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CDK-dependent complex tormation
between replication proteins Dpbl1,

S1d2, Pol ¢, and GINS in budding yeast
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Eukaryotic chromosomal DNA replication requires cyclin-dependent kinase (CDK) activity. CDK phosphorylates
two yeast replication proteins, SId3 and S1d2, both of which bind to Dpb11 when phosphorylated. These
phosphorylation-dependent interactions are essential and are the minimal requirements for CDK-dependent
activation of DNA replication. However, how these interactions activate DNA replication has not been elucidated.
Here, we show that CDK promotes the formation of a newly identified fragile complex, the preloading complex
(pre-LC) containing DNA polymerase ¢ (Pol ¢), GINS, Sld2, and Dpb11. Formation of the pre-LC requires
phosphorylation of Sld2 by CDK, but is independent of DNA replication, protein association with replication
origins, and Dbf4-dependent Cdc7 kinase, which is also essential for the activation of DNA replication. We also
demonstrate that Pol ¢, GINS, Dpb11, and CDK-phosphorylated S1d2 form a complex in vitro. The genetic
interactions between Pol ¢, GINS, Sld2, and Dpb11 suggest further that they form an essential complex in cells.
We propose that CDK regulates the initiation of DNA replication in budding yeast through formation of the

pre-LC.
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Eukaryotic chromosome DNA replicates from multiple
origins only once per cell cycle. This is regulated mainly
at the initiation steps by two protein kinases, cyclin-
dependent kinase (CDK) and Dbf4-dependent Cdc7 ki-
nase (DDK), both of which are activated at the G1/S
boundary of the cell cycle. These kinases cause many
replication proteins—including replicative DNA poly-
merases «, 3, and ¢ (Pol «, Pol 8, and Pol g)}—to associate
at origins with the prereplicative complex (pre-RC). The
pre-RC is formed from late M phase to G1 phase when
CDK activity is low by loading of the Mcm2-7 helicase to
the replication origins that are bound by the six-subunit
origin recognition complex (ORC) throughout the cell
cycle in budding yeast. This loading also requires Cdtl
and Cdc6 (Bell and Dutta 2002; Schwob and Labib 2006;
Sivaprasad et al. 2006; Walter and Araki 2006).
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CDK phosphorylates two replication proteins, S1d3 and
S1d2, both of which bind to Dpb11 when phosphorylated.
Dpb11 has two pairs of tandem BRCT domains, known as
a phosphopeptide-binding domain (Glover et al. 2004).
The N-terminal pair of the BRCT domains binds to
phosphorylated SId3, and the C-terminal pair binds to
phosphorylated Sld2. These phosphorylation-dependent
interactions are essential, and represent the minimal
requirement for CDK-dependent activation of DNA rep-
lication in budding yeast (Masumoto et al. 2002; Tanaka
et al. 2007; Zegerman and Diffley 2007). DDK phosphor-
ylates Mcm, and this phosphorylation is thought to
enhance the interaction between Mcm and other replica-
tion proteins (Masai et al. 2006; Sheu and Stillman 2006)
by alleviating an inhibitory activity in Mcm4 (Sheu and
Stillman 2010.

S1d3, S1d2, and Dpbl1 interact with many replication
proteins. S1d3 and Cdc45 form a complex that associates
with the pre-RC at the early firing origins even in G1
phase and with the late-firing origins in S phase, in a mutu-
ally dependent and Mcm-dependent manner (Kamimura
et al. 2001; Kanemaki and Labib 2006). Dpb11 and Sld2
interact with Pol ¢ genetically and physically. Increasing
the dosage of DPB11 or SLD2 suppresses the growth defect
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caused by mutations occurring in Pol ¢ (Araki et al. 1995;
Kamimura et al. 1998). Moreover, combined mutations in
Pol ¢, SLD2, and DPB11 cause inviability (Araki et al.
1995; Kamimura et al. 1998; Wang and Elledge 1999). In
a two-hybrid assay, SId2 and Dpbll interact with the
C-terminal portion of Pol2 (see below), the catalytic sub-
unit of Pol ¢ (Edwards et al. 2003). Cross-linking experi-
ments indicate that Dpb11 and Pol ¢ coprecipitate mainly
in S phase and associate with replication origins in a
mutually dependent manner (Masumoto et al. 2000).

Pol & comprises four subunits—Pol2, Dpb2, Dpb3, and
Dpb4—and forms a globular domain connected to a more
extended tail-like structure (Asturias et al. 2006; Pursell
and Kunkel 2008). Pol2, the largest and a catalytic sub-
unit of Pol ¢, has a DNA polymerase domain in the
N-terminal portion followed by a long C-terminal stretch.
Surprisingly, the DNA polymerase domain is not essen-
tial for cell growth and DNA replication, whereas de-
letion of the C-terminal portion of Pol2 confers lethality
(Dua et al. 1999; Kesti et al. 1999; Feng and D’Urso 2001).
Thus, whereas Pol ¢ normally synthesizes the leading
strand at the replication forks (Pursell et al. 2007; Kunkel
and Burgers 2008; Burgers 2009), we and others have
proposed that the C-terminal portion of Pol2 has an
essential function as a scaffold for other replication pro-
teins (Masumoto et al. 2000; Feng and D’Urso 2001).
Moreover, Lou et al. (2008) reported recently that Pol2
interacts with Mrcl, a checkpoint mediator, and func-
tions in checkpoint control. In addition, two nonessential
small subunits, Dpb3 and Dpb4, both of which have a
histone fold, form a subassembly that interacts with
histones and functions in transcriptional silencing caused
by chromatin structures (lida and Araki 2004; Tackett et al.
2005; Tsubota et al. 2006). Therefore, Pol ¢ itself seems to
be an important regulator of chromosome dynamics.

Dpb11 also interacts with GINS, which comprises S1d5,
Psfl, Psf2, and Psf3, and participates in the initiation
and elongation steps of chromosomal DNA replication
(Kanemaki et al. 2003; Takayama et al. 2003; Labib and
Gambus 2007). Dpb11 and GINS associate with origins
in a mutually dependent manner. GINS is one of the
replication proteins found at the replication forks and
forms a complex with Cdc45 and Mcm, called the CMG
complex in Drosophila embryo extracts (Moyer et al.
2006), the Unwindsome in Xenopus egg extracts (Pacek
et al. 2006), and the replisome progression complex (RPC)
in budding yeast (Gambus et al. 2006). The CMG complex
purified to homogeneity shows a higher DNA helicase
activity than Mcm alone (Ilves et al. 2010), suggesting
that it works as a replicative DNA helicase. The RPC
contains other factors that regulate fork progression in
addition to components of the CMG complex. Thus, the
CMG complex seems to comprise the minimal form of
the replicative DNA helicase.

Although phosphorylation-dependent interactions be-
tween Dpbll, SId2, and Sld3 are essential for CDK-
dependent activation of DNA replication (Masumoto
et al. 2002; Tanaka et al. 2007; Zegerman and Diffley
2007), how these interactions promote the initiation of
DNA replication has not been elucidated. To investigate

Preloading complex in DNA replication

the implication of these interactions in DNA replication,
we tried to identify the protein complexes that form in a
CDK-dependent manner. Using a cross-linking reagent,
we identified a fragile complex called the preloading
complex (pre-LC), which contains Pol g, GINS, S1d2, and
Dpbl1. The pre-LC forms before any association with
origins in a CDK-dependent and DDK-independent man-
ner. Pol ¢, GINS, S1d2, and Dpb11 can form a complex in
vitro, and their genetic interactions indicate the impor-
tance of the complex formation in vivo. Based on these
findings, we propose that CDK activity regulates the
initiation of DNA replication through formation of the
pre-LC.

Results

Fragile DNA replication complexes are detected
in the cross-linked cell extracts

To analyze the CDK-dependent formation of complexes
containing replication proteins, we first precipitated Flag-
tagged Psf2, a subunit of GINS, with anti-Flag antibody
from S-phase cells in which CDK is activated. We then
examined the coprecipitates using antibodies against
various replication proteins and detected Dpb2 (the
second largest subunit of Pol g, Mcm10, and Mcm?2
(Fig. 1A). (We did not examine whether Cdc45 coprecipi-
tates with GINS because of the lack of strong antibodies
against Cdc45.) The genetic analysis and two-hybrid assay
showed that GINS interacts with several replication
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Figure 1. Coprecipitation of replication proteins with GINS
in the absence or presence of cross-linking agent. (A) YNIG20
(PSF2-3Flag-1HA) cells were arrested with hydroxyurea (HU)
(0.2 M, 2 h), and cell extracts were prepared. Proteins were
immunoprecipitated with the anti-Flag antibody. After the pro-
teins were separated by SDS-PAGE, Western blotting was
performed with the antibodies indicated. The samples used as
whole-cell extracts (WCEs) corresponded to 2% of proteins used
for immunoprecipitation. (B) Asynchronous YYK61 (6FlagPSF1
SLD3-9myc) cells were cross-linked with formaldehyde. The
cell extracts were prepared using a bead shocker (Yasui Kikai)
and immunoprecipitated with the anti-Flag antibody. Whole-
cell extracts corresponded to 1% of the proteins used for immu-
noprecipitation except for 5% for Orc6 and Sld2. The Dpbll
protein was hardly detected in the formaldehyde-fixed whole-
cell extracts.
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proteins other than the coprecipitated proteins (Takayama
et al. 2003). The lack of these replication proteins in this
precipitate may relate to fragility of the complexes of
these proteins. We then used a cross-linking reagent,
formaldehyde, to stabilize the fragile complex, and iden-
tified Dpb11, S1d2, S1d3, Pol12 (the second largest subunit
of Pol a), Mcm?2, Rpal (the largest subunit of an ssDNA-
binding protein, RPA), and PCNA (a sliding clamp for Pol
d and Pol ¢) (Fig. 1B). After formaldehyde treatment, anti-
Dpbl1 antibodies hardly reacted with Dpbl1 in whole-
cell extracts, although they detected the precipitated
Dpbll, and anti-SId2 antibodies reacted with S1d2 very
weakly. This coprecipitation occurred only with specific
proteins. Orc6, a subunit of Orc, did not coprecipitate, and
only the slow-migrating form of Sld2 and the fast-migrating
form of Poll2 coprecipitated. S1d2 is phosphorylated by
S-phase-specific CDK (S-CDK), and its slow-migrating
form appears from the G1/S boundary (Masumoto et al.
2002), whereas Pol12 is phosphorylated by M-phase-specific
CDK (M-CDK), and the slow-migrating form appears
from the S/G2 boundary (Foiani et al. 1995). These results
suggest that GINS forms complexes with SId2 and Pol «
at the G1/S boundary and in S-phase cells, which have
active S-CDK.

Complex formation is cell cycle-dependent

To elucidate the complex formation further, we synchro-
nized the cells in which the Psfl subunit of GINS was
tagged with Flag, and CDCé6 was expressed under the
control of galactose. Cdc6 is required for the pre-RC
formation, which is essential for further association of
replication proteins with origins. This was confirmed by
no association of Sld2 with the origin (Supplemental Fig.
1). Thus, the Cdc6-depleted cells do not initiate DNA
replication. Cells synchronized in M phase by nocodazole
were released into the medium containing a-factor and
glucose so that they completed mitosis and were arrested
in the subsequent G1 phase in the absence of expression
of Cdc6 and formation of the pre-RC. The cells were then
released from a-factor, treated with formaldehyde, and
subjected to immunoprecipitation with anti-Flag anti-
body. As a control, cells with CDC6 expressed from the
wild-type promoter were treated in the same manner.
At first, we noticed that the proteins we examined
could be classified into four groups (Fig. 2A): Orc6, the
smallest subunit of Orc, did not associate with Psfl at any
point; Dpb2 associated with Psfl throughout the cell
cycle; Dpbll and SId2 associated with Psfl only when
the cells were released from G1 block; and S1d3, Mcm10,
Pol12, Mcm?2, Rpal, and PCNA associated with Psfl, and
their association was enhanced during DNA replication
(Fig. 2A,B). S1d3 and Mcm10 coprecipitated slightly with
Psfl even in the absence of Cdc6, and their associations
increased when replication started. Since the purified
$1d3 and Mcm10 proteins bind to various proteins weakly
(our unpublished results), we concluded that these pro-
teins associate with Psfl during DNA replication. Thus,
the proteins of this group seem to associate mainly with
the replication forks. We discuss the function of S1d3
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Figure 2. Coprecipitation of replication proteins with GINS
during the cell cycle. (A) YYK61 (6Flag-PSF1 SLD3-9myc) (+) and
YYKG62 (6Flag-PSF1 SLD3-9myc GAL1p-CDC6) (—) cells were
arrested at G2/M phase with nocodazole (5 pg/mL) for 2.5 h in
YPAGal (galactose as a carbon source), transferred to YPDA
(glucose as a carbon source) containing nocodazole, released in
YPDA containing a-factor (30 ng/mL), and incubated for 2.5 h at
24°C. Aliquots of the cells released from a-factor were with-
drawn at the times indicated, cross-linked with formaldehyde,
and immunoprecipitated with anti-Flag antibodies. Note that
the SId2 protein level fluctuated during the cell cycle and
reached the lowest level at G1 (0 min). The Sld2-Flag protein
level does not fluctuate significantly during the cell cycle
(Masumoto et al. 2002), probably because the Flag-tagged
C-terminal stabilizes the fusion protein. The amount of proteins
applied as whole-cell extracts corresponds to 2% of that used for
immunoprecipitation. (B) The cells were also subjected to flow
cytometry analysis.

further in the Discussion. Instead, Psf1, Dpb2, Dpb11, and
S1d2 formed a complex irrespective of DNA replication
(Fig. 2A, Cdc6 —). Because the subunits of GINS and Pol ¢
hardly dissociate from the complexes, this result indi-
cates that GINS, Pol ¢, Dpb11, and SId2 form a complex in
the absence of their association with replication origins.

The pre-LC contains Pol ¢, GINS, SId2, and Dpb11

As shown above, GINS forms a complex with Pol ¢, S1d2,
and Dpbl1. To determine whether they are included in
the same complex, we purified the putative Pol e~-Dpb11-
S1d2—-GINS complex by a two-step precipitation from the
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cells in which CDC6 was expressed under the control of
galactose, and Psfl and Dpb11 were tagged with Flag and
HBH (Tagwerker et al. 2006), respectively.

Synchronized cells that did not express Cdc6 were fixed
40 min after release from GI1 block. After disrupting the
cells, we first precipitated Dpbl1-HBH with TALON
beads and eluted the bound proteins with imidazole.
Psfl, Dpb2, and SId2 coeluted with Dpbl1 (Fig. 3, lanes
6,7). We then precipitated 6Flag-Psfl from the material
using anti-Flag antibody beads, and found S1d2, Dpb2, and
Dpbl1, but not Mem2, in this precipitate (Fig. 3, lane 12).
Without the Flag tag on Psfl, they did not coprecipitate
on the beads (Fig. 3, lane 11). These results suggest the
presence of a Pol e-Dpb11-S1d2-GINS complex or a mix-
ture of S1d2-Dpb11-GINS and Pol &-Dpb11-GINS com-
plexes. Because an efficient association between Dpbll
and GINS requires Pol ¢ and SId2 (see below), the Sld2—
Dpb11-GINS and Pol e-Dpb11-GINS complexes hardly
exist in vivo. Therefore, it seems likely that Pol ¢, Dpbl1,
S1d2, and GINS are involved in the same complex, which
we call the pre-LC.

Formation of the pre-LC requires CDK but not DDK

Two protein kinases, CDK and DDK, are essential for the
initiation of DNA replication. To examine the require-
ment for CDK activity in the formation of the pre-LC, we
arrested cells in G1 phase with a-factor and expressed
Sic1ANT, a stable inhibitor of S-CDK and M-CDK that is
under the control of galactose, and then released them
from a-factor. Expression of SiclANT inhibits S-CDK
and M-CDK, and consequently arrested the cells at the
G1/S boundary. As expected, the slow-migrating form of
S1d2, a hyperphosphorylated form dependent on CDK,
appeared in the absence of Sic1ANT (Fig. 4A, Raff) but not
in the cells expressing SiclANT (Fig. 4A, Gal). Although
Dpb2, Dpb11, and Psf2 precipitated with S1d2-10Flag after
release from the G1 block in the absence of SiclANT,
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Figure 3. Two-step coprecipitation of Sld2, Dpbll, Pol ¢, and
GINS. YYK60 (Galp-CDC6), YYK62(Galp-CDC6 6Flag-PSF1),
YNIG231(Galp-CDC6 DPB11-HBH) and YNIG217(Galp-CDC6
6Flag-PSF1 DPB11-HBH) cells were synchronized at 24°C in the
condition that depletes Cdc6, as described in the legend for
Figure 2. At 40 min after release from the G1 block, the cells
were fixed with formaldehyde and disrupted. The resultant cell
extracts were mixed with Dynabeads TALON (Dynal). The
proteins were eluted from these beads with imidazole and
precipitated with Dynabeads Protein A (Dynal) conjugated to
anti-Flag (M2). The bound proteins were denatured by heat and
subjected to SDS-PAGE, followed by Western blotting.
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Figure 4. CDK-dependent formation of the pre-LC. (A)
YNIG193 (SLD2-10Flag GAL1p-sicIANT DPB11-9myc) cells
were arrested at G1 phase with a-factor (30 ng/mL) in YPRaff
for 1.5 h at 25°C. The culture was then split into two, and
galactose (2%) was added to one half. After 45 min, the cells
were released from a-factor in YPAGal (0 min). The other half
was released from a-factor in YPRaff. Aliquots of cells released
from a-factor were withdrawn at the times indicated, cross-
linked with formaldehyde, and immunoprecipitated with the
anti-Flag antibody as described in the legend for Figure 1.
Western blotting was performed with the antibodies indicated.
Dpbl1-9myc and Sld2-10Flag were detected using anti-myc
antibody 9E10 and anti-Flag antibody M2, respectively. (Raff)
Raffinose; (Gal) galactose. (B) YS136 cells (dbf4-1 SLD2-10Flag
DPB11-9myc) arrested with a-factor for 2.5 h at 25°C were
shifted to 36°C and incubated further for 30 min at 36°C. The
cells were then released (0 min) and cultivated for 45 min at
36°C. The cells were lysed with Lyticase (Sigma), and the
proteins were precipitated with anti-Flag antibody M2 as de-
scribed (Takayama et al. 2003). (C) YS134 (dbf4-1 SLD2-10Flag)
cells were arrested at G1 phase with a-factor (30 ng/mL) in
YPDA for 1.5 h at 23°C. The culture was split into two, and one
half was shifted up to 36°C. After 30 min, cells were released
from a-factor (0 min). Aliquots of cells were withdrawn at the
times indicated, cross-linked with formaldehyde, and immuno-
precipitated with anti-Flag antibody, as described in the legend
for Figure 1. Western blotting was then performed with the
antibodies indicated. The FACS patterns of the synchronized
cells are shown in Supplemental Figure 5.

their coprecipitation decreased when the cells expressed
SiclANT (Fig. 4A), indicating that their association de-
pends on CDK activity.

S1d2-P1 and Dpbl1-C proteins, truncated versions of
S1d2 and Dpbl11, form a complex in vitro when SI1d2-P1 is
phosphorylated by CDK (Tak et al. 2006), suggesting that
DDK is not required for this complex formation. In the
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cells that are arrested in G1 by a-factor and released at
nonpermissive temperature for dbf4-1—a temperature-
sensitive allele of DBF4 that encodes a regulatory subunit
of DDK—S1d2 and Dpbl1 coprecipitated without apply-
ing a cross-linking reagent (Fig. 4B). When the cells were
cross-linked with formaldehyde, Dpb2 and Psf2 also pre-
cipitated with Sld2-10Flag after release from G1 block
without DDK activity (Fig. 4C). Thus, the pre-LC forma-
tion appears to depend on CDK but not on DDK.

Pol ¢, GINS, SId2, and Dpb11 form a complex in vitro

Coimmunoprecipitation of Pol g, GINS, S1d2, and Dpbl1
suggested that all are components of the pre-LC complex.
However, we did not know whether Pol ¢, GINS, S1d2,
and Dpb11 can form a complex, or whether other missing
components are required for complex formation. We next
tried to form a complex from purified Pol ¢, S1d2, Dpbl1,
and GINS proteins in the absence of formaldehyde (Sup-
plemental Fig. 2.

We first mixed various amounts of SId2 with 0.25 pmol
of Dpb11 immobilized on the beads. S1d2 bound to Dpb11
specifically because it did not bind to Cdc45 or Mcm4
(Supplemental Fig. 3). Moreover, phosphorylation of S1d2
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by CDK enhanced this binding by threefold to fivefold
(Fig. 5A,B). Next, we mixed 0.5 pmol (10 nM) each of Pol ¢
and GINS with the pSld2-Dpbll complex formed on
beads (~0.1 pmol of phosphorylated SId2 [pSld2] bound
to the immobilized Dpb11 [0.5 pmol]). In this reaction,
Pol ¢ and GINS associated with pSld2 and Dpbl1 on the
beads (Fig. 5C, lane 8), indicating that they had formed
a complex.

We then examined the requirements of the complex
formation in vitro. When we did not add S1d2, Pol ¢
binding to Dpbll was reduced to half (Fig. 5C [lanes
4,5,8,9], F [columns III,V,VI]), indicating an important
role of S1d2 in Pol £ binding. Moreover, Pol € was required
for GINS to bind Dpbl1 (Fig. 5C, lanes 6-9). Consistent
with this observation, Pol & and GINS formed a complex
in vitro (Fig. 5D).

Interestingly, the ratio of GINS/Pol € was higher in the
GINS-Pole-Dpbl1 complex (~12% [2.2 fmol/19 fmol])
(Fig. 5C [lane 9], F [column VI]) than in the complex
formed between them (~6.0% [30 fmol/500 fmol]) (Fig.
5D). The interaction between Dpb11 and the Psfl subunit
of GINS in a two-hybrid assay (Takayama et al. 2003)
suggests that Dpbl1 stabilizes the association of GINS
with Pol & through the weak Dpb11-Psfl interaction. The
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Figure 5. In vitro complex formation from purified proteins. (A) Dpb11-CBP immobilized to beads (0.250 pmol of Dpbl1) was
incubated with 0.125 pmol (5 nM) of Sld2-10Flag and CDK-phosphorylated Sld2-10Flag for 10 min at 4°C. The Sld2 and Dpbl1 were
detected by antibodies against Flag and CBP tagged to S1d2 and Dpbl11, respectively. (B) Dpb11-immobilized beads (0.5 pmol of Dpb11)
were mixed with various concentration of Sld2, and the amounts of phosphorylated Sld2 and bound S1d2 were measured. The results
are the average of three independent experiments and standard deviation. (C) Dpbl1-immobilized beads with phosphorylated SId2 (0.5
pmol of Dpb11 and 0.1 pmol of phosphorylated Sld2) were incubated with 0.5 pmol (10 nM) of Pol £ and GINS for 1 h at 4°C. The Pol ¢
and GINS bound to the beads were detected by antibodies against the Dpb2 subunit of Pol € and the SId5 subunit of GINS. (D) Pol ¢ (0.5
pmol) immobilized to beads was incubated with 0.5 pmol (10 nM) of GINS for 1 h at 4°C. (E) SId2 or CDK-phosphorylated S1d2
immobilized to beads (0.5 pmol) was incubated with 0.5 pmol (10 nM) of Pol ¢ and GINS for 1 h at 4°C. (F) The amounts of Pol ¢ and
GINS bound to beads in C and E were estimated from Western blotting, and are shown as the average of three independent experiments
and standard deviation.
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ratio of GINS/Pol £ was increased more by the addition of
pSId2 (29% [11 fmol/38 fmol]) (Fig. 5C [lane 8], F [column
V]), suggesting that pSld2 or the pSId2-Dpbl1 complex
further stabilizes the association between GINS and Pol ¢.

To understand how Sld2 enhances the interaction
between Dpbll, Pol g, and GINS, we also examined the
association between S1d2, Pol ¢, and GINS. S1d2 (0.5 pmol)
was immobilized on the beads using Flag tag and anti-Flag
antibody, and was mixed with 0.5 pmol (10 nM) each of
Pol & and GINS. We did not add Dpbl1 to this reaction
because Dpbl11 binds to the beads nonspecifically. Pol ¢
bound to the pSld2 beads more efficiently than to the
Dpb11 beads. GINS did not bind to S1d2 in the absence of
Pol ¢ (Fig. 5E, lanes 8,11), indicating that GINS bound to
pSI1d2 through Pol . Unlike Dpb11, the ratio of GINS/Pol
¢ in the GINS-Pole-S1d2 complex (~1.7% [1.1 fmol/63
fmol]) (Fig. 5F) was less than that observed for the
complex formed between them (~6.0%), indicating that
pS1d2 binds efficiently to Pol & but does not stabilize the
association between GINS and Pol €. This result suggests
that the increase in the ratio of GINS/Pol ¢ by the
addition of pSId2 seems to be caused by formation of
the pSld2-Dpbl1 complex. These results also suggest
that Dpbl1, Sld2, Pol ¢, and GINS can form a complex
without the aid of other proteins, and that S1d2 and Pol
play roles in the binding of GINS to Dpbl11.

Phosphorylation of S1d2 enhanced the binding to Pol ¢
(Fig. 5E,F). We surmise that this phosphorylation-dependent
enhancement increases the efficiency of the initiation of
DNA replication but may not be essential. This is be-
cause alanine substitutions of serine/threonine at all of
the CDK phosphorylation motifs except Thr84 in S1d2 do
not inhibit the cell growth, and because phospho-Thr84 is
required for Dpb11 binding (Tak et al. 2006). Moreover,
substitution of alanine for Thr84 did not reduce its bind-
ing to Pol ¢ in vitro (Supplemental Fig. 4).

CDK-dependent pre-LC formation requires SId2

The in vitro complex formation suggested that S1d2 en-
hances the interaction between Pol ¢, GINS, and Dpb11.

A 23°C c
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This could explain the CDK dependency of their in-
teractions in vivo (Fig. 3A), because CDK phosphorylates
S1d2. We then examined the role of S1d2 in the formation
of the pre-LC in vivo. For this purpose, we used a temper-
ature-sensitive allele of SLD2, drc1-1 (Wang and Elledge
1999), which reduces the interaction between Sld2 and
Dpbll (Masumoto et al. 2002). The Drcl-1 has four
amino acid alterations (K59R, P85S, G282C, and
R358Q)) in the Sld2 protein (our unpublished results), in
which P85S is responsible for temperature-sensitive
growth and interaction with Dpbl1 as observed in S1d2-6
(Kamimura et al. 1998).

As shown in Figure 6, A and B, Dpb3-5Flag always
precipitated with Psf2 in drc1-1 cells, as observed in the
wild-type cells at 23°C and at 36°C. Sld2 also coprecipi-
tated with Dpb3-5Flag in drci-1 cells when phosphory-
lated, as observed in the wild-type cells. In contrast,
Dpbl1 coprecipitated poorly even at 23°C (Fig. 6A), and
this coprecipitation was diminished at 36°C (Fig. 6B). We
also precipitated Sld2-10Flag of drc1-1 cells. Dpb2 copre-
cipitated at 23°C and at 36°C, as observed in the wild-type
cells (Fig. 6C,D). This coprecipitation was enhanced
when the cells were released from the G1 block and
S1d2 was phosphorylated, which was consistent with the
in vitro result (Fig. 5E). However, Psf2 and Dpbl1 copre-
cipitated poorly at 23°C (Fig. 6C), and their coprecipita-
tion was diminished at 36°C (Fig. 6D). These results
indicate that Pol ¢ and GINS form a complex in the
absence of Sld2 function, whereas they require Sld2 to
interact with Dpbl1 in vivo.

Genetic interactions are consistent with the formation
of the pre-LC

A mutation occurring in one subunit of a complex is often
suppressed by increasing the dosage of other subunits.
This is true for the S1d2-Dpbl11 (Kamimura et al. 1998;
Wang and Elledge 1999), GINS (Takayama et al. 2003),
and Pol ¢ (Araki et al. 1995; Iida and Araki 2004)
complexes. We extended this high-copy suppression anal-
ysis to GINS. We cloned the genes encoding the four

23°C Figure 6. Sld2 function is required for

WCE IP (ppb3-sFiag) WCE

IP (sis2-10riag) pre-LC formation. (A,B) YNIG14 (Galp-

SLD2 _drci-1 _SLD2 _drci-1

(min) 0 30 80900 306050 0 30 60500 306090
Dpb11—|

FARRNARD

Dpb11-9myc —

SLD2 _drei1-1 _SLD2 _drci-1
(min) 0 30 6[}900 30 EOQU 0 3060900 306090

CDC6 DPB3-5Flag) and YNIG224 (Galp-
CDC6 drc1-1 DPB3-5Flag) cells were syn-

— === chronized in G1 phase at 23°C in the
sie2 or ore1-1— (NN IS S UNNERRERN opbz— SEERESEEE-EEL —as condition that depletes Cdc6, as described
Psiz— =f====== Psf2— BNEESSSEE ———- - in the legend for Figure 2. The culture was
g T pp— Sld2-10Flag, R split into two, and one half was shifted up
DeossFizo— HENEEREE===ss Dre1-1-10Flag to 36°C. After 30 min, cells were released
. . from Gl block, withdrawn at 30 min
36°C 36°C
B NCE T p—— D WOE Tyrv— intervals, cross-linked, and immunopre-
SLD2 _drc1-1 _SLD2 _drel-1 SLDz dror1 _Stbz _arer1 C¢ipitated with anti-Flag antibody M2.
(min) 30,9030 00 "30 . 90 30 . 90 (min) 3090730 /90 30 . 90 30 90 (C,D) YNIG225 (Galp-CDC6 SLD2-10Flag
Dpb11 — I 'FEERERE Dpb11-9myc — = —— DPB11-9myc) and YNIG226 (Galp-CDC6
S1d2 or Dre1-1 — Sl Tal o) Dpb2— MHEE il drc1-1-10Flag DPB119myc) were treated

Psf2 — ——————_—%
1d2-10FI
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Drc1-1-10Flag "

Psfz — EE=S=SSS -

as described in A and B.
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subunits of GINS on high-copy plasmids and introduced
them into pol2-11, dpb11-29, and drc1-1 mutant cells
defective in Pol ¢, Dpb11, and SId2, respectively. Whereas
the cells harboring one of those temperature-sensitive
mutations could not grow at the restrictive temperature,
simultaneous introduction of the high-copy plasmids
bearing all four genes of GINS restored the cell growth
(Fig. 7). This suppression was specific because the growth
defect of sId3 or cdc45 cells was not suppressed by the
same plasmid (data not shown). Temperature-sensitive
growth of pol2-11 mutant cells defective in a catalytic
subunit of Pol ¢ is suppressed by high copy of DPB11 and
SLD2 (Araki et al. 1995; Kamimura et al. 1998; Wang and
Elledge 1999), suggesting that Pol ¢ interacts with Sld2
and Dpbll, and that the pol2-11 mutation reduces its
interaction. The dpb11-29 mutation, which occurs in the
C-terminal half of Dpb11, and the drc1-1 mutation reduce
the interaction between Dpbll and Sld2 (Wang and
Elledge 1999; Masumoto et al. 2002). Because GINS re-
quires the Dpb11-Sld2 complex and Pol ¢ for efficient
interaction between GINS and Dpbll (Fig. 5), the sup-
pression of pol2-11, dpb11-29, and drc1-1 mutations by
increasing the dosage of GINS suggests that GINS in-
teracts with Pol ¢, Dpb11, and SId2 specifically, and that
the formation of the pre-LC complex is essential.

Discussion

CDK-catalyzed phosphorylation of Sld2 and S1d3, and
their subsequent association with Dpbl1, is essential for
the initiation of chromosomal DNA replication in bud-
ding yeast (Tanaka et al. 2007; Zegerman and Diffley
2007). In this study, we identified a complex, the pre-LC,
that contains Pol ¢, GINS, SId2, and Dpb11. We argue that
the formation of the pre-LC is part of the CDK-dependent
process mediated by the interaction between SId2 and
Dpbll.

Figure 7. Suppression of thermosensitive growth of pol2-11,
dpb11-29, and drci-1 (sld2) by increasing dosages of GINS.
YHA211 (pol2-11), YNIG61 (dpb11-29), and Y799 (drc1-1) cells
carrying both YEpl195 and YEpl181 (V) or both YEpl195SLD5-
PSF1 and YEpl81PSF2-PSF3 (GINS) were streaked onto YPD
plates and were incubated for 4 d at the temperatures indicated.
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The pre-LC complex is essential for the initiation
of chromosomal DNA replication

Although the pre-LC was detected only in formaldehyde-
fixed cell extracts, several lines of evidence strongly
suggest that the formation of the pre-LC occurs in vivo.
First, coimmunoprecipitation of proteins after formalde-
hyde treatment was still specific (Figs. 1, 2). For example,
Orc did not precipitate with components of the pre-LC.
Second, we demonstrated that purified Pol ¢, GINS, S1d2,
and Dpbll proteins form a complex without a cross-
linker (Fig. 5). Thus, Pol g, GINS, S1d2, and Dpb11 proteins
are the minimal components constituting the pre-LC.
Third, the genetic interactions observed previously (Araki
et al. 1995; Kamimura et al. 1998; Takayama et al. 2003)
and in this study are consistent with formation of the pre-
LC. We thus propose that the pre-LC forms in cells, and
that this formation is mediated by the interaction be-
tween Sld2 and Dpbll. Because a small amount of the
pre-LC was recovered from the formaldehyde-treated
cells, the pre-LC appears to be formed transiently.

Pol ¢, GINS, S1d2, and Dpb11 proteins, the components
of the pre-LC, are all essential for the initiation of chro-
mosomal DNA replication, and associate with replica-
tion origins in a mutually dependent manner (Masumoto
et al. 2000; Kamimura et al. 2001; Takayama et al. 2003).
The dpb2-1 and dpb11-1 mutations reduce the interac-
tion between Pol € and Dpb11 (Masumoto et al. 2000) and
the interaction between Dpb11 and SId2 (Kamimura et al.
1998), respectively, indicating that these mutations re-
duce formation of the pre-LC. This study also showed
that the drc1-1 mutation defective in Sld2 reduces the
formation of the pre-LC (Fig. 6). Thus, reducing the pre-
LC formation seems to confer a defect in DNA replica-
tion. In contrast, increasing the dosage of DPB11, SLD2,
or GINS suppresses dpb2-1, drc1-1, and dpb11-1 (Araki
et al. 1995; Kamimura et al. 1998; Takayama et al. 2003),
probably by stabilizing the pre-LC complex. Taken to-
gether, these data suggest that formation of the pre-LC is
essential for DNA replication, especially for the initiation
step.

How is the pre-LC loaded onto origins?

We argue that the pre-LC complex is formed before its
components are loaded properly onto origins. The pre-LC
was formed in the absence of the pre-RC (Fig. 2); in this
condition, the components of the pre-LC do not associate
with origin DNA, and formation of the pre-LC was
resistant to DNase I (our unpublished results). Moreover,
Dpbl1, SId2, Pol g, and GINS associate with replication
origins in a mutually dependent manner (Masumoto et al.
2000; Takayama et al. 2003). Thus, the components of the
pre-LC seem to associate with origins only when they
form the pre-LC complex.

How does the pre-LC associate with replication ori-
gins? We speculate that the pre-LC forms first and then
binds preferentially to phosphorylated SId3 on replication
origins because S1d3, together with Cdc45, associates
with origins before and independently of the pre-LC
(Kamimura et al. 2001), and because phosphorylated
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S1d3 binds to the N-terminal tandem BRCT domain of
Dpb11 (Tanaka et al. 2007; Zegerman and Diffley 2007). A
trace amount of SId3 precipitated with GINS throughout
the cell cycle, and no significant increase in the copreci-
pitation after release from the G1 block was observed in
the Cdcé6-depleted and formaldehyde-fixed cells. In con-
trast, the coprecipitation of Sld3 and GINS increased
slightly at the G1/S boundary and in the S phase of
wild-type cells in which SId3 associates with origins
(Fig. 2A). In addition, protein—protein interactions be-
tween subunits of the pre-RC, GINS, and Pol & may
stabilize the complex of the pre-LC and pre-RC on
origins. In a two-hybrid assay, the Psfl subunit of GINS
interacts with S1d3 (Takayama et al. 2003), and S1d3 inter-
acts with Mcm, a component of the pre-RC (our un-
published results). A recent proteomic study showed that
Dpb2, the second largest subunit of Pol ¢ coprecipitates
with the Orcl and Orc4 subunits of Orc (Krogan et al.
2006). This suggests that the pre-LC but not the complex
lacking GINS or Pol ¢ associates with replication origins.

Pol ¢ is important for pre-LC formation

Pol ¢ is essential for DNA replication. However, the
catalytic domain located in Pol2, the largest subunit of
Pol ¢, is dispensable, whereas the Pol2 C-terminal portion
is essential for DNA replication (Dua et al. 1999; Kesti
et al. 1999; Feng and D’Urso 2001). How the essential
C-terminal portion of Pol2 works in DNA replication is
a long-standing question. This study suggests that one of
the essential functions of the C-terminal portion of Pol2
in budding yeast is formation of the pre-LC because it is
required for GINS to bind to the S1d2-Dpbl1 complex.
The C-terminal portion of Pol2 interacts with Dpb11 and
S1d2 as well as the Dpb2 subunit of Pol ¢ (Edwards et al.
2003). Moreover, Dpb2 interacts with the Psfl subunit
of GINS (Takayama et al. 2003). Thus, the C-terminal
portion of Pol2 connects the Sld2-Dpbll complex to
GINS via Dpb2. This connection is also supported by
the genetic interaction; that is, the pol2-11 mutation
occurring in the C terminus is suppressed by increasing
dosages of Dpbl1, SId2, and GINS (Fig. 7; Araki et al.
1995; Kamimura et al. 1998). Dpb2 is also indispensable
for cell growth, although the degraded catalytic subunit of
Pol ¢ alone shows a polymerizing activity indistinguish-
able from that of four-subunit Pol & (Hamatake et al.
1990). One of the essential functions of this subunit may
also be attributed to the pre-LC formation.

The essential function of Pol ¢ in the initiation of DNA
replication may be conserved in higher eukaryotes. Pol ¢ is
dispensable for SV40 virus DNA replication and does not
associate with SV40 DNA (Zlotkin et al. 1996), whereas
it is indispensable for chromosomal DNA replication
(Pospiech et al. 1999; Waga et al. 2001). T-antigen encoded
by SV40 recognizes its origin and functions as a replicative
helicase instead of Orc and CMG (Waga and Stillman
1998). It is conceivable that Pol & in mammalian cells also
aids the proper association of replication proteins, such as
GINS, at replication origins, and thus SV40 DNA repli-
cates in the absence of Pol &. The essential function of
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mammalian Pol ¢ in the initiation step is also consistent
with localization of Pol ¢ in S phase, because it colocalizes
with PCNA, a sliding clamp at the replication forks, only
in late but not in early S phase (Fuss and Linn 2002). If Pol ¢
functions in the proper association of replication proteins
with origins, it may associate transiently with origins, and
thus it may not colocalize with PCNA. In late S phase, the
heterochromatic region is replicated. Two nonessential
subunits of Pol ¢, Dpb3 and Dpb4, have histone fold motifs
and function in the silencing of gene expression in
heterochromatin-like regions of budding yeast (lida and
Araki 2004; Tackett et al. 2005). Thus, it is possible that,
in mammalian cells, Pol ¢ also works with PCNA to
regulate heterochromatin during late S phase.

The results obtained from Xenopus egg extracts con-
tradict our idea apparently. Depletion of either Pol ¢ or
Pol & from the extracts reduces but does not abolish DNA
replication, while depletion of both diminishes almost all
DNA replication (Waga et al. 2001; Fukui et al. 2004).
This result suggests that two DNA polymerases, Pol € and
Pol 3, work for DNA replication and partially compensate
each other. Moreover, even in the absence of Pol g, Cdc45
associates with chromatin (Fukui et al. 2004). It is thus
suggested that Pol ¢ does not participate in the initiation
step that occurs before chromatin association of Cdc45.
Egg extracts contain an extraordinary amount of DNA
replication proteins, which support several rounds of repli-
cation. In this condition, GINS may associate with rep-
lication origins in the absence of the specific machinery,
like the pre-LC. However, further study is required to
reveal whether the initiation step occurs properly in the
absence of Pol ¢ in the extracts.

Role of the pre-LC complex in the initiation step
of chromosomal DNA replication

Recent studies identified the complex comprising Cdc45,
Mcm, and GINS (CMG complex) from various organisms
(Gambus et al. 2006; Moyer et al. 2006; Pacek et al. 2006).
Moreover, the CMG complex from Drosophila embryo
cells shows robust helicase activity (Ilves et al. 2010),
suggesting that it works as a replicative helicase at
replication forks. Cdc45 associates with the Mcm-bound
replication origins in an Sld3-dependent manner, and
GINS joins this complex as a component of the pre-LC.
According to this viewpoint, the pre-LC is a carrier of
GINS to the pre-RC to form a CMG complex and to
activate the helicase activity of Mcm. The association
between Dpbll and GINS is enhanced mostly by the
CDK-catalyzed phosphorylation-dependent interaction
between Dpbll and Sld2 (Fig. 5F). Thus, CDK might
promote the initiation of DNA replication by enhancing
GINS recruitment to origins through the formation of the
pre-LC. Once DNA replication starts, Sld2, Sld3, and
Dpbl1 do not move with the replication forks, whereas
Cdc45 and GINS form an active helicase with MCM and
work as major components at the replication forks. In this
scenario, the pre-LC must be disrupted for the initiation
of DNA replication. The fragile characteristic of the pre-
LC is suitable for this mechanism.
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We do not know whether the pre-LC or related complex
is formed in other organisms. However, BRCT-containing
proteins (Dpbl1-related proteins) seem to play important
roles in recruiting GINS to replication origins. In fission
yeast, S1d3 associates with replication origins in a DDK-
dependent and Cdc45-independent manner. GINS and
Cut5, a counterpart of Dpbl1, associate with origins in a
mutually dependent manner, and their association is a
prerequisite for the association between Cdc45 and the
origin (Yabuuchi et al. 2006). This step requires CDK
activity, which enhances the interaction between Cut5
and Drcl, a counterpart of S1d2 (Noguchi et al. 2002). Al-
though the association order of replication proteins with
origins differs from budding yeast, the BRCT-containing
protein Cut5 seems to play a role in recruiting GINS to
origins. This is also true in Xenopus egg extracts. Chroma-
tin association of Cut5/TopBP1, a counterpart of Dpbll,
comprises two distinct modes: one CDK-independent
and the other CDK-dependent. CDK-independent Cut5
association is enough for further associations of replica-
tion proteins. When CDK is activated, Cdc45 and GINS
associate with chromatin in a mutually dependent and
Cut5-dependent manner (Hashimoto and Takisawa
2003).

Materials and methods

Yeast strains and plasmids

All of the yeast strains used in this study originated from W303
and are listed in Supplemental Table 1. Plasmids harboring two
of four genes encoding GINS proteins were constructed as
follows: The Xbal-Kpnl fragment bearing SLD5 obtained from
YCp22SLD5 (Takayama et al. 2003) was inserted into the Xbal-
Kpnl-cleaved YEp195PSF1 (Takayama et al. 2003), and the re-
sultant plasmid was named YEp195(SLD5 + PSF1). The Tth111I-
Ncol fragment bearing PSF3 was amplified by PCR and was
cloned directly into the Smal site of YEplac195 (Gietz and Sugino
1988) for YEp195PSF3 (Takayama et al. 2003). The EcoRI-Sall
and EcoRI-BamHI fragments of YEp195PSF3 bearing PSF3 were
ligated with EcoRI- and Sall-cleaved YEplacl81 (Gietz and
Sugino 1988) for YEp181PSF3, and with EcoRI and BamHI-
cleaved YCplac22 (Gietz and Sugino 1988) for YCp22PSF3
(Takayama et al. 2003), respectively. The Sall-Sphl fragment
bearing PSF2 was obtained from YEpl195PSF2 (Takayama et al.
2003), and was cloned into the Sall-Sphl gap of YEp181PSF3. The
resultant plasmid was named YEp181(PSF2 + PSF3).

Immunoprecipitation of formaldehyde-treated cell extracts

Immunoprecipitation of formaldehyde-treated cell extracts was
performed essentially the same way as described in the chroma-
tin immunoprecipitation assay (Takayama et al. 2003). The de-
tailed procedure is described in the Supplemental Material.

For two-step coprecipitation, the cell extracts were mixed
with Dynabeads TALON (Dynal). The proteins eluted from these
beads with 150 mM imidazole were precipitated with Dynabeads
Protein A (Dynal)-conjugated anti-Flag (M2).

In vitro pull-down assay

All in vitro analyses were performed at 4°C with the reaction
buffer (50 mM HEPES-KOH at pH 7.5, 200 mM potassium
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acetate, 2 mM magnesium acetate, 10% glycerol, 0.1% Tween
20, 0.01% Nonidet P40, 1 mg/mL bovine serum albumin,
partially hydrolyzed casein [10 mg/mL for S1d2-Dpb11 reactions;
2.5 mg/mL for other reactions]). The method for purifying pro-
teins is described in the Supplemental Material.

Dpbl1 was immobilized to anti-CBP antibody (Upstate Bio-
technologies)-conjugated Dynabeads M-270 Epoxy (Dynal) pre-
pared according to the supplier’s instructions with post-treat-
ment with ethanolamine. For the Dpb11-S1d2 interaction assay,
~5 X 10° beads with 0.25 pmol of Dpb11-CBP were incubated
with 25 pL of the reaction buffer containing various amounts of
S1d2-10Flag for 10 min. For interactions among Dpb11, S1d2, Pol
¢, and GINS, the Dpbl1 beads were first incubated with phos-
phorylated or unphosphorylated Sld2-10Flag for 20 min in the
reaction buffer. After washing, the Dpb11-Sld2 beads (0.5 pmol
of Dpb11 and 0.1 pmol of SId2 on 1 X 107 beads) were mixed with
50 pL of the reaction buffer containing 0.5 pmol of Pol & and
GINS, and were incubated for 1 h.

Phosphorylated or unphosphorylated Sld2-10Flag was immo-
bilized onto anti-Flag M2 antibody (Sigma-Aldrich)-conjugated
Dynabeads M-270 Epoxy (Dynal) and was used for the Sld2-Pol
&-GINS interaction assay. For the Pol e~GINS interaction assay,
Pol ¢ bearing Dpb3-Flag was immobilized onto anti-Flag M2
antibody-conjugated Dynabeads M-270 Epoxy.

After the reactions, beads were washed twice with 1 mL of
the reaction buffer, and the bound proteins were separated by
5%-20% gradient SDS-PAGE and analyzed by Western blotting.
Proteins were visualized and quantified using Odyssey Infrared
Imaging System (LI-COR).

Phosphorylation of SId2

S1d2 protein was phosphorylated using recombinant Cdc28-Clb5
(Tak et al. 2006) in phosphorylation buffer (50 mM HEPES-KOH
at pH 7.5, 2 mM MgCl,, 0.2 mM ATP, 0.25 mg/mL partially
hydrolyzed casein) for 90 min at 30°C. For the unphosphorylated
control, SId2 was incubated in the buffer without kinase.
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