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We report the identification of Cdc7/Dbf4 phosphorylation sites in human MCM2 and the determination of the role of
Cdc7/Dbf4 phosphorylation of MCM2 in the initiation of DNA replication. Using immunoblotting, immunofluorescence,
and high-speed automated cell-imaging analyses with antibodies specific against MCM2 and Cdc7/Dbf4 phosphorylated
MCM2, we show that the chromatin recruitment and phosphorylation of MCM2 are regulated during the cell cycle in
HeLa cells. Chromatin-bound MCM2 is phosphorylated by Cdc7/Dbf4 during G1/S, which coincides with the initiation
of DNA replication. Moreover, we show that baculovirus-expressed purified MCM2-7 complex and its phosphomimetic
MCM2E-7 complex display higher ATPase activity when compared with the nonphosphorylatable MCM2A-7 complex in
vitro. Furthermore, suppression of MCM2 expression in HeLa cells by siRNA results in the inhibition of DNA replication.
The inhibition can be rescued by the coexpression of wild type MCM2 or MCM2E but not MCM2A. Taken together, these
results indicate that Cdc7/Dbf4 phosphorylation of MCM2 is essential for the initiation of DNA replication in mammalian
cells.

INTRODUCTION

In all eukaryotic cells, chromosomal DNA replication is a
tightly regulated process, which must be strictly coordinated
with other cell cycle events, such as cell division, to ensure
that the daughter cells maintain the same ploidy as the
parental cells. DNA replication occurs at multiple replica-
tion origins scattered throughout the genome and each seg-
ment of DNA replicates once and once only per cell cycle. It
is believed that regulation of DNA replication is exerted
primarily at the initiation of DNA synthesis. Perturbation of
DNA replication can lead to numerous deleterious events,
including mutagenesis and chromosome instability, which
can have severe consequences for an organism such as cell
death, birth and developmental defects, and cancer (Elledge,
1996).

Great insight into the molecular mechanisms of the initi-
ation of DNA replication in eukaryotic cells has been ob-
tained in the past decades. A large body of genetic and
biochemical evidence has now emerged to support a model
in which the initiation of DNA replication in eukaryotic cells
is controlled by the stepwise establishment of prereplication
complexes (pre-RCs) at DNA replication origins in G1 (also
known as origin licensing) and the activation of two S
phase–promoting kinases, Cdks/cyclins, and Cdc7/Dbf4, in
G1/S (for reviews, see Bell and Dutta, 2002; Mendez and
Stillman, 2003; Forsburg, 2004). The pre-RCs contain several
groups of proteins that are essential for the initiation of DNA
replication. These include six subunits of origin recognition

complex (ORC), the loading factors Cdc6 and Cdt1 proteins,
and the putative DNA replicative helicase MCM2-7 complex
(Bell and Stillman, 1992; Chong et al., 1995; Donovan et al., 1997;
Maiorano et al., 2000; Nishitani et al., 2000). Origin licensing is
sequential, with ORC binding to replication origins, which
recruits the Cdc6 and Cdt1 proteins and thereby promotes the
loading of MCM proteins (Stillman, 1996; Tye, 1999; Bell and
Dutta, 2002; Forsburg, 2004). Although necessary, origin licens-
ing is not sufficient to initiate DNA replication. The initiation of
DNA replication requires the activation of two S phase–pro-
moting kinases, Cdks/cyclins and Cdc7/Dbf4 in G1/S (Bell
and Dutta, 2002; Henneke et al., 2003; Forsburg, 2004). It is
thought that both S phase–promoting kinases phosphorylate
critical downstream targets at pre-RCs that trigger the initia-
tion of DNA replication.

The putative DNA replicative helicase, MCM2-7 proteins
were originally identified as a group of proteins essential for
DNA replication (chromosomal maintenance; Tye, 1999;
Forsburg, 2004). They share sequence homology to each
other in their nucleotide-binding domains and are a distinct
subgroup of the large AAA ATPase family, which has many
cellular functions (Lupas and Martin, 2002). Biochemical
purification and reconstitution of recombinant proteins in-
dicate that MCM2-7 proteins mainly form a heterohexameric
complex with 1:1:1:1:1:1 stoichiometry and likely have a
ring-shaped structure that surrounds DNA through its cen-
tral channel (Lee and Hurwitz, 2000; Prokhorova and Blow,
2000; Sato et al., 2000; Schwacha and Bell, 2001; Davey et al.,
2003; Ying and Gautier, 2005). These results strongly suggest
that the MCM complex represents the long-sought cellular
replicative helicase, similar to that of bacteriophage T7 Gp4,
the bacterial DnaB protein, and the large T antigen (T) of
SV40 (SV40). Indeed, a single MCM-related protein encoded
by archaeon Methanobacterium thermoautotrophicum �H
(MtMCM), which assembles into two stacked homohexam-
eric rings, has helicase activity (Fletcher et al., 2003). Simi-
larly, purified recombinant Saccharomyces cerevisiae MCM2-7
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complex displays ATPase activity and Schizosaccharomyces
pombe, mouse, and human MCM subcomplex composed of
the dimeric complex of MCM subunits 4, 6, and 7
(MCM4,6,7)2 has an intrinsic ATP-dependent DNA helicase
activity (Ishimi, 1997; Lee and Hurwitz, 2001; Schwacha and
Bell, 2001; Davey et al., 2003; You et al., 2003). Depletion or
neutralization of MCM proteins after initiation in S. cerevi-
siae or Xenopus cell-free system blocks the progression of
replication forks, indicating that MCM proteins are also
required for DNA replication fork progression (Labib et al.,
2001; Pacek and Walter, 2004). In addition, MCM proteins
are downstream targets of Cdks/cyclins and Cdc7/Dbf4,
suggesting that the function of MCM proteins may be reg-
ulated by S phase–promoting kinases during DNA replica-
tion (Masai and Arai, 2002; Forsburg, 2004 and references
therein).

Previously, we and others showed that Cdc7/Dbf4 selec-
tively phosphorylates MCM2 subunit of MCM complex (Lei
et al., 1997; Brown and Kelly, 1998; Jiang et al., 1999a; Jares
and Blow, 2000). However, the molecular mechanism by
which Cdc7/Dbf4 phosphorylation of MCM2 regulates the
initiation of DNA replication is not clear. In this study, we
report the identification of Cdc7/Dbf4 phosphorylation sites
in human MCM2 and the determination of the role of Cdc7/
Dbf4 phosphorylation of MCM2 in the initiation of DNA
replication in mammalian cells.

MATERIALS AND METHODS

Cell Culture, Transfections, and Synchronization
HeLa cells were cultured in DMEM supplemented with 10% heat-inactivated
fetal bovine serum (FBS) and penicillin/streptomycin at 37°C. For transient
transfection, HeLa cells were transfected with plasmid(s) and/or siRNA
using Oligofectamine according to the manufacturer’s protocol (Invitrogen,
Carlsbad, CA). For cell cycle synchronization, HeLa cells were synchronized
at G1/S by a double-thymidine treatment and released into different stages of
the cell cycle by addition of fresh medium as previously described (Jiang et al.,
1999b). DNA content of synchronous cells were determined by flow cytom-
etry (FACSort, Becton Dickinson, Lincoln Park, NJ) and analyzed by
CELLQuest Ver. 3.3 (Becton Dickinson).

Antibodies
Rabbit polyclonal anti-MCM2S1 antibodies (�-MCM2S1) were generated
against a synthetic human MCM2 phosphopeptide, MCM2S1 (CRGLLYDpS-
DEEDE, amino acid residues 133–144), coupled to keyhole limpet-hemocya-
nin (KLH) via the added N-terminal Cys. �-MCM2S1 was purified using
MCM2S1 phosphopeptide-Sepharose 4B affinity column. Rabbit polyclonal
anti-MCM2M1 antibodies (�-MCM2M1) were generated against bacterially
expressed His-MCM2M1 (amino acids residues 1–296; Figure 1B) and was
purified using GST-MCM2M5 fusion protein affinity column. Anti-MCM3, 4,
5, 6, and 7 and xOrc2 antibodies were kindly provided by Drs. John Newport
(UCSD, San Diego, CA), Ralf Knippers (Konstanz, Germany), and Ron Laskey
(University of Cambridge, United Kingdom). Anti-MCM2 (BM28), RPA, �-tu-
bulin, FLAG M2, and bromodeoxyuridine (BrdU) monoclonal antibodies
were purchased from BD Biosciences PharMingen (610701, clone 46; San
Diego, CA), Oncogene Research Products (Ab-2; Boston, MA), Sigma (T5168;
St. Louis, MO), Sigma (F3165), and Serotec (OBT0030S; Raleigh, NC), respec-
tively. All secondary antibodies used in the study were purchased from
Southern Biotechnology (Birmingham, AL) and Jackson ImmunoResearch
Laboratories (West Grove, PA).

MCM2 Constructs, In Vitro Kinase Assay, In Vivo
Metabolic Labeling, Two-dimensional Tryptic Peptide
Mapping, and Mass-Spectrometric Analyses
Human MCM2 cDNA and its deletion mutants were generated by PCR
and subcloned into EcoRI/SalI sites of pGEXKG, pHis8, or pFLAG plas-
mid.pHisMCM2M5S27A,pHisMCM2M5S41A,pHis8MCM2M5S139A,pHis
MCM2M5S26AS139A, pHisMCM2M5S40AS139A, pHisMCM2M5A, pFLAG-
MCM2S139A, pFLAG-MCM2A, and pFLAG-MCM2E, in which Ser-27, Ser-41,
Ser-139, Ser26 and Ser139, Ser40 and Ser139 or Ser27, Ser41 and Ser139 were
substituted to Ala or Glu were generated by Quick-Change mutagenesis method
according to the manufacturer’s description (Stratagene, La Jolla, CA). All con-
structs were fully sequenced.

For in vitro kinase assay, 1–2 �g of purified MCM2 proteins was incubated
with 20–50 ng of purified Cdc7/Dbf4 kinase in the presence of [�-32P]ATP at
30°C for 30 min as previously described (Jiang et al., 1999a). The kinase
reactions were terminated by adding an equal volume of 2� sample buffer,
and the reaction products were separated by SDS/polyacrylamide gels,
stained with Coomassie blue and then dried before autoradiography.

For in vivo metabolic labeling, untransfected HeLa cells or HeLa cells
transfected with siRNA for 3 d were washed once with phosphate-free
medium and then incubated with the same phosphate-free medium supple-
mented with 10% dialyzed FBS and 2 mCi/ml [32P]orthophosphate for 6 h.
Cells were lysed in RIPA buffer (50 mM Tris-HCl, pH 7.4, 1% Nonidet P-40,
1% sodium-deoxycholate, 0.1% SDS, 150 mM NaCl, 1 mM EDTA, 1 mM
PMSF, 1 mM Na3VO4, 1 mM NaF, 10 U/ml aprotinin, and 20 �g/ml leupep-
tin). After clarification by centrifugation, MCM2 protein was immunoprecipi-
tated by �-MCM2M1. The immunoprecipitates were separated by SDS/
polyacrylamide gels, stained with Coomassie blue, and dried before
autoradiography.

32P-labeled MCM2 proteins were excised from SDS/polyacrylamide gels
and digested with 1 �g of TPCK-treated trypsin in 50 mM NH4HCO3 for 3 h
at 37°C and with additional 1 �g trypsin overnight. The supernatant was
lyophilized twice, desalted, and dissolved in 1.9 buffer (500�2000 cpm/�l).
Samples were subjected to two-dimensional (2-D) tryptic phosphopeptide
mapping analysis as described (Boyle et al., 1991).

For mass spectrometry analysis, MCM2 proteins were resolved by SDS-
PAGE and digested in-gel with trypsin (Shevchenko et al., 1996). Tryptic
digests were loaded onto a 360-�m OD � 75-�m ID microcapillary precolumn
containing 5 cm 5 �m Monitor C18 particles (Column Engineering, Ontario,
CA). The precolumn was rinsed with 20 �l of 0.1% acetic acid and connected
to an analytical column (360 �m OD � 75 �m; 10 cm 5 �m Monitor C18) with
an integrated ESI emitter tip (Ficarro et al., 2005). Peptides were eluted into a
linear ion trap mass spectrometer (LTQ; Thermo Electron, San Jose, CA) at a
flow rate of �100 nl/min with an HPLC gradient of 0–50% B in 30 min (A �
0.1 M acetic acid, B � 0.1 M acetic acid in acetonitrile).

Immunoblotting, Immunofluorescence, and
High-Throughput Microscopy Analyses
Standard immunoblotting and immunofluorescence analyses were performed
as previously described (Jiang et al., 1999a). Cell images were photographed
using a DM IRE2 fluorescence microscopy (Leica, Deerfield, IL). To make a
3-D image of a cell, a series of pictures from the top to the bottom of a cell
were taken (every 0.1 �m/picture, 50 pictures/cell) and reconstituted using
Volocity 3-D reconstruction imaging software (Improvision, Lexington, MA).

For high-throughput microscopy analysis, asynchronous growing cells
stained with �-MCM2S1 or �-MCM2M1 and Hoechst 33258 were sorted and
photographed using an EIDAQ 100 high-throughput automated microscopy
system (Q3DM, San Diego, CA) and more than 1000 cells per experiment were
analyzed. The expression and phosphorylation levels of MCM2 protein and
DNA content in cells were determined by intensities of �-MCM2S1,
�-MCM2M1, or Hoechst 33258 staining using Cytoshop software (Q3DM).

Purification of Cdc7/Dbf4 and MCM Complexes
The details of mammalian Cdc7/Dbf4 and MCM2-7 baculovirus construction
are available on request. To facilitate protein purification and detection, we
added an epitope tag at N-terminus of each mammalian Cdc7, Dbf4, and MCM
protein (Myc tag for Cdc7 and Cdc7kd; FLAG tag for Dbf4, MCM2, MCM2A,
MCM2E, MCM5, and MCM6; and HA tag for MCM3, MCM4, and MCM7).
For purification of Cdc7/Dbf4 or MCM complex, 500 ml of Sf9 insect cells (2 �
106 cells/ml) was coinfected with Cdc7/Dbf4, Cdc7kd/Dbf4, MCM2-7,
MCM2A-7, or MCM2E-7 baculovirus for 48 h. The infected cells were har-
vested, washed once with ice-cold PBS, and then resuspended in 10 ml of
buffer A (20 mM Tris-HCl, pH 7.5, 0.3 M sodium glutamate, 2 mM magnesium
acetate, 0.05% Nonidet P-40, 0.25% Triton X-100, 10% glycerol, 1 mM PMSF,
10 U/ml aprotinin, and 20 �g/ml leupeptin). After incubation on ice for 30
min, the supernatant were collected by centrifugation at 35,000 � g at 4°C for
30 min and then mixed with anti-FLAG M2 Ab-agarose beads (Sigma) equil-
ibrated with buffer A, and incubated at 4°C for 3 h. The beads were collected
and washed with three times with 10 bead volumes of buffer B (50 mM
Tris-HCl, pH7.5, 150 mM NaCl, 0.1 mM EDTA, 10% glycerol, 1 mM PMSF, 10
U/ml aprotinin, and 20 �g/ml leupeptin). Bound proteins were eluted three
times by incubation at 4°C for 30 min with an equal bead volume of buffer B
containing 0.2 mg/ml the 3xFLAG peptide (Sigma). The eluted proteins were
dialyzed against buffer B, concentrated using Ultrafree-MC (100-kDa cut,
Biomax-100; Millipore, Bedford, MA), loaded to a Superose-6 gel filtration
column (HR 10/30, Amersham Biosciences, Piscataway, NJ) equilibrated with
buffer B, and fractionated through AKTA-FPLC system (Amersham Bio-
sciences). The quality of each eluted fraction was measured by SDS/poly-
acrylamide gels followed by silver staining, and protein concentrations were
determined by the Bradford method (Bio-Rad, Richmond, CA). For Cdc7/
Dbf4 purification, peak fractions were pooled, frozen in liquid nitrogen, and
stored at �70°C. For MCM purification, fractions 23 and 24, which contained
all six MCMs with 1:1:1:1:1:1 stoichiometry and approximately �600 kDa,
were pooled, frozen in liquid nitrogen, and stored at �70°C.
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Figure 1. Identification of Cdc7/Dbf4 phosphorylation sites in human MCM2. (A) Cdc7wt/Dbf4 (wild type) or Cdc7kd/Dbf4 (kinase dead)
complex was produced in Sf9 cells using a baculovirus-expression system and purified by anti-FLAG antibody affinity chromatography
followed by gel filtration chromatography. Silver staining of purified Cdc7wt/Dbf4 and Cdc7kd/Dbf4 on an SDS/polyacrylamide gel is
shown. (B) (a) Schematic representation of bacterially expressed His-MCM2 protein (wt) and its deletion mutants used in in vitro Cdc7/Dbf4
kinase assay. (b) Bacterially expressed purified His-MCM2 and its deletion mutant proteins described in (a) were incubated with baculovirus-
expressed purified Cdc7/Dbf4 in the presence of [�-32P]ATP. Proteins were resolved by SDS/PAGE and visualized by autoradiography
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ATPase Assay
For the ATPase assay, purified MCM2-7, MCM2A-7, or MCM2E-7 complex
was incubated in ATPase buffer (20 mM Tris-HCl, pH 7.5, 0.1 mg/ml bovine
serum albumin, 0.5 mM DTT, 10 mM MgCl2, and 25 �M cold ATP) in the
presence of 1 �Ci of [�-32P]ATP at 30°C for 30 min. After incubation, 0.5 �l of
the reaction was spotted on a poly(ethyleneimine)-cellulose TLC plate (10078;
Selecto Scientific, Suwanee, GA) and developed in 0.8 M LiCl and 0.8 M
glacial acetic acid as described (Herbig et al., 1999).

Pre-RC Formation Assay Using the Xenopus laevis
System
Xenopus interphase egg extracts and demembraned sperm nuclei were pre-
pared as described (Kubota et al., 1997; Tada et al., 2001). Immunodepletion of
MCM2 (three rounds, 45 min each) were carried out at 4°C with protein
A-Sepharose beads prebound with �-MCM2M1. To analyze the proteins
bound to chromatin during DNA replication, demembraned sperm nuclei
were mixed with egg extracts (3000 sperm nuclei/�l extracts) and an ATP-
regenerating system and incubated at 22°C for 30 min. Baculovirus-expressed
purified human MCM2–7, MCM2A-7, and MCM2E-7 (100 nM) or bacterially
purified GST-geminin (100 nM) was added in egg extracts before the incuba-
tion with sperm nuclei. After the incubation, the mixture was diluted in ELB
buffer (10 mM HEPES-KOH, pH 7.7, 2.5 mM MgCl2, 50 mM KCl, 250 mM
sucrose, and 1 mM DTT) containing 0.1% Triton X-100 and was centrifuged at
6000 � g for 2 min at 4°C onto ELB buffer containing 500 mM sucrose to collect
chromatin. After washing with ELB buffer containing 0.1% Triton X-100 for
three times, the pellet was resuspended with sample buffer, boiled for 3 min,
and subjected to SDS-PAGE followed by immunoblotting.

RNA Interference
A small interference RNA duplex (siRNA) mixture that targets a 5�-untrans-
lated region of human MCM2 (AAUCAUCGGAAUCCTTCACCA) and 3�-
untranslated region of human MCM2 (AAGGAUUCCUUGGGAUUCUGG),
and siRNA that targets the coding region of human Cdc7 (AAGCUGUAC-
CACAGCUUAGUA or AAGCAGTCAAAGACTGTGGAT) were purchased
from Dharmacon Research (Boulder, CO). Escherichia coli RNase III–prepared
Cdc2 esiRNA, Cdk2 esiRNA, and control luciferase esiRNA were generated
as described (Zhu and Jiang, 2005).

For the DNA replication assay, cells were transfected with were 100 nM of
MCM2 siRNA mixture or control siRNA using Oligofectamine (Invitrogen).
Twenty-four hours after transfection, cells were transfected again with 100
nM of MCM2 siRNA mixture or control siRNA, along with pFLAG-MCM2,
pFLAG-MCM2A, or pFLAG-MCM2E using Lipofectamine 2000 (Invitrogen).
Twenty-four hours after the second transfection, cells were trypsinized and
replated on the coverslips in fresh medium containing 10 �M BrdU. Sixteen
hours after incubation, cells were fixed and stained with mouse anti-FLAG
antibody and rat anti-BrdU antibody and secondary antibodies and then
mounted as previously described (Jiang et al., 1999a). BrdU-positive cells in
FLAG positive cells (�500) were scored.

RESULTS

Identification of Cdc7/Dbf4 Phosphorylation Sites in
Human MCM2
To identify Cdc7/Dbf4 phosphorylation sites in MCM2, bac-
terially expressed purified human MCM2 and its deletion
mutants were incubated with baculovirus-expressed puri-
fied human Cdc7/Dbf4 or the kinase dead mutant Cdc7kd/
Dbf4 in the presence of [�-32P]ATP (Figure 1, A and B, and
Supplementary Figure S1A). The MCM2 protein and its
deletion mutants were mainly phosphorylated by Cdc7/
Dbf4, but not Cdc7kd/Dbf4, at MCM2 N-terminus (amino
acid residues 1–178) in vitro (Figure 1B and Supplementary
Figure S1A). We performed 2-D tryptic phosphopeptide
mapping analysis of MCM2 and its mutants phosphorylated
by Cdc7/Dbf4 in vitro and demonstrated that the N-termi-
nal region of MCM2 (residues 1–178) was phosphorylated
by Cdc7/Dbf4 at multiple sites (spots, Figure 1C). Mass-
spectrometric analysis of these trypsin-digested peptides
indicated that MCM2 was mainly phosphorylated by Cdc7/
Dbf4 at Ser27, Ser41, and Ser139 (described in Materials and
Methods and Supplementary Figure S1B). To confirm mass-
spectrometry results, we generated several point mutant
MCM2M5 proteins, in which Ser27, Ser41, Ser139, all three,
as well as Ser26 and Ser139 or Ser40 and Ser139 were sub-
stituted by Ala (S27A, S41A, S139A, 3A, S26AS139A, or
S40AS139A). 2-D tryptic phosphopeptide mapping analysis
of point mutant MCM2M5 proteins revealed that only pep-
tides bearing S27A, S41A, or S139A could not be phosphor-
ylated by Cdc7/Dbf4 (see Supplementary Figure S2D). To-
gether, these results demonstrated that Ser27, Ser41, and Ser139
in MCM2 are in vitro Cdc7/Dbf4 phosphorylation sites.

To determine the in vivo Cdc7/Dbf4 phosphorylation
sites in MCM2, HeLa cells were metabolically labeled with
32P-orthophosphate, and endogenous 32P-labeled MCM2
protein was immunoprecipitated by anti-MCM2–specific an-
tibodies (�-MCM2M1, see below). The immunoprecipitates
were subjected to SDS/PAGE and �120-kDa MCM2 was
identified by autoradiography. 2-D tryptic phosphopeptide
mapping analyses of in vivo 32P-labeled MCM2 were per-
formed and then compared with those of bacterially ex-
pressed purified human MCM2 phosphorylated by Cdc7/
Dbf4 in vitro. Multiple phosphopeptides (spots) in the 2-D
map of in vivo 32P-labeled MCM2 observed were similar to
the phosphopeptides observed in the 2-D maps of MCM2
phosphorylated by Cdc7/Dbf4 in vitro (Figure 1C and Jiang
et al., 1999a). In addition, mass-spectrometric analysis on the
trypsin-digested peptides of in vivo 32P-labeled MCM2 in-
dicated that MCM2 was phosphorylated mainly at Ser27,

Figure 1 (cont). (right) or Coomassie blue staining (left). (C) 32P-
labeled MCM2 in B and 32P-labeled endogenous MCM2 immuno-
precipitated by �-MCM2M1 were eluted from SDS/polyacrylamide
gels and digested with trypsin. The resulting phosphopeptides were
separated by electrophoresis (pH 1.9 buffer) in the horizontal di-
mension (anode on the left) and chromatography (phospho-chro-
matography buffer) in the vertical dimension. Two-dimensional
(2-D) tryptic phosphopeptide maps of His-MCM2 (a), His-MCM2N
(unpublished data), His-MCM2M1 (unpublished data), and His-
MCM2M5 (b) were very similar to that of endogenous MCM2 (c). A
schematic map is shown in d. Note: the phosphopeptides (1–6) and
the corresponding phosphorylation sites (Ser27, Ser41, and Ser139)
are labeled. Multiple phosphopeptides represent partial tryptic di-
gestion products of a single phosphorylation site on the maps. For
details, see text, Materials and Methods, and Supplementary Figure
S2. (D) HeLa cells were transfected with control luciferase siRNA
(siLuc), Cdc7 siRNA (siCdc7), or Cdk2 siRNA (siCdk2) using the
Oligofectamine method. Three days after transfection, cells were
lysed with RIPA lysis buffer, and cell lysates were subjected to
SDS/PAGE, transferred to the PVDF membrane, and immunoblot-
ted with �-Cdc7 (a), �-Cdk2 (b), �-MCM2M1 (c), �-Cyclin A (d),
�-Cyclin E (e), or anti-�-tubulin antibody (f). Same cell lysates used
in a–f were immunoprecipitated with �-Cdk2, and immunoprecipi-
tates were incubated with 1 �g of histone H1 in the presence of
[�-32P]ATP. After incubation, reactions were resolved by SDS/
PAGE and visualized by autoradiography (g). HeLa cells were
transfected with siLuc, siCdc7, or siCdk2 as in a–g. Three days after
transfection, cells were metabolically labeled with 32P-orthophos-
phate for 6 h and 32P-labeled endogenous MCM2 from siLuc-,
siCdc7-, or siCdk2-transfected cells was immunoprecipitated by
�-MCM2M1. After washing, the immunoprecipitates were sub-
jected to SDS/PAGE and visualized by autoradiography (h). 32P-
labeled MCM2 proteins in panel h were eluted from SDS/polyacryl-
amide gel and digested with trypsin. The resulting phosphopeptides
were separated by electrophoresis (pH 1.9 buffer) in the horizontal
dimension (anode on the left) and chromatography (phospho-chroma-
tography buffer) in the vertical dimension. Shown are 2-D tryptic
phosphopeptide maps of 32P-labeled endogenous MCM2 from cells
transfected with siLuc (i, 2000 cpm), 32P-labeled endogenous MCM2
from cells transfected siCdc7 (j, 2000 cpm), and 32P-labeled endogenous
MCM2 from cells transfected siCdk2 (k, 2000 cpm). Note: the intensi-
ties of phosphopeptides 1–6 (corresponding to Ser27, Ser41, and Ser139
phosphorylation in panel j) were greatly diminished when compared
with those in i and k. The asterisks represent nonspecific phosphopep-
tides, which show similar intensities in i–k.
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Ser41, and Ser139 and, to a lesser extent, at Ser53 and Ser108
(representative data showed in Supplementary Figure S2,
A–C). Phosphorylation of Ser108 on MCM2 by ATR was
previous described (Cortez et al., 2004; Yoo et al., 2004).
Because MCM2 was phosphorylated in vivo at Ser27, Ser41,
and Ser139, which were phosphorylated by Cdc7/Dbf4 in
vitro, the results suggested that Ser27, Ser41, and Ser139 are
in vivo Cdc7/Dbf4 phosphorylation sites in MCM2.

Analysis of the surrounding sequences of Ser27, Ser41,
and Ser139 suggested that the Ser27 and Ser41 sites were
also similar to the Cdk phosphorylation consensus site
(X-S/T-P-X-K/R). Because baculovirus-expressed purified
Cdk2/cyclin E could also phosphorylate Ser27 and Ser41 but
not Ser139 of MCM2 in vitro (T. Tsuji and W. Jiang, unpub-
lished observation), we wanted to ascertain that phosphor-
ylation of Ser27, Ser41, and Ser139 in MCM2 in vivo was
Cdc7/Dbf4 dependent. We first treated HeLa cells with two
commonly used Cdk inhibitors, roscovitine and olomoucine.
To our surprise, administration of these two Cdk inhibitors
in cells resulted in strongly inhibition of Cdc7/Dbf4 kinase
activity by reduction the expression levels of Cdc7 protein
(unpublished data). Therefore, we performed knockdown
experiments in which we reduced Cdc7 or Cdk2 expression
by siRNA treatment and monitored phosphorylation of
MCM2 in these cells by 32P-orthophosphate labeling. Immu-
noblotting analysis indicated that transfection of Cdc7
siRNA or Cdk2 siRNA, but not control (Luciferase) siRNA,
effectively reduced expression of Cdc7 (�70%) or Cdk2
(�95%) in HeLa cells (Figure 1D, a and b). No reduction in
MCM2, cyclin A, or �-tubulin expression was detected in
Cdc7, Cdk2, or control siRNA-treated cells (Figure 1D, c, d,
and f). However, depletion of Cdc7 expression by Cdc7
siRNA, but not depletion of Cdk2 expression by Cdk2
siRNA, resulted in an accumulation of the slower-migrating
band of MCM2 that represents an underphosphorylated
form of MCM2 (Figure 1Dc and see below). In addition,
depletion of Cdc7 expression by Cdc7 siRNA increased the
expression level of cyclin E and the Cdk2 associated histone
H1 kinase activity, presumably due to block of cell cycle
progression at G1/S (Figure 1D, e and g).

Similar results were also obtained used another Cdc7
siRNA (Montagnoli et al., 2004 and unpublished data). Anal-
ysis of in vivo 32P-labeled MCM2 protein immunoprecipi-
tated by �-MCM2M1 revealed that phosphorylation of
MCM2 in Cdc7 siRNA-treated cells was markedly reduced
when compared with that in Cdk2 or control siRNA-treated
cells (Figure 1Dh). 2-D tryptic phosphopeptide mapping
analysis indicated that reduction of phosphorylation of
MCM2 in Cdc7 siRNA-treated cells was mainly due to in-
hibition of phosphorylation of MCM2 at Ser27, Ser41, and
Ser139 sites (Figure 1D, i–k). Taken together, these results
strongly suggest that MCM2 is an in vivo Cdc7, but not
Cdk2, substrate and Ser27, Ser41, and Ser139 in MCM2 are in
vivo Cdc7/Dbf4 phosphorylation sites.

Chromatin-associated MCM2 Is Phosphorylated by Cdc7/
Dbf4 in G1/S, which Coincides with the Initiation of DNA
Replication
To determine the functional role of Cdc7/Dbf4 phosphory-
lation of MCM2 in regulation of DNA replication, we gen-
erated rabbit polyclonal antibodies against bacterially ex-
pressed purified human MCM2 N-terminal fragment M1
(�-MCM2M1) and a chemically synthesized MCM2 phos-
phoserine-139 peptide (�-MCM2S1; Supplementary Figure
S3). Immunoblotting analysis indicated that �-MCM2S1 spe-
cifically recognizes MCM2 protein that is phosphorylated at
Ser139, whereas �-MCM2M1 recognizes both phosphory-

lated and unphosphorylated MCM2 proteins (Supplemen-
tary Figure S3). Using these antibodies, we examined the
expression, chromatin association, and Cdc7/Dbf4 phos-
phorylation of MCM2 during the cell cycle. HeLa cells were
synchronized at G1/S by a double-thymidine block and then
released into different stages of the cell cycle by addition of
fresh medium. The cell cycle distributions of the synchro-
nous cells were determined by FACS analysis (Figure 2C).
The expression, chromatin association, and Cdc7/Dbf4 phos-
phorylation of MCM2 were determined by immunoblotting
and immunofluorescence analyses using �-MCM2M1 and
�-MCM2S1. Consistent with previous reports (Todorov et al.,
1995; Jiang et al., 1999a), immunoblotting analysis showed that
the expression levels of MCM2 were constant during the cell
cycle and the phosphorylation levels of MCM2 were slightly
regulated during the cell cycle (Figure 2A). In contrast, immu-
noblotting and immunofluorescence analyses revealed that
chromatin association of MCM2 and Cdc7/Dbf4 phosphoryla-
tion of chromatin-bound MCM2 were clearly regulated during
the cell cycle. As shown in Figure 2, B, D, and E, chromatin-
bound MCM2 and Cdc7/Dbf4 phosphorylation of chromatin-
bound MCM2 were detected in early S phase cells and grad-
ually decreased in late S and G2/M phase cells. As cells entered
the next round of the cell cycle, association of MCM2 with
chromatin was detected in cells at G1 phase (Figure 2, B and D,
12–14 h). However, Cdc7/Dbf4 phosphorylation of chromatin-
bound MCM2 was not detected in cells at this stage of the cell
cycle. In contrast, the levels of Cdc7/Dbf4 phosphorylation of
chromatin-bound MCM2 increased dramatically and reached
maximum in G1/S and early S phase (Figure 2, B and E, 16–18
h). These results indicated that chromatin-bound MCM2 and
Cdc7/Dbf4 phosphorylation of chromatin-bound MCM2 were
regulated during the cell cycle. MCM2 was not phosphorylated
by Cdc7/Dbf4 in early G1 and unphosphorylated MCM2 ac-
cumulated on chromatin. Chromatin-bound MCM2 was phos-
phorylated by Cdc7/Dbf4 during G1/S phase, and phosphor-
ylated MCM2 detached from chromatin in late S and G2/M.

We also examined the phosphorylation and association of
MCM2 with chromatin during the cell cycle in asynchronous
HeLa cells by immunofluorescence analysis with �-MCM2M1
and �-MCM2S1 using high-throughput automated microscopy
(see Materials and Methods). Asynchronous HeLa cells grown on
coverslips were extracted with or without CSK buffer (remove
cytosolic and nucleosolic proteins but retain the chromatin-
bound proteins) before fixation. The expression or phosphor-
ylation levels of MCM2 during the cell cycle were determined
by intensities of �-MCM2M1 or �-MCM2S1 staining. To verify
DNA content, cells were also costained with Hoechst 33258. At
least a minimum of 1000 cells was analyzed per experiment. As
shown in Figure 3, typical cell cycle parameters of asynchro-
nous cell cultures (histograms of G1-S-G2/M, bottom panels)
were obtained based on the intensities of Hoechst 33258 stain-
ing in cells. Consistent with the results obtained from the
immunoblotting analysis (Figure 2A), the intensities of
�-MCM2M1 staining in CSK unextracted cells were constant at
different phases of the cell cycle (Figure 3A, middle panel),
indicating that the expression levels of MCM2 protein were not
regulated during the cell cycle. The intensities of �-MCM2S1
staining in CSK unextracted cells at different phases of the cell
cycle fluctuated slightly, indicating that phosphorylation levels
of MCM2 by Cdc7/Dbf4 were regulated during the cell cycle.
The levels of Cdc7/Dbf4 phosphorylation of MCM2 were low
in G1 cells, increased in G1/S-to-S phase cells, and reached
maximum in G2/M cells (Figure 3B, middle panel).

However, unlike in CSK untreated cells, the intensities of
�-MCM2M1 staining in CSK-extracted cells fluctuated dur-
ing the cell cycle (Figure 3C). The �-MCM2M1 staining was
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detected in G1 phase of CSK-extracted cells and staining
intensities increased in G1/S and early S cells. In late S-to-
G2/M phases of CSK-extracted cells, the staining of
�-MCM2M1 gradually decreased (Figure 3C). These results
indicated that the levels of chromatin-bound MCM2 protein
were regulated during cell cycle. Intensities of �-MCM2S1
staining in CSK-extracted cells were also regulated during
the cell cycle. The intensities of �-MCM2S1 staining were
very low in G1 phase of CSK-extracted cells even though
chromatin-bound MCM2 were readily detected in cells at
this stage of the cell cycle by �-MCM2M1 staining (compare
Figure 3, C and D). The intensities of �-MCM2S1 staining
increased dramatically in G1/S and early S of CSK-extracted
cells, coincident with the activation of Cdc7/Dbf4 as previ-
ous reported (Figure 3, C and D; Jiang et al., 1999a). The
intensities of �-MCM2S1 staining were markedly decreased
in late S phase of CSK-extracted cells and hardly detected in
G2/M phase of CSK-extracted cells (Figure 3D). Similar
results were also obtained by FACS analysis (Supplemen-
tary Figure S4). Taken together, these results demonstrated
that chromatin-associated MCM2 is phosphorylated by

Cdc7/Dbf4 in G1/S, which coincides with the initiation of
DNA replication.

Previous studies showed that high levels of chromatin-
bound MCM2 were detected in the nuclei of G1 and G1/S
cells. However, after cells entered S phase, a significant
amount of MCM2 was not colocalized with replication foci
as measured by 5�-BrdU incorporation (Todorov et al., 1994;
Dimitrova et al., 1999; Dimitrova and Berezney, 2002). These
results suggested that either MCM2 was not preferentially
colocalized with sites of DNA replication or that MCM2
could not be detected at replication forks because of its
conformational change (i.e., phosphorylation). We examined
subcellular localization of Cdc7/Dbf4-phosphorylated
MCM2 in BrdU-labeled synchronous G1/S, early S, middle
S, and late S cells using 3-D immunofluorescence imaging
analysis. HeLa cells were synchronized at G1/S, early S,
middle S, and late S phases of the cell cycle and labeled with
BrdU for 2 min. After CSK buffer extraction, cells were fixed
and costained with �-MCM2S1 and anti-BrdU antibody. A
series of pictures from the top to the bottom of cells were
taken, and 3-D images were reconstructed using Volocity

Figure 2. Immunoblotting and immunofluorescence analyses of chromatin-association and phosphorylation of MCM2 during the cell cycle
in synchronous cells. HeLa cells were synchronized at the G1/S transition by a double-thymidine block and then released into different stages
of the cell cycle by addition of fresh medium. (A) Cells were lysed in 1% NP-40 buffer. Cell lysates were separated by SDS/PAGE and
immunoblotted with either �-MCM2M1, �-MCM2S1, anti-�-actin antibody (loading control), or �-Cyclin E (G1/S marker). (B) Cells were
extracted with CSK/0.5% Triton X-100 buffer. After extraction, the insoluble fraction of cells was lysed into sample buffer. After sonication,
cell lysates were separated by SDS/PAGE and immunoblotted with either �-MCM2M1, �-MCM2S1, or anti-�-tubulin antibody (loading
control, nonspecific band was marked by the asterisk). (C) Shown are the cell cycle parameters of synchronous cells determined by FACS
analysis. (D and E) Cell grown in coverslips were extracted with CSK/0.5% Triton X-100 buffer as in B before fixation. Cells were then stained
with �-MCM2M1 (green) and Hoechst 33258 (blue; D) or �-MCM2S1 (green) and Hoechst 33258 (blue; E).
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3-D reconstruction imaging software (Improvision; see Ma-
terials and Methods). Consistent with the results obtained
from Figure 2B, high levels of Cdc7/Dbf4 phosphorylated
chromatin-bound MCM2 were detected in G1/S and early S
phase cells when DNA replication was initiated. In middle S
and late S phase cells, low levels of Cdc7/Dbf4 phosphory-
lated chromatin-bound MCM2 were detected (Figure 4).
However, Cdc7/Dbf4-phosphorylated chromatin-bound
MCM2 was not colocalized with BrdU staining in all G1/S
and S phase cells (Figure 4, A–D). In contrast, RPA, an
essential DNA replication protein that binds to single-
stranded DNA at replication forks, colocalized with sites of
DNA replication throughout S phase (Figure 4E and unpub-
lished data). Thus, our results, together with previous re-
ports, indicated that chromatin bound MCM2 was not pref-
erentially colocalized with sites of DNA replication.

Cdc7/Dbf4 Phosphorylation of MCM2 Affects the ATPase
Activity of MCM2-7 Complex In Vitro
Previous studies showed that the purified yeast and Xenopus
recombinant MCM2-7 heterohexamer complex displayed
ATPase activity in vitro (Schwacha and Bell, 2001; Davey et
al., 2003; You et al., 2003; Ying and Gautier, 2005). To deter-
mine if Cdc7/Dbf4 phosphorylation of MCM2 affects the
complex formation and/or ATPase activity of MCM2-7 pro-
teins, we generated baculoviruses expressing N-terminal
epitope-tagged versions of all six mammalian MCM pro-
teins, MCM2-7. We also generated baculoviruses expressing
N-terminal epitope tagged MCM2 mutants, MCM2A and
MCM2E, where Cdc7/Dbf4 phosphorylation sites (Ser27,
Ser41, and Ser139) were substituted by Ala or Glu, respec-
tively. Previous studies indicated that addition of epitope
tags at N-terminal of yeast MCM proteins did not affect their

Figure 3. Determination of expression, phosphorylation, and chromatin association of MCM2 during the cell cycle in asynchronous cells
using high-throughput automated microscopy. (A) HeLa cells were plated on coverslips and stained with �-MCM2M1 and Hoechst 33258.
DNA content of the culture and expression levels of MCM2 in cells were determined by Hoechst staining (bottom) and �-MCM2M1 staining
(middle). Cells that had 2 N DNA content were gated as G1 cells. Cells that had a little bit of more than 2 N DNA content were gated as
G1/S-early S cells. Cells that had �2 N but �4 N DNA content were gated as S phase cells. Cells that had nearly 4 N DNA content were gated
as late S/G2 cells. Cells that had 4 N DNA content were gated as G2/M cells. Quantitative data (middle) and representative photos (top) of
expression levels of MCM2 in cells at different stages of the cell cycle (G1, G1S-early S, S late S/G2, and G2/M) are shown. (B) HeLa cells
were plated on coverslips and stained with �-MCM2S1 and Hoechst 33258. DNA content of the culture and phosphorylation levels of MCM2
in cells were determined by Hoechst staining (bottom) and �-MCM2S1 staining (middle). Cells at different stages of the cell cycle were gated
as in A. Quantitative data (middle) and representative photos (top) of phosphorylation levels of MCM2 in cells at different stages of the cell
cycle (G1, G1S-early S, S late S/G2, and G2/M) are shown. (C) HeLa cells were plated on coverslips, extracted with CSK buffer, fixed, and
stained with �-MCM2M1 and Hoechst 33258 as in A. DNA content of the culture and chromatin associated MCM2 in cells were determined
by Hoechst staining (bottom) and �-MCM2M1 staining (middle). Cells at different stages of the cell cycle were gated as in A. Quantitative
data (middle) and representative photos (top) of chromatin-associated MCM2 in cells at different stages of the cell cycle (G1, G1S-early S, S
late S/G2, and G2/M) are shown. (D) HeLa cells were plated on coverslips, extracted with CSK buffer, fixed, and stained with �-MCM2S1
and Hoechst 33258 as in B. DNA content of the culture and phosphorylation levels of chromatin associated MCM2 in cells were determined
by Hoechst staining (bottom) and �-MCM2S1 staining (middle). Cells at different stages of the cell cycle were gated as in A. Quantitative data
(middle) and representative photos (top) of phosphorylation levels of chromatin associated MCM2 in cells at different stages of the cell cycle
(G1, G1S-early S, S late S/G2, and G2/M) are shown.
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Figure 4. Cdc7/Dbf4 phosphorylated MCM2 does not colocalize with sites of DNA replication. HeLa cells were synchronized by a
double-thymidine block and released into different stages of the cell cycle as in Figure 2. Cells in G1/S (A), early S (B and E), middle S (C),
and late S (D) were labeled with BrdU for 2 min, extracted with CSK buffer, fixed, and stained with anti-BrdU antibodies (red) and �-MCM2S1
(green, A–D) or anti-RPA antibodies (green, E). A series of pictures taken from the top to the bottom of cells were taken and 3-D images were
reconstructed by Velocity 3-D imaging software (Improvision).
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functions in vivo and the ATPase activity of MCM complex
in vitro (Schwacha and Bell, 2001; Davey et al., 2003). The
recombinant MCM proteins, MCM2–7, MCM2A-7, or
MCM2E-7, were coexpressed in insect Sf9 cells by coinfec-
tion with the corresponding baculoviruses, and the MCM
heteromeric complexes were copurified using anti-FLAG tag
antibody affinity chromatography, followed by gel filtration
(see Materials and Methods). The purity and stoichiometry of
MCM complexes were determined by silver staining of
SDS/PAGE gel.

Figure 5A and Supplementary Figure S5 show purified
�600-kDa MCM2-7, MCM2A-7, or MCM2E-7 complex on
SDS/PAGE gels by silver staining. Multiple bands migrat-
ing around 90–155 kDa were detected. Immunoblotting

analysis using anti-tag or anti-individual MCM-specific an-
tibodies demonstrated that they were MCM2-7 proteins (un-
published data). These results indicated that purified
MCM2-7, MCM2A-7, or MCM2E-7 complex was a hetero-
hexamer complex. Thus, copurification of MCM2 and its
Cdc7/Dbf4 phosphorylation mutants with other MCM pro-
teins indicates that Cdc7/Dbf4 phosphorylation of MCM2
did not significantly affect MCM2-7 complex formation. Pre-
viously, we and others showed that differential phosphory-
lated forms of mammalian MCM2 proteins could be re-
solved on SDS/PAGE (Todorov et al., 1995; Jiang et al.,
1999a). The slower migrating band of MCM2 represents the
underphosphorylated form of MCM2, whereas the several
faster-migrating bands of MCM2 reflect the hyperphospho-
rylated forms of MCM2. The MCM2 protein in purified
MCM2–7 complex migrated as several bands around 130–
155 kDa on the gel. These results suggested that MCM2
might be phosphorylated in Sf9 cells by endogenous insect
Cdc7/Dbf4 (or other nonspecific kinases). In contrast, the
MCM2A in purified MCM2A-7 complex only migrated as a
major band of 155 kDa and a minor band of 145 kDa on the
gel. The MCM2E in purified MCM2E-7 complex migrated as
two major bands of 155 and 145 kDa and a minor band of
130 kDa on the gel.

We measured the ATPase activity of MCM2–7, MCM2A-7
or MCM2E-7 complex by TLC using [�-32P]ATP as the sub-
strate. Like purified yeast MCM2–7 complex (Schwacha and
Bell, 2001; Davey et al., 2003), purified mammalian MCM2-7
complex clearly displayed detectable ATPase activity (0.7
pmol ATP/min/pmol protein) as shown by the appearance
of 32Pi hydrolyzed from [�-32P]ATP (Figure 5B). Similar
ATPase activity (0.7 pmol ATP/min/pmol protein) was also
detected in the Cdc7/Dbf4 phosphomimetic MCM2E-7 com-
plex (Figure 5B). By contrast, the Cdc7/Dbf4 nonphosphor-
ylatable MCM2A-7 complex showed very poor ATPase
activity (0.2 pmol ATP/min/pmol protein). These results
indicated that phosphorylation of MCM2 by Cdc7/Dbf4 is
critical for the ATPase activity of MCM2–7 complex in vitro.

Cdc7/Dbf4 Phosphorylation of MCM2 Is Essential for the
Initiation of DNA Replication
We examined the consequences of Cdc7/Dbf4 phosphoryla-
tion of MCM2 in regulation of the initiation of DNA replication
in human cells. To eliminate the contribution of endogenous
MCM2 protein, we repressed endogenous MCM2 protein ex-
pression using RNA interference (RNAi). Because MCM pro-
teins are very abundant in all eukaryotic cells, we transfected
HeLa cells with control siRNA or MCM2 siRNA (a mixture
corresponding to a 21-nucleotide [nt] sequence unique to hu-
man MCM2 5�UTR and a 21-nt sequence unique to human
MCM2 3�UTR) twice within 24 h to achieve more effective
knockdown of MCM2 expression. As shown in Figure 6A, the
expression levels of MCM2 were dramatically inhibited in cells
transfected with MCM2 siRNA but not in cells transfected with
control siRNA. No reduction in expression levels of �-tubulin
was detected in either MCM2 siRNA or control siRNA treated
cells.

We cotransfected HeLa cells with MCM2 siRNA and mam-
malian expression vectors expressing FLAG-tagged MCM2
or its Cdc7/Dbf4 phosphorylation mutants, MCM2A and
MCM2E, using the corresponding cDNA that only contains
the MCM2 coding sequence but not the native 5� and 3�
UTR. Immunoblotting analysis indicated that the expression
levels of endogenous MCM2 protein were greatly reduced
in these cells (Figure 6A). However, the expression levels of
exogenous FLAG-MCM2 proteins were not affected (Figure
6A). Thus, these results indicated that MCM2 siRNA could

Figure 5. Purification and ATPase analysis of baculovirus-ex-
pressed purified MCM2-7 and its Cdc7/Dbf4 phosphorylation mu-
tants, MCM2A-7 and MCM2E-7, complexes. (A) MCM2-7,
MCM2A-7, or MCM2E-7 complex was produced in Sf9 cells using a
baculovirus-expression system and purified using anti-FLAG anti-
body affinity chromatography followed by gel filtration chromatog-
raphy. Silver staining of MCM2-7 complexes on SDS/SDS/poly-
acrylamide gels was shown. (B) Baculovirus-expressed purified
MCM2-7, MCM2A-7, or MCM2E-7 complex as in A was incubated
in ATPase buffer in the presence of 1 �Ci of [�-32P]ATP at 30°C for
30 min. Released 32P was determined using TLC, and ATPase ac-
tivity of the protein was calculated. The position of released Pi, ATP,
and origin are indicated.
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Figure 6. Cdc7/Dbf4 phosphorylation of MCM2 is essential for the initiation of DNA replication. (A) HeLa cells were transfected with
control or MCM2 siRNA. Twenty-four hours after transfection, cells were transfected with control or MCM2 siRNA again together with the
indicated mammalian expression vectors. Two days after the second transfection, cells were lysed and lysates were subjected to SDS/PAGE,
transferred to the PVDF membrane, and immunoblotted with �-MCM2M1, anti-FLAG antibody, or anti-�-tubulin antibody. (B) HeLa cells
transfected with indicated mammalian expression vectors were extracted with CSK buffer, fixed, and costained with �-FLAG (green) and
�-MCM6 (red). (C) Xenopus sperm chromatin was incubated with Xenopus mock-depleted EC (egg cytosol, lane 1), EC with geminin (inhibitor
of chromatin association of MCMs, lane 2), MCM2-depleted EC (EC/�MCM2, lane 3), or MCM2-depleted EC with baculovirus-expressed
purified MCM2–7 (lane 4), MCM2A-7 (lane 5), MCM2E-7 (lane 6), or MCM2–7 with geminin (lane7). After a 30-min incubation, sperm
chromatin was isolated by centrifugation, subjected to SDS/PAGE, transferred to PVDF membrane, and immunoblotted with �-MCM2M1,
�-xMCM7, or �-xOrc2. Note: xMCM7 was not completely codepleted in MCM2-depleted EC and could load onto chromatin with purified
MCM complex. (D) Cells were transfected the indicated mammalian expression vectors and siRNA as in A. Twenty-four hours after the
second transfection, cells were labeled with BrdU for an additional of 16 h. After fixation, cells were stained with anti-FLAG antibody,
anti-BrdU antibody, and Hoechst 33258. BrdU-positive cells in FLAG positive cells (�500) were scored (%).
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only effectively ablate the expression of endogenous MCM2
but not the expression of the exogenous FLAG-MCM2 pro-
teins in HeLa cells.

To determine if the exogenous FLAG-MCM2 proteins
could assemble into pre-RC as normal, we examined chro-
matin association of MCM proteins in HeLa cells expressing
exogenous FLAG-MCM2, MCM2A, or MCM2E by immuno-
fluorescence analysis. As shown in Figure 6B, exogenous
FLAG-MCM2, MCM2A, or MCM2E was colocalized with
endogenous MCM6 proteins in the nuclei of HeLa cells
extracted with CSK buffer, indicating that expression of
exogenous FLAG-MCM2 proteins did not affect association
of MCM proteins with chromatin. We also examined if
phosphorylation of MCM2 affects pre-RC formation using
X. laevis cell-free assay. Consistent with previous reports
(Kubota et al., 1997; Tada et al., 2001), endogenous Xenopus
MCM complex could load onto sperm chromatin within 30
min after the sperm chromatin was added into egg extracts
(Figure 6C). The chromatin loading of MCM complex was
blocked either by addition of geminin, a DNA replication
inhibitor, into egg extracts or by immunodepletion of MCM
complex with MCM2 antibodies from egg extract. Addition
of baculovirus-expressed purified MCM2-7, MCM2A-7, or
MCM2E-7 (Figure 5A) to MCM2-immunodepleted egg ex-
tracts promoted loading of the recombinant mammalian
MCM complex onto the chromatin. There was no difference
among MCM2-7, MCM2A-7, and MCM2E-7 for their load-
ing on the chromatin and the chromatin loading of baculo-
virus-expressed purified MCM complex was also geminin
sensitive. Thus, these results, together with the fact that
Cdc7/Dbf4 phosphorylation of MCM2 does not perturb for-
mation of MCM heterohexameric complex in vitro and
MCM proteins association with chromatin in vivo (Figures
5A and 6B), indicated that Cdc7/Dbf4 phosphorylation of
MCM2 does not affect pre-RC formation.

We determined the effects of Cdc7/Dbf4 phosphorylation
of MCM2 on the initiation of DNA replication. HeLa cells
were cotransfected with MCM2 siRNA and FLAG (control),
FLAG-MCM2, FLAG-MCM2A, or FLAG-MCM2E plasmid
and then cultured in medium in the presence of BrdU for
additional 16 h. After fixation, cells were stained anti-BrdU
and anti-FLAG antibodies to identify cells that had repli-
cated their DNA and expressed exogenous MCM2 proteins.
As shown in Figure 6D, when compared with cells trans-
fected control siRNA and control plasmid, cells transfected
with MCM2 siRNA and control plasmid showed strong
inhibition of BrdU incorporation, indicating that MCM2 is
required for the initiation of DNA replication. Similar inhi-
bition of BrdU incorporation was also observed in cells
transfected with MCM2 siRNA and FLAG-MCM2A plas-
mid. However, BrdU incorporation was not inhibited in cells
transfected with MCM2 siRNA and either FLAG-MCM2
plasmid or FLAG-MCM2E plasmid. The results indicated
that inhibition of DNA replication in cells treated with
MCM2 siRNA could be rescued by coexpression of MCM2
or MCM2E but not MCM2A. These results, together with
that Cdc7/Dbf4 phosphorylation of MCM2 is important
for the ATPase activity of MCM complex in vitro, demon-
strated that Cdc7/Dbf4 phosphorylation of MCM2 is essen-
tial for the initiation of DNA replication in human cells.

DISCUSSION

In the present study, we report the identification of Cdc7/
Dbf4 phosphorylation sites on MCM2 and determine the
functional role of Cdc7/Dbf4 phosphorylation of MCM2 in
the initiation of DNA replication in human cells. Previous

studies demonstrated that the S phase–promoting kinase
Cdc7/Dbf4 and the putative DNA replicative helicase
MCM2-7 play essential roles in the initiation of DNA repli-
cation in all eukaryotes. We and others showed that Cdc7/
Dbf4 selectively phosphorylates the MCM2 subunit of the
MCM complex, suggesting that Cdc7/Dbf4 may be directly
involved in the initiation of DNA replication by targeting
MCM2 (Lei et al., 1997; Brown and Kelly, 1998; Jiang et al.,
1999a; Jares and Blow, 2000). To determine the importance of
Cdc7/Dbf4 phosphorylation of MCM2 in the initiation of
DNA replication, we mapped Cdc7/Dbf4 phosphorylation
sites in human MCM2. Our results showed that human
MCM2 is phosphorylated in vivo at three major sites (Ser27,
Ser41, and Ser139) and two minor sites (Ser53 and Ser108).
Because Ser27, Ser41, and Ser139 in MCM2 are also specifi-
cally phosphorylated by purified Cdc7/Dbf4 in vitro and
their in vivo phosphorylation was greatly reduced in Cdc7
siRNA treated cells, it strongly suggests that Ser27, Ser41,
and Ser139 are in vivo Cdc7/Dbf4 phosphorylation sites in
MCM2.

Sequence alignments show that Ser27, Ser41, and Ser139
of human MCM2 are highly conserved in higher eukaryotes
(from Drosophila to mammals). However, the N-terminal
sequences of MCM2 between human and lower eukaryotes,
such as S. cerevisiae and S. pombe, are highly divergent.
Therefore, we could not define analogous phosphorylation
sites in MCM2 from these species. Nonetheless, previous
studies have demonstrated that yeast MCM2 is a critical
downstream target of Cdc7/Dbf4 kinase (Lei et al., 1997;
Brown and Kelly, 1998). Careful analysis of the surrounding
sequences of Ser27, Ser41, and Ser139 in human MCM2 did
not reveal consensus sites for Cdc7/Dbf4 phosphorylation.
The Ser27 and Ser41 sites are similar to the Cdk phosphor-
ylation consensus site (X-S/T-P-X-K/R), whereas the Ser139
site is similar to the casein kinase II (CKII) phosphorylation
consensus site (X-S/T-X-X-D/E). Previous studies suggested
that MCM2 might be a target of Cdk and Ddk (Masai et al.,
2000; Montagnoli et al., 2006). Because phosphorylation of
MCM2 was not affected in HeLa cells treated with Cdk2
siRNA (or Cdc2 siRNA, T. Tsuji and W. Jiang, unpublished
observation), our results indicated that MCM2 was not di-
rectly targeted by Cdks in vivo (Figure 1D). It was shown
that Cdc7 belongs a subfamily of protein kinase closely
related to the Cdk subfamily and the CKII subfamily (Man-
ning et al., 2002). These results together with ours presented
in this study indicate that Cdc7 phosphorylates similar pri-
mary sequences of substrates as Cdk does. However, recog-
nition of a ternary structure of a substrate by Cdc7 and/or
Dbf4 or subcellular colocalization of a substrate with Cdc7/
Dbf4 might be crucial for determining the Cdc7/Dbf4 ki-
nase-substrate specificity. Consistent with this idea, unlike
the purified MCM2 protein, a MCM2 Ser139 peptide (MR-
RGLLYDSDEEDEERPA) fused with GST protein could not
be phosphorylated by purified Cdc7/Dbf4 in vitro (unpub-
lished data).

While this manuscript was being prepared for submis-
sion, Montagnoli et al. (2006) reported identification of
MCM2 phosphorylation sites by S phase–regulating kinases.
They found that MCM2 was phosphorylated in vitro by
Cdks at Ser13, Ser27, and Ser41, by Ddk at Ser40, Ser53, and
Ser108, and by CKII at Ser139. The basis for the discrepan-
cies between their results and ours is currently unclear. One
possibility is that the purified Ddk used in their and our in
vitro phosphorylation studies might have different specific
activity. In our study, highly purified Cdc7/Dbf4 strongly
phosphorylated MCM2 in vitro, whereas kinase-dead
Cdc7kd/Dbf4 did not (Supplementary Figure S1). These
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results ruled out the possibility that a contaminating ki-
nase(s) copurified with the Cdc7/Dbf4. We showed that
Ser27, Ser41, and Ser139 of MCM2 were specifically phos-
phorylated by Cdc7/Dbf4 but not by Cdc7kd/Dbf4 in vitro
and that phosphorylation of these sites was also detected in
vivo. In contrast, phosphorylation of Ser26 and Ser40 in
MCM2 by Cdc7/Dbf4 was not detected in vitro and phos-
phorylation of these sites was not detected in vivo either
(Supplementary Figure S2). Although the amino acid se-
quences around Ser26 and Ser40 are the same (LTSSPGR).
Montagnoli et al. (2006) could only detect Cdc7/Dbf4 phos-
phorylation of Ser40, but not Ser26. In addition, Montagnoli
et al. showed that MCM2 was phosphorylated by CKII but
not Cdc7/Dbf4 in vitro. However, they also showed that
phosphorylation of Ser139 in vivo was affected by serum
starvation, suggesting that phosphorylation of Ser139 was
regulated in vivo. Because the activity of CKII is not regu-
lated during the cell cycle, they were not sure if CKII is
responsible for Ser139 phosphorylation in vivo (see discus-
sion section in Montagnoli et al., 2006). In contrast, we
clearly showed that MCM2 Ser139 was phosphorylated by
Cdc7/Dbf4 in vitro and phosphorylation of this site in vivo
is required for chromatin recruitment of MCM complex and
the initiation of DNA replication during the cell cycle (Fig-
ures 2, 3, and 6). Taken together, our results strongly indi-
cated that Ser27, Ser41, and Ser139 are Cdc7/Dbf4 phos-
phorylation sites.

We examined chromatin recruitment and phosphoryla-
tion of chromatin-bound MCM2 by Cdc7/Dbf4 using im-
munoblotting, immunofluorescence, and high-speed auto-
mated cell-imaging analyses with antibodies specific against
MCM2 and Cdc7/Dbf4 phosphorylated MCM2. We found
that MCM2 was not phosphorylated by Cdc7/Dbf4 in G1
and unphosphorylated MCM2 accumulated on chromatin.
Chromatin-bound MCM2 was phosphorylated by Cdc7/
Dbf4 during G1/S and early S phase, which coincided with
the initiation of DNA replication. In late S and G2/M, phos-
phorylated MCM2 gradually disassociated from chromatin.
Previous studies showed that, unlike other essential DNA
replication proteins such as RPA and PCNA, MCM proteins
fail to colocalize with sites of DNA replication through S
phase (Todorov et al., 1994; Romanowski et al., 1996; Dim-
itrova et al., 1999; Laskey and Madine, 2003). The results
suggest that either MCM complex does not preferentially
colocalize with sites of DNA replication or MCM complex
could not be detected at replication sites by certain antibod-
ies due to conformational changes induced by post-transla-
tional modification, such as phosphorylation. We show that,
like MCM2, chromatin-bound Cdc7/Dbf4 phosphorylated
MCM2 does not colocalize with replication foci during G1/S
and S phase, indicating that failure of detection of MCM2 at
replication foci is not due to the use of antibodies that cannot
recognize phosphorylated MCM2. Thus, our results, to-
gether with previous studies, indicate that MCM complex
does not preferentially colocalize with sites of DNA replica-
tion (Todorov et al., 1994; Romanowski et al., 1996; Dimitrova
et al., 1999; Laskey and Madine, 2003). How could the DNA
replicative MCM helicase fail to colocalize with sites of DNA
replication? Recently, Laskey and Madine (2003) proposed a
rotary pumping model to explain the discrepancy. They
suggested that MCM helicase could work at a distance from
replication forks as a rotary motor that pumps DNA along
its helical axis by simple rotation, such that the movement
resembles that of a threaded bolt through a nut.

All six MCM proteins (MCM2-7) are members of the
diverse AAA ATPase family, and it is known that the puri-
fied recombinant yeast and Xenopus MCM2-7 heterohexam-

eric complex has ATPase activity (Tye, 1999; Schwacha and
Bell, 2001; Davey et al., 2003; You et al., 2003). We examined
if Cdc7/Dbf4 phosphorylation of MCM2 affects the forma-
tion, conformation, and/or ATPase activity of MCM2-7
complex in vitro. We show that MCM2, its nonphosphory-
latable mutant MCM2A or its phosphomimetic mutant
MCM2E could copurify with MCM3-7 as a heterohexameric
complex from insect Sf9 cells using a baculovirus expression
system. These results indicate that phosphorylation of
MCM2 does not affect MCM complex formation. However,
we show that the MCM2-7 complex or the MCM2E-7 com-
plex displays much higher ATPase activity in vitro than the
MCM2A-7 complex. Previous studies showed that the puri-
fied yeast globular heterohexamer MCM2-7 complex did not
yield any detectable enzymatic or nucleotide binding activ-
ities (Adachi et al., 1997). In contrast, the purified ring-
shaped (MCM4,6,7)2 subcomplex displayed ATP-dependent
DNA helicase activity (Sato et al., 2000). Therefore, it was
proposed that activation of helicase activity of heterohex-
amer MCM 2-7 complex in vivo at replication origins re-
quires a series of post-translational modifications, such as
phosphorylation, of MCM proteins that convert the globular
inactive heterohexamer MCM2-7 complex conformation to
the ring-shaped active heterohexamer MCM 2-7 complex
conformation (Tye and Sawyer, 2000). Our unpublished re-
sults suggested Cdc7/Dbf4 phosphorylation of MCM2
might induce a conformational change of MCM2-7 complex
as it was assayed by a protease partial digestion analysis (T.
Tsuji and W. Jiang, unpublished observation and Herbig et
al., 1999; Mizushima et al., 2000). Thus, alteration of the
confirmation of MCM2-7 complex by Cdc7/Dbf4 phosphor-
ylation of MCM2 could be one of the critical steps for acti-
vation of the ATPase-coupled helicase activity of MCM2-7
complex. Further studies, such as electron microscopic ob-
servation and the determination of the structure of MCM2–7
complex (Sato et al., 2000; Fletcher et al., 2003), are needed to
define how Cdc7/Dbf4 phosphorylation of MCM2 regulates
the conformational change and the enzymatic activity of
MCM2-7 complex in the future.

We provide direct evidence that Cdc7/Dbf4 phosphory-
lation of MCM2 is required for the initiation of DNA repli-
cation in human cells. Consistent with previous biochemical
and genetic studies in various organisms (Todorov et al.,
1994; Forsburg et al., 1997; Kubota et al., 1997; Lei et al., 1997),
we show that suppression of MCM2 expression by MCM2
siRNA inhibits DNA replication in HeLa cells, indicating
that MCM2 is essential for DNA replication in human cells.
The inhibition of DNA replication in MCM2 siRNA-treated
cells can be rescued by coexpression of MCM2 or its Cdc7/
Dbf4 phosphomimetic MCM2E mutant but not its Cdc7/
Dbf4 nonphosphorylatable MCM2A mutant. These results,
together with the result that Cdc7/Dbf4 phosphorylation of
MCM2 is important for the ATPase activity of MCM2–7
complex in vitro, demonstrate that Cdc7/Dbf4 phosphory-
lation of MCM2 is essential for the initiation of DNA repli-
cation in human.

On the basis of our results, together with the current
model for the initiation of DNA replication (Bell and Dutta,
2002; Mendez and Stillman, 2003; Forsburg, 2004), we pro-
pose a model for regulation of the initiation of DNA repli-
cation by Cdc7/Dbf4 phosphorylation of MCM2 in human
cells. In G1, when Cdc7/Dbf4 activity is at a minimum,
MCM2 is not phosphorylated by Cdc7/Dbf4. Unphosphor-
ylated MCM2 together with other MCMs (MCM2-7 com-
plex) is recruited to chromatin, presumably to the replication
origins by the DNA replication loading factors Cdc6 and
Cdt1 to establish pre-RCs. During G1/S and early S, activa-
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tion of Cdc7/Dbf4 results in phosphorylation of chromatin-
bound MCM2. Phosphorylation of MCM2 in the MCM2-7
complex by Cdc7/Dbf4 induces the conformational change
of the complex and activates its helicase activity, which is
essential for DNA replication. MCM2-7 helicase works at a
distance from the replicative forks, pumping DNA along its
helical axis by ATPase-coupled rotation. In late S and G2/M,
MCM2-7 complex dissociates from chromatin, presumably
by additional post-translational modifications to prevent
DNA rereplication.
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