w/v) agarose to 50 mM NaOH and 1 mM EDTA, and run at 2 V/cm eukaryotesCell, 66, 731-742.

in alkali gel running buffer (30 mM NaOH, 1 mM EDTA). After  Fanning,E. and Knippers,R. (1992) Structure and function of Simian
electrophoresis, gels were fixed in 7% trichloroacetic acid, dried and  virus 40 large tumor antige®nnu. Rev. Biochem61, 55-85.

autoradiographed. Hardy,C.F. (1997) Identification of Cdc45p, an essential factor required
. for DNA replication. Geng 187, 239-246.
Immunofluorescence microscopy Hennessy,K.M., Lee,A., Chen,E. and Botstein,D. (1991) A group of

Samples for immunofluorescence microscopy was prepared as follows. interacting yeast DNA replication geneBenes Dey.5, 958-969.
Sperm chromatin (2000 sperm headéxtract) were incubated in egg  Hopwood,B. and Dalton,S. (1996) Cdc45p assembles into a complex
extracts for the indicated times at 23°C and{lGamples were diluted with Cdc46p/Mcm5p, is required for minichromosome maintenance
with 90 pl of ice cold EB containing 0.25% Triton X-100 and fixed by and is essential for chromosomal DNA replicati®roc. Natl Acad.
adding 10pl of 37% formaldehyde 1 min after the dilution. The fixed Sci. USA 93, 12309-12314.
samp!es were processed for the immunofluorescent observation asHya,X.H., Yan,H. and Newport,J. (1997) A role for cdk2 kinase in
described previously (Kubotet al, 1997). negatively regulating DNA replication during S phase of the cell
cycle.J. Cell Biol, 137, 183-192.
Jackson,P.K., Chevalier,S., Philippe,M. and Kirschner,M.W. (1995) Early
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