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ABSTRACT

Mcm10 is an essential eukaryotic factor required for
DNA replication. The replication fork helicase is com-
posed of Cdc45, Mcm2–7 and GINS (CMG). DDK is an
S-phase-specific kinase required for replication ini-
tiation, and the DNA primase-polymerase in eukary-
otes is pol � . Mcm10 forms oligomers in vitro, medi-
ated by the coiled-coil domain at the N-terminal re-
gion of the protein. We characterized an Mcm10 mu-
tant at the N-terminal Domain (NTD), Mcm10-4A, de-
fective for self-interaction. We found that the Mcm10-
4A mutant was defective for stimulating DDK phos-
phorylation of Mcm2, binding to eighty-nucleotide
ssDNA, and recruiting pol � to Mcm2–7 in vitro. Ex-
pression of wild-type levels of mcm10-4A resulted in
severe growth and DNA replication defects in bud-
ding yeast cells, with diminished DDK phosphoryla-
tion of Mcm2. We then expressed the mcm10-4A in
mcm5-bob1 mutant cells to bypass the defects me-
diated by diminished stimulation of DDK phospho-
rylation of Mcm2. Expression of wild-type levels of
mcm10-4A in mcm5-bob1 mutant cells resulted in se-
vere growth and DNA replication defects, along with
diminished RPA signal at replication origins. We also
detected diminished GINS and pol-� recruitment to
the Mcm2–7 complex. We conclude that an intact
Mcm10 coiled-coil interaction surface is important
for origin melting, helicase assembly, and the recruit-
ment of pol � to Mcm2–7.

INTRODUCTION

The initiation of DNA replication is a cell cycle-regulated
process that takes place in two temporally separated steps.
The first step known as origin licensing involves the load-
ing of the Mcm2–7 complex as a catalytically inactive dou-
ble hexamer to encircle double-stranded DNA at origins
of replication during late M and G1 phases of the cell cy-

cle. This reaction requires the action of accessory loading
factors including ORC, Cdc6 and Cdt1 (1–3). During S
phase, the S phase cyclin-dependent kinase (S-CDK) and
the Dbf4-dependent Cdc7 kinase (DDK) trigger the sec-
ond step of DNA replication known as origin firing. This
step involves the assembly of the active replicative helicase
(CMG complex), with the recruitment of Cdc45 and GINS
to Mcm2–7 (4–8). The essential role of DDK in yeast is the
phosphorylation of subunits of the Mcm2–7 complex (9–
14). During S phase, the Mcm2–7 ring transitions from en-
circling dsDNA to encircling ssDNA (15). The active CMG
encircles the leading strand and translocates away from the
origin with 3′-5′ directionality (7,15,16).

Mcm10 is a non-enzymatic protein required for the initia-
tion of DNA replication in eukaryotes (17–19,20). Mcm10
is loaded onto chromatin during G1 in a Mcm2–7 depen-
dent manner (21,22). Mcm10 has been proposed to have
an essential role during helicase activation (19,20). One key
event during DNA replication initiation is the recruitment
of Cdc45 to the Mcm2 subunit, a member of the Mcm2–
7 complex (5,23,24). Mcm10 plays a key role during DNA
unwinding at origins of replication (9,25–28). Mcm10 may
promote the ssDNA extrusion from the central channel of
the Mcm2–7 ring by stimulating the DDK phosphorylation
of Mcm2 during S phase (28). Moreover, expression of a
mutant of Mcm10 defective for ssDNA interaction results
in diminished recruitment of RPA to origins of replication,
suggesting a role for Mcm10 in origin melting (29). In addi-
tion to its essential role during helicase activation, Mcm10
has been shown to link DNA unwinding and DNA synthe-
sis (21) by helping the stabilization and recruitment of Pol-�
to chromatin (21,30–33).

Mcm10 contains three functional domains: an N-
terminal domain (NTD) involved in self-association (34–
36), a highly conserved internal domain (ID) and a variable
C-terminal domain (CTD) that is exclusive to metazoa (34).
The ID has been implicated in the interaction with DNA
and with different proteins including Mcm2–7, Pol-� and
PCNA (31,37–40). The CTD is involved in DNA and Pol-�
binding (38).
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Studies in Xenopus laevis Mcm10 have shown that dimer-
and trimerization are mediated by an evolutionary con-
served coiled-coil (CC) motif located in the first 100 amino
acids of the protein (34,36). Mutations at specific residues
of NTD CC region disrupted the self-association of Mcm10
in vitro and in vivo (36). Oligomerization has also been ob-
served in human Mcm10 (41), consistent with a hexam-
eric ring structure shown by electron microscopy (42). The
Mcm10 NTD has also been implicated in the interaction of
Mcm10 with the Mec3 subunit of the 9-1-1 clamp, in a re-
gion distinct from Mcm10’s self-interaction domain (amino
acids 100–150). This interaction may be indicating a role of
Mcm10 in connecting DNA replication and DNA repair in
yeast (43).

In this manuscript, we characterized an NTD Mcm10
mutant, Mcm10-4A, that is substantially defective in self-
interaction, ssDNA binding, DDK stimulation and p180
recruitment to Mcm2–7 in vitro. Mcm10-4A is also mod-
estly defective in dsDNA and Cdc7 binding in vitro. Ex-
pression of mcm10-4A in budding yeast confers a growth
defect as a result of a defective DNA replication. When we
expressed mcm10-4A in the mcm5-bob1 genetic background
the growth defect is not suppressed. Furthermore, expres-
sion of mcm10-4A in the mcm5-bob1 background results in
diminished replication protein A (RPA)-ChIP signal at ori-
gins of replication, delayed GINS-Mcm2–7 interaction and
defective Pol12 recruitment in vivo. These data suggest that
an intact Mcm10 coiled-coil interaction surface is impor-
tant for helicase assembly, origin melting and for Pol-� re-
cruitment to origins of replication in budding yeast cells.

MATERIALS AND METHODS

Cloning and purification of proteins

Full length MCM10 PCR product was cloned into
SpeI/XhoI sites of pET-41 vector and NdeI/XhoI sites of
pET-33 vector to contain an N-terminal GST tag or a PKA
tag respectively as described (44). The cloning of MCM10
into pET-41 generates two-tagged protein (a GST tag at the
N-terminus and a His tag at the C-terminus). We subcloned
MCM10 from pET-41-MCM10 into the pRS415 plasmid.
We used pET-41-MCM10, pET-33b-MCM10 and pRS415-
MCM10 plasmids as templates to generate mutations in the
MCM10 gene using Quick Change Site-directed Mutagen-
esis Kit (Agilent Technologies). GST-p180 was generated
by cloning the full-length p180 gene into the pET-41 vec-
tor. Purification of wild-type and mutant GST-Mcm10 and
GST-p180 proteins uses sequential nickel and glutathione
resins. The details of GST-Mcm10 and PKA-Mcm10 are
described (44). GST-Cdc45 was purified as described (45).
Mcm2–7 proteins were purified and Mcm2–7 complex was
assembled from recombinant subunits as described (13,46).
GST-Dbf4 and GST-Cdc7 were purified a described (13).
Protein kinase A was a generous gift from Susan Taylor.

DNA substrates and sequences

The sequences of the synthetic oligonucleotides used to pre-
pare the DNA substrates are reported in Supplementary Ta-
ble S1 (Supporting Material). Oligonucleotides were end la-
beled with T4 polynucleotide kinase (New England Biolabs)

and radiolabeled ssDNA was purified over G-25 Sephadex
Columns for Radiolabeled DNA Purification (Roche) ac-
cording to manufacturer’s instructions. To make double
stranded (ds) DNA substrates, 4 �l of 500 nM radiolabeled
ssDNA was incubated with 4 �l of 1 �M complementary
DNA (1:2 molar ratio) and 4 �l of reaction buffer (20 mM
Tris–HCl, 4% glycerol, 0.1 mM EDTA, 40 �g/ml BSA, 5
mM DTT and 10 mM magnesium acetate) in a final vol-
ume of 12 �l. The reaction was incubated 5 min at 95◦C
in a water bath, and then allowed to gradually cool down
to 25◦C. The reaction was then diluted with TE (20 mM
Tris–HCl pH 8, 0.1 mM EDTA) to a final volume of 40 nM
radiolabeled dsDNA.

Electrophoretic mobility shift assay (EMSA)

A standard DNA binding assay for EMSA analysis was per-
formed in 20 �l containing 1 nM radiolabeled DNA, 20 mM
Tris pH 7.5, 0.1 mM EDTA, 12% glycerol and 40 �g/ml
BSA. The amount of Mcm10 added in each reaction is de-
scribed in the figure. 1 nM of radiolabeled ssDNA was incu-
bated with increasing amounts of protein at 4◦C for 10 min
in the electrophoretic mobility shift assays. The products of
the assays were analyzed by 4% native PAGE followed by
phosphorimaging. Results from similar experiments were
quantified, averaged and plotted.

Kinase labeling of proteins

Kinase labeling was performed as described (44). Proteins
with a PKA tag at the N-terminus (wild-type and mutant
Mcm10, Mcm2 and Mcm2–7) were labeled in a reaction
volume of 100 ul that contain 20 �M of PKA-tagged pro-
tein with 5 �g PKA in kinase reaction buffer (25 mM Tris–
HCl pH 7.5, 5 mM DTT, 50 mM MgCl2 and 500 �Ci [� -
32P]-ATP). The reaction was incubated at 30◦C for 1 h.

GST pulldown assay

The GST pulldown assays were performed as described
(44). GST-tagged protein attached to Glutathione
Sepharose (GE Healthcare) previously equilibrated with
GST binding buffer (40 mM Tris–HCl pH 7.5, 100 mM
NaCl, 0.1 mM EDTA, 10% glycerol, 0.1% Triton X-100, 1
mM DTT, 0.7 �g/ml pepstatin, 0.1 �g/ml leupeptin, 0.1
mM PMSF and 0.1 mg/ml BSA) was incubated with vary-
ing concentrations of radiolabeled protein in GST binding
buffer in a final reaction volume of 100 �l. The reactions
were incubated at 30◦C for 10 min with gentle mix every
few minutes. When the binding was complete, the reactions
were shifted to room temperature and glutathione beads
were allowed to settle. The supernatant was removed and
the beads were washed two times with 500 �l GST binding
buffer. After the last wash, beads were heated at 90◦C for
10 min in SDS-sample buffer (2% SDS, 4% glycerol, 4 mM
Tris–HCl, 2 mM DTT and 0.01% bromophenol blue). The
reactions were then analyzed by SDS-PAGE followed by
phosphorimaging and quantification.

DDK phosphorylation assay

Kinase reactions were performed in a volume of 25 �l and
contained 25 mM HEPES–NaOH pH 7.5, 1 mM DTT,
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10 mM magnesium acetate, 75 mM sodium acetate, 5 mM
ATP, 0.1 mg/ml BSA, 1 mM sodium fluoride, 0.1 mM
Na3VO4, 5 �g Mcm2 and 50 ng DDK. The amount of
Mcm10 added in each reaction is described in the fig-
ure. Reactions were incubated at 30◦C for 1 h. Reactions
were stopped by addition of SDS-sample buffer and ana-
lyzed by Western blot using an antibody against Mcm2-164-
phosphoserine-170-phosphoserine.

Yeast strains and cell growth

All yeast strains used in this study are shown in Supple-
mentary Table S2. The mcm10-1-aid strains were obtained
from Yeast Genetic Resource Center. The mcm5-bob1 strain
was obtained from Robert A. Sclafani (47). The mcm10-1-
aid mcm5-bob1 strain was constructed by yeast mating (us-
ing strains BY25926 and RSY728), sporulation and tetrad
analysis. The presence of mcm5-bob1 mutation was con-
firmed by survival at the restrictive temperature of 37◦C af-
ter Cdc7 deletion. The cdc7 deletion mutation cdc7Δ::Trp1
was created by PCR-based gene disruption technique and
confirmed by PCR. The strain that grew at 37◦C after
Cdc7 deletion was then sequenced to confirm the pres-
ence of mcm5-bob1. Yeast transformation was carried out
by either electroporation (plasmid DNA) or the lithium
acetate procedure (linear DNA) (48). In all experiments
cells were grown at 25◦C to slow down replication dynam-
ics as described before (21). mcm10-1-aid and mcm10-1-
aid mcm5-bob1 strains carrying plasmids for exogenous ex-
pression of wild-type mcm10 and mcm10-4A were grown
overnight in CSM-Leu media supplemented with 2% raf-
finose. Wild-type and mutant Mcm10 proteins were over-
expressed in YPGal media from galactose-inducible pro-
moter in the presence of 500 �M IAA (Sigma) to induce
the degradation of endogenous MCM10 gene. mcm10-1-
aid and mcm10-1-aid mcm5-bob1 strains carrying plasmids
for exogenous expression of MCM2-WT and mcm2-S164A-
S170A were grown overnight in CSM-Leu media supple-
mented with 2% raffinose. MCM2-WT and mcm2-S164A-
S170A proteins were overexpressed in YPGal media from
galactose-inducible promoter.

Plasmids

The following plasmids were used in this study: pPP13
(pRS415 CEN6/ARSH4 GALS::MCM10 LEU2), pPP31
(pRS415 CEN6/ARSH4 GALS::mcm10I26A L30A
R37A L40A LEU2), pIB302 (pRS415 CEN6/ARSH4
GALS::MCM2 LEU2), pIB305 (pRS415 CEN6/ARSH4
GALS::mcm2S164A S170A LEU2).

Yeast serial dilution analysis

Serial dilution was performed as described (49). 10-fold se-
rial dilution was performed and spotted on the indicated
media and incubated at 25◦C for 3 days.

Co-immunoprecipitation

Cells were grown overnight in CSM-Leu containing raffi-
nose (2%) at 25◦C. When the cell density reached 6 × 106

cells, the cells were spun down and resuspended in YP-
Gal (0.15% galactose) in the presence of 500 �M IAA
and �-factor (Zymo Research). The cells were grown for
3 h at 25◦C, spun down, washed three times and resus-
pended in fresh, pre-warmed YPGal with 500 �M IAA.
Cells were further incubated at 25◦C for the indicated times.
Co-immunoprecipitation was performed as described (50).
Cells were collected and lysed at 4◦C with acid-washed glass
beads (Sigma) in IP buffer [100 mM HEPES–KOH pH
7.9, 100 mM potassium acetate, 10 mM magnesium ac-
etate, 2 mM sodium fluoride, 0.1 mM Na3VO4, 20 mM �-
glycerophosphate, 1% Triton X-100, 0.7 �g/ml pepstatin,
0.1 �g/ml leupeptine, 0.1 mM PMSF, 1× complete protease
inhibitor cocktail without EDTA (Roche)] using a Bead-
Beater. Lysed material was treated with 200 U of Benzonase
(Novagen) at 4◦C for 30 min. Clarified extracts were then
mixed with 2 �l of specific antibody and rotated for 2 h at
4◦C. Following this, 50 �l of Protein G Sepharose beads
(GE Healthcare) equilibrated in IP buffer were added to
the extracts and further rotated for 1 h at 4◦C. Beads were
washed twice with IP buffer and finally resuspended in SDS-
sample buffer. Western analysis was performed with anti-
body directed against relevant epitope tags, and blots were
scanned using the LI-COR Odyssey Infrared Imager and
analyzed and quantified in the Image Studio 4.0 Software.

Chromatin immunoprecipitation

Cells initially cultured in CSM-Leu were treated with �-
factor and 500 �M IAA in YPGal for 3 h at 25◦C. Follow-
ing extensive washes, cells were further incubated and time
course samples were taken at the indicated points. Chro-
matin immunoprecipitation was performed as described
(45). Formaldehyde cross-linked cells were lysed with acid-
washed glass beads in a BeadBeater. DNA was fragmented
by sonication (Branson 450, 5 cycles of 15 s. each). RPA
(2 �l) antibody and magnetic protein A beads (Dynalbeads
Protein A, Invitrogen) were added to the cleared lysate to
immunoprecipitate DNA. Immunoprecipitates were then
washed extensively to remove nonspecific DNA. Eluted
DNA was subjected to PCR analysis using primers directed
against ARS306 or a midway between ARS305 and ARS306
as described (26). We performed PCR with [32P-�]-dCTP as
a component of the PCR reaction to quantify the amplified
product. The radioactive band in the native gel, represent-
ing specific PCR amplified DNA product, was quantified by
phosphorimaging and normalized by a reference standard
(a PCR reaction with a known quantity of template DNA)
run in the same gel.

Fluorescence activated cell sorting (FACS)

Samples were fixed with 70% ethanol and FACS was per-
formed as described previously (49). Cells initially cultured
in CSM-Leu were treated with �-factor and 500 �M IAA
in YPGal for 3 h at 25◦C. After extensive washes, cells were
incubated for the indicated times and stained with propid-
ium iodide. Cell cycle progression data were obtained using
BD FACS Canto Ruo Special Order System and analyzed
using FACS Diva software.
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Antibodies

Antibodies against Mcm10, Mcm2 and Mcm2-
phosphoserine-164-phosphoserine-170-phosphoserine,
Cdc45, GINS and Pol12 were supplied by Open Biosys-
tems (we supplied the antigens). Crude serum was purified
against immobilized antigen to remove nonspecific anti-
bodies. The specificity of each antibody was analyzed by
Western blot of purified proteins and yeast extract. Anti-
bodies directed against RPA (Thermo Scientific), FLAG
epitope (Sigma) and Arp3 (Santa Cruz Biotechnology)
were commercially purchased. Antibodies against epitope
tags in the co-immunoprecipitation experiments were
obtained from Sigma.

RESULTS

Mutations in the NTD coiled-coil region disrupts the self-
association of Mcm10 in vitro

Studies in yeast and X. laevis showed that Mcm10 has the
ability for oligomerization. This self-interaction is mediated
by the coiled-coil region belonging to the NTD (34,36).
We introduced mutations at specific residues of Saccha-
romyces cerevisiae Mcm10 that were previously found to be
important for self-interaction in vitro and in vivo in X. laevis
Mcm10 (36). We eliminated side chains at residues Ile26,
Leu30, Arg37 and Leu40 by alanine substitution to cre-
ate a Mcm10-I26A-L30A-R37A-L40A quadruple mutant
(Mcm10-4A) (Figure 1A). We purified and tested Mcm10-
4A mutant for self-interaction in vitro by using a GST pull-
down assay. We incubated wild-type GST-Mcm10, GST-
Mcm10-4A or GST-Tag alone with increasing amounts
of radiolabeled wild-type PKA-Mcm10 and PKA-Mcm10-
4A. We found that wild-type Mcm10 showed a strong self-
interaction (Figure 1B). In contrast, the interaction of wild-
type Mcm10 with Mcm10-4A was severely decreased. Fur-
thermore, the interaction of Mcm10-4A with itself showed
a signal at background levels (Figure 1B). These data indi-
cate that self-interaction is severely impaired in the Mcm10
NTD mutant.

We also wanted to test another NTD mutant previ-
ously shown to be important for self-interaction in vitro
and in vivo in X. laevis Mcm10 (36). For that purpose,
we substituted Ile26 and Leu30 with aspartate to create
a Mcm10-I26D-L30D double mutant (Mcm10-2D) (Fig-
ure 1A). Next, we purified the mutant protein and tested
it for Mcm10 interaction in vitro using a GST pulldown as-
say. We found that Mcm10-2D was defective in the interac-
tion with both wild-type Mcm10 and Mcm10-4A (Supple-
mentary Figure S1A). Furthermore, the self-interaction of
Mcm10-2D showed a background level signal (Supplemen-
tary Figure S1A). We found that this mutant was also sub-
stantially defective in ssDNA, dsDNA and Mcm2–7 bind-
ing (Supplementary Figure S1). Since we were looking for a
separation-of-function mutation, we did not study this mu-
tant any further.

Mcm10-4A is defective in 80mer ssDNA binding in vitro

Previous studies showed that Mcm10 is able to bind both
single- (ss) and double-stranded (ds) DNA (37,51). Further-
more, a previous study in yeast showed that multiple copies

Figure 1. Mutations at residues belonging to Mcm10 NTD coiled-coil
region disrupts Mcm10 self-association in vitro. (A) Sequence alignment
of the coiled-coil region from Xenopus laevis (x), Homo sapiens (h), Mus
musculus (m) and Saccharomyces cerevisiae (sc) (36). Bold letters indicate
identical aminoacids. Residues 16–51 from S. cerevisiae are shown. Ile26,
Leu30, Arg37 and Leu40 were targeted for site-directed mutagenesis. (A
and B) Mcm10-4A is Mcm10-I26A-L30A-R37A-L40A. (B) 30 pmol of
wild-type GST-Mcm10, GST-Mcm10-4A or GST tag was incubated with
increasing concentrations of either radiolabeled wild-type PKA-Mcm10 or
PKA-Mcm10-4A at 30◦C for 10 min in a GST pulldown assay. The prod-
ucts of the pulldown were analyzed by SDS-PAGE followed by phospho-
rimaging. Results from similar experiments were quantified, averaged and
plotted. The graph represents mean values from two independent experi-
ments and error bars indicate the standard deviation of the mean.

of Mcm10 are able to bind to long DNAs, with the number
of Mcm10 molecules directly proportional to the length of
the DNA (51).

We wanted to determine if purified Mcm10-4A mutant
was able to bind DNA in vitro. For that purpose we per-
formed a GST pulldown assay in which we used 80 nu-
cleotide or 25-nucloeitde ssDNA, dsDNA, or a partially un-
wound dsDNA (bubble DNA). We incubated GST-Mcm10,
GST-Mcm10-4A or GST-Tag with increasing amounts of
radiolabeled ssDNA, dsDNA or bubble DNA. We found
that wild-type Mcm10 interacted stably with all DNA sub-
strates. Mcm10-4A was substantially defective in binding
80-nucleotide ssDNA and bubble DNA (Figure 2A and B).
In contrast, the Mcm10 mutant is only partially defective in
dsDNA binding (Figure 2C), and not defective at all for 25-
nucleotide ssDNA binding (Figure 2D). These data suggest
that Mcm10 self-interaction and oligomerization may be
important for the interaction of Mcm10 with 80 nucleotide
ssDNA or bubble-DNA, consistent with previous studies
(51).

To study the process of association of wild-type and mu-
tant Mcm10 purified proteins with DNA, we performed an
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Figure 2. Mcm10-4A is defective in 80mer ssDNA binding in vitro. (A) 30 pmol of wild-type GST-Mcm10, GST-Mcm10-A4 or GST tag was incubated
with increasing concentrations of radiolabeled 80mer ssDNA at 30◦C for 10 min in a GST pulldown assay. The products of the pulldown were analyzed by
SDS-PAGE followed by phosphorimaging. Results from similar experiments were quantified, averaged and plotted. (B) 30 pmol of wild-type GST-Mcm10,
GST-Mcm10-A4 or GST tag was incubated with increasing concentrations of radiolabeled bubble DNA at 30◦C for 10 min in a GST pulldown assay. The
products of the pulldown were analyzed by SDS-PAGE followed by phosphorimaging. Results from similar experiments were quantified, averaged and
plotted. (C and D) 30 pmol of wild-type GST-Mcm10, GST-Mcm10-A4 or GST tag was incubated with increasing concentrations of radiolabeled 30mer
dsDNA (C) or 25mer ssDNA (D) at 30◦C for 10 min in a GST pulldown assay. The products of the pulldown were analyzed by SDS-PAGE followed by
phosphorimaging. Results from similar experiments were quantified, averaged and plotted. (E) 1 nM of radiolabeled ssDNA was incubated with increasing
amounts of GST-Mcm10 and GST-Mcm10-4A at 4◦C for 10 min in an electrophoretic mobility shift assays. The products of the assays were analyzed by
4% native PAGE followed by phosphorimaging. Results from similar experiments were quantified, averaged and plotted. Graphs from (A), (B), (C), (D),
and (E) represent mean values from two independent experiments and error bars indicate the standard deviation of the mean.

electrophoretic mobility gel shift assay. This in vitro DNA
binding assay offers the advantage to resolve complexes of
different conformation or stoichiometry. The analysis was
performed using a radiolabeled 80-mer ssDNA and increas-
ing amounts of wild-type or mutant Mcm10 purified pro-
teins. In the case of wild-type Mcm10, we were able to de-
tect different retardation bands as we increased the concen-
tration of Mcm10 added to the reaction. The appearance
of slower moving bands is concomitant with the disappear-
ance of free DNA and directly proportional to the Mcm10
amount added to the reaction (Figure 2E, left panel). This
result can be explained if the different retarded bands corre-

spond to distinct protein–DNA complexes formed in which
ssDNA is associated with a different number of Mcm10
molecules. In contrast, Mcm10-4A produces a faint single-
retardation band at the highest Mcm10 concentration as-
sayed (Figure 2E, right panel). This complex likely corre-
sponds to a complex formed by ssDNA and a single Mcm10
molecule. These results indicate that the NTD Mcm10 mu-
tant is defective in oligomerization and that this ability is
importantfor the interaction of Mcm10 with 80 nt single-
stranded DNA.
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Mcm10-4A is not defective in binding Mcm2–7 in vitro

It has previously shown that Mcm10 interacts with Mcm2–
7 in vivo and in vitro (18,22,26,28,40,52). We wanted to de-
termine the role of the Mcm10 NTD on Mcm10-Mcm2–7
interaction. We incubated GST-Mcm10, GST-Mcm10-4A
or GST-Tag alone with increasing amounts of radiolabeled
PKA-Mcm2–7 and performed a GST pulldown assay. We
found that Mcm10-4A is able to bind Mcm2–7 as wild-type
Mcm10 (Figure 3A), indicating that Mcm10 NTD is not in-
volved in Mcm2–7 binding in vitro.

Mcm10-4A binds and recruits Cdc45 to the Mcm2–7 complex
like Mcm10-WT in vitro

Mcm10 has been shown to recruit Cdc45 onto chromatin
(30,28,53,54). To investigate whether Mcm10-4A recruits
Cdc45 to Mcm2–7, first we examined whether Mcm10 mu-
tant binds directly to Cdc45. We used a GST pulldown
analysis in which we incubated GST-Cdc45 with radiola-
beled wild-type and mutant PKA-Mcm10 proteins. Mcm10-
4A showed a Cdc45 binding similar to wild-type Mcm10
(Figure 3B). To test whether Mcm10 mutant can recruit
Cdc45 to Mcm2–7, we next incubated GST-Cdc45 with a
fixed amount of radiolabeled PKA-Mcm2–7 and increasing
concentrations of radiolabeled wild-type and mutant PKA-
Mcm10 proteins. We observed that the amount of Cdc45
bound to Mcm2–7 substantially increased as we added in-
creasing concentrations of wild-type Mcm10 or Mcm10-
4A to the reaction (Figure 3C). These data indicate that
Mcm10-4A can recruit Cdc45 to the Mcm2–7 complex in
vitro and that NTD is not involved in this recruitment.

Mcm10-4A is defective in stimulating Mcm2 phosphorylation
by DDK in vitro

We previously found that Mcm10 interacts with DDK and
stimulates the phosphorylation of Mcm2 in vitro (28). Fur-
thermore, in the absence of Mcm10, cells show a modestly
decrease Mcm2 phosphorylation in vivo (28). We first deter-
mined using purified proteins if there are direct interactions
between Mcm10 mutants and both DDK subunits: the reg-
ulatory Dbf4 and the catalytic Cdc7. We incubated GST-
Dbf4, GST-Cdc7 or GST-tag with increasing amounts of
radiolabeled wild-type PKA-Mcm10 and PKA-Mcm10-4A.
Mcm10-4A shows a slightly reduced Dbf4 interaction and
a substantially reduced Cdc7 binding capacity compared to
wild-type Mcm10 (Figure 4A and B). These data suggest
that Mcm10 oligomerization through the NTD is not neces-
sary for Dbf4 interaction, but it may be important for Cdc7
binding.

We then investigated the ability of Mcm10-4A to stim-
ulate Mcm2 phosphorylation by DDK in vitro. We per-
formed an in vitro kinase assay in which we incubate Mcm2
with DDK and increasing amounts of wild-type Mcm10
or Mcm10-4A at 30◦C for 1 h. We examined the levels of
phospho-Mcm2 with an antibody directed against Mcm2-
phosphoserines 164 and 170 (13,14). DDK phosphorylates
Mcm2 weakly in vitro (13). We found a substantial increase
in Mcm2 phosphorylation as we added wild-type Mcm10
to the reaction (Figure 4C, left panel) as it was shown be-
fore (28). We detected some phosphoMcm2 signal at the no-

DDK point for wild-type Mcm10 (Figure 4C, left panel).
It may be the result of some weak cross-reactivity between
the phospho-antibody and unphosphorylated Mcm2. In the
case of Mcm10 mutant, the amount of phospho-Mcm2
is slightly increased at the highest Mcm10-4A concentra-
tion assayed (Figure 4C, right panel), but this amount of
phospho-Mcm2 is reduced compared to wild-type Mcm10
(Figure 4C). This result indicates that Mcm10-4A is defec-
tive in stimulating DDK phosphorylation of Mcm2 in vitro.

Mcm10-4A is substantially defective for p180 recruitment to
Mcm2–7 in vitro

It has previously been shown that Mcm10 helps recruit pol-
� to origins of replication (21,30). Mcm10 interacts through
its ID with p180 (34,38), the subunit that contains the cat-
alytic DNA polymerase activity of pol-� (55). We wanted
to test if the Mcm10-4A mutant is able to interact with
p180 in vitro using a GST pulldown assay. We incubated
GST-p180 or GST-Tag alone with increasing amounts of ei-
ther radiolabeled PKA-Mcm10–WT or PKA-Mcm10-4A.
Mcm10-4A exhibited a very slight defect in p180 interac-
tion compared to Mcm10-WT (Figure 5A). Next, we de-
termined whether Mcm10-4A was defective in recruiting
p180 to Mcm2–7 in vitro using the GST pulldown assay. We
found that, for wild-type Mcm10, increasing concentrations
of Mcm10 stimulated the interaction between GST-p180
and PKA-Mcm2–7 (Figure 5B). However, for Mcm10-4A,
there was little interaction between GST-p180 and PKA-
Mcm2–7, even at the highest concentration of Mcm10-4A
(Figure 5B). Since the direct interaction between Mcm10-
4A and both Mcm2–7 and p180 are close to wild-type levels
(Figures 3A and 5A), whereas the recruitment of p180 to
Mcm2–7 is substantially defective for Mcm10-4A (Figure
5B), the data suggest that an intact Mcm10 coiled-coil in-
teraction surface is important for the recruitment of p180
to Mcm2–7 in vitro.

Then we studied the recruitment of p180 to the differ-
ent isolated Mcm2–7 subunits by Mcm10. We found that
wild-type Mcm10 exhibits substantial recruitment of p180
to Mcm2 and Mcm7 and modest recruitment to Mcm4
(Figure 5C). Thus, we next determined whether an intact
Mcm10 coiled-coil interaction surface is important for p180
recruitment to the Mcm2, Mcm4 and Mcm7 subunits. Un-
like wild-type Mcm10, the Mcm10-4A mutant was defective
for p180 recruitment to each of these three subunits, with
the largest defect observed for Mcm2 recruitment (Figure
5D–F). These data suggest that an intact Mcm10 coiled-coil
interaction surface is important for p180 recruitment to the
Mcm2 subunit of the Mcm2–7 complex, while recruitment
of p180 to Mcm4 or Mcm7 subunits is also possible.

Expression of mcm10-4A results in a growth defect and
slowed progression through S phase

To investigate the role of Mcm10 mutants in vivo we used
an IAA-inducible degron (mcm10-1-aid) in which the ge-
nomic copy of MCM10 is degraded upon de addition of
IAA to the culture media (27,56). We constructed plasmids
with wild-type MCM10 and mcm10-4A under the control
of GalS promoter, a low-copy inducible expression system
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Figure 3. Mcm10-4A is able to bind and recruit Cdc45 to the Mcm2–7 complex in vitro. (A) 30 pmol of wild-type GST-Mcm10, GST-Mcm10-A4 or
GST tag was incubated with increasing concentrations of radiolabeled PKA-Mcm2–7 at 30◦C for 10 min in a GST pulldown assay. The products of the
pulldown were analyzed by SDS-PAGE followed by phosphorimaging. Results from similar experiments were quantified, averaged and plotted. (B) 30 pmol
of GST tag or GST-Cdc45 was incubated with varying amounts of radiolabeled wild-type PKA-Mcm10 or PKA-Mcm10-4A in a GST pulldown assay. The
products of the pulldown were analyzed by SDS-PAGE followed by phosphorimaging. Results from similar experiments were quantified, averaged and
plotted. (C) 30 pmol of GST-Cdc45 was incubated with 10 pmol of radiolabeled PKA-Mcm2–7 and increasing amounts of wild-type Mcm10 or Mcm10-4A
in a GST pulldown assay. The products of the pulldown were analyzed by SDS-PAGE followed by phosphorimaging. Results from similar experiments
were quantified, averaged and plotted. Graphs from (A), (B) and (C) represent mean values from two independent experiments and error bars indicate the
standard deviation of the mean.

(57). These plasmids were then transformed into mcm10-
1-aid strain. In the absence of IAA and galactose (permis-
sive conditions), only the genomic copy of MCM10 is ex-
pressed. Under these conditions, cells harboring plasmids
with MCM10-WT, empty vector and mcm10-4A each grow
similarly as analyzed by serial 10-fold dilutions on agar
plates (Figure 6A, left panel). This result was expected be-
cause, in the absence of galactose, no mcm10 mutant was in-

duced. However, once IAA and galactose are added (restric-
tive conditions), the genomic copy of MCM10 is degraded
and the plasmid copy of mcm10 is expressed. We varied lev-
els of galactose to achieve equal Mcm10 expression levels of
mcm10-4A (degron on) compared to wild-type cells (degron
off) (Supplementary Figure S2). We next performed a sim-
ilar experiment in the presence of IAA and galactose. Un-
der these conditions, cells expressing mcm10-4A exhibited a
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Figure 4. Mcm10-4A is slightly defective in stimulating Mcm2 phosphorylation by DDK in vitro. (A) 30 pmol of GST-Dbf4 or GST tag was incubated
with increasing concentrations of radiolabeled wild-type PKA-Mcm10 or PKA-Mcm10-4A at 30◦C for 10 min in a GST pulldown assay. The products of
the pulldown were analyzed by SDS-PAGE followed by phosphorimaging. Results from similar experiments were quantified, averaged and plotted. (B) 30
pmol of GST-Cdc7 or GST tag was incubated with increasing concentrations of either radiolabeled wild-type PKA-Mcm10 or PKA-Mcm10-4A at 30◦C
for 10 min in a GST pulldown assay. The products of the pulldown were analyzed by SDS-PAGE followed by phosphorimaging. Results from similar
experiments were quantified, averaged and plotted. (C) 5 �g of Mcm2 was incubated with 50 ng of DDK and varying amounts of wild-type Mcm10 or
Mcm10-4A in a volume of 25 �l at 30◦C for 1 h. The reactions were then analyzed by western blot for expression of phospho-Mcm2. Graphs from (A)
and (B) represent mean values from two independent experiments and error bars indicate the standard deviation of the mean.

growth defect (Figure 6A, right panel). These data suggest
that the Mcm10 NTD is important for budding yeast cell
growth on agar plates.

To characterize the effect of the Mcm10 NTD mutations
during DNA replication, we subjected MCM10-WT and
mcm10-4A to FACS analysis. We found a slow progression
through S phase for cells expressing mcm10 mutant (Figure
6B).

Cells expressing mcm10-4A are slightly defective for DDK
phosphorylation of Mcm2

It has been previously described that the phosphorylation
of Mcm2 by DDK may be responsible for the ssDNA ex-
trusion from the central ring of the Mcm2–7 ring (14). We
found that Mcm10-4A is defective in DDK stimulation of
Mcm2 in vitro (Figure 4C). We next analyzed the levels of
phospho-Mcm2 in cells expressing Mcm10 mutants. For
that, we use an antibody directed against the DDK sites
on Mcm2 (anti-Mcm2-phosphoS164-phospho170) (13,14).
We arrested cells in G1 with �–factor under restrictive con-
ditions for 3 hours and then release them into growth media
lacking �-factor under the restrictive conditions for 0, 15,
30 and 45 min. We made whole cell extracts and found that
cells expressing mcm10-WT showed an increase in phospho-
Mcm2 signal as cells entered S phase (Figure 6C, bottom
left panel). Cells expressing mcm10-4A exhibited similar lev-

els of phosphoMcm2 signal compared to wild-type at 30
min during S phase. At 45 min the level of phosphor-Mcm2
is slightly decreased in mcm10-4A mutant (Figure 6C, bot-
tom right panel). These results suggest that expression of
mcm10-4A confers a slight decrease in Mcm2 phosphoryla-
tion by DDK in vivo.

The presence of mcm5-bob1 mutation does not suppress the
growth defect observed in mcm10-4A

The mcm5-bob1 mutation is able to suppress the growth
defect observed when cdc7 is deleted from the budding
yeast genome (58). mcm5-bob1 also suppresses the severe
growth defect conferred by a mutant of Mcm2 (mcm2-
S164A-S170A) that is not phosphorylated by DDK (14).
We wanted to study the effect of the expression of mcm10-
4A in mcm10-1-aid cells harboring the mcm5-bob1 ge-
netic background. We transformed mcm10-1-aid mcm5-
bob1 cells with our galactose inducible MCM10-WT and
mcm10-4A. The growth defect observed when mcm10-4A
mutant is expressed under restrictive conditions (Figure 7A)
was not at all suppressed by the presence of mcm5-bob1 mu-
tation (Figure 7B). As a control, we transformed mcm10-
1-aid strains with a plasmid expressing the phosphodead
Mcm2 mutant (mcm2-S164A-S170A). The severe growth
defect shown by this mutant is suppressed by the presence
of the mcm5-bob1 mutation (Supplementary Figure S3).
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Figure 5. Mcm10-4A is slightly defective in p180 binding in vitro. (A) 30 pmol of GST-p180 or GST tag was incubated with increasing concentrations of
either radiolabeled PKA-Mcm10-WT or PKA-Mcm10-4A at 30◦C for 10 min in a GST pulldown assay. The products of the pulldown were analyzed by
SDS-PAGE followed by phosphorimaging. Results from similar experiments were quantified, averaged and plotted. (B) 30 pmol of GST-p180 was incubated
with 10 pmoles of radiolabeled PKA-Mcm2–7 and increasing amounts of wild-type Mcm10 or Mcm10-4A in a GST pulldown assay. The products of the
pulldown were analyzed by SDS-PAGE followed by phosphorimaging. Results from similar experiments were quantified, averaged and plotted. (C) 30
pmol of GST-p180 was incubated with 10 pmol of the isolated radiolabeled PKA-Mcm2–7 subunits and increasing amounts of wild-type Mcm10 in a
GST pulldown assay. The products of the pulldown were analyzed by SDS-PAGE followed by phosphorimaging. Results from similar experiments were
quantified, averaged and plotted. (D) 30 pmol of GST-p180 was incubated with 10 pmol of radiolabeled PKA-Mcm2 and increasing amounts of wild-
type Mcm10 or Mcm10-4A in a GST pulldown assay. The products of the pulldown were analyzed by SDS-PAGE followed by phosphorimaging. Results
from similar experiments were quantified, averaged and plotted. (E) 30 pmol of GST-p180 was incubated with 10 pmol of radiolabeled PKA-Mcm4 and
increasing amounts of radiolabeled wild-type PKA-Mcm10 or PKA-Mcm10-4A in a GST pulldown assay. The products of the pulldown were analyzed by
SDS-PAGE followed by phosphorimaging. Results from similar experiments were quantified, averaged and plotted. (F) 30 pmol of GST-p180 was incubated
with 10 pmol of radiolabeled PKA-Mcm7 and increasing amounts of radiolabeled wild-type PKA-Mcm10 or PKA-Mcm10-4A in a GST pulldown assay.
The products of the pulldown were analyzed by SDS-PAGE followed by phosphorimaging. Results from similar experiments were quantified, averaged
and plotted.

We also compared growth rate of mcm10-4A to mcm10-
Δ1-100 using serial dilution on agar plates (Supplementary
Figure S4). In these experiments, MCM10 was expressed
from either the GAL S promoter or native promoter. In ei-
ther case, we found that expression of mcm10-4A resulted
in a severe growth defect, and this growth defect was nearly
identical to the growth defect conferred by expression of
mcm10-Δ1-100. These data further support that an intact
Mcm10 coiled-coil interaction surface is important for cell
growth. Three previous in vivo studies show that deletion of
the N-terminal 100 amino acids of Mcm10 does not affect
cell growth (43,52,59). However, these studies used differ-
ent strain backgrounds and different methods to degrade
endogenous Mcm10 compared to this study. Thus, the rela-
tive importance of the N-terminus of Mcm10 on cell growth

depends upon the strain background and experimental con-
ditions.

We next studied whether cells expressing mcm10-4A in
a mcm5-bob1 background under restrictive conditions ex-
hibited a defect in RPA-ChIP signal at origins of replica-
tion. For that purpose, we synchronized cells in G1 with �-
factor in the presence of IAA and then released them into
medium lacking �-factor for 0, 15, 30, 45 and 60 min. Then
we performed chromatin immunoprecipitation with anti-
bodies against yeast RPA, followed by quantitative PCR
probing for origin (ARS306) and non-origin (region be-
tween ARS305 and ARS306) sequences. An increased sig-
nal was observed for cells expressing mcm10-WT during
S phase (Figure 7C, left panel), indicating active origin
melting/DNA unwinding. At 60 min we observed a de-
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Figure 6. Expression of mcm10-4A in budding yeast results in a growth defect and reduced DDK phosphorylation of Mcm2. (A) 10-fold serial dilution
analysis of budding yeast mcm10-1-aid cells expressing MCM10-WT, vector and mcm10-4A from the GAL-S plasmid inducible promoter system (pRS415).
Plates were incubated for 3 days at 25◦C. (B) mcm10-1-aid cells expressing MCM10-WT and mcm10-4A were grown as described in Materials and Methods.
Cells were analyzed by FACS with propidium iodide staining for DNA content. (C) mcm10-1-aid cells expressing MCM10-WT and mcm10-4A were grown
as described in Material and Methods. C, upper panel. Mcm2 IP samples were analyzed by western blot for expression of Mcm2. C, bottom panel. Mcm2
IP samples were analyzed by western blot for expression of phospho-Mcm2. Results from similar experiments were quantified, averaged and plotted. Graph
from (C) represents mean values from two independent experiments and error bars indicate the standard deviation of the mean.

crease in RPA-ChIP signal, indicating that cells are entering
G2. In contrast, no increase was observed for the non-origin
sequence (Figure 7C, right panel). There is a substantial re-
duction in PCR signal in the case of cells expressing mcm10-
4A (Figure 7C, left panel). The decrease in RPA-ChIP sig-
nal at origins of replication may reflect the importance of
the Mcm10 NTD for origin unwinding/melting.

Next, we determined the assembly of CMG in cells ex-
pressing mcm10-4A in the mcm5-bob1 background. Cells
were synchronized in G1 with �–factor and then released
into medium lacking �–factor for 0, 15, 30 and 45 minutes.
We made whole cell extracts and probed them with antibod-
ies against Mcm10, Cdc45, GINS, RPA, Mcm2 and Pol12,
using the relevant epitope tags for antigens, and found sim-
ilar levels of these proteins in cells expressing mutant com-
pared to wild-type Mcm10 (Figure 7D, left panel). Then, we
immunoprecipitated cells with an antibody against Mcm2
in order to isolate DNA-loaded Mcm2–7 complexes. Levels
of Mcm2 were equivalent for cells expressing mcm10-WT
and mcm10-4A (Figure 7D, right panel). We first investi-
gated the interaction between Mcm2–7 and Mcm10 in vivo
by probing cells with an antibody against Mcm10. We found
similar levels of Mcm10 during G1 and S phase in cells ex-
pressing mcm10-WT and mcm10-4A. This result indicates
that the Mcm10-Mcm2–7 interaction is normal in cells ex-
pressing mcm10-4A. This is consistent with our in vitro data

in which we showed that Mcm10-4A is able to interact with
Mcm2–7 in vitro (Figure 3A).

In cells expressing mcm10-4A, the level of Cdc45 bound
to Mcm2 is similar compared to wild-type Mcm10 during
S phase (Figure 7D, right panel), indicating that the re-
cruitment of Cdc45 during S phase is normal in cells ex-
pressing mcm10-4A. In contrast, when we studied the in-
teraction between Mcm2–7 and GINS, we found that there
is a reduced signal for GINS-Mcm2–7 interaction in cells
expressing mcm10-4A (Figure 7D, right panel). This result
suggests that GINS assembly with Mcm2–7 is modestly de-
fective during S phase in our Mcm10 NTD mutant.

The role of Mcm10 in CMG assembly is currently a
topic of debate. Deleting MCM10 in previous studies re-
sults in either no defect in CMG assembly (26,27,60), or a
slight-to-modest defect in CMG assembly, depending upon
the study (28,59). Furthermore, CMG can be assembled in
vitro without any added Mcm10 (9,33,59). The results in
the present manuscript show that expression of the mcm10-
4A mutant results in a modest defect in GINS assembly
with Mcm2–7, and this defect is more severe than that ob-
served in our previous study of an MCM10 deletion (28).
Thus, expression of mcm10-4A may result in a more severe
defect in CMG assembly compared to an MCM10 dele-
tion. It will be interesting to observe the effect of adding
Mcm10-4A to a fully reconstituted in vitro DNA replica-
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Figure 7. The growth defect observed in cells expressing mcm10-4A is not suppressed by the presence of mcm5-bob1 mutation. (A) 10-fold serial dilu-
tion analysis of budding yeast mcm10-1-aid cells expressing MCM10-WT and mcm10-4A from the GAL-S plasmid inducible promoter system (pRS415).
Plates were incubated for 3 days at 25◦C. (B) similar to A, except the cells harbored the mcm5-bob1 mutation. (C) mcm10-1-aid mcm5-bob1 cells expressing
MCM10-WT and mcm10-4A were grown and chromatin immunoprecipitation was performed as described in Materials and Methods. Radioactive PCR
bands were quantified, averaged and plotted. (D) mcm10-1-aid mcm5-bob1cells expressing MCM10-WT and mcm10-4A were grown as described in Mate-
rials and Methods. D, left panel. Whole cell extracts were analyzed by Western blot for the expression of the indicated proteins. D, right panel. Cells were
immunoprecipitated with antibodies directed against Mcm2 as described in Materials and Methods, followed by western analysis with antibodies directed
against Mcm2, Mcm10, Cdc45, GINS, RPA, and Pol12. Results from different experiments were quantified, averaged and plotted. Graphs from (C) and
(D) represent mean values from two independent experiments and error bars indicate the standard deviation of the mean.
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tion system in the future. We next analyzed the levels of
RPA (the Saccharomyces cerevisiae ssDNA binding protein)
in cells expressing either MCM10-WT or mcm10-4A by co-
immunoprecipitation. We observed that the interaction be-
tween RPA and Mcm2 is substantially reduced in cells ex-
pressing mcm10-4A compared to MCM10-WT (Figure 7D,
right panel), suggesting that origin unwinding/melting is
defective.

A previous study suggested a model in which oligomer-
ization of Mcm10 might be involved in the coordination
of both ssDNA and Pol-� interaction at origins of replica-
tion (38). We wanted to study the presence of Pol12, a sub-
unit of the Pol� primase complex, at origins of replication
in cells expressing mcm10-4A. We found a substantially re-
duced Pol12 signal at origins of replication in cells express-
ing mcm10-4A compared to MCM10-WT. The presence of
two bands for Pol12 is observed because Pol12 is phospho-
rylated in a cell cycle-specific manner in eukaryotes (61,62).

In summary, the expression of mcm10-4A results in the
following defects: reduced phosphorylation of Mcm2 by
DDK, diminished RPA signal at origins of replication, de-
layed GINS-Mcm2–7 interaction and defective Pol� re-
cruitment to origins of replication.

DISCUSSION

Summary of new results reported in this manuscript

We characterized an Mcm10 mutant that is defective for
oligomerization (Mcm10-4A). Using purified proteins, we
found that Mcm10-4A is defective in stimulating DDK
phosphorylation of Mcm2, binding to 80-nucleotide ss-
DNA, and recruitment of p180 to Mcm2–7. In vivo, we
found that expression of mcm10-4A resulted in a growth de-
fect as a result of a defective DNA replication and decreased
phosphorylation of Mcm2. We also expressed mcm10-4A
in mcm5-bob1 cells to suppress the defect resulting from de-
creased DDK phosphorylation of Mcm2. In the mcm5-bob1
genetic background, cells expressing mcm10-4A exhibited
defective growth, decreased association of RPA with ori-
gins of replication and decreased recruitment of GINS and
pol � to Mcm2–7. We also observed a severe growth defect
for cells expressing mcm10-Δ1-100 that was nearly identical
to the growth defect observed for cells expressing mcm10-
4A. This result differs with reports from other groups using
different background strains and methods for depleting en-
dogenous MCM10, suggesting that the relative importance
of the N-terminus of Mcm10 on cell growth depend upon
the background strain and experimental conditions.

In summary, we report the following discoveries in this
manuscript that have not been reported elsewhere: (1) An
intact Mcm10 coiled-coil interaction surface is important
for cell growth. (2) An intact Mcm10 coiled-coil interaction
surface is important for Pol12 interaction with Mcm2–7 in
vitro and in vivo. (3) An intact Mcm10 coiled-coil interac-
tion surface is important for RPA recruitment to replica-
tion origins in vivo, and this defect is correlated to the loss
of Mcm10 interaction with single-stranded DNA.

Role of Mcm10 multimerization in origin unwinding

It was previously shown that Mcm10 multimerization is cor-
related with Mcm10 interaction with long ssDNA (51). Fur-
thermore, it was recently observed that expression of a mu-
tant of Mcm10 defective for ssDNA binding,mcm10-2,3,4,
results in a substantially diminished RPA-ChIP signal at
an origin of replication (29). These previous data suggest
that Mcm10 interaction with ssDNA is important for ori-
gin melting, perhaps by stabilizing the ssDNA as the melted
strand is extruded from the central channel of Mcm2–7 dur-
ing S phase (29). The DNA binding region of Mcm10 is in
the Internal Domain (ID) for budding yeast, while the mul-
timerization domain is in the N-terminal domain (NTD)
(36,37). Thus, the mutation reported here, Mcm10-4A, re-
sults in decreased interaction with ssDNA because of in-
hibited Mcm10 multimerization and not because of a direct
loss of contact of Mcm10 with ssDNA. Since expression of
this Mcm10-multimerization mutation results in decreased
RPA-ChIP signal in vivo, an intact Mcm10 coiled-coil inter-
action surface may be important for high affinity of Mcm10
for the melted strand during origin melting in budding yeast
(Figure 8A).

Role of Mcm10 multimerization in helicase assembly

We found that expression of mcm10-4A results in dimin-
ished recruitment of GINS to Mcm2–7 in vivo. We previ-
ously observed no direct interaction between Mcm10 and
GINS (29), suggesting that the diminished helicase assem-
bly reported here is indirect. We have observed similar in-
stances of defective GINS-Mcm2–7 interaction in vivo when
origin melting is absent (29,50,63,64). The reason for this
defect may be that origin melting is important for the effi-
cient interaction between GINS and Mcm2–7 in vivo. We
previously observed that Sld2 blocks the association of
GINS with Mcm2–7, but origin melting sequesters Sld2
form Mcm2–7, allowing GINS to bind Mcm2–7 by a se-
questration mechanism (44,49,50). Thus, it is possible that
this mechanism is operative when mcm10-4A is expressed in
budding yeast cells. Thus, according to this model, Mcm10
multimerization is important for binding and stabilization
of the melted strand. Then, the melted strand recruits Sld2
away from Mcm2–7, allowing GINS to bind to Mcm2–7 by
a passive mechanism (Figure 8B).

Role of Mcm10 multimerization in pol � recruitment to
Mcm2–7

Mcm10 is imoportant for the recruitment of pol � to
Mcm2–7 during replication initiation (21,31,32). We show
here using purified proteins that Mcm10-4A is substantially
defective for the recruitment of p180 to Mcm2–7 compared
to Mcm10-WT. However, the interaction between Mcm10-
4A and both p180 and Mcm2–7 is similar compared to
the interaction between Mcm10-WT and p180 and Mcm2–
7. Furthermore, expression of mcm10-4A in budding yeast
cells results in diminished pol � interaction with Mcm2–7 in
vivo. These data suggest that the multimerization of Mcm10
is important for the recruitment of p180 to Mcm2–7 in bud-
ding yeast. We also examined which subunit of Mcm2–7
is important for Mcm10-dependent recruitment of p180 to
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Figure 8. An intact Mcm10 coiled-coil interaction surface is important for origin melting, helicase assembly and the recruitment of Pol-� to Mcm2–7. (A)
Mcm2–7 complex is loaded as a double hexamer to encircle dsDNA during late M and G1 phase. In early S phase, Mcm10 stimulates DDK phosphorylation
of Mcm2. S-phase cyclin dependent kinase (CDK) phosphorylates Sld2 and Sld3 and these phosphorylated proteins bind to Dpb11 to form the ternary
complex Sld3-Sld2-Dpb11 that binds to the Mcm2–7 complex. The Sld3-Sld2-Dpb11 ternary complex blocks the interaction between GINS and Mcm2–7.
Lagging stand ssDNA is extruded from the central ring of Mcm2–7 complex. (B) Mcm10 oligomerization promotes Mcm10-binding to the extruded lagging
ssDNA strand. (C) Sld3-Sld2-Dpb11 bind to the melted, lagging ssDNA strand, allowing GINS to bind Mcm2–7 by a passive, sequestration mechanism.
(D) Mcm10 oligomerization promotes the recruitment of pol � to Mcm2–7.

Mcm2–7 and found that Mcm2 interaction with p180 is
substantially dependent on Mcm10 multimerization, while
Mcm4 and Mcm7 are modestly dependent. These data sug-
gest that Mcm10 may recruit p180 to Mcm2–7 by directly
interaction with Mcm2 and p180. We propose that one sub-
unit of Mcm10 binds to Mcm2, a second Mcm10 subunit
binds to p180 and the formation of a dimer between these
two Mcm10 subunits confers the efficient recruitment of pol
� to Mcm2–7 during DNA replication initiation (Figure
8C).
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