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Summary

Mcm2-7 helicase is loaded onto double stranded origin DNA as an inactive double hexamer (DH)
in G1 phase. The mechanisms of Mcm2-7 remodeling to trigger helicase activation in S phase
remain unknown. Here, we develop an approach to detect and purify the endogenous DHs directly.
Through cellular fractionation, we provide /n7 vivo evidence that DHs are assembled on chromatin
in G1 phase and separated during S phase. Interestingly, Mcm10, a robust MCM interactor, co-
purifies exclusively with the DHs in the context of chromatin. Deletion of the main interaction
domain, Mcm10 C-terminus, causes growth and S phase defects, which can be suppressed through
Mcm10-MCM fusions. By monitoring the dynamics of MCM DHs, we show a significant delay in
DH dissolution during S phase in the Mcm10-MCM interaction deficient mutants. Therefore, we
propose an essential role for Mcm10 in Mcm2-7 remodeling through formation of a cell cycle
regulated supercomplex with DHs.
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Introduction

The assembly of the DNA replication machinery and initiation of synthesis are controlled in
a tightly orchestrated manner according to different stages of the cell cycle (Costa et al.,
2013; Heller et al., 2011; Labib, 2010; Siddiqui et al., 2013). The origin licensing step
involving recruitment and assembly of the replicative helicase, mini-chromosome
maintenance (MCM), into the pre-replication complexes (pre-RC) has been reconstituted /n
vitro through purified yeast proteins (Evrin et al., 2009; Remus et al., 2009). Notably, two
Mcm2-7 hexameric rings are sequentially loaded onto double-stranded (ds) DNA as an
inactive head-to-head double hexamer (DH) (Evrin et al., 2009; Gambus et al., 2011; Remus
et al., 2009; Ticau et al., 2015). These findings raise an intriguing question: How is the
double hexameric MCM activated to initiate bidirectional DNA replication in eukaryotes
(Boos et al., 2012; Li and Araki, 2013; Tognetti et al., 2014)?

Mcm2-7 in solution exhibits primarily a single hexameric structure stabilized upon ATP
binding (Bochman and Schwacha, 2009; Coster et al., 2014). The pre-RC intermediates are
very sensitive to salt wash, while the MCM DHs remain very stable on chromatin in the
presence of high salt (Gambus et al., 2011; Remus et al., 2009). It is of particular importance
to ensure that MCM hexamers be poised on chromatin before S phase ready for activation
given the fact that helicase reloading is blocked during S phase (Bell and Dutta, 2002; Masai
etal., 2010). The DH state may be maintained in the initial holo-helicase Cdc45-Mcm2-7-
GINS (CMG) complex (Costa et al., 2014). However, the two helicase rings need to be
separated and remodeled to encircle the leading strands to initiate bidirectional replication
(Fu et al., 2011; Yardimci et al., 2010). The two rings are dimerized through an interface
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composed of the N-termini of Mcm2-7 subunits (Evrin et al., 2009; Fletcher et al., 2003;
Remus et al., 2009), which bear multiple critical target sites for protein kinases, such as
Dbf4-dependent kinase Cdc7 (DDK) and CDK (Hoang et al., 2007; Sheu and Stillman,
2010; Sheu et al., 2014). Phosphorylation is thought to be required, but not sufficient to
activate the helicase (On et al., 2014; Yeeles et al., 2015).

Mcm10 is among the recently published minimal set of the essential firing factors for
reconstituted DNA synthesis /n vitro (Yeeles et al., 2015), and has been inferred to be
important in Mcm2-7 helicase activation post CMG formation, as indicated by Mcm10
depletion in yeast (Kanke et al., 2012; van Deursen et al., 2012; Watase et al., 2012) and
Xenopus (Pacek et al., 2006). However, the mechanistic details of Mcm10 function have yet
to be defined (Thu and Bielinsky, 2013; Thu and Bielinsky, 2014).

In this study we developed an approach to purify the endogenous MCM complexes from
yeast cells which allows us to monitor the formation and separation of MCM DHs /n vivo.
Using this assay we were able to show that Mcm10 defines an essential role in splitting
DHs. Interestingly Mcm10 does not associate with MCM complexes until being loaded onto
chromatin as the DHs. Though Mcm10-DH association occurs in G1, it is enhanced in S
phase. Their direct interaction is mainly mediated by a previously uncharacterized C-
terminus of Mcm10. Loss of Mcm10 C-terminus causes the S phase defects, which can be
suppressed by artificially fusing Mcm10 and MCM. Furthermore, we showed that
mem10AC displays a significant delay in separating the double hexameric CMG complexes.
We propose that MCM10 C-terminus mediated specific interaction with the DHs plays
critical role in MCM DH splitting.

Isolation of the endogenous MCM DH species

To uncover the mechanism of Mcm2-7 helicase activation, first we developed an approach to
detect the DH form of Mcm2-7 Jin vivo, which has been extensively studied in an in vitro
pre-RC reconstitution system with purified yeast proteins (Evrin et al., 2009; Remus et al.,
2009; Ticau et al., 2015). To this end, we introduced a second copy of Mcm4 with a 3HA tag
while the endogenous Mcm4 was tagged with 5FLAG. The tagged strains showed nearly the
same growth as wild-type (WT) (Figure S1A). The MCM complexes containing both
Mcm4-FLAG and Mcm4-HA should result from the formation of MCM DH because a
single heterohexameric ring contains only one copy of each Mcm2-7 subunit (Figure 1A)
(Costa et al., 2014; Sun et al., 2014). This enables us to isolate the putative double
hexameric MCM species specifically via sucrose gradient centrifugation or sequential
immunoprecipitations (IP) coupled with peptide elution. As illustrated in Figure 1A, to
enrich for the chromatin-loaded MCM, we modified a protocol developed previously to
prepare a large scale native chromatin fraction (SN2) from yeast cells (Sheu and Stillman,
2006; van Deursen et al., 2012). The non-chromatin-bound (SN1) and SN2 fractions
prepared from G1 cells were first subjected to FLAG-IP. To examine the oligomeric states of
MCM in SN1 and SN2, we applied the FLAG peptide eluted samples (FLAG elution) to a
5-30% sucrose gradient. After centrifugation, fractions were collected and subjected to SDS-
PAGE (polyacrylamide gel electrophoresis) and immunoblots. The Mcm4-FLAG containing
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complexes from SN1 did not contain any Mcm4-HA and appeared to be about 669 kDa
(Figure 1B, upper panel). In SN2, the major portion of the Mcm4-FLAG complexes
displayed a molecular size larger than 669 kDa. More interestingly, Mcm4-HA was present
and co-sedimented with Mcm4-FLAG complexes exclusively in the more rapidly
sedimenting fractions from SN2, verifying formation of the MCM DHs (Figure 1B, fractions
4-7, lower panel). These results indicated that Mcm2-7 exists as a single hexamer before
being loaded onto chromatin (Gambus et al., 2011) and is assembled on chromatin /n vivo
into the DHs whose high resolution structure has been reported recently (Li et al., 2015).
Next, FLAG elutes were precipitated using HA antibodies. The bound or HA peptide eluted
fraction was analyzed either by PAGE and silver staining (Figure 1C) or immunoblotting
(IB) (Figure 1D). The double hexameric MCM complexes were purified to near
homogeneity through this sequential affinity purification from SN2 (Figure 1C). Each band
corresponding to Mcm2-7 subunits was verified by mass spectrometry. Mcm4-FLAG and
Mcm4-HA associated with each other in SN2 (Figure 1D, lanes 10-12 and 13-15), but barely
in SN1 (lanes 7-9). These data verify that this procedure purifies the DH MCM species from
yeast cells.

Mcm10 preferentially associates with the MCM DHs

Interestingly, Mcm10 was repeatedly found to co-purify with MCM complexes (Figure 1B,
fractions 4-8; Figure 1D, lanes 10-12). Mcm10 showed positive interactions with multiple
Mcmz2-7 subunits including Mcm2, 4, 6 and 7 in the yeast two hybrid assay (Table S1,
Figure S1B) as reported previously (Christensen and Tye, 2003; Homesley et al., 2000;
Izumi et al., 2000). More important, Mcm10 was assembled into a supercomplex with both
Mcm4-FLAG and Mcm4-HA, /.e., double hexameric MCM, exclusively in SN2 (Figure 1B;
Figure 1D, compare lanes 10-12 to 7-9). These results indicate that Mcm10 interacts with
the MCM DHs on chromatin in vivo, in agreement with previous reports that Mcm10
preferentially associates with the loaded MCM (Pacek et al., 2006; van Deursen et al.,
2012). It is worth noting that although Mcm10 can be initially loaded onto the DHs weakly
in G1, the Mcm10-DH association is enhanced coincidently with the accumulating recruited
Cdc45 during S phase (Figure 1D, compare lanes 4-6). Moreover, the loaded Mcm10 and
Cdc45 molecules were associated with the MCM DHs (lanes 13 to 15), suggesting that
MCM may persist in the DH state in the context of CMG complexes (Costa et al., 2014) and
Mcm10 is assembled into dimeric CMG supercomplexes in S phase. More interestingly, if
we conducted an Mcm10-IP subsequent to the FLAG elution step, Mcm4-FLAG, Mcm4-HA
and Cdc45 were stably recovered in association with Mcm10 (Figure 1D, lanes 16 to 18).
Taken together, these data allow us to conclude that Mcm10 is assembled into a cell cycle
regulated supercomplex with MCM DHs /n vivo.

Separation of the MCM DHs during S phase requires Mcm10

To further quantify the possible change of MCM DHs during cell cycle progression /n vivo,
as illustrated in Figure 2A, we modified the assay by adding a GFP tag to the second copy of
Mcmz2 while the endogenous Mcm2 copy was kept intact (Figure S2A). The Mcm2 and
Mcm2-GFP proteins can be separated on a gel and detected simultaneously on anti-Mcm2
immunoblots. When we trapped Mcm2-GFP by GBP (GFP binding protein) beads, the co-
trapped untagged version of Mcm2 should represent the DH species of MCM prior to
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separation (Figure 2A). The relative amount of DHs in each sample can be estimated by the
ratio of untagged Mcm2 to Mcm2-GFP in the precipitates. Consistent with observations in
Figure 1D, untagged Mcm2 co-precipitated in the Mcm2-GFP trap exclusively in the 500
mM salt resistant SN2 but not in the SN1 (Figure 2B, compare lane 3 to 4), further
validating the /n vivo DH assay.

Mcm10, as the most enigmatic essential firing factor (Yeeles et al., 2015), has been proposed
to participate in a novel step during CMG activation and origin unwinding through Mcm10
depletion in yeast and Xenopus (Kanke et al., 2012; Pacek et al., 2006; van Deursen et al.,
2012; Watase et al., 2012). To directly address whether Mcm10 functions in MCM DH
splitting prior to or during origin unwinding, we monitored the relative DH levels during S
phase progression in a conditional Mcm210 depletion background. We combined both
temperature induced (Zg) and auxin induced (a/d) degrons to deplete endogenous Mcm10
proteins (van Deursen et al., 2012; Watase et al., 2012). The fdand aid degrons were turned
on by switching to growth at 37°C and adding indole-3-acetic acid (IAA), respectively. The
Ubrl and Tirl ubiquitin ligases were induced by galactose. The cellular Mcm10 protein was
barely detectable after incubation in galactose for 1h and shifting to 37°C in the presence of
auxin for another 2h (Figure 2C, lane 4), leading to cell death in the absence of WT Mcm10
(Figure S2B). Strikingly, under such an efficient Mcm10 depletion condition, the ratio of
untagged Mcm2 to Mcm2-GFP in the GFP-trap remained almost constant after being
released from a—factor into S phase for 120 min, indicating a failure in separation of MCM
DHs (Figure 2D, upper panel and 2E, Figure S2C). Furthermore, no DNA synthesis was
detected by flow cytometry (Figure 2F). In contrast, if WT Mcm10 was expressed from a
plasmid in the same strain, the untagged Mcmz2 in precipitates decreased quickly upon S
phase entry (Figure 2D, lower panel and 2E, Figure S2C), indicating efficient DH
separation. There is little untagged Mcm2 left in the precipitates at 60 min, which correlates
well with the time of completion of DNA replication, as shown in the flow cytometry
profiles (Figure 2F). Taken together, these data suggest an essential role of Mcm10 in MCM
DH splitting.

Mcm10 directly binds the Mcm2, Mcm4 and Mcm6 N-termini, which form the DH interface

To investigate whether the DH splitting function of Mcm10 can be attributed to its
interaction with MCM DHs, we first mapped the interaction domain(s). In the yeast two
hybrid assays, the N-terminus (a.a. 1-390) of Mcm2 recapitulated the interaction between
full length Mcm2 and Mcm10 (compare Figure S3A to S3B). We then constructed a set of
truncations of Mcm2-7 subunits and affinity purified them for pull-down assays. Direct
binding to Mcm10 was observed for fragments of Mcm2 (a.a. 1-299) (Figure 3A, lane 2),
Mcm4 (a.a. 1-471) (lane 6) and Mcm6 (a.a. 1-439) (lane 5). These results indicate that
Mcm10 shows robust association with the N-termini of Mcm2, 4 and 6, all of which are near
the head-to-head interface in the MCM DH (Evrin et al., 2009; Li et al., 2015; Remus et al.,
2009). Indeed, direct associations between Mcm2 and Mcm4 or Mcm6 N-terminal
fragments themselves were identified as well (Figure 3A, lanes 3 and 4). Taken together
with Mcm10 preferential association of MCM DH in vivo, it seems likely that Mcm10 binds
near the interface of MCM DH.
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Mcm10 C-terminus is mainly responsible for association with MCM

Next, we mapped the interaction domain(s) within Mcm10 via GST pull-down assays.
Previous studies have focused on the highly conserved internal domain, which is composed
of an OB-fold which mediates interaction with pol a and PCNA, and a zinc finger
responsible for DNA binding (Figure 3B) (Du et al., 2012; Thu and Bielinsky, 2014).
Through truncation of Mcm10 protein, we first deduce that the Mcm10 internal domain also
binds Mcm2 (Figure 3C, compare lanes 5 and 6). To our surprise, a previously
uncharacterized region, the Mcm10 C-terminus (a.a.464-571, Mcm10C) alone is sufficient
to bind to Mcmz2 directly (lane 7). Overexposure also shows a very weak binding of the
Mcm10 N-terminus (a.a.1-128, Mcm10N) with Mcm2 (data not shown). We conclude that
the Mcm10-MCM interactions are mediated by multiple sites in Mcm10. When we compare
their ability to co-precipitate Mcm2, mcm10truncations showed compromised association
with Mcm2 compared to WT (Figure 3D). Notably, deletion of the C-terminus resulted in
barely detectable Mcm10-Mcm2 interaction /7 vivo (lane 3). These data, consistent with the
in vitro pull-down results, suggest that the Mcm10 C-terminus is mainly responsible for
mediating the Mcm10-MCM interaction.

A cell cycle regulated Mcm10-MCM DH supercomplex

Next, we monitored Mcm10-MCM interaction throughout the cell cycle in both WT and
mem10AC. A strain carrying Cdc45-3HA and Mcm4-5FLAG at their genomic loci was
grown and synchronized at G1 by a—factor. Cells were collected at different time points
after being released into S phase. First, we carried out Mcm10-IP using whole cell extracts
(WCE) (Figure 4A). During G1, small amounts of Mcm2 and Mcm4 co-precipitate with
Mcm10 (Figure 4B, lanes 1 and 2), indicating formation of a Mcm10-MCM complex. This
result is in agreement with previous findings that Mcm10 could associate with the
chromatin-loaded MCM independent of S-CDK activity (van Deursen et al., 2012). Notably,
the G1-associated Mcm4 is the fast-migrating form, indicating that the formation of the
Mcm10-MCM complex occurs prior to Mcm4 phosphorylation. Although the levels of
Mcm10 and Mcm2-7 subunits did not fluctuate significantly within the cell cycle (Figure
4A), the amounts of Mcm2 and Mcm4 bound with Mcm10 gradually increased and peaked
during S phase (Figure 4B, lanes 2-4). Meanwhile, Cdc45 protein gradually accumulated
(Figure 4A) and became associated with Mcm10 (Figure 4B, lanes 2-4), suggesting higher
affinity or stability of Mcm10 as assembled into a Mcm10-CMG supercomplex during S
phase. However, Mcm2-7 and Cdc45 were barely detectable in precipitates of Mcm10AC
(Figure 4B, lanes 5-8). These data suggest a cell cycle regulated Mcm10-DH supercomplex,
whose formation is dependent on the C-terminus of Mcm10.

Mcm10-MCM interaction is not essential for CMG assembly and Mcm4 phosphorylation

To more precisely determine the time of association of Mcm10 with Cdc45, Cdc45-3HA
immunoprecipitates were prepared (Figure 4C). Neither Mcm10 nor Mcm2-7 co-
precipitated together with Cdc45 in G1 (lanes 1 and 2), but both associated in early S phase
(lanes 3 and 4; Figure S4). Although Mcm10AC protein barely associated with Cdc45, the
assembly of Cdc45-MCM complex was not significantly affected in the mcm104C
background (lanes 7 and 8). Meanwhile, only phosphorylated Mcm4 (Mcm4-P) associated
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with Cdc45 but not the non-phosphorylated form, which was present in vast excess over
Mcm4-P in WCE, suggesting Mcm4 phosphorylation may occur prior to CMG assembly
(Figure 4C, upper panel)(Masai et al., 2006). More interestingly, the profile of Mcm4
phosphorylation, like CMG assembly, was not significantly affected in the interaction
defective mutant mcm10AC (Figure 4C, upper panel, lanes 7 and 8). Taken together, these
data indicate that Mcm10-MCM interaction is unlikely to be required for Mcm4
phosphorylation or CMG assembly.

An enhanced Mcm10-CMG association during early S phase

Since the assembly of Mcm10-MCM occurs exclusively in the MCM DH context as
demonstrated in Figure 1, we next analyzed Mcm10-associated complexes using the
chromatin bound (SN2) fraction instead of WCE (Figure 4D). Intriguingly, IP using the SN2
recapitulated the results from that of WCE, verifying that Mcm10-MCM supercomplexes are
assembled in the chromatin context, wherein MCM is loaded as the DHs (Figure 4E). We
designated this complex as MCM-Mcm10-MCM. In the Mcm10-IP, a low level of MCM-
Mcm10-MCM complex was detectable in G1 phase (Figure 4E, lanes 1-2). Upon S phase
entry, Mcm10 recruitment was enhanced (Figure 4D, lanes 3-4) and assembled into the
Mcm10-CMG supercomplex (Figure 4E, lanes 3-4, bottom panel). These results indicate a
cell cycle regulated Mcm10 recruitment to the loaded MCM complexes on chromatin, which
is largely dependent on Mcm10 C-terminus.

Mcm10 C-terminus mediated interaction with MCM plays important role in chromosome

replication

Given the importance of Mcm10 C-terminus in association with the MCM DHs, we next
asked whether the interaction defective mecm10 mutants affect cell growth. Since MCM10is
essential for cell viability, the mcm10mutant strains were constructed via plasmid shuffling.
WT MCM10was cloned and expressed on a pRS316/URA3 single-copy vector to allow
growth of mem10A. The memI0allele was constructed in a second vector, pRS313/HIS3
and introduced into the same strain. The pRS316- MCM10 plasmid can be eliminated on 5-
FOA plates due to its expression of URAS3, which converts 5-FOA to a toxin. Thus, growth
on 5-FOA plates reflects the physiological function of the copy of the mcm10mutant
expressed on pRS313. Five-fold serial dilution of log phase cells were spotted on SC-His
plates in the presence or absence of 5-FOA. Correlating with the relatively greater
contribution of Mcm10C than Mcm10N to interact with MCM, the mcm10AC allele showed
much weaker growth than mem10AN (Figure 5 A).

If the sickness of mcm10AC is specifically caused by compromised Mcm10-MCM
interaction, it should be suppressed by enforcing an interaction between Mcm10 and MCM.
We adopted an /n vivo GFP trap strategy to achieve this (Figure 5B). If we add a GFP tag to
one protein and a GBP (GFP binding protein) tag to another protein, these two proteins can
be tethered to each other through strong affinity between the GFP and GBP pair. In Figure
5C, we introduced a pRS313/HIS3 plasmid expressing each mcm10allele with or without a
GBP tag at the C-terminus by plasmid shuffling. Control experiments showed that Mcm10
and Mcm2 carrying a GBP or GFP tag, respectively, supported normal cell growth (lines 1
and 3). Expression of both WT Mcm10-GBP and WT Mcm2-GFP also showed growth
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comparable to untagged or single-tagged WT strains (Figure 5C, compare lines 1, 3 and 7).
This control suggests that dissociation of Mcm10 and Mcmz2 is not important for normal
growth, validating the fusion approach. We then tested the various alleles. In Mcm2
untagged background, mecm10AC showed slow growth (line 2). The slow growth of
mem10AC-GBP, but not of untagged mcm10AC, was significantly overcome by addition of
Mcm2-GFP (compare line 8 to 4). Since multiple Mcm2-7 subunits are partners of Mcm10,
we next asked if trapping interaction defective Mcm10 through other partners has a similar
effect as Mcm2-GFP As shown side by side in Figure 5C, mem10AC was restored to near
WT growth by fusion of Mcm4-Mcm10, providing direct evidence that the defects of
mem10AC allele are solely attributable to compromised interaction with MCM. Moreover,
flow cytometry profiles indicated that mcm10AC was defective in S phase, which can be
suppressed by Mcm10-Mcm2 fusion (Figure 5D). These data provide genetic evidence that
Mcm10 C-terminus mediated interaction with MCMdefines an unanticipated crucial role in
replication initiation.

Mcm10-DH interaction is important for the MCM DHs remodeling into single hexamers

Next, we examined whether Mcm10-DH interaction is required for origin firing. First, we
examined single-stranded DNA (ssDNA) production. To do this, we measured S phase
checkpoint activation which is known to be dependent on the accumulation of ssDNA.
Synchronized cells were released from G1 into medium supplemented with 100 mM
hydroxyurea, a potent inhibitor of ribonucleotide reductase. In WT, the checkpoint kinase
Rad53 became hyperphosphorylated in about 60 min (Figure 6A). However,
hyperphosphorylation of Rad53 was dramatically impaired in mem10AC. In previous
studies, depletion of Mcm10 mutants showed a similar checkpoint defect, which was
interpreted as a defect in unwinding (Kanke et al., 2012; van Deursen et al., 2012; Watase et
al., 2012). This result implies that Mcm10-DH association may be required for origin
unwinding.

Lastly, we examined whether the essential role of Mcm10-DH interaction lies in DH
separation function of Mcm10 by using the /n7 vivo DH splitting assay described in Figure 2.
In WT cells, the untagged Mcm2 in precipitates decreased gradually after being released
into S phase, indicating the separation of MCM DHs (Figure 6B, left panel; 6C and Figure
S5B). There are few DHs left at 90 min, correlating with the completed DNA replication
(Figure S5A). However, in the interaction defective mcm10AC mutant, the separation of
MCM DHs was significantly compromised (Figure 6B, right panel; 6C and Figure S5B),
consistent with the relative slow S phase progression (Figure S5A). Taken together, these
data provide direct evidence that the crucial role for Mcm10 in DH splitting and activation
suggested by Figure 2 is due to the interaction between Mcm 10 and MCM DH.

Discussion

Although the close link between Mcm10 and Mcm2-7 has been inferred from a series of
genetic and physical interactions (Christensen and Tye, 2003; Homesley et al., 2000; Lee et
al., 2010; Merchant et al., 1997; van Deursen et al., 2012), the exact role of Mcm10 in
replication initiation still remains controversial (Thu and Bielinsky, 2013). Here, we show
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that Mcm10 directly associates with the MCM DHs on chromatin in a cell cycle regulated
manner. More importantly, their interaction is required for remodeling the MCM DHs into
single hexamers that leads to activation of the helicase complex and replication initiation.

MCM double hexameric structure has been extensively studied in yeast in recent years.
However, these studies are mainly based on the /n vitro pre-RC reconstitution system by
purified proteins. Here, we provide /in vivo evidence to support that MCMs form the DHs on
the yeast chromatin. Through a sequential IP and peptide elution procedure, we are able to
obtain the native MCM DHs with high purity. Based on a similar rationale, we also
developed an /n vivo DH splitting assay, which enables us to monitor the dynamic changes
of DH, i.e. formation and separation, during cell cycle progression. We showed that Mcm10
depletion delays MCM DH separation and that this can be accounted for by the direct
interaction between Mcm10 and the MCM DHs that we characterize extensively. It is worth
pointing out that a caveat in interpreting our DH splitting assay is that disappearance of DHs
could be due to helicase activation in the initiation step or passive replication during the fork
progression stage. Therefore, the rate of DH disappearance by itself cannot distinguish a role
of Mcm10 in helicase activation from one in fork progression. Mcm10 has been proposed to
be involved in both replication initiation and progression, although they are not mutually
exclusive. In our cell cycle profiling experiments, both depletion of Mcm10 and mutation
weakening the MCM interaction, mcm10AC, cause defects in very early S phase, 7.e., the
initiation step. Furthermore, a series of evidence from other groups consistently suggest that
Mcm10 participates in a step downstream of CMG assembly and upstream of origin
unwinding (Kanke et al., 2012; van Deursen et al., 2012; Watase et al., 2012; Yeeles et al.,
2015). Therefore, we favor the idea that the /n vivo DH splitting deficiency observed in
mem10mutants should reflect its role in the DH splitting step during helicase activation
rather than in replication progression.

We demonstrate that Mcm10 C-terminus mediated interaction is required for efficient DH
splitting. The /n vitroand in vivo physical interaction profiles presented here provide
evidence to support a specific Mcm10-DH interaction, consistent with previous reports that
Mcm10 preferentially associates with the loaded MCM (Pacek et al., 2006; van Deursen et
al., 2012). The interaction interface is mediated mainly by the Mcm10 C-terminus, whereas
it is the internal domain that is involved in association with ssSDNA, dsDNA, pol a and other
proteins documented previously (Eisenberg et al., 2009; Ricke and Bielinsky, 2006;
Robertson et al., 2008; Zhu et al., 2007). Direct evidence for the important role of Mcm10-
MCM interaction came from the significant rescue effect by artificially restoring the
interaction in mem10AC. The ability of the fusions to do this is somewhat remarkable,
considering the numerous other interactions reported for the scaffold protein Mcm10 (Thu
and Bielinsky, 2014). Under the conditions we used, Mcm10-GBP was expressed from its
native promoter. The cellular amount of Mcm10 is estimated to be lower than that of each
Mcmz2-7 subunit. Due to robust and irreversible binding between GFP and GBP, stable
heterodimerization between Mcm10 and Mcm2 or Mcm4 might have been expected to
interfere with Mcm20 interaction with other proteins (e.g. pol a, Orc2/5, Dpb11, Cdc45 and
PCNA) (Du et al., 2012; Thu and Bielinsky, 2014). However, stable fusion between Mcm10
and Mcm2 or Mcm4 does not pose a detectable threat to growth in WT cells. It is possible
that the stable fusion of Mcm10 with MCM does not significantly impede Mcm10 from
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chaperoning other proteins, or there might be some Mcm10-GBP molecules accessible to
other partners under our fusion conditions. Nevertheless, we also tried to fuse Mcm10 with
other partners such as pol a, and found that fusions exacerbate the defect of mecm10alleles
we tested instead of alleviating them (data not shown). These data argue along with the rest
of our data that Mcm10-MCM interaction contributes to the essential function of Mcm10 in
origin firing, which was recently demonstrated by /n vitro reconstitution experiments (Yeeles
etal., 2015).

Moreover, Mcm10 recruitment and association with MCM is temporally and spatially
regulated, though the detailed mechanism needs to be addressed in the future. Given the
conserved interactions between Mcm10 and Mcm2-7 from yeast to human, we speculate that
the critical role of the direct Mcm10-DH interaction in helicase remodeling and activation
will likely take place in higher eukaryotes as well.

Experimental Procedures

Isolation of the native double hexameric Mcm2-7 species

A plasmid expressing a second copy of Mcm4 with a 3HA tag was introduced into the
Mcm4-5FLAG background strain (Table S2 and S3, strain QY793). FLAG-IP/peptide
elution and HA-IP/peptide elution were sequentially conducted to purify the putative MCM
complexes containing both Mcm4-FLAG and Mcm4-HA, which result from dimerization of
two heterohexameric Mcm2-7 rings. The MCM DH species was enriched by taking
advantage of its resistance to high salt (Donovan et al., 1997; Gambus et al., 2011; Remus et
al., 2009). A high salt resistant chromatin fraction (SN2) was prepared as previously (Sheu
and Stillman, 2006) with some modifications described in Supplemental Experimental
Procedures.

The EBX-2 buffer used here is {50 mM HEPES/KOH pH7.5, 150 mM KGlu, 2.5 mM
MgOAc, 0.1 mM ZnOAc, 2 mM NaF, 0.5 mM spermidine, 20 mM B-Glycerophosphate, 3
mM ATP, 1 mM DTT, 1 mM PMSF, Protease inhibitor tablets (EDTA free, Roche)}. 500 pl
of SN2 was first mixed with M2 beads for 3h with rotation at 4°C, and washed three times
with 1 ml EBX-2 buffer. The bound fraction was eluted by 1 pg/ul FLAG peptide. The
FLAG elutes were incubated with anti-HA and protein G beads. After the same wash, the
bound or HA peptide eluted fraction was resolved by 10% SDS-PAGE and analyzed by
silver staining, mass spectrometry or western blots.

In vivo double hexamer splitting assay

A second copy of Mcm2 with GFP tag at its C-terminus was cloned (pRS31 7-MCMZ2-GFP)
and expressed under control of its native promoter. Plasmid was transformed into conditional
Mcm10 depletion background (Table S2 and S3, strain QY394), WT (strain QY 6129) or
mem10AC (strain QY6131) mutant cells. The high salt (500 mM NaCl) resistant SN2 was
prepared basically as described above. 500 pl of SN2 was mixed with GBP beads for 3h with
rotation at 4°C, and washed three times with 1 ml EBX-2 buffer. The bound fraction was
dissolved by 6% SDS-PAGE and IB by anti-Mcm2. The detection of untagged endogenous
Mcm2 reflects the DH portion of MCM complex. The ratio of untagged/tagged Mcm2
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represents the relative level of MCM DH comprised Mcm2 and Mcm2-GFP /n vivo. The
change in the level of MCM DH is used to estimate the dynamics (e.g., assembly or
splitting) of the dimeric rings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Purification of the endogenous DH Mcm2-7 species
(A) A diagram of procedures to purify the native Mcm2-7 DHs from yeast cells. The

MCMA4-5FL AG/MCMA4-3HA strain was constructed (Table S2, QY793; Table S3). Cells
were synchronized in G1 or S phase by a—factor and subsequent release. A chromatin
fraction (SN2) was prepared as described in Experimental Procedures. FLAG-IP and peptide
elution was followed by sucrose gradient centrifugation (B) or by HA-IP (C,D). See also
Figure S1 and Table S1.

(B) Mcm2-7 exists mainly as single hexamers and DHs in SN1 and SN2, respectively.
Mcm4-FLAG elutes from G1 cells were applied to a 5-30% sucrose gradient. After
centrifugation, the fractions were separated by SDS-PAGE and analyzed by western blotting
with indicated antibodies.

(C, D) The final HA precipitates or elutes from G1 or S cells were subjected to SDS-PAGE
and silver staining (C) or IB with indicated antibodies (D).
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Figure 2. Mcm10 is required for MCM DH separation in vivo
(A) An in vivo DH separation assay modified from the strategy illustrated in Figure 1A. The

MCM2-GFP/MCMZ strain was constructed (Table S2, QY713; Table S3). Two versions of
Mcmz2 were separated on a gel and detected by anti-Mcm2 immunoblots. When we trapped
Mcm2-GFP by GBP beads, the co-trapped untagged version of Mcm2 should reflect the
relative amount of MCM DH prior to separation into two single hexamers during S-phase.
See also Figure S2.

(B) Asynchronous cells were fractionated, incubated with GBP beads, then subject to IB
with indicated antibodies. Note that MCM DHs are only detected in SN2, but not in SN1.
(C) Efficient depletion of endogenous Mcm10 protein through a two-degron strategy.
Temperature-inducible (td) and auxin-inducible (aid) degrons were added to the N- and C-
terminus of Mcm10AC (Table S2, QY394). The corresponding two ubiquitin ligases (E3),
UBRL1 and OsTIR1, were integrated into the genomic UBR1 locus under control of the
galactose inducible Gall promoter.QY 394 strain was first grown at 25°C in rich medium
supplemented with 2% raffinose before transfer to 2% galactose to induce the expression of
two E3. Two degrons were turned on by adding 500 pM indole-3-acetic acid (IAA) (aid) or
switching to 37°C (td) for 1h or 2h, as indicated above each lane. The effect of depletion by
each degron system or their combination was detected by IB with anti-Mcm10.
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(D) /n vivo DH separation assay in Mcm10-depleted background harboring an empty vector
(upperpanel) or a WT MCM10 construct (lower panel). Cells were synchronized in G1 by
a-factor and released for the indicated time at 37°C. Mcm2-GFP in the SN2 fraction was
trapped by GBP beads and probed with anti-Mcm2 antibodies. “#1” and “#2” denote two
independent samples.

(E) The amounts of Mcm2 and Mcm2-GFP in precipitates were quantified. The ratio of
Mcm2/Mcm2-GFP in the IP fraction is calculated to indicate the relative amount of MCM
DH in the samples. The maximum amount of DH MCM is normalized to 100%. The average
and standard eviation are calculated from the results of at least three independent
experiments. P-value <0.01 and0.05 are donated as “**” and “*”, respectively. To ensure the
signals are within the linear range, immunoblots with different exposure were quantified by
Quantity One (Biorad). See Figure S2C for the raw data and quantification.

(F) Representative cell cycle profiles of the samples used for /n7 vivo DH separation assays.
Cells were collected at the indicated time after released from G1 arrest. Cell cycle profiles
were analyzed by flow cytometry.
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Figure 3. Mcm10 C-terminus is mainly responsible for association with Mcm2-7
(A) Mcm10 binds directly to the N-terminal fragments of Mcm2, Mcm4 and Mcm6. The

GST pull-down assay was conducted using affinity purified GST-Mcm10, 6His-Mcm2
(1-299), GST-Mcm4 (1-471) or GST-Mcm6 (1-439) for the left panel. For the right panel,
the GST tag was removed from Mcm10 protein by precision protease before binding to
glutathione Sepharose. The exact length of each fragment is indicated in parentheses.

(B) A diagram of Mcm10 and its truncations used in GST pull-down assays. Conserved
regions of Mcm10 are indicated as dark and light grey bars according to their high and
moderate sequence similarity among eukaryotic orthologs, respectively. OB-fold:
oligonucleotide binding-fold; NLS: nuclear localization sequence.

(C) Multiple sites of Mcm10 bind directly to Mcm2 /in vitro. Purified recombinant GST-
Mcm10 or its truncations and 6His-Mcm2 were incubated with glutathione Sepharose in the
binding buffer containing 1 pg/ul BSA. The Mcm2 and Mcm10 bands were revealed by
Coomassie blue staining (CBB), or via IB against anti-His and anti-GST antibodies,

respectively. See also Figure S3.

(D) The mecm10AC mutant shows compromised interaction with Mcm2 in vivo.
Mcm10-5FLAG was immunoprecipitated by M2 affinity beads and subjected to IB with

indicated antibodies.
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Figure 4. Dynamics of the Mcm10-DH supercomplexes during the cell cycle
All samples were released from G1 and collected at the indicated time points. Cells were

fractionated as described in Figure 1. IP assays were conducted with WCE (A, B, C) or SN2
fractions (D, E), then subjected to IB with indicated antibodies. The flow cytometry profiles
of the samples used in this experiment are presented in Figure S4. Tubulin was loaded as a

control in (A).
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Figure 5. Mcm10 C-terminus mediated interaction is required for normal DNA replication and
growth

(A) The mem10AC allele shows significant slow growth. 5-fold serial dilution of log phase
cells were spotted on the indicated plates and incubated for 2 days at 30°C before being
photographed.

(B) An /n vivo GFP trap strategy to enforce the Mcm10-MCM interaction. Mcm2 or Mcm4
was tagged with GFP, while Mcm10 or Mcm10AC was fused with GBP. Interaction between
any of two proteins might be restored artificially via the GFP-GBP pair through in vivo GFP
trap experiments.

(C) In vivo GFP trap of Mcm10 with either Mcm2 or Mcm4 suppresses the growth defect of
mem10AC.

(D) The S phase defects of mcm10AC can be rescued by Mcm10-Mcm2 fusion. Cells were
released from a-factor synchronization and analyzed for DNA content by flow cytometry.
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Figure 6. Mcm10-DH interaction is important for its function in MCM DH separation
(A) Defects in S-phase checkpoint activation in mem10AC mutant. The cells were

synchronized and released into fresh medium supplemented with 100 mM hydroxyurea. To
detect Rad53 phosphorylation, cell lysates from the indicated time points were analyzed by
IB with anti-Rad53 antibodies.

(B) DH separation is largely delayed in the interaction-defective mem10AC mutant. /n vivo
DH separation assay in WT (left panel) or mem10AC mutant (right panel) was carried out as
described in Figure 1F. Cells were synchronized in G1 and released for the indicated time at
25°C. The SN2 fraction was prepared. Mcm2-GFP in the SN2 fraction was precipitated by
GBP beads and probed with anti-Mcmz2 antibodies. Results from independent experiments
are presented as “#1”, “#2” and “#3”. The representative flow cytometry profiles are shown
in Figure S5A.

(C) The relative amounts of DH MCM during cell cycle progression. Quantification was
carried out as described in Figure 2F. The average and standard deviation are calculated
from the results of at least three independent experiments. A-value <0.01 and 0.05 are
donated as “**” and “*”, respectively. See Figure S5B for the raw data and detailed
quantification.
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