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Figure 3. Sld2 and Sld3 compete for pre-RC binding. (A) In vitro transcribed and translated Sld3 interacts with Sld2. GST-Sld2 (400 ng) and an equimolar
amount of GST, immobilized on magnetic beads, were incubated with S35 labeled in vitro transcribed and translated Sld3, washed, separated by SDS-PAGE
and analyzed by autoradiography. A 5% input was used. (B) Purified Sld3 interacts with Sld2. GST-Sld2 (400 ng) and GST were immobilized on magnetic
beads, incubated with purified Sld3 (500 ng), washed, separated by SDS-PAGE and analyzed by western-blot (lanes 5 and 6). In lanes 1–4 a dilution
series is shown representing % of total Sld3 input. (C) In vitro transcribed and translated Sld2 interacts with Sld3. Sld3 (150 ng) immobilized on anti-Sld3
magnetic beads or control beads, were incubated with S35 labeled in vitro transcribed and translated Sld2, washed, separated by SDS-PAGE and analyzed
by autoradiography. A 5% input was used. (D) Purified Sld2 interacts with Sld3. Sld3 (150 ng) immobilized on anti-Sld3 magnetic beads or IgG control
beads, were incubated with purified Sld2 (500 ng), washed, separated by SDS-PAGE and analyzed by western-blot. Lanes 1–4; a dilution series representing
% of total Sld2 input is shown. (E) Sld2 and Sld3 binding to the pre-RC. Sld2, Sld3 or the combination of both was incubated with the pre-RC. The binding
of Sld3 and Sld2, corrected for Mcm2 signal, was quantified using Multi Gauge (FUJI) with arbitrary units shown in the quantification. This interaction
was analyzed using the gel-filtration based pre-RC assay. (F) Sld2 and Sld3 compete with each other for pre-RC binding. Either the same concentration
of Sld2 and Sld3 (40 nM each;lane 2) were employed or increasing concentrations of Sld2 (Sld2: 60 nM lane 3 and 90 nM lane 4, with 40 nM Sld3 each).
Lanes 5–8 show a dilution series representing % of total protein (40 nM), which were added into the reactions. This experiment has been repeated 3× times
with similar results. (G) Sld2 and Sld3 compete with each other for pre-RC binding. Either the same concentration of Sld2 and Sld3 40 nM each (lane 2)
were employed or 40 nM Sld2/90 nM Sld3 (lane 3), were analyzed for pre-RC binding. Lanes 4–7 show a dilution series representing % of total protein (40
nM), which were added into the reactions. (H) Time course analysis of Sld2 and Sld3 association with the pre-RC. After pre-RC formation Sld2 and Sld3
were added and incubated for the indicated time points. The reaction missing the pre-RC proteins was incubated for 1 min. Lanes 9–12 show a dilution
series representing % of total protein (40 nM), which were added into the reactions.
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Figure 4. DDK regulates Sld2 and Sld3 interactions with the pre-RC. In all experiments 40 nM of each protein was used unless otherwise stated, besides
DDK (5 nM). (A) DDK slightly improves Sld3 interactions with the pre-RC. This interaction was analyzed using the gel-filtration based pre-RC assay
and the binding of Sld3 corrected for Mcm2 signal was quantified using Multi Gauge (FUJI) with arbitrary units shown in the quantification. (B) DDK
improves Sld2 interactions with the pre-RC. The binding of Sld2 corrected for Mcm2 signal was quantified using Multi Gauge (FUJI) with arbitrary units
shown in the quantification. (C) DDK stabilizes Sld2 within the Sld2/Sld3-pre-RC complex. (D) Time course analysis of Sld2 and Sld3 association with
the pre-RC in the presence of DDK. After pre-RC formation Sld2, Sld3 and DDK were added and incubated for the indicated times. The reaction omitting
the pre-RC proteins (-pre-RC) was incubated for 1 minute. (C) Lanes 3–6, (D) lanes 9–12 show a dilution series representing % of total protein (40 nM),
which were added into the reactions.

own could bind to the pre-RC. We observed no interaction
after 1 minute of incubation and only sub-stoichiometric
binding of Cdc45 to the pre-RC after 30 minutes (Fig-
ure 6A, lanes 3 and 4). Next we asked if Sld2, Sld3, Sld7
and DDK could facilitate Cdc45 binding to the pre-RC.
When we combined all these factors, we observed efficient
Cdc45 recruitment (Figure 6B) to the pre-RC and the re-
sulting Sld2/Sld3/Sld7/Cdc45–pre-RC complex contained
near stoichiometric amounts of each component. Impor-
tantly, in the absence of DNA we observed no proteins in
the elution (Figure 6C, lane 2), highlighting that the ob-
served complex does not represent a non-specific aggregate.
Moreover, Sld7 was part of the Sld2/Sld3/Sld7/Cdc45–pre-
RC complex. However, removing Sld7 from the reaction
had no influence on the recruitment of Cdc45 or other fac-
tors (Figure 6C, lane 3), which is not unexpected, as Sld7
is not essential in vivo. Importantly, ORC, which stays par-
tially attached with DNA after the gel-filtration (Figure
1C), was by itself not able to promote complex formation
(Supplementary Figure S2B). To better understand the re-
quirements of Cdc45 recruitment, we tested complex for-
mation in the absence of individual factors. Indeed, we ob-
served that Sld3 and DDK were sufficient for initial Cdc45
recruitment (Figure 6D, lane3). We suggest that this Cdc45

recruitment could reflect the in vivo situation, where weak
interaction of Cdc45 with replication origins has been ob-
served in Saccharomyces cerevisiae (12). We observed en-
hanced Cdc45 in the presence of Sld2 (Figure 6D, lane 6).
This may reflect a greater stability of the complex in the con-
text of the salt wash employed here. More so, we observed
in the presence of Sld7 and Sld2 Cdc45 interaction with the
pre-RC (Figure 6D, lane 2). However,in vivo Sld7 performs
its function in the context of Sld3 and Sld2 performs its
function in the context of polymerase �, GINS and Dpb11.
To remove all these factors appears impossible and there-
fore it is difficult to test whether cellular Sld2 could directly
contribute to Cdc45 recruitment. Clearly, in the absence of
individual factors we observed less efficient Cdc45-pre-RC
interactions indicating that the proteins act in a cooperative
manner for complex formation (Figure 6D).

Sld3 and Sld2 stabilize Cdc45 on DNA

We observed that Cdc45 recruitment to the pre-RC was
promoted by Sld3, DDK and Sld2. However, since the
Sld3/Sld2–pre-RC complex was highly unstable in the ab-
sence of Cdc45 (Figure 4D), we wondered if Cdc45 could al-
ter complex stability. To address this question we performed
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Figure 5. Sld7 mediated interactions with Sld2, Sld3 and the pre-RC. (A) In
vitro transcribed and translated Sld7 interacts with Sld3. MBP-Sld3 (400
ng) and an equimolar amount of MBP, immobilized on magnetic beads,
were incubated with S35 labeled in vitro transcribed and translated Sld7,
washed, separated by SDS-PAGE and analyzed by autoradiography. A 5%
input was used. (B) In vitro transcribed and translated Sld7 interacts with
Sld2. GST-Sld2 (400 ng) and an equimolar amount of GST, immobilized
on magnetic beads, were incubated with S35 labeled in vitro transcribed
and translated Sld7, washed, separated by SDS-PAGE and analyzed by
autoradiography. A 5% input was used. (C) Sld7 does not bind specifically
to the pre-RC. This interaction was analyzed using the gel-filtration based
pre-RC assay. (D) Time course analysis of Sld2, Sld3 and Sld7 association
with the pre-RC in the presence of DDK (5 nM). After pre-RC formation
Sld2, Sld3, Sld7 and DDK were added and incubated for the indicated time
points. The reaction omitting the pre-RC proteins (-pre-RC) was incubated
for 1 min. (C) lanes 5–8, (D) lanes 9–12 show a dilution series representing
% of total protein (40 nM), which were added into the reactions.

time resolved assembly reactions (Figure 7A). We observed
rapid and stable Sld3/Sld2/Sld7/Cdc45–pre-RC complex
formation. Indeed, the binding of Mcm2 and Cdc45 was
relatively constant, while Sld3, Sld2 and Sld7 became desta-
bilized after 5 minutes of incubation. Although this destabi-
lization occurred only after prolonged incubation, it shows
that Sld3, Sld2 and Sld7 are not essential for maintenance
of the Cdc45-pre-RC complex. As Cdc45 does not bind to
the pre-RC on its own (Figure 6A), the data suggests that
DDK, Sld3 and Sld2 together promote a structural change
in MCM2–7 or Cdc45, which allows formation of a sta-
ble Cdc45–pre-RC complex. The observation that Cdc45 re-
cruitment was associated with Sld3 and Sld2 release could
suggest that Cdc45 and Sld3/Sld2 compete for MCM2–
7 binding. Therefore we asked which Mcm subunit inter-
acts with Cdc45. We observed that Flag–Cdc45 did bind to
Mcm2 (Figure 7B and Supplementary Figure S1B), which is
consistent with previous observations in Drosophila (8). As
Sld2 and Sld3 also contact Mcm2, it appears possible that
the binding of Cdc45 to Mcm2 promotes the displacement
of Sld2 and Sld3.

Dpb11 binds to the pre-RC, but has no influence on Cdc45
recruitment or loading

Sld3, Sld2, Sld7, Dpb11, Cdc45 and DDK are in low abun-
dance in the cell (13). We observed DDK dependent bind-
ing of Sld3, Sld2, Sld7 and Cdc45 to the pre-RC, but it is
unclear if Dpb11 is also involved in the process. Currently
it is not known if Dpb11 binds the pre-RC on its own or
whether Dpb11 binding is strictly dependent on other fac-
tors. Therefore we analyzed whether Dpb11 could inter-
act with the pre-RC. Interestingly, we observed that Dpb11
binds readily to the pre-RC and this interaction was main-
tained over time (Figure 7C). Based on this result Dpb11
could modify the recruitment of Cdc45 or the stability of
the Sld3/Sld2/Sld7/Cdc45–pre-RC complex and therefore
we performed recruitment assays in the presence of all of
these proteins. As shown in Figure 7D, Cdc45 recruitment
was not significantly influenced by Dpb11. Furthermore, in
contrast to Sld3, Sld2 and Sld7, Dpb11 was not released
from the complex after 30 minutes of incubation (Figure
7D, lane 6). Thus, DDK acts specifically on Sld3, Sld2 and
Sld7, suggesting that they function as a unit. Our data show
that Dpb11 can be recruited independently of Sld3 and Sld2
to the pre-RC. Moreover, Sld3 and Sld2 were not stabilized
in the presence of Dpb11. We propose that in vivo Dpb11
recruitment to the pre-RC is regulated by interactions with
polymerase �, GINS and CDK. However as these factors
are absent from our reactions, we could uncover a direct
Dpb11–pre-RC interaction. These data are consistent with
the idea that Dpb11 functions primarily during CDK de-
pendent complex formation and has no influence on Cdc45
recruitment (6,7,16,17).

A structural change in MCM2–7 is sufficient to promote
Cdc45 recruitment to the pre-RC

We observed that DDK is required for Sld2 and Sld3 de-
pendent Cdc45 recruitment to the pre-RC. One possibil-
ity is that a DDK induced structural change in MCM2–
7 is sufficient to promote complex formation (32–34). To
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Figure 6. Sld3, Sld2 and DDK induce stable interactions of Cdc45 with the pre-RC. In all experiments 40 nM of each protein was used unless otherwise
stated, besides DDK (5 nM). (A) Cdc45 interacts weakly with the pre-RC. We observed only after prolonged incubation Cdc45 interactions with the pre-
RC. This interaction was analyzed using the gel-filtration based pre-RC assay. (B) Efficient Cdc45 interaction with the pre-RC in the presence of Sld3, Sld2,
Sld7 and DDK. (C) In the absence of DNA no complex formation is observed and Sld7 is not required for Sld2/Sld3/Cdc45-pre-RC complex formation.
This experiment was performed in the presence of DDK. (D) Sld2, Sld3 and DDK stimulate stable interactions of Cdc45 with the pre-RC. This experiment
was performed in the presence of Sld7. (A) Lanes 5–8, (B) lanes 3–6 show a dilution series representing % of total protein (40 nM), which were added into
the reaction.

address this question, we asked if the DDK bypass mu-
tant bob-1 can promote DDK independent Cdc45 recruit-
ment to the pre-RC (32). Initially, we verified that MCM2–7
bob-1 functions for pre-RC assembly (Supplementary Fig-
ure S3A). Then, a time resolved Cdc45 recruitment assay
showed DDK independent Cdc45/Sld3/Sld2-pre-RC com-
plex formation with MCM2–7 bob-1 (Figure 8A). Impor-
tantly, Cdc45 does not bind by itself to the pre-RC, which
contains MCM2–7 bob-1 (Supplementary Figure S3B and
C). A time resolved assay with wild type MCM2–7 showed
reduced Cdc45/Sld3/Sld2–pre-RC formation (Figure 8B)
in the absence of DDK. Thus, these experiments show that
a structural change in MCM2–7 is crucial for Cdc45 recruit-
ment and stable Cdc45–pre-RC interactions.

DISCUSSION

Pre-IC formation is a very important step during initiation
of DNA replication, as it leads to the assembly and activa-
tion of a processive helicase. This unique process does not
exist in bacteria or viruses and is in general only poorly un-
derstood. Here, we analyzed the first steps in pre-IC forma-
tion using purified proteins.

Using this approach we studied complex assembly and
mechanisms that restrict pre-IC formation. In the absence
of DDK pre-IC formation is completely blocked, while in
the absence of CDK Sld3 and Cdc45 interact with the pre-
RC (7). Two models could be proposed, either the pre-RC
cannot interact with any pre-IC factor or pre-IC proteins
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Figure 7. Sld3 and Sld2, but not Dpb11, are important for stable Cdc45 interactions with the pre-RC. (A) Time course analysis of Cdc45, Sld3, Sld2
and Sld7 association with the pre-RC in the presence of DDK (5 nM). After pre-RC formation Cdc45, Sld3, Sld2, Sld7 and DDK were added and
incubated for the indicated times. The reaction omitting the pre-RC proteins (-pre-RC) was incubated for 1 minute. The 30 min time point shows Sld3,
Sld2 independent Cdc45 interactions with the pre-RC. (B) Cdc45 interaction analysis with Mcm subunits. GST–Cdc45 (400 ng) and an equimolar amount
of GST, immobilized on magnetic beads, were incubated with S35 labeled in vitro transcribed-translated Mcm proteins, washed, separated by SDS-PAGE,
analyzed by autoradiography and quantified using Multi Gauge (FUJI) and plotted as % binding. A 5% input was used. (C) Dpb11 binds specifically to
the pre-RC and the interaction improves over 30 min of binding time. (D) Dpb11 does not influence Cdc45 recruitment or loading at the pre-RC. Reactions
were incubated with or without Dpb11 for 1 min, to observe Cdc45/Sld2/Sld3/Sld7-pre-RC complex formation, or for 30 min, to observe Sld2/Sld3/Sld7
independent Cdc45–pre-RC interactions. These reactions contained DDK (5 nM). (A) Lanes 9–12, (C) lanes 5–8, (D) lanes 7–10 show a dilution series
representing % of total protein (40 nM), which were added into the reactions.
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Figure 8. DDK regulates Cdc45-pre-RC complex assembly.
(A) An MCM2–7 bob-1 mutant promotes DDK independent
Cdc45/Sld3/Sld2/Sld7–pre-RC complex formation. Time course
analysis of Cdc45, Sld3, Sld2 and Sld7 association with the pre-RC
MCM2–7 containing bob-1 in the absence of DDK. After MCM2–7
bob-1 mediated pre-RC formation, Cdc45, Sld3, Sld2 and Sld7 were
added and incubated for the indicated time points. The reaction omitting
the pre-RC proteins (-pre-RC) was incubated for 1 minute. (B) DDK is
required to induce stable Cdc45-pre-RC interactions. Time course analysis
of Cdc45, Sld2, Sld3 and Sld7 association with the pre-RC MCM2–7 in
the absence of DDK. After pre-RC formation Cdc45, Sld3, Sld2 and Sld7
were added and incubated for the indicated time points. The reaction
omitting the pre-RC proteins (-pre-RC) was incubated for 1 minute. (C)
A model of DDK regulated Cdc45 recruitment to the pre-RC. [1] The
MCM2–7 double-hexamer is the landing platform for complex formation
during S-phase. [2] Sld3 can interact with the pre-RC. [3] DDK and Sld3
are required for Cdc45 recruitment to the pre-RC. [4] Sld2 can stabilize

engage in interactions that render them refractory to pre-
IC formation. We have now observed that Sld3, Dpb11 and
Sld2 can specifically interact with the pre-RC, suggesting
that refractory interactions limit complex formation. In-
deed, we observed competitive interactions between Sld2
and Sld3 for the pre-RC, while the addition of Sld7 and
DDK reduced the binding even further. Our data indicate
that Sld2, Sld3 and Sld7 can interact with each other (Fig-
ures 3 and 5), suggesting that these interactions interfere
with their binding to the pre-RC. Then again, it was ob-
served that mutations affecting DDK dependent phospho-
rylation of Mcm2 interfere with Sld3 release during pre-IC
formation causing lethality in vivo, indicating that complex
disassembly is as important as complex assembly (35). How
Dpb11 binding to the pre-RC is prevented is currently un-
clear, but it is tempting to speculate that integration into
the pre-loading complex (pre-LC), containing polymerase
�-GINS–Dpb11–Sld2, hinders its binding. So why do these
inhibitory interactions exist in the first place? Sld2 and Sld3
are limiting factors in the cell. Currently it is unclear how
these factors become distributed to allow the correct tem-
poral and spatial replication initiation program. We sug-
gest that these inhibitory interactions serve as a quality con-
trol step to promote a specific program of pre-IC assembly.
Indeed, similar inhibitory interactions have been observed
during pre-RC formation, here MCM2–7 interactions with
ORC/Cdc6 are blocked in the absence of Cdt1. Indeed,
these obstacles can be overcome by binding of Cdt1 to
MCM2–7 or by removal of an inhibitory domain in Mcm6
(36). Thus inhibitory interactions can limit complex forma-
tion, especially when a specific component is missing.

Crucially, any inhibitory force need to be overcome dur-
ing pre-IC formation. Our data show that a network of co-
operative interactions drive complex assembly. It is clear
that Cdc45 does interact very poorly with the MCM2–7
double-hexamer, but the addition of Sld3 and DDK leads
to recruitment, which reflects the in vivo observation where
some Cdc45 recruitment occurs already in G1 phase of the
cell cycle, prior to S-phase dependent strong Cdc45 recruit-
ment (12). Moreover, this finding is consistent with recent
in vitro experiments using yeast extracts and purified pro-
teins (6,7), which also showed DDK and Sld3 dependent
recruitment of Cdc45. Additionally, Sld3, Sld2, Sld7 and
DDK together do not bind to pre-RC, but Cdc45 addition
greatly stabilizes the complex. Therefore, Cdc45 must al-
ter the structure of the Sld3/Sld2–pre-RC complex to over-

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
the Cdc45-Sld3-pre-RC complex in the context of the wash conditions
employed here. After prolonged incubations Sld3/Sld2/Sld7 become
destabilized and reveal a Cdc45-pre-RC complex. The MCM2–7 bob-1
mutant can bypass the DDK requirement. (D) A model explaining how
CMG complex formation is inhibited in the absence of Cdc45. [1] The
MCM2–7 double-hexamer is the landing platform for complex formation
during S-phase. [2] Sld2 and Sld3 compete in the absence of DDK for
pre-RC interactions. [3] DDK promotes cooperative Sld2/Sld3-pre-RC
binding, but this complex is only short lived [4]. In the absence of Cdc45,
Sld2/Sld3 cannot form a stable complex with the pre-RC. Thus, these
limiting factors can be redirected to other locations where Cdc45 can
induce complex assembly. (A and B) Lanes 9–12 show a dilution series
representing % of total protein (40 nM), which were added into the
reactions.
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come the inhibitory interactions, indicative of a coopera-
tive Cdc45–Sld3–Sld2–pre-RC binding mode. Similar bind-
ing models have been observed in before e.g. Cdt1 binding
to MCM2–7 induces structural changes in the MCM com-
plex that are essential for Cdt1/MCM2–7 interactions with
ORC/Cdc6 (36).

Surprisingly, during the course of our experiments we ob-
served that the Sld3/Sld2/Cc45-pre-RC complex was more
stable than the Sld3/Cdc45-pre-RC complex. One possi-
bility is that Sld2 could directly promote Cdc45 recruit-
ment, as it was found that Schizosaccharomyces pombe Sld2,
GINS and CDK promote Cdc45 recruitment (37). How-
ever, no evidence for such a mechanism has been observed
in budding yeast (6,7). Moreover, genetic interactions be-
tween Sld2 and Cdc45 have been described, but no physi-
cal interactions between Sld2 and Cdc45 have been reported
(38). It is possible that the stringent salt wash we performed
in our assays may have uncovered a reduced salt stabil-
ity of the Sld3/Cdc45–pre-RC complex in comparison to
the Sld2/Sld3/Cdc45–pre-RC complex. In the context of
our data it is conceivable that Sld3 and Sld2 induce struc-
tural changes in the pre-RC, which allow more salt resistant
Cdc45-MCM2–7 interactions. A detailed structural analy-
sis will be necessary to test this hypothesis in the future. Fi-
nally, we suggest that Sld2 functions in vivo in the context
of polymerase �, GINS and Dpb11 to enhance or stabilize
Cdc45-MCM2–7 interactions and CMG formation.

Interestingly, we observed two networks of interactions
that participate in pre-IC assembly: the first one connects
Mcm2 with Sld3, Cdc45 and Sld2. Indeed, Cdc45 is known
to interact with Mcm2 in Drosophila (8), but interactions
between Mcm2 and Sld3 and Sld2 have previously not been
observed. We suggest that Cdc45 interactions with Mcm2
could facilitate the release of Sld2 and Sld3. In addition, it
appears possible that these proteins could modify a putative
Mcm2/Mcm5 DNA exit gate during pre-IC formation (39).
The second network is centered on Sld3. We have now found
that Sld2 and Sld3 can interact with each other directly, con-
sistent with genetic interactions observed in S. pombe (40).
Similarly, Sld7, which is known to bind to Sld3 (15), was
found in this study to interact also with Sld2. Thus, these
interactions imply that a trimetric Sld7/Sld2/Sld3 complex
could exist. We suggest that the Sld2 interactions with Sld7
and Sld3 could function for recruitment of the pre-LC to
the Cdc45–Sld3–pre-RC complex.

Finally, our results show that a DDK bypass mutant,
Mcm5 bob-1, allows Cdc45 recruitment in the absence
of DDK. These data suggest that a structural change in
MCM2–7 is sufficient for stable Cdc45/Sld2/Sld3/Sld7–
pre-RC formation. DDK alters the binding mode of
Sld3-Sld2, promoting cooperative interactions specifically
in the context of Cdc45, identifying a mechanism for
DDK dependent helicase activation. Importantly, once
the Cdc45/Sld3/Sld2/Sld7–pre-RC complex is established,
Sld3 and Sld2 became over time sensitive to the high salt
wash, while the Cdc45–pre-RC interaction is salt resistant.
Since Cdc45 does not bind to the pre-RC by itself, these data
indicate that Sld3 and Sld2 promote structural changes in
the Cdc45–pre-RC complex to facilitate stable Cdc45–pre-
RC interactions.

Models describing DDK dependent reactions for regulated
complex formation

The product of pre-RC formation is the MCM2–7 double-
hexamer and this complex represents a platform for pre-
IC formation (Figure 8C-1). We observed that Sld3 can in-
teract with the pre-RC (Figure 8C-2). In the presence of
DDK, Cdc45 can bind to the pre-RC (Figure 8C-3). Coop-
erative interactions stabilize a Cdc45/Sld3/Sld2/Sld7–pre-
RC complex (Figure 8C-4). We observed that Sld2, Sld3 and
Sld7 are not required for maintenance of the Cdc45–pre-
RC complex, suggesting that the Sld2/Sld3/Sld7 proteins
remodel the MCM2–7 complex to promote Cdc45 stabiliza-
tion. A DDK bypass mutant, Mcm5 bob-1, can promote
Cdc45 recruitment and loading in the absence of DDK, in-
dicating that a structural change in MCM2–7 is required for
Cdc45/Sld2/Sld3/Sld7–pre-RC formation. In the absence
of Cdc45 a number of inhibitory mechanisms block com-
plex formation at the pre-RC (Figure 8D-1). Sld3 and Sld2
interact with each other in solution. When Sld2 and Sld3
were added to the pre-RC we observed that these proteins
were competing for pre-RC binding, resulting in a some-
what dominant Sld3-preRC complex. These competing in-
teractions restrict the association of Sld2 and Sld3 with the
pre-RC (Figure 8D-2). DDK activity induces cooperative
Sld3/Sld2-pre-RC interactions (Figure 8D-3). However, if
Cdc45 is missing the Sld2/Sld3-pre-RC complex becomes
rapidly destabilized (Figure 8D-4). We propose that com-
plex disassembly functions as a quality control mechanism
to redistribute Sld2 and Sld3 to sites of preferred complex
formation, which could regulate the correct spatial and tem-
poral pattern of DNA replication.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENT

We would like to thank Bruce Stillman for Mcm2 and Orc1
(SB13) antibodies, Cecile Evrin for supplementary data and
the DNA replication group and Brona McVittie for com-
ments on the manuscript

FUNDING

Biotechnology and Biological Sciences Research Council
UK (BBSRC) and Medical Research Council UK (MRC).
Funding for open access charge: MRC [U120085811].
Conflict of interest statement. None declared.

REFERENCES
1. Masai,H., Matsumoto,S., You,Z., Yoshizawa-Sugata,N. and Oda,M.

(2010) Eukaryotic chromosome DNA replication: where, when, and
how? Annu. Rev. Biochem., 79, 89–130.

2. Evrin,C., Clarke,P., Zech,J., Lurz,R., Sun,J., Uhle,S., Li,H.,
Stillman,B. and Speck,C. (2009) A double-hexameric MCM2–7
complex is loaded onto origin DNA during licensing of eukaryotic
DNA replication. Proc. Natl. Acad. Sci. U.S.A., 106, 20240–20245.

3. Remus,D., Beuron,F., Tolun,G., Griffith,J.D., Morris,E.P. and
Diffley,J.F. (2009) Concerted loading of Mcm2–7 double hexamers
around DNA during DNA replication origin licensing. Cell, 139,
719–730.

 at Im
perial C

ollege L
ondon on D

ecem
ber 9, 2015

http://nar.oxfordjournals.org/
D

ow
nloaded from

 

http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkv881/-/DC1
http://nar.oxfordjournals.org/


10250 Nucleic Acids Research, 2015, Vol. 43, No. 21

4. Gambus,A., Khoudoli,G.A., Jones,R.C. and Blow,J.J. (2011)
MCM2–7 form double hexamers at licensed origins in Xenopus egg
extract. J. Biol. Chem., 286, 11855–11864.

5. Tognetti,S., Riera,A. and Speck,C. (2014) Switch on the engine: how
the eukaryotic replicative helicase MCM2–7 becomes activated.
Chromosoma, 124, 13–26.

6. Heller,R.C., Kang,S., Lam,W.M., Chen,S., Chan,C.S. and Bell,S.P.
(2011) Eukaryotic origin-dependent DNA replication in vitro reveals
sequential action of DDK and S-CDK kinases. Cell, 146, 80–91.

7. Yeeles,J.T., Deegan,T.D., Janska,A., Early,A. and Diffley,J.F. (2015)
Regulated eukaryotic DNA replication origin firing with purified
proteins. Nature, 519, 431–435.

8. Costa,A., Ilves,I., Tamberg,N., Petojevic,T., Nogales,E.,
Botchan,M.R. and Berger,J.M. (2011) The structural basis for
MCM2–7 helicase activation by GINS and Cdc45. Nat. Struct. Mol.
Biol., 18, 471–477.

9. Ilves,I., Petojevic,T., Pesavento,J.J. and Botchan,M.R. (2010)
Activation of the MCM2–7 helicase by association with Cdc45 and
GINS proteins. Mol. Cell, 37, 247–258.

10. Costa,A., Renault,L., Swuec,P., Petojevic,T., Pesavento,J.J., Ilves,I.,
MacLellan-Gibson,K., Fleck,R.A., Botchan,M.R. and Berger,J.M.
(2014) DNA binding polarity, dimerization, and ATPase ring
remodeling in the CMG helicase of the eukaryotic replisome. Elife, 3,
e03273.

11. Zou,L. and Stillman,B. (1998) Formation of a preinitiation complex
by S-phase cyclin CDK-dependent loading of Cdc45p onto
chromatin. Science, 280, 593–596.

12. Kanemaki,M. and Labib,K. (2006) Distinct roles for Sld3 and GINS
during establishment and progression of eukaryotic DNA replication
forks. EMBO J., 25, 1753–1763.

13. Tanaka,S., Nakato,R., Katou,Y., Shirahige,K. and Araki,H. (2011)
Origin association of Sld3, Sld7, and Cdc45 proteins is a key step for
determination of origin-firing timing. Curr. Biol., 21, 2055–2063.

14. Kamimura,Y., Tak,Y.S., Sugino,A. and Araki,H. (2001) Sld3, which
interacts with Cdc45 (Sld4), functions for chromosomal DNA
replication in Saccharomyces cerevisiae. EMBO J., 20, 2097–2107.

15. Tanaka,T., Umemori,T., Endo,S., Muramatsu,S., Kanemaki,M.,
Kamimura,Y., Obuse,C. and Araki,H. (2011) Sld7, an
Sld3-associated protein required for efficient chromosomal DNA
replication in budding yeast. EMBO J., 30, 2019–2030.

16. Zegerman,P. and Diffley,J.F. (2007) Phosphorylation of Sld2 and Sld3
by cyclin-dependent kinases promotes DNA replication in budding
yeast. Nature, 445, 281–285.

17. Tanaka,S., Umemori,T., Hirai,K., Muramatsu,S., Kamimura,Y. and
Araki,H. (2007) CDK-dependent phosphorylation of Sld2 and Sld3
initiates DNA replication in budding yeast. Nature, 445, 328–332.

18. Muramatsu,S., Hirai,K., Tak,Y.S., Kamimura,Y. and Araki,H. (2010)
CDK-dependent complex formation between replication proteins
Dpb11, Sld2, Pol (epsilon}, and GINS in budding yeast. Genes Dev.,
24, 602–612.

19. Sun,J., Fernandez-Cid,A., Riera,A., Tognetti,S., Yuan,Z.,
Stillman,B., Speck,C. and Li,H. (2014) Structural and mechanistic
insights into Mcm2–7 double-hexamer assembly and function. Genes
Dev., 28, 2291–2303.

20. On,K.F., Beuron,F., Frith,D., Snijders,A.P., Morris,E.P. and
Diffley,J.F. (2014) Prereplicative complexes assembled in vitro
support origin-dependent and independent DNA replication. EMBO
J., 33, 605–620.

21. Waga,S., Bauer,G. and Stillman,B. (1994) Reconstitution of complete
SV40 DNA replication with purified replication factors. J. Biol.
Chem., 269, 10923–10934.

22. Funnell,B.E., Baker,T.A. and Kornberg,A. (1986) Complete
enzymatic replication of plasmids containing the origin of the
Escherichia coli chromosome. J. Biol. Chem., 261, 5616–5624.

23. Funnell,B.E., Baker,T.A. and Kornberg,A. (1987) In vitro assembly
of a prepriming complex at the origin of the Escherichia coli
chromosome. J. Biol. Chem., 262, 10327–10334.

24. Majka,J. and Burgers,P.M. (2003) Yeast Rad17/Mec3/Ddc1: a
sliding clamp for the DNA damage checkpoint. Proc. Natl. Acad. Sci.
U.S.A., 100, 2249–2254.

25. Evrin,C., Fernandez-Cid,A., Riera,A., Zech,J., Clarke,P.,
Herrera,M.C., Tognetti,S., Lurz,R. and Speck,C. (2014) The
ORC/Cdc6/MCM2–7 complex facilitates MCM2–7 dimerization
during prereplicative complex formation. Nucleic Acids Res., 42,
2257–2269.

26. Evrin,C., Fernandez-Cid,A., Zech,J., Herrera,M.C., Riera,A.,
Clarke,P., Brill,S., Lurz,R. and Speck,C. (2013) In the absence of
ATPase activity, pre-RC formation is blocked prior to MCM2–7
hexamer dimerization. Nucleic Acids Res., 41, 3162–3172.

27. Fernández-Cid,A., Riera,A., Tognetti,S., Herrera,M.C., Samel,S.,
Evrin,C., Winkler,C., Gardenal,E., Uhle,S. and Speck,C. (2013) An
ORC/Cdc6/MCM2–7 complex Is formed in a multistep reaction to
serve as a platform for MCM double-hexamer assembly. Mol. Cell,
50, 577–588.

28. Mantiero,D., Mackenzie,A., Donaldson,A. and Zegerman,P. (2011)
Limiting replication initiation factors execute the temporal
programme of origin firing in budding yeast. EMBO J., 30,
4805–4814.

29. Randell,J.C., Fan,A., Chan,C., Francis,L.I., Heller,R.C., Galani,K.
and Bell,S.P. (2010) Mec1 is one of multiple kinases that prime the
Mcm2–7 helicase for phosphorylation by Cdc7. Mol. Cell, 40,
353–363.

30. Francis,L.I., Randell,J.C., Takara,T.J., Uchima,L. and Bell,S.P. (2009)
Incorporation into the prereplicative complex activates the Mcm2–7
helicase for Cdc7-Dbf4 phosphorylation. Genes Dev., 23, 643–654.

31. Mattarocci,S., Shyian,M., Lemmens,L., Damay,P., Altintas,D.M.,
Shi,T., Bartholomew,C.R., Thoma,N.H., Hardy,C.F. and Shore,D.
(2014) Rif1 controls DNA replication timing in yeast through the PP1
phosphatase Glc7. Cell Rep., 7, 62–69.

32. Hardy,C.F., Dryga,O., Seematter,S., Pahl,P.M. and Sclafani,R.A.
(1997) mcm5/cdc46-bob1 bypasses the requirement for the S phase
activator Cdc7p. Proc. Natl. Acad. Sci. U.S.A., 94, 3151–3155.

33. Sheu,Y.J. and Stillman,B. (2010) The Dbf4-Cdc7 kinase promotes S
phase by alleviating an inhibitory activity in Mcm4. Nature, 463,
113–117.

34. Sheu,Y.J. and Stillman,B. (2006) Cdc7-Dbf4 phosphorylates MCM
proteins via a docking site-mediated mechanism to promote S phase
progression. Mol. Cell, 24, 101–113.

35. Bruck,I. and Kaplan,D.L. (2015) The Dbf4-Cdc7 kinase promotes
Mcm2–7 ring opening to allow for single-stranded DNA extrusion
and helicase assembly. J. Biol. Chem., 290, 1210–1221.

36. Fernandez-Cid,A., Riera,A., Tognetti,S., Herrera,M.C., Samel,S.,
Evrin,C., Winkler,C., Gardenal,E., Uhle,S. and Speck,C. (2013) An
ORC/Cdc6/MCM2–7 complex is formed in a multistep reaction to
serve as a platform for MCM double-hexamer assembly. Mol. Cell,
50, 577–588.

37. Yabuuchi,H., Yamada,Y., Uchida,T., Sunathvanichkul,T.,
Nakagawa,T. and Masukata,H. (2006) Ordered assembly of Sld3,
GINS and Cdc45 is distinctly regulated by DDK and CDK for
activation of replication origins. EMBO J., 25, 4663–4674.

38. Tanaka,S. and Araki,H. (2011) Multiple regulatory mechanisms to
inhibit untimely initiation of DNA replication are important for
stable genome maintenance. PLoS Genet., 7, e1002136.

39. Samel,S.A., Fernandez-Cid,A., Sun,J., Riera,A., Tognetti,S.,
Herrera,M.C., Li,H. and Speck,C. (2014) A unique DNA entry gate
serves for regulated loading of the eukaryotic replicative helicase
MCM2–7 onto DNA. Genes Dev., 28, 1653–1666.

40. Fukuura,M., Nagao,K., Obuse,C., Takahashi,T.S., Nakagawa,T. and
Masukata,H. (2011) CDK promotes interactions of Sld3 and Drc1
with Cut5 for initiation of DNA replication in fission yeast. Mol.
Biol. Cell, 22, 2620–2633.

 at Im
perial C

ollege L
ondon on D

ecem
ber 9, 2015

http://nar.oxfordjournals.org/
D

ow
nloaded from

 

http://nar.oxfordjournals.org/

