Incorporation into the prereplicative
complex activates the Mcm2-7 helicase
tor Cde7-Dbt4 phosphorylation
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The essential S-phase kinase Cdc7-Dbf4 acts at eukaryotic origins of replication to trigger a cascade of protein
associations that activate the Mcm2-7 replicative helicase. Also known as Dbf4-dependent kinase (DDK), this
kinase preferentially targets chromatin-associated Mcm2-7 complexes that are assembled on the DNA during
prereplicative complex (pre-RC) formation. Here we address the mechanisms that control the specificity of DDK
action. We show that incorporation of Mcm2-7 into the pre-RC increased the level and changes the specificity of
DDK phosphorylation of this complex. In the context of the pre-RC, DDK preferentially targets a conformation-
ally distinct subpopulation of Mcm2-7 complexes that is tightly linked to the origin DNA. This targeting requires
DDK to tightly associate with Mcm2-7 complexes in a Dbf4-dependent manner. Importantly, we find that DDK

association with and phosphorylation of origin-linked Mcm2-7 complexes require prior phosphorylation of the
pre-RC. Our findings provide insights into the mechanisms that ensure that DDK action is spatially and
temporally restricted to the origin-bound Mcm2-7 complexes that will drive replication fork movement during S
phase and suggest new mechanisms to regulate origin activity.
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Eukaryotic DNA replication initiates from hundreds of
different sites in the genome called origins of replication.
These events are tightly controlled during the cell cycle
to ensure that no origin initiates more than once in
a given cell cycle yet all chromosomal DNA is com-
pletely replicated (Arias and Walter 2007). Central to this
control is the strict temporal separation of helicase
loading (late M and G1 phase) and helicase activation (S
phase) during the cell cycle. A cascade of carefully ordered
protein-DNA and protein—protein interactions controls
these events. The origin recognition complex (ORC)
bound to origin DNA initiates helicase loading by recruit-
ing Cdc6 and Cdtl. Together these proteins load the
Mcm2-7 helicase onto the origin to form the prereplica-
tive complex (pre-RC) (Stillman 2005). This complex
marks and licenses all potential origins of replication.
As cells enter S phase, activation of two S-phase-specific
protein kinases—Clb5,6/Cdc28 (S-CDK) and the Dbf4-
dependent kinase (DDK), Cdc7—triggers initiation of
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replication at pre-RCs. S-CDK and DDK stimulate a cas-
cade of initiation factor interactions that results in the
activation of the Mcm2-7 helicase (for review, see Aparicio
et al. 2006; Labib and Gambus 2007). Once activated,
Mcm2-7 unwinds origin DNA to provide the ssDNA
template required to recruit the remaining DNA synthe-
sis machinery and to assemble a pair of bidirectional
replication forks (Takeda and Dutta 2005).

The targets and consequences of S-CDK and DDK
during replication initiation are only now being under-
stood. Recent studies have demonstrated that S1d2 and
SId3 are the only replication proteins that must be
phosphorylated by S-CDK to allow the initiation of
replication in Saccharomyces cerevisiae cells (Tanaka
et al. 2007; Zegerman and Diffley 2007). S-CDK phos-
phorylation of each protein stimulates its association
with a third replication factor, Dpbl11. SId3 and Dpbl1
are required to recruit Cdc45, GINS, and DNA poly-
merases to the origin DNA, although exactly how the
S1d2/S1d3/Dpb11 complex stimulates replication initia-
tion remains unknown (Labib and Gambus 2007).

The replication proteins targeted by DDK and the
consequences of these modifications are less well un-
derstood. In vitro assays have shown that DDK can
phosphorylate multiple subunits of the Mcm2-7 complex
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(Weinreich and Stillman 1999; Kihara et al. 2000), Cdc45
(Nougarede et al. 2000), and DNA Pol a (Weinreich and
Stillman 1999). Of these proteins, both in vivo and in
vitro studies suggest that Mcm2-7 subunits are most
likely to be the essential DDK targets (Hardy et al. 1997;
Lei et al. 1997; Masai and Arai 2002; Cho et al. 2006;
Masai et al. 2006). DDK activity is required for robust
association of Cdc45 with chromatin (Walter 2000; Zou
and Stillman 2000), and recent studies suggest that Cdc45
and the four-protein GINS complex associate with and
activate the helicase activity of the Mcm2-7 complex
(Gambus et al. 2006; Moyer et al. 2006; Pacek et al. 2006).
This has led to the hypothesis that DDK phosphorylation
causes helicase activation by stimulating the formation
of this Cdc45/Mcm2-7/GINS (CMG) complex (Moyer
et al. 2006).

The localization of DDK to origins of replication is
critical to correctly regulate DNA replication. DDK
activity is limiting in cells, acting on individual origins
as they initiate DNA replication throughout S phase
(Bousset and Diffley 1998; Donaldson et al. 1998; Patel
et al. 2008). Thus, DDK must phosphorylate its target(s)
after association with the origin rather than globally
modifying its target(s) prior to their origin association.
Consistent with this requirement, in vivo studies suggest
that DDK preferentially phosphorylates chromatin-
bound Mcm2-7 (Sheu and Stillman 2006), and several
lines of evidence indicate that DDK is recruited to origins
of replication. One-hybrid assays in S. cerevisiae cells
showed that Dbf4 associates with origins in an ORC-
dependent manner (Dowell et al. 1994). Studies per-
formed in Xenopus extracts indicate that Cdc7 associates
with chromatin in a Dbf4- and pre-RC-dependent manner
(Jares and Blow 2000; Edwards et al. 2002; Jares et al.
2004). The pre-RC components Mcm2, Mcm4, Orc2, and
Orc3 have each been identified as binding partners for
Dbf4 (Duncker et al. 2002; Varrin et al. 2005; Sheu and
Stillman 2006), suggesting that Dbf4 recruits Cdc7 to the
origin. Despite these observations, the mechanisms of
DDK recruitment to the origin and how this event is
regulated remain unclear.

We sought to gain a mechanistic understanding of how
DDXK is targeted to the pre-RC. We found that incorpora-
tion into the pre-RC resulted in changes in both the level
and specificity of Mcm2-7 phosphorylation by DDK.
Using in vitro assembled pre-RCs as a substrate, we found
that this activation of Mcm2~-7 phosphorylation by DDK
required a stable interaction between Mcm2-7 and DDK.
In the context of the pre-RC, DDK preferentially phos-
phorylated Mcm2-7 complexes that were most tightly
associated with origin DNA. Intriguingly, DDK binding
to and phosphorylation of pre-RC Mcm2-7 required prior
phosphorylation of the Mcm2-7 complex, suggesting the
existence of a distinct kinase that targets Mcm2-7
proteins only after they are recruited to the origin
DNA. Consistent with this hypothesis, we show that
pre-RC Mcm2-7 is differentially phosphorylated by a ki-
nase other than DDK. Together, our findings support
a model in which changes in Mcm2-7 conformation and
phosphorylation result in the selective recruitment of
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DDK to a subset of origin-bound Mcm2-7 and that this
recruitment ensures that DDK acts in the correct spatial
and temporal fashion.

Results

DDK preferentially targets pre-RC Mcm2-7 proteins

To study the phosphorylation of the pre-RC by DDK, we
purified DDK from S. cerevisiae cells that overexpressed
epitope-tagged Cdc7 and Dbf4. Both wild-type DDK and
a “kinase-deficient” DDK (DDK-KD) that incorporated
Cdc7 with a point mutation in the ATP-binding site
(Ohtoshi et al. 1997) were purified. The final preparations
were composed of Cdc7 and Dbf4 in an equimolar ratio
(Fig. 1A). Consistent with previous reports (Kihara et al.
2000), when incubated with [y-32P]ATP, wild-type DDK
exhibited robust autophosphorylation, and this activity
was significantly reduced for the DDK-KD preparation
(Fig. 1B.

We tested the kinase activity of the purified DDK using
several Mcm substrates: purified Mem6, purified Mcm2-
7 complex, and Mcm2-7 in the context of the pre-RC.
The pre-RC substrate was made by in vitro assembly on
origin DNA linked to magnetic beads (Seki and Diffley
2000; Bowers et al. 2004). We incubated each of these
substrates with wild-type and kinase-deficient DDK in
the presence of [y->2P]JATP and measured their relative
levels of phosphorylation. Although the molarity of DDK
and Mcm2-7 (or Mcm6) proteins was equal in the three
reactions, we observed significantly more phosphorylated
protein at the molecular weight of the Mcm2-7 proteins
when the pre-RC was used as a substrate (Fig. 1B, cf. lanes
1,3,5). These modifications are DDK-dependent as they
are uniformly reduced when DDK-KD is substituted for
DDK (Fig. 1B, cf. lanes 1,3,5 and lanes 2,4,6). The two
reactions containing Mcm2-7 and wild-type DDK (Fig.
1B, lanes 1,3) showed distinct patterns of phosphoryla-
tion, indicating that both the extent and specificity of
DDK phosphorylation of Mcm2-7 were altered in the
context of the pre-RC. To ask more directly whether
association with origin DNA led to enhanced DDK
targeting of Mcm2-7, we took advantage of our finding
that a subset of Mcm2-7 complexes is released from
origin DNA after pre-RC formation (Fig. 1C; Supplemen-
tal Fig. 1). Although DDK showed the same robust
modification of the proteins that remained associated
with origin DNA (which we show are Mcm subunits
below), the released Mcm2-7 complexes were phosphor-
ylated at a 10-fold lower level (Fig. 1D).

DDK targets Mcm2, Mcm4, and Mcmé6 in the context
of the pre-RC

Because other proteins cofractionate with origin DNA
after in vitro pre-RC formation (e.g., Abf1) (J.C.W. Randell,
unpubl.), it was important to confirm that the proteins
modified by DDK were pre-RC components. To this end,
we asked whether the DDK-modified proteins required
the ORC DNA-binding site to associate with DNA. When
pre-RCs were assembled on wild-type origin DNA and
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Figure 1. DDK preferentially targets pre-RC Mcm2-7 proteins. (A) S. cerevisiae DDK kinase was purified from asynchronous yeast
cells overexpressing Cdc7-proA and Dbf4-CBP. Purified DDK protein (625 ng) was analyzed by SDS-PAGE separation and stained by
Sypro Orange. Lanes: (WT) wild type; (KD) kinase-deficient. Note that the faster migration of the DDK-KD subunits during SDS-PAGE
is due to reduced autophosphorylation. (B) Phosphorylation of different Mcm substrates by DDK. Wild-type or kinase-deficient DDK
(350 fmol) was incubated with pre-RC Mcm2-7 (100 fmol), baculovirus-purified Mcm2-7 (100 fmol), or purified Mcm6 (100 fmol) at
25°C for 15 min in the presence of [y-*’P]JATP. Samples were analyzed for the presence of Mcm?2-7 by immunoblotting, and
phosphorylation was detected by autoradiography. (C) Experimental outline for D. DNA-bound pre-RCs were incubated with H/150
mM KGlut for 30 min at 25°C. Bead-bound DNA was isolated and separated from the buffer supernatant. DDK or DDK-KD and [y-
32P|ATP was added to the proteins remaining bound to the DNA and to the proteins that dissociated from the DNA. (D] DDK

preferentially phosphorylates DNA-bound Mcm2-7 complexes. The experiment was performed as described in C.

treated with DDK, we observed five phosphorylated
proteins (Fig. 2A, lane 5, labeled A-E). The two strongly
phosphorylated, lower-molecular-weight proteins were
the result of DDK autophosphorylation and correspond
to Dbf4 and Cdc7 (proteins D and E, respectively). The
remaining phosphorylated proteins (A, B, and C) showed
the properties of pre-RC components targeted by DDK:
They were only present when wild-type origin DNA was
used in the pre-RC assembly reaction (Fig. 2A, cf. lanes 5
and 6), and phosphorylation of these proteins was not
observed with kinase-deficient DDK (Fig. 2A, cf. lanes 5
and 7). Note that DDK was added after pre-RC formation
and purification and is therefore present in all reactions.

To address whether the modified proteins were Mcm2—
7 subunits, we assembled pre-RCs using extracts derived
from cells that expressed individual epitope-tagged ver-
sions of each of the Mcm2-7 proteins (except Mcm3). The
use of a large epitope tag (an 80-amino-acid biotin-accept-
ing peptide) ensured that if a Mcm protein were the target
of DDK phosphorylation, the corresponding radiolabeled
band would have a substantially altered mobility in the
epitope-tagged extract. Pre-RC complexes assembled us-
ing the Mcm6 and Mcm4 epitope-tagged strains altered
the mobility of two radiolabeled proteins (corresponding
to A and B in Fig. 2A, respectively), identifying these
Mcm proteins as the most prominently phosphorylated
subunits (Fig. 2B, lanes 3,5). Likewise, a less prominently
phosphorylated protein migrating faster than Mcm4 and
Mcm6 was identified as Mcm2 (Fig. 2B, lane 2, corre-

sponding to protein C in A; see Supplemental Fig. 2 for an
enlarged view of the relevant lanes). Two remaining
labeled proteins were observed both with wild-type and
mutant origin templates and, therefore, were not compo-
nents of the pre-RC and were not analyzed further.
Although it was possible that DDK treatment would
alter the association of one or more pre-RC components
with the origin, we saw no DDK-dependent changes in
ORC, Mcm?2-7, or Cdc6 origin association (Supplemental
Fig. 3; data not shown). Thus, we conclude that Mcm4
and Mcm6, and, to a lesser extent, Mcm2 are targets of
DDK in the context of the pre-RC.

DDK preferentially modifies ‘loaded’ Mcm2-7 in an
ORC-independent manner

Only a subset of Mcm2-7 complexes in eukaryotic cells
participates in DNA replication. Both in vivo and in vitro
studies indicate that origin DNA-associated Mcm2-7
complexes can be divided into two classes: (1) associated
Mcm2-7 complexes, which require the ongoing presence
of other pre-RC components to interact with origin DNA/
chromatin; and (2) loaded Mcm2-7 complexes, which
maintain their association with origin DNA/chromatin
in the absence of other pre-RC components (Donovan
et al. 1997, Rowles et al. 1999; Edwards et al. 2002;
Bowers et al. 2004). Importantly, studies in Xenopus ex-
tracts strongly suggest that the loaded subset of Mcm2-7
complexes is sufficient to direct DNA replication (Rowles
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Figure 2. DDK phosphorylates Mcm2, Mcm4, and Mcm6 in
the context of the pre-RC. (A) DDK phosphorylation of purified
pre-RCs. Pre-RC assembly assays were performed with DNAs
including wild-type (WT) or a mutant ARSI lacking an ORC
DNA-binding site (A—). DNA-associated proteins were treated
with DDK or DDK-KD in the presence of [y->>P]ATP for 15 min
at 25°C. (Left panel) Samples were separated by SDS-PAGE, and
ORC, Cdc7, Dbf4, and Mcm2-7 proteins were detected by
immunoblotting. (Right panel) The resulting blot was also
analyzed by autoradiography, and the major phosphoproteins
are labeled A-E. (B) Mcm2, Mcm4, and Mcm6 are phosphory-
lated by DDK. Pre-RCs were assembled with wild-type- and A-
ARS1-containing DNAs using extracts in which the indicated
Mcm subunit was epitope-tagged. An extract with untagged
Mcm2-7 subunits was also tested. Pre-RCs were then treated
with wild-type DDK kinase in the presence of [y-3*P]ATP.
Samples were analyzed by SDS-PAGE followed by immunoblot-
ting and autoradiography. Arrows indicate the bands that were
shifted when tagged with BCCP. Asterisks (*) indicate origin-
independent phosphoproteins.

et al. 1999). These different forms of Mcm2-7 can be
biochemically separated from one another by high-salt
extraction of pre-RCs (Donovan et al. 1997; Rowles et al.
1999; Edwards et al. 2002; Bowers et al. 2004). Only
loaded Mcm2-7 is retained on the origin DNA after
a high-salt wash. ORC, Cdc6, Cdtl, and associated
Mcm2-7 are quantitatively removed from the DNA by
this treatment.

If loaded Mcm2-7 complexes are those that are des-
tined for incorporation into replication forks, targeting
the limiting amounts of DDK to this subset of helicases
could prevent inappropriate helicase activation and in-
crease the efficiency of replication initiation. To ask if
DDK preferentially targets loaded Mcm2-7 complexes,
we treated pre-RCs with DDK, allowing equal access to
loaded and associated Mcm2-7. Subsequently, we sepa-
rated loaded from associated Mcm2-7 complexes and
determined the level of DDK phosphorylation (Fig. 3A).
Interestingly, loaded Mcm2-7 was consistently more
heavily phosphorylated than associated Mcm2-7 (Fig. 3B,
cf. lanes 5 and 6), and this difference was primarily the
result of increased phosphorylation of Mcm4 and Mcmé.

To address the preferential targeting of loaded Mcm2-7
in a different manner, we assembled pre-RCs using an
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ATPase-defective Cdc6 (Cdc6-E224G) that inhibits the
formation of loaded Mcm2-7 (Fig. 3B, lane 3; Perkins and
Diffley 1998; Randell et al. 2006). Consistent with loaded
Mcm2-7 complexes being a preferred substrate, DDK
showed significantly reduced levels of Mcm2-7 phos-
phorylation when Cdc6-E224G was used during pre-RC
formation (Fig. 3B, lanes 7,8). Due to residual ATPase
activity, Cdc6-E224G supports a low level of Mcm2-7
loading (Fig. 3B, lane 4; Randell et al. 2006). It is
noteworthy that these loaded Mcm2-7 complexes are
also preferentially modified (Fig. 3B, cf. Mcm2-7 levels in
lanes 3,4 and Mcm4 and Mcm6 phosphorylation in lanes
7,8). We conclude that DDK preferentially phosphory-
lates loaded Mcm2-7.

Previous two-hybrid studies indicate that Dbf4 binds to
multiple ORC subunits (Duncker et al. 2002), suggesting
that such an interaction could facilitate preferential DDK
targeting of pre-RC Mcm2-7. In support of this hypoth-
esis, in both situations in which we observe differential
DDK phosphorylation of Mem2-7 (Figs. 1D, 3B), the
preferred targets were associated with ORC-bound
DNA. To address whether ORC facilitates DDK target-
ing, we compared DDK phosphorylation of pre-RC
Mcm?2-7 before and after high-salt extraction (Fig. 3C).
Because high-salt extraction removes ORC from origin
DNA, only the reactions that are not salt-extracted will
retain ORC. Although there was less Mcm2~7 complex in
the high-salt-extracted reactions (due to removal of
associated Mcm2-7), autoradiography showed similar
levels of DDK phosphorylation for both populations of
Mcm?2-7 complexes (Fig. 3D). Thus, the presence of ORC
in the pre-RC was not required for the preferential
phosphorylation of loaded Mcm2~7 by DDK.

Loaded and associated Mcm2-7 complexes are
conformationally distinct

Because DDK retains its preferential targeting of loaded
Mcm2-7 in the absence of other pre-RC components, we
asked if there was a conformational difference between
loaded and associated Mcm2-7. To test this possibility,
we compared their protease accessibility. Associated
Mcm2-7 showed significantly more susceptibility to
proteolysis compared with loaded Mcm2-7 (Fig. 4). This
difference was revealed by the relative stability of full-
length Mcm2-7 protein (Fig. 4, cf. lanes 5 and 15), the
appearance of degradation intermediates (cf. the 110-kDa
and 82-kDa intermediates), and the distinct pattern of
degradation intermediates. In each case, these changes
required significantly more protease in the case of the
loaded Mcm2-7 compared with the associated Mcm2-7.
The relative protease resistance of the loaded complexes
is not due to other pre-RC components since the high-salt
wash used to isolate loaded Mcm2-7 removes all other
pre-RC proteins from the DNA (Randell et al. 2006). It is
more likely that the altered accessibility of loaded
Mcm2-7 is due to the mechanism by which these com-
plexes maintain tight association with the origin DNA
(e.g., by encircling the DNA). These findings strongly
suggest that the dissimilar conformations of loaded and
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Figure 3. DDK preferentially phosphorylates loaded Mcm2-7 complexes. (A) Experimental outline for B. DNA-bound pre-RCs were
first incubated with either DDK or DDK-KD and [y-3*P]ATP at 25°C. After 15 min, the reactions were incubated with H/500 mM NaCl
(which also inactivates DDK) (Kihara et al. 2000). The abundance and levels of DDK phosphorylation of associated (A) and loaded (L)
Mcm2-7 complexes were analyzed by immunoblotting and autoradiography. (B) DDK preferentially phosphorylates loaded Mcm2-7
complexes. The experiment was performed as described in A. Pre-RCs were assembled using either wild-type Cdc6 (WT) or the ATPase-
defective Cdc6-E224G (E224G) as indicated. (C) Experimental outline for D. Pre-RCs were assembled and either washed with H buffer
containing 300 mM KGlut (“low-salt wash”) or 500 mM NaCl (“high-salt wash”). The DNA beads were exchanged into kinase buffer and
incubated with DDK and [y-32P]JATP. DDK phosphorylation and Mcm2-7 and ORC association with origin DNA were measured as in
Figure 2A. (D) ORC is not required for DDK phosphorylation of Mcm2~7. The experiment was performed as described in C.

associated Mcm2-7 present a distinctly different target
for the enzymes acting on them whether these enzymes
are proteases or kinases.

multiple ORC subunits, Mcm2 and Mcm4 (Duncker et al.
2002; Varrin et al. 2005; Sheu and Stillman 2006). Thus,
DDK binding to the pre-RC might be a factor in targeting

of pre-RC Mcm2~7 complexes. To test this possibility, we
asked if purified DDK specifically bound pre-RCs. We
repeated the pre-RC phosphorylation experiment de-
scribed above; however, after DDK addition, we reiso-
lated the origin DNA and any associated DDK.

DDK binds to the pre-RC

Previous studies established that Dbf4 is recruited to an
origin in vivo (Dowell et al. 1994) and that Dbf4 binds to
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Figure 4. Loaded and associated Mcm2-7 complexes are conformationally distinct. Limited trypsin digestion of loaded and associated
Mcm2-7. To isolate loaded Mcm2-7, assembled pre-RCs were washed with high-salt buffer. To enrich for associated Mcm2-7, pre-RCs
were assembled using Cdc6-E224G. The resulting Mecm2-7 complexes were washed with buffer compatible with trypsin and treated
with the indicated amounts of TPCK-treated trypsin for 25 min at 25°C. Samples were analyzed by SDS-PAGE followed by
immunoblotting for the Mecm2-7 complexes. (*) Full-length Mecm2-7 proteins; (®) degradation intermediates present in both proteolysis
profiles; (A) degradation intermediates present in the proteolysis profiles of the associated Mcm2-7 complexes but not in that of the
loaded Mcm2-7 complexes. Note that the use of a 4%-20% polyacrylamide gel resulted in the intact Mcm2-7 proteins migrating as
a single broad band.
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Importantly, this analysis revealed that in addition to the
pre-RC components, both Cdc7 and Dbf4 copurified with
the wild-type origin DNA but not DNA containing
a mutant origin (Fig. 5A).

Which pre-RC protein factors are required to recruit
DDK to origin DNA? We first addressed whether ORC
could recruit DDK independently of other pre-RC com-
ponents. Using extracts lacking Cdc6, we prepared DNA
templates associated with ORC but lacking other pre-RC
components (Fig. 5B, lane 1). Although we observed
robust association of ORC with the DNA, no DDK
association was detected (Fig. 5B, lanes 1,2). Thus, ORC
was not sufficient to recruit DDK.

To address the role of Mcm2-7 in recruiting DDK to
origin DNA, we assembled pre-RCs and treated them
with a high-salt wash. After normalizing the amount of
Mecm2-7 in the high-salt- and low-salt-washed pre-RCs,
we determined DDK association with each fraction. DDK
associated with both complexes to a similar extent (Fig.
5C, cf. lanes 1 and 3). We conclude that DDK is recruited
to the origin DNA through interactions with the Mcm2-7
complex. Quantification of the DNA-associated ORC,
Mcm2-7 and DDK support this conclusion. At saturating
DDK levels, DDK and MCM complexes are present on
origin DNA in equimolar amounts (~100 fmol per pmol
of origin DNA), whereas ORC is present at approximately
fivefold higher levels. This is consistent with our pre-
vious findings that only a fraction of ORC-bound origins
successfully recruit the Mcm2-7 complex (Bowers et al.
2004).

The findings presented thus far suggest that the differ-
ential ability of DDK to phosphorylate different Mcm2-7
populations is mediated by distinct DDK binding or

Figure 5. DDK associates with the pre-RC in an Mcm?2-7-
dependent manner. (A) DDK associates with the pre-RC. Pre-

RC assembly assays were performed using DNA containing A.
wild-type (WT) or a mutant ARSI lacking an ORC DNA-
binding site (A—). DNA-associated proteins were then in-
cubated with DDK and ATP. After DDK incubation, the DNA-
associated proteins were isolated and analyzed by SDS-PAGE

and immunoblotting. (B) ORC is not sufficient to recruit DDK.

DDK association with the pre-RC was measured as in A
except Cdc6 was not included in the pre-RC reactions labeled
“ORC” (shown in lanes 1,2). Without Cdc6, ORC binds to the
DNA but cannot recruit Cdtl or the Mcm2-7 complex
(Randell et al. 2006). (C) The Mcm2-7 complex is sufficient

for recruitment of DDK. DDK association with the pre-RC C
was measured as in A except that the pre-RC complexes in the :
reactions shown in lanes 3 and 4 were washed with high-salt
buffer before DDK addition. (D) DDK binds associated and
loaded Mcm2-7 with similar affinity. DDK association with

the pre-RC was measured as in A except that only wild-type
ARSI DNA was used. Pre-RC complexes were formed with
wild-type Cdc6 (lanes 1,2) and with the ATPase-defective
Cdc6E224G (lanes 3,4). After assembly, the pre-RC complexes
shown in lanes 1 and 3 were washed with low-salt buffer and

in lanes 2 and 4, with high-salt buffer. Note: To normalize the
levels of Mcm2~7, more DNA was used in lane 3 as compared

with lane 7, resulting in increased ORC levels.
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ARSI DNA: WT A-

phosphorylation efficiency. To determine if loaded
Mcm2-7 is preferentially bound by DDK, we prepared
equal amounts of loaded (salt-resistant), associated (pre-
pared using Cdc6-E224G), or a mixed population (stan-
dard pre-RC assembly reaction) of Mcm2-7 complexes
and measured DDK binding to each preparation. DDK
associated with all three populations of the Mcm2-7
complex to a similar extent (Fig. 5D, cf. lanes 1 [mixed],
2 [loaded], 3 [associated]). Salt extraction of the reaction
assembled with Cdc6-E224G removed all but a small
amount of the Mecm2-7 protein (Fig. 5D, lane 4), demon-
strating that the majority of the Mcm2-7 complexes
shown in Figure 5D, lane 3, were associated with the
DNA, rather than loaded. Moreover, only a small amount
of DDK binding was observed in this reaction, demon-
strating that DDK was specifically binding to Mcm2-7
protein (Fig. 5D, lane 4). These findings indicate that
DDK binds equally well to loaded and associated Mcm2—
7. Thus, DDK binding to the Mcm2-7 complex is not
responsible for the differential phosphorylation of these
two populations by DDK.

Previous studies have found that Mcm10 stimulates
DDK phosphorylation of Mcm2-7 (Lee et al. 2003). To
address the role of Mcm10 in the context of our pre-RC/
DDK assay, we immunodepleted Mcm10 or mock-de-
pleted a Gl-arrested yeast extract and then assembled
pre-RCs (Supplemental Fig. 4A). Consistent with in vivo
studies (Ricke and Bielinsky 2004), depletion of Mcm10
did not reduce pre-RC formation, nor did it reduce DDK
binding to or phosphorylation of pre-RC Mcm2-7 (Sup-
plemental Fig. 4B). Therefore, Mcm10 is not involved in
the observed preferential phosphorylation of pre-RC
Mcm2-7.

Full
ORC Pre-RC

B. Arsipna: wr A- WT A

Mcm2-7 L Mcem2-7
Dbf4 E Dbfs
Cde7 [m | —_—
Orcd
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ARSI DNA: WT A- WT A- Cde6:  WT E224G
Salt extraction: - + - +
Mem?2-7
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The N terminus of Dbf4 mediates Mcm2-7 binding
and phosphorylation

We next addressed what part of DDK is required for
association with the pre-RC and what the consequences
of disrupting this association are. Previous studies
showed that the N-terminal half of Dbf4 is critical for
recruitment of DDK to the origin and that the C-terminal
half is required to bind the Cdc7 kinase (Fig. 6A; Dowell
et al. 1994). For this reason, we asked if DDK with amino
acids 110-296 deleted from the N-terminal region of Dbf4
was able to bind and phosphorylate pre-RCs. This Dbf4
mutant is unable to complement a DBF4 deletion and is
defective in two-hybrid interactions with Mcm2 and
Orc2, but retains the ability to interact with Cdc7
(Duncker et al. 2002; Varrin et al. 2005). We found that
the variant DDK (DDK-Dbf42!192%) retained similar
levels of autophosphorylation, indicating that DDK ki-
nase activity was not defective in the mutant (Fig. 6B, cf.
lanes 9,10 and lanes 13,14). In contrast, DDK-Dbf44110-
296 was strongly defective in the association with the pre-
RC (Fig. 6C) and phosphorylation of Mcm4 and Mcm6
(Fig. 6B, cf. lanes 9 and 13). Interestingly, the DDK-
DDbf4A2110-2% kinase retained substantial Mcm?2 phosphor-
ylation, suggesting that DDK uses a distinct mechanism
to target this subunit. These findings indicate that the N-
terminal region of Dbf4 mediates the association of DDK
with pre-RC Mcm2-7 and that this association is required
for DDK to phosphorylate Mcm4 and Mcmé.

Prior phosphorylation of the pre-RC is required for
DDK to target Mcm2-7

Previous studies have shown that DDK phosphorylation
of Mcm2 is dramatically increased when it has been
previously phosphorylated (Kihara et al. 2000; Cho et al.
2006; Montagnoli et al. 2006). Furthermore, several
Mcm2-7 subunits have been shown to be phosphopro-

Targeting DDK to origin-bound Mcm2-7

teins in G1 cells in vivo (Young and Tye 1997; Li et al.
2007). Therefore, we asked whether prior phosphoryla-
tion of pre-RC Mcm2-7 complexes influenced their
ability to be bound and/or phosphorylated by DDK. To
test this hypothesis, pre-RCs were prepared and treated
with N-phosphatase. After washing away the phospha-
tase, the ability of the dephosphorylated Mem2-7 to bind
to and act as a substrate for DDK was determined.
Dephosphorylation of the pre-RC had two consequen-
ces. First, dephosphorylated Mcm2-7 lost the ability to
bind DDK (Fig. 7A, cf. lanes 1 and 3). This loss of binding
is not due to the displacement of Mcm2~7 proteins from
the DNA, as immunoblotting showed no change in ORC
or Mcm2-7 origin association after phosphatase treat-
ment (Fig. 7A). Second, prior phosphatase treatment
dramatically reduced DDK phosphorylation of Mcm4
and Mcm6 (Fig. 7B). Importantly, we continued to see
robust autophosphorylation of Cdc7 and Dbf4 after phos-
phatase treatment (Supplemental Fig. 5), indicating that
the defect in Mcm4 and Mcm6 phosphorylation was not
due to incomplete phosphatase removal. Overall, these
data provide strong evidence that targeting of pre-RC
Mcm?2-7 by DDK is regulated by prior phosphorylation.
These observations raise the interesting question of
whether the priming phosphorylation event is itself
specific to DNA-bound Mcm2-7. We found that Mcmé6
often migrates as a doublet even in experiments with
kinase-deficient DDK (e.g., Fig. 6B). We asked whether
this doublet is due to DDK-independent but pre-RC-
specific phosphorylation of Mcmé6. We compared the
migration pattern of Mcm2-7 from whole-cell extract
(Fig. 7C, lane 1) with Mcm2-7 found in the supernatant
(Fig. 7C, lane 2) and DNA fractions (Fig. 7C, lane 3) of the
pre-RC assembly reaction. We found that only Mcm6 that
had been incorporated into the pre-RC showed a clear
doublet. Importantly, this doublet was eliminated by
phosphatase treatment (Fig. 7C, cf. lanes 3 and 4). Because

Immunoblot
A. B Dbf4: WT  A110-296
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pre-RCs was measured as described in Figure 5A.
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Figure 7.  Prior phosphorylation of the pre-
RC Mcm?2-7 is required for DDK binding to
and phosphorylation of the Mcm2-7 com-
plex. (A) DDK does not bind to dephosphory-
lated pre-RCs. Pre-RCs were assembled,
then either treated or mock-treated with \-
phosphatase for 5 min at 25°C. After wash-
ing away the phosphatase, the pre-RCs were
washed and incubated with DDK or DDK-
KD and ATP. The DNA-bound proteins were
isolated following the DDK incubation and
analyzed by immunoblotting. (B) DDK
requires prior phosphorylation of the
Mcm2-7 complex to phosphorylate Mcm4
and Mcmé. Pre-RCs were assembled and
washed in H/500 mM NaCl, then either
treated or mock-treated with A\-phosphatase
for 5 min at 25°C. Treated Mcm2-7 com-
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plexes were then washed and incubated
with wild-type and mutant DDK and [y-
32P]JATP. The DNA-bound proteins were

» Immunoblot

isolated following the DDK incubation and
analyzed by SDS-PAGE followed by autora-
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diography. (C) Mcm6 is phosphorylated in the context of the pre-RC even in the absence of DDK. Whole-cell extract (WCE; lane 1) was
analyzed by SDS-PAGE followed by immunoblotting, along with the supernatant and DNA-bound fractions from a pre-RC assembly
reaction performed without subsequent DDK treatment (lanes 2,3), and phosphatase-treated pre-RCs (lane 4).

these reactions were performed in the absence of DDK
and the G1 extracts used for the assembly reaction lack
Dbf4, this phosphorylation must be due to either the
preferential incorporation of a small subset of phosphor-
ylated Mcm2-7 or Mcmb6 is phosphorylated by an un-
known kinase during or after pre-RC assembly. Such an
activity could be a key contributor to the targeting of
DDK to Mcm2-7 complexes at the origin.

Discussion

DDK activity is required to recruit Cdec45 and GINS to
origins (Zou and Stillman 2000; Kanemaki and Labib
2006), both of which are likely activators of the Mcm2-7
helicase in vivo (Moyer et al. 2006). Only a fraction of
Mcm2-7 is recruited to origins (Donovan et al. 1997;
Liang and Stillman 1997; Mendez and Stillman 2000), and
only a subset of these chromatin-associated Mcm2-7
complexes participate in replication forks (Edwards
et al. 2002; Gambus et al. 2006; Ge et al. 2007). Thus, it
is likely that Mcm2-7 helicase activation is restricted in
the cell. One mechanism to achieve this restriction
would be to target DDK to a subset of Mcm2-7 com-
plexes. Consistent with this hypothesis, studies of DDK
action suggest that it is either limiting or restricted in its
function during S phase (Bousset and Diffley 1998;
Donaldson et al. 1998; Patel et al. 2008), and a separate
study suggests that the chromatin-associated subset of
Mcm2-7 is preferentially targeted by DDK (Sheu and
Stillman 2006).

Here we used a biochemical approach to investigate the
mechanisms that direct DDK to phosphorylate Mcm2-7
in the context of the pre-RC. Our findings indicate that
assembly into the pre-RC changes the Mcm2-7 subunits
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phosphorylated by DDK and increases the overall level of
phosphorylation. DDK stably associates with origin-
bound Mcm2-7 complexes, and this interaction is re-
quired for DDK phosphorylation of origin-bound Mcm4
and Mcm6. Interestingly, we find that DDK preferentially
phosphorylates the loaded subset of Mcm2-7 complexes
that are most tightly bound to the origin. Finally, we
provide evidence that prior phosphorylation of Mcm2-7
is required for DDK to bind to and preferentially modify
Mcm2-7 in the context of the pre-RC. Taken together,
our studies support a model in which the loading of
Mcm2-7 onto origin DNA facilitates their subsequent
activation by enhancing their recruitment of and further
phosphorylation by DDK.

Incorporation into the pre-RC activates Mcm2-7 for
DDK phosphorylation

Incorporation into the pre-RC alters DDK phosphoryla-
tion of Mcm2-7 in several ways, each of which serves to
focus DDK activity on the subset of Mcm2-7 complexes
that are most likely to participate in chromosome repli-
cation. First, the absolute level of Mcm2-7 phosphoryla-
tion by DDK is increased in the context of the pre-RC.
This observation can explain the previously observed
preference of DDK to modify chromatin-associated
Mcm2-7 (Sheu and Stillman 2006). Second, the pattern
of Mcm subunit phosphorylation is altered in the context
of the pre-RC. Mcm4 and Mcm6 are the preferred
substrates, whereas Mcm2. is preferred when the complex
is away from the origin. Consistent with this preference,
analysis of DDK function in S. cerevisiae and Schizosac-
charomyces pombe cells suggests that Mcm4 is a critical
target of DDK (Masai et al. 2006; Sheu and Stillman 2006).



Finally, we see that the loaded subset of Mcm2-7 com-
plexes is the preferred substrate for DDK. Studies in
Xenopus extracts indicate that these tightly DNA-linked
Mcm2-7 complexes are sufficient for full replication
activity, suggesting that this subset is normally selected
for replication fork assembly (Rowles et al. 1999). Overall,
these findings can explain how the limiting amount of
DDK in cells is targeted to a critical fraction of Mcm2-7
at the origin.

The changes in Mcm2-7 phosphorylation upon pre-RC
formation require the ability of DDK to stably interact
with Mcem2-7. We observe that DDK binds tightly to the
Mcm2-7 complex. Interfering with this Mcm2-7-DDK
docking event by deleting a N-terminal segment of the
Dbf4 protein (Dbf42!1192%%) also eliminates preferential
targeting of pre-RC Mcm2-7 (Fig. 6). This mutation does
not alter DDK autophosphorylation, suggesting that the
primary defect of this mutant is in kinase targeting. This
view is supported by studies that indicate that this region
of Dbf4 is required for a one-hybrid interaction with
origin DNA and interacts with at least one Mcm2-7
subunit (Dowell et al. 1994; Varrin et al. 2005). This Dbf4
mutant is unable to complement a DBF4 deletion (Varrin
et al. 2005), indicating that the function mediated by this
region is critical for DNA replication, which is the only
essential function for Dbf4 in mitotic cells (Jackson et al.
1993; Hardy et al. 1997). Dephosphorylation of pre-RC
Mcm2-7 also inhibits DDK-Mcm2-7 docking. Impor-
tantly, phosphatase treatment results in the same reduc-
tion in Mcm4 and Mcm6 phosphorylation as seen for the
Dbf441192% mutation, further supporting the conclusion
that DDK docking to Mcm2-7 is required for enhanced
Mcm2-7 phosphorylation upon pre-RC formation.

Our finding that the Mcm2-7 complex is central to
recruit DDK to the pre-RC is consistent with previous
observations. Studies in Xenopus egg extracts showed
that Cdc7 chromatin association is dependent on Dbf4
and pre-RC formation, but does not require the continued
association of ORC or Cdc6 with chromatin (Jares and
Blow 2000; Edwards et al. 2002; Jares et al. 2004). Studies
of the S. cerevisiae proteins also support an interaction
between Dbf4 and Mcm2-7 subunits (Varrin et al. 2005;
Sheu and Stillman 2006). Most notably, a direct interac-
tion between Dbf4 and the N-terminal 333 amino acids of
Mcm4 has been detected (Sheu and Stillman 2006). In this
study, the C-terminal region of this fragment binds Dbf4
and is important for processive hyperphosphorylation of
Mcm4 by DDK. Other studies in S. cerevisiae support an
interaction between ORC and Dbf4 (Duncker et al. 2002;
Varrin et al. 2005) that we did not observe. There are
several reasons that we might not have detected such an
interaction including different modification states of
ORC or that the interaction is too transient to be detected
in our assay. Importantly, studies in both S. cerevisiae
cells and Xenopus extracts indicate that an interaction
with ORC is not required for DDK to perform its essential
function. In both species, elimination of ORC prior to
DDK action does not inhibit the ability of DDK to
activate previously assembled pre-RCs to replicate the
genome (Jares and Blow 2000; Shimada et al. 2002).

Targeting DDK to origin-bound Mcm2-7

Function of prior Mcm2-7 phosphorylation

Our studies indicate that dephosphorylation of the origin-
bound Mcm?2-7 complex eliminates both DDK binding to
and phosphorylation of Mcm4 and Mcm6. This observa-
tion strongly suggests that prior phosphorylation of the
Mcm?2-7 complexes is required for these downstream
events. We can envision two possible roles for this
“priming” phosphorylation: (1) creating a docking site
for DDK, or (2) creating a target peptide for DDK
phosphorylation. These two explanations are not mutu-
ally exclusive, and both could contribute to DDK speci-
ficity.

Our data strongly support the presence of a phosphory-
lation-dependent docking site for DDK on Mcm2-7 (Fig.
7), although the nature of this binding site remains
elusive. It is noteworthy that the deleted region of
Dbf441102%¢ includes a motif distantly related to the
BRCA1 C-terminal (BRCT) motif (Gabrielse et al. 2006),
and pairs of BRCT motifs are known to act as phospho-
peptide-binding domains (Manke et al. 2003). Although
there is only one distantly related BRCT motif in Dbf4,
it is possible that this motif participates in the phosphor-
ylation-dependent docking of DDK with origin-bound
Mcm?2-7 (Fig. 7). We attempted to make smaller Dbf4
deletions to test this possibility directly, but all the
resulting DDK mutants lacked kinase activity. The
phosphorylation-dependent DDK docking site(s) on
the Mcm2-7 complex has also not been identified. Pre-
vious studies have identified a DDK docking domain in
the N-terminal tail of Mcm4 (Sheu and Stillman 2006).
These studies were performed with Escherichia coli pro-
duced Mcm4 so it is unlikely that phosphorylation was
involved in this interaction, but it is possible that the
observed interaction is stimulated by phosphorylation.
Given that DDK docking enhances phosphorylation of
Mcm4 and Mcmb, it is also likely that there are multiple
docking sites on Mcm2~7. Further analysis of Mcm2-7
phosphorylation and DDK binding will be required to
map this interaction more precisely.

Does the priming phosphorylation play a role in DDK
target peptide recognition? This possibility is supported
by several studies suggesting that DDK can target serines
or threonines adjacent to phosphoserine or phosphothreo-
nine (Cho et al. 2006; Masai et al. 2006; Montagnoli et al.
2006; Wan et al. 2008). Indeed, a perusal of the sequences
of the N terminus of Mcm4 and Mcm6 shows a large
number of clusters of Ser/Thr. Phosphorylation of a C-
terminal Ser/Thr in such a cluster could create a DDK
target site.

The kinase responsible for the priming phosphoryla-
tion is unknown. One interesting possibility would be
a cyclin-dependent kinase (CDK). Consistent with this
possibility, a previous study in S. cerevisiae cells suggests
that S-CDK activity is required for DDK to perform its
essential function (Nougarede et al. 2000). It is clear that
Mcm2-7 proteins are modified by CDKs (Montagnoli
et al. 2006; Devault et al. 2008), and it has been observed
that CDK modification can create DDK target sites
(Masai et al. 2006; Wan et al. 2008). Indeed, there are
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numerous SerSerPro motifs in the N termini of Mcm4
and Mcm6 that could represent DDK target sequences
after being phosphorylated by S-CDK (CDK typically
targets Ser/Thr—Pro sites). It is noteworthy, however, that
the extracts used to assemble pre-RCs are derived from
Gl-arrested cells, and no S-CDK and little G1-CDK
activity is expected to be present. Other kinases also
could mediate the priming phosphorylation. For example,
previous studies of human Mcm2 phosphorylation have
identified phosphorylation at sites consistent with casein
kinase IT or ATM/ATR-related kinases (Montagnoli et al.
2006). Identification of the sites of Mcm2-7 protein
phosphorylation and further fractionation of the pre-RC
assembly extracts will be required to identify the re-
sponsible kinase.

Analysis of Mcm2-7 before and after in vitro pre-RC
assembly in the absence of DDK shows that Mcm6 is
phosphorylated only when in the context of the pre-RC.
This finding indicates that there is a kinase in the pre-RC
assembly extracts derived from Gl-arrested cells that
targets Mcm2-7 specifically in the context of the pre-RC.
Such an activity would be well suited to act as the priming
kinase. It will be interesting to use this system to isolate
the responsible kinase and to directly address whether this
modification is linked to DDK function in the cell.

Distinguishing loaded from associated Mcm2-7

Our studies demonstrate that DDK prefers to modify
Mcm?2-7 that is loaded onto origin DNA. Our data
eliminate several possible explanations for this specific-
ity, including proximity to origin DNA (Fig. 3B), a role for
ORC (Fig. 3D), and differential DDK binding to associated
and loaded Mcm2-7 (Fig. 5D). The distinct conformation
of loaded and associated Mcm2-7 complexes (Fig. 4) could
facilitate DDK phosphorylation by exposing additional
target peptides. Alternatively, differential priming phos-
phorylation could mediate the preferential targeting of
loaded Mcm2-7 complexes. If so, then the kinase re-
sponsible for priming phosphorylation must distinguish
between loaded and associated/free Mcm2-7. Of course,
differential conformation and phosphorylation could
work together to make the loaded form of the Mcm2-7
complex a preferred DDK substrate.

The importance of DDK targeting

Cell cycle progression requires the precise temporal and
spatial coordination of the events of DNA replication.
The mechanisms of DDK targeting described here are
likely to make important contributions to this coordina-
tion. First and foremost, this targeting would ensure that
DDK phosphorylates and activates only the subset of
Mcm?2-7 that is most tightly associated with the origin.
Such targeting would spatially restrict the activation of
the replicative helicase and prevent Mcm2-7 that is free
in solution or readily released from the origin from being
inappropriately activated. A requirement for pre-RC
formation and phosphorylation to direct DDK to a subset
of Mcm2-7 could also provide mechanisms to order the
events of replication initiation such that helicase activa-
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tion does not precede helicase loading. Indeed, if the
priming kinase is an S-phase CDK, such a mechanism
could ensure that no helicase activation occurs until after
S-phase entry. The use of priming phosphorylation to
direct DDK to certain Mcm2-7 complexes could also play
a regulatory role. If the extent or timing of such phos-
phorylation was not uniform, priming phosphorylation of
the Mcm2-7 complex could regulate origin efficiency or
the timing of origin activation within S phase. As sites
targeted by this priming phosphorylation are identified, it
will be intriguing to determine how the level of modifi-
cation varies across the genome and during the cell cycle.

Materials and methods

Yeast strains and plasmids

Yeast strains expressing wild-type (yLF52) and kinase-deficient
DDK (yLF53) were constructed by transforming W303 with
plasmids pLF8 (WT Cdc7) and pLF9 (Cdc7P'3N), respectively.
pLF8 and pLF9 were made using the pESC Split-Tap plasmid
(D’Souza and Walker 2006). Cdc7 and Dbf4 were integrated into
the plasmid using Fsel/AsiSI and Notl/Ascl, respectively, result-
ing in the fusion of a fragment of Protein A with the C terminus
of Cdc7 and the fusion of calmodulin-binding peptide (CBP) with
the C terminus of Dbf4. Yeast strains expressing biotin carboxyl
carrier protein (BCCP)-tagged Mcm subunits (VTy173, VIyl74,
VTyl75, VIyl76, VIyl77) were constructed by integrating the
BCCP-coding sequence (Cronan 1990) at the 3'-end of the indicated
MCM gene using the pVT104 integrating plasmid. The yeast
strains used in this study are listed in Supplemental Table S1.

Protein purification

Asynchronous yeast cells were grown to mid-log phase in 1%
raffinose, and expression of Dbf4-CBP/Cdc7-proA was induced
with addition of 2% galactose for 3 h. Cells were resuspended in 1
volume of calmodulin elution buffer (Puig et al. 2001) and frozen
in liquid nitrogen. Extracts were made by grinding frozen cell
pellets in a motorized mortar/pestle (Retsch RM100) followed by
centrifugation at 53,000¢ for 1 h. Forty milliliters of extract (20
mg/mL) were incubated with 400 pL of calmodulin resin for 1 h
at 4°C in calmodulin-binding buffer as described (Puig et al.
2001). After binding, the resin was washed with binding buffer
then eluted with calmodulin elution buffer for 45 min at 4°C.
The eluate from the calmodulin column was incubated with 400
wL of heparin resin for 1 h at 4°C. The proA tag was cleaved from
Cdc7 (while bound to the heparin column) by incubation with
TEV cleavage buffer and 20 units of TEV (Puig et al. 2001). The
resin was washed twice with buffer H/150 mM KCl (50 mM
HEPES at pH 7.6, 5 mM Mg-acetate, | mM EDTA, 1 mM EGTA,
10% glycerol, 0.02% NP-40, 150 mM KCl), and bound proteins
were eluted using H/600 mM KCl. Peak fractions were pooled
and dialyzed with H/300 mM potassium glutamate (KGlut).
Mcm6-TAP was purified as described (Puig et al. 2001). Mcm2—
7 was expressed and purified from baculovirus-infected insect
cells as described previously (Schwacha and Bell 2001).

Preparation of whole-cell extracts and pre-RC assembly

The WCEs used in the pre-RC assembly assays were made as
described previously (Bowers et al. 2004). Pre-RC assembly
assays were performed as described previously (Randell et al.
2006). To assemble non-high-salt-washed pre-RCs, extracts were
incubated with origin DNA, and then the DN A was washed three



times in H/300 mM KGlut. To assemble high-salt-washed pre-
RCs, extracts were incubated with origin DNA, then the DNA
was washed once with H/300 mM KGlut, incubated for 2 min
with H/500 mM NaCl (high-salt wash), then washed again with
H/300 mM KGlut.

DDK phosphorylation and binding assays

Pre-RCs assembled from a 40-pL pre-RC assembly reaction were
incubated in a 30-pL kinase reaction with 125 ng of either DDK
or DDK-KD, 0.1 mM ATP, 3 pCi of [y->*P]ATP (3000 Ci/mmol),
and kinase buffer (50 mM HEPES at pH 7.6, 5 mM Mg-acetate, 1
mM EDTA, 1 mM EGTA, 10% glycerol, 0.01% NP-40) contain-
ing 150 mM KGlut for 15 min at 25°C. Kinase assays were
stopped by the addition of 12 pL of 5X SDS-PAGE sample buffer
and analyzed by immunoblotting and autoradiography. For pre-
RC/DDK-binding assays, after the 15-min DDK kinase reaction,
the beads/origin DNA and any associated proteins were sepa-
rated from the supernatant. Thirty microliters of 1X SDS-PAGE
sample buffer were added to the beads/origin DNA, 12 uL of 5X
SDS sample buffer were added to the supernatant, and the
samples were analyzed by SDS-PAGE, immunoblotting, and
autoradiography. To isolate free Mcm2-7 complexes, pre-RCs
were assembled, washed, and resuspended in H/150 mM KGlut
for 30 min. The magnetic bead/origin DNA-bound Mcm2-7 was
separated from the released/free Mcm2-7 using a magnet. DDK
kinase assays with purified Mcm6 were performed as for the pre-
RC/DDK activity assay, except that 15 ng of purified Mcm6-CBP
was used in the reaction.

Trypsin sensitivity assays

Loaded Mcm2-7 complexes were obtained by incubation of
assembled pre-RCs with H/500 mM NaCl for 15 min at 25°C,
then washed with H/300 mM KGlut. Associated MCM com-
plexes were obtained by assembling pre-RCs with Cdc6E224G
(Randell et al. 2006). MCM complexes (25 ng) were then treated
with the indicated quantity of TPCK-treated trypsin in H*/300
mM KGlut for 25 min at 25°C. Tryptic digestions were quenched
by addition of SDS-PAGE sample buffer followed immediately by
boiling for 4 min. Samples were analyzed by SDS-PAGE using
a 4%-20% gel followed by immunoblotting for the Mcm2-7.
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