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The Dbf4-Cdc7 kinase (DDK) is required for the activation of
the origins of replication, and DDK phosphorylates Mcm2 in
vitro. We find that budding yeast Cdc7 alone exists in solution as
a weakly active multimer. Dbf4 forms a likely heterodimer with
Cdc7, and this species phosphorylates Mcm2 with substantially
higher specific activity. Dbf4 alone binds tightly to Mcm?2,
whereas Cdc7 alone binds weakly to Mcm?2, suggesting that
Dbf4 recruits Cdc7 to phosphorylate Mcm2. DDK phosphory-
lates two serine residues of Mcm?2 near the N terminus of the
protein, Ser-164 and Ser-170. Expression of mcm2-S170A is
lethal to yeast cells that lack endogenous MCM2 (mcm2A); how-
ever, this lethality is rescued in cells harboring the DDK bypass
mutant mcm5-bob1. We conclude that DDK phosphorylation of
Mcm?2 is required for cell growth.

The Cdc7 protein kinase is required throughout the yeast S
phase to activate origins (1, 2). The S phase cyclin-dependent
kinase also activates yeast origins of replication (3-5). It has
been proposed that Dbf4 activates Cdc7 kinase in S phase, and
that Dbf4 interaction with Cdc7 is essential for Cdc7 kinase
activity (6). However, it is not known how Dbf4-Cdc7 (DDK)?
acts during S phase to trigger the initiation of DNA replication.
DDK has homologs in other eukaryotic species, and the role of
Cdc7 in activation of replication origins during S phase may be
conserved (7-10).

The Mcm2-7 complex functions with Cdc45 and GINS to
unwind DNA at a replication fork (11-15). A mutation of
MCMS5 (mcm5-bobl) bypasses the cellular requirements for
DBF4 and CDC7 (16), suggesting a critical physiologic interac-
tion between Dbf4-Cdc7 and Mcm proteins. DDK phosphor-
ylates Mcm?2 in vitro with proteins purified from budding yeast
(17, 18) or human cells (19). Furthermore, there are mutants of
MCM?2 that show synthetic lethality with DBF4 mutants (6, 17),
suggesting a biologically relevant interaction between DBF4
and MCM2. Nevertheless, the physiologic role of DDK phos-
phorylation of Mcm?2 is a matter of dispute. In human cells,
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replacement of MCM2 DDK-phosphoacceptor residues with
alanines inhibits DNA replication, suggesting that Dbf4-
Cdc7 phosphorylation of Mcm2 in humans is important for
DNA replication (20). In contrast, mutation of putative DDK
phosphorylation sites at the N terminus of Schizosaccharo-
myces pombe Mcm?2 results in viable cells, suggesting that
phosphorylation of S. pormbe Mcm2 by DDK is not critical for
cell growth (10).

In budding yeast, Cdc7 is present at high levels in G; and S
phase, whereas Dbf4 levels peak in S phase (18, 21, 22). Further-
more, budding yeast DDK binds to chromatin during S phase
(6), and it has been shown that Dbf4 is required for Cdc7 bind-
ing to chromatin in budding yeast (23, 24), fission yeast (25),
and Xenopus (9). Human and fission yeast Cdc7 are inert on
their own (7, 8), but Dbf4-Cdc7 is active in phosphorylating
Mcm proteins in budding yeast (6, 26), fission yeast (7), and
human (8, 10). Based on these data, it has been proposed that
Dbf4 activates Cdc7 kinase in S phase and that Dbf4 interaction
with Cdc7 is essential for Cdc7 kinase activity (6, 9, 18, 21-24).
However, a mechanistic analysis of how Dbf4 activates Cdc7
has not yet been accomplished. For example, the multimeric
state of the active Dbf4-Cdc7 complex is currently disputed. A
heterodimer of fission yeast Cdc7 (Hsk1) in complex with fis-
sion yeast Dbf4 (Dfp1) can phosphorylate Mcm?2 (7). However,
in budding yeast, oligomers of Cdc7 exist in the cell (27), and
Dbf4-Cdc7 exists as oligomers of 180 and 300 kDa (27).

DDK phosphorylates the N termini of human Mcm2 (19, 20,
28), human Mcm4 (10), budding yeast Mcm4 (26), and fission
yeast Mcm6 (10). Although the sequences of the Mcm N ter-
mini are poorly conserved, the DDK sites identified in each
study have neighboring acidic residues. The residues of bud-
ding yeast Mcm?2 that are phosphorylated by DDK have not yet
been identified.

In this study, we find that budding yeast Cdc7 is weakly active
as a multimer in phosphorylating Mcm2. However, a low
molecular weight form of Dbf4-Cdc7, likely a heterodimer, has
a higher specific activity for phosphorylation of Mcm2. Dbf4 or
DDK, but not Cdc7, binds tightly to Mcm2, suggesting that
Dbf4 recruits Cdc7 to Mcm2. DDK phosphorylates two serine
residues of Mcm?2, Ser-164 and Ser-170, in an acidic region of
the protein. Mutation of Ser-170 is lethal to yeast cells, but this
phenotype is rescued by the DDK bypass mutant mcmS5-bob1.
We conclude that DDK phosphorylation of Ser-170 of Mcm?2 is
required for budding yeast growth.

EXPERIMENTAL PROCEDURES

Preparation of plasmids, proteins, and yeast strains are
described in the supplemental material.
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filtration fraction.

Size Exclusion Chromatography—The Superose 6 size ex-
clusion column was pre-equilibrated in gel filtration solution
containing 25 mm Tris-HCI, pH 7.5, 10% glycerol, 1 mm
DTT,0.1 mMm EDTA, and 100 mm NaCl. 200 g of Cdc7 alone
or 200 ug of Cdc7 alone with 50 ug of Dbf4 were first incu-
bated for 30 min at 15 °C. The samples were then subjected
to Superose 6 size exclusion chromatography in gel filtration
solution. Each fraction was then subjected to SDS-PAGE
analysis followed by Coomassie staining. 7 ul of each column
fraction was incubated with 500 ng of full-length Mcm2 and
10 uCi of [y-*?P]ATP in a final volume of 10 ul for 30 min at
30 °C, and the reactions were analyzed by SDS-PAGE fol-
lowed by phosphorimaging.

DDK Analytical Kinase Assays—Kinase reactions were in a
volume of 10 ul and contained 5 mm Tris-HCI, pH 8.5, 10 mm
MgCl,, 1 mm DTT, 50 um cold ATP, 10 uCi of [y->>P]ATP,
and 1.5 pg of DDK, as indicated for each reaction. The
amount of Mcm2 in each reaction is described in the figure
legends. Reactions were incubated at 30 °C for 1 h. Reactions
were stopped by addition of 5 ul of 5X SDS sample buffer
(25% glycerol, 200 mm Tris base, 125 mm DTT, 2.5% SDS,
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FIGURE 1. Low molecular weight form of Dbf4-Cdc7 exhibits high specific activity for Mcm2. A, 200 n.g of
Cdc7 alone was subjected to Superose 6 size exclusion chromatography as described under “Experimental
Procedures.” Each fraction was then subjected to SDS-PAGE analysis followed by Coomassie staining (top gel).
The relative positions of molecular weight standards analyzed under identical conditions are shown above the
gel. Each column fraction was incubated with 500 ng of full-length Mcm2 and [y->2P]ATP for 30 min at 30 °C,
and the reactions were analyzed by SDS-PAGE followed by phosphorimaging (bottom gel). The migration
distances of Mcm2 and Cdc7, shown at the right of the gel, were determined by analyzing purified standards in
the same gel. B, 200 ug of Cdc7 was incubated with 50 g of Dbf4 for 30 min at 15 °C, and the mixture was then
subjected to Superose 6 size exclusion chromatography as in A. The fractions were analyzed for protein abun-
dance (top gel) and Mcm2 phosphorylation (bottom gel) as in A. C, quantitation of phosphate incorporation
from the phosphorimages of A and B, and similar experiments are plotted as a function of size exclusion
fraction (mean = S.E., n = 3). The relative elution of molecular weight standards is shown at the bottom of the
graph. D, amount of Cdc7 present in each reaction of C was quantified by densitometry of the Coomassie
images. The phosphate incorporation into Mcm2 per g of Cdc7 was calculated and plotted as function of gel

amounts of radiolabeled protein as
described in each figure. Reactions
were incubated at room tempera-
ture for 1 h. Following incubation,
reactions were added to 40 ul of
prepared glutathione-Sepharose and
gently mixed. Binding of GST-
tagged protein to the beads was per-
formed for 20 min, with gentle mix-
ing every few minutes. Once the
binding was complete, the reaction
mixture was aspirated, and the
beads were washed two times with
0.5 ml of GST binding buffer. After
the last wash, 30 ul of 5X SDS sam-
ple buffer were added to each reaction, and the samples were
boiled for 10 min. Samples (20 ul) were then analyzed by
SDS-PAGE.

Services—DNA sequencing and mass spectroscopy were per-
formed by the Vanderbilt University Facilities.

RESULTS

Low Molecular Weight Form of Dbf4-Cdc7 Exhibits High Spe-
cific Activity for Mcm2—The molecular architecture of the
active Dbf4-Cdc7 kinase is currently not known. To determine
the functionally active state of Cdc7, the protein was analyzed
by size exclusion chromatography (Fig. 14). Cdc7 eluted in a
peak at a Stokes radius that corresponded to that of a 232-kDa
standard (Fig. 1A, top gel). The predicted molecular mass of
Cdc7 is 58 kDa, suggesting that the majority of Cdc7 is in a
tetrameric state. The elution of Cdc7 in neighboring fractions
suggests that Cdc7 may be a mixture of tetramer and other
forms. These results are consistent with in vivo data that Cdc?
alone exists as a multimer in the cell (27).

To test if Cdc7 alone is active as a kinase at Mcm2, each
fraction from the size exclusion column was incubated with
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FIGURE 2. Dbf4 or DDK, but not Cdc7, binds tightly to Mcm2 and Mcm2-7.A, Mcm2 or Mcm2-7 bearing a site
for protein kinase A phosphorylation (PKA site on Mcm3) was radiolabeled with protein kinase A as described
under “Experimental Procedures.” 50 pmol of GST-DDK, GST-Dbf4, GST-Cdc7, or GST alone was incubated with
varying concentrations of radiolabeled full-length Mcm2 (left) or Mcm2-7 complex (right) for 1 h at room
temperature. For Mcm2, the total volume for each reaction was 100 ul, and the quantity of Mcm2 added was
66, 20, or 6.6 pmol. For Mcm2-7, the total volume for each reaction was 100 ul, and the quantity of Mcm2-7
complex added was 20, 6.6, or 2 pmol. After mixing, 40 ul of glutathione-Sepharose beads was added to each
reaction, and the centrifuged pellet was washed and analyzed by SDS-PAGE followed by phosphorimaging.
Input for the GST-pulldown was analyzed in the same gel to quantify the amount of protein bound. Results
from experiments similar to those shown in A were quantified and plotted for Mcm2 in B and for Mcm2-7 in C.

The mean = S.E. is shown for each input amount.

Mcm?2 and [y->’PJATP and then analyzed by SDS-PAGE and
phosphorimaging (Fig. 14, bottom gel). Cdc7 alone phosphor-
ylates Mcm?2 to low levels at a Stokes radius that corresponds to
a232-kDa protein (Fig. 1, Cand D, open diamonds). These data
suggest that a tetrameric from of Cdc7 alone is weakly active in
phosphorylating Mcm?2.

To determine the functionally active state of Dbf4-Cdc7,
Dbf4 was incubated with excess Cdc7, and the protein mixture
was then subjected to size exclusion chromatography. Once
again, a peak of Cdc7 alone was present at a Stokes radius that
corresponded to a 232-kDa protein. However, an additional low
abundance peak of Cdc7 and Dbf4 is present in a fraction that
peaks at a Stokes radius that is between 68 and 158 kDa (Fig. 1B,
top gel). The molecular mass of one subunit of Dbf4 plus one
subunit of Cdc7 is 139 kDa, suggesting that this complex is a
heterodimer of Dbf4-Cdc7. Dbf4 was not observed in the higher
molecular weight fractions, suggesting that Dbf4 does not bind
to multimeric Cdc7. The elution fractions were then analyzed
for phosphorylation of Mcm?2, and peak phosphorylation levels
were observed at a molecular mass between 68 and 158 kDa
(Fig. 1, B, bottom gel, and C and D, filled triangles). Low levels of
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Cdc7 that is pre-bound to Mcm?2.
To quantify Mcm2, an amino acid
sequence bearing a kinase recogni-
tion site for protein kinase A was
added to the N terminus of Mcm2.
Protein kinase A (PKA) does not
phosphorylate Mcm2 in vivo, and
this sequence was added solely for
the purpose of accurate quantita-
tion. We mixed PKA-labeled full-
length Mcm2 with GST-DDK, GST-Dbf4, or GST-Cdc7 and
then isolated complexes bearing GST with glutathione beads
(GST pulldown, Fig. 24). When 6.6 pmol (66 nm), 20 pmol (200
nM), or 66 pmol (660 nM) of Mcm2 was added to the 100-ul
binding reactions, more than half of the Mcm?2 bound to GST-
Dbf4-Cdc7 (GST-DDK) or GST-Dbf4 proteins (Fig. 2B). Thus,
GST-DDK or GST-Dbf4 binds tightly to full-length Mcm2. In
contrast, GST-Cdc7 binds weakly to Mcm2, because Mcm?2
binding levels were only slightly greater than those achieved
with GST alone (Fig. 2, A and B). The weak binding of Cdc7 to
Mcm?2 is consistent with the size exclusion data, which demon-
strate that high concentrations of Cdc7 alone phosphorylate
Mcm?2 to very low levels (Fig. 1A).

We next determined whether the Mcm2-7 complex also
binds to DDK, Dbf4, or Cdc7, because the Mcm2-7 complex
provides the motor function for the replication fork helicase
(29-31). We reconstituted Mcm?2-7 complexes as described
previously (31), except the Mcm3 subunit in this complex bears
a PKA site. Using the same GST-pulldown approach, we found
that the PKA-labeled Mcm2-7 complex binds tightly to Dbf4 or
DDK but weakly to Cdc7 (Fig. 2, A and C). DDK phosphorylates
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FIGURE 3. DDK phosphorylates the N-terminal region of Mcm2. A struc-
ture-based sequence alignment with Sulfolobus solfataricus Mcm was used to
divide Saccharomyces cerevisiae Mcm2 into two segments, an N-terminal
fragment encompassing the nonconserved N-terminal region and most of
domain A (Mcm2-(1-278)) and a C-terminal fragment encompassing the rest
of the protein (Mcm2-(279-Q)). S. cerevisiae Mcm2 U enath Mcm2-(1-278), or
Mcm?2-(279-C) was incubated with 50 ng of DDK and [y->2P]ATP in a volume of
10 wl for 30 min at 30 °C, and the reactions were then analyzed by SDS-PAGE
followed by phosphorimaging. The results were quantified, and the fraction
of phosphate incorporation is plotted as a function of input in picomoles.

multiple subunits within the Mcm2-7 complex; thus, the
binding we observe for this complex likely reflects DDK or
Dbf4 binding to different Mcm subunits within the Mcm2-7
complex.

The data in Fig. 2 suggest that Dbf4 does not activate Cdc7
that is pre-bound to Mcm2. It is more likely that Dbf4 binds to
Mcm?2 and then recruits Cdc? to activate phosphorylation of
Mcm?2. It is also possible the Dbf4 first binds to Cdc7, and the
DDK complex then binds to and phosphorylates Mcm2.

DDK Phosphorylates Mcm2-(1-278)—W e next analyzed the
region of Mcm?2 that is phosphorylated by DDK. Based on
structure-guided sequence alignment with Methanother-
mobacter thermoautrophicus Mcm (32), we constructed an
Mcm?2 region (1-278) that spans the poorly conserved N-ter-
minal region and most of the A domain (Fig. 34). The A domain
isan a-helical bundle in the M. thermoautrophicus Mcm crystal
structure (32). M. thermoautrophicus Mcm that lacks this
region is active as a helicase, suggesting that the N-terminal
region and A domain are not directly involved in Mcm helicase
function (33). DDK phosphorylates Mcm?2-(1-278) to high spe-
cific activity relative to full-length Mcm?2 (Fig. 3A). In contrast,
Mcm?2-(279-C) is not phosphorylated by DDK. These data sug-
gest that DDK phosphorylates only the N-terminal region
and/or A domain of Mcm2 (Mcm2-(1-278)).

Region 161-182 of Mcm2 Is Critical for DDK Phosphorylation—
The DDK binding and kinase regions of budding yeast Mcm2
are unknown; thus, we investigated the action of DDK at
Mcm2-(1-278) in further detail. We first constructed a series of
N-terminal fragments of Mcm?2 and tested the ability of DDK to
phosphorylate these regions (Fig. 4, A and B). DDK was active in
phosphorylating Mcm2-(1-203) and Mcm2-(1-182), but DDK
did not phosphorylate Mcm2-(1-160) or Mcm2-(1-100) (Fig.
4A). These data suggest that amino acids 161-182 are critical
for DDK phosphorylation of Mcm2. When DDK phosphoryla-
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tion is plotted as a function of Mcm?2 fragment concentration,
the importance of amino acids 161-182 is evident (Fig. 4B). The
plot also reveals that at low concentrations of Mcm2, region
204-278 is important for maximal DDK phosphorylation of
Mcm2.

We next tested the ability of DDK to bind to Mcm?2 frag-
ments to identify the region for DDK docking on Mcm2. GST-
DDK pulldown of PKA-radiolabeled Mcm?2 fragments was
accomplished, and the quantity of Mcm?2 fragment bound as a
function of input amount was plotted (Fig. 4C). A slight
increase in binding is detected as Mcm2 fragment length is
increased from 1-160 to 1-182, suggesting that residues 161—
182 bind weakly to DDK. A substantial increase in binding is
observed as the Mcm2 fragment length is increased from 1-203
to 1-278. These data suggest that region 204 —278 binds tightly
to DDK.

Regions 161-182 and 204 -278 of Mcm2 are important for
DDK activity. We next dissected the importance of these
regions in further detail by investigating DDK phosphorylation
and binding of two Mcm?2 internal fragments Mcm2-(183-278)
and Mcm?2-(155-278). DDK phosphorylated Mcm2-(155-278)
to high levels at low concentrations of Mcm2-(155-278) (Fig.
4D). In contrast, DDK was completely inactive in phosphory-
lating Mcm2-(183-278) (Fig. 4D). However, DDK was roughly
equally efficient in binding to each of these Mcm2 fragments
(Fig. 4E). Therefore, the substantial difference in phosphoryla-
tion between Mcm2-(155-278) and Mcm2-(183-278) may
reflect the presence of a DDK phosphoacceptor sites between
residues 155 and 182 of Mcm2. Hence, a model that is consist-
ent with all of the data in Fig. 5 is that DDK binds tightly to
region 204-278 of Mcm2 and DDK phosphorylates region
161-182 of Mcm?2 (Fig. 4F).

DDK Phosphorylates Ser-164 and Ser-170 of Mcm2—Frag-
ment analysis suggests that DDK phosphorylates region 161
182 of Mcm?2 (Fig. 4). There are two serine residues present in
region 161-182 of Mcm?2, Ser-164 and Ser-170 (Fig. 54). To
determine whether Ser-164 and Ser-170 are phosphorylated by
DDK, these residues were mutated to alanine, and DDK phos-
phorylation and binding were examined. S614A exhibited a
slight defect in DDK phosphorylation compared with wild-type
Mcm?2-(1-278), whereas S170A was modestly defective in DDK
phosphorylation (Fig. 5, B and C). The double mutant S164A/
S170A was not phosphorylated by DDK at all (Fig. 5, B and C).

The Dbf4 binding profiles of these mutants were also deter-
mined (Fig. 5D). Dbf4 bound to wild-type Mcm2-(1-278),
S164A, S170A, and S164A/S170A with similar efficiency (Fig.
5D). Because S164A/S170A binds Dbf4 with nearly wild-type
efficiency, but is not phosphorylated by DDK at all, the data
suggest that DDK phosphorylates Ser-164 and Ser-170 of
Mcm2.

Sequence alignment between budding yeast Mcm?2 and bud-
ding yeast Mcm4 reveals that the DDK phosphorylation sites on
Mcm?2 are in the same region as the DDK phosphorylation sites
on Mcm4 (Fig. 5E). In budding yeast Mcm4, seven serine and
threonine residues between residues 161 and 178 are likely
phosphoacceptor sites for DDK (26). In budding yeast Mcm?2,
the two serine residues between residues 161 and 178 are phos-
phorylated by DDK. Thus, although the number of residues
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FIGURE 4. Region 161-182 of Mcm2 is critical for DDK phosphorylation. A, N-terminal fragments of Mcm2 of varying amounts were incubated with 50 ng
of DDK and [y-*?PJATP in a volume of 10 ul for 30 min at 30 °C. The amount of Mcm2 fragment added was 13, 4, 1.3, 0.4, and 0.13 pmol. The reactions were then
analyzed by SDS-PAGE followed by phosphorimaging. B, results from experiments similar to A were quantified, and the fraction of phosphate incorporation is
plotted as a function of input in picomoles. The data are mean * S.E. C, N-terminal fragments of Mcm2 with a site for protein kinase A phosphorylation was
radiolabeled with [y->?P]ATP and PKA as described under “Experimental Procedures.” 50 pmol of GST-DDK was incubated with varying amounts of radiola-
beled Mcm2 fragments for 1 h at room temperature in a total volume of 100 ul. After mixing, the reactions were analyzed as described under “Experimental
Procedures.” D, fragments 155-278 and 183-278 of Mcm2 of were tested for DDK phosphorylation as described in A. The amount of Mcm2 fragment added was
130,40, 13,4,1.3,0.4,and 0.13 pmol. The reactions were then analyzed by SDS-PAGE followed by phosphorimaging (top gel) or Coomassie staining (bottom gel).
E, fragments of Mcm2 were analyzed by a GST-pulldown assay with GST-DDK as described in C. F, summary of data from A to E.
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FIGURE 5. DDK phosphorylates Ser-164 and Ser-170 of Mcm2. A, residues 161-181 of S. cerevisiae Mcm2 are
shown, and Ser-164 and Ser-170 were targeted for site-directed mutagenesis. B, mutants of Mcm2-(1-278) of
varying amounts were incubated with 50 ng of DDK and [y-*2P]ATP in a volume of 10 ul for 30 min at 30 °C. The
amount of Mcm2-(1-278) added was 12 or 4 pmol (left image) or 1.2 or 0.4 pmol (right image). The reactions
were then analyzed by SDS-PAGE followed by phosphorimaging. G, results from experiments similar to B were
quantified, and the fraction of phosphate incorporation is plotted as a function of input in picomoles. The data
are mean = S.E. D, mutants of Mcm2-(1-278) with a site for protein kinase A phosphorylation were radiolabeled
with [y->?P]JATP and protein kinase A (PKA) as described under “Experimental Procedures.” 50 pmol of GST-
Dbf4 was incubated with varying amounts of radiolabeled Mcm2 fragments for 1 h at room temperature in a
total volume of 100 ul. After mixing, the reactions were analyzed as described under “Experimental Proce-
dures.” E, sequence alignment of budding yeast Mcm2 and budding yeast Mcm4. Serine and threonine resi-
dues are in boldface, and acidic residues are underlined. The aligned regions of these two proteins contain
phosphoacceptor sites for DDK. F, alignment of budding yeast Mcm2 with Mcm2 from higher eukaryotes. DDK
phosphoacceptor sites of human Mcm2 do not map to this region (10, 19, 20).

phosphorylated by DDK is different, the region of Mcm that is
phosphorylated by DDK is conserved between budding yeast
Mcm2 and Mcm4. These regions are also acidic in both pro-
teins. Sequence alignment between budding yeast Mcm2 and
human Mcm?2 reveals that the DDK phosphorylation sites are
not conserved (Fig. 5F). Although there is some disagreement
as to the particular residues of human Mcm?2 that are phosphor-
ylated by DDK (10, 19, 20), in every published study the human
DDK phosphorylation sites do not align with those found here
for budding yeast Mcm2.

for yeast cell growth.
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DDK Phosphorylation of Ser-164
of Mcm2 Is Not Required for Bud-
ding Yeast Cell Growth—To deter-
mine whether DDK phosphoryla-
tion of Ser-164 of Mcm?2 is required
for cell growth, we performed plas-
mid-shuffle assays in budding yeast
cells lacking endogenous MCM2
(mcm2A) (Fig. 6). The deletion is
complemented by wild-type MCM?2
under expression control of its
native promoter on a low copy cen-
tromere plasmid bearing a URA3
marker. The cells also contain a
plasmid that expresses either wild-
type of mutant MCM?2 under con-
trol of the GALI, galactose-induc-
ible promoter. As expected, the
cultures grow equivalently on media
containing galactose (Fig. 6A, right).
Growth on media containing 5-FOA
and galactose selects for cells that
have lost the UIRA3 complementing
plasmid and are expressing only the
MCM2 allele (or empty vector)
indicated to the left of Fig. 6A. As
seen in 10-fold serial dilutions,
the mcm25'°** allele complements
nearly as well as wild type in this back-
ground, a result confirmed by meas-
uring the growth rates of cells taken
from the 5-FOA plates and grown in
media containing galactose (Fig. 65,
top graph). These results suggest that
DDK phosphorylation of S164A is not
required for yeast cell growth.

DDK Phosphorylation of Ser-170
of Mcm2 Is Required for Budding
Yeast Cell Growth—A similar ex-
perimental strategy was then used
to determine whether DDK phos-
phorylation of Ser-170 of Mcm?2 is
required for yeast cell growth.
When mcm2A cells were grown in
the presence of galactose and
5-FOA, cells expressing mcm25*7°4
did not grow at all at any dilution, in
marked contrast to the growth of

cells expressing mcm25'°** or wild-type MCM2 (Fig. 64, top
left panel). These data suggest that Ser-170 of Mcm2 is required

Serine 170 of Mcm?2 is a target of DDK phosphorylation, but
it may also be required for an additional unknown function. To
determine whether the cell death caused by expression of
mem25'7°% is related to DDK function, the plasmid-shuffle
assay was performed in cells harboring the genetic bypass for
DDK function, mcm5-bobl. These cells are also deleted for
CDC7 (cdc7A). When mcm2A,mcmS-bobl,cdc7A cells were
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FIGURE 6. DDK phosphorylation of Mcm2 Ser-170 is required for budding
yeast growth. A, budding yeast cells deleted for mcm2 (mcm2A, top plates)
or deleted for mcm2 and cdc7 and bearing the mem5-bob 1 mutation (mcm2A,
mcm5-bob1, and cdc7A, bottom plates) were used. The cells harbor wild-type
MCM?2 on a plasmid with a URA3 selectable marker and mutant mcm2 on a
LEU2 plasmid with expression controlled by a galactose-inducible promoter.
In the presence of galactose and 5-FOA, only mcm2 under the control of the
galactose-inducible promoter is expressed (left plates). In the presence of
galactose (right plates), wild-type MCM2 is expressed as well. Cells were plated
in serial 10-fold dilutions. B, colonies from A were grown in liquid media, and
the rate of growth was measured as function of time. The top graph is for
mcm2A cells, and the bottom graph is for mcm2A,mcm5-bob1,cdc7A cells.

grown in the presence of galactose and 5-FOA, cells expressing
mem2317°* grew on agar plates in serial 10-fold dilutions,
whereas cells harboring the vector alone were dead at every
dilution (Fig. 6A, bottom left panel). Thus, the mcmS5-bob1 DDK
bypass rescues the cellular defect caused by the expression of
mem2317°%, suggesting that the lethality of mcm25'7°4 is pri-
marily due to the absence of DDK phosphorylation of Ser-170
of Mcm2. It is not clear why mcm5-bobl cells expressing
mem2°'7°% required higher concentrations to grow on agar
plates compared with cells expressing wild-type MCM2, but it
may be that in the mem2A,mcm5-bobl1,cdc7A strain, MCM2-
Ser-170 is involved in a Cdc7-independent function. This is the
first study of an mcm mutant with a lethal phenotype that is
rescued by mcmS5-bob1.
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mem2A,memS5-bob1,cdc7A yeast colonies grown in galactose
and 5-FOA were then grown in galactose-containing liquid
media, and the rate of growth was determined (Fig. 6B, bottom
graph). memS5-bob1 cells expressing mcm2°5'°** grew, although
the rate of growth was slightly decreased compared with cells
expressing wild-type MCM2 for unknown reasons. Cells
expressing mcm25'7°* grew in liquid media, albeit slightly less
fast than cells expressing wild-type MCM2, suggesting that the
lethal phenotype of mcm25'7°* in Amcem?2 cells is related to
DDK phosphorylation of Ser-170 (Fig. 6B, bottom graph).
Taken together, the data strongly support that DDK phosphory-
lation of Ser-170 of Mcm?2 is required for budding yeast cell
growth.

DISCUSSION

In this study we find that Cdc7 exists in solution primarily as
a multimer, and this species at high concentrations is weakly
active in phosphorylating Mcm?2. Dbf4 binds to a low molecular
weight form of Cdc7, forming what might be a heterodimer of
Dbf4-Cdc7, and this species phosphorylates Mcm2 with sub-
stantially higher specific activity. Dbf4 alone binds tightly to
Mcm?2, whereas Cdc7 alone binds weakly to Mcm2, suggesting
that Dbf4 recruits Cdc7 to phosphorylate Mcm2. DDK phos-
phorylates Mcm2-(1-278) but not Mcm2-(279-C). DDK phos-
phorylates Ser-164 and Ser-170 of budding yeast Mcm2, and
these two serine residues are positioned in a highly acidic
region. Although expression of mcm25'°** supports cell
growth, expression of mcm25'7°* does not. However, the
lethality of mcm25'7°* is rescued by the DDK-bypass mutation
mcmS-bob1. We conclude that DDK phosphorylation of Ser-
170 of Mcm?2 is required for normal cell growth.

Dbf4 May Recruit a Monomer of Cdc7 to Target Mcm?2 for
Phosphorylation—In this study we report that Cdc7 alone is a
multimer that is weakly active in phosphorylating Mcm2. Cdc7
is present at high levels during G, and S phase, whereas Dbf4
levels peak in S phase (18). It is unlikely that Cdc7 activity dur-
ing G, is physiologically relevant, given the low levels of Mcm2
phosphorylation observed in this study, and no activity was
reported in other investigations (7, 8). In contrast, we report
that Dbf4-Cdc7 is stable as a low molecular weight form, likely
a heterodimer, and this species phosphorylates Mcm2 to sub-
stantially higher levels than Cdc7 alone. Thus, during S phase,
Dbf4 may bind to a monomer of Cdc7, thereby forming a highly
active heterodimer. The high molecular weight form of Cdc7
may be less active than the monomeric form because the high
molecular weight form does not efficiently bind to Dbf4 or
Mcm2. If this model is correct, multimerization of Cdc7 may be
an auto-inhibitory mechanism to prevent high level Cdc7-
phosphorylation of Mcm?2 in the absence of Dbf4 (Fig. 7A).

We also find that Dbf4 and DDK bind tightly to Mcm2 and
the Mcm2-7 complex but that Cdc7 alone does not bind tightly
to these Mcm proteins. Thus, Dbf4 may recruit Cdc7 to Mcm2
and to the Mcm2-7 complex (Fig. 7B). Our in vitro data are
consistent with a previously published ix vivo report suggesting
that Dbf4 recruits Cdc7 to origins of replication (23), and a
recent study suggesting that Dbf4 recruits Cdc7 to Mcm2-7
complexes that are tightly bound to origins (24).
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FIGURE 7. Model for DDK phosphorylation of Mcm2-7. A, Cdc7 is weakly active as a multimer on its own.
B, Dbf4 binds tightly to residues 203-378 of Mcm2. Dbf4 likely binds to the homologous region of Mcm4 as
well. C, Dbf4 recruits a monomer of Cdc7 to Mcm2 to activate the kinase, phosphorylating Ser-170 of Mcm2.
The homologous region of Mcm4 is likely phosphorylated as well (26). D, phosphorylation of Ser-170 of Mcm2
induces a conformational change in the Mcm2-7 complex that is mimicked by the mecm5-bob1 mutation.
E, conformational change in Mcm2-7 allows for the proper positioning of Cdc45 and GINS, and the Mcm2-7-
Cdc45-GINS complex is activated to unwind DNA. DDK may also phosphorylate other Mcm proteins (data not

shown).

In Budding Yeast, DDK Phosphorylation of Mcm4 Is Impor-
tant for Cell Growth, and DDK Phosphorylation of Mcm2 Is
Required for Cell Growth—DDK phosphorylates the N termini
of Mcm?2 and Mcm4 in budding yeast cells (26). Furthermore,
the DDK phosphorylation site region is conserved between
these two proteins (Fig. 4) (26). The Dbf4 docking region for the
kinase is positioned between residues 204 and 278 of Mcm?2.
This region corresponds to residues 201-275 of Mcm4. Region
175-333 of Mcm4 has been previously identified as the DDK-
docking site of Mcm4 (26). Thus, it is likely that a conserved
mode of binding occurs for Dbf4 docking to Mcm?2 and Mcm4,
with phosphorylation of serines and threonines in a region
N-terminal to the conserved docking domain. Interestingly, the
function of DDK phosphorylation of Mcm?2 may be different
from that of Mcm4. Whereas DDK phosphorylation of the
Mcm4 residues is important for cell growth, it is not required
(26). In contrast, DDK phosphorylation of Ser-170 of Mcm?2 is
required for yeast cell growth (Fig. 7C). Thus, although the
mechanism of DDK binding and phosphorylation may be con-
served between Mcm2 and Mcm4, the relationship to cell
growth is somewhat different. Studies with S. pombe suggest
some functional redundance between Mcm4 and Mcmé (10).
One possibility is that DDK phosphorylation of Mcm4 is redun-
dant with DDK phosphorylation of another Mcm protein, such
as Mcm6, whereas DDK phosphorylation of Mcm2 does not
have a redundant counterpart.

Essential Requirement for DDK Phosphorylation of Mcm?2 Is
Likely to Be Conserved from Yeast to Humans—In this study, the
lethal phenotype of Mcm2%'7%* is rescued by the mcm5-bobl
mutation, providing very strong evidence that DDK phosphor-
ylation of Mcm?2 is required for budding yeast cell growth. In a
previous study of human cells, mutation of DDK phosphoryla-
tion sites to alanine resulted in inhibition of DNA replication,
whereas mutation of these sites to glutamate did not (20). Thus,
data from yeast and human support the notion that DDK phos-
phorylation of Mcm?2 is essential for DNA replication and cell
growth. These results suggest that the function of DDK at
Mcm?2 is conserved from yeast to human. Interestingly, the
DDK phosphorylation sites of human Mcm2 do not align with
the kinase sites of yeast Mcm2. We speculate that although the
function of DDK phosphorylation of Mcm?2 is conserved from
yeast to human, the mechanistic details may be slightly differ-
ent between these species.
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Proposed Role for DDK Phosphor-
ylation of Mcm Proteins—DDK
phosphorylation of serine 170 of
Mcm?2 is required for cell growth,
but what is the function of this
phosphorylation? The N-terminal
region and A domain of budding
yeast Mcm2 encompasses the Dbf4
docking domain and Cdc7 kinase
site. The homologous region of the
archaeal Mcm is dispensable for
helicase activity for archaeal Mcms
(33, 34), suggesting that DDK phos-
phorylation of Mcm2 does not
directly activate Mcm?2-7 helicase
function. Importantly, DDK phosphorylation of budding yeast
Mcm4 or human Mcm4 is important for the loading of Cdc45 at
origins of replication (10, 26). Thus, DDK phosphorylation of
Mcm proteins likely influences the binding of key helicase
accessory proteins such as Cdc45. However, the relationship
between DDK phosphorylation of Mcm4 and Cdc45 binding is
complex, because overexpression of Cdc45 is lethal to strains
expressing mutations of mcm4 deficient in DDK phosphoryla-
tion (26). Thus, phosphorylation of Mcms by DDK does not
appear to directly stimulate the interaction between Mcms and
Cdc45. In this study, we report that DDK phosphorylation of
Mcm?2 can be suppressed by a mutation in mcmS5 (mcmS5-bob1).
Changes in the conformation of Mcmb5 as a result of the mcmS5-
bob1 mutation have recently been reported (35). This observa-
tion suggests that phosphorylation of Ser 170 of Mcm2 may be
partially mimicked by a conformational change in a different
Mcm subunit (Mcmb5) (Fig. 7D). Interestingly, Mcmb5 is posi-
tioned adjacent to Mcm?2 in the Mcm2-7 complex (31, 36). We
propose that DDK phosphorylation of Ser-170 of Mcm?2 results
in a conformational change in the Mcm2-7 complex that allows
for the proper positioning of accessory proteins, such as Cdc45
and GINS, which ultimately leads to the activation of the repli-
cation fork helicase (Fig. 7E).
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