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The regulated loading of the replicative helicase minichromosome maintenance proteins 2–7 (MCM2–7) onto
replication origins is a prerequisite for replication fork establishment and genomic stability. Origin recognition
complex (ORC), Cdc6, and Cdt1 assemble two MCM2–7 hexamers into one double hexamer around dsDNA.
Although the MCM2–7 hexamer can adopt a ring shape with a gap between Mcm2 and Mcm5, it is unknown
which Mcm interface functions as the DNA entry gate during regulated helicase loading. Here, we establish that
the Saccharomyces cerevisiaeMCM2–7 hexamer assumes a closed ring structure, suggesting that helicase loading
requires active ring opening. Using a chemical biology approach, we show that ORC–Cdc6–Cdt1-dependent
helicase loading occurs through a unique DNA entry gate comprised of the Mcm2 and Mcm5 subunits. Controlled
inhibition of DNA insertion triggers ATPase-driven complex disassembly in vitro, while in vivo analysis
establishes that Mcm2/Mcm5 gate opening is essential for both helicase loading onto chromatin and cell cycle
progression. Importantly, we demonstrate that the MCM2–7 helicase becomes loaded onto DNA as a single
hexamer during ORC/Cdc6/Cdt1/MCM2–7 complex formation prior to MCM2–7 double hexamer formation. Our
study establishes the existence of a unique DNA entry gate for regulated helicase loading, revealing key
mechanisms in helicase loading, which has important implications for helicase activation.
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DNA replication is a carefully choreographed process
that is central to genome integrity, while misregulation
of DNA replication leads to genomic instability, disease,
or cancer. A principal component of the DNA replication
machinery is the replicative helicase that separates the
two DNA strands at the replication fork. Minichromo-
some maintenance proteins 2–7 (MCM2–7) represent the
core of the replicative helicase in eukaryotes. However,
the MCM2–7 helicase does not bind to DNA by itself but
instead is loaded at DNA replication origins by a number
of factors. The origin recognition complex (ORC) and Cdc6
recognize the DNA replication origin (Bell and Stillman
1992; Speck et al. 2005; Speck and Stillman 2007) and
recruit Cdt1 and MCM2–7 to DNA, which leads to forma-
tion of a prereplicative complex (pre-RC) (Bowers et al.
2004; Randell et al. 2006). During pre-RC assembly, two
MCM2–7 hexamers are loaded into a head-to-head double

hexamer around dsDNA (Evrin et al. 2009; Remus et al.
2009).
Helicase loading occurs from late M to early G1 phase

of the cell cycle (Weinreich et al. 1999), although, at this
point, the loaded double hexamer has yet to acquire
helicase activity. At the onset of S phase, the MCM2–7
helicase becomes activated by two kinases (cyclin-de-
pendent kinase [CDK] and Dbf4-dependent kinase [DDK])
(Tanaka et al. 2007; Zegerman and Diffley 2007; Sheu and
Stillman 2010) and several replication factors (Tanaka and
Araki 2010; Heller et al. 2011). Consequently, the MCM2–
7 double hexamer separates into two single hexamers.
Each single hexamer associates with Cdc45 and GINS
(go-ichi-ni-san, Japanese for 5-1-2-3, named after Sld5,
Psf1, Psf2, and Psf3, which make up GINS) to form

� 2014 Samel et al. This article is distributed exclusively by Cold Spring
Harbor Laboratory Press for the first six months after the full-issue
publication date (see http://genesdev.cshlp.org/site/misc/terms.xhtml).
After six months, it is available under a Creative Commons License
(Attribution-NonCommercial 4.0 International), as described at http://
creativecommons.org/licenses/by-nc/4.0/.

4These authors contributed equally to this work.
Corresponding author: chris.speck@imperial.ac.uk
Article is online at http://www.genesdev.org/cgi/doi/10.1101/gad.242404.114.

GENES & DEVELOPMENT 28:1653–1666 Published by Cold Spring Harbor Laboratory Press; ISSN 0890-9369/14; www.genesdev.org 1653

 Cold Spring Harbor Laboratory Press on August 1, 2014 - Published by genesdev.cshlp.orgDownloaded from 

mailto:chris.speck@imperial.ac.uk
http://www.genesdev.org/cgi/doi/10.1101/gad.242404.114
http://genesdev.cshlp.org/
http://www.cshlpress.com


a Cdc45/GINS/MCM2–7 complex (CMG) (Ilves et al.
2010). While the MCM2–7 double hexamer encircles
dsDNA (Evrin et al. 2009; Remus et al. 2009), the CMG
encircles ssDNA (Fu et al. 2011). How this dsDNA-to-
ssDNA transition occurs remains unknown, but the
process is thought to require opening of the MCM2–7
ring. The CMG complex represents the active replicative
helicase that moves ahead of the replication fork to
unwind the DNA (Gambus et al. 2006; Ilves et al. 2010;
Fu et al. 2011).
Assembly of MCM2–7 double hexamer by ORC/Cdc6

and Cdt1 requires ATP hydrolysis (Bowers et al. 2004;
Randell et al. 2006; Fern�andez-Cid et al. 2013). In the
absence of ATP hydrolysis, only an initial ORC/Cdc6/
Cdt1/MCM2–7 (OCCM) complex is formed, which con-
tains a single MCM2–7 hexamer (Evrin et al. 2013) and
multiple Cdt1 molecules (Takara and Bell 2011). ATP
hydrolysis by Orc1 and Cdc6 leads to rapid Cdt1 release
and formation of a pre-RC intermediate containing only
one ORC, Cdc6, and the MCM2–7 hexamer, respectively,
known as the ORC/Cdc6/MCM2–7 (OCM) complex
(Fern�andez-Cid et al. 2013). The OCM complex can recruit
a secondMCM2–7 hexamer (Evrin et al. 2014) to facilitate
MCM2–7 double hexamer formation (Evrin et al. 2009;
Remus et al. 2009). Interestingly, the OCM complex is
subject to quality control. Phosphorylation of ORC by
CDK in S phase, which functions to inhibit pre-RC
assembly, allows OCCM formation, but then ATP hydro-
lysis-driven Cdt1 release leads to disassembly of the
OCCM complex, preventing OCM formation. Although
we have gained insights into the mechanism of MCM2–7
double hexamer assembly (Riera et al. 2014; Yardimci and
Walter 2014), it remains uncertain at which point during
pre-RC formation the MCM2–7 ring is opened and
dsDNA is inserted.
The six subunits of the MCM2–7 hexamer are assem-

bled as a ring; their subunit arrangement isMcm3–Mcm5–
Mcm2–Mcm6–Mcm4–Mcm7 (Davey et al. 2003; Costa
et al. 2011; Sun et al. 2013). Currently, it is unclear
whether the six MCM2–7 subunits form a closed circular
ring or whether the ring can transition between an open
and a closed state by itself (Evrin et al. 2009; Remus et al.
2009; Costa et al. 2011; Sun et al. 2013). Clearly, for DNA
loading, the ring needs to be in an open conformation so
that dsDNA can slip inside. An electron microscopy (EM)
analysis showed that Drosophila melanogaster MCM2–7
adopts a spiral shape with a gap between Mcm2 and
Mcm5 (Costa et al. 2011). On the other hand, analysis of
Mcm ATP-binding mutants in an ssDNA-binding assay
showed that a weak Mcm2/5 interface can spring open in
the absence of ATP and close in the presence of ATP. In
addition, the analysis of ATPase mutants indicates that
the Mcm2/6 ATPase pair modulates the activity of the
putative Mcm2/5 gate during this process or could func-
tion as an alternative gate (Bochman and Schwacha 2007,
2010). Then again, MCM2–7 cannot bind to dsDNA on its
own (Evrin et al. 2009; Remus et al. 2009) but is loaded by
ORC, Cdc6, and Cdt1 onto DNA, suggesting that these
factors could promote MCM2–7 ring opening (Coleman
et al. 1996; Donovan et al. 1997; Weinreich et al. 1999;

Evrin et al. 2009; Remus et al. 2009). If the MCM2–7 ring
is constitutively closed or cycles through open and closed
conformations, whether a specific DNA entry gate is used
for helicase loading on dsDNA and howMCM2–7 double
hexamer formation and helicase loading are coordinated
remain important unresolved questions.
In this study, we examined the Saccharomyces cerevi-

siae (Sc) MCM2–7 structure and reveal that this complex
adopts a topological closed conformation. We used a rapa-
mycin-inducible linkage to systematically study the role
of all Mcm2–7 interfaces during pre-RC formation and
discovered that the MCM2–7 ring opening at the Mcm2/
Mcm5 interface is essential for pre-RC formation.We show
that DNA insertion into the MCM2–7 ring occurs prior to
ATP hydrolysis at the stage of OCCM formation. Impor-
tantly, a linkage between Mcm2 and Mcm5 hinders the
establishment of a stableOCMcomplex in vitro and blocks
helicase loading in vivo, demonstrating that the Mcm2/5
gate is crucial for helicase loading and DNA replication.

Results

Structural analysis of the MCM2–7 complex by EM

The MCM2–7 complex consists of six homologous pro-
teins that are well conserved from yeast to humans
(Bochman and Schwacha 2009; O’Donnell et al. 2013).
These proteins associate into a stable hexamer with
a mass of 605 kDa. The structure of the hexameric S.
cerevisiae MCM2–7 complex has not yet been reported.
Therefore, it is unknown whether the complex adopts an
open ring conformation similar to Drosophila MCM2–7
(Costa et al. 2011) or whether the MCM2–7 hexamer is in
a closed ring conformation, which would indicate that
ORC/Cdc6 and Cdt1 need to open the MCM2–7 ring
during helicase loading. We used EM to study the orga-
nization of the purified ScMCM2–7 complex and found
that, in most particle images, MCM2–7 assumes a rect-
angular shape, corresponding to the hexamer in side
views (Fig. 1A). Ring-shaped particles with six distin-
guishable densities corresponding to the top view were
also observed, although at a lower frequency (Fig. 1A).
Three-dimensional (3D) reconstruction of the budding
yeast MCM2–7 shows that the complex is nearly sixfold
symmetrical and adopts a closed ring conformation (Fig.
1B). Six copies of the near full-length crystal structure of
an archaeal Sulfolobus solfataricus MCM (Protein Data
Bank [PDB] ID 3F9V) can be fitted as rigid bodies into the
3D EM map, only with several small densities left un-
occupied, which could correspond to the N-terminal or
C-terminal extensions of eukaryotic MCM2–7 (Fig. 1B;
Brewster et al. 2008). Hence, our EM analysis establishes
that the budding yeast MCM2–7 complex assumes
a closed circular conformation in solution.

Design of conditional linkage between Mcm subunits

There are six interfaces at which the toroidal MCM2–7
ring could open up, but it is currently not known which
one functions during pre-RC formation (Fig. 2A). As the
helicase loading factors Orc1–6, Cdc6, and Cdt1 form a
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complex interface with MCM2–7 (Sun et al. 2013), we
expect MCM2–7 ring opening to occur at one specific
subunit interface: the DNA entry gate. This model makes
the key prediction that artificial interconnection of the
two Mcm subunits that make up the DNA entry gate
should hinder DNA insertion into the MCM2–7 ring.
Consequently, this connection should abolish helicase
loading onto DNA. Here we used a chemical biology
approach involving MCM2–7 variants that contain FK506-
and rapamycin-binding protein (FKBP) and FKBP–rapa-
mycin binding (FRB) protein–protein interaction domains
attached to alternating Mcm subunits (Fig. 2B–E). As
FKBP and FRB interact only in the presence of rapamycin
(Fig. 2B), a conditional small molecule-dependent con-
nection of neighboringMcm subunits could be generated.
MCM2–7 tolerates neither N-terminal nor C-terminal
fusions on subunit Mcm5 (Hoang et al. 2007); therefore,

we generated internal fusion proteins. The design of these
internal Mcm–FKBP/FRB fusions took into account the
following considerations: The six Mcm proteins are
highly conserved but contain short stretches that are
variable in amino acid sequence and length. Such regions
form loops on the surface of the archaeal Methanobacte-
rium thermoautotrophicum (Mt) Mcm crystal structure
(Fletcher et al. 2003). This raises the possibility of insert-
ing small globular domains of FKBP and FRB into these
loops without altering the underlying structure of the
Mcm proteins. Indeed, a similar internal fusion approach
using an affinity tag has been shown to work for Mcm5
(Leon et al. 2008). To allow the FRB and FKBP domains to
interact freely, we added 20-amino-acid long linkers on
each end of the interaction domains (Fig. 2C–E). It is
noteworthy that simultaneous insertion of FKBP and FRB
into the N-terminal domains of two neighboring Mcm
subunits did not compromise the ability to purify hex-
americ MCM2–7 complexes. The addition of FRB and
FKBP to theMcm subunits (Mx/My, where x and y indicate
the two neighboring FRB and FKBP fused Mcm subunits)
led to an obvious shift in molecular weight (Fig. 2E). Thus,
we were in the position to investigate the involvement of
each of the six possible MCM2–7 subunit interfaces for
helicase loading.

Characterization of the linked MCM2–7 complexes

To examine whether the conditional link between two
neighboring Mcm subunits affected pre-RC formation
we used an in vitro pre-RC assay (Evrin et al. 2009).
We combined ORC, Cdc6, Cdt1, and either wild-type
MCM2–7 or various FRB/FKBP MCM2–7 complexes and
analyzed their binding to origin DNA coupled to mag-
netic beads in both the presence and absence of rapamy-
cin (Fig. 3A). A low-salt wash removed unbound proteins,
and, in turn, amixture of pre-RC intermediates, including
associated and loadedMCM2–7, could be observed (Randell
et al. 2006; Tsakraklides and Bell 2010; Fern�andez-Cid
et al. 2013; Frigola et al. 2013; Evrin et al. 2014). On the
other hand, a high-salt wash removed ORC, Cdc6, and
various MCM2–7 loading intermediates but not the
MCM2–7 double hexamer, as this complex encircles
DNA and is high-salt-resistant (Evrin et al. 2009; Remus
et al. 2009).
We found that wild-type MCM2–7 and five MCM2–7

gate fusions supported MCM2–7 association with ORC/
Cdc6 and also salt-resistant MCM2–7 double hexamer
formation. In the presence of rapamycin, we observed
equal MCM2–7 association and loading, indicating that
rapamycin addition has no influence on pre-RC formation.
Interestingly, one specific fusion—the MCM2–7-M2/M5
construct—in the absence of rapamycin showed effi-
cient MCM2–7 association and salt-resistant MCM2–7
loading (Fig. 3B, lanes 1,3). In contrast, in the presence of
rapamycin, this construct displayed reduced MCM2–7
association and no high-salt-resistant loading. Thus, the
rapamycin-induced link between Mcm2 and Mcm5
affected MCM2–7 association and blocked double hex-
amer formation (Fig. 3C).

Figure 1. MCM2–7 is a topological closed ring. (A) An EM
image of MCM2–7 in ATPgS. Three side views are marked with
squares, and one top view is marked with a circle. A small inset
(bottom right corner) shows reference-free class averages of the
side and top views in the top row and a corresponding view
reprojected from the 3D model in the bottom row. Each box is
27 nm in size. (B) Surface display of a front and a top view of 3D
reconstruction of MCM2–7. Six copies of the crystal structure of
the archaeal Sulfolobus solfataricus MCM (shown in cartoon
view; Protein Data Bank [PDB] ID: 3F9V) (Brewster et al. 2008)
are docked inside the EM map, which is shown as a semi-
transparent gray surface.
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It is conceivable that rapamycin-induced interaction
between FRB and FKBP promotes intermolecular com-
plex formation, linking two or more MCM2–7 hexamers
together, which could explain the observed defect in pre-
RC formation. To test this, we performed gel filtration
and observed that MCM2–7–M2/M5 fractionated in the
absence and presence of rapamycin at the size of a single

hexamer (605 kDa) (Supplemental Fig. S1), demonstrating
that rapamycin does not induce intermolecular interac-
tions between hexamers.
To address whether the FKBP–FRB interaction affected

the interactions between MCM2–7 and Cdt1, we incu-
bated MCM2–7 or MCM2–7–M2/M5 in the absence and
presence of rapamycin with Cdt1 and probed complex
formation using an MCM2–7 immunoprecipitation as-
say. We observed coimmunoprecipitation (co-IP) of Cdt1
withMCM2–7 andMCM2–7–M2/M5 in a similar fashion
(Fig. 3D). Another possibility is that the interaction
between FRB and FKBP could alter a specific protein in-
teraction during pre-RC formation. Thus, we generated an
alternative Mcm5 construct: The linkage between Mcm2
and Mcm5 spanned a different region. This alternative
MCM2–7–M2/M5 complex behaved similarly to the origi-
nal construct, displaying a rapamycin-dependent defect in
MCM2–7 association with ORC/Cdc6 and no MCM2–7
double hexamer formation (Fig. 3E).
The MCM2–7 helicase is an AAA+ ATPase. Notably,

mutations in ATPase domains of individual Mcm subunits
are affecting the ATPase activity of the whole complex
(Bochman and Schwacha 2009); therefore,MCM2–7ATPase
measurements can identify structural defects in helicase
mutants (Evrin et al. 2014). To identify whether MCM2–7-
M2/M5 compared with MCM2–7 has normal or altered
ATPase activity and study the influence of rapamycin on
MCM2–7–M2/M5 ATP hydrolysis, we performed ATPase
assays with the purified proteins (Fig. 3F). Interestingly,
for MCM2–7, MCM2–7–M2/M5 without rapamycin, and
MCM2–7–M2/M5 with rapamycin, we observed a very
similar ATPase activity. Cdt1 has been shown to reduce
the ATP hydrolysis of MCM2–7 (Fern�andez-Cid et al.
2013), which we also observed in all three conditions.
Moreover, addition of ORC/Cdc6 and Cdt1 to MCM2–7
led to an induction of pre-RC ATPase activity. The ‘‘pre-
RC-induced ATPase activity’’ is defined as the ATPase
activity of the full pre-RC reaction minus the activity of
the individual components (ORC/Cdc6 + Cdt1/MCM2–7)
(Fern�andez-Cid et al. 2013). Indeed, MCM2–7 andMCM2–
7–M2/M5 produced very similar pre-RC-induced ATPase
activities regardless of the presence of rapamycin (Fig. 3F,
marked in red). These results demonstrate that the
MCM2–7–M2/M5 complex has a normal ATPase activity.
Importantly, we found that the addition of rapamycin did
not alter MCM2–7–M2/M5 ATPase activity, indicating
that the rapamycin-induced FKBP–FRB interaction has no
significant influence on the overall structure of the com-
plex. Finally, MCM2–7–M2/M5 promoted normal pre-RC-
induced ATPase activity, highlighting that the complex is
functional for the activation of Orc1/Cdc6 ATP hydrolysis
(Fern�andez-Cid et al. 2013).

The MCM2–7–M2/M5 strain displays rapamycin-
dependent lethality

To address the in vivo functionality of the MCM2–7–
M2/M5 complex, we replaced the wild-type copies of the
Mcm2 and Mcm5 genes with Mcm2–FRB and Mcm5–
FKBP fusions in S. cerevisiae. In order to test the sensitivity

Figure 2. FKBP and FRB–MCM2–7. (A) MCM2–7 is arranged
in a specific subunit order that creates six different subunit
interfaces. (B) FKBP and FRB interact only in a rapamycin-
dependent fashion. (C) The rapamycin-induced interaction be-
tween FKBP and FRB creates a linkage between Mcm subunits.
(D) We designed 20-amino-acid-long linkers between FRB/
FKBP and Mcm subunits to minimize any effect on MCM2–7
ring opening or closing. (E) Purified MCM2–7 and the six
MCM2–7–FKBP/FRB protein complexes. Proteins are labeled
with Mx/My, where x and y indicate the two neighboring
FRB- and FKBP-fused Mcm subunits.
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of this strain to rapamycin, we used the TOR1-1 muta-
tion, which confers rapamycin resistance growth, and
a deletion of the Fpr1 gene, which eliminates the most
abundant FKBP-like protein and reduces binding of ‘‘free’’

yeast FKBP-like proteins to the FRB moiety fused to
Mcm2 (Gruber et al. 2006). One-hundred nanomolar
rapamycin inhibited the growth of Mcm5–FKBP Mcm2–
FRB cells but not the control strain, Mcm5–FKBP strain,

Figure 3. Only MCM2–7–M2/M5 in the presence of rapamycin displays a helicase loading defect. (A) Pre-RC reactions using MCM2–7
and five MCM2–7–FKBP/FRB protein complexes were assembled in the presence or absence of rapamycin and ATP, washed with low-
salt (L) or high-salt (H) buffer, and analyzed by silver staining. The smallest subunit of the Orc1–6 complex stains only weakly by silver
staining. (B) Pre-RC reactions using MCM2–7–M2/M5 were assembled in the presence or absence of rapamycin and ATP, washed with
low salt (L) or high salt (H), and analyzed by silver staining. (C) Illustration showing the rapamycin-induced linkage between
neighboring Mcm subunits. (D) The MCM2–7–Cdt1 interaction analysis used IgG control beads or MCM2–7 (HA-Mcm3) coupled to
anti-HA beads. A 30% input is shown along with 100% of the immunoprecipitate. Asterisks mark nonspecific IgG-related bands. (E)
Pre-RC reactions using an alternative MCM2–7–M2/M5 construct were assembled in the presence or absence of rapamycin and ATP,
washed with low salt (L) or high salt (H), and analyzed by silver staining. (F) Analysis of ATPase activities during pre-RC assembly with
wild-type (wt) MCM2–7 or MCM2–7–M2/M5 in the presence or absence of rapamycin. The ATP hydrolysis rates were determined for
the indicated proteins in the presence of ARS1 origin DNA. Together, ORC, Cdc6, Cdt1, and MCM2–7 induced a strong ATPase
activity. The pre-RC-induced ATPase activity is shown in red (ATPase activity of the full pre-RC reaction with the ATPase activity of
the individual components [ORC/Cdc6 + Cdt1/MCM2–7] subtracted).
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or Mcm2–FRB strain (Fig. 4A), while all strains grew
equally well in the absence of rapamycin (Supplemental
Fig. S2A), implying that interaction between Mcm5–
FKBP and Mcm2–FRB indeed inactivates MCM2–7
function.
It is possible that the linkage of Mcm2 and Mcm5 does

not cause the rapamycin-dependent lethality per se, but
rather it is caused by the formation of a bulky FRB–
rapamycin–FKBP complex in their vicinity. To exclude
this possibility, we tested whether the rapamycin-de-
pendent lethality is suppressed by the presence of yeast
Fpr1 protein, whose complexes with rapamycin should
competewith rapamycin–FKBP complexes associated with

Mcm2–FRB. Crucially, the presence of Fpr1 fully relieved
the inhibition by rapamycin of Mcm5–FKBP Mcm2–FRB
cell growth (Fig. 4B). As the linkage between Mcm2 and
Mcm5 is at the N-terminal section, it could be argued
that this location interferes with pre-RC formation. There-
fore, we generated a C-terminal MCM2–7–M2/M5 con-
struct and analyzed whether the overexpression of this
mutant in the presence of wild-type MCM2–7 (not over-
expressed) caused rapamycin-dependent dominant lethal-
ity. We observed that rapamycin produced dominant
lethality in the case of MCM2–7–M2/M5 N-terminal
and MCM2–7–M2/M5 C-terminal overexpression but
not when wild-type MCM2–7 was overexpressed (Supple-

Figure 4. A rapamycin-induced linkage between Mcm2 and Mcm5 affects cell viability, cell cycle progression, and MCM2–7 loading
in vivo. (A) Linking Mcm2 with Mcm5 is lethal for the cell. The strains were plated on YPD containing 0 or 100 nM rapamycin. The
plates were incubated at 30°C. (B) Fpr1 can bypass the lethal effect of the Mcm2–Mcm5 linkage. The strains were plated on YPD
containing 0 or 100 nM rapamycin, and the plates were incubated for 2 d at 30°C. (C) Flow cytometry of the MCM2–7–M2/M5 yeast
strain in the presence or absence of rapamycin. The cells were arrested in G2/M phase and then released into the cell cycle. In the
presence of rapamycin, the strain progressed very slowly from G1 to S phase. (D) Chromatin-binding analysis for Mcm2, Mcm3, and
Orc3 of samples shown in C. (E) Illustration showing the rapamycin-induced linkage between neighboring Mcm subunits.
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mental Fig. S2B). This indicates that both N-terminal- and
C-terminal-attached FKBP–FRB linkages affect cell
growth. To exclude the possibility that the linkage between
neighboring Mcm subunits causes a general rapamycin-
dependent growth defect, we overexpressed two different
gate constructs, MCM2–7–M2/M6 (which is located next
to M2/M5) and MCM2–7–M6/M4, along with wild-type
MCM2–7 and MCM2–7–M2/M5. Next, we analyzed all
strains for rapamycin-dependent dominant lethality. We
found that rapamycin did not affect strains overexpressing
MCM2–7, MCM2–7–M2/M6, or MCM2–7–M6/M4 but
caused a severe growth defect with MCM2–7–M2/M5
(Supplemental Fig. S3). This result indicates that the rapa-
mycin-dependent linkage has no effect on cell growth in
general unless the linkage is placed between the Mcm2 and
Mcm5 subunits.

Connection of Mcm2 and Mcm5 proteins hinders
MCM2–7 association with chromosomes

To test whether rapamycin perturbs the cell cycle pro-
gression of Mcm5–FKBP Mcm2–FRB cells, we used
a strain whose APC/C coactivator, Cdc20, was under
the control of the methionine-repressible MET3 pro-
moter, which, upon arrest and release, enables us to study
the synchronous transition of M phase into the cell cycle
(Uhlmann et al. 2000). Cells were grown asynchronously
in medium lacking methionine and then arrested in M
phase using methionine-containing medium. Rapamycin
was added for the last 25 min of the M-phase arrest before
the culture was washed and released in medium lacking
methionine, which allowed synchronous transition
through G1, S, and G2 phases (Fig. 4C). The addition of
rapamycin did not affect the 2C-to-1C transition, but cell
cycle progression slowed down significantly during the
G1–S transition, while in the absence of rapamycin, the
cells progressed through S phase and into G2 phase. This
result indicates that the interaction betweenMcm5–FKBP
and Mcm2–FRB is affecting cell cycle progression into
S phase. To identify the reason of this cell cycle defect, we
determined the MCM2–7 chromatin association in these
cells. We observed that the addition of rapamycin impaired
the association of Mcm2 and Mcm3 with chromatin (Fig.
4D,E), indicating that interaction between Mcm5–FKBP
and Mcm2–FRB abrogates the chromatin association of
MCM2–7 in vivo.

Mcm2–Mcm5 linkage affects establishment of pre-RC
complexes but not their maintenance

Helicase loading is a multistep reaction involving the
formation of an initial OCCM complex followed by ATP
hydrolysis and Cdt1 release, which in turn generates an
OCM complex that is competent to recruit a second
MCM2–7 hexamer for MCM2–7 double hexamer forma-
tion. It is not entirely clear how the rapamycin-dependent
connection of Mcm2 and Mcm5 influences this assembly
pathway. One possibility is that rapamycin affects the
establishment of one specific pre-RC intermediate. Alter-
natively, itmight alter complex stability, indicating a defect
in complex maintenance. We first addressed the question

of establishment and asked whether MCM2–7–M2/M5
supports OCCM formation in the absence and presence
of rapamycin. To arrest pre-RC formation at the OCCM
stage prior to Cdt1 release, we used ATPgS, an ATP analog
that can only very slowly be hydrolyzed. We observed that
rapamycin led to a slightly reduced association of Cdt1/
MCM2–7–M2/M5 with ORC/Cdc6, when compared with
the reaction in the absence of rapamycin (Fig. 5A, cf. lanes
12 and 15). Importantly, wild-type MCM2–7 was not
affected by rapamycin (Fig. 5A, lanes 6,9), indicating that
the connection between Mcm2 and Mcm5 affects, to
some extent, the establishment of the OCCM complex.
On the other hand, in the presence of ATP, hydrolysis of
ATP occurs rapidly, generating an OCM complex. Rapa-
mycin impeded stable OCM formation and resulted in
Cdt1/MCM2–7–M2/M5 release (Fig. 5A, lanes 13,16),
implying that a stable ORC/Cdc6–MCM2–7–M2/M5 in-
terface was not established upon ATP hydrolysis. Impor-
tantly, this effect was not seen with wild-type MCM2–7
and rapamycin (Fig. 5A, lanes 7,10).
Consistent with these findings, we did not observe

high-salt stable MCM2–7 double hexamer formation in
the presence of rapamycin and MCM2–7–M2/M5, while
MCM2–7 supported high-salt stable complex formation
in the presence of rapamycin (Fig. 5A, lanes 8,11,14,17).
To address whether rapamycin also affects maintenance
of the OCCM, OCM, or MCM2–7 double hexamer, we
assembled the complexes in the absence of rapamycin
and then added rapamycin afterward to assess their
stability. In the case of the ATPgS-arrested OCCM com-
plex, we observed that rapamycin had no influence on
complexmaintenance over a time frame of 20min (Fig. 5B,
cf. lanes 6–10 and 11–15). Importantly, even the OCM
complex was stable in the presence of rapamycin (Fig. 5C,
cf. lanes 6–10 and 11–15), and the MCM2–7–M2/M5
double hexamer was equally stable in the presence or
absence of rapamycin over 20 min (Fig. 5D). These results
show that the rapamycin-induced linkage affects only
establishment of pre-RC complexes but does not affect
complex maintenance. This is reminiscent of the CDK-
dependent inhibition of pre-RC formation, which also
blocks OCM establishment (Fern�andez-Cid et al. 2013;
Frigola et al. 2013), suggesting that successful DNA in-
sertion at the Mcm2/5 interface could be surveyed by
a quality control mechanism.

Helicase loading onto DNA precedes ORC/Cdc6 ATP
hydrolysis

Currently, it is not clear at which stage of pre-RC
formation DNA insertion occurs. The high-salt stability
of the MCM2–7 double hexamer suggests that helicase
loading and MCM2–7 double hexamer formation are
coordinated (Evrin et al. 2009; Remus et al. 2009). On
the other hand, recent EM data suggested that DNA
loading could occur during OCCM formation (Sun et al.
2013). We wanted to resolve this question by investigat-
ing whether helicase loading prior to ATP hydrolysis can
be observed at the stage of OCCM formation. To distin-
guish between associated and loaded MCM2–7, we used
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a differential salt wash with 300 or 500 mM NaCl in an
attempt to remove ORC, Cdc6, and Cdt1 and probe for
the presence of loaded MCM2–7.
We reasoned that the Mcm2–Mcm5 interface could be

particularly salt-sensitive (Bochman and Schwacha 2008).
Thus, we assembled OCCM complexes with ATPgS and
MCM2–7–M2/M5 and subsequently incubated the reac-
tions in the absence or presence of rapamycin to identify
whether rapamycin stabilized theMcm2–Mcm5 interface.
Next, wewashed the complexes with either 300mMNaCl
(Fig. 6A, lanes 8,9) or 500 mM NaCl (Fig. 6A, lanes 11,12).
As controls, we formed MCM2–7–M2/M5 complexes in
ATP, a condition that allows double hexamer formation,
and tested the salt stability with 300 or 500 mMNaCl salt
washes (Fig. 6A, lanes 7,10). In addition, we assembled an
ORC/Cdc6 complex in ATPgS, which was washed with
300mMNaCl (Fig. 6A, lanes 5,6) to test the stability of the
ORC/Cdc6/DNA complex. The 300 mM salt wash of the
OCCM complex revealed that some MCM2–7–M2/M5
remained associated with the DNA, while even more

MCM2–7–M2/M5 was observed in rapamycin-treated
samples (Fig. 6A, lanes 8,9). However, the salt wash of
the ORC/Cdc6 complex showed that 300 mM NaCl is
sufficient to remove all ORC/Cdc6 from DNA (Fig. 6A,
lanes 5,6), but in the case of the OCCM, some ORC/Cdc6
remained associated with DNA after the 300 mM salt
wash (Fig. 6A, cf. lane 6 and 8,9). This suggests that an
interaction between MCM2–7 and ORC/Cdc6 stabilizes
the complex. Indeed, in the case of the OCCM complex
(+rapamycin), we observed more salt-resistant MCM2–7–
M2/M5 (Fig. 6A, lane 9) when compared with the double
hexamer (Fig. 6A, lane 7). This suggests that the OCCM-to-
MCM2–7 double hexamer transition limits pre-RC forma-
tion due to either quality control mechanisms or reaction
time (Fern�andez-Cid et al. 2013; Frigola et al. 2013).
When the OCCM was washed with 500 mM salt, we

detected very little MCM2–7–M2/M5 and no ORC, but
rapamycin stabilized MCM2–7–M2/M5 significantly (Fig.
6A, lane 12). Interestingly, the level of loaded MCM2–7
within the rapamycin-treated OCCM was similar to the

Figure 5. A rapamycin-induced linkage between Mcm2 and Mcm5 affects pre-RC establishment but not maintenance. (A) Pre-RC
reactions using wild-type (wt) MCM2–7 or MCM2–7–M2/M5 were assembled in the presence or absence of rapamycin and with either
ATPgS or ATP, washed with low salt (L) or high salt (H), and analyzed by silver staining. (B) Pre-RC reactions using MCM2–7 or MCM2–
7–M2/M5 were assembled in the absence of rapamycin and with ATPgS, incubated for 15 min, washed with low salt, incubated for the
indicated times in the presence or absence of rapamycin, washed with low salt, and analyzed by silver staining. (C) Pre-RC reactions
using wild-type MCM2–7 or MCM2–7–M2/M5 were assembled with ATP in the absence of rapamycin, incubated for 3 min, washed
with low salt, incubated for the indicated time in the presence or absence of rapamycin, washed with low salt, and analyzed by silver
staining. (D) Pre-RC reactions using wild-type MCM2–7 or MCM2–7–M2/M5 were assembled with ATP in the absence of rapamycin,
incubated for 15 min, washed with high salt, incubated for the indicated time in the presence or absence of rapamycin, washed with low
salt, and analyzed by silver staining.
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amount of high-salt-resistant MCM2–7 double hexamer
(Fig. 6A, cf. lanes 10 and 12). However, when the same
experiments were performed with wild-type MCM2–7, no
rapamycin-dependent stabilization was observed with
either 300 mM or 500 mM salt washes (Supplemental
Fig. S4).
In summary, we were able to detect loaded MCM2–7 at

the stage of OCCM formation. To rule out the possibility
that ATPgS was hydrolyzed during the reaction, which

would produce a high-salt-resistant MCM2–7 double
hexamer, we analyzed the MCM2–7 dimerization state.
We assembled pre-RC reactions with mixed populations
of maltose-binding protein (MBP)-tagged and untagged
MCM2–7 using ATP or ATPgS and then released the
resulting complexes from the DNA and performed MBP
immunoprecipitations. In the case of ATP, we observed
co-IP of untagged MCM2–7 (Fig. 6B, lane 8), indicating the
formation of the MCM2–7 double hexamer. However, in

Figure 6. Helicase loading occurs at the stage of OCCM formation. (A) Helicase loading occurs in the presence of ATPgS. Reactions
using ORC/Cdc6 only (lanes 5,6) or MCM2–7–M2/M5 in the context of the pre-RC (lanes 7–12) were assembled without rapamycin
using either ATPgS or ATP, incubated for 12 min, incubated 3 min more in the presence or absence of rapamycin, washed with high
salt, ([H300� 300 mM NaCl] or [H500� 500 mM NaCl]), and analyzed by silver staining. This experiment shows that a rapamycin-
dependent linkage at the Mcm2–Mcm5 gate hinders MCM2–7 release. (B) In the presence of ATP, MCM2–7 double hexamer formation
is observed. Pre-RC assays were assembled in the presence of ATP and washed with low-salt buffer. When tagged and untagged MCM2–
7 was used, equimolar amounts of each complex were combined in pre-RC reactions. Complexes were released from DNA via DNase I
digestion, immunoprecipitated with anti-MBP beads (IP), and analyzed by Western blotting together with input and supernatant (Sup)
using anti-Mcm3 antibodies. (C) In the presence of ATPgS, no MCM2–7 dimerization was observed. The experiment was performed as
described in B, but with ATPgS. (B,C) Anti-Mcm3Western blots (lanes 10–14) containing a twofold dilution series of MCM2–7 input for
the respective experiments are shown (lane 14, 100% input; lane 13, 50% input; lane 12, 25% input; lane 11, 12.5% input, and lane 10,
6.75% input).
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the case of ATPgS, we did not detect untagged MCM2–7
(Fig. 6C, lane 8), highlighting that no ATP hydrolysis-
driven MCM2–7 double hexamer formation had occurred.
Thus, our data show that MCM2–7 loading has already

taken place at the stage of OCCM formation, prior to
ORC/Cdc6 ATP hydrolysis. The finding that, in the
absence of rapamycin, only very small amounts of loaded
MCM2–7 were detectable after a 500-mM salt wash in-
dicates that the MCM2–7 hexamer encircling dsDNA is
salt-sensitive (Bochman and Schwacha 2008). However,
rapamycin-assisted Mcm2 and Mcm5 linking stabilized
the complex significantly.

Discussion

MCM2–7 double hexamer assembly is a critical process, and
misregulation of this reaction can have fatal consequences
for the cell (Blow and Gillespie 2008). Here, we show that
MCM2–7 forms a closed circular complex, consistent with
the finding that MCM2–7 by itself cannot associate with
DNA under physiological conditions (Coleman et al. 1996;
Donovan et al. 1997; Evrin et al. 2009; Remus et al. 2009).
ORC/Cdc6 and Cdt1 promote helicase loading onto DNA.
Using a chemical biology approach, we identified the in-
terface between Mcm2 and Mcm5 as the DNA entry gate
during pre-RC formation, and five potential other gates
cannot substitute for this. Surprisingly, our study reveals
that helicase loading occurs at the stage of OCCM forma-
tion prior to ATP hydrolysis, demonstrating that helicase
loading and double hexamer formation are separate events.
Importantly, failed DNA loading leads to abortive OCM
formation and release of MCM2–7 from the ORC/Cdc6/
DNA complex. Thus, we identify the helicase loading event
itself as an important quality control mechanism of pre-RC
formation and DNA replication.
The MCM2–7 proteins form the core of the eukaryotic

replicative helicase. In bacteria and archaea, the replica-
tive helicase is arranged as a topologically closed ring
(Pape et al. 2003; Itsathitphaisarn et al. 2012). In eukary-
otes, several structural models have been observed, in-
cluding a closed circular hexamer, as presented in this
study (Fig. 1); open spiral-shaped hexamers (Costa et al.
2011; Lyubimov et al. 2012); and closed circular double
hexamers (Evrin et al. 2009; Remus et al. 2009). MCM2–7,
like all helicases, belongs to the AAA+ family of ATPases.
In many cases, the structural organization of these hex-
americ helicases is strongly influenced by ATP binding.
For example, archaeal MCM becomes stabilized upon
addition of ATP (Sakakibara et al. 2009), while the SV40
large T antigen helicase requires ATP for its oligomeriza-
tion into hexamers (Wang and Prives 1991), and S. cerevi-
siae MCM2–7 is stabilized by ATP as well (A Riera and
C Speck, unpubl.). In fact, in the absence of ATP or the
presence of chloride ions, the S. cerevisiae MCM2–7 ring
becomes destabilized at the Mcm2/5 interface (Bochman
and Schwacha 2008; Bochman et al. 2008).
In the same way, MCM2–7 from D. melanogaster or

Encephalitozoon cuniculi assumes an open ring confor-
mation (with an opening at the Mcm2/Mcm5 interface)
when purified in the absence of ATP (Costa et al. 2011;

Lyubimov et al. 2012). However, the ATP concentration
in vivo is virtually constant, suggesting that an open
MCM2–7 ring conformation is rare inside the living cell.
Nevertheless, buffer conditions used during EM sample
preparationmay affect theMCM2–7 ring stability (Bochman
and Schwacha 2008; Bochman et al. 2008), which may
explain the observation of open MCM2–7 rings in elec-
tron micrographs. Another possibility is that Cdt1 in-
teractions with MCM2–7 split open the MCM2–7 ring
prior to helicase loading (Coleman et al. 1996; Blow and
Gillespie 2008; Bochman and Schwacha 2009; Takara and
Bell 2011; Arias-Palomo et al. 2013), although Cdt1 is not
sufficient to promote origin binding of MCM2–7 (Evrin
et al. 2013; Frigola et al. 2013). We therefore suggest that
MCM2–7 is arranged in a closed circular conformation in
vivo and that it needs to be actively opened by ORC/Cdc6
andCdt1 during helicase loading. Opening of theMCM2–7
ring during helicase loading could occur at each of the six
subunit interfaces (Fig. 2A), as is the case in bacteria
(Arias-Palomo et al. 2013).
Here, we demonstrate that the FKBP–FRB linkage at

five different interfaces (Mcm2/6, Mcm6/4, Mcm4/7,
Mcm7/3, and Mcm3/5) does not affect MCM2–7 double
hexamer formation, while an opening at the Mcm2/5
interface has been proved to be essential for MCM2–7
helicase loading. Since the rapamycin-induced linkage
between Mcm2 and Mcm5 is sufficient to block helicase
loading, it is clear that none of the five other potential
gates can substitute for the Mcm2/5 interface. Thus, our
data identified a unique DNA entry gate for the regulated
loading of the eukaryotic replicative helicase onto DNA.
This finding is consistent with studies that showed that
a weak Mcm2/5 interface serves as an ATP-dependent
discontinuity (‘‘gate’’) within the ring structure (Bochman
and Schwacha 2007, 2010; Costa et al. 2011).
The mechanism of bacterial helicase ring opening has

been recently described. It was found that DnaC, the
helicase loader, adopts a spiral shape, interacts tightly
with DnaB, and breaks the hexameric ring open. The cryo-
EM structure of the S. cerevisiae OCCM complex has
identified a spiral shape in ORC/Cdc6, but it is not yet
clear whether this is the main mechanism that functions
for MCM2–7 ring opening. It is interesting to note that
ORC/Cdc6 and Cdt1 open the MCM2–7 ring at an inter-
face that is inherently unstable (Bochman and Schwacha
2008; Bochman et al. 2008). This indicates that helicase
opening at the Mcm2/5 interface is very specific—the
other interfaces have evolved stronger protein interactions
that cannot be broken (Davey et al. 2003)—and this result
also suggests that even relatively weak forces could pro-
mote MCM2–7 ring opening at the Mcm2/5 interface
during pre-RC formation. It is unknownwhether the same
gate functions during S phase, but the functional analysis
is currently ongoing.
How helicase loading and MCM2–7 double hexamer

assembly are coordinated has been under intense scrutiny
for the past 10 years. Early models suggested that helicase
loading occurs in an ATP hydrolysis-dependent fashion
(Bowers et al. 2004; Randell et al. 2006; Costa et al. 2011).
Later, after the discovery of theMCM2–7 double hexamer
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(Evrin et al. 2009; Remus et al. 2009; Gambus et al. 2011),
it was suggested that MCM2–7 double hexamer formation
and DNA loading are coordinated (Remus et al. 2009).
Now, our data demonstrate that helicase loading occurs at
the stage of OCCM formation prior to MCM2–7 double
hexamer formation and ATP hydrolysis. This is analogous
to the loading of the PCNA trimeric ring by replication
factor C (RFC), where RFC loads the PCNA ring ontoDNA
in the absence of ATP hydrolysis, and only PCNA release
from RFC requires ATP hydrolysis by RFC (Gomes and
Burgers 2001; Johnson et al. 2006). Thus, our data show
that ORC/Cdc6 and RFC act in a similar manner. Further-
more, our data are consistent with a recent EM study that
proposed that DNA loading occurs at the stage of OCCM
formation (Sun et al. 2013). Indeed, the OCCM structure
showed that the MCM2–7 ring adopts a closed conforma-
tion, indicating, in the context of the data presented here,
that loading has been completed. Nevertheless, we ob-
served that the Mcm2/5 interface limits the salt stability
of the OCCM complex (Fig. 6A), suggesting that protein
interactions within the double hexamer seal the Mcm2/5
interface, resulting in higher salt stability.
Our results show that ATPase activity is not required

for helicase loading; thus, the question remains: What
is the role of ATP hydrolysis during pre-RC formation?
We suggest that ATP hydrolysis alters the structure of
MCM2–7 to promote MCM2–7 double hexamer forma-
tion. Indeed, the OCCM cannot recruit a secondMCM2–7
hexamer, but upon ATP hydrolysis, the OCM is compe-
tent for MCM2–7 dimerization (Evrin et al. 2013, 2014;
Fern�andez-Cid et al. 2013). It is clear that the recruit-
ment of the second MCM2–7 hexamer requires Cdt1
(Fern�andez-Cid et al. 2013). However, whether the second
MCM2–7 hexamer also requires ORC/Cdc6 for loading or
becomes loaded in an entirely different way is still un-
known (Riera et al. 2014; Yardimci and Walter 2014).
Moreover, DNA insertion may function for quality

control. It has been shown that ORC phosphorylated by
CDK or Orc1–5, missing Orc6, supports OCCM formation
but then fails to establish a stableOCMcomplex uponATP
hydrolysis (Fern�andez-Cid et al. 2013; Frigola et al. 2013). It
is interesting that rapamycin-induced linkage ofMcm2 and
Mcm5 also affects the OCCM-to-OCM transition (Figs.
5A, 7A). We suggest that failed DNA insertion during
MCM2–7 loading triggers ATP hydrolysis-dependent dis-
assembly of the OCCM complex, which could be an
important contributor to quality control during pre-RC
formation. One could speculate that similar opening and
quality control reactions also exist during helicase acti-
vation, when MCM2–7 ring opening occurs to extrude
one strand of DNA for CMG assembly.

A model explaining how pre-RC formation
is coordinated with helicase loading at a unique
DNA entry gate

In this model (Fig. 7B–F), we explain how helicase loading
is coordinated with MCM2–7 double hexamer formation.
Pre-RC formation is initiated with the binding of ORC to
the replication origin (Fig. 7B). In late M phase, Cdc6 joins

ORC to form an ORC/Cdc6 complex (Fig. 7C; Speck et al.
2005; Speck and Stillman 2007; Sun et al. 2012). Under
physiological conditions, MCM2–7 forms closed circular
rings (Fig. 1). ORC/Cdc6 is competent to recruit a Cdt1/
MCM2–7 heptamer (Fig. 7D; Takara and Bell 2011; Evrin
et al. 2013; Sun et al. 2013). Our data demonstrate that
a linkage between Mcm2 and Mcm5 does not prevent

Figure 7. A model illustrating regulated helicase loading dur-
ing pre-RC assembly. (A) Illustration showing the rapamycin-
induced linkage between neighboring Mcm subunits and the
effect of this linkage on helicase loading during pre-RC assem-
bly. (B–E) Proposed model of pre-RC formation. ORC recognizes
the replication origin (B) and recruits Cdc6 to form the ORC/
Cdc6 complex (C). (D) Cdt1/MCM2–7 binding to ORC/Cdc6
promotes helicase loading via the Mcm2/5 entry gate and
OCCM complex formation. (E) ATP hydrolysis triggers Cdt1
release. If productive helicase loading occurs, the stable OCM
can form. If helicase loading fails due to a rapamycin-induced
linkage between Mcm2 and Mcm5, then MCM2–7–M2/M5 is
released. This in turn makes ORC/Cdc6 available to re-engage
with the next Cdt1/MCM2–7 complex. Failed helicase loading
could represent an important quality control mechanism for
pre-RC formation. (F) Successful OCM formation allows the
recruitment of a second MCM2–7 hexamer to promote MCM2–
7 double hexamer formation.
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OCCM formation but blocks the ATP hydrolysis-depen-
dent establishment of a stable OCM complex, which
leads to disassembly of the complex and in turn makes
ORC/Cdc6 available again to re-engage Cdt1/MCM2–7
(Fig. 7E). We suggest that the linkage interferes with DNA
loading and that ATP hydrolysis-dependent MCM2–7 re-
lease serves as a quality control step during pre-RC
formation. On the other hand, successful helicase loading
onto DNA during OCCM formation, as we observed here,
allows Cdt1 release and establishment of a stable OCM
complex. The OCM is competent to recruit a second
MCM2–7 hexamer, which functions for double hexamer
formation (Fig. 7F). We propose that within the MCM2–7
double hexamer, a weak Mcm2/5 interface becomes stabi-
lized, which could explain the salt stability of the complex.

Material and methods

Cloning of Mcm–FKBP/FRB

The FKBP/FRB insertion sites were chosen based on a structural
model of the archaeal M. thermoautotrophicum MCM protein
(Fletcher et al. 2003), the secondary structure and sequence
alignments of the MtMCM sequence, and those of Mcm2 to
Mcm7 from S. cerevisiae. The construction of the FKBP/FRB con-
structs was based on the plasmids pESC-Mcm2–Mcm7 (pCS14),
pESC-Mcm6–Mcm7 (pCS15), and pESC-HA-Mcm3–Mcm5
(pCS232) (Evrin et al. 2009). Initially, restriction sites (AsiSI and
AscI) were introduced at the sites of insertion using site-directed
mutagenesis (Agilent). To maintain the reading frame, an addi-
tional nucleotide was inserted after the 8-base-pair (bp) restriction
site (AsiSI: a; AscI: c). The FRB domain, including linkers, was
fused into Mcm2, Mcm3, and Mcm4 via AsiSI restriction sites
(AIAGANTCTPRGSGMLPSGMASR-FRB-TSYPYDVPDYAGAN
DGAAIA). The FKBP domain, including linkers, was fused into
Mcm5, Mcm6, and Mcm7 via AscI (SSYPYDVPDYASLGGPS
SPKKKRKVSR-FKBP-TSYISFLNSDLINSRTQRVDGQIGAP). The
FKBP and FRB genes, including linkers, were codon-optimized for
expression in S. cerevisiae (Genscript).

Cloning of Flag-Mcm3

We replaced the HA tag of Mcm3 in pCS232 with a Flag tag using
a NotI digest and two complementary oligonucleotides that
contain the NotI restriction site and encode the Flag tag sequence
generating pCS502.

Generation of the Mcm2–FRB and Mcm5–FKBP strains

Integration of the Mcm2–FRB and Mcm5–FKBP genes into S.

cerevisiae (YC475) was performed as previously described
(Longtine et al. 1998). Transformed yeast clones were analyzed
by PCR for the successful genomic integration of the FRB/
FKBP insert. The strain used for the time course analysis was
transformed with pMet-Cdc20-TRP (pCS604) followed by
selection on tryptophan- and methionine-deficient medium
as described (Uhlmann et al. 2000).

Expression and purification of proteins

ORC was expressed by using baculovirus-infected cells and
purified as described (Klemm et al. 1997). Cdc6 and Cdt1 were
expressed in bacteria and purified as described (Speck et al. 2005;

Evrin et al. 2009). MCM2–7, FKBP/FRB–MCM2–7, and MBP-
MCM2–7were expressed in S. cerevisiae and purified as described
(Evrin et al. 2009; Fern�andez-Cid et al. 2013).

In vitro pre-RC assembly assay

The pre-RC was assembled in a one-step reaction: 40 nM ORC,
80 nM Cdc6, 40 nM Cdt1, and 40 nM Mcm2–7 in buffer A
(50 mM HEPES-KOH at pH 7.5, 100 mM KGlu, 10 mM MgAc,
50 mM ZnAc, 3 mM ATP or ATPgS, 5 mM DTT, 0.1% Triton
X-100, 5% glycerol) were added to 6 nM pUC19-ARS1 plasmid
beads (Evrin et al. 2009) for 15 min at 24°C or 3 min for OCM
formation. The beads were washed three times with buffer A
plus 1 mM EDTA or buffer B (50 mM HEPES-KOH at pH 7.5,
1 mM EDTA, 300 mM NaCl or ‘‘high salt’’ 500 mM NaCl, 5%
glycerol, 0.1% Triton X-100, 5 mM DTT) before digestion with
1 U of DNase I in buffer A plus 5 mM CaCl2 for 6 min at 24°C.
The samples were separated by PAGE and analyzed by silver
staining. All samples marked with ‘‘high salt’’ were washed with
500 mM NaCl. For assays performed in the presence of rapamy-
cin, rapamycin was added to all buffers at a final concentration of
100 nM.

HA-MCM2–7 pull-down reactions

Onemicrogram of HA-MCM2–7 was immobilized on IgG control
beads (anti-MBP [New England Biolabs] or anti-HA [Sigma]) on
protein G beads [GE)] for 15 min at 24°C with mixing in 200 µL of
buffer MB (50 mM Hepes-KOH at pH 7.5, 300 mM KGlu, 10 mM
MgAc, 50 mMZnAc, 3 mMATP, 5 mMDTT, 0.1% Triton X-100,
10% glycerol, 0.1% BSA) followed by three washes with 200 mL of
buffer MB. Purified Cdt1 (3.65 pmoles) were incubated with IgG
control or HA-MCM2–7 beads for 10 min with mixing at 24°C in
200 µL of buffer MB. Afterward, the beads were washed three
times with 200 µL of buffer MB. The bound proteins were
analyzed by SDS-PAGE and Western blotting with anti-Cdt1
N-terminal (CS1411) antibody (Fern�andez-Cid et al. 2013).

MBP Immunoprecipitation assay

One standard size pre-RC reaction was prepared as described
above (pre-RC assay) using MBP-tagged protein (20 nM), MBP-
tagged and untagged protein (20 nM each), or only untagged
protein (20 nM). After 4 min of incubation, the beads were
washed twice with buffer A before DNA digestion with 0.03 U of
DNase I in buffer A plus 5mMCaCl2 for 7 min at 24°C. Reaction
products were immunoprecipitated with anti-MBP (New En-
gland Biolabs) antibody coupled to protein G beads (Invitrogen)
for 4 min at 24°C, washed three times with buffer A, and
analyzed by Western blot.
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