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In Saccharomyces cerevisiae, the heteromeric kinase complex Cdc7p-Dbf4p plays a pivotal role at replication
origins in triggering the initiation of DNA replication during the S phase. We have assayed the kinase activity
of endogenous levels of Cdc7p kinase by using a likely physiological target, Mcm2p, as a substrate. Using this
assay, we have confirmed that Cdc7p kinase activity fluctuates during the cell cycle; it is low in the G1 phase,
rises as cells enter the S phase, and remains high until cells complete mitosis. These changes in kinase activity
cannot be accounted for by changes in the levels of the catalytic subunit Cdc7p, as these levels are constant
during the cell cycle. However, the fluctuations in kinase activity do correlate with levels of the regulatory
subunit Dbf4p. The regulation of Dbf4p levels can be attributed in part to increased degradation of the protein
in G1 cells. This G1-phase instability is cdc16 dependent, suggesting a role of the anaphase-promoting complex
in the turnover of Dbf4p. Overexpression of Dbf4p in the G1 phase can partially overcome this elevated turn-
over and lead to an increase in Cdc7p kinase activity. Thus, the regulation of Dbf4p levels through the control
of Dbf4p degradation has an important role in the regulation of Cdc7p kinase activity during the cell cycle.

The initiation of DNA replication in Saccharomyces cerevi-
siae can be divided into at least two fundamental stages that
are tightly coordinated with the cell cycle (reviewed in refer-
ences 19, 21, and 64). In the first stage, as cells complete the M
phase and enter the G1 phase, initiation proteins are assem-
bled at chromosomal origins (16), making them competent to
initiate DNA replication (15, 50). At the core of this preini-
tiation complex is the origin recognition complex (ORC) (4),
which is constitutively bound to origins throughout the cell
cycle (3). The assembly is thought to involve the ordered re-
cruitment of Cdc6, followed by a family of six minichromosome
maintenance proteins (Mcm2p to Mcm7p) to the ORC-origin
complex (3, 8, 59). Another initiation factor, Cdc45p (23, 30,
48, 69), is also thought to be recruited to the preinitiation
complex at this time (3). Later, when cells pass through the G1
commitment point Start and begin to enter the S phase, the
preinitiation complex is thought to be activated by the action of
at least two kinases: the cyclin-dependent kinase (CDK)
Cdc28, in association with B-type cyclins called Clbs (53), and
Cdc7 (reviewed in reference 55).

Cdc7p is a serine/threonine kinase (29, 66) that is essential
for the initiation of DNA replication (7, 25, 49). In the absence
of Cdc7p function, cells assemble preinitiation complexes at
origins but cannot trigger them to initiate DNA synthesis (16)
and hence arrest in the late G1 phase. More recently, Cdc7p
has been shown to be required throughout the S phase to
trigger late origins as well as those that fire early, at the be-
ginning of the S phase (5, 18). A point mutation in the putative
ATP-binding site abolishes Cdc7p function, indicating that ki-
nase activity is required for its function (7, 29). Homologs of
CDC7 have recently been identified and cloned for a number
of organisms (28, 34, 37, 46, 51), including Schizosaccharomy-

ces pombe, Xenopus laevis, mice, and humans, suggesting that
the regulatory function of CDC7 in replication initiation has
been conserved in evolution.

CDC7 interacts genetically with a putative regulatory sub-
unit encoded by DBF4. High-copy expression of either gene
suppresses temperature-sensitive mutations in the other, and
temperature-sensitive mutations of the two are synthetically
lethal (41). Like CDC7, DBF4 is essential for DNA replication,
and cells lacking DBF4 function have an arrest phenotype
similar to that of cells lacking CDC7 function (35). Moreover,
Cdc7p and Dbf4p interact in a two-hybrid assay (33), and
Dbf4p function is needed for Cdc7p kinase activity on histone
H1 (33). Together, these data suggest that the active Cdc7p ki-
nase required for replication initiation in vivo is a heteromeric
Cdc7p-Dbf4p complex. Recent purification of such a complex
from S. pombe supports this notion (6). A one-hybrid inter-
action of Dbf4p with the ARS1 origin suggests that Dbf4p
may direct Cdc7p kinase to the origin (20). At the origin, the
Cdc7p-Dbf4p complex may phosphorylate a key target(s) as-
sembled in the preinitiation complex to trigger initiation in the
S phase.

Leading candidates for the critical target(s) of the Cdc7p
kinase include the Mcm family of proteins. The six proteins in
this highly conserved family are each essential for DNA repli-
cation (11, 13, 22, 26, 27, 42, 45, 47, 58, 65) and have been
shown to form heteromeric complexes containing all six pro-
teins in several species (1, 61). Mcm proteins tightly associate
with chromatin in the G1 phase and gradually dissociate as the
S phase proceeds (3, 38, 42, 59). In S. cerevisiae, the Mcm
proteins are incorporated into preinitiation complexes at rep-
lication origins (3, 59) and are thought to play a key role in
initiation. Genetic studies with budding yeast have established
a connection between the replication functions of Cdc7p-Dbf4p
and Mcm proteins. An allele of mcm5 can suppress deletions
of CDC7 and DBF4 (24), and an allele of dbf4 can suppress a
conditional allele of mcm2 (44). Biochemical studies suggest
that these proteins share a kinase-substrate relationship. Bud-
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ding yeast Cdc7p-Dbf4p expressed and purified from baculo-
virus-infected cells phosphorylates fusions of Mcm2p, Mcm3p,
Mcm4p, and Mcm6p with glutathione S-transferase (GST)
(44). The fission yeast homolog Hsk1p-Dfp1p also has been
purified and has been shown to phosphorylate a heteromeric
Mcm complex purified from fission yeast and containing all six
Mcm proteins (6). These data suggest the possibility that the
Cdc7p-Dbf4p complex helps to trigger initiation at replication
origins by phosphorylating one or more subunits of the Mcm
complex in the preinitiation complex.

This putative role of Cdc7p kinase suggests that one poten-
tial way to control the onset of the S phase is to regulate Cdc7p
kinase activity during the cell cycle. Previous studies monitor-
ing the kinase activity of overexpressed Cdc7p protein on a
nonphysiological substrate, calf thymus histone H1, have de-
tected fluctuations of Cdc7p kinase activity during the cell
cycle (33, 67). To examine the regulation of this activity in
more detail, we have developed an assay that uses a potential
physiological substrate, GST-Mcm2p, to monitor endogenous
levels of Cdc7p kinase activity during the cell cycle. Using this
assay, we confirm that Cdc7p kinase activity is periodic during
the cell cycle. It is low during the G1 phase and rises as cells
pass the G1 commitment point Start and enter the S phase.
The activity remains high through the S phase and declines
some time during mitosis. This periodicity is not due to fluc-
tuations in Cdc7 protein levels, which remain constant during
the cell cycle. Instead, levels of Cdc7p kinase activity correlate
with Dbf4 protein levels. The changes in Dbf4p levels can be
accounted for in part by changes in Dbf4p stability. The pro-
tein is most unstable in the G1 phase, when steady-state levels
are lowest. This G1-phase turnover involves the anaphase-
promoting complex (APC), which targets various cell cycle-
regulated substrates for degradation by ubiquitination (re-
viewed in reference 62) and is dependent on the APC subunit
Cdc16p. Overexpression of Dbf4p in the G1 phase can partially
counteract this high turnover, increasing Dbf4p levels and ec-
topically inducing Cdc7p kinase activity. These results suggest
that the regulation of Dbf4p levels plays a significant role in the
regulation of Cdc7 kinase activity during the cell cycle.

(This work was submitted in partial fulfillment of the doc-
toral dissertations of G. Oshiro and Y. Shellman at the Uni-
versity of Colorado. This work was also submitted in partial

fulfillment of the doctoral dissertation of J. C. Owens at the
University of California, San Francisco.)

MATERIALS AND METHODS

Media, strains, plasmids, and proteins. Yeast strains were grown in yeast
extract-peptone (YEP) with 2% dextrose or in synthetic defined minimal me-
dium supplemented with 2% dextrose or 2% raffinose. All strains were grown at
30°C unless otherwise indicated. All strains and plasmids used in this study are
presented in Table 1. For analysis of the budding index, cells with a bud diameter
less than 50% that of the mother cell were scored as small-budded cells, whereas
those with a bud diameter greater than 50% that of the mother cell were scored
as large-budded cells. In our strains, the appearance of small buds coincided with
the onset of replication.

Plasmid pYQ117 was constructed by ligating two oligonucleotides, GAT CCT
ACC CAT ACG ACG TCC CAG ACT ACG CG and AAT TCG CGT AGT
CTG GGA CGT CGT ATG GGT AG, into the BamHI-EcoRI sites of
pYES2HisA (Invitrogen). Plasmid pYQ118 was constructed by ligating a 2.3-kbp
SalI-XbaI DBF4 fragment into the XhoI-XbaI sites of pYQ117. The SalI site was
previously introduced 19 bp upstream of the initiation ATG codon of DBF4 by
in vitro mutagenesis with oligonucleotide TTG GTT CAT ATG TCG ACA
GGA AAG ACG AAA ATG. All plasmid sequences were verified by direct
sequence analysis.

Epitope-tagged CDC7 was produced by first cloning a HindIII-HaeII genomic
fragment of CDC7 into the HindIII-SacI sites of pRS306 (HaeII and SacI were
blunt) to form pTW004. A unique NotI restriction site was then introduced by
inserting 9 nucleotides (GGC GGC CGC) immediately upstream of the termi-
nation codon of CDC7 to produce plasmid pJO31. Three tandem repeats of a
NotI fragment (a gift from A. Sil, University of California, San Francisco)
carrying three direct repeats of the c-myc epitope were inserted into the NotI site
in frame with the CDC7 open reading frame of pJO31, resulting in plasmid
pJO36. The nine-myc-tagged CDC7 gene (CDC7-myc9) was substituted for the
wild-type copy of YJL310 by two-step gene replacement, resulting in strain
YJO235. The desired replacement was confirmed by PCR analysis of genomic
DNA.

The GST-Mcm fusion proteins were purified from yeast essentially as previ-
ously described (44). Briefly, plasmids expressing the various GST-Mcm fusion
proteins under the control of the GAL1 promoter (generously provided by B.
Tye and Y. Kawasaki) were introduced into YJL312. After galactose induction
for 4 h, extracts were made from these cells and incubated with glutathione-
agarose beads for 1 to 2 h. The beads were loaded onto a column, washed with
10 volumes of wash buffer, and eluted with glutathione. The fractions were
analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE), and the peak fractions were pooled and dialyzed. Proteins prepared
this way were .95% pure. Some preparations contained a smaller GST fusion
protein apparently derived from the full-length fusion protein.

Immunoprecipitation of Cdc7 from yeast cells. Fifty milliliters of log-phase
cells was grown to an optical density at 600 nm of approximately 1.5, which is
about 5 3 107 cells per ml. Cells were collected by centrifugation and transferred
to 1.5-ml screw-cap tubes. Lysis buffer (50 mM Tris [pH 7.6], 1% Nonidet P-40,
5 mM EDTA, 100 mM NaCl, 4 mM EDTA, 1 mM phenylmethylsulfonyl fluoride,
1 mg of leupeptin per ml, 10 mg of aprotinin per ml, 2 mM benzamidine, 1 mg of

TABLE 1. Yeast strains and plasmids

Strain or plasmid Genotype Source or reference

Strains
YJO235 MATa CDC7-myc9 leu2-3,112 ura3-52 trp1-289 bar1::LEU2 This study
YJL310 MATa leu2-3,112 ura3-52 trp1-289 bar1::LEU2 This study
YJO280 MATa CDC7-myc9 leu2-3,112 ura3-52 trp1-289 bar1::LEU2 dbf4-1 This study
GOY244 MATa ura3 trp1 can cdc16-1 pep4 prb1 1 pYQ117 This study
GOY263 MATa YJO235 1 pYQ117 This study
GOY264 MATa YJO235 1 pYQ118 This study
237 MATa bar1 his6 ura3 trp1 leu2 cyh2 can1 ade1 This study
271 MATa his6 bar1 trp1-289 can1 sap3 cdc16-1 This study

Plasmids
pYQ117 pYES2-His-HA This study
pYQ118 pYES2-His-HA-DBF4 This study
pJO36 pRS306-CDC7-myc9 This study
pEG.MCM2 GST-MCM2 44
pEG.MCM3 GST-MCM3 44
pEG.MCM4 GST-MCM4 44
pEG.MCM5 GST-MCM5 44
pEG.MCM6 GST-MCM6 44
pEG.MCM7 GST-MCM7 44

VOL. 19, 1999 CELL CYCLE CONTROL OF Cdc7p KINASE ACTIVITY 4889



pepstatin A per ml) (0.5 ml) was added to the cell pellet along with 500 ml of
0.5-mm glass beads (Biospec Products, Bartlesville, Okla.). Cells were lysed by
agitation in a Mini-Beadbeater-8 (Biospec Products) with three 1-min bursts
interspersed by 1-min intervals on ice. The bottom of each tube was punctured
by a needle, and the cell lysate was collected by spinning into a new Eppendorf
tube. The lysates were then spun at 14,000 3 g for 15 min at 4°C. The soluble
protein was quantitated by a Bradford assay (Bio-Rad). Approximately 1 mg of
protein was added to a solution containing 200 ml of lysis buffer, 40 ml of 1:1
protein G-Sepharose (Pharmacia) in lysis buffer, and 2 ml of 9E10 (anti-Myc)
monoclonal antibody ascitic fluid. The reaction mixtures were incubated at 4°C
with end-over-end rotation for 1 to 4 h. Immune complexes were washed three
times with lysis buffer containing 0.5 M NaCl.

Cdc7 protein kinase assays. Anti-Myc immune complexes were washed once
with kinase buffer (15 mM MgCl2, 50 mM Tris [pH 7.6]) to remove detergents
present in the lysis buffer. To these immunoprecipitates was added 30 ml of
kinase buffer plus ATP (50 mM Tris, 15 mM MgCl2, 10 mM ATP, 5 mCi of
[g-32P]ATP [6,000 Ci/mmol]) and 1 mg of substrate. Reaction mixtures were
incubated at 30°C for 20 min unless otherwise indicated, and reactions were
stopped by adding 10 ml of 43 SDS sample buffer (33) and boiling for 5 min. The
reaction components were resolved by SDS-PAGE and transferred to nitrocel-
lulose, and phosphorylation was analyzed by either autoradiography or Phos-
phorImager analysis (Molecular Dynamics). Quantitation of Cdc7p-Myc9
(Cdc7p tagged with nine tandem repeats of the c-Myc epitope) and Dbf4p was
performed by immunoblotting with anti-Myc monoclonal antibody ascitic fluid
(9E10) and rabbit anti-Dbf4 polyclonal antibodies, respectively. The assay is
linear with respect to the amount of Cdc7p immunoprecipitated in that more
phosphorylation is observed when increasing amounts of Cdc7-Myc9 are immu-
noprecipitated.

Cell cycle synchrony. Cell cycle synchrony was accomplished with MATa bar1
strains grown to the early log phase in YEP with 2% dextrose. Cultures were
treated with a-factor (50 ng/ml) at 30°C for 2 h to allow cells to accumulate in the
G1 phase (.95% unbudded). Cells were released from the arrest by filtration
through 0.8-mm-pore-size filters, washing with five culture volumes of fresh
medium, and resuspension in fresh prewarmed medium. At 15-min intervals
after the release, aliquots of cells were removed, washed with water, pelleted,
and frozen in liquid nitrogen. The frozen cell pellets were used for Cdc7-Myc9-
specific immunoprecipitation as described above. The culture was maintained in
mid-exponential growth by monitoring the cell density and adding fresh pre-
warmed medium as necessary. Progression through the cell cycle was monitored
by bud morphology and flow cytometry.

Cell cycle arrest by inhibitory drugs. Cultures were incubated in the presence
of one of the following inhibitory drugs at 30°C for 2 h: 100 nM a-factor (G1
phase), 10 mg of hydroxyurea (HU) per ml (S phase), or 10 mg of nocodazole per
ml (G2/M phase). Cells arrested by HU are blocked throughout the S phase,
while cells released by a-factor into HU are arrested at the G1/S-phase boundary
(33). Cells were harvested for kinase assays as described above. For immuno-
blotting, cells were harvested by centrifugation, washed with one culture volume
of SCE (33), resuspended in 13 SDS sample buffer to a final concentration of
2 3 108 cells/ml, and boiled for 5 min.

Analysis of Dbf4p stability. Cells were grown in YEP with 2% raffinose and
arrested at specific points in the cell cycle by the use of inhibitory drugs as
described above. The expression of HA-DBF4 from the GAL1 promoter was
briefly induced by the addition of 2% galactose to the medium for 90 min. The
expression of HA-DBF4 was then shut off by the addition of 2% glucose to
repress the GAL1 promoter and cycloheximide (10 mg/ml) to inhibit protein
synthesis. Samples were taken at 5-min intervals following the shutoff of Dbf4p
expression, and protein extracts were prepared as described above. The protein
samples were resolved by SDS-PAGE, transferred to nitrocellulose, and probed
with antihemagglutinin (HA) monoclonal antibody ascitic fluid (12CA5) at
1:2,000.

APC inactivation experiment. Cells were first arrested in a-factor for 3 h at
22°C. Cells were then shifted to the restrictive temperature of 37°C, and aliquots
were taken at 15-min intervals. Samples were prepared for immunoblot analysis
as described above.

Dbf4p stabilization experiment. Cells were first arrested in 3 mM a-factor for
3 h at 22°C. Galactose (2%) was added to the cells to induce the ectopic
expression of HA-DBF4 driven by the GAL1 promoter. Cells were incubated for
30 min at 22°C to allow the expression of HA-DBF4. Cells were then shifted to
36°C for an additional 30 min to allow for the inactivation of cdc16. The expres-
sion of HA-DBF4 was then shut off by the addition of 2% glucose to repress the
GAL1 promoter and cycloheximide (10 mg/ml) to inhibit protein synthesis. Sam-
ples were taken at 5-min intervals following the shutoff of Dbf4p expression, and
protein extracts were prepared as described above. The protein samples were
resolved by SDS-PAGE, transferred to nitrocellulose, and probed with anti-HA
monoclonal antibody ascitic fluid (12CA5) at 1:2,000.

Ectopic expression of DBF4. Cells grown in YEP with 2% raffinose were
arrested by a-factor, HU, or nocodazole as described above. After 2 h in the
presence of the drug, 2% galactose or 2% glucose was added to the cells to either
induce or repress the ectopic expression of HA-DBF4 driven by the GAL1
promoter. Extracts were prepared as described above for immunoprecipitations
with anti-Myc antibodies, kinase assays, and immunoblots as described above.
Parallel samples were taken for analysis by flow cytometry (48).

RESULTS

In order to investigate the regulation of Cdc7p in budding
yeast cells, we constructed a strain (YJO235) in which nine
tandem repeats of the c-Myc epitope (Myc9) were fused to the
C terminus of the endogenous Cdc7 protein. The cells grew
with the same kinetics and exhibited the same flow cytometry
profile as cells of the congenic wild-type strain (YJL310) with-
out the tag (data not shown), indicating that tagged Cdc7p was
fully functional. The Myc9 tag allowed us to detect endogenous
levels of Cdc7p by immunoblot analysis and to efficiently im-
munoprecipitate endogenous Cdc7p for kinase assays. GST-
Mcm2p has been reported to be a substrate of budding yeast
Cdc7p kinase purified from baculovirus-infected cells (44). An-
ti-Myc immunoprecipitates from YJO235 extracts were incu-
bated with [g-32P]ATP, and GST-Mcm2p was affinity purified
from yeast cells, subjected to SDS-PAGE, and autoradio-
graphed. Both full-length GST-Mcm2p and a smaller break-
down product in the fusion protein preparation were radiola-
beled (Fig. 1A). These phosphorylated products were not
observed when immune complexes were prepared from ex-
tracts of an untagged strain (YJL310), when anti-Myc antibod-
ies were omitted from the immunoprecipitation, or when pu-
rified GST-Mcm2p was not added to the kinase reaction (Fig.
1A). These results demonstrate that the phosphorylation of
GST-Mcm2p observed in our kinase assay is dependent on
Cdc7p kinase.

To further verify that we were assaying Cdc7p kinase activ-
ity, we tagged Cdc7p with Myc9 in a temperature-sensitive
dbf4-1 strain (YJO280). Dbf4p has previously been shown to
be required to detect Cdc7p kinase activity in cells overexpress-
ing Cdc7p with calf thymus histone H1 as a substrate (33). Cell
lysates were made from DBF4 and dbf4-1 Myc9-tagged strains
grown at the permissive temperature (22°C) and were assayed
for Cdc7p kinase activity at 22°C. No phosphorylation of GST-

FIG. 1. Protein kinase assay of endogenous Cdc7p levels. (A) Immune com-
plexes from asynchronous CDC7 and CDC7-myc9 cell lysates were assayed for
kinase activity against GST-Mcm2p at 30°C, resolved by SDS-PAGE, and auto-
radiographed. Assays were done in the presence (1) or absence (2) of GST-
Mcm2p or antibodies (Ab) against the Myc epitope. (B) Immune complexes
from CDC7-myc9 DBF4 and CDC7-myc9 dbf4-1 lysates made from cells which
were released at 22°C from an a-factor block into medium containing HU were
assayed for kinase activity against GST-Mcm2p at 22°C, resolved by SDS-PAGE,
and autoradiographed.
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Mcm2p was observed in kinase assays performed with extracts
of the dbf4-1 strain (Fig. 1B). Thus, we conclude that we are
specifically monitoring Cdc7p kinase activity in this assay.

Several fainter phosphorylated proteins migrating between
the full-length GST-Mcm2p protein and its breakdown prod-
uct were also generated in the kinase assay. These radiolabeled
products were observed in the absence of added GST-Mcm2p
but otherwise had the same dependencies as the phosphory-
lated GST-Mcm2p product. Because they comigrated with
Cdc7p-Myc9 and Dbf4p, we suspect that they resulted from
phosphorylation of either or both proteins by the Cdc7p-Dbf4p
complex.

Genetic (24, 44) and biochemical (6, 44, 51) studies have
suggested that the Mcm family of proteins is an in vivo target
of Cdc7p kinase in the initiation of DNA replication. These
proteins form a heteromeric complex (1, 61) that is incorpo-
rated into preinitiation complexes at replication origins (3, 59)
before Cdc7p triggers origin firing. Exactly which, if any, of
these proteins is phosphorylated by Cdc7p kinase in vivo is
unknown. Budding yeast Cdc7p kinase purified from baculo-
virus-infected cells has been reported to phosphorylate GST-
Mcm2p, GST-Mcm3p, GST-Mcm4p, and GST-Mcm6p but not
GST-Mcm5p or GST-Mcm7p in vitro (44), raising the possi-
bility that multiple subunits of the Mcm complex may be tar-
geted by the Cdc7p kinase in vivo. We wanted to reexamine the
question of Mcm substrate preference in vitro by using our
Cdc7p kinase assay. Unlike the purified Cdc7p kinase assay
discussed above, this assay examines endogenous Cdc7p kinase
complexes formed in yeast cells and can be readily performed
with mutant kinase complexes (in the dbf4-1 strain back-
ground) to ensure that the assay is specific for Cdc7p kinase.
We purified each of the Mcm proteins individually from yeast
as GST fusion proteins by using the same expression constructs
as those used in the baculovirus Cdc7p kinase experiments (44)
and tested them as substrates for Cdc7p kinase. Only GST-
Mcm2p was phosphorylated in this in vitro kinase assay (Fig.
2). GST-Mcm3p and GST-Mcm4p are capable of being phos-
phorylated by Cdc28p kinase complexes (data not shown), in-
dicating that at least some of these substrates are capable of
being recognized and phosphorylated by another kinase. In
light of this substrate specificity, GST-Mcm2p was used as a
substrate for Cdc7 kinase complexes in the remainder of this
study.

To determine whether the activity of the endogenous Cdc7p
kinase is cell cycle regulated, we used our assay to monitor
Cdc7p kinase activity in synchronous cultures of cycling cells
(Fig. 3). Previous studies have demonstrated that the Cdc7p
level is constant but that kinase activity is periodic during the
cell cycle; these studies examined the activity of overexpressed

levels of Cdc7p with a very inefficient and nonphysiological
substrate, histone H1 (33, 67). We synchronously released
CDC7-myc9 cells (YJO235) from a-factor-induced G1-phase
arrest and monitored them for nearly two cell cycles. Aliquots
of cells were sampled at 15-min intervals and analyzed for
Cdc7p kinase activity, Cdc7p levels, and Cdc7p-associated
Dbf4p levels (Fig. 3B and C). Cell cycle position and cell
synchrony were assessed by use of budding indices (Fig. 3A)
and DNA content (data not shown). Cdc7p kinase activity
starts off low in a-factor-arrested cells, begins to increase
within 15 min after release, and peaks after 45 min. The peak
of activity coincides with the onset of DNA replication, as
suggested by the peak of small budded cells present at this time
point; this finding was confirmed by flow cytometric analysis of
DNA content (data not shown). At 75 min, when cells are
undergoing mitosis and beginning to enter the next cell cycle,
Cdc7p kinase activity drops back to starting levels. They in-
crease again in the second cell cycle as cells begin to bud and
replicate again, but the loss of synchrony makes it difficult to
assess the precise timing of this second burst of activity. Taken
as a whole, our data indicate that endogenous Cdc7p kinase

FIG. 2. Cdc7p kinase phosphorylates Mcm2p but not other Mcm proteins in
vitro. (Upper panel) Immune complexes from asynchronous CDC7-myc9 cell
lysates prepared in the presence (1) or absence (2) of antibodies (Ab) against
the Myc epitope were assayed for kinase activity against GST-Mcm2p, GST-
Mcm3p, GST-Mcm4p, GST-Mcm5p, GST-Mcm6p, and GST-Mcm7p at 30°C,
resolved by SDS-PAGE, and autoradiographed. (Lower panel) Coomassie blue
stain of the same gel showing the GST fusions.

FIG. 3. Cdc7p kinase activity and Dbf4 protein levels fluctuate in cycling
cells. CDC7-myc9 cells were synchronously released from an a-factor arrest. (A)
Cell synchrony was evaluated by determining the percentage of unbudded, small-
budded, and large-budded cells. (B) Lysates were made at various times. Im-
mune complexes were prepared and assayed for Cdc7p kinase activity against
GST-Mcm2p at 30°C. Reactions were resolved by SDS-PAGE, transferred to ni-
trocellulose, immunoblotted with anti-Dbf4 antibodies (upper panel), developed
by autoradiography to monitor GST-Mcm2p phosphorylation (middle panel),
and reprobed with antibodies against the Myc epitope to detect Cdc7p in the
immunoprecipitates (lower panel). (C) Cdc7p kinase activity was quantified on a
PhosphorImager and normalized for the amount of Cdc7-Myc9 protein in each lane.
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activity is cell cycle regulated, being low in G1-phase cells and
increasing as cells enter the S phase.

The fluctuation in Cdc7p kinase activity was not due to
fluctuations in Cdc7p levels, as constant amounts of the protein
were immunoprecipitated by anti-Myc antibodies (Fig. 3B,
lower panel). In other, similar experiments, Cdc7p levels were
shown to be constant with respect to those of a control protein,
glucose-6-phosphate dehydrogenase (G6PD), analyzed on the
same immunoblot (data not shown). Thus, the specific activity
of Cdc7p kinase must change during the cell cycle. Interest-
ingly, the changes in the specific activity of Cdc7p kinase cor-
responded to the changes in the amount of Dbf4p coimmuno-
precipitating with Cdc7p (Fig. 3B, upper panel), which in turn
mirrored the total levels of Dbf4p in the cells (data not shown).
Given that Dbf4p is necessary for Cdc7p kinase activity on
GST-Mcm2p, these results suggest that the cell cycle regula-
tion of Dbf4p levels is responsible for the regulation of Cdc7p
kinase activity.

The reduction (two- to threefold) in Cdc7 kinase activity
seen in this experiment is not as great as that seen when Dbf4
is completely inactivated (Fig. 1). This is probably due to the
efficiency of the synchrony. Therefore, we measured Cdc7p-
Dbf4p complex levels in arrested cells blocked at a specific
stage of the cell cycle. We made extracts from CDC7-myc9 cells
(YJO235) arrested at various stages of the cell cycle, immuno-
precipitated Cdc7p-Myc9, quantified kinase activity on GST-
Mcm2p (Fig. 4A), and measured Dbf4p levels by immunoblot
analysis (Fig. 4B). Cells arrested by a-factor in the G1 phase
before Start had low levels of Cdc7p kinase activity and small
amounts of Cdc7p-associated Dbf4p. Cells released from this
a-factor block into HU underwent arrest in the early S phase,
at the G1/S-phase boundary (33). Both Cdc7p kinase levels and
Dbf4p levels were high at this point. They remained high in
cells arrested throughout the S phase by HU and in cells
arrested at the G2/M phase by nocodazole. Thus, both Dbf4p
association with Cdc7p and Cdc7p kinase activity are induced

as cells pass Start and enter the S phase and decline some time
during mitosis and entry into the next cell cycle.

Previous reports that the level of DBF4 transcripts is cell
cycle regulated have suggested that cell cycle regulation of
Dbf4p levels could be due to transcriptional regulation (9).
However, a recent genome-wide analysis of budding yeast
mRNA transcript levels across the cell cycle failed to detect
significant fluctuations in DBF4 transcript levels (10, 57). We
have also failed to detect cell cycle fluctuations in DBF4 tran-
script levels by Northern analysis (reference 17 and data not
shown). Thus, we conclude that DBF4 transcript levels are
constant during the cell cycle and cannot account for the
changes in Dbf4p levels that we observed. Instead, the fluctu-
ation in Dbf4p steady-state levels must be due to changes in
the rate of Dbf4p translation and/or changes in the rate of
Dbf4p degradation.

To examine the latter possibility, we analyzed the stability of
Dbf4p at different stages of the cell cycle. Cells expressing
Dbf4p under the control of the galactose-inducible GAL1 pro-
moter (GOY264) were shifted to medium containing glucose
and cycloheximide to transcriptionally repress DBF4 expres-
sion and to block new protein synthesis, respectively. Whole-
cell extracts made every 5 min were separated by SDS-PAGE
and immunoblotted with anti-HA antibodies. Dbf4p is less
stable in cells arrested by a-factor (Fig. 5B) than in asynchro-
nously growing cells (Fig. 5A). Consistent with its role in S-
phase progression, Dbf4p is more stable in HU-arrested cells
(Fig. 5C) and in cells arrested at the G2/M phase by nocod-
azole (Fig. 5D). Thus, Dbf4p is an unstable protein during the
whole-cell cycle, but it is especially unstable in the G1 phase
before Start, when its steady-state levels are lowest.

The regulation of Dbf4p stability during the cell cycle is
reminiscent of the regulation of a number of proteins (e.g.,
Clb2p, Pds1p, and Ase1p) involved in mitosis (12, 36, 63).
These proteins become highly unstable in mitosis and remain
so until cells pass Start in the following G1 phase. This insta-
bility is mediated by the APC, a large multisubunit complex
that targets proteins for proteolysis by facilitating their poly-
ubiquitination (reviewed in reference 62). The ability of the
APC to polyubiquitinate proteins such as Clb2 is regulated
during the cell cycle by a number of different cofactors (52, 56,
63). To determine if the APC is involved in destabilizing Dbf4p
during the G1 phase, we examined the steady-state levels of
Dbf4p following inactivation of the APC. The APC can be
conditionally inactivated by temperature-sensitive mutations in
CDC16, which encodes one of the components of the APC (39,
68). We arrested CDC16 and cdc16-1 cells in the G1 phase by
using a-factor, shifted them to the restrictive temperature at
time zero, and then collected samples every 15 min for analysis
of Dbf4p levels on anti-Dbf4p immunoblots. If the APC is
involved in the destruction of Dbf4p in the G1 phase, inacti-
vation of the APC should lead to an increase in the steady-state
levels of Dbf4p. Such an increase was observed approximately
45 min after the shift to the restrictive temperature in cdc16-1
but not CDC16 cells (Fig. 6). Cells under these conditions
remained in the G1 phase throughout the course of the exper-
iment, as shown by both flow cytometry and budding indices
(data not shown). Others have found that cdc16 mutant cells
treated in a similar manner will eventually bud and enter the S
phase, but only after a prolonged arrest (more than 2 h) (31).

We also analyzed the stability of Dbf4p after Cdc16p inac-
tivation (Fig. 7). Mutant cdc16-1 cells expressing Dbf4p under
the control of the GAL1 promoter (GOY244) were first ar-
rested in the G1 phase by a-factor. The cells were shifted to
glucose-cycloheximide medium to inhibit further Dbf4p ex-
pression, as in the experiment shown in Fig. 5. Dbf4p was then

FIG. 4. Cdc7p kinase activity and Dbf4 protein levels in arrested cells. CDC7-
myc9 cells were arrested with either a-factor (G1), a-factor released into HU
(G1/S), HU (S), or nocodazole (G2/M). (A) Lysates were used in kinase assays
against GST-Mcm2p at 30°C. async, asynchronous cells. (B) In a separate ex-
periment, total cellular Dbf4 protein levels were detected by immunoblotting
with anti-Dbf4 antibodies (upper panel); blots were reprobed with anti-G6PD
antibodies as a loading control (lower panel).
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analyzed by immunoblotting (Fig. 7). In contrast to the results
seen for wild-type cells (Fig. 5), Dbf4p was more stable at the
restrictive temperature, at which Cdc16p is inactivated. Wild-
type cells given the same treatment showed the same instability
of Dbf4p as that shown in Fig. 5 (data not shown). These data
indicate that the APC is required for the degradation of Dbf4p
in G1-phase cells and raise the possibility that regulation of the
APC ubiquitination of Dbf4p may be responsible for the reg-
ulation of Dbf4p stability during the cell cycle.

Although reduced steady-state levels of Dbf4p can clearly
account for the low levels of Cdc7p kinase activity observed in
the G1 phase, cells could also use additional controls to sup-
press kinase activity. If Dbf4p levels are the primary determi-
nant of Cdc7p kinase activity, raising the steady-state levels of
Dbf4p in the G1 phase should lead to the ectopic induction of
Cdc7p kinase activity. On the other hand, if other controls are
used to keep Cdc7p kinase activity in check, Cdc7p kinase
activity should remain low. In order to raise the steady-state
levels of Dbf4p in the G1 phase, we overexpressed DBF4 under
the control of the GAL1 promoter, hoping that the increased
rate of Dbf4p synthesis arising from elevated transcript levels
would counteract the high rate of Dbf4p degradation during
this stage of the cell cycle. As shown in Fig. 8C, the overex-

pression of DBF4 in the G1 phase led to both increased asso-
ciation of Dbf4p with Cdc7p and increased Cdc7p kinase ac-
tivity. Flow cytometry and budding indices verified that the
cells remained arrested in the G1 phase throughout the course
of the experiment (data not shown). Apparently the overex-
pression could not completely overcome the instability of
Dbf4p in the G1 phase, as the amount of Dbf4p associated with
Cdc7p was smaller than that seen for HU-arrested cells ex-
pressing endogenous levels of Dbf4p. Accordingly, Cdc7p ki-
nase activity was proportionally lower, correlating with the
lower level of Dbf4p associated with the kinase. These results
argue that Dbf4p levels are the primary determinant of Cdc7p
kinase activity.

Given the importance of the Cdc7-Dbf4 complex in S-phase
regulation, we investigated whether the ectopic production of
Dbf4p perturbs the cell cycle. Cells of strain GOY264, in which
HA-DBF4 is overexpressed under the control of the galactose-
inducible GAL1 promoter, were grown under either inducing
or repressing conditions. As a control, the same strain with the
plasmid vector (GOY263) was treated similarly. Flow cytom-
etry showed that Dbf4p overexpression leads to a decrease in

FIG. 5. Dbf4 protein stability changes at different points in the cell cycle.
Cells containing a galactose-inducible HA-DBF4 plasmid (GOY264) were grown
in the presence of raffinose and treated with no drug (A), a-factor (B), HU (C),
or nocodazole (NOC) (D) for 2 h. HA-Dbf4p was induced for 90 min by the
addition of galactose. At time zero (0 min), glucose and cyclohexamide were
added to repress HA-DBF4 transcription and block protein synthesis, respec-
tively. Lysates were made at the indicated times, and protein levels were analyzed
by immunoblotting with antibodies against the HA epitope. Blots were reprobed
with anti-G6PD antibodies as a loading control. Async., asynchronous cells.

FIG. 6. Dbf4p degradation in the G1 phase is dependent upon CDC16.
CDC16 (A) and cdc16-1 (B) cells were arrested in the presence of a-factor for 3 h
at 22°C. At time zero (0 min), cultures were shifted to 36°C, and lysates were
made at the indicated times. Dbf4 protein levels were analyzed by immunoblot-
ting with anti-Dbf4 antibodies. Blots were reprobed with anti-G6PD antibodies
as a loading control. Async, asynchronous cells.

FIG. 7. Dbf4 protein stability increases in the absence of Cdc16p function.
cdc16-1 cells were arrested in the presence of a-factor for 3 h at 22°C. HA-Dbf4p
was induced by the addition of galactose, and cells were incubated at 22°C for 30
min. Cells were then shifted to 36°C and incubated for 30 min. At time zero (0
min), glucose and cycloheximide were added to repress HA-DBF4 transcription
and block protein synthesis, respectively. Lysates were made at the indicated
times, and protein levels were analyzed by immunoblotting with antibodies
against the HA epitope. Blots were reprobed with anti-G6PD antibodies as a
loading control.
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the G1-phase population, consistent with a slight acceleration
in the G1/S-phase transition (data not shown). A similar subtle
phenotype is also seen with the mcm5-bob1 mutant (24). These
results demonstrate that the ectopic expression of Dbf4p per-
turbs the cell cycle (24).

DISCUSSION

The initiation of DNA synthesis at eukaryotic replication
origins is tightly controlled during the cell cycle. We have
shown that the activity of Cdc7p kinase, which is essential for
triggering this initiation, is itself cell cycle regulated. In these
experiments, we monitored the activity of endogenous Cdc7p
kinase on a candidate in vivo target, Mcm2p. Our results con-
firm and extend previous reports that the activity of overpro-
duced Cdc7p as assayed on a nonphysiological substrate, his-
tone H1, is cell cycle regulated (33, 67). We observed that
endogenous Cdc7p kinase activity is low in the G1 phase before
Start; during this period, origins are primed for initiation (15,
50) by the assembly of preinitiation complexes in a Cdc7p-
independent manner (16). Cdc7p activity increases dramati-

cally after passage through Start during entry into the S phase,
as would be expected for an activity required to activate
primed origins. The activity remains high through the S phase
and the beginning of mitosis and then drops to G1-phase levels
during mitosis and the transition into the next cell cycle. By
coupling the induction of Cdc7p kinase activity to Start in each
cell cycle, this regulation could help ensure that replication
initiation is dependent on passage through Start.

Our investigation of the basis for this regulation revealed
that changes in the activity of Cdc7p kinase correlate with
changes in the level of its regulatory subunit, Dbf4p. Dbf4p
protein levels are low in the early G1 phase before Start, rise as
cells enter the S phase, and decline sometime during mitosis
and the transition into the next cell cycle. In contrast, endog-
enous levels of Cdc7p protein remain constant throughout the
cell cycle. Disrupting Dbf4p regulation by forced expression of
Dbf4p in G1-phase-arrested cells leads to the ectopic induction
of Cdc7p kinase activity. These results indicate that the regu-
lation of Dbf4p protein levels plays a key and possibly primary
role in the regulation of Cdc7p kinase activity. Furthermore,
the ectopic induction of Cdc7p kinase activity in G1-phase-
arrested cells strongly argues that the S-phase-promoting
CDKs (Cdc28p/Clb5p and Cdc28p/Clb6p), which are not active
at this arrest, are not required for the activation of Cdc7p
kinase. This notion is consistent with the observation that mu-
tation of all CDK consensus phosphorylation sites in Cdc7p
has no effect on CDC7 function in the cells (see reference 55).
Since the S-phase-promoting CDKs conversely can be induced
in the absence of Cdc7p (54), we conclude that the two kinases
required to initiate DNA synthesis at replication origins can be
activated independently of each other.

Contrary to previous reports (9), a genome-wide analysis of
mRNA regulation during the cell cycle (10, 57) and our own
analysis of DBF4 mRNA levels (17) indicate that DBF4 tran-
script levels are relatively constant during the cell cycle. Thus,
changes in Dbf4 protein levels must be due to changes in the
rates of Dbf4p translation and/or Dbf4 degradation. We have
monitored Dbf4p degradation at different points in the cell
cycle and have shown that changes in Dbf4 protein stability can
account, in part, for the observed changes in Dbf4p steady-
state levels. The protein is relatively unstable throughout the
cell cycle, but its half-life is particularly short in G1-phase-
arrested cells, when Dbf4 levels are lowest. (Since we have not
measured Dbf4 synthesis rates, we cannot rule out changes in
these rates also contributing to Dbf4 periodicity.)

The regulation of Cdc7p kinase activity thus appears to be
determined in significant measure by the regulation of Dbf4p
degradation. We have shown that Dbf4p degradation in the G1
phase is dependent on Cdc16p, a component of the APC,
which targets proteins for proteolysis by facilitating their
polyubiquitination (reviewed in reference 62). By targeting the
degradation of a number of mitotic proteins in a cell-cycle-
regulated fashion, the APC ensures that key mitotic events are
executed in their proper order. For example, APC-mediated
polyubiquitination of the B-type cyclin Clb2p is activated at the
end of mitosis and remains activated until Cln kinase activity is
induced at Start (2). It remains to be seen whether APC-
mediated ubiquitination of Dbf4p is also regulated during the
cell cycle. If so, it would be interesting to determine how this
ubiquitination is regulated. Inhibition of APC-mediated ubiq-
uitination of Dbf4p by Cln kinases, for example, could help
explain why Dbf4p induction and Cdc7p kinase activity are
dependent on passage through Start.

Dbf4p contains a number of potential destruction boxes
(reviewed in reference 62), most notably a region rich in four
amino acids, PEST, at the C terminus and six RXXL motifs.

FIG. 8. Ectopic expression of Dbf4p is sufficient to induce Cdc7p kinase
activity in the G1 phase. CDC7-myc9 cells containing a galactose-inducible HA-
DBF4 plasmid were arrested with a-factor or HU for 2 h. Dbf4p was either
induced (1 Gal) or repressed (2 Gal) for 90 min. (A) Lysates were used for
kinase assays against GST-Mcm2p, resolved by SDS-PAGE, and autoradio-
graphed. Async, asynchronous cells; Ab, antibodies. (B) Kinase reactions were
quantitated on a PhosphorImager and normalized for the Cdc7-Myc9 level in
each lane as described in the legend to Fig. 3. (C) Dbf4p levels in the anti-Myc
immune complexes were detected by immunoblotting with anti-Dbf4 antibodies
(upper panel) and reprobed with antibodies against the Myc epitope to detect
Cdc7p in the immunoprecipitates (lower panel).
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We have found that deletion of the PEST sequence at the C
terminus (amino acids 570 to 695) does not change the stability
of Dbf4p or its function, as it can complement a deletion of
dbf4 (data not shown). Further investigation is required to
determine the function of the RXXL motifs in the regulation
of Dbf4p stability.

A multitude of genetic interactions between CDC7 and
DBF4 have strongly suggested that their products are physi-
cally associated in a heteromeric complex in vivo (33, 40, 44).
Purification of the homologous kinase activity from S. pombe
provided the first direct evidence that these proteins physically
associate in a kinase complex in the cells (6). Our coimmuno-
precipitation data confirm that this physical association also
occurs in S. cerevisiae and demonstrate that this association is
determined primarily by the level of Dbf4p protein in the cells.
Cdc7p is not associated with Dbf4p in the early G1 phase but
becomes associated as Dbf4p accumulates in the S phase or if
Dbf4p is ectopically expressed in G1-phase cells.

Because Dbf4p is required for Cdc7p kinase activity on ex-
ogenous substrates, the relationship between these two pro-
teins has been likened to that of a cyclin and its CDK (55). Our
observation that Dbf4p is periodically associated with Cdc7p
during the cell cycle further extends this analogy. Unlike
CDKs, however, which have no detectable kinase activity in the
absence of cyclin association, purified Hsk1p, the S. pombe
homolog of Cdc7p, has intrinsic kinase activity in the absence
of the Dbf4p homolog, Dfp1p (6). This activity is manifested as
autophosphorylation of monomeric Hsk1p, and it has been
suggested that the role of Dfp1p is to direct this activity toward
exogenous substrates. However, we were not able to detect
autophosphorylation of Cdc7p kinase that was immunoprecipi-
tated from G1-phase extracts devoid of Dbf4p. Biochemical
analysis of purified Cdc7p and Dbf4p will be needed to resolve
whether Cdc7p from S. cerevisiae has intrinsic kinase activity
which is then properly targeted by Dbf4p or whether Cdc7p is
completely dependent on Dbf4p for kinase activity. Regardless
of the answer, the critical initiation function of Cdc7p presum-
ably involves the phosphorylation of exogenous targets and
hence is almost certainly dependent on Dbf4p.

The leading candidates for Cdc7p kinase targets are the
Mcm proteins. The Mcm proteins form heteromeric complexes
(1, 14, 43, 61) that appear to load onto origins during the
assembly of preinitiation complexes (3, 59) and possibly relo-
calize to replication forks following initiation (3). Indirect ev-
idence for a potential role of these proteins in origin unwinding
during initiation has been reported (60). Moreover, helicase
activity has been detected in an Mcm4p-Mcm6p-Mcm7p sub-
complex from humans (32), raising the possibility that the
Mcm proteins facilitate fork movement during replication
elongation. The idea that these proteins may be important
substrates for the Cdc7p-Dbf4p complex is supported by ob-
servations of genetic interactions between components of this
complex and the Mcm family of proteins in budding yeast
(24, 44). A biochemical connection was first established by
reports that human Cdc7p immune complexes phosphorylate
bacterially expressed human Mcm2p and Mcm3p (51) and that
budding yeast Cdc7p-Dbf4p purified from baculovirus-infected
cells phosphorylates GST-Mcm2p, GST-Mcm3p, GST-Mcm4p,
and GST-Mcm6p purified from yeast cells (44). We found that
Cdc7p kinase immunoprecipitated from yeast cells also phos-
phorylates GST-Mcm2p, but we did not observe phosphoryla-
tion of any of the other GST-Mcm proteins. Although this
discrepancy could be due to differences in protein preparation
or assay conditions, our observations are consistent with the
report that purified Hsk1p-Dfp1p preferentially phosphory-
lates Mcm2p when presented with a heteromeric Mcm com-

plex containing all six Mcm proteins (6). Analysis of Mcm
phosphorylation in vivo will be needed to determine whether
these proteins are indeed important targets of the Cdc7p-
Dbf4p complex in the initiation of DNA replication and, if so,
exactly which Mcm proteins are phosphorylated. Nonetheless,
given the report that human Mcm2p inhibits the helicase ac-
tivity of a human Mcm4p-Mcm6-Mcm7p subcomplex (32), it is
tempting to speculate that Cdc7p phosphorylation of Mcm2p
triggers initiation by neutralizing the inhibitory activity of
Mcm2p and unleashing the unwinding activity of a heteromeric
Mcm complex.
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