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The assembly and disassembly of protein complexes at replication origins play a crucial role in the regulation
of chromosomal DNA replication. The sequential binding of the origin recognition complex (ORC), Cdc6, and
the minichromosome maintenance (MCM/P1) proteins produces a licensed replication origin. Before the
initiation of replication can occur, each licensed origin must be acted upon by S phase-inducing CDKs and the
Cdc7 protein kinase. In the present report we describe the role of Xenopus Cdc7 (XCdc7) in DNA replication
using cell-free extracts of Xenopus eggs. We show that XCdc7 binds to chromatin during G1 and S phase.
XCdc7 associates with chromatin only once origins have been licensed, but this association does not require
the continued presence of XORC or XCdc6 once they have fulfilled their essential role in licensing. Moreover,
XCdc7 is required for the subsequent CDK-dependent loading of XCdc45 but is not required for the
destabilization of origins that occurs once licensing is complete. Finally, we show that CDK activity is not
necessary for XCdc7 to associate with chromatin, induce MCM/P1 phosphorylation, or perform its essential
replicative function. From these results we suggest a simple model for the assembly of functional initiation
complexes in the Xenopus system.
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The initiation of DNA replication forks occurs at repli-
cation origins distributed along chromosomes and must
be strictly controlled to ensure that the DNA is repli-
cated once and once only in each cell cycle (for review,
see Diffley 1996; Stillman 1996; Donaldson and Blow
1999). The process of building an active replication ori-
gin can be divided into two phases. The first phase, oc-
curring in late mitosis and early G1, comprises the se-
quential assembly onto replication origins of the origin
recognition complex (ORC), the Cdc6 protein, and the
RLF–M complex of Mcm2–7 proteins (also known as
MCM/P1 proteins), which results in them becoming “li-
censed” for DNA replication in the subsequent S phase.
The second phase involves the action of the Cdc7 and
cyclin-dependent kinases (CDKs) on each origin to load
the Cdc45 protein and to induce the initiation of a pair of
replication forks. It is of considerable current interest to
understand in more detail the sequence of events leading
to the initiation of replication. In this paper we have
concentrated on defining the precise stage in the process

when the Cdc7 protein acts, using the biochemically
tractable Xenopus cell-free DNA replication system.

Replication origins appear to be defined by binding the
ORC (Bell and Stillman 1992). In yeast, ORC is bound to
origins throughout the cell cycle (Diffley and Cocker
1992; Diffley et al. 1994), whereas in higher eukaryotes,
ORC is probably displaced from the DNA during mitosis
(Coleman et al. 1996; Romanowski et al. 1996; Rowles et
al. 1999). During late mitosis and early G1, Cdc6 is then
assembled onto ORC-containing DNA (Coleman et al.
1996). Chromatin containing ORC and Cdc6 can then be
licensed by loading the RLF-M complex of MCM/P1 pro-
teins, a reaction also requiring the RLF-B component of
the replication licensing system (Chong et al. 1995;
Kubota et al. 1995, 1997; Thömmes et al. 1997; Tada et
al. 1999; Prokhorova and Blow 2000). The complex of
ORC, Cdc6, and MCM/P1 proteins appears to be respon-
sible for the footprint of the prereplicative complex (pre-
RC) observed in Saccharomyces cerevisiae on replica-
tion origins in late mitosis and early G1 (Diffley et al.
1994). Once licensing has occurred, ORC and Cdc6 be-
come more loosely bound to DNA and have fulfilled
their essential function in DNA replication (Hua and
Newport 1998; Rowles et al. 1999).

1Corresponding author.
E-MAIL j.j.blow@dundee.ac.uk; FAX 01382 345783.

1528 GENES & DEVELOPMENT 14:1528–1540 © 2000 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/00 $5.00; www.genesdev.org

 Cold Spring Harbor Laboratory Press on May 6, 2024 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


For a licensed origin to initiate replication, two
S phase-promoting protein kinases are then required: an
S phase-promoting CDK and the Cdc7/Dbf4 protein ki-
nase. Cdc7 is a serine threonine kinase conserved from
yeast to humans that is required for the initiation of
DNA replication (Hollingsworth et al. 1992; Jackson et
al. 1993; Masai et al. 1995; Jiang and Hunter 1997; Sato et
al. 1997; Hess et al. 1998). Although Cdc7 protein levels
are approximately constant throughout the cell cycle,
Cdc7 kinase activity peaks at the G1/S transition (Jack-
son et al. 1993; Yoon et al. 1993). This regulation is
achieved in part by association with a regulatory subunit
termed Dbf4 (Brown and Kelly 1999; Cheng et al. 1999;
Jiang et al. 1999; Oshiro et al. 1999; Takeda et al. 1999).
Instead of acting as a general initiator of S phase, Cdc7 is
probably required to promote initiation at individual ori-
gins because, as well as being required for progression
into early S phase, it is also required late in S phase to
promote initiation at late-firing origins (Bousset and Dif-
fley 1998; Donaldson et al. 1998a). Several lines of evi-
dence suggest that the MCM/P1 proteins are the physi-
ological substrate of Cdc7/Dbf4. In yeast, a mutant allele
of Mcm5 (mcm5–bob1) can suppress a complete loss of
Cdc7 or Dbf4 (Hardy et al. 1997). Conversely, a mutant
of Dbf4 (dbf4-6) was isolated as an allele-specific sup-
pressor of Mcm2 (Lei et al. 1997). Cdc7 and Dbf4 interact
physically with MCM/P1 proteins (Lei et al. 1997; Rob-
erts et al. 1999), and a number of reports have identified
MCM/P1 proteins as excellent substrates of Cdc7/Dbf4
kinase in vitro (Lei et al. 1997; Sato et al. 1997). More-
over, certain phosphorylations of the MCM/P1 proteins
(most notably of Mcm2) in vivo depend on Cdc7 (Lei et
al. 1997; Jiang et al. 1999).

The ability of Cdc7 to phosphorylate the MCM/P1
proteins may be aided by its recruitment to replication
origins because, in yeast, both Dbf4 and Cdc7 have been
shown to interact with chromatin (Pasero et al. 1999;
Weinreich and Stillman 1999), the association being de-
pendent on ORC but not Cdc6 (Pasero et al. 1999). This
interaction may be mediated by Dbf4, because a one-
hybrid screen identified a domain of Dbf4 distinct from
the Cdc7 interaction domain that recruited Dbf4 to rep-
lication origins (Dowell et al. 1994). Cdc7/Dbf4 could be
a target of checkpoint kinases, because when yeast cells
were treated with hydroxyurea to block progression
through S phase, Dbf4 dissociated from the chromatin
(Pasero et al. 1999). This treatment also induced the ap-
pearance of a phosphorylated form of Dbf4, which was
dependent on the checkpoint kinase Rad53 (Brown and
Kelly 1999; Cheng et al. 1999; Takeda et al. 1999; Wein-
reich and Stillman 1999).

CDKs are also required for the initiation of licensed
replication origins. CDK activity leads to the assembly
of the essential initiation protein Cdc45 onto origins,
creating a “preinitiation complex” (Zou and Stillman
1998). Cdc45 interacts genetically with different compo-
nents of the pre-RC including MCM/P1 proteins and
ORC (Hopwood and Dalton 1996; Owens et al. 1997;
Zou et al. 1997), and the association of Cdc45 with chro-
matin requires Cdc6 and Mcm2 (Zou and Stillman 1998).

However, the binding of yeast Cdc45 to chromatin is
independent of Cdc7 function, suggesting that CDKs and
Cdc7 may act on parallel pathways to initiate replication
(Zou and Stillman 1998). CDKs play an important role in
executing the temporal program of origin activation dur-
ing the course of S phase (Donaldson et al. 1998b). Like
Cdc7, CDKs are probably required to promote initiation
at individual origins, because the CDK-dependent load-
ing of Cdc45 onto late-firing origins only occurs late in
S phase (Aparicio et al. 1999).

In the present report, we have used cell-free extracts of
Xenopus eggs to determine the precise stage in the pro-
cess of origin activation at which Xenopus (X) Cdc7 acts.
We show that XCdc7 binds to chromatin during G1 and
S phase and that both the chromatin binding and the
essential DNA replication function of XCdc7 are depen-
dent on licensing but do not require the presence of
XORC or XCdc6. We show that XCdc7 is required for the
subsequent loading of XCdc45 onto chromatin by CDKs.
Finally we show that XCdc7-dependent phosphorylation
of XMcm2 and the essential function of XCdc7 can be
performed in the absence of CDK activity. These results
provide a simple model for the function of Cdc7 in the
Xenopus system that appears to differ from that occur-
ring in yeast.

Results

Association of XCdc7 with chromatin is dependent
on licensing but independent of CDK activity

As a first step to understand the regulation of Xenopus
Cdc7 in DNA replication, we investigated whether we
could detect its association with chromatin during the
course of the cell cycle. To get a good synchronization,
we used metaphase-arrested extracts induced to enter
interphase by the addition of calcium in the absence of
new protein synthesis. During the first 40 min these ex-
tracts assembled sperm chromatin into interphase nu-
clei, and during the next 60 min the DNA was replicated
precisely (Fig. 1A). These extracts then arrested in a G2-
like state because of a lack of cyclin B synthesis. At the
indicated times, chromatin was isolated from the extract
and immunoblotted for XOrc1, XCdc6, XMcm3, XCdc7,
and XCdc45 (Fig. 1B). Consistent with previous reports,
XOrc1 and XCdc6 were first assembled onto the chro-
matin, followed by XMcm3 as the chromatin became
licensed for a single round of replication (Chong et al.
1995; Kubota et al. 1995; Coleman et al. 1996; Ro-
manowski et al. 1996; Rowles et al. 1996). As a conse-
quence of this, origins underwent “licensing-dependent
origin inactivation”, and Cdc6 was removed (Hua and
Newport 1998; Rowles et al. 1999). After licensing had
occurred and before the time of replication initiation,
XCdc7 became associated with chromatin. After XCdc7
association, XCdc45 bound to chromatin approximately
at the time that DNA replication initiated (Mimura and
Takisawa 1998). Then, as DNA was replicated during
S phase, XMcm3 was removed. A similar, though
slightly less extensive, removal of XCdc7 from chroma-
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tin was also observed during S phase. Consistent with
previous reports, XCdc6 reassociated with chromatin
during S-phase progression (Coleman et al. 1996). In a
metaphase-arrested extract, only low levels of these pro-
teins associated with chromatin (Rowles et al. 1999).

Because XCdc7 first associated with chromatin at
about the same time that the nuclear envelope started to
form in these extracts (Blow 1993), it was possible that
XCdc7 loading depended on nuclear envelope assembly.
To test this idea we compared the chromatin association
of XCdc7 with sperm chromatin in whole interphase ex-
tract (Fig. 1C, lane 3) or in membrane-free extract that
cannot support nuclear assembly (Fig. 1C, lane 2). As-
sembly of XCdc7 onto chromatin was identical in both
extracts, as was the assembly of XMcm3. In contrast,
XCdc45 was only loaded in whole extracts that could
support nuclear assembly (Fig. 1C, lane 3). This result
indicates that unlike XCdc45, the association of XCdc7
with chromatin does not require the prior assembly of
DNA into an interphase nucleus.

Because XCdc7 loading took place after XMcm3 had
been assembled onto chromatin and licensing had oc-
curred, we investigated whether XCdc7 loading was de-
pendent on licensing (Fig. 1D). Sperm nuclei were incu-
bated in extracts that had been immunodepleted previ-
ously with antibodies specific for XOrc1 (which remove
the entire ORC complex; Romanowski et al. 1996;
Rowles et al. 1996), XCdc6, or XMcm3 (which remove
the entire RLF-M complex; Kubota et al. 1997; Thömmes
et al. 1997); chromatin was then isolated and immuno-

blotted for bound proteins. In XOrc1-depleted extract,
neither XCdc6, XMcm3, nor XCdc7 associated with
chromatin (Fig. 1D, lane 1). In XCdc6-depleted extract
XOrc1 associated with chromatin, but XMcm3 or XCdc7
did not (Fig. 1D, lane 3). In XMcm3-depleted extract,
XOrc1 and XCdc6 associated with chromatin, but XCdc7
did not (Fig. 1D, lane 5). This suggests that XCdc7’s as-
sociation with chromatin requires the chromatin to con-
tain bound MCM/P1 proteins and to be functionally li-
censed, a process itself dependent on XORC and XCdc6
(Coleman et al. 1996; Romanowski et al. 1996; Rowles et
al. 1996, 1999). To confirm the dependence of XCdc7
loading on licensing, we investigated the loading of
XCdc7 onto chromatin in extracts that were defective in
licensing. Addition of the kinase inhibitor 6-dimethyl-
aminopurine (6-DMAP) to metaphase Xenopus egg ex-
tracts specifically blocks activation of the licensing sys-
tem (Blow 1993; Mahbubani et al. 1997). In 6-DMAP-
treated extracts, XOrc1 and XCdc6 were assembled onto
sperm nuclei, but XMcm3 and XCdc7 were not (Fig. 1D,
lane 10). A similar result was obtained in extract treated
with geminin (Fig. 1D, lane 9), a replication inhibitor
that blocks the assembly of MCM/P1 proteins onto
chromatin (McGarry and Kirschner 1998; S. Tada and J.J.
Blow, in prep.). In contrast, the CDK inhibitor p21Cip1,
which inhibits XCdc45 loading and the initiation of rep-
lication but not licensing (Strausfeld et al. 1994; Chong
et al. 1995; Mimura and Takisawa 1998), did not block
the association of XCdc7 with chromatin (Fig. 1D, lane
8). These experiments demonstrate that licensing, but

Figure 1. XCdc7 chromatin associa-
tion is dependent on licensing. (A,B)
Sperm nuclei were incubated at 10 ng/
µl in interphase Xenopus egg extract.
At the indicated times, (A) samples
were assayed for DNA synthesis by
[a-32P]dATP incorporation, or (B) chro-
matin was isolated and immunoblotted
with antibodies specific for XOrc1,
XCdc6, XMcm3, XCdc7, and XCdc45.
(C) Sperm nuclei were incubated for 50
min in membrane-free extract (lane 2)
or interphase extract (lane 3). Chroma-
tin was isolated, subjected to SDS-
PAGE, and blotted for XMcm3, XCdc7,
and XCdc45. Lane 1 shows a control of
membrane-free extract without added
sperm. (D) Sperm nuclei were incu-
bated for 40 min in interphase extracts
immunodepleted previously with anti-
bodies against XOrc1 (XOrc1−), XCdc6
(XCdc6−), and XMcm3 (XMcm3−), or
with nonimmune antibodies (NI−), or
in interphase extract (Inter.) minus or
plus added p21 (Inter. + p21) or geminin
(Inter. + geminin), or in metaphase ar-
rested extract plus 3 mM 6-DMAP
(Meta. + 6-DMAP). Chromatin was
then isolated and immunoblotted for
XOrc1, XCdc6, XMcm3, and XCdc7.
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not CDK activity, is necessary for XCdc7 to be loaded
onto chromatin.

We then wanted to determine whether the association
of XCdc7 with chromatin is functional. Extracts were
immunodepleted with either antibodies to Cdc7 or with
nonimmune antibodies. Figure 2A shows that in con-
trast to nonimmune-depleted extract, XCdc7-depleted
extract was unable to replicate sperm nuclei (Fig. 2A,
“Sperm”). This indicates that XCdc7 is required for
DNA replication and is consistent with recent data
showing inhibition of replication in a Xenopus extract by
addition of anti-XCdc7 antibodies (Roberts et al. 1999).
However, chromatin previously assembled in untreated
extract that had bound XCdc7 (Fig. 1D) was able to rep-
licate in the XCdc7-depleted extract (Fig. 2A, “LS
Chrom”). Chromatin assembled in extract containing
p21Cip1, which also has bound XCdc7 (Fig. 1D), was also
able to replicate in the XCdc7-depleted extract (Fig. 2A,
“LS p21 Chrom”). However, chromatin assembled in
6-DMAP-treated extract, which had bound neither
XMcm3 nor XCdc7 (Fig. 1D), did not replicate in the
XCdc7-depleted extract (Fig. 2A, “6-DMAP Chrom”).
This suggests that the chromatin-bound XCdc7, whose
presence is dependent on the chromatin having been li-
censed, is functional and capable of supporting the ini-
tiation of DNA replication.

To test the specificity of our XCdc7 depletion, we per-
formed a partial chromatographic purification of XCdc7
from Xenopus egg extracts. The behavior of XCdc7 over
four chromatographic separations was followed by im-
munoblotting (see Materials and Methods). This par-
tially purified material was able to restore replicative
capacity to XCdc7-depleted extracts (Fig. 2B). Compari-
son with unfractionated extract showed that the rescu-
ing activity had been enriched ∼100-fold, supporting the
idea that XCdc7 had been specifically depleted from the
extract.

The loading of XCdc7 onto chromatin does not require
the presence of XCdc6 and XORC

Although XORC and XCdc6 are required for loading the
XMCM/P1 proteins onto chromatin, they are not re-
quired for the continued binding of XMCM/P1 proteins
once they have been loaded. After licensing has occurred,
XORC and XCdc6 can be removed from the chromatin
by exposure to high CDK levels or by exposure to high
salt, leaving functional XMCM/P1 proteins on the chro-
matin (Donovan et al. 1997; Hua and Newport 1998;
Rowles et al. 1999). We therefore wanted to test whether
the requirement for XORC and XCdc6 in the loading of
XCdc7 onto chromatin (Fig. 1D) was because XCdc7
loading is also dependent on XORC and XCdc6 or
whether it was simply because XCdc7 binding requires
chromatin-bound XMCM/P1 proteins. Figure 3A shows
that, consistent with previous reports (Rowles et al.
1999), XOrc1 was removed from licensed chromatin by
treatment with high salt (∼250 mM) but was not removed
from unlicensed chromatin by the same treatment (Fig.
3A, lanes 2,6). In contrast, XMcm3 remained bound to

chromatin after high salt treatment (Fig. 3A, lanes 2, 4).
High salt removal of XOrc1 also occurred on chromatin
assembled in the presence of p21Cip1 (Fig. 3A, lane 4),
indicating that CDK activity is not required for XOrc1
destabilization. XCdc7, like XOrc1, was completely re-

Figure 2. XCdc7 loaded onto chromatin is functional. Inter-
phase Xenopus egg extracts were immunodepleted with anti-
bodies against XCdc7 (XCdc7−) or with an equal quantity of
nonimmune antibodies (NI−). Extract was supplemented with
[a-32P]dATP and incubated for 3 hr with different DNA tem-
plates. DNA replication was assessed by the proportion of 32P
incorporated into acid-insoluble material. (A) Replication in
XCdc7-depleted and nonimmune-depleted extracts was mea-
sured using Xenopus sperm nuclei (Sperm) or various chromatin
templates, prepared by incubating Xenopus sperm nuclei in in-
terphase extract for 20 min minus (LS Chrom) or plus p21Cip1

(LS p21 Chrom) or for 15 min in 6-DMAP-treated extract
(6-DMAP Chrom), followed by isolation in low salt buffer.
(B) XCdc7-depleted extract was supplemented with 0.05 volume
of different fractions, and its ability to replicate chromatin pre-
viously assembled in 6-DMAP-treated extract was assessed.
Added fractions: (Extract) membrane-free egg extract; (XCdc7)
partially purified XCdc7; (Buffer) LFB2/50. Replication is shown
as the percentage obtained with the identical chromatin tem-
plate incubated in nonimmune-depleted (NI−) extract.
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moved from chromatin after high salt treatment, either
in the presence or the absence of p21Cip1 (Fig. 3A, lanes
2,4).

We then used this high salt treatment to test whether
XORC and XCdc6 are required for XCdc7 loading beyond
being required for licensing. Licensed chromatin was iso-
lated in the presence of high salt to remove XORC,
XCdc6, and XCdc7, but not MCM/P1, proteins (Fig.
3B,C, lane 1). This chromatin was then added to XOrc1-
or XCdc6-depleted extracts and checked for XCdc7 re-
loading. Figure 3, B and C, shows that XCdc7 reloading
occurred in both XOrc1- and XCdc6-depleted extracts
(Fig. 3B,C, lane 3). These results indicate that neither
XOrc1 nor XCdc6 are directly required for loading XCdc7
onto chromatin but are only indirectly required to li-
cense the DNA and load MCM/P1 proteins, which is in
its turn required for XCdc7 loading. We confirmed this
conclusion by showing that XCdc7 could be loaded onto
licensed chromatin even after XORC and XCdc6 had

been removed from the chromatin by the addition of
cyclin A (data not shown).

We then wanted to determine whether the XCdc7
loaded onto chromatin in the absence of XORC is fully
functional. Chromatin was assembled in whole extract
or in XCdc7-depleted extract and was then washed in
high salt to remove XORC (Fig. 3A; see also Fig. 4A).
Consistent with previous results (Rowles et al. 1999), the
washed chromatin from whole extract replicated effi-
ciently in XOrc1-depleted extract (Fig. 3D, “HS
Chrom”), showing that XORC had completed all its es-
sential functions for DNA replication before isolation.
When this protocol was repeated using chromatin as-
sembled previously in XCdc7-depleted extract, the chro-
matin was again efficiently replicated in the XOrc1-
depleted extract (Fig. 3D, “HS XCdc7− Chrom”). These
results suggest that XCdc7 can load onto chromatin and
perform all its essential functions for DNA replication in
the absence of XORC. Because XCdc6 can only bind to

Figure 3. XCdc7 chromatin loading is in-
dependent of XOrc1 and XCdc6. (A) Xeno-
pus sperm nuclei were incubated for 25 min
in interphase Xenopus extract plus or minus
p21Cip1 or geminin. Chromatin was isolated
in low salt (LS) or high salt (HS) buffers and
then immunoblotted for XOrc1, XMcm3,
and XCdc7. (B,C). Sperm nuclei were incu-
bated for 20 min in interphase extract, and
chromatin was isolated in high salt buffer
(HS Chromatin). An aliquot was used for
immunoblot (lane 1) and the rest was rein-
cubated in nonimmune-depleted (NI−) ex-
tracts or either XOrc1-depleted (XOrc1−) (B)
or XCdc6-depleted (XCdc6−) (C) extracts for
a further 50 min. Chromatin was re-isolated
and blotted for XOrc1 (B) or XCdc6 (C),
XMcm3, and XCdc7. Controls lacking
added chromatin are also shown (lanes 2,
and 4). A schematic representation of the
experimental procedure for B and C is
shown above. (D) Sperm nuclei were incu-
bated for 20 min in XCdc7-depleted extract
or untreated interphase extract, and chro-
matin was isolated in high salt buffer. Chro-
matin from the untreated extract (HS
Chrom) or the XCdc7-depleted extract (HS
XCdc7− Chrom) or untreated sperm nuclei
(Sperm) were incubated for 3 hr in either
XOrc1-depleted (XORC−) or in nonimmune-
depleted extract (NI−) supplemented with
[a-32P]dATP for 3 hr. DNA synthesis was
assessed by the proportion of 32P incorpo-
rated into acid-insoluble material.
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chromatin in the presence of XORC, XCdc7 function is
also likely be independent of XCdc6.

XCdc7 is not involved in licensing-dependent origin
inactivation but is required for XCdc45 loading

The assembly of the pre-RC is a dynamic process in
which the binding of some elements changes the stabil-
ity of others. On unlicensed chromatin, XORC is stably
bound to chromatin, resisting elution by high CDK ac-
tivity and high salt; however, after licensing has oc-
curred, XORC can be eluted by either of these treat-
ments (Rowles et al. 1999). Similarly, XCdc6 binds av-
idly to unlicensed chromatin, but once licensing has
occurred, its levels on chromatin drop significantly (Fig.
1B), and it can be fully eluted by exposure to CDKs. We
have termed this effect licensing-dependent origin inac-
tivation (Rowles et al. 1999). We then investigated
whether XCdc7 is involved in this process (Fig. 4). Sperm
nuclei were incubated in nonimmune-depleted or
XCdc7-depleted extract plus or minus geminin (to in-
hibit licensing) or p21Cip1 (to inhibit CDKs). Chromatin
was then isolated in high or low salt and then immuno-
blotted for XOrc1 (Fig. 4A) or XCdc6 (Fig. 4B). As ex-
pected, the elution of XOrc1 by high salt was inhibited
when licensing was blocked by geminin, but this behav-
ior was the same in nonimmune-depleted and XCdc7-
depleted extracts (Fig. 4A). Similarly, high levels of
XCdc6 were seen on chromatin only when licensing was
inhibited by geminin (Fig. 4B, lane 2), but XCdc6 behav-
ior was similar in nonimmune-depleted and XCdc7-de-
pleted extracts (Fig. 4B, lanes 4–9). Blocking CDK activ-
ity by addition of p21Cip1 also had no significant effect on
the level of XCdc6 bound to chromatin (Fig. 4B, lanes
3,6,9). These results suggest that neither XCdc7 nor
CDKs are required for the destabilization of XORC and

XCdc6 that occurs as a consequence of origin licensing.
The loading of Cdc45 onto chromatin requires CDK

activity, both in S. cerevisiae and in Xenopus (Mimura
and Takisawa 1998; Zou and Stillman 1998). Moreover,
in yeast it has been shown that this loading requires the
assembly of a pre-RC (Zou and Stillman 1998). To test
whether XCdc45 loading in Xenopus is dependent on the
chromatin having been licensed, sperm nuclei were in-
cubated in an interphase extract plus or minus added
p21Cip1 (to inhibit CDKs) or geminin (to inhibit licens-
ing). Consistent with a previous report (Mimura and
Takisawa 1998), Figure 4C shows that XCdc45 loading
was inhibited by p21Cip1 although licensing occurred
normally (Fig. 4C, lanes 1,2). In contrast, XCdc45 loading
did not occur in the presence of geminin (Fig. 4C, lane 3),
suggesting that the binding of XCdc45 to chromatin is
dependent on both XMCM/P1 proteins and CDK activ-
ity. Because XCdc7 loading is also dependent on the pres-
ence of MCM/P1 proteins, we then tested whether
XCdc45 loading is dependent on XCdc7. Figure 4D
shows that in nonimmune-depleted extract the associa-
tion of XCdc45 with chromatin occurred normally and
was inhibited by p21Cip1 (Fig. 4D, lanes 2,3). However,
XCdc45 did not associate with chromatin in XCdc7-
depleted extract despite the chromatin becoming fully
licensed (Fig. 4D, lane 4). This suggests that both XCdc7
and CDKs are required for the loading of XCdc45 onto
chromatin.

XCdc7-dependent phosphorylation of XMcm2 is
independent of CDKs

Experiments in a number of eukaryotic organisms have
suggested that the major role of Cdc7 in DNA replication
is to phosphorylate the MCM/P1 proteins (Hardy et al.
1997; Lei et al. 1997; Sato et al. 1997). We therefore

Figure 4. XCdc7 is not involved in li-
censing-dependent origin inactivation
but is required for XCdc45 loading. (A)
Sperm nuclei were incubated for 40 min
in XCdc7-depleted extract (XCdc7−) or
nonimmune-depleted extract (NI−) plus
or minus geminin. Samples were split in
two, and chromatin was isolated in low
(LS) or high salt (HS) buffers and blotted
for XOrc1 and XMcm3. (B) Sperm nuclei
were incubated for 40 min in interphase
extract (Inter.), XCdc7-depleted extract
(XCdc7−) or nonimmune-depleted ex-
tract (NI−) plus or minus p21Cip1 or
geminin. Chromatin was isolated in low
salt buffer and immunoblotted for
XCdc6 and XMcm3. (C) Sperm nuclei
were incubated for 45 min in interphase
extract plus or minus added p21Cip1 or
geminin. Chromatin was isolated in low
salt buffer and blotted for XCdc45,

XCdc7, XMcm3, and XOrc1. (D) Sperm nuclei were incubated in XCdc7-depleted extract (XCdc7−) or nonimmune-depleted extract
(NI−) plus or minus added p21Cip1 for 150 min (the long incubation is due to the slow rate that immunodepleted extracts assemble
DNA into interphase nuclei). Complete nuclear envelope formation was verified by microscopy, and chromatin was then isolated in
low salt buffer and immunoblotted for XCdc45, XCdc7, XMcm3, and XOrc1.
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wanted to see whether we could detect XCdc7-depen-
dent MCM/P1 phosphorylation in the Xenopus system.
Sperm nuclei were incubated in extracts containing
[g-32P]ATP, and chromatin was then isolated in a
high salt buffer to remove most of the chromatin-bound
proteins (such as XOrc1, XCdc6, and XCdc7) but retain
the MCM/P1 proteins (Fig. 3A; Rowles et al. 1999).
32P-Labeled chromatin proteins were revealed by SDS-
PAGE and autoradiography. Figure 5A shows that three
main phosphorylated bands were detected, two of which
comigrated with XMcm2 and XMcm3 (Fig. 5A, lanes
1,4). In extracts treated with geminin (to block the load-
ing of MCM/P1 proteins onto DNA), these two phos-
phorylated bands were not detected (Fig. 5A, lanes 3,6).
The identity of these two proteins was confirmed by
their elution from chromatin in 1 M salt, which disrupts
MCM/P1 complexes (Kubota et al. 1997; Prokhorova and
Blow 2000), followed by immunoprecipitation with an-
tibodies specific for XMcm2 and XMcm3 (Fig. 5B). Im-
portantly, these two phosphorylated proteins were also
detected at similar levels when the extract was treated
with p21Cip1 (Fig. 5A, lanes 2,5), suggesting that these
phosphorylations occur independently of CDK activity.
To address whether these phosphorylations were depen-
dent on XCdc7 activity, we compared labeling in control
and XCdc7-depleted extracts (Fig. 5C). This showed that
although XMcm3 phosphorylation was similar in the
two extracts, XMcm2 phosphorylation was strongly re-
duced in the XCdc7-depleted extract (Fig. 5C, lane 2).
This is consistent with the description of Cdc7-depen-
dent Mcm2 phosphorylation in S. cerevisiae (Lei et al.
1997) and with the reported ability of Cdc7 to specifi-
cally phosphorylate Mcm2 when a complex of Mcm2-7
was used as substrate in Schizosaccharomyces pombe
(Brown and Kelly 1998) and in HeLa cells (Jiang et al.
1999). Taken together, these results suggest that there is
a significant level of XCdc7-dependent phosphorylation

of XMcm2 that occurs in the absence of CDK activity
and before DNA replication initiates.

The replicative function of XCdc7 can occur
independently of CDKs

Because MCM/P1 phosphorylation is expected to be one
of the major functions of XCdc7 in the initiation of DNA
replication and because we have detected an XCdc7-
dependent phosphorylation of XMcm2 in the absence of
CDK activity (Fig. 5), we wanted to determine whether
the replicative function of XCdc7 could be fulfilled be-
fore the action of CDKs. We therefore prepared chroma-
tin in extracts supplemented with p21Cip1 to block CDK
activity, and isolated it in either low or high salt buffer
(Fig. 6). Consistent with the results shown in Figure 3A,
the chromatin isolated in low salt contained XMcm3 and
XCdc7 (Fig. 6B, lane 1), but the chromatin isolated in
high salt contained only XMcm3 (Fig. 6C, lane 1).
XCdc45 was not present on either of the chromatin tem-
plates because of the added p21Cip1. Figure 6B shows that
when the low salt chromatin (containing XCdc7 but
lacking XCdc45) was incubated in an XCdc7-depleted
extract, XCdc45 was loaded onto chromatin (Fig. 6B, lane
4). This loading was still inhibited by the addition of
p21Cip1 to the XCdc7-depleted extract (Fig. 6B lane 5).
Furthermore, this chromatin was able to replicate in
XCdc7-depleted extract (Fig. 6D, “LS p21 Chrom”). This
suggests that either the XCdc7 present on low salt chro-
matin was fully functional or that the essential function
of XCdc7 had already been fulfilled on this chromatin
template. The chromatin washed in high salt was used to
distinguish these possibilities. Although the high salt
washed chromatin did not contain bound XCdc7 (Fig.
6C, lane 1), it was still able to support XCdc45 loading
when incubated in an XCdc7-depleted extract (Fig. 6C,
lane 4). Again, this loading was inhibited by the addition

Figure 5. XCdc7-dependent XMcm2 phosphorylation is independent of CDK activity. (A,B) Sperm nuclei were incubated for 25 min
in interphase extract containing [g-32P]ATP plus or minus added p21Cip1 or geminin. Chromatin was then isolated in the presence of
phosphatase inhibitors and 250 mM KCl. (A) Samples were subjected to SDS-PAGE and Western blotted; the filters were autoradio-
graphed (lanes 1–3) and then probed with antibodies against XMcm2 and XMcm3 (lanes 4–6). (B) Isolated chromatin was treated with
1 M KCl to elute MCM/P1 proteins from chromatin. The supernatant was immunoprecipitated with XMcm2 and XMcm3 antibodies,
and samples were run on SDS-PAGE and autoradiographed. (C) Sperm nuclei were incubated for 25 min in XCdc7-depleted extract
(XCdc7−) or nonimmune-depleted extract (NI−) containing [g-32P]ATP. Chromatin was isolated in the presence of phosphatase in-
hibitors and 250 mM KCl and subjected to SDS-PAGE and Western blotted; the filters were autoradiographed (lanes 1,2) and then
probed with antibodies against XMcm2 and XMcm3 (lanes 3,4).
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of p21Cip1 to the XCdc7-depleted extract (Fig. 6C, lane 5).
Furthermore, the high salt washed chromatin was able to
replicate efficiently in XCdc7-depleted extract (Fig. 6D,
“HS p21 Chrom”). Taken together, these results suggest
that XCdc7 can phosphorylate XMcm2 (Fig. 5) and fulfil
its essential function for XCdc45 loading and DNA rep-
lication in the absence of CDK activity (Fig. 6).

Discussion

In this paper we have characterized the role of XCdc7 in
DNA replication using the Xenopus cell-free system.
This has allowed us to define the precise stage that
XCdc7 functions in the assembly of an active replication
origin. We have shown that XCdc7 associates with chro-
matin during the cell cycle and that this association re-
quires the presence of the MCM/P1 proteins, but not
XORC or XCdc6. We have shown that XCdc7 function is
required for XMcm2 phosphorylation and for XCdc45
loading. Importantly, we show that XCdc7 can perform
these functions in the absence of CDK activity. A model
based on these results is shown in Figure 7.

The association of XCdc7 with chromatin is
dependent on licensing but not on the presence
of XORC and XCdc6

Using Xenopus egg extracts that support cell cycle pro-
gression in vitro, we have shown that XCdc7 associates

with chromatin from early interphase and is at least par-
tially released during S-phase progression. The associa-
tion of XCdc7 with chromatin in early interphase re-
quires the chromatin to be functionally licensed for rep-
lication and contain bound MCM/P1 proteins (Fig.
7A,B). This mode of chromatin association provides a
different picture from that obtained in S. cerevisiae. Al-
though S. cerevisiae Dbf4 associates with chromatin
during S and G2 phases, Cdc7 appears to associate with
chromatin throughout the cell cycle (Weinreich and
Stillman 1999). The binding of Dbf4 to a detergent-
insoluble chromatin fraction has been shown to be de-
pendent on ORC, but not on Cdc6 or MCM/P1 proteins
(Pasero et al. 1999). The association of Xenopus Cdc7
with chromatin therefore differs from that seen in yeast
for either Cdc7 or Dbf4.

Because MCM/P1 proteins are likely substrates for
Cdc7 phosphorylation in vivo, the binding of XCdc7 to
chromatin is probably to be by direct interaction with
the MCM/P1 proteins (Fig. 7B). Although at present we
have no direct proof of this, it would be consistent with
the description of physical interaction between Cdc7 and
MCM/P1 proteins (Lei et al. 1997; Roberts et al. 1999)
and with our observations that XCdc7 is released from
chromatin as the MCM/P1 proteins are released. Our
demonstration that the association of XCdc7 with chro-
matin requires neither XORC nor XCdc6 once they have
performed their essential function in origin licensing and

Figure 6. XCdc7 can perform its essential
function in the absence of CDK activity. (A)
Schematic representation of the experimen-
tal procedure. Sperm nuclei were incubated
for 25 min in interphase extract supple-
mented with p21Cip1. Chromatin was iso-
lated in low or high salt buffer and reincu-
bated for 150 min in XCdc7-depleted ex-
tract (XCdc7−) or nonimmune-depleted
extract (NI−), plus or minus further added
p21Cip1. DNA synthesis was assessed by in-
corporation of [a-32P]dATP; alternatively,
chromatin was reisolated and immunoblot-
ted for XCdc45, XMcm3, and XCdc7. (B)
Low salt chromatin was blotted for bound
XCdc45, XMcm3, and XCdc7 after reincu-
bation in XCdc7- or nonimmune-depleted
extract. (C) High salt chromatin was blotted
for bound XCdc45, XMcm3, and XCdc7 af-
ter reincubation in XCdc7- or nonimmune-
depleted extract. (D) DNA synthesis in
XCdc7- or nonimmune-depleted extract.
Chromatin templates were untreated sperm
nuclei (Sperm), sperm nuclei incubated in
6-DMAP-treated extract and isolated under
low salt conditions (6-DMAP Chrom),
sperm nuclei incubated in p21Cip1-treated
extract and isolated under low salt condi-
tions as in B (LS p21 Chrom), or sperm nu-
clei incubated in p21Cip1-treated extract and
isolated under high salt conditions as in C
(HS p21 Chrom).
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requires neither nuclear assembly nor CDK activity is
also consistent with a direct interaction between XCdc7
and the MCM/P1 proteins.

XCdc7-dependent phosphorylation of XMcm2

Our demonstration of an MCM/P1-dependent associa-
tion of XCdc7 with chromatin and an XCdc7-dependent
phosphorylation of XMcm2 is consistent with a number

of observations suggesting that MCM/P1 proteins are
the natural substrates for the Cdc7 kinase in vivo. In
yeast, a mutant allele of Mcm5 (mcm5–bob1) is able to
bypass the requirement for Cdc7 or Dbf4 (Hardy et al.
1997), and the phosphorylation of MCM/P1 proteins
that normally occurs during S phase does not occur in
cdc7 mutants (Lei et al. 1997). Furthermore, a number of
reports have shown that the MCM/P1 proteins are ex-
cellent substrates of the Cdc7/Dbf4 kinase in vitro (Lei
et al. 1997; Sato et al. 1997). The preferential phosphory-
lation of XMcm2 over the other MCM/P1 proteins that
we see is also mirrored in other systems. In S. cerevisiae
Mcm2p is preferentially phosphorylated in vivo in a
Cdc7-dependent way (Lei et al. 1997). When human and
S. pombe Cdc7 homologs are used to phosphorylate mix-
tures of MCM/P1 proteins in vitro, Mcm2 appears to be
the preferred substrate (Brown and Kelly 1998; Jiang et al.
1999). Given that XMcm2 appears to be a good XCdc7
substrate, the XCdc7-dependent phosphorylation of
XMcm2 that we observe is likely to be the result of di-
rect phosphorylation by XCdc7 (Fig. 7C). However, our
results do not rule out the possibility that XCdc7 also
phosphorylates other MCM/P1 proteins as well.

XCdc7 is not required for licensing-dependent
origin inactivation

After licensing has occurred in Xenopus, the association
of XCdc6 and XORC with chromatin is destabilized, a
phenomenon we have called licensing-dependent origin
inactivation (Rowles et al. 1999). This is evidenced by a
dramatic reduction in the quantity of chromatin-bound
XCdc6 (Fig. 1B) and a switch of chromatin-bound XORC
from a salt-resistant to a salt-sensitive form. Licensing-
dependent origin inactivation may contribute to mecha-
nisms preventing re-replication of DNA in a single cell
cycle. In yeast and mammalian cells, there is evidence
to show that Cdc6 function is regulated at least in part
by CDKs (Jallepalli et al. 1997; Elsasser et al. 1999;
Petersen et al. 1999). We provide evidence that in Xeno-
pus, licensing-dependent origin inactivation is indepen-
dent of XCdc7 or CDK activity (Fig. 7A). We could not
reproduce the results of Hua and Newport (1998), who
proposed that CDK activity is required for XCdc6 re-
moval. We note, however, that in the Hua and Newport
study, a comparison was not made between XCdc6 levels
on chromatin before and after licensing, and so the full
range of XCdc6 levels was never compared. Instead, our
results suggest that origin destabilization is dependent
only on licensing and that no other known events down-
stream of licensing are involved. When XORC and
XCdc6 were removed from chromatin that had been li-
censed in the absence of XCdc7, the resultant chromatin
was still able to replicate efficiently in extracts lacking
XORC. This result supports the idea that the only func-
tion of XORC and XCdc6 is to support replication licens-
ing, after which they have no further essential function
in DNA replication (Hua and Newport 1998; Rowles et
al. 1999).

Figure 7. A model for XCdc7 function. (A) The loading of the
RLF-M complex of XMCM/P1 proteins onto chromatin (licens-
ing) is dependent on XORC and XCdc6 and RLF-B. As a conse-
quence of licensing, XORC is destabilized and XCdc6 is re-
moved, independent of XCdc7 function. (B) XCdc7 then binds to
chromatin, plausibly by physical interaction with MCM/P1
proteins, and (C) phosphorylates them. After this phosphoryla-
tion, which can occur in the absence of CDK activity, XCdc7 is
no longer required for DNA replication. (D) After nuclear as-
sembly, the XCdc7-dependent phosphorylation of XMCM/P1
proteins is required for the CDK-dependent loading of XCdc45.
(E) The preinitiation complex at origins, containing XORC,
MCM/P1 proteins, XCdc7, and XCdc45 (though XORC and
XCdc7 are no longer essential), promotes the loading of DNA
polymerase a and the initiation of replication.

Jares and Blow

1536 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on May 6, 2024 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


XCdc45 chromatin loading requires XCdc7 but does
not require physical interaction with XCdc7

Cdc45 is required for the initiation of DNA replication
(Hopwood and Dalton 1996; Zou et al. 1997; Mimura and
Takisawa 1998) and is assembled onto replication origins
only in the presence of CDK activity (Mimura and
Takisawa 1998; Zou and Stillman 1998). The Cdc45-con-
taining protein complex found at replication origins in
yeast has been termed the preinitiation complex (Zou
and Stillman 1998). Cdc6 and Mcm2 are both required
for Cdc45 to be loaded onto chromatin, suggesting that
assembly of a licensed pre-RC is also necessary for Cdc45
loading (Zou and Stillman 1998). We show that this is
also the case in Xenopus and that when licensing is
blocked by geminin, XCdc45 is not loaded onto chroma-
tin. We conclude that the MCM/P1 proteins are, there-
fore, essential components of the preinitiation complex
in Xenopus.

We show here for the first time that the assembly of
XCdc45 is dependent on XCdc7 function and does not
occur in XCdc7-depleted extracts. However, the loading
of XCdc45 does not require physical interaction with
XCdc7, because once chromatin has interacted with
XCdc7 and MCM/P1 phosphorylation has occurred,
XCdc7 is no longer required for XCdc45 to bind to chro-
matin. This is most easily explained by a direct binding
of XCdc45 to phosphorylated MCM/P1 proteins at li-
censed origins (Fig. 7D). Consistent with this interpreta-
tion, direct interactions between Cdc45 and different
MCM/P1 proteins have been described in yeast (Hop-
wood and Dalton 1996; Zou and Stillman 1998). A re-
quirement for interaction with XORC or XCdc6 can be
ruled out in Xenopus because we also show that XCdc7
function can be performed in the complete absence of
XORC, which is itself required for the binding of XCdc6
to chromatin. Thus, XORC and XCdc6 are not essential
components of the preinitiation complex in Xenopus.
These results are in apparent contrast with reports in
yeast where it has been shown that the chromatin load-
ing of Cdc45p occurs in a cdc7 mutant and that Cdc7 and
Cdc45 functions are interdependent (Owens et al. 1997;
Zou and Stillman 1998). This may represent a difference
in the way that yeast and Xenopus regulate the assembly
of replication origins (see below).

XCdc7 function can be executed in the absence
of CDK activity

Although both Cdc7 and CDKs are required for the ini-
tiation of replication, it has been unclear whether they
must act together or whether they act in a specific order.
We show here that XCdc7 can fulfil all its known func-
tions for the initiation of DNA replication in the absence
of CDK activity. First, we show that the loading of
XCdc7 onto chromatin is unaffected by the CDK inhibi-
tor p21Cip1; similarly, XCdc7 can be loaded onto chro-
matin in the absence of nuclear assembly, whereas
XCdc45, whose loading is CDK-dependent, cannot. Sec-
ond, we show that the XCdc7-dependent phosphoryla-

tion of XMcm2 is unaffected by the presence of p21Cip1

at concentrations sufficient to block the initiation of rep-
lication and block XCdc45 loading. Third, we show that
once XCdc7 has been allowed to interact with chromatin
and phosphorylate MCM/P1 proteins in the presence of
p21Cip1, XCdc7 can be washed off chromatin and is no
longer required for subsequent XCdc45 loading and effi-
cient DNA replication. These results strongly support
the idea that the XCdc7 function can be completed in the
absence of significant CDK activity. A simple model for
Cdc7 function is suggested from these results. The
MCM/P1 proteins would remain inactive until XCdc7
binds and phosphorylates them, events that are indepen-
dent of nuclear assembly and CDK activity (Fig. 7B,C).
This MCM/P1phosphorylation would produce a confor-
mational change that is required for downstream events
that are dependent on further phosphorylation by CDKs
such as Cdc45 loading (Mimura and Takisawa 1998; Zou
and Stillman 1998) (Fig. 7D,E). The association of Cdc45
with chromatin is then required for loading DNA poly-
merase a onto chromatin (Mimura and Takisawa 1998)
and the initiation of replication. However, we cannot
rule out at present the possibility that XCdc7 is required
to phosphorylate other targets in the process of initia-
tion.

Implications for the regulatory role of Cdc7

It is currently unclear what physiological role Cdc7 plays
in the cell cycle. Because mcm5–bob1 mutant cells show
essentially normal cell cycle timing in the absence of
Cdc7 (Hardy et al. 1997), this suggests that Cdc7 is not
primarily involved in ordering cell cycle events. Instead,
there are indications that Cdc7 may be involved in
checkpoint execution. In yeast, Cdc7 is required in late
S phase to fire late replication origins (Bousset and Dif-
fley 1998; Donaldson et al. 1998a), and XCdc45 is loaded
onto late replication origins only late in S phase (Apari-
cio et al. 1999). However, if replication from early repli-
cation origins is blocked, then the firing of late origins is
subjected to a Rad53-dependent checkpoint delay (San-
tocanale and Diffley 1998; Shirahige et al. 1998), which
is associated with a phosphorylation of Dbf4 and its dis-
placement from chromatin (Brown and Kelly 1999;
Cheng et al. 1999; Pasero et al. 1999; Takeda et al. 1999;
Weinreich and Stillman 1999). This suggests that the
checkpoint delay might plausibly be mediated by Dbf4
and Cdc7 being displaced from chromatin to prevent it
from phosphorylating MCM/P1 proteins. The very early
execution of Xenopus Cdc7 function that we show here
might at first sight seem to be incompatible with this
S-phase checkpoint. However, there are several possible
explanations for this apparent discrepancy. One possibil-
ity is that the Xenopus early embryo, which is known to
have very reduced checkpoints compared with somatic
cells (Hara et al. 1980; Kimelman et al. 1987), may have
completely bypassed this S-phase checkpoint and so al-
lowed XCdc7 to fulfil its function early in the cell cycle.
An alternative possibility is that the S-phase checkpoint
is active in the Xenopus system but that the replication
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we see when all XCdc7 function is provided in the ab-
sence of CDK activity derives from early firing, but not
late-firing, replication origins. In this interpretation, the
efficient replication that we observe could be explained
by the passive replication of late replication origins by
replication forks emanating from early firing origins. A
role for XCdc7 in late S-phase to fire late replication
origins would be consistent with our observation that
XCdc7 remains associated with chromatin throughout
S phase. However, further experimentation is required to
investigate whether XCdc7 really does have a check-
point function in the Xenopus early embryo.

Materials and methods

Preparation and use of egg extracts

Activated, metaphase-arrested, and licensing factor Xenopus
egg extracts were prepared as described (Chong et al. 1997).
Membrane-free extract is a 9% PEG precipitation of a licensing
factor extract (Chong et al. 1997). For replication assays, the
extracts were supplemented with 100 µg/ml cycloheximide,
25 mM phosphocreatine, 15 µg/ml creatine phosphokinase, 0.3
mM CaCl2 and [a-32P]dATP. 6-DMAP extracts were prepared in
a similar way, except 3 mM 6-DMAP was added before CaCl2

addition (Blow 1993; Chong et al. 1997). Immunodepletion of
interphase extracts with specific antibodies or with antibodies
from nonimmune rabbit serum was performed as described
(Chong et al. 1997). Immediately after immunodepletion ex-
tracts were snap-frozen in liquid nitrogen in 10-µl aliquots for
future use. DNA synthesis was measured by incorporation of
[a-32P]dATP into acid insoluble material as described (Chong et
al. 1997). The final DNA concentration in these assays were
kept at 1–10 ng of DNA/µl extract. All incubations were per-
formed at 23°C.

Antibodies

Antibodies raised against XOrc1 (Rowles et al. 1996), XCdc6
(Tada et al. 1999), and XMcm3 (Thömmes et al. 1997; Prok-
horova and Blow 2000) were as described previously. Antiserum
against XCdc45 was a kind gift of Dr. H. Takisawa (Mimura and
Takisawa 1998). Rabbit polyclonal antibodies were raised
against recombinant His-tagged full-length Xenopus Cdc7 (Sato
et al. 1997). The XCdc7 antibody specifically immunoprecipi-
tated a doublet of ∼55 kD from egg extract, as expected for
full-length XCdc7 (53.5 kD; Sato et al. 1997), which comigrated
with in vitro-translated XCdc7. A band of the same molecular
weight was also specifically recognized by several affinity puri-
fied antibodies raised against XCdc7 (a kind gift of Dr. H. Masai;
Sato et al. 1997). Although the antibody also cross-reacted in
immunoblots of whole extracts with two other polypeptides,
these polypeptides were not immunoprecipitated by the anti-
body. Furthermore, XCdc7 was the only polypeptide recognized
on immunoblots of chromatin assembled in the Xenopus ex-
tracts.

Chromatin templates

Demembranated Xenopus sperm nuclei were prepared as de-
scribed (Chong et al. 1997). They were assembled into chroma-
tin by incubation at 20 ng/µl for appropriate times in treated
extracts. In the case of immunodepleted extracts, sperm nuclei
were incubated at 7 ng/µl, to compensate for the threefold di-

lution that occurs during depletion. Extract was then diluted 10-
to 20-fold in nuclear isolation buffer (Chong et al. 1997) (NIB: 50
mM KCl, 50 mM HEPES–KOH at pH 7.6, 5 mM MgCl2, 2 mM

DTT, 0.5 mM spermine–3HCl, 0.25 mM spermine–4HCl, 1 µg/
ml aprotinin, 1 µg/ml leupeptin, 1 µg/ml pepstatin) supple-
mented with 0.25% Triton X-100 and then underlayered with
the same buffer containing 15% sucrose. For high salt chroma-
tin isolation additional KCl (to give 250 mM final) was added to
the buffers. The chromatin was pelleted at 2100g in a swinging
bucket centrifuge for 5 min at 4°C. The diluted extract and the
top part of the cushion were carefully removed, and the chro-
matin pellet was resuspended in loading buffer and subjected to
immunoblotting by standard techniques using 10% SDS-PAGE
and ECL detection (Amersham). When isolated chromatin had
to be reincubated in another extract, the isolation was per-
formed in the same way but in the absence of Triton X-100, and
a 10% sucrose cushion was used and underlayered with a cush-
ion of treated extract (normally an extract depleted with specific
antibodies). For reincubation of high salt chromatin, double
10% sucrose cushions were used, the buffer in the top cushion
containing 250 mM KCl and the buffer in the bottom cushion
containing 50 mM KCl. For the detection of XMCM/P1 phos-
phorylation [g-32P]ATP was added to the extract. Chromatin
isolation was performed as above but NIB and sucrose cushions
were supplemented with a phosphatase inhibitor cocktail
(0.1 mM sodium vanadate, 50 mM b-glycerophosphate, and 20
µM microcystin). After blotting, the membrane was revealed by
autoradiography and ECL. Immunoprecipitation of XMCM/P1
proteins eluted from chromatin by 1 M KCl treatment was per-
formed as described (Chong et al. 1997).

Partial purification of XCdc7

All chromatographic procedures were performed at 4°C, and
fractions containing XCdc7 were identified by immunoblotting.
A 4.5%–9% polyethylene glycol cut of “licensing factor ex-
tract” (Chong et al. 1997) was taken and resuspended at 1× in
LFB1/100 (40 mM HEPES–KOH at pH 8.0, 20 mM K2HPO4/
KH2PO4 at pH 8.0, 2 mM MgCl2, 1 mM EGTA, 2 mM DTT, 10%
(wt/vol) sucrose, and 1 µg/ml each of leupeptin, pepstatin, and
aprotinin, supplemented with 100 mM KCl). This fraction was
precipitated with 36% saturated ammonium sulphate, resus-
pended in LFB1/100, and applied to a 1-ml Mono-S column
(Amersham–Pharmacia Biotech) equilibrated in LFB1/100.
Bound protein was eluted with a step to LFB1/500 and was then
applied to a 100 µl Mono-Q column (Amersham–Pharmacia Bio-
tech) equilibrated in LFB1/100. Bound proteins were eluted
with a linear gradient to LFB1/500 over 10 column volumes,
and 25-µl fractions were collected. Estimation of the protein
content in the final XCdc7-containing fractions from the UV
signal suggested that total protein content had been reduced by
∼705-fold, whereas the activity assay gave a yield of ∼15%.

Recombinant proteins

GST–p21Cip/Waf1 (Strausfeld et al. 1994), His–cyclin A (Brown et
al. 1995), and GST–geminin (McGarry and Kirschner 1998) were
prepared as described.
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Note added in proof

Zou et al. (Mol. Cell Biol. 20: 3086–3096) have recently reported
that in S. cerevisiae, Cdc7/Dbf4 is required for the efficient
loading of Cdc45 to origins. This is consistent with our data in
Xenopus and reinforces the idea that Cdc45 loading is a key
event controlled by Cdc7/Dbf4 and CDKs during origin activa-
tion.

References

Aparicio, O.M., A.M. Stout, and S.P. Bell. 1999. Differential
assembly of Cdc45p and DNA polymerases at early and late
origins of DNA replication. Proc. Natl. Acad. Sci. 96: 9130–
9135.

Bell, S.P. and B. Stillman. 1992. ATP-dependent recognition of
eukaryotic origins of DNA replication by a multiprotein
complex. Nature 357: 128–134.

Blow, J.J. 1993. Preventing re-replication of DNA in a single cell
cycle: Evidence for a replication licensing factor. J. Cell Biol.
122: 993–1002.

Bousset, K. and J.F. Diffley. 1998. The Cdc7 protein kinase is
required for origin firing during S phase. Genes & Dev.
12: 480–490.

Brown, G.W. and T.J. Kelly. 1998. Purification of Hsk1, a mini-
chromosome maintenance protein kinase from fission yeast.
J. Biol. Chem. 273: 22083–22090.

———. 1999. Cell cycle regulation of Dfp1, an activator of the
Hsk1 protein kinase. Proc. Natl. Acad. Sci. 96: 8443–8448.

Brown, N.R., M.E. Noble, J.A. Endicott, E.F. Garman, S. Wakat-
suki, E. Mitchell, B. Rasmussen, T. Hunt, and L.N. Johnson.
1995. The crystal structure of cyclin A. Structure 3: 1235–
1247.

Cheng, L., T. Collyer, and C.F. Hardy. 1999. Cell cycle regula-
tion of DNA replication initiator factor Dbf4p. Mol. Cell.
Biol. 19: 4270–4278.

Chong, J.P., H.M. Mahbubani, C.Y. Khoo, and J.J. Blow. 1995.
Purification of an MCM-containing complex as a component
of the DNA replication licensing system. Nature 375: 418–
421.
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