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Initiation of DNA replication in eukaryotes requires the assembly of prereplication complexes (pre-Rcs) at
the origins of replication. The assembly and function of the pre-Rcs appear to be controlled by phosphorylation
events. In this study we report the detailed characterization of the cell cycle phosphorylation of one component
of the Xenopus pre-Rcs, the Mcm protein complex. We show that individual Mcm subunits are differentially
phosphorylated during the cell cycle. During mitosis, the Mcm4 subunit is hyperphosphorylated, while the
other subunits are not actively phosphorylated. The mitotic phosphorylation of Mcm4 requires Cdc2-cyclin B
and other unknown kinases. Following exit from mitosis, the Mcm4 subunit of the cytosolic interphase complex
undergoes dephosphorylation, and the Mcm2, Mcm3, or Mcm6 subunits are then actively phosphorylated by
kinase(s) other than cyclin-dependent kinases (Cdks) or Cdc7. The association of the Mcm complex with the
pre-Rcs correlates with the formation of a transient interphase complex. This complex contains an interme-
diately phosphorylated Mcm4 subunit and is produced by partial dephosphorylation of the mitotic hyperphos-
phorylated Mcm4 protein. Complete dephosphorylation of the Mcm4 subunit inactivates the Mcm complex and
prevents its binding to the chromatin. Once the Mcm complex is assembled on the chromatin the Mcm4 and
the Mcm2 proteins are the only subunits phosphorylated during the activation of the pre-Rcs. These chroma-
tin-associated phosphorylations require nuclear transport and are independent of Cdk2-cyclin E. These results
suggest that the changes in Mcm4 phosphorylation regulate pre-Rc assembly and the function of the pre-Rcs
on the chromatin.

Initiation of DNA replication in eukaryotes is a two-step
process (reviewed in references 12 and 39). First, the DNA is
licensed through the establishment of prereplication com-
plexes (pre-Rcs) at the replication origins. Second, the pre-Rcs
are activated, resulting in the unwinding of the origins and
loading of the replication machinery. Studies using Saccharo-
myces cerevisiae, Xenopus laevis, and cultured mammalian cells
as model systems indicate that these two steps are highly con-
served among eukaryotes and tightly regulated during the cell
cycle. The formation of the pre-Rcs involves the sequential
loading onto the chromatin of the origin recognition complex
(ORC), followed by Cdc6 and the minichromosome mainte-
nance proteins (6, 10). All of these proteins are essential for
the initiation of replication and homologs have been identified
in yeast, frogs, flies, and mammals. The ORC in budding yeast
is a multisubunit complex that binds to the origin of replication
located within the autonomous replicating sequence (2, 15).
The observations that the ORC does not have DNA unwinding
activity and can be removed from the chromatin before initi-
ation indicate that its role is more likely to target other com-
ponents of the pre-Rcs to the chromatin (10, 18). The Cdc6
protein is a single polypeptide, and its recruitment to the pre-
Rcs, through its interaction with ORC, is required for the
loading of the Mcm proteins (6). The fact that the Cdc6 pro-
tein shares sequence similarity with the eukaryotic and pro-
karyotic clamp loader suggests that Cdc6 is the loading factor
that clamps the Mcm proteins around the DNA duplex (30,
33). The Mcm proteins form a heterohexameric complex that
is composed of different subcomplexes. Mcm4, Mcm6, and

Mcm7 form a tightly interacting core complex that interacts
with Mcm2 and also with a dimer formed between Mcm3 and
Mcm5 (7, 37). The relationship between these subcomplexes
and the biochemical properties of the various Mcm proteins is
currently unknown. Several lines of evidence suggest that the
Mcm proteins contain helicase activity. For example, they have
a hexameric structure and an ATPase motif common to several
known helicases (21). Further, the Mcm proteins are physically
associated with the moving replication fork in vivo (1). Finally,
they exhibit helicase activity in vitro (20). However, the lack of
processivity of this in vitro Mcm helicase activity raises ques-
tions about its physiological relevance.

After assembly, the activation of the pre-Rcs requires the
action of at least two distinct kinases, the S-phase cyclin-de-
pendent kinase (Cdk) and the Cdc7-Dbf4 kinase (reviewed in
reference 23). While it is likely that the activation of the pre-
Rcs leads to origin unwinding and priming of replication, the
molecular events of activation are yet to be determined. In
particular, the role of these two kinase complexes relative to
each other and their in vivo targets are presently unknown.
Recent work using S. cerevisiae and X. laevis indicates that the
S-phase Cdk regulates, directly or indirectly, the association
between the chromatin and the Cdc45 protein, an essential
initiation factor (27, 41). On the other hand, the Cdc7-Dbf4
kinase is required throughout S-phase for initiation at both
early- and late-firing origins (3, 9). Genetic analysis in S. cer-
evisiae has shown that both Cdc7 and Dbf4 interact with the
ORC and Mcm proteins (11, 16). Furthermore, yeast and hu-
man homologs of the Cdc7-Dbf4 kinase can phosphorylate
some members of the Mcm protein family in vitro (5, 24, 36).
This evidence raises the possibility that the Cdc7-Dbf4 kinase
regulates the function of the Mcm proteins. In addition to their
positive effects on the initiation of replication, S-phase Cdks
also exert a negative effect on the assembly of the pre-Rcs and
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thereby provide a mechanism to prevent rereplication during S
and G2 phases. While we do not know exactly how this inhib-
itory effect is achieved, there is some evidence that it targets
the ability of the Cdc6 protein to load the Mcm proteins (re-
viewed in reference 32).

It is clear that phosphorylation regulates the assembly and
disassembly and the function of the pre-Rcs. While the phos-
phorylation targets are unknown, some likely candidates are
components of the pre-Rcs. In this report we provide a de-
tailed characterization of the cell cycle phosphorylation of one
component of the Xenopus pre-Rcs, the Mcm proteins. We
show that individual subunits of the Xenopus Mcm complex are
differentially phosphorylated during the cell cycle. The changes
in phosphorylation are most pronounced for the Mcm4 subunit
and correlate with the ability of the Mcm complexes to bind to
the pre-Rcs.

MATERIALS AND METHODS

Extract preparation. Interphase and metaphase arrested Xenopus extracts
were prepared according to the method of Murray (29), with the exception that
interphase extract buffer was supplemented with 0.25 mg of cycloheximide per
ml. Interphase high-speed supernatant extract (HSS) was prepared by additional
centrifugation of the interphase extract at 100,000 3 g for 50 min at 4°C.
Membrane fractions were isolated according to the method of Smythe and
Newport (38). All extracts were supplemented with 3% glycerol, aliquoted, and
stored at 280°C.

Chromatin isolation. Demembranated Xenopus sperm nuclei (25) were incu-
bated in Xenopus extract for the indicated times at 23°C with 3,500 sperm
heads/ml of extract. To prepare chromatin, samples were diluted 10-fold into an
ice-cold nuclei buffer containing 20 mM HEPES (pH 7.4), 50 mM sucrose, 50
mM KCl, 5 mM MgCl2, and 0.1% NP-40. The chromatin was then isolated by
centrifugation through a 15% sucrose cushion prepared in the same nuclei
buffer. The pelleted material was either resuspended in sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer for Western blot
analysis or in kinase buffer containing 1000 U of DNase I per ml for immuno-
precipitation experiments.

Antibodies. W. Dunphy and H. Masai kindly provided Xenopus Cdc6 and Cdc7
cDNAs, respectively. His-tagged recombinant proteins were produced in Esch-
erichia coli, isolated from the inclusion bodies and purified by SDS-PAGE.
Proteins were electroeluted from the gels, mixed with adjuvant, and injected into
New Zealand White rabbits. Antibodies were purified by affinity chromatography
as described previously (8). Both antibodies specifically recognize either the
Xenopus Cdc6 or the Cdc7 protein in the extracts or in vitro-translated protein
(TNT Kit; Promega). A fraction of the purified anti-Cdc7 antibodies were bio-
tinylated using the EZ-link Sulfo-NHS-LC-LC-Biotin reagent (Pierce). These
modified antibodies were used for Western blot analyzes to detect the Cdc7
protein in immunoprecipitated samples. The biotin-strepavidin detection system
minimized the background due to the immunoglobulin G molecules that mi-
grated closely to the Cdc7 protein. Antibodies against the other Mcm subunits
were generous gifts of R. Laskey (Xenopus Mcm3), H. Takisawa (Xenopus Mcm6
and Mcm7), I. Todorov (human Mcm2), and T. T. Su (Drosophila Mcm5).

Immunodepletion and isolation of Mcm complexes. For immunodepletion,
100 ml of extract was incubated with 20 to 100 mg of purified antibodies bound
to 50 ml of protein A-Sepharose (Pharmacia). After a 1-h incubation at 4°C with
constant rotation, the Sepharose was harvested by low-speed centrifugation. The
beads were then washed two to three times with extract buffer (29) or kinase
buffer (20 mM HEPES, pH 7.4; 50 mM sucrose; 50 mM KCl; 10 mM MgCl2; 100
mM ATP; 10 mM NaF; 80 mM b-glycerophosphate; 0.1% NP-40) before phos-
phorylation experiments or Western blot analyses. Interphase extract immunode-
pleted using anti-Mcm-4 or anti-Cdc7 antibodies was unable to replicate double-
stranded DNA (data not shown).

32P radiolabeling of Mcm proteins. Radiolabeling of proteins in the extracts
was done by adding 1 mCi of [g-32P]ATP per ml of extract. After a 1-h incubation
at 23°C, the Mcm complexes were isolated from the extract as described above.
Labeled subunits of the Mcm complex were then separated by SDS-PAGE and
analyzed by Western blotting and autoradiography. Phosphorylation of Mcm
proteins bound to chromatin was analyzed under the same conditions in an
extract containing 3,000 demembranated sperm heads/ml. At the indicated times
chromatin was isolated, and the phosphorylated Mcm proteins associated with
the chromatin were immunoprecipitated using anti-Mcm4 antibodies. In vitro
phosphorylation of Mcm complexes by its associated kinases was accomplished
by incubating the Mcm complexes attached to Sepharose beads in kinase buffer
containing 0.5 mCi of [g-32P]ATP/ml of reaction. In vitro phosphorylation of the
Mcm4 protein by purified Cdc2-cyclin B kinase or by mitotic Xenopus extract was
performed as follows. In vitro-translated Mcm4 proteins were first immunopre-
cipitated with anti-Mcm4 antibodies, followed by incubation in kinase buffer
containing 0.5 mCi of [g-32P]ATP/ml of reaction volume plus either 50 U of

purified Cdc2-cyclin B (New England Biolabs) or 10 ml of mitotic extract. Similar
experiments were performed using immunopurified Mcm interphase complexes
as substrate containing about 300 ng of each Mcm protein.

Identification of phosphorylated Mcm proteins. Different criteria were applied
for the identification of the phosphorylated Mcm proteins (Mcm2, Mcm4, Mcm3,
or Mcm6). First, for each 32P-labeled band, we performed an alignment between
the autoradiogram and both the Western blot and Ponceau patterns. Second, for
the identification of phosphorylated Mcm3 and Mcm2, we treated Mcm com-
plexes (which had been immunoprecipitated with anti-Mcm4 antibodies) with 1
M NaCl. This treatment resulted in partial dissociation of the complex and the
release of Mcm2 and Mcm3 proteins from the core complex containing Mcm4,
Mcm6, and Mcm7. Dissociated Mcm2 and Mcm3 were then immunoprecipitated
with specific antibodies and unambiguously identified as 32P labeled. However,
because the salt dissociation of the complex was not total and some Mcm3
protein remained in the complex, it was difficult to determine if the remaining
32P-labeling was associated with Mcm3 protein or the Mcm6 protein that comi-
grates with Mcm3. Thus, we do not differentiate between the Mcm3 phosphoiso-
form and the potential Mcm6 phosphoisoform. Verification of the identity of
each Mcm4 phosphoisoform was obtained by their ability to undergo a mobility
shift resulting from phosphorylation and/or dephosphorylation.

Phosphopeptide map analysis. Following 32P labeling in Xenopus extracts or in
vitro, the Mcm4 protein was retrieved by immunoprecipitation, separated by
SDS-PAGE, and transferred to nitrocellulose. The blot was then exposed to
autoradiography film. Alignment of the blot and the autoradiograph allowed
excision of the Mcm4 band. The sample was then digested with trypsin. Digested
tryptic peptides were separated on thin-layer chromatography plates by electro-
phoresis in pH 1.9 buffer in the first dimension using an HTLE-7000 apparatus
and ascending chromatography in the second dimension (4). The phosphorylated
peptides were visualized using a PhosphorImager (Molecular Dynamics).

RESULTS

Mitotic and interphase Xenopus Mcm complexes contain
different phosphoisoforms of the Mcm4 protein. We have pre-
viously reported that the Xenopus Mcm4 protein is hyperphos-
phorylated during mitosis and hypophosphorylated in inter-
phase cytosol (8). These two phosphoisoforms were identified
in gels as they exhibit distinct electrophoretic mobilities. Ad-
ditional work has revealed that interphase extracts contain not
one but two electrophoretically distinct isoforms of Mcm4. To
better understand the nature of each of these Mcm4 isoforms,
we carefully reexamined which Mcm4 isoforms were associated
with mitotic and interphase Mcm complexes. We also used this
opportunity to look for potential phosphorylation of the other
Mcm subunits in these complexes. After immunoprecipitation
of the complexes from Xenopus egg extracts the proteins were
separated by SDS-PAGE under conditions which allowed the
maximum separation between the different isoforms and then
subjected to Western blot analyses using antibodies against
each individual Mcm subunit. Among all of the Mcm proteins,
the Mcm4 subunit was the only one found to exhibit different
electrophoretic mobilities between the mitotic and the inter-
phase complexes (Fig. 1A). One slowly migrating Mcm4 iso-
form (Mcm4:band-3) was associated with mitotic complexes,
and two faster-migrating bands (Mcm4:band-2 and Mcm4:
band-1) were found in interphase complexes. Phosphatase
treatment of the mitotic and interphase complexes confirmed
that these three Mcm4 gel bands corresponded to different
phosphoisoforms of the Mcm4 protein (Fig. 1B). The Mcm4:
band-3 is the hyperphosphorylated mitotic form that we had
previously identified (8). The Mcm4:band-1 comigrated with
the alkaline phosphatase dephosphorylated form and is indeed
the unphosphorylated form of the Mcm4 protein (data not
shown). The Mcm4:band-2 appeared to be an intermediately
phosphorylated form of the Mcm4 protein. Densitometric
analysis of the Ponceau staining of the Mcm proteins in com-
plexes (Fig. 1A, middle lanes) suggested that the majority of
the mitotic and interphase complexes have a heterohexameric
nature. Therefore, two different Mcm complexes seemed to be
present during interphase; one contained the Mcm4:band-2
subunit, and the other contained the Mcm4:band-1 subunit.
Since we have previously shown that the Mcm4 protein under-

3668 PEREVERZEVA ET AL. MOL. CELL. BIOL.



goes dephosphorylation at the mitosis-interphase transition
(8), we wondered if the Mcm4:band-2 was a transient form in
the dephosphorylation pathway between the mitotic Mcm4:
band-3 and the fully dephosphorylated Mcm4:band-1. When a
mitotic extract was induced to enter interphase by Ca21 treat-
ment, the mitotic Mcm4:band-3 was rapidly converted into the
Mcm4:band-2, which in turn was more slowly converted into
the Mcm4:band-1 (Fig. 1C). This result indicated that the
Mcm4:band-2 is an intermediate of dephosphorylation and
that the ratio of the two types of Mcm interphase complexes
containing different Mcm4 phosphoisoforms varies with time
after exit from mitosis.

The Mcm4 protein is the major phosphorylated subunit of
the mitotic Xenopus Mcm complex. While we had clearly es-
tablished the hyperphosphorylation of the Mcm4 protein dur-
ing mitosis, we had not determined the phosphorylation state
of the other Mcm proteins since they displayed no obvious
differences in their electrophoretic mobilities. To directly test
if other Mcm subunits could be phosphorylated during mitosis,
we incubated a mitotic extract in the presence of [g-32P]ATP
and immunoprecipitated the Mcm complex with an anti-Mcm4
antibody. Figure 2A shows that the Mcm4:band-3 isoform was
the major phosphorylated protein in the complex, while other
Mcm subunits were not strongly labeled. Based on the fact that

the hyperphosphorylation of Mcm4 proteins correlates with
high levels of Cdc2-cyclin B kinase activity in the mitotic ex-
tract, we had previously speculated that this kinase may be
involved in phosphorylating Mcm4 during mitosis. To further
examine this possibility, we first tested whether the mitotic
Mcm complex and the Cdc2-cyclin B protein kinase directly
interact. Immunoprecipitation experiments using anti-Mcm4
or anti-Cdc2 antibodies did not reveal any interaction between
these proteins (data not shown). However, when a mitotic
Xenopus egg extract was depleted of all Cdk proteins (includ-
ing Cdc2) using p13-Suc1 beads, about 15% of the total Mcm4
proteins and other Mcm subunits were also depleted (Fig. 2B).
Interestingly, while the Mcm4 protein associated with the
beads remained hyperphosphorylated, the Mcm4 protein left
in the depleted extract underwent dephosphorylation. All to-
gether these results indicate that if any interaction between the
Mcm and Cdc2 proteins exists it is not strong enough to be
detected using the coimmunoprecipitation procedure. Further,
the proteins associated with the p13-Suc1 beads seem to be
involved, directly or indirectly, in the mitotic phosphorylation
of the Mcm4 proteins. Thus, among these proteins, the Cdc2-
cyclin B kinase remains a candidate for phosphorylating
Mcm4.

Mitotic phosphorylation of the Mcm4 protein requires the
Cdc2-cyclin B and other kinases. We further tested the ability
of the Cdc2-cyclin B kinase to phosphorylate the Mcm4 pro-
tein. Mcm4 protein prepared by in vitro translation or as part
of an immunoprecipitated interphase Mcm complex was incu-
bated in the presence of [g-32P]ATP with either purified Cdc2-
cyclin B kinase or a small amount of mitotic Xenopus egg
extract. In both cases phosphorylation of the Mcm4 protein
was observed (Fig. 3A). However, the mobility shift corre-
sponding to the mitotic hyperphosphorylation of the Mcm4
protein was only observed in the presence of mitotic extract
and not with purified Cdc2-cyclin B kinase. Since the amount
of purified Cdc2-cyclin B we used had .5 times the H1 kinase
activity than the added mitotic extract, we do not believe that

FIG. 1. Mitotic and interphase Mcm complexes contain different Mcm4
phosphoisoforms. (A) Western blot analyses of the Mcm subunits composing the
interphase and mitotic complexes. Mcm complexes were obtained by immuno-
precipitation using anti-Mcm4 antibodies. Each Mcm subunit is referred to by its
corresponding number. The three Mcm4 phosphoisoforms are the Mcm4:band-1
(4.b1) and the Mcm4:band-2 (4.b2), present in interphase complexes, and the
Mcm4:band-3 (4.b3) present in the mitotic complex. In order to obtain the best
resolution between the different Mcm4 isoforms, the Mcm complexes were
separated by SDS–7.5% PAGE, run until the 68-kDa molecular mass marker
reached the bottom of the gel. (B) Phosphatase treatment of mitotic and inter-
phase extracts. Mcm complexes were incubated with 2 U of alkaline phosphatase
for 20 min at 30°C. (C) Kinetics of Mcm4 dephosphorylation following the
addition of 0.4 mM CaCl2 to a mitotic extract.

FIG. 2. Phosphorylation of the Mcm4 subunit of the mitotic Mcm complex is
Cdk dependent. (A) The Mcm complex was radiolabeled with 32P in a mitotic
extract and then isolated by immunoprecipitation using anti-Mcm4 antibodies.
The subunits of the complex were resolved by SDS–7.5% PAGE and transferred
to nitrocellulose, and the radiolabeled proteins were visualized with a Phosphor-
Imager. (B) Depletion of Cdks (and their associated proteins) from a mitotic
extract was achieved by incubating the extract with an equal volume of p13-Suc1
beads. The beads were recovered by low-speed centrifugation and washed several
times with extract buffer containing 0.1% NP-40. The beads and depleted ex-
tracts were analyzed for Mcm4 and Cdc2 content by Western blotting using
rabbit polyclonal Mcm4 antibodies an a monoclonal anti-Cdc2 antibody (Sc-54;
Santa Cruz).

VOL. 20, 2000 Mcm4 PHOSPHORYLATION REGULATES Mcm COMPLEX 3669



the inability of the Cdc2-cyclin B kinase to hyperphosphorylate
Mcm4 was due to insufficient kinase activity. Several of our
experiments also indicated that the Mcm4 antibodies used to
immunoprecipitate the protein prior to phosphorylation did
not interfere with the ability of Cdc2-cyclin B to fully hyper-
phosphorylate the Mcm4 protein. As shown in Fig. 3A, the
ability of the Mcm4 subunit of the interphase complex to be
fully phosphorylated by a small amount of mitotic extract and
not by purified Cdc2-cyclin B indicates that the anti-Mcm4
antibodies do not interfere with Mcm4 phosphorylation. This
conclusion was not only supported by the mobility shift analysis
(Fig. 3A) but also by phosphopeptide map analysis (Fig. 3B,
panel 2, and data not shown). The noninterference of the
anti-Mcm4 antibodies was also demonstrated by the observa-
tion that the same phosphopeptide map was obtained for the in
vitro-translated Mcm4 protein phosphorylated by Cdc2-cyclin
B either in the presence or absence of these antibodies (Fig.
3B, panel 1, and data not shown).

To determine if the in vitro phosphorylation of the Mcm4
protein by the Cdc2-cyclin B kinase occurred at physiologically
relevant sites, we performed tryptic phosphopeptide analyses.
We compared the phosphopeptide map of Mcm4 phosphory-
lated in vitro by Cdc2-cyclin B or in a mitotic Xenopus egg

extract (Fig. 3B). Again, we used either an in vitro-translated
Mcm4 protein or Mcm4 protein from an interphase complex as
the phosphorylation substrates. The Cdc2-cyclin B kinase
phosphorylated both substrates on only a subset of the mitotic
peptides phosphorylated in the extract (Fig. 3B, peptides b and
c). Weak phosphorylation of peptide g could also be observed
when we used the Mcm complex as substrate (data not shown).
One possibility is that peptide g is more accessible for phos-
phorylation by Cdc2-cyclin B when the Mcm4 protein is within
the Mcm complex. Cdc2-cyclin B also phosphorylated Mcm4 in
vitro on an additional site that is not present in the hyperphos-
phorylated mitotic form of the protein (peptide a). Based on its
migration, peptide a seemed to be a more acidic version of
peptide b which could originate from an extra phosphorylation
site in the peptide or a different partial tryptic digestion. Phos-
phoamino acid analysis of all the peptides phosphorylated by
Cdc2-cyclin B in vitro (peptides a, b, c, and g) revealed that
phosphorylation occurs only on threonine residues (data not
shown). Possible residues are Thr-7, Thr-102, or Thr-110 since
they are positioned in the three best Cdk phosphorylation
consensus sequences found within the Mcm4 protein. On the
other hand, phosphoamino acid analysis of the Mcm4:band-3
isoform showed that in a mitotic extract the Mcm4 protein is

FIG. 3. Mitotic hyperphosphorylation of the Mcm4 protein requires Cdc2-cyclin B and other kinases. (A) In vitro phosphorylation of Mcm4 by purified Cdc2-cyclin
B or a mitotic extract. Phosphorylation reactions were run in kinases buffer containing either 50 U of purified Cdc2-cyclin B or 10 ml of mitotic extract. The substrate
was 4 ml of an in vitro-translated [35S]methionine labeled Mcm4 protein or Mcm4 present in an interphase Mcm complex. After a 1-h incubation at room temperature
the Mcm proteins were immunoprecipitated with an anti-Mcm4 antibody and separated by SDS-PAGE. The mobility shift of the Mcm4 protein was detected by
visualizing both the [35S]methionine label and the incorporated 32P by using a PhosphorImager. The mobility shift of the Mcm4 protein was also confirmed by Western
blot analyses (data not shown). (B) Two-dimensional tryptic phosphopeptide mapping was performed on the Mcm4 protein phosphorylated in vitro by Cdc2-cyclin B
(panel 1) or in a mitotic extract (panel 2). In panel 3 the two-dimensional phosphopeptide map of a mixture containing samples 1 and 2 is shown. Electrophoretic
separation was performed along the horizontal axis, and ascending chromatography was done along the vertical axis.
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phosphorylated on both threonine and serine residues (data
not shown). Collectively, our results demonstrate that Cdc2-
cyclin B could partially phosphorylate Mcm4 during mitosis
but that full hyperphosphorylation of the protein requires an
additional kinase(s).

Phosphorylation of Mcm subunits within the interphase
complex does not involve Cdc7. While we had established that
the Mcm4 protein within the Mcm complex is actively dephos-
phorylated in Xenopus interphase cytosol, we wanted to exam-
ine the phosphorylation state of the other Mcm subunits. La-
beling of the interphase extracts in the presence of [g-32P]ATP
followed by immunoprecipitation of the Mcm complex indi-
cated that the Mcm2 protein and the Mcm3 or Mcm6 protein
were phosphorylated in the interphase complex (Fig. 4A).
Since Mcm3 and Mcm6 always comigrated on gels, we could
not distinguish between different phosphorylated isoforms, if
they exist. As expected, we never observed 32P incorporation
into the Mcm4:band-2 or the Mcm4:band-1 (see Fig. 4A and
Fig. 6B for better resolution). No obvious phosphorylation of
the Mcm5 or Mcm7 proteins was observed in interphase com-
plexes. The phosphorylation of Mcm2, Mcm3, or Mcm6 was
insensitive to the presence of p21-Cip1 in the extract, indicat-
ing that the Cdk2-cyclin E kinase was not involved (data not
shown). Since our interphase extract, prepared in the presence
of cycloheximide (a protein synthesis inhibitor), did not con-
tain any cyclin A or cyclin B, we can also exclude their asso-
ciated kinases as potential Mcm interphase kinases. To deter-
mine if kinase(s) were physically associated with the interphase
Mcm complexes, we tested the kinase activity of the immuno-
precipitated complexes. As in the interphase extract, we de-
tected strong phosphorylation of the Mcm2 protein and the
Mcm3 or Mcm6 proteins, as well as some other non-Mcm
proteins. Three phosphorylated Mcm associated proteins were
identified based on their apparent molecular weights as p140,
p80, and p55. In-gel kinase assays using the Mcm interphase
complexes revealed that polypeptides comigrating with p80
and p55 were autophosphorylated and therefore could be the
kinases responsible for phosphorylating the Mcm interphase
complexes (data not shown). In particular, the Cdc7 kinase has
a molecular mass of about 55 kDa and has been reported, in
yeast, to phosphorylate itself and some of the Mcm proteins in
vitro (5). We therefore tested the possibility that Cdc7 was
associated with Mcm complexes during interphase. Using a
rabbit polyclonal antibody directed against the Xenopus Cdc7
protein we could not detect any association between the Cdc7
protein kinase and the Mcm interphase complexes immuno-
precipitated with either anti-Mcm4 or anti-Mcm3 antibodies
(Fig. 4B). Reciprocally, anti-Cdc7 antibodies did not coimmu-
noprecipitate the Mcm interphase complexes. Finally, deple-
tion of the Cdc7 protein kinase from an interphase extract did
not significantly affect the phosphorylation of the Mcm2,
Mcm3, or Mcm6 subunits in the isolated complex (Fig. 4C). All
together, these data indicated that the Cdc7 kinase and the
Mcm interphase complexes do not strongly interact in inter-
phase extracts and that the Cdc7 kinase is unlikely to be the
kinase associated with the interphase Mcm complex.

Mcm interphase complexes containing Mcm4:band-2 but
not Mcm4:band-1 bind to pre-Rcs and displace Cdc6. The
existence of two different soluble interphase Mcm complexes,
containing either the Mcm4:band-1 or the Mcm4:band-2 iso-
form raises the possibility that these two complexes differ in
their ability to bind chromatin. To test this possibility, sperm
nuclei were incubated in interphase extracts and the binding of
the Mcm4 protein to chromatin was determined after a 15-min
incubation. This short incubation time did not allow complete
nuclear reconstitution or active phosphorylation of the Mcm4

protein while it was chromatin bound (see next section for a
description of chromatin-associated Mcm4 phosphorylation).
When the interphase extract contained an equal amount of the
Mcm4:band-2 and the Mcm4:band-1 isoforms, we only ob-
served binding of Mcm4:band-2 to chromatin (Fig. 5, lane 2).
Furthermore, when the extract contained primarily Mcm4:
band-1 at the time of sperm addition, no Mcm4 or any other
Mcm protein binding to chromatin was observed, regardless of
the incubation time (Fig. 5, lane 1). Because the loading of
Mcms on the chromatin depends on Cdc6, we checked if the
failure of Mcm4 to bind resulted from failure of Cdc6 to bind
as well. As shown in Fig. 5, the amount of Cdc6 bound to the
chromatin was significantly higher in the absence of Mcm bind-
ing. Such large amounts of Cdc6 bound to chromatin were only
observed when sperm were incubated in Mcm-depleted inter-
phase extracts (data not shown). However, in a control extract
the release of the Cdc6 protein bound to chromatin occurred
early and correlated with the binding of the Mcm complex
containing the Mcm4:band-2 isoform. The results from these
experiments suggest that the interphase Mcm complexes con-
taining the Mcm4:band-2 protein are the active complexes that
associate with the pre-Rcs and lead to the displacement of
Cdc6 from the chromatin. Further dephosphorylation of the
Mcm4:band-2 subunit in these complexes, generating Mcm4:
band-1, appears to inactivate the ability of the Mcm complexes
to bind the pre-Rcs and displace Cdc6.

Phosphorylation of the Mcm4 protein bound to chromatin
during S phase is independent of Cdks but requires nuclear
transport. Our previous work showed that the only Mcm4
isoform found in association with chromatin during S phase
was hypophosphorylated and migrated upon SDS-PAGE be-
tween the hyperphosphorylated mitotic form (Mcm4:band-3)
and the dephosphorylated form (Mcm4:band-1). We have now
established that the chromatin-bound form of Mcm4 comi-
grates with the Mcm4:band-2 phosphoisoform that is the de-
phosphorylation intermediate found in the interphase cytosol
(Fig. 6A, lane 1). This finding raised two possibilities: (i) the
Mcm4:band-2 binds to the chromatin and, as a result, is pro-
tected against dephosphorylation that is otherwise observed in
the interphase cytosol; or (ii) the Mcm4 protein is actively
phosphorylated on the chromatin. To distinguish between
these possibilities, we first looked at the effect of 6-DMAP, a
serine/threonine kinase inhibitor, on the phosphorylation state
of the chromatin-bound Mcm4 protein. In the next series of
experiments, aphidicolin was also added to the interphase ex-
tract in order to block the progress of the elongation fork and
thereby prevent the displacement of the Mcm proteins associ-
ated with the chromatin. When 6-DMAP and sperm nuclei
were added simultaneously to an interphase extract, we first
observed the binding of the Mcm4:band-2 isoform and then its
dephosphorylation on the chromatin. After 90 min only the
dephosphorylated Mcm4:band-1 was found on the chromatin
(Fig. 6A, lane 2). In the control extract we observed the inter-
mediately phosphorylated isoform we previously described
(Fig. 6A, lane 1). This result suggested an active phosphoryla-
tion of the Mcm4 protein on chromatin. Confirmation of this
phosphorylation was obtained by 32P labeling of the chroma-
tin-bound proteins. Sperm nuclei were incubated in an inter-
phase extract containing aphidicolin and [g-32P]ATP. After 60
min the chromatin fraction was isolated and the phosphoryla-
tion of the Mcm proteins associated with chromatin was ex-
amined directly or after immunoprecipitation of the Mcm
complex (Fig. 6B). The Mcm2 and Mcm4 subunits were two of
the most intensely radiolabeled proteins bound to the chroma-
tin. After immunoprecipitation of the Mcm complex no signif-
icant phosphorylation of other Mcm subunits was detected. In
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the case of the Mcm2 protein our data did not allow us to
discriminate between the phosphorylation of the protein in the
interphase cytosolic complex or on the chromatin after binding
(compare chromatin and cytosol in Fig. 6B). However, we can
conclude that while the Mcm4 complex subunit is dephospho-
rylated in the cytosol, it is actively phosphorylated on the
chromatin by a serine/threonine kinase. We next examined the
requirements for the phosphorylation of the Mcm4 subunit on
the chromatin. As shown in Fig. 6A, this phosphorylation re-
quired the formation of an intact nuclear membrane and func-
tioning nuclear transport. Rather than being phosphorylated,
the Mcm4 protein was dephosphorylated on chromatin assem-
bled in a high-speed interphase extract incapable of nuclear
reconstitution (Fig. 6A, lane 3). The addition of a nuclear
membrane fraction to such a high-speed extract restored
Mcm4 phosphorylation on the chromatin (Fig. 6A, lane 4).
Wheat germ agglutinin, an inhibitor of nuclear transport, also
prevented chromatin-bound Mcm phosphorylation (Fig. 6A,
lane 5). Since Cdk2-cyclin E kinase is required for the initia-
tion of DNA replication and has been shown to be actively
transported into the nucleus at the beginning of S phase (19),
we sought to determine if this kinase was involved in the
phosphorylation of Mcm4 on the chromatin. The addition of
p21-Cip, a specific inhibitor of the Cdk2-cyclin E kinase, to the
interphase extract did not affect Mcm4 phosphorylation but
did completely block DNA synthesis (Fig. 6C and data not
shown). Therefore, we conclude that Cdk2-cyclin E is not di-
rectly or indirectly responsible for the phosphorylation of the
Mcm4 protein while it is bound to chromatin. Again, the ab-
sence of cyclin A or cyclin B in the extract rules out the
possibility that their associated Cdks are involved in the phos-
phorylation of Mcm4 on the chromatin.

The chromatin-bound Mcm4 and cytosolic Mcm4:band-2
are distinct phosphoisoforms. While the Mcm4:band-2 of the
interphase cytosolic complex and the Mcm4 chromatin-bound
isoform have the same electrophoretic mobilities, we have
shown that they are generated differently through dephosphor-
ylation of Mcm4:band-3 and active phosphorylation on the
chromatin, respectively. However, the possibility remained
that the two isoforms were phosphorylated on the same resi-
dues. To address this issue, we compared the phosphopeptide
map of the mitotic hyperphosphorylated Mcm4:band-3, the
interphase cytosolic Mcm4:band-2, and the chromatin-bound
Mcm4 phosphoisoforms. Each form was labeled with 32P in
extracts and then immunoprecipitated using an anti-Mcm4 an-
tibody followed by phosphopeptide map analysis. To obtain
labeled Mcm4:band-2, we first labeled Mcm4:band-3 in a mi-

FIG. 4. Phosphorylation of the Mcm interphase complex is independent of
Cdc7 kinase activity. (A) The Mcm interphase complex was phosphorylated in
the extract (lanes 1 and 2) or in vitro by its associated kinase (lane 3). The phos-
phorylated proteins associated with the immunoprecipitated Mcm complex were
separated by SDS-PAGE, transferred to nitrocellulose, and visualized by Pon-
ceau-S staining and autoradiography. (B) Interphase extracts were subjected to
immunoprecipitation with antibodies against the Xenopus Mcm3, Mcm4, and
Cdc7 proteins, as well as preimmune control antibodies. The immunoprecipitates
were resolved by SDS-PAGE and Western blotting using anti-Mcm2 and bio-
tinylated anti-Xenopus Cdc7 antibodies. (C) Interphase extracts were depleted
with preimmune (mock) or with anti-Xenopus Cdc7 antibodies bound to protein
A-Sepharose beads. Mcm complexes immunoprecipitated from the mock and
Cdc7 extracts were then incubated in kinase buffer containing [g-32P]ATP. After
a 1-h incubation at room temperature, the phosphorylated proteins were separated
by SDS-PAGE, transferred to nitrocellulose, and visualized by autoradiography.

FIG. 5. Dephosphorylation of the Mcm4 subunit prevents the binding of the
Mcm complex to pre-Rcs. Chromatin binding assays were performed by incu-
bating sperm nuclei (3,000 sperm heads/ml of extract) in interphase Xenopus
extract enriched in the dephosphorylated Mcm4:band-1 isoform or in extract
containing equivalent amounts of Mcm4:band-2 and Mcm4:band-1. After 15 min
of incubation at room temperature, the chromatin was isolated and the presence
of Mcm4 and Cdc6 proteins on the chromatin was detected by Western blot
analysis.
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totic extract and then Ca21 activated the extract to induce the
dephosphorylation of Mcm4:band-3 into Mcm4:band-2. Figure
7 shows that only four of the eight mitotic phosphopeptides
were conserved upon dephosphorylation of the mitotic form of
Mcm4 (Mcm4:band-3) into the Mcm4:band-2 of the interphase
cytosol. Three phosphopeptides were detected from the Mcm4
chromatin-bound form, and none of these peptides were com-
mon to either the interphase Mcm4:band-2 or to the mitotic
Mcm4:band-3 derived peptides. Phosphoamino acid analysis of
the peptides from the chromatin-bound Mcm4 isoform indi-
cated that they were only phosphorylated on serine residues,

while the mitotic peptides showing the closest migration (pep-
tides b and c) contained only phosphothreonine residues (data
not shown). All together, these data indicate that the chroma-
tin-bound and the transient interphase Mcm4:band-2 are dis-
tinct Mcm4 phosphoisoforms and are therefore likely to be
phosphorylated by different kinases.

DISCUSSION

In this study we have analyzed the cell cycle phosphorylation
of one component of the pre-Rcs, the Mcm proteins. We
report the first characterization of the phosphorylation state of
the different subunits of the Mcm complex found in mitotic and
interphase Xenopus extracts or associated with the replicative
chromatin. We present evidence that individual Mcm subunits
are differentially phosphorylated during the cell cycle and
that the Mcm4 protein is the subunit that exhibits the most
dramatic changes in its phosphorylation state. Some of these
changes in Mcm4 phosphorylation correlate with the ability of
the Mcm complex to bind pre-Rcs. In particular, we show that
the active Mcm complex involved in the formation of the
pre-Rcs is a transient complex containing an intermediately
phosphorylated subunit (Mcm4:band-2) that is produced by
partial dephosphorylation of the mitotic hyperphosphorylated
Mcm4 protein (Mcm4:band-3). In addition, complete dephos-
phorylation of the Mcm4 subunit inactivates the Mcm complex
and prevents its binding to the chromatin. Once the Mcm
complex is assembled on the chromatin we also find that the
Mcm4 subunit is phosphorylated during the activation of the
pre-Rcs. We propose that phosphorylation of Mcm4 on the
chromatin regulates the activity of the Mcm complex. Finally,
we provide information pertinent to the identification of the
kinases involved in the cell cycle phosphorylation of the Mcm
complex.

We have shown that during mitosis the Mcm4 protein is the
only subunit of the Mcm complex that is highly and actively
phosphorylated. While we did not observe significant 32P in-
corporation into other Mcm subunits, we do believe that the
mitotic Mcm complex contains a phosphorylated Mcm2 iso-
form. In fact, our observations indicate that the Mcm2 subunit
is always phosphorylated and exhibits a fast electrophoretic
mobility compared to its dephosphorylated forms (our unpub-
lished data). Therefore, the very low phosphate turnover in the
Mcm2 subunit indicates that somehow the conformation of the
protein in the mitotic complex makes it rather inaccessible to
phosphatases. This possibility is further strengthened by the
fact that we found the Mcm2 subunit much more resistant than
the Mcm4 subunit to in vitro phosphatase treatment of the
Mcm mitotic complex (unpublished data). Our results indicate
that the mitotic hyperphosphorylation of the Xenopus Mcm4
subunit requires different kinases. One of these appears to be
the Cdc2-cyclin B kinase since it is able to phosphorylate in
vitro a subset of the mitotic Mcm4 physiological phosphoryla-
tion sites. However, other unidentified kinases are also re-
quired for the full mitotic hyperphosphorylation of the protein.
Our findings do not totally agree with the study of Hendrickson
et al. (17) that reported Cdc2-cyclin B as the only kinase
phosphorylating the Xenopus Mcm4 protein during mitosis.
Concerned with this discrepancy, we repeated the in vitro
phosphorylation experiment using different preparations and
amounts of Cdc2-cyclin B kinase as well as different Mcm4
substrates. In each of these experiments we were never able to
obtain full mitotic phosphorylation of the Mcm4 protein in the
presence of purified Cdc2-cyclin B kinase. While we do not
know the precise reason for the difference between the findings
of Hendrickson et al. and this study, it could be related to the

FIG. 6. Phosphorylation of the Mcm4 protein on the replicative chromatin.
(A) Demembranated sperm nuclei were incubated in a cytosolic high-speed
extract (HSS) or interphase extracts (LSS) containing 50 mg of aphidicolin per
ml. When indicated, the cytosolic extract was supplemented with a 1/10 volume
of a membrane fraction, and the interphase extract was supplemented with either
3 mM DMAP or 0.5 mg of wheat germ agglutinin (WGA) per ml. After a 90-min
incubation at room temperature, the chromatin was isolated and the Mcm4
isoform associated with the chromatin was identified by Western blot analysis.
(B) Demembranated sperm nuclei were incubated in interphase extracts con-
taining 50 mg of aphidicolin per ml and 1 mCi of [g-32P]ATP per ml of extract.
After a 1-h incubation at room temperature, the chromatin was separated from
the cytosol. Mcm proteins were immunoprecipitated from the cytosolic and from
the chromatin fractions using anti-Mcm4 antibodies. Western blot analysis and
autoradiography identified the phosphorylated Mcm subunits. Total chromatin
was also analyzed. (C) Interphase extract was incubated with or without 0.5 mM
p21-Cip recombinant protein (40) for 10 min at room temperature. Sperm nuclei,
aphidicholin, and [g-32P]ATP were then added to the extract and incubated for
an additional hour. Phosphorylated Mcm proteins on the chromatin were puri-
fied as in panel B.
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purity of the Mcm proteins used for the 32P-labeling experi-
ments. Finally, additional support for the existence of other
mitotic kinase(s) phosphorylating Mcm4 come from our find-
ing that the mitotic phosphorylation of the Mcm4 protein oc-
curs on serine and threonine residues, while the Cdc2-cyclin B
phosphorylates Mcm4 on threonine residues only, as predicted
by the presence of only threonine Cdk consensus phosphory-
lation sites in the Mcm4 protein. A similar conclusion impli-
cating the Cdc2-cyclin B and other unknown kinase(s) in the
phosphorylation of Mcm4 has also been reached based on
experiments with the human Mcm4 protein at the G2/M tran-
sition (14). In the case of the human mitotic Mcm complex,
other subunits beside the Mcm4 protein appear to be actively
phosphorylated as well (including Mcm2 and Mcm3). The
identity of the other mitotic kinase(s) is presently unknown.
However, the fact that depletion of Cdks from a mitotic extract
induces the dephosphorylation of the Mcm4 protein left in the
depleted extract allows us to envision three hypotheses con-
cerning the identity of the unknown mitotic kinase(s). First,
beside Cdc2-cyclin B, the two other Cdks present in mitotic
Xenopus extracts (i.e., Cdc2-cyclin A and Cdk2-cyclin E) are
involved in Mcm4 hyperphosphorylation. Second, the un-
known kinase(s) are somehow associated with Cdks and are
simultaneously depleted by p13-Suc1 beads. Third, the un-
known kinase(s) are not associated with the Cdks but are
directly or indirectly under their control. While we think the
first hypothesis is unlikely, we cannot distinguish yet between
the last two hypotheses. Several reasons lead us to believe that
Cdc2-cyclin A and Cdk2-cyclin E kinases are unlikely to be
involved in the mitotic phosphorylation of Mcm4. Previous
reports indicate that Cdk2-cyclin E cannot phosphorylate the
Xenopus Mcm4 protein in vitro or any other subunit of the
Mcm complex (13, 17). In agreement with these finding we
found that high concentrations of Cdk2-cyclin E in the S-phase
nucleus is not responsible for the phosphorylation of Mcm4 on
the chromatin or in the nucleoplasm (Fig. 6C and unpublished
data). Thus, there seems to be no evidence that the Mcm4
protein (and probably other Mcm subunits as well) is a sub-
strate for the Cdk2-cyclin E kinase. On the other hand, the
Cdc2-cyclin A kinase has recently been reported to phosphor-
ylate the Xenopus Mcm4 protein in vitro and apparently on the
same sites as the Cdc2-cyclin B kinase (13). Although the
phosphopeptide map was not included in this report, we an-
ticipate that the targeted peptides are peptides a, b, c, and
possibly g as described in Fig. 3B. Considering that the Cdc2-
cyclin B and Cdc2-cyclin A use the same Mcm4 phosphoryla-
tion sites and the kinase activity of Cdc2-cyclin A is rather low
in mitotic extracts (28, 34) we believe that Cdc2-cyclin B is

more likely to play a role in the mitotic hyperphosphorylation
of the Mcm4 protein. Finally, our previous report that the
addition of a constitutively active cyclin B mutant (D90) to an
interphase extract lacking any endogenous cyclin A or cyclin B
induces the mitotic hyperphosphorylation and mobility shift of
the Mcm4 protein certainly supports the idea that Cdc2-cyclin
A is not required for the hyperphosphorylation of Mcm4 (8).
The results from this experiment also support the idea that the
activity of the unknown Mcm4 mitotic kinase(s) is Cdc2-cyclin
B dependent.

The observation that the Mcm4 subunit of the mitotic Mcm
complex is highly phosphorylated raises the question of func-
tional significance. Because the mitotic phosphorylation of the
Xenopus or human Mcm proteins correlates with the proteins
not being bound to the chromatin, it has been proposed that
such phosphorylation regulates the chromatin binding of the
Mcm proteins. In the Xenopus system the experimental data
accumulated so far are conflicting. While addition of Cdc2-
cyclin B has been reported to release Mcm from the chromatin
in one study (17), the addition of MPF activity or purified
Cdc2-cyclin B to prebound Mcm chromatin did not displace
the Mcm protein in other studies (13, 22). Furthermore, it has
been shown that mitotic Xenopus extract contains an active
RLFM fraction (i.e., Mcm proteins fraction) and that the bind-
ing activity of this fraction is regulated by the presence of an
inhibitor and not necessarily by the phosphorylation of the
Mcm4 protein (26). Based on the data reported here, we be-
lieve that the phosphorylation of the Mcm4 protein at mitosis
could be a preactivation step for the binding of the Mcm
complex to the pre-Rcs. As a preactivation step, the mitotic
phosphorylation of Mcm4 would ensure that a few key sites
would remain phosphorylated in the active form of the inter-
phase Mcm complexes that bind chromatin. Our finding that
the partial dephosphorylation of the Mcm4 protein at the exit
from mitosis creates a transient active Mcm complex contain-
ing the Mcm4:band-2 isoform supports this hypothesis. Unrav-
eling the role of Mcm4 mitotic phosphorylation will require the
identification and mutation of the phosphorylation sites in-
volved. Generation of mutant proteins which are nonphos-
phorylatable or that mimic constitutive phosphorylation should
definitively establish if the mitotic Mcm4 hyperphosphoryla-
tion is either a preactivation or an inactivation step regulating
the binding of the Mcm complex to the chromatin. The inac-
tivation of the Mcm interphase complex resulting from total
dephosphorylation of the Mcm4 subunit could explain why the
licensing activity of an interphase extract decreases with time
after Ca21 activation (26). While the physiological relevance of
the cytoplasmic inactivation of the Mcm proteins during S

FIG. 7. Tryptic phosphopeptide maps of the chromatin-bound Mcm4 and cytosolic Mcm4:band-2 isoforms. The phosphorylation of the Mcm protein on the
chromatin and of the mitotic Mcm4:band-3 was performed as described in Fig. 6B and 3B, respectively. The 32P-labeled Mcm4:band-2 isoform was obtained by partial
dephosphorylation of the mitotic 32P-labeled Mcm4:band-3 following the addition of 0.4 mM CaCl2 to a mitotic extract. Two-dimensional tryptic phosphopeptide
mapping of each of the three Mcm4 phosphoisoforms are shown in panel 1 (Mcm4:band-3), panel 2 (Mcm4:band-2), and panel 3 (chromatin-bound Mcm4).
Electrophoretic separation was performed along the horizontal axis, and ascending chromatography was done along the vertical axis.
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phase is unknown, we speculate that it may be important in the
prevention of rereplication events. This cytoplasmic mecha-
nism would coexist with other nuclear mechanisms that also
prevent pre-Rc assembly. Inactivation of the cytoplasmic Mcm
complex might be important for the early embryonic Xenopus
cell cycle since the amount of Mcm proteins in the nucleus
during S phase represents only a few percent of the total Mcm
protein accumulated during oogenesis. It remains to be seen if
such an inactivation mechanism is also present in other organ-
isms. Finally, it is interesting to note that while the initial
binding of the Mcm complex is inhibited by the dephosphor-
ylation of the Mcm4 subunit, the release of the Mcm complex
from the chromatin is not observed when dephosphorylation of
the Mcm4 subunit occurs on the chromatin. Assuming that the
Mcm complex acts as a DNA clamp, we can envision that the
dephosphorylation of the complex prevents the opening of the
clamp and thereby prevents the loading and unloading of the
Mcm complex from the chromatin. Another way in which
phosphorylation and dephosphorylation could regulate loading
and unloading of Mcm proteins is by affecting the interaction
of Mcm proteins with other factors, such as loading (e.g.,
Cdc6) or unloading factors.

While the Mcm4 subunit undergoes dephosphorylation in
the interphase cytosol, the Mcm2 and the Mcm3 or Mcm6
subunits are actively phosphorylated. The phosphorylation of
these proteins might be required for the formation of an active
Mcm complex, but it is certainly not sufficient since these
proteins are also phosphorylated in the inactive complex con-
taining the Mcm4:band-1 dephosphorylated isoform. The ki-
nases responsible for the phosphorylation of these subunits
during interphase are unknown but are not Cdk2-cyclin E or
the Cdc7 kinase. So far we have not been able to show inter-
action between the soluble interphase Mcm complex and the
Cdc7 kinase which has been reported to phosphorylate in vitro
some of the Mcm proteins. Using antibodies specific for
Mcm4, Mcm2, Mcm3, or Cdc7, we have not been able to
reproduce the coimmunoprecipitation data reported recently
by Roberts et al. (35). Furthermore, we observed that deple-
tion of Cdc7 protein from an interphase extract does not affect
the phosphorylation of Mcm2, Mcm3, or Mcm6 subunits in the
isolated Mcm complex. A recent study reported that in S.
cerevisiae the chromatin association of the Dbf4 protein, the
Cdc7 regulatory subunit, is dependent on ORC but not on
Cdc6 or the Mcm proteins (31). This raises the possibility that
an interaction between the Xenopus Cdc7 kinase and Mcm
proteins might only occur on the chromatin and not in the
interphase cytosol. Although this possibility needs to be further
investigated, it would be consistent with the presumptive role
of the Cdc7 kinase in the activation of the pre-Rcs and not in
their assembly.

Interestingly, the phosphorylation state of the Mcm proteins
also varies during S phase, based on their association with the
chromatin. We clearly show that the Mcm4 subunit is dephos-
phorylated in the interphase cytoplasm but becomes phosphor-
ylated on the chromatin during S phase. By contrast, the Mcm3
or Mcm6 proteins are phosphorylated in the soluble interphase
complex and dephosphorylated on the replicative chromatin.
We have also shown that the Mcm2 protein bound to chroma-
tin is phosphorylated but our data cannot distinguish between
an active phosphorylation on the chromatin or the binding and
stabilization of an already phosphorylated protein that was
initially phosphorylated in the cytosol. Finally, our data indi-
cate that the phosphorylation of Mcm4 on the chromatin oc-
curs after establishment of the pre-Rcs. It requires the assem-
bly of a nuclear membrane and probably the transport of a
critical factor into the nucleus. It is independent of Cdk2-cyclin

E kinase, or any cyclin A- and cyclin B-associated kinase ac-
tivities. It is also unaffected by the presence of aphidicolin, an
inhibitor of DNA polymerases, in the extract. Therefore, phos-
phorylation of Mcm4 on the chromatin seems to occur during
the activation step of initiation and to precede the elongation
step of DNA replication. Furthermore, it seems to occur in-
dependently of Cdc45 binding to the chromatin, an event
which is Cdk2-cyclin E dependent. The role of Mcm4 and
perhaps Mcm2 phosphorylation, while they are bound to chro-
matin, is presently unclear. Among different possibilities, it
could facilitate the binding of other proteins involved in down-
stream initiation events or the disassembly of the pre-Rcs dur-
ing S phase. Further experiments are required to explore these
possibilities. Another point of interest is the identification of
the responsible kinase. According to our results this kinase is a
nuclear serine/threonine kinase that phosphorylates the Mcm4
and possibly Mcm2 subunits of the Mcm complex during the
activation step of the pre-Rcs. Among the two identified ki-
nases required for pre-Rcs activation, we showed that Cdk2-
cyclin E is not responsible for the phosphorylation of the Mcm
proteins on the chromatin. Therefore, it is tempting to postu-
late that the other pre-Rc activating kinase, Cdc7-Dbf4, is the
relevant kinase. This possibility is supported by genetic evi-
dence indicating a close relationship between the Cdc7-Dbf4
kinase and the Mcm proteins and also by biochemical evidence
showing that the Cdc7-Dbf4 kinase is able to phosphorylate
several Mcm proteins in vitro. We are actively investigating this
possibility. Overall, our results indicate that the Mcm4 subunit
of the Xenopus Mcm complex is the major target for phosphor-
ylation during the cell cycle. These phosphorylation changes of
the Mcm4 protein regulate pre-Rc assembly and probably their
function on the chromatin.
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