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Background: Initiation of metazoan DNA replication is regulated by Geminin.
Results: HsGeminin binds to HsCdt1, HsMcm3, and HsMcm5 and inhibits formation of salt-stable complexes of purified
human pre-replication proteins in vitro.
Conclusion: Geminin does not prevent association of the pre-replication proteins, but blocks a late step in pre-RC
assembly.
Significance: This work provides mechanistic insight into the regulation of initiation of human DNA replication.

The initial step in initiation of eukaryotic DNA replication
involves the assembly of pre-replicative complexes (pre-RCs) at
origins of replication during the G1 phase of the cell cycle. In meta-
zoans initiation is inhibited by the regulatory factor Geminin. We
have purified the human pre-RC proteins, studied their interac-
tions in vitro with each other and with origin DNA, and analyzed
the effects of HsGeminin on formation of DNA-protein complexes.
The formation of an initial complex containing the human origin
recognition complex (HsORC), HsCdt1, HsCdc6, and origin DNA
is cooperative, involving all possible binary interactions among the
components. Maximal association of HsMCM2–7, a component of
the replicative helicase, requires HsORC, HsCdc6, HsCdt1, and
ATP, and is driven by interactions of HsCdt1 and HsCdc6 with
multiple HsMCM2–7 subunits. Formation of stable complexes,
resistant to high salt, requires ATP hydrolysis. In the absence of
HsMCM proteins, HsGeminin inhibits the association of HsCdt1
with DNA or with HsORC-HsCdc6-DNA complexes. However,
HsGeminin does not inhibit recruitment of HsMCM2–7 to DNA to
form complexes containing all of the pre-RC proteins. In fact,
HsGeminin itself is a component of such complexes, and interacts
directly with the HsMcm3 and HsMcm5 subunits of HsMCM2–7,
as well as with HsCdt1. Although HsGeminin does not prevent the
initial formation of DNA-protein complexes containing the
pre-RC proteins, it strongly inhibits the formation of stable pre-
RCs that are resistant to high salt. We suggest that bound HsGemi-

nin prevents transition of the pre-RC to a state that is competent for
initiation of DNA replication.

The initiation of eukaryotic DNA replication is a compli-
cated and highly regulated process that involves multiple
protein factors. The key features of the process have been con-
served through evolution. In the first steps, the origin recogni-
tion complex (ORC)6 associates with origins of replication and
recruits Cdc6/Cdc18 and Cdt1. The resultant complex medi-
ates the binding of minichromosome maintenance (MCM)
protein to generate the pre-replicative complex (pre-RC). The
MCM protein consists of six non-identical subunits (Mcm2–7)
that form the central core of the presumptive replicative heli-
case. Recent in vitro studies indicate that the pre-RC contains
two MCM2–7 hexamers that surround origin DNA in a head-
to-head configuration (1–3). After formation of the pre-RC,
initiation of DNA replication is triggered by the activation of
cyclin-dependent kinases and Dbf4-dependent kinase. These
protein kinases phosphorylate key targets to promote the
assembly of an active helicase containing Cdc45, Mcm2–7, and
GINS (CMG complex) and the recruitment of additional pro-
teins required for DNA synthesis (4).

ORC1–5, Cdc6, and Mcm2–7 all belong to the AAA� family
of ATPases (5, 6), and formation of the pre-RC, as well as sub-
sequent steps in the initiation of DNA replication, requires
ATP hydrolysis (7–10). Strong evidence supports a role for
MCM2–7 in DNA unwinding at the replication fork. First, the
highly purified heterohexameric MCM2–7 complex exhibits
weak helicase activity on forked DNA structures in the pres-
ence of certain anions, such as acetate and glutamate (11). Sec-
ond, a complex of MCM2–7, Cdc45, and GINS (CMG) has
robust helicase activity on forked DNA substrates (12, 13).
Finally, the MCM2–7 complex is absolutely required for the
elongation phase of DNA replication and travels with the repli-
some during replication (14 –16). Interestingly, a number of
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subcomplexes of MCM2–7 have been isolated from cell
extracts, including MCM467, MCM2467, and MCM35 com-
plexes (17–22). Of these only MCM467, which forms a hexa-
meric complex, has been shown to have helicase activity in the
absence of other factors (22–24). It is not clear whether this
subcomplex plays a role in DNA replication in vivo.

To maintain genome integrity, the DNA replication process
must occur once and only once per cell cycle. Accordingly,
every step of the pre-RC assembly process is tightly regulated in
all eukaryotes, although the mechanistic details vary among
organisms (25). In higher eukaryotes, Geminin plays an impor-
tant role in this regulation. Geminin was initially identified in
Xenopus as an inhibitor of DNA replication that prevents the
binding of MCM proteins to chromatin (26). Later studies
revealed that Geminin forms a complex with Cdt1 and inhibits
its interaction with MCM complexes (27–32). In addition,
mouse Geminin was shown to inhibit DNA binding of Cdt1 in
vitro (30).

Although significant progress has been achieved over the
years, mainly through genetic and biochemical studies in yeast,
Drosophila, and Xenopus, many of the molecular details of
pre-RC assembly and its control remain unclear. In particular,
the mechanism by which Geminin inhibits the initiation of
DNA replication is still not well understood. Here we describe
an in vitro system for studying human pre-RC formation utiliz-
ing exclusively purified proteins. Our results indicate that
HsORC, HsCdc6, and HsCdt1 enhance the recruitment of each
other, and all three proteins are required for maximal binding
of HsMCM467 or HsMCM2–7 to DNA. We observed that
HsGeminin inhibits the intrinsic DNA binding activity of
HsCdt1, as well as the recruitment of HsCdt1 to origin DNA by
HsORC and HsCdc6, but this effect is seen only in the absence
of HsMCM complexes. HsCdt1 recruitment to origin DNA in
complete reaction containing HsORC, HsCdc6, HsCdt1, and
HsMCM467 or HsMCM2–7 is not affected by HsGeminin.
HsGeminin inhibits the HsCdt1-dependent recruitment
of HsMCM467 to DNA by blocking the interactions between
HsCdt1 and the HsMcm6 and HsMcm7 subunits. However,
HsGeminin does not significantly affect the initial recruitment
of HsMCM2–7 to DNA and, in fact, is incorporated into com-
plexes containing all of the other pre-RC components. This
surprising observation is likely due to previously undescribed
interactions between HsGeminin and the HsMcm3 and
HsMcm5 subunits. Interestingly, HsGeminin strongly inhibits
the ATP-dependent formation of stable pre-RCs that are resis-
tant to high salt. Therefore, the inhibitory effect of HsGeminin
on human pre-RC formation is likely exerted at a late stage
of the pre-RC assembly process, after the recruitment of
HsMCM2–7.

EXPERIMENTAL PROCEDURES

Antibodies—The mouse monoclonal anti-human Orc1 anti-
body was raised against maltose-binding protein fusion of
human Orc1 fragment containing amino acids 509 – 860. The
specificity of the antibody was confirmed by the observation
that the single band corresponding to HsOrc1 in the Western
blot of HeLa whole cell extract disappeared when cells were
treated with siRNA of HsOrc1 (data not shown). Anti-human

Orc5 polyclonal rabbit antibodies were described previously
(33). Anti-FLAG M5 mouse monoclonal antibody was obtained
from Sigma. Anti-c-Myc mouse monoclonal antibody (9E10),
anti-human Cdc6 mouse monoclonal antibody (180.2), anti-
human Mcm7 mouse monoclonal antibody (141.2), and anti-
human Geminin rabbit polyclonal antibodies (FL-209) were
obtained from Santa Cruz Biotechnology, Inc. Anti-human
Mcm2 (4B8) and anti-human Mcm3 (3A2) mouse monoclonal
antibodies were obtained from Medical & Biological Laborato-
ries Co., LTD. Anti-human Mcm4 (A300-193A), anti-human
Mcm5 (A300-195A), anti-human Mcm6 (A300-194A), and
anti-human Cdt1 (A300-786A) rabbit polyclonal antibodies
were obtained from Bethyl Laboratories, Inc.

Mutagenesis—Nucleotide changes resulting in mutations of
L110A, L114A, and E116A were introduced into wild-type
human Geminin coding sequence using the QuikChange site-
directed mutagenesis kit (Stratagene) following the manufac-
turer’s instructions, using MW183 (5�-AGAAAGGCGGCTTA
TGAAGCAGCGAAGGCAAATGAGAAAGTTCATAAA-3�)
as the sense primer and MW184 (5�-TTTCTCATTTGCCTT-
CGCTGCTTCATAAGCCGCCTTTCTCCGTTTTTC-3�) as
the antisense primer. Afterward, further mutations of N117A,
E118A, H121A, and K122A were introduced into the previous
QuikChange product to produce the HsGeminin BD mutant,
using the sense primer MW185 (5�-GCGAAGGCAGCTGCG
AAACTTGCTGCAGAAATTGAACAAAAGGACAAT-3�)
and the antisense primer MW186 (5�-TTCAATTTCTGCAG
CAAGTTTCGCAGCTGCCTTCGCTGCTTCATAAGC-3�).
The final construct was sequenced to confirm the mutations
and that no extra change was introduced.

Stable Cell Lines—Full-length human Mcm2 with N-termi-
nal His6-2xFLAG tag was cloned into pIRESpuro3 (Clontech).
The resulting plasmid was purified with a Qiagen Plasmid Maxi
Kit and transfected into 293T cells using Lipofectamine 2000
reagent (Invitrogen). Transfected cells were diluted and cul-
tured in 96-well plates at 37 °C with 5% CO2 in Iscove’s modi-
fied Dulbecco’s medium (Invitrogen) with 10% fetal bovine
serum, 100 units/ml of penicillin, and 100 units/ml of strepto-
mycin, in the presence of 5 �g/ml of puromycin for 14 days.
Positive clones were further cultured, frozen, and stored in a
liquid nitrogen freezer. 293T-Mcm2 clone-17 was used for
large-scale purification of the HsMCM2–7 complex.

Protein Purifications—To purify the HsMCM2–7 complex, a
clone was selected with moderate expression level of His6-
FLAG-HsMcm2, which is high enough to enable co-precipita-
tion of significant amounts of the other endogenous MCM sub-
units, whereas there would not be an excessive amount of free
Mcm2 in the preparation (data not shown). Asynchronously
growing 293T-Mcm2 clone-17 cells were collected by centri-
fugation at 100 � g for 10 min and washed with PBS (phos-
phate-buffered saline, 137 mM NaCl, 2.7 mM KCl, 4.3 mM

Na2HPO4, 1.4 mM KH2PO4, pH 7.3). The harvested cells were
lysed by incubation in MCMIPB (20 mM Tris-HCl, pH 7.6, 0.3 M

potassium acetate, 2 mM magnesium acetate, 0.1% Tween 20,
10% glycerol) plus a protease inhibitor mixture (PIM, 2 mM

PMSF, 10 �g/ml aprotinin, 10 �g/ml leupeptin, 10 �g/ml pep-
statin A, and 1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride)
at 4 °C for 10 min, and then centrifuged at 71,000 � g at 4 °C for
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30 min. The supernatant was incubated with protein A-agarose
beads (Roche Applied Science) at 4 °C for 1 h. The supernatant
was collected by centrifugation at 800 � g at 4 °C for 3 min, and
then incubated with anti-FLAG M2-agarose beads (Sigma) at
4 °C for 3 h. The resin was washed once with MCMIPB, and
then twice with MCMB (20 mM Tris-HCl, pH 7.6, 0.3 M potas-
sium acetate, 2 mM magnesium acetate, 0.01% Tween 20, 10%
glycerol), each time for 10 min at 4 °C. The HsMCM2–7 com-
plex was eluted with MCMB plus 4 mg/ml of FLAG peptide
(Sigma) at 4 °C overnight. A typical purification yielded 20 �g of
purified protein out of a culture of 140 � 106 cells.

The coding sequences of N-terminal Myc-tagged human
Cdc6, N-terminal FLAG-tagged human Cdt1, N-terminal
FLAG-tagged and C-terminal His6-tagged wild-type and BD
mutant human Geminin, N-terminal His6-FLAG-tagged human
Mcm4, and untagged human Mcm2, Mcm3, Mcm4, Mcm5,
Mcm6, and Mcm7 were amplified by PCR and subcloned into
pFastBac1 (Invitrogen), and the baculoviruses were made using
the Bac-to-Bac system following the manufacturer’s instruc-
tions (Invitrogen). Sf9 insect cells were cultured at 27 °C in
Grace’s medium (Invitrogen) with 10% fetal bovine serum, 100
units/ml of penicillin, and 100 units/ml of streptomycin. For
expression of recombinant proteins, Sf9 cells were infected
with the recombinant baculoviruses at a multiplicity of infec-
tion of 5, and cultured for 48 h. The cells were collected by
centrifugation at 800 � g for 10 min and washed with PBS.

To purify Myc-HsCdc6, Sf9 cells expressing Myc-HsCdc6
were lysed by incubation in IPB (PBS plus 5 mM EDTA, 5 mM

EGTA, 1 mM Na3VO4, 10 mM Na4P2O7, 50 mM NaF, pH 7.4, 1%
Triton X-100, 0.5 M NaCl) plus PIM at 4 °C for 5 min, and then
centrifuged at 71,000 � g at 4 °C for 30 min. The supernatant
was incubated with anti-c-Myc (9E10) antibody-conjugated
agarose beads (Santa Cruz Biotechnology, Inc.) at 4 °C for 3 h.
The resin was washed 3 times with PBS plus 0.5 M NaCl with a
10-min incubation at 4 °C each time. The bound protein was
eluted with PSB (20 mM Tris-HCl, pH 7.6, 10% glycerol, 0.1 M

NaCl, 0.1 mM dithiothreitol, 1 mM EDTA, 0.05% Triton X-100)
plus 2 mg/ml of 9E10 peptide (Covance) overnight at 4 °C. A
typical purification yielded 120 �g of purified protein out of a
culture of 150 � 106 cells.

To purify FLAG-HsCdt1, Sf9 cells expressing FLAG-HsCdt1
were lysed in ISLB (10 mM Tris-HCl, pH 6.8, 0.4 M sorbitol, 150
mM potassium acetate, 5 mM MgCl2, 5 mM MgSO4, and 1%
Triton X-100) plus PIM and 0.5 M NaCl at 4 °C for 5 min, and
then centrifuged at 71,000 � g at 4 °C for 30 min. The superna-
tant was incubated with anti-FLAG M2-agarose beads (Sigma)
at 4 °C for 3 h. The beads were washed 3 times with PBS plus
0.5 M NaCl and 1% Triton X-100 with a 10-min incubation at
4 °C each time. The bound protein was eluted with PSB plus 0.4
mg/ml of FLAG peptide. A typical purification yielded 240 �g
of purified protein out of a culture of 20 � 106 cells.

To purify wild-type or BD mutant FLAG-HsGeminin-His6,
Sf9 cells expressing corresponding proteins were lysed in NLB
(50 mM NaH2PO4, 0.5 M NaCl, 1% Triton X-100, pH 8.0) plus 10
mM imidazole and PIM at 4 °C for 10 min, and then centrifuged
at 71,000 � g at 4 °C for 30 min. The supernatant was incubated
with Ni-NTA beads (Qiagen) at 4 °C for 2 h. The resin was
washed 3 times with NLB plus 20 mM imidazole, with a 10-min

incubation at 4 °C each time. The bound proteins were eluted
twice with NLB plus 0.25 M imidazole, with incubation at 4 °C
for 30 min each time. The eluates were combined and incu-
bated with anti-FLAG M2-agarose beads at 4 °C for 3 h. The
beads were washed 3 times with PBS plus 0.5 M NaCl and 1%
Triton X-100, and once with PSB, with a 10-min incubation at
4 °C each time. The bound proteins were then eluted with PSB
plus 1 mg/ml of FLAG peptide. A typical purification yielded 48
�g of purified protein out of a culture of 30 � 106 cells.

To purify the HsMCM467 complex, Sf9 cells were infected
with viruses expressing His6-2xFLAG-HsMcm4, HsMcm6, and
HsMcm7. After 48 h, cells were lysed in MCMIPB, and then
centrifuged at 71,000 � g at 4 °C for 30 min. The supernatant
was incubated with Ni-NTA beads at 4 °C for 2 h, and then the
resin was washed 5 times with MCMIPB with 10 mM imidazole,
followed by three elutions with MCMIPB with 0.25 M imidaz-
ole. The pooled eluates were incubated with FLAG M2-agarose
beads overnight at 4 °C. The beads were washed 5 times with
MCMIPB, followed by two elutions with MCMIPB with 2
mg/ml of FLAG peptide at 4 °C. The eluted proteins were dia-
lyzed against M467B (25 mM Hepes, pH 7.6, 2 mM magnesium
acetate, 50 mM potassium glutamate, 0.5 mM DTT, 0.05%
Tween 20, and 10% glycerol) at 4 °C. A typical purification
yielded 300 �g of purified protein out of a culture of 400 � 106

cells.
All purified proteins were analyzed with the silver staining

procedure and the identities of the proteins were confirmed by
mass spectrometric analysis (Microchemistry & Proteomics
Core Facility, MSKCC). The concentrations of the protein
preparations were estimated by comparing the intensities of
individual protein bands on silver-stained polyacrylamide gels
to those of the Perfect Protein Markers (Novagen).

DNA-coupled Magnetic Beads—A 2-kb fragment (lamin B2)
corresponding to positions 2500 – 4500 bp of the human lamin
B2 origin (GenBankTM accession number M94363) was synthe-
sized by PCR using the sense primer MW162 (5�-CGGGATCC-
TGCAGCTCAAGTCTTAAAGAC-3�), and the antisense primer
MW163 (5�-GGGGTACCGGACTACAACTCCCACACGAC-
3�), and subcloned into pUC19 (New England BioLabs).

The pUC19-lamin-B2 plasmids were biotinylated using
PHOTOPROBE long-arm biotin (Vector Laboratories) accor-
ding to the manufacturer’s instruction. To generate biotiny-
lated linear lamin B2 DNA, the 2-kb fragment was amplified by
PCR with the primer MW162 labeled at the 5� end with biotin.
The PCR product was subjected to agarose gel electrophoresis,
after which the corresponding band was excised and the lamin
B2 fragment was purified with QiaQuick gel extraction kit (Qia-
gen) following the manufacturer’s instruction.

The immobilization of biotinylated DNA to magnetic beads
was carried out using the Dynabeads kilobaseBINDER kit
(Invitrogen) according to the manufacturer’s instruction. The
amount of DNA bound to the beads was estimated by subtract-
ing the amount of DNA in the flow-through after binding from
the amount that was put in the reaction. Control beads without
DNA underwent the same coupling procedure in the absence of
DNA.

In Vitro Pre-RC Binding—In a typical binding reaction, there
were �16 nM linear lamin B2 DNA molecules or 6 nM pUC19-
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lamin-B2 molecules. HsORC, HsCdc6, HsCdt1, HsMCM467,
and HsMCM2–7 were used at the concentration of 13 nM, and
HsGeminin at 200 nM unless indicated otherwise. In Fig. 4B, 26
nM HsMCM467, 13 nM HsMCM2–7, and 60 nM HsGeminin
were used. When HsGeminin was used, it was preincubated
with HsCdt1 at 4 °C for 30 min, unless indicated otherwise. The
reactions were carried out in Thermomixer R (Eppendorf)
under constant agitation at 1,100 rpm, and the beads were col-
lected with the 3 in 1 MPS magnetic particle separator (Pure-
Biotech, LLC).

In the absence of HsMCM complexes, the reactions were
carried out in one step. Proteins were incubated with DNA
beads in GSB (50 mM Hepes, pH 7.5, 5 mM MgCl2, 0.1 mM

EDTA, 0.1 mM EGTA, 1 mM dithiothreitol, 0.1% Tween 20,
0.1 M NaCl, 0.12 mg/ml bovine serum albumin (BSA), and
1 mM ATP) at 37 °C for 30 min. The beads were then washed
twice with MWB (30 mM Hepes, pH 7.6, 7 mM magnesium
acetate, 1 mM dithiothreitol, 1 mM 4-(2-aminoethyl)benzene-
sulfonyl fluoride, 0.25 M sucrose, 100 mM potassium glutamate,
and 0.05% Nonidet P-40).

When HsMCM complexes were used, the reactions were
performed in two steps. HsORC was first incubated with DNA
beads in GSB at 37 °C for 30 min. The beads were washed twice
with MWB, and then incubated with other proteins in MCMBB
(20 mM Hepes, pH 7.6, 6 mM Tris-HCl, 90 mM potassium ace-
tate, 7.6 mM magnesium acetate, 1 mM dithiothreitol, 1 mM

4-(2-aminoethyl)benzenesulfonyl fluoride, 0.25 M sucrose, 0.1
mg/ml BSA, 0.03% Tween 20, 3% glycerol, and 4 mM ATP) at
37 °C for 30 min. Afterward, the beads were washed twice with
MWB at 4 °C with 1 min of agitation at 1,100 rpm each time. To
isolate the salt-resistant HsMCM complexes, the beads were
subjected to one additional wash in MWB plus 0.3 or 0.5 M NaCl
in the absence of potassium glutamate at 4 °C with 5 min of
agitation at 1,100 rpm.

To analyze the proteins bound to DNA beads, the beads were
incubated with 2� SDS SB (100 mM Tris-HCl, pH 6.8, 200 mM

dithiothreitol, 4% SDS, 0.2% bromphenol blue, and 20% glyc-
erol) at 100 °C for 10 min, and then centrifuged at 16,100 � g for
1 min. After SDS-PAGE of the supernatant, the proteins were
transferred to a nitrocellulose membrane and Western blotting
with appropriate antibodies was performed. Quantifications of
band densities were performed with a GS-900 Calibrated Den-
sitometer (Bio-Rad) according to manufacturer’s instruction.
Standard deviation values were calculated based on 3 or more
independent experiments.

Immunoprecipitations—To investigate the interactions between
HsMCM subunits and HsCdc6, HsCdt1, or HsGeminin, Sf9
insect cells expressing each individual protein were lysed in PBS
plus 1% Triton X-100 and PIM, and the suspension was centri-
fuged at 60,000 � g at 4 °C for 30 min. The supernatant from
cells expressing each HsMCM subunit was combined with that
of cells expressing Myc-HsCdc6, FLAG-HsCdt1, or FLAG-Hs-
Geminin-His6 or control extract of uninfected Sf9 cells, and was
then incubated with epitope-specific agarose beads at 4 °C for
3 h. Afterward, the beads were washed three times with PBS.

To study interactions between HsCdt1 and wild-type or BD
mutant HsGeminin, 60 ng of purified FLAG-HsCdt1 was incu-
bated with 40 ng of wild-type or mutant HsGeminin, or control

buffer in the presence of 10 �l of protein A/G plus agarose
suspension (Santa Cruz Biotechnology, Inc.) and 60 ng of rabbit
anti-human Geminin polyclonal antibodies in PBS plus 1
mg/ml BSA and PIM at 4 °C for 3 h. The beads were then
washed three times with PBS plus 0.5 M NaCl.

To analyze the precipitated proteins, agarose beads were
resuspended in 2� SDS SB, incubated at 100 °C for 10 min, and
centrifuged at 16,100 � g for 1 min. After SDS-PAGE of the
supernatant, the proteins were transferred to a nitrocellulose
membrane and Western blotting analyses with appropriate
antibodies were performed.

RESULTS

Previous studies in the Xenopus system have shown that
Geminin inhibits pre-RC assembly, and therefore prevents de
novo formation of the pre-RC during S, G2, and M phases, as
one of the mechanisms that eukaryotic cells employ to prevent
re-replication (26). To study the effect of HsGeminin on human
pre-RC formation in vitro, we purified all known protein com-
ponents involved in this process, and studied the requirements
for pre-RC assembly on DNA coupled to magnetic beads. The
purified proteins were free of significant contamination as

FIGURE 1. Analysis of purified human pre-RC components by SDS-PAGE
followed by silver staining. A, HsORC. B, Myc-HsCdc6 (the faster migrating
band (*) is a degradation product of HsCdc6 as demonstrated by analysis of
tryptic peptides by mass spectrometry). C, FLAG-HsCdt1. D, HsMCM467 (the
asterisk indicates the 70-kDa insect heat shock protein). E, HsMCM2–7. F, wild-
type HsGeminin (the asterisk indicates the 70-kDa insect heat shock protein).
G, mutant HsGeminin deficient in Cdt1 binding (HsGeminin-BD) (the asterisk
indicates the 70-kDa insect heat shock protein).

In Vitro Human Pre-RC Assembly

OCTOBER 31, 2014 • VOLUME 289 • NUMBER 44 JOURNAL OF BIOLOGICAL CHEMISTRY 30813



assessed by SDS-polyacrylamide gel electrophoresis (Fig. 1).
Recombinant human ORC was purified by affinity chromatog-
raphy from Sf9 insect cells co-infected with baculoviruses
encoding the six HsOrc subunits, as previously described (34).
Consistent with our previous observations, the HsOrc1 and
HsOrc6 subunits were substoichiometric in the purified com-
plex (Fig. 1A). HsCdc6, tagged at the N terminus with Myc
epitope (Fig. 1B), and HsCdt1, tagged at the N terminus with
FLAG epitope (Fig. 1C), were also expressed in Sf9 cells and
purified to near homogeneity by affinity chromatography.
Recombinant human Mcm4 (tagged at the N terminus with
His6 and FLAG epitopes), Mcm6, and Mcm7 were co-ex-
pressed in Sf9 cells, and HsMCM467 complexes were purified
by affinity chromatography (Fig. 1D). Recombinant wild-type
HsGeminin (Fig. 1F), and a mutant form of HsGeminin that is
unable to interact with HsCdt1 (Fig. 1G, described later), both
tagged at the N terminus with the FLAG epitope and at the C
terminus with His6, were expressed in Sf9 cells, and purified by
two steps of affinity chromatography, using Ni-NTA beads fol-
lowed by FLAG antibody-conjugated agarose beads.

For reasons that are unclear, we were unable to obtain signif-
icant quantities of HsMCM2–7 following co-infection of Sf9
cells with recombinant baculoviruses encoding the six subunits.
Therefore, we generated 293T cell lines stably expressing
HsMcm2 tagged with the His6 and FLAG epitopes. The
HsMCM2–7 complex was purified to near homogeneity from
asynchronously growing cells using anti-FLAG antibody-con-
jugated agarose beads (Fig. 1E). The presence of each MCM
subunit in the preparation was confirmed by mass spectrome-
try. It has been reported that S. cerevisiae Cdt1 co-purifies with
MCM2–7 (2, 35). However, no HsCdt1 was detected in our
HsMCM2–7 preparations, either by mass spectrometry or
Western blotting analysis (data not shown). Immunoprecipita-
tion of purified HsMCM2–7 with anti-HsMcm3 monoclonal
antibody revealed that a significant amount of HsMcm2, and
almost all of HsMcm4, -5, -6, and -7 co-precipitated with
HsMcm3 (data not shown). Therefore, the majority of MCM
complexes in the preparation contained all six MCM subunits.

In the Absence of MCM Complexes HsGeminin Inhibits the
Recruitment of HsCdt1 to Origin DNA—As the first step toward
defining the requirements for assembly of the human pre-RC,
we studied the interactions of highly purified human ORC,
Cdc6, and Cdt1, the homologues of which are known to be
required for loading the MCM complexes onto DNA in other
systems.

DNA binding assays were performed with circular plasmid
DNA containing a 2-kb fragment from the human lamin B2
origin of DNA replication (36). The DNA was coupled to mag-
netic beads and incubated with proteins in a buffer containing
0.1 M NaCl and 1 mM ATP at 37 °C for 30 min. DNA-bound
proteins were analyzed by SDS-PAGE and Western blotting. As
shown in Fig. 2A, none of the purified proteins showed detect-
able binding to control beads without DNA. As expected,
HsORC efficiently associated with DNA-coupled beads (�25%
of input) in the absence of the other factors, and the recruit-
ment of HsORC was enhanced by the presence of HsCdc6. Both
HsCdc6 and HsCdt1 were also capable of binding to DNA
beads in the absence of other factors, albeit with relatively low

efficiency. Interestingly, the association of both proteins
increased modestly when they were incubated together, sug-
gesting that HsCdc6 and HsCdt1 can form a complex on DNA
in the absence of HsORC. The binding of both HsCdc6 and
HsCdt1 was also enhanced significantly in the presence of
HsORC, and maximal association was achieved when all three
proteins were present (Fig. 2A). Similar results were obtained
when the beads contained only the linear 2-kb fragment of the
lamin B2 origin DNA (data not shown), consistent with our
previous observation that the binding of HsORC to DNA is
sequence-independent (34). These observations indicate that
the formation of the ternary complex containing HsORC,
HsCdc6, and HsCdt1 is cooperative with all three proteins
interacting with each other and with origin DNA.

Previous work in several vertebrate systems has shown that
Geminin interacts with Cdt1 and inhibits the loading of the
MCM complex at origins of DNA replication, but the mecha-

FIGURE 2. Interactions of purified recombinant human ORC, Cdc6, and
Cdt1 with DNA, and inhibition of the DNA-binding activity of HsCdt1 by
HsGeminin. A, DNA-binding assays. Control magnetic beads or beads with
plasmid DNA containing the lamin B2 origin of DNA replication were incu-
bated with the indicated proteins in a two-step reaction (see ”Experimental
Procedures“ for details). The bound proteins were detected by Western blot-
ting. B, HsGeminin inhibits DNA binding by HsCdt1. HsCdt1 was incubated
with control buffer or the indicated amount of HsGeminin, and then the pro-
tein mixture was incubated with magnetic beads containing pUC19-lamin-B2
plasmid DNA in the absence (a) or presence (b) of HsORC and HsCdc6. C,
interaction between HsCdt1 and HsGeminin is necessary for inhibition of
HsCdt1 DNA binding activity. a, co-immunoprecipitation (IP) of HsCdt1-Hs-
Geminin complexes. Purified HsCdt1 was incubated with control buffer (C),
purified wild-type HsGeminin (wt) or purified HsGeminin BD mutant (BD), and
complexes were collected on protein A/G plus-agarose beads containing
anti-HsGeminin polyclonal antibodies. b, DNA-binding assay. HsCdt1 was
preincubated with wild-type (wt) or BD mutant (BD) HsGeminin, or control
buffer, and then incubated with magnetic beads containing linear lamin B2
DNA fragments.
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nism of inhibition is poorly understood. Preincubation with
�16-fold excess of HsGeminin at 4 °C for 30 min greatly
reduced the binding of HsCdt1 to origin DNA in the presence
of HsORC and HsCdc6 (Fig. 2A). Titration experiments with
varying amounts of HsGeminin revealed that HsGeminin was
able to significantly reduce the binding of isolated HsCdt1 to
DNA when the HsGeminin:HsCdt1 ratio was 1:1, consistent
with previous studies of mouse Cdt1 (30) (Fig. 2B, a). HsGemi-
nin also completely inhibited the recruitment of HsCdt1 to
DNA in the presence of HsORC and HsCdc6, but somewhat
higher concentrations of HsGeminin were required, presum-
ably because of the additional interactions of HsCdt1 with other
pre-RC proteins (Fig. 2B, b). Studies in the Xenopus system have
shown that the concentration of endogenous Cdt1 in egg
extracts is 25–30 nM, and the concentration of Geminin is 50
nM. In nucleoplasmic extracts, where Geminin exhibits its
inhibitory effects, Cdt1 is not detectable, and the concentration
of Geminin is in the 160 –1000 nM range (37, 38). Therefore, the
concentrations of HsCdt1 (13 nM) and HsGeminin (200 nM)
used in this study are similar to the physiological levels of these
proteins.

In control experiments, we verified that interaction between
HsCdt1 and HsGeminin is required for the inhibitory effect of
HsGeminin on the DNA binding activity of HsCdt1. Based on
the crystal structure of the mouse Geminin-Cdt1 complex, we
generated a mutant form of HsGeminin, with multiple alanine
substitutions (L110A/L114A/E116A/N117A/E118A/H121A/
K122A) in the domain required for binding to Cdt1 (31). Immu-
noprecipitation experiments with polyclonal antibodies against
HsGeminin demonstrated that purified recombinant HsCdt1
and wild-type HsGeminin form a complex that is stable in 0.5 M

NaCl, whereas the mutant protein, HsGeminin-BD, failed to
interact with HsCdt1 under the same conditions (Fig. 2C, a).
HsGeminin-BD did not inhibit the binding of HsCdt1 to DNA
(Fig. 2C, b).

Interestingly, the binding of HsGeminin to DNA was
enhanced in the presence of HsCdt1, whereas HsGeminin
alone did not bind DNA (Fig. 2C, b). Thus, it appears that
HsCdt1-HsGeminin complexes have some residual affinity for
DNA, albeit much less than the affinity of free HsCdt1. In agree-
ment with this finding, we observed that purified HsCdt1-Hs-
Geminin complexes were able to bind to DNA (data not
shown). This finding is consistent with previous observations
suggesting that mouse Geminin can form ternary complexes
with Cdt1 and DNA (30, 39). HsCdt1 did not enhance the
recruitment of HsGeminin-BD to DNA (Fig. 2C, b). Therefore,
interaction between HsCdt1 and HsGeminin is necessary for
both the inhibition of the DNA-binding activity of HsCdt1 and
the formation of ternary HsCdt1-HsGeminin-DNA complexes.

Differential Effects of HsGeminin on the Recruitment of
HsMCM467 and HsMCM2–7 Complexes to DNA—A crucial
step in the initiation of DNA replication is the recruitment of
the MCM helicase to the replication origin. ORC, Cdc6, and
Cdt1 have all been shown to play important roles in this step in
a number of model organisms. Using purified proteins, we stud-
ied the requirements for the recruitment of HsMCM2–7, the
complete heterohexameric human MCM complex, as well as

HsMCM467, a hexameric subcomplex of MCM that exhibits
weak helicase activity (22–24).

As shown in Fig. 3A, the purified HsMCM467 complex did
not bind to DNA in the absence of the other factors. The pres-
ence of HsORC was insufficient to recruit HsMCM467 to DNA,
but in the presence of either HsCdc6 or HsCdt1 recruitment of
a small fraction of the added HsMCM467 was observed. Inter-
estingly, substantial binding of HsMCM467 (�50% of input)
was observed when HsCdc6 and HsCdt1 were both present,
but HsORC was absent. This observation confirms that a com-
plex of HsCdt1 and HsCdc6 has DNA-binding activity and fur-
ther demonstrates that the complex is capable of recruiting
HsMCM467. The presence of HsORC enhanced the recruitment
of both HsCdc6 and HsCdt1 to DNA and resulted in maximal
binding of HsMCM467. Taken together, these observations sug-
gest that the recruitment of HsMCM467 to origin DNA depends
largely upon direct interactions with the pre-RC proteins, HsCdc6
and HsCdt1. Our data are consistent with the possibility that
HsORC plays only an indirect role in HsMCM467 recruitment via
stabilization of the binding of an HsCdc6-HsCdt1 complex. Alter-
natively, the binding of HsCdc6 and HsCdt1 may alter the confor-
mation of HsORC, exposing sites for direct HsORC-HsMCM
interactions.

Preincubation of HsCdt1 with �16-fold excess of HsGeminin
resulted in a modest reduction in the recruitment of

FIGURE 3. Requirements for recruitment of purified HsMCM complexes to
DNA. A, requirements for HsMCM467 recruitment to origin DNA. Magnetic
beads containing pUC19-lamin-B2 plasmid DNA were incubated with HsORC
or control buffer for 30 min, and then further incubated with HsMCM467 in
the presence of HsCdc6 and/or HsCdt1 for 30 min. HsCdt1 was preincubated
with control buffer or HsGeminin as indicated. B, requirements for recruit-
ment of HsMCM2–7 to origin DNA. Reaction mixtures were assembled and
incubated as described in A, except that HsMCM2–7 was used in place of
HsMCM467.
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HsMCM467 to a level slightly greater than that observed when
HsCdt1 was not included in the reaction mixture (27 � 10% of
the level of binding without HsGeminin) (Fig. 3A). More
detailed analysis revealed that a relatively high concentration of
HsGeminin, 4 – 8-fold higher than that of HsCdt1, was required
to reduce the binding of HsMCM467 by 50% and that signifi-
cant binding was detectable even at an HsGeminin concen-
tration 80-fold higher than that of HsCdt1 (Fig. 4A). The
observed inhibition of HsMCM467 binding was correlated with
increased binding of HsGeminin. We also observed that the
binding of HsCdt1 was considerably more resistant to inhibi-
tion by HsGeminin in the presence than in the absence of
HsMCM467 (compare the titration shown in Figs. 2B and 4A).
The greater stability of HsCdt1 is presumably due to the mutual
interactions of HsCdt1, HsCdc6, and HsMCM467 noted above.

Thus, our data indicate that DNA-protein complexes contain-
ing both HsCdt1 and HsGeminin can form at high HsGeminin
concentrations, but these complexes are less competent for
recruitment of HsMCM467 than complexes formed in the
absence of HsGeminin.

Although it is clear that preincubation of HsGeminin with
HsCdt1 is sufficient to reduce recruitment of HsMCM467, we
were also interested in the question of whether HsGeminin
could reverse the recruitment of HsMCM467 to origin DNA
once it had occurred. To assess this possibility, we studied the
effects of varying the time of HsGeminin and HsCdt1 addition
to reaction mixtures containing HsORC-bound DNA (Fig. 4C).
We observed that HsGeminin inhibited the HsCdt1-dependent
recruitment of HsMCM467, when it was preincubated with
HsCdt1 or when it was added to HsORC-bound DNA simulta-
neously with HsCdt1 (Fig. 4C, lanes 2 and 3). However, the
addition of HsGeminin to HsORC-bound DNA 20 min after
the addition of HsCdt1 had no effect on the total amount of
HsMCM467 recruited (Fig. 4C, compare lanes 4 and 5). This
result demonstrates that complexes of HsMCM467 with
HsORC, HsCdt1, and HsCdc6 are quite stable and do not
appreciably dissociate in the presence of HsGeminin.

The requirements for recruitment of the complete heterohexa-
meric HsMCM2–7 complex to DNA were similar to those
observed for recruitment of HsMCM467 (Fig. 3B). HsMCM2–7
alone did not bind to plasmid DNA and exhibited only weak
binding in the presence of HsORC or HsORC plus HsCdt1 or
HsCdc6. Maximal recruitment of HsMCM2–7 was obtained
when HsORC, HsCdc6, and HsCdt1 were all present. Surpris-
ingly, preincubation of HsCdt1 with �16-fold excess of
HsGeminin did not inhibit the recruitment of HsMCM2–7 to
DNA, in contrast to the result obtained with HsMCM467. Fig.
4A shows a direct comparison of the effects of HsGeminin on
recruitment of HsMCM467 and HsMCM2–7 by HsORC,
HsCdc6, and HsCdt1. Although preincubation of HsGeminin
with HsCdt1 reduced the recruitment of HsMCM467 as
described above, the same treatment had no effect on
HsMCM2–7 association even at a concentration of HsGeminin
80-fold greater than that of HsCdt1. Again, we observed that
the complexes formed on origin DNA contained HsCdt1 and
HsGeminin, as well as HsMCM2–7. We conclude from these
experiments that HsGeminin does not inhibit the initial asso-
ciation of HsMCM2–7 with the other pre-RC factors at origins
of DNA replication. In fact, HsGeminin is a component of com-
plexes containing all of the pre-RC proteins. The explanation
for this finding is presented below.

HsGeminin Interacts with HsMCM2–7 Complex—The find-
ing that HsGeminin does not inhibit the recruitment of
HsMCM2–7 was unexpected, given previous studies in Xenopus
egg extracts suggesting that interaction of Geminin with Cdt1
blocks binding of MCM complexes at origins of DNA replication
and given our observation that the binding of HsCdt1 to DNA is
strongly inhibited by preincubation with HsGeminin (Fig. 2).
Among the potential explanations for this finding, we considered
the possibility that HsGeminin might interact with HsMCM2–7
and stabilize its binding. This possibility was supported by the
observation that HsORC plus HsCdc6 can recruit both
HsMCM2–7 and HsMCM467 to DNA, but significant association

FIGURE 4. Differential effects of HsGeminin on the recruitment of
HsMCM467 and HsMCM2–7 complexes to DNA. A, comparison of the
effects of HsGeminin on recruitment of HsMCM2–7 and HsMCM467. Mag-
netic beads containing pUC19-lamin-B2 plasmid DNA were incubated with
HsORC for 30 min, and then further incubated with HsCdc6 and HsCdt1 in the
presence of HsMCM2–7 or HsMCM467 for 30 min. HsCdt1 was preincubated
with control buffer or the indicated amount of HsGeminin. B, binding of
HsGeminin to HsMCM2–7. Magnetic beads containing lamin B2 DNA frag-
ments were incubated with HsORC and HsCdc6 for 30 min, and then further
incubated with either HsMCM467 or HsMCM2–7 for 30 min, followed by incu-
bation with HsGeminin for 30 min. C, recruitment of HsMCM467 to origin DNA
is not reversed by HsGeminin. Magnetic beads containing pUC19-lamin-B2
plasmid DNA were preincubated with HsORC for 30 min, and then further
incubated with HsCdt1 and HsMCM467 for 20 (lanes 1–3) or 40 min (lanes 4
and 5), in the presence of either control buffer or HsGeminin. HsGeminin or
control buffer was added at various times as follows: lane 1: control buffer was
added at t � 	30 min (preincubated with HsCdt1 for 30 min prior to addition
to the reaction). Lane 2, HsGeminin was added at t � 	30 min. Lane 3,
HsGeminin was added at t � 0 min (the start of second incubation). Lane 4,
control buffer was added at t � �20 min (20 min after the second incubation
started). Lane 5, HsGeminin was added at t � �20 min.
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of the resulting complexes with HsGeminin is only observed in the
presence of HsMCM2–7 (Fig. 4B).

To further explore possible interactions between HsGeminin
and the other components of the pre-RC, including HsMCM2–7,
we carried out immunoprecipitation experiments with individ-
ual HsMCM subunits and HsCdc6, HsCdt1, or HsGeminin.
Extracts from Sf9 cells expressing each HsMCM subunit were
incubated with extracts of cells expressing epitope-tagged
HsCdc6, HsCdt1, or HsGeminin, and the amount of MCM
subunit co-precipitated with the tagged proteins was assessed
(Fig. 5). We observed the following interactions: HsMcm4,
HsMcm5, HsMcm6, and HsMcm7 co-precipitated with
HsCdc6, whereas HsMcm5, HsMcm6, and HsMcm7 co-pre-
cipitated with HsCdt1 (Fig. 5, A–D). These results are consis-
tent with our observations that either HsCdc6 or HsCdt1 can
recruit MCM complexes to DNA in the presence of HsORC,
albeit with somewhat different efficiencies. We did not observe
any association of HsMcm2 or HsMcm3 with either HsCdc6 or
HsCdt1 (data not shown). Both HsMcm3 and HsMcm5 co-pre-

cipitated with HsGeminin (Fig. 5, G and H). HsGeminin did not
significantly co-precipitate with HsMcm6 or HsMcm7, and
inhibited the interaction between these two HsMCM subunits
and HsCdt1 (Fig. 5, E and F). This finding is consistent with our
observation that HsGeminin inhibits the recruitment of the
HsMCM467 complex to DNA in the presence of HsORC,
HsCdc6, and HsCdt1. No interaction between HsGeminin and
HsMcm2 or HsMcm4 was detected (data not shown). There-
fore, HsGeminin only interacts with the HsMcm3 and
HsMcm5 subunits, in agreement with our observation of pref-
erential binding of HsGeminin to HsMCM2–7, but not
HsMCM467, in DNA binding experiments (Fig. 4B).

Our data provide evidence for mutual interactions among
HsCdt1, HsMCM2–7, and HsGeminin, and strongly suggest
that these interactions stabilize the ternary complex on origin
DNA. This hypothesis is consistent with the finding that the
binding sites in Cdt1 for Geminin and MCM2–7 do not overlap
(30, 40). Although our data indicate that HsGeminin inhibits
the association of HsCdt1 with DNA, in either the presence or
absence of HsORC and HsCdc6, it is clear that this inhibitory
effect is overcome in DNA-protein complexes containing
HsMCM2–7. The interactions that we have described account
for the finding that such complexes contain HsGeminin, as well
as the pre-RC proteins. Thus, the data suggest that the inhibi-
tory effect of HsGeminin on initiation of DNA replication is not
due to blocking assembly of the pre-RC proteins into a complex
with DNA, but to interference with some subsequent step in the
reaction.

HsGeminin Inhibits the Formation of a Salt-stable Complex
of HsMCM2–7 with DNA—Studies in S. cerevisiae and Xenopus
systems have suggested that origin-bound MCM complexes
can exist in two forms: “associated” or “loaded” (41, 42). Asso-
ciated MCM complexes are bound to chromatin via interac-
tions with other pre-RC components and dissociate in the pres-
ence of high concentrations of salt, whereas loaded MCM
complexes remain bound to chromatin in the absence of other
pre-RC proteins and are resistant to treatment with high salt.
Because, as described above, HsGeminin does not affect the
recruitment of HsMCM2–7 to origin DNA in the presence of
HsORC, HsCdc6, and HsCdt1 under standard reaction condi-
tions (100 mM potassium glutamate), we asked whether
HsGeminin might prevent the formation of complexes that are
stable at higher ionic strength. The experiments were carried
out as described in the legend to Fig. 3B, except that the
DNA-protein complexes were washed with buffer containing
0.3 M NaCl (Fig. 6A). As expected, the maximal amount of
HsMCM2–7 was recruited to DNA when HsORC, HsCdc6,
and HsCdt1 were all present in the reaction, and the resulting
complexes were stable to washing at a high salt concentration.
However, preincubation of HsCdt1 with �16-fold excess of
HsGeminin greatly reduced the amount of HsMCM2–7
retained on DNA beads (21 � 7% of the level of binding without
HsGeminin). This result is in contrast to the finding described
above, that HsGeminin does not prevent the formation of a
complex of the pre-RC proteins that is stable to washing at a low
salt concentration (Fig. 6A versus 3B). We conclude that at least
two distinct HsMCM2–7�DNA complexes can be formed fol-
lowing incubation of the pre-RC components with origin DNA:

FIGURE 5. Interactions between individual human MCM subunits and
HsCdt1 or HsCdc6, and effects of HsGeminin on the interactions between
MCM subunits and HsCdt1. A–D, extracts of Sf9 cells expressing untagged
human Mcm4 (A), Mcm5 (B), Mcm6 (C), or Mcm7 (D) were incubated at 4 °C for
3 h with extracts from control cells or extract from cells expressing FLAG-
HsCdt1 or Myc-HsCdc6. For each Mcm subunit, an equal amount of protein
was added in each reaction. The proteins precipitated by anti-FLAG- or anti-
Myc-agarose beads were analyzed by Western blotting. L indicates 8.3% of
the load. E–H, extracts of Sf9 cells expressing untagged human Mcm3 (G),
Mcm5 (H), Mcm6 (E), or Mcm7 (F) were incubated at 4 °C for 3 h with extracts
from control cells or extracts from cells expressing FLAG-HsCdt1 and/or
FLAG-HsGeminin-His6. The proteins precipitated by anti-FLAG-agarose beads
were analyzed by Western blotting. IP, immunoprecipitated.
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a salt-labile and a salt-stable complex. In the presence of
HsGeminin, the salt-labile complex readily forms, but the for-
mation of the salt-stable complex is blocked.

To determine whether HsGeminin affected the formation or
the maintenance of the salt-stable complex, we carried out
order of addition experiments (Fig. 6B). In these experiments
we washed the protein-DNA complexes with 0.5 M NaCl, which
gave similar results to washing with 0.3 M NaCl (data not
shown). HsGeminin was able to inhibit the formation of salt-
stable HsMCM2–7�DNA complexes when preincubated with

HsCdt1, as shown previously, or when added to the reaction
without preincubation at the same time as HsCdt1, HsCdc6,
and HsMCM2–7. However, no inhibition was observed when
HsGeminin was added to the reaction 20 min after all of the
pre-RC components were added, when significant amounts of
salt-stable HsMCM2–7�DNA complexes had already been
formed (Fig. 6B). These results are similar to those obtained in
our study of the recruitment of HsMCM467 (Fig. 4C), and are
consistent with the hypothesis that one role of HsGeminin is to
prevent formation of new pre-RCs without blocking the activity
of pre-existing pre-RCs. It is also consistent with the previous
observation that Geminin is unable to inhibit MCM loading
and DNA replication in crude Xenopus extracts when it was
added after the recruitment of MCM to chromatin (26).

To determine whether formation of the salt-stable
HsMCM2–7�DNA complex is dependent on ATP binding
and/or hydrolysis, DNA binding assays were carried out in the
presence of ATP, ATP�S, ADP, or control buffer lacking nucle-
otide. We observed that the amount of salt-stable HsMCM2–7
complex was greatly reduced when ATP�S or ADP was used in
place of ATP (Fig. 6C). When no nucleotide was added, a small
amount of HsMCM2–7 remained on DNA after washing at a
high salt concentration, but the stability of these residual
HsMCM2–7 complexes was not significantly affected by
HsGeminin (Fig. 6D). Because our standard DNA binding
assays are performed in two steps, incubation of HsORC with
origin DNA followed by incubation with HsCdc6, HsCdt1, and
HsMCM2–7, we asked whether ATP hydrolysis is required in
both steps. When ATP was replaced with ATP�S in both steps,
the association of HsMCM2–7 with DNA was greatly reduced
after washing at low salt concentration and almost completely
eliminated after washing at high salt concentration. A more
moderate reduction was observed when ATP�S replaced ATP
in either the first or the second step of the reaction. Thus, ATP
hydrolysis appears to be required in both steps to achieve the
maximal formation of HsMCM2–7�DNA complexes.

DISCUSSION

In Vitro Assembly of the Human Pre-RC Complex—In this
study, we have reconstituted complexes of purified human
pre-RC proteins and studied the interactions required for effi-
cient pre-RC assembly. Our data indicate that the association of
HsORC with DNA significantly enhances the recruitment of
both HsCdc6 and HsCdt1. HsCdc6 and HsCdt1 promote the
binding of each other to DNA, both in the presence and absence
of HsORC. Thus, the assembly of the initial complex containing
HsORC, HsCdc6, and HsCdt1 is stabilized by all possible binary
interactions among the three components. These interactions
are similar to those identified in various studies in Saccharomy-
ces cerevisiae, Schizosaccharomyces pombe, and Xenopus sys-
tems using similar approaches (1, 2, 35, 43, 44).

HsORC, HsCdc6, and HsCdt1 are all required for the maxi-
mal recruitment of the HsMCM complexes, HsMCM2–7 and
HsMCM467. Our data suggest that the requirement for
HsORC for initial assembly may be largely an indirect result of
its role in recruiting HsCdt1 and HsCdc6. We observed multi-
ple direct interactions between isolated MCM subunits and
HsCdc6 and HsCdt1: subunits Mcm4, Mcm5, Mcm6, and

FIGURE 6. HsGeminin inhibits the ATP-dependent salt-stable binding of
HsMCM2–7 to DNA. A, requirements for formation of salt-stable association
of HsMCM2–7 with DNA. Reaction mixtures were assembled and incubated as
described in the legend to Fig. 3B. The beads were then washed with buffer
containing 0.3 M NaCl and bound proteins were analyzed by Western blotting.
B, HsGeminin inhibits formation, but not the maintenance of salt-stable
HsMCM2–7�DNA complexes. Reaction mixtures were assembled and incu-
bated as described in the legend to Fig. 4C, except that HsMCM2–7 was used
instead of HsMCM467, and HsCdc6 was also present. The beads were then
washed with buffer containing 0.5 M NaCl. Lane 1: control buffer was added at
t � 	30 min. Lane 2: HsGeminin was added at t � 	30 min. Lane 3: HsGeminin
was added at t � 0 min. Lane 4: control buffer was added at t � �20 min. Lane
5: HsGeminin was added at t � �20 min. C, ATP-dependent formation of
salt-stable HsMCM2–7�DNA complexes. Reactions were performed in the
presence of ATP, ATP�S, ADP, or control buffer as indicated. The beads were
then washed with buffer containing 0.3 M NaCl. D, HsGeminin inhibition of
salt-stable complex formation. Reaction mixtures were incubated in the pres-
ence or absence of ATP as indicated. HsCdt1 was preincubated with control
buffer or HsGeminin. The beads were then washed with buffer containing 0.3
M NaCl. E, ATP requirement in two-step DNA binding assays. Magnetic beads
containing pUC19-lamin-B2 plasmid DNA were incubated with HsORC for 30
min, and then further incubated with HsMCM2–7, HsCdt1, and HsCdc6 for 30
min. ATP or ATP�S was added in each step as indicated. The beads were then
washed with buffer containing 0.1 M potassium glutamate or 0.3 M NaCl and
analyzed by Western blotting. Mcm6 l, long exposure of Mcm6 signal. Mcm6 s,
short exposure of Mcm6 signal. Gem, Geminin.
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Mcm7 interact with HsCdc6, whereas subunits Mcm5, Mcm6,
and Mcm7 interact with HsCdt1. In addition, we observed that
HsCdc6 and HsCdt1 are sufficient to recruit the MCM com-
plexes in the absence of HsORC. Finally, we observed only weak
interactions between HsORC and either HsMCM467 or
HsMCM2–7. Thus, our data suggest a model in which mutual
interactions among HsORC, HsCdc6, and HsCdt1 stabilize a
quaternary complex with DNA that recruits HsMCM com-
plexes largely via interactions with the HsCdc6 and HsCdt1
proteins.

HsGeminin Does Not Inhibit the Recruitment of HsMCM2–7
to DNA by HsORC, HsCdc6, and HsCdt1—Several different
mechanisms have been proposed to explain how Geminin
blocks loading of MCM complexes at origins of DNA replica-
tion: 1) inhibition of the interaction between Cdt1 and MCM
complexes (30, 32, 39, 45), 2) inhibition of the interaction
between Cdt1 and DNA (30), and 3) inhibition of histone acety-
lation by the acetylase HBO1, which is recruited to origin DNA
in G1 by Cdt1 (46 – 48). In agreement with an earlier report (27),
we observed that HsGeminin forms a stable complex with
HsCdt1, which is resistant to 0.5 M NaCl. This complex has
significantly reduced DNA-binding activity relative to free
HsCdt1, both in the absence and presence of HsORC and
HsCdc6. Because HsCdt1 plays a crucial role in recruiting
HsMCM467 to DNA, the decreased association of HsCdt1 with
DNA would be expected to reduce HsMCM467 recruitment.
However, our results indicate that the recruitment of HsCdt1
was not affected by HsGeminin when HsMCM complexes were
present in the reaction. Therefore, the reduced affinity of
HsCdt1 for DNA was probably overcome by the interactions
between HsCdt1 and other proteins present in the reaction. We
also observed that HsGeminin directly interferes with the
interaction between HsCdt1 and HsMcm6 and HsMcm7,
which is most likely the reason for the reduced recruitment of
HsMCM467 in the presence of HsGeminin observed in this
study.

Surprisingly, HsGeminin did not inhibit the recruitment of
HsMCM2–7 in vitro. This finding can be explained by our
discovery of a previously unknown interaction between
HsGeminin and HsMCM2–7. We showed directly that HsGemi-
nin can be recruited to DNA by HsMCM2–7 in the absence of
HsCdt1 and that HsGeminin interacts directly with the HsMcm3
and HsMcm5 subunits. Therefore, quinary complexes of
HsORC�HsCdc6�HsCdt1�HsGeminin�HsMCM2–7 are proba-
bly formed on DNA. These findings indicate that HsGeminin
does not block the initial assembly of pre-RC components at
origins of DNA replication and raise the possibility that
HsGeminin may affect the activity of the MCM or CMG com-
plexes (see below).

HsGeminin Inhibits the Formation of a Salt-stable HsMCM2–7
Complex on DNA—Our data suggest that two distinct
HsMCM2–7�DNA complexes can be formed following incuba-
tion of the pre-RC components with origin DNA: a salt-labile
and a salt-stable complex. This observation is analogous to
findings in several studies in S. cerevisiae and Xenopus, which
identified a salt-sensitive MCM-DNA complex whose stability
is dependent upon the presence of the other pre-RC compo-
nents and a salt-resistant MCM-DNA complex, whose stability

is independent of the other pre-RC components (41, 42).
Recent studies have shown that the S. cerevisiae salt-resistant
complex consists of the MCM complex encircling double-
stranded DNA (1, 2). Our data indicate that HsGeminin has
different effects on the formation of the two human complexes,
having no effect on the formation of the salt-labile complex, but
strongly inhibiting the formation of the salt-stable complex.
This observation is similar to previous results obtained using
Xenopus extracts, which showed that Geminin did not affect
the association of MCM complexes with plasmids, but signifi-
cantly reduced the amount of DNA-bound MCM complexes
after Triton treatment (49). Importantly, the formation of salt-
stable association of HsMCM2–7 with DNA is dependent on
ATP hydrolysis. Studies in S. cerevisiae indicated that ATP
hydrolysis by Cdc6 is required for the initial formation of salt-
resistant (loaded) MCM2–7 complexes (50), whereas ATP
hydrolysis by ORC is required for reiterative MCM2–7 loading
(9). In our study, pre-RC assembly in vitro was performed in two
steps. In the first step origin DNA was incubated with HsORC,
and in the second step pre-formed ORC-DNA complexes were
incubated with HsCdc6, HsCdt1, and HsMCM2–7. Because we
observed that ATP hydrolysis was required in both steps for
maximum formation of salt-stable complexes, it seems likely
that efficient loading of HsMCM2–7 on the DNA requires the
ATPase activities of both HsCdc6 and HsORC.

The kinetic relationship of the salt-sensitive and salt-stable
MCM-DNA complexes was not defined by our studies, but one
reasonable possibility is that the salt-sensitive complex is a pre-
cursor to the salt-stable complex. If this is the case, our data
would suggest that HsGeminin inhibits the transition from an
initial complex dependent on protein-protein interactions
among HsORC, HsCdc6, HsCdt1, and HsMCM2–7 to a more
stable complex that is competent for initiation of DNA replica-
tion, perhaps analogous to the yeast complex containing MCM
proteins topologically bound to DNA. It is quite possible that
the negative effects of HsGeminin on the interactions between
HsCdt1 and DNA, and between HsCdt1 and HsMcm6 and
HsMcm7, play important roles in this inhibition, although
these effects were overcome at earlier stages of pre-RC
formation.

The Interaction between HsGeminin and HsMCM2–7
Complex—As noted above, it has been suggested that Geminin
functions to inhibit initiation of DNA replication by perturbing
the interaction of Cdt1 with DNA, MCM complexes, or chro-
matin factors. Our observation that HsGeminin interacts with
HsMCM2–7 raises the possibility that HsGeminin might have
additional functions, such as directly modifying the activity of
the MCM-dependent helicase. Chromatin immunoprecipita-
tion experiments in HeLa cell extracts revealed colocalization
of HsGeminin and HsMcm7 at regions bracketing HsORC
binding sites in early S phase, when the level of HsCdt1 is low,
suggesting that the interaction between HsGeminin and
HsMCM2–7 is maintained after assembly of the pre-RC (51).
The localization of HsGeminin does not change as S phase pro-
gresses, indicating that CMG complexes engaged in active
DNA chain elongation do not contain associated HsGeminin.
We speculate that HsGeminin is able to bind to HsMCM2–7
after the latter has been loaded onto origin DNA, and helps to
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maintain the associated MCM2–7 in an inactive state until the
onset of DNA chain elongation. HsMcm3 and HsMcm5, the
two MCM subunits that interact with HsGeminin in vitro, are
both considered regulatory subunits of the MCM2–7 complex.
It has been suggested that a conformational change in Mcm2
and Mcm5 may regulate the helicase activity of S. cerevisiae
MCM2–7 (52). Recent work has also suggested that ATPase
active sites at the interfaces of MCM subunits Mcm6/2 and
Mcm5/3 modulate the biochemical activities of Mcm2 and
Mcm5 (53). It is possible that binding of HsGeminin to
HsMcm3 and HsMcm5 prevents the conformational change
required for helicase loading or activity. It has also been
observed that S. cerevisiae Mcm5 is involved in a Cdc7-acti-
vated molecular switch that is required for initiation of DNA
replication (54). The requirement for Cdc7 can be bypassed by
a point mutation (P83L) in Mcm5, and the equivalent mutation
in the archaeon Methanobacterium thermoautotrophicum
MCM protein induces a significant conformational change,
suggesting a structural basis for the Cdc7-mediated switch (55).
Thus, it is also possible that the interaction between HsGeminin
and HsMcm5 inhibits initiation of DNA replication by blocking
this conformational change. In any case, it is clear that HsGemi-
nin blocks a crucial step(s) in the initiation reaction after asso-
ciation of the pre-RC proteins.
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