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The replication of eukaryote chromosomes slows downwhen DNA
is damaged and the proteins that work at the fork (the replisome)
are known targets for the signaling pathways that mediate such
responses critical for accurate genomic inheritance. However, the
molecular mechanisms and details of how this response is me-
diated are poorly understood. In this report we show that the
activity of replisome helicase, the Cdc45/MCM2-7/GINS (CMG)
complex, can be inhibited by protein phosphorylation. Recombi-
nant Drosophila melanogaster CMG can be stimulated by treat-
ment with phosphatase whereas Chk2 but not Chk1 interferes
with the helicase activity in vitro. The targets for Chk2 phosphor-
ylation have been identified and reside in MCM subunits 3 and 4
and in the GINS protein Psf2. Interference requires a combination
of modifications and we suggest that the formation of negative
charges might create a surface on the helicase to allosterically
affect its function. The treatment of developing fly embryos with
ionizing radiation leads to hyperphosphorylation of Psf2 subunit
in the active helicase complex. Taken together these data suggest
that the direct modification of the CMG helicase by Chk2 is an
important nexus for response to DNA damage.

eukaryotic DNA replication | S-phase checkpoint response

Propagation of genetic information through cell division is
dependent on high-fidelity replication of each and every

segment of genomic DNA before the resulting two copies of
chromosomes are partitioned into daughter cells. This remark-
able fidelity is achieved through multiple tiers, including highly
accurate proofreading by DNA polymerases and many elaborate
DNA repair pathways. Enormous progress has been achieved in
unraveling the intricacies of these repair processes and the crit-
ical S-phase checkpoints that coordinate the DNA repair with
the cell cycle. However, the details of how the replication ma-
chinery itself is affected during the S-phase checkpoint response
remain a frontier area.
To ensure a timely completion of replication for the huge

eukaryotic genome, a number of replication forks are initiated
gradually throughout S phase from the potential start sites
(origins) in genomic DNA (1). A critical step that is thought to
be coordinate with the initiation of an active replisome is the
activation of the replicative DNA helicase—the Cdc45/MCM2-7/
GINS (CMG) complex (2–4). The core part of this complex—
MCM2-7—is brought to chromosomes in late M or early G1
phases of the cell cycle as an inactive double hexamer that
encircles the duplex DNA (5, 6). How the DNA duplex first
melts and the MCM2-7 double hexamers separate to create two
bidirectionally moving replication forks (7) is still unclear, but
the proper interaction of GINS and Cdc45 with the MCM core
to create an active CMG helicase is likely concomitant with this
process (2, 8, 9). CMG helicase further unwinds the DNA
strands in front of the replisome on the progressing fork, thus
preparing the template for synthesis of nascent strands by DNA
polymerase (10, 11).
The DNA replication-related S-phase checkpoint mechanisms

have been most extensively studied in the simple eukaryote

budding yeast (Saccharomyces cerevisiae), where the replication
initiation step for later firing origins has emerged as a principal
downstream target. The initiation of DNA replication in eukar-
yotes is controlled by two cell-cycle kinases: cyclin-dependent
protein kinase (CDK) and Cdc7/Dbf4 protein kinase (DDK)
(12). In response to DNA damage during S phase, the activated
checkpoint kinase Rad53 shuts off DDK by phosphorylating its
regulatory subunit Dbf4. Rad53 also phosphorylates and turns
off Sld3, which is an essential downstream target of CDK sig-
naling crucial for the assembly and activation of CMG helicase
(13, 14). Hence, activation of the S-phase checkpoint in S. cer-
evisiae probably blocks the firing of late origins by blocking the
formation of the CMG at these sites. The already assembled
replisome complexes are targeted as well by S-phase checkpoints
in budding yeast. Some of these mechanisms serve to ensure the
integrity and stability of the replisome on the progressing fork,
avoiding the disengagement of the helicase and polymerase
complexes from each other and from the newly synthesized DNA
strand when challenged by nucleotide shortage or damage in the
template strand (15). Other replisome targeting checkpoint
mechanisms may directly slow down the progressing fork. As an
indication of this action, the direct Rad53- and Mec1 (upstream
activator kinase of Rad53)-dependent inhibition of fork pro-
gression in response to hydroxyurea-induced S-phase checkpoint
has been reported recently (16), albeit the molecular details
behind this remain to be elucidated.
Vertebrate cells have also long been known to respond to

DNA damage by blocking replication initiation as well as slowing
the progressing replication forks (17–19). Proper execution of
checkpoint responses is critical to avoid the development of
neoplastic growth and mutations in checkpoint genes are often
associated with cancer (20, 21). Metazoan Chk1 kinase and its
main upstream activator kinase ATR (related to budding yeast
Rad53 and Mec1, respectively) are essential checkpoint effectors
in response to a wide variety of genotoxic insults. Two other
metazoan checkpoint kinases—Chk2 and its main upstream ac-
tivator ATM (homologous to Chk1/Rad53 and ATR/Mec1, re-
spectively)—are primarily linked to the checkpoint response to
double-strand DNA breaks (22, 23). Whereas Chk1 and Chk2
are thought to be active in somewhat distinct pathways, there is
also evidence for an extensive crosstalk between ATM-Chk2 and
ATR-Chk1 controlled checkpoint responses (24). The metazoan
ATR-Chk1 pathway seems to control the replication initiation in
a manner similar to that of the Mec1-Rad53 pathway in budding
yeast, by negatively regulating the putative vertebrate homolog
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of Sld3, Treslin/ticrr (25) as well as the DDK kinase in humans
and Xenopus (26, 27). Very little is known about the replication
elongation-related checkpoint mechanisms in metazoans.
We focused the present biochemical study on the regulation of

the CMG by phosphorylation modifications. Cell-cycle kinases
DDK and CDK are required upstream for activation of the CMG
(12, 28–30) and several studies have described the checkpoint-de-
pendent phosphorylation of CMG subunits (16, 31–35), but the
effects or requirements for these modifications for activity or sta-
bility of CMGhelicase remain largely unexplored. Results reported
here demonstrate that the activity of the CMG complex is regu-
lated by inhibitory phosphorylation and we have identified Chk2
kinase as a negative regulator of CMG helicase. Chk2 phosphor-
ylates residues that are clustered to regions of low structural
complexity in the MCM3, MCM4, and Psf2 subunits. Whereas the
actual phosphorylated amino acids and neighboring sequences are
themselves poorly conserved in primary sequence across phyla, the
regions identified, particularly in Psf2 andMCM3, havemaintained
a composition and length proximal to well-conserved primary se-
quences and have been previously identified as regions for modi-
fication in damage response (34, 35). This demonstration that the
activity of the eukaryotic replicative helicase holoenzyme can be
directly regulated by a checkpoint kinase sets the stage for ex-
ploring a direct role for such mechanisms at the replisome, with
a potential role in fork arrest or slowdown.

Results
Biochemical Activity of CMG Replicative Helicase Complex Is Regulated
by Phosphorylation. We purified recombinant Drosophila CMG
complex (2) and treated it with the nonspecific phosphatase from
bacteriophage λ (λPPase). The treated CMG was separated from
the λPPase by Mono-Q anion exchange chromatography that also
resolves the full CMG from potentially incomplete combinations
of its subunits that might arise from instability of the complex
following phosphatase treatment. The vast majority of CMG
survived the treatment with λPPase, as indicated by both the
Mono-Q profile (Fig. S1A) and the gel filtration trace (Fig. S1C),
where the complex runs as anticipated from previous analysis (2).
We tested the helicase activity of λPPase-treated and repurified
CMG side by side with mock-treated and repurified complex (Fig.
S1B). As shown in Fig. 1A and quantified in Fig. 1B, the λPPase
treatment resulted in a robust activation of the CMG helicase
compared with the nontreated control. These data suggest that
the reconstituted Drosophila CMG complex carries phosphoryla-
tion modifications that are inhibitory to its helicase activity.

Chk2 Checkpoint Kinase Phosphorylates CMG and Inhibits Its Helicase
Activity.Baculovirus replication is known to induce DNA damage
response in host cells (36, 37) and CMG subunits are phos-
phorylated in response to DNA damage in eukaryotes (16, 31–
35). Therefore, we decided to focus our search on candidate
checkpoint kinases that might regulate the CMG. We purified to
near homogeneity two Drosophila enzymes, Chk1 and Chk2,
using the baculovirus expression system. Both enzymes were able
to autophosphorylate effectively in the presence of radioactive
ATP as a phosphate group donor (Fig. 1C), indicative of active
proteins. We found that Chk2, but not Chk1, phosphorylates the
CMG in these assays. Moreover, the helicase activity of CMG
was inhibited by the presence of Chk2 kinase in a concentration-
dependent fashion. Both the more active λPPase-treated and
untreated CMG complexes were inhibited equally by Chk2 (Fig.
1D and quantification in Fig. 1E).
We detected three bands specific to the CMG after Chk2

modification and autoradiography of the SDS/PAGE gel (Fig. 1
C and F, Left, bands I–III). Prior treatment of the CMG with
λPPase did not affect the specific bands modified (Fig.1F, Left,
compare “no PPase” to “PPase” in autoradiographs). The
quantification of radioactive phosphate incorporation showed
the same levels of phosphorylation as a function of Chk2 con-
centration in phosphatase-treated compared with untreated
CMG for each subunit target (Fig. S1D).

Chk2 Phosphorylates MCM3, MCM4, and Psf2 Subunits and the Target
Sites Are Clustered to Short Patches. The alignments of the auto-
radiographs with the silver-stained protein gels indicate that
Chk2 target subunits II and III are likely Psf2 and MCM4. We
created recombinant expression vectors to produce deletions of
these subunits in regions suspected to contain the modification
domains. The truncations removed the final 33 C-terminal amino
acids of Psf2 and the first 141 N-terminal residues of MCM4;
both of these regions contain multiple serine and threonine
residues in all species but show relatively poor conservation
when aligned to otherwise very homologous MCM proteins from
other eukaryotes (Fig. S2). Such protein regions are frequently
involved in modifications when addition of charge by phos-
phorylation rather than a very specific structure is an essential
component of regulation (38). The corresponding C-terminal tail
of human Psf2 protein did not resolve into a defined atomic
structure in all three published crystal structures of the GINS
(39–41). The N-terminal tail of MCM4 deleted in the subsequent
experiments is also a known phosphorylation target and falls
outside of the conserved region in eukaryotic MCM proteins
where the structures can be threaded readily onto the available
crystal structures of homologous archeal MCM protein (42, 43).
The truncated MCM4 and Psf2 subunits were incorporated into
the full CMG complex both alone (Fig. 2A, lanes MCM4ΔN and
Psf2ΔC) and in combination (Fig. 2A, lane MCM4ΔN Psf2ΔC).
We tested the Chk2 phosphorylation patterns of the purified
mutant CMG complexes. The radioactively labeled protein
bands were visible on the lanes where WT Chk2 was used (Fig. 2
A and B, Left, lanes marked “+”), but not on the lane with ki-
nase-defective point mutant Chk2 (Fig. 2A, lane marked “mut”).
The truncated Psf2 and MCM4 subunits displayed faster mobility
on SDS/PAGE (Fig. 2A, bands Psf2ΔC and 4ΔN in silver-stained
gels) and the truncation of either subunit alone or in combina-
tion led to the disappearance of respective bands from the au-
toradiograph (Fig. 2A). This result supported our assignments
for two of the Chk2 target subunits as Psf2 and MCM4 and
possibly mapped the phosphorylation target regions to the
truncated tails (Fig. 2E).
The third phosphorylation band in the autoradiograms (Fig.

1F, band I) had the same mobility as comigrating MCM3 and
MCM6 proteins. To clarify the potential target(s), we tagged
either an MCM3 or an MCM6 subunit with a bulky maltose-
binding protein (MBP) moiety and purified the respective CMG
complexes (Fig. 2B, compare bands 3;6 to 3;6+MBP in the silver-
stained total protein gel). These experiments identified MCM3
as the sole site for modification (Fig. 2B, compare lanes MCM3+
MBP and MCM6+MBP).
Quantification of the radioactive phosphate incorporation

revealed that all three target subunits were modified to the
same extent: 0.7–0.9 phosphates were added on average per
subunit in saturating conditions (Fig. 2C, quantified in Fig.
2D). Also, the Psf2 protein band became fully shifted at the
saturating kinase concentrations, indicating that at least one
phosphate has been added to every Psf2 protein molecule (Fig.
2C, Right; nonphosphorylated Psf2 band is indicated by an
arrow; note that the shifted phospho-Psf2 band is masked by
one of the creatine kinase bands indicated by asterisks). The
phospho-Psf2 bands have different mobility shifts dependent
on the Chk2 concentration in the reaction mix (Fig. 2C, Left;
compare lanes with 10, 50, and 150 nM Chk2 in the autora-
diograph). This result means that the quantified results may be
an underestimation (e.g., due to the free radioactive phosphate
contamination in the used [γ-32P]ATP) or these different
bands may correspond to Psf2 proteins carrying different sin-
gle-residue modifications that confer different electrophoretic
mobility to Psf2 protein and are modified by Chk2 in
a concentration-dependent fashion (“low-affinity” and “high-
affinity” sites).
To map directly the target region(s) for phosphorylation in

MCM3 and to precisely define our assignments from the other
CMG members, we performed a mass spectrometry analysis of
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the Chk2-phosphorylated CMG. The Chk2-treated CMG was
prepared using heavy isotopic [18O]ATP as a phosphate donor,
which allows us to distinguish the phosphates added by Chk2
kinase from the phospho-groups that were already present in the
purified complex. For MCM3, we found that 10 residues were
potential phosphorylation sites for Chk2, 8 of these residues
clustering to a region in the C-terminal domain of the protein
that is situated between the well-conserved AAA+ and C-ter-
minal end domains (Fig. S2 and Fig. 2E). Mass spectrometry

analysis mapped, as anticipated from the data presented above,
multiple Chk2 phosphorylation sites also to the N-terminal re-
gion of MCM4 and the C-terminal end of Psf2 (Fig. S2). In-
terestingly, in each of the scored phosphopeptides, only one of
the residues was found to be modified by the kinase. This, to-
gether with the fact that the estimated number of residues
modified per subunit at saturation appeared to be lower than the
total number of all identified candidate sites in a subunit, sug-
gests that only a small number of residues (at least one) from

Fig. 1. Phosphatase treatment activates and Chk2 phosphorylation inhibits the CMG helicase. (A) Autoradiograph of the helicase assay products resolved on
PAGE. λ-Phosphatase–treated and repurified CMG (PPase) was compared with mock-treated complex (no PPase). The positions of starting double-stranded
substrate and displaced oligonucleotide bands are indicated by arrows. The concentration of CMG is given on top of each lane. “Boiled” and “no protein”
indicate control lanes with heat-denatured substrate and substrate without protein, respectively. (B) Quantified data of two independent helicase assays.
Percentage of displaced oligonucleotide is plotted as a function of CMG concentration. Error bars show SD. (C) Kinase assay showing the phosphorylation of
purified CMG (30 nM) with various concentrations of Chk1 or Chk2 as indicated on top (nM). The reaction products were resolved in 12% SDS/PAGE before
silver staining and exposing to film. Here and in F, the silver-stained gel is shown at Right and the autoradiography of the same gel at Left. “mut” indicates
lanes corresponding to control reactions with kinase-defective mutant proteins, both 300 nM. “+” at the bottom of the lane indicates the presence of CMG in
the reaction; “pp”marks reactions with λ-phosphatase–treated CMG. The bands of CMG that become radiolabeled due to the phosphorylation by Chk2 (I–III),
and the Chk1 and Chk2 autophosphorylation bands are marked on the left. (D) Helicase assay with phosphatase-treated CMG (20 nM) that was pretreated for
10 min with indicated concentrations of Chk2 before DNA substrate was added. (E) Quantified data from C, showing the percentage of oligonucleotide
displaced as a function of Chk2 concentration in reaction. (F) Kinase assay with 20 nM CMG incubated with indicated concentrations of Chk2 in the presence
of radiolabeled ATP. Incubation time (30 min) was chosen to ensure the near saturation of radioactive phosphate transfer. Half of each reaction was run on
12% PAGE (Upper) and another half on 8% PAGE (Lower). The bands of CMG that become radiolabeled due to the phosphorylation by Chk2 (I–III) and the
Chk2 autophosphorylation band (Chk2) are marked on the left. Asterisks mark the bands corresponding to a creatine kinase that was added as a part of the
ATP regeneration system in this assay.
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a list of potential target sites are selected by Chk2 for phos-
phorylation. The analysis for MCM3, which was the most ex-
tensive, did not show any one of the sites as preferred. We
speculate that target choice within this domain is random and
constrained by the location of a docking site for the kinase in the
CMG. Interestingly, the alignment of respective proteins from
closely related species of the Drosophilidae family shows that the

Chk2 target regions in Psf2 and MCM3 form what is the least
homologous region embedded in otherwise essentially identical
proteins (Fig. S3).
We created an MCM3 expression vector with point mutations

converting all eight of the clustered Chk2 target residues to al-
anine. In combination with the truncations of the tails in MCM4
and Psf2, it resulted in a CMG complex that was resistant to the

Fig. 2. Chk2 phosphorylates specific regions in MCM4, MCM3, and Psf2 subunits of CMG. (A) Kinase assay with Chk2 and CMG complexes containing
truncated Psf2 or MCM4 subunits. Half of each reaction was run on 12% PAGE (Upper) and another half on 8% PAGE (Lower). The addition of Chk2 is in-
dicated by “+” and “mut” marks the lanes corresponding to reactions with kinase-defective Chk2. A total of 100 nM Chk2 was used to phosphorylate 30 nM
CMG in these reactions. (B) Chk2 phosphorylation of CMG complexes containing MBP-tagged MCM3 or MCM6 subunits. Eight percent PAGE was used to
resolve the MCM region. (C) Kinase assay with WT CMG compared with triple-mutant CMG. Chk2 concentrations are as indicated on top; “-” marks a control
lane with reaction buffer and no CMG or Chk2. Asterisks mark the creatine kinase bands; arrow on the silver-stained gel indicates the mobility of non-
phosphorylated Psf2 protein. Reactions were resolved in a 12% PAGE/SDS gel. (D) The average number of radioactive phosphates transferred per each of the
target subunits plotted as a function of Chk2 concentration in the reactions. The estimate of phosphate incorporation was based on parallel calibration of the
PhosphoImager quantification with the predetermined amounts of radioactive ATP. The data were quantified from the autoradiographs shown in C. (E)
Schematic of the three identified Chk2 target regions (marked in red) in CMG subunits.
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phosphorylation by Chk2 (Fig. 2C, Left, compare lanes wt CMG
to lanes ΔNΔC8A in the autoradiograph).

Chk2 Inhibits CMG Helicase Through Phosphorylation-Dependent and
-Independent Mechanisms. Plotting of the relative helicase activity
of CMG against the concentration of WT Chk2 in the reaction
indicated a striking Chk2-dependent inhibition of CMG activity
(Fig. 3A, wt Chk2). For the mutant Chk2, which has its catalytic
aspartic acid residue replaced by asparagine, the protein was
unable to modify CMG subunits (Fig. S4A), but was able to in-
hibit the helicase activity of CMG at high concentrations (Fig.3A,
mut Chk2). The shape of the interference plot for the mutant
Chk2 was almost linear with kinase concentration and clearly less
effective at lower concentrations. This result suggested that the
inhibition of the CMG helicase activity by WT Chk2 results from
both phosphorylation-dependent and -independent activities. To
confirm this point, when we tested the phosphorylation-resistant
mutant CMG complex in a similar set of experiments, we ob-
served the same linear concentration-dependent inhibition of
helicase activity by both the WT and the kinase-defective Chk2
(Fig. S4 B and C, compare wt Chk2 to mut Chk2).
To establish that the Chk2 modifications alone are sufficient to

inhibit the CMG helicase, we phosphorylated the CMG with Chk2
and repurified the modified complex away from the kinase, using
ion exchange chromatography. The mobility shift of phosphory-
lated Psf2 in an SDS/PAGE gel indicated efficient phosphorylation
of kinase-treated complex (Fig. 3B, Psf2-Pi points to the slower-
moving phosphorylated Psf2 band) and the chromatography
results did not indicate any destabilization of the complex after the
Chk2 phosphorylation.We also purified the control CMG that was
treated with the kinase-defective Chk2 mutant. Fig. 3C shows that

the helicase activity of the Chk2-phosphorylated CMG is indeed
inhibited even without the continued presence of the kinase
(compare CMG-Pi, the WT Chk2-modified and repurified com-
plex, to CMG, the Chk2 mutant-treated control).
As the phosphorylation-independent component of the

Chk2 inhibition of CMG was proportional to the concentration
of kinase in the reaction mix, we surmised that this relationship
was due to the direct interaction of the kinase with CMG.
Immunoprecipitation assay with purified proteins revealed that
the CMG indeed associates with Chk2. This interaction is not
affected by the truncations and substitutions that remove the
Chk2 phosphorylation sites from the CMG complex as the
triple-mutant version associates with Chk2 as efficiently as WT
CMG (Fig. 3D).

Phosphorylation of all Three Chk2 Target Subunits in CMG Contributes
to the Inhibition of Helicase Activity. To examine the contribution of
each of the Chk2 target subunits in CMG to the overall inhibitory
effect on the helicase activity, we purified CMG complexes with
all single and double combinations and the triple combination of
phosphorylation mutant subunits (Fig. 4A). Relative inhibition of
the helicase activity by Chk2 was then determined by measuring
the helicase activity of purified complexes either with or without
coincubation with Chk2 kinase. A single-kinase concentration was
used in these experiments, where both the kinase binding and
phosphorylation contribute to the inhibition. A CMG complex
with one phosphorylation domain removed was less inhibited by
Chk2 pretreatment than was WT CMG (Fig. 4B shows the frac-
tion of helicase activity retained: 1.0 corresponds to no effect and
0 to complete inhibition). The Chk2-dependent inhibition of all
three double-mutant complexes was even less efficient, close to
that of the triple-mutant CMG. We conclude from this that the
phosphorylation of each one of the three target subunits con-
tributes similarly to the inhibition of the CMG helicase. In addi-
tion, the phosphorylation of at least two Chk2 target subunits of
three is required for the most efficient phosphorylation-de-
pendent inhibition of activity.
We also examined the helicase activity of CMG containing the

phosphomimetic aspartic acid substitutions in the clustered eight
Chk2 target sites in MCM3. The CMG with MCM3 8D subunit
showed lower helicase activity than WT complex (Fig. 4C), but
the difference was significantly smaller than that detected with
the Chk2-phosphorylated and repurified CMG carrying mod-
ifications of all three target subunits (Fig. 3C). This result is
consistent with the observations made in the case of phosphor-
ylation-defective CMG complexes above.

Psf2 Subunit in the CMG Is Phosphorylated in Drosophila Embryos in
Response to Ionizing Radiation.An immediate question was whether
checkpoint activation induces the modification of the same CMG
subunits as Chk2. We focused our attention on Psf2, as the phos-
phorylation of this subunit leads to shifted mobility in SDS/PAGE
that can easily be detected by Western blotting (e.g., Fig. 3B).
We collected Drosophila embryos that were homozygous for

an extra copy of flag-tagged MCM3 and treated one batch of
these to 40 Gy of ionizing radiation (IR), comparing it to an
equal untreated control. This level of radiation was shown to be
sufficient to induce the cellular DNA damage response and Chk2
phosphorylation of known targets, the latter being indicative of
the checkpoint-dependent activation of the kinase (44). Flag-
tagged MCM3 containing MCM and CMG complexes was iso-
lated from these embryo nuclear extracts by anti-flag immu-
noaffinity pull-down followed by size fractionation by Superose 6
gel filtration. As shown in Fig. 5A, the coelution of flagMCM3
with MCM2 and MCM4 subunits peaks in fractions 13–14, which
corresponds to the hexameric MCM2–7 complex with the esti-
mated molecular mass of 545 kDa (compare with the elution of
molecular mass standards). The peak of flag-MCM3 in fractions
15–17 likely corresponds to the monomeric protein and MCM3-
MCM5 heterodimers. The CMG complex in contrast peaks
around fraction 12, as established by a Western blot analysis with

Fig. 3. Chk2 inhibits CMG helicase through both phosphorylation-de-
pendent and -independent mechanisms. (A) Quantified data from two in-
dependent assays showing the helicase activity relative to the control
reaction without Chk2. A total of 20 nM CMG was incubated in the presence
of shown concentrations of WT Chk2 or kinase-defective mutant Chk2. (B)
Silver-stained 12% SDS/PAGE gel shows the Chk2-phosphorylated and
repurified CMG (CMG-Pi) side by side with untreated control (CMG). (C)
Quantified data from two independent helicase assays comparing the Chk2-
phosphorylated CMG to the untreated control CMG. (D) Western blot of the
coimmunoprecipitation assay with purified Chk2 and either WT or phos-
phorylation-defective triple-mutant CMG. “Load” indicates the lanes with 1/
20th of starting mix, and “IP” shows lanes with half of each coimmuno-
precipitated product. Anti-Cdc45 antibodies were used to pull down the
complexes; anti-flag monoclonal antibody was used to recognize the flag-
tagged Chk2 and MCM3 proteins.
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antibodies against Cdc45 and Psf2 subunits. These proteins are
in complex with MCM3 when part of the full CMG complex and
peak with the anticipated mobility of the CMG (711 kDa). No-
tably Psf2 in the CMG from irradiated fly embryos showed
a double band in SDS/PAGE, whereas almost all Psf2 from the
nontreated control was contained in a single band (Fig. 5A).
Treatment of CMG peak material from fraction 12 with either
λ-phosphatase or calf intestine alkaline phosphatase resulted in
the loss of the upper slower-migrating band (Fig. 5B). This result
indicates that the slower mobility results from the phosphoryla-
tion of Psf2. We conclude that Psf2, one of the Chk2 target
subunits in CMG in vitro, is also phosphorylated in response to
ionizing radiation-induced DNA damage and checkpoint re-
sponse in the Drosophila embryos in vivo, while part of the full
CMG holoenzyme complex.

Discussion
We have used purified proteins and an in vitro approach to show
that phosphorylation directly regulates the activity of the repli-
cative CMG helicase. Phosphatase treatment of the recombinant
CMG leads to a marked enhancement, whereas Chk2

modifications inhibit the activity. These results suggest that
modifications of the accessible surfaces and tails of the CMG
helicase proteins are regulatory rather than critical for func-
tioning of the complex, although they might be important for the
assembly of the active replication fork. Our results lead to the
suggestion that the DNA replication checkpoint pathways can
directly regulate the enzymatic activities on the replication fork
and reveal a potential role for Chk2 protein kinase in this process.
Drosophila Chk2 kinase is an upstream activator of the Dmp53
important in cellular response to IR (44). In Drosophila as in other
metazoans, the apoptotic response works through a signaling
pathway that controls the transcription of genes important for this
process. The Drosophila Chk1 homolog does not play a role in this
pathway as it does in vertebrates (45). It is intriguing that IR can
induce an apoptotic response in the absence of either Chk2 or p53
in Drosophila, but this response is very slow compared with the
canonical pathway (46). Perhaps the absence of the S-phase re-
sponse that slows down or halts the fork until repair can be me-
diated may lead to a distinct genetic imbalance that is eventually
toxic to cells. Buttressing this idea is the finding that in imaginal
discs, where IR induces apoptosis, DNA repair genes including

Fig. 4. Contributions of individual Chk2 target regions in CMG to the Chk2-dependent inhibition of CMG helicase. (A) SYPRO orange-stained 10% SDS/PAGE
gel shows the purified CMG complexes. ΔN, ΔC, and 8A correspond to the complexes with truncated MCM4, Psf2, and point-mutated MCM3 subunits, re-
spectively. (B) Quantified data from helicase assays show the effect of Chk2 addition on the activity of WT and mutant CMG complexes. Each column shows
the fraction of helicase activity that is retained after pretreatment of respective CMG complexes with Chk2. The data were collected from three independent
series of experiments. Two different protein preparations of WT, 8A, and ΔNΔC8A CMG complexes were tested in two of these series, with no apparent
preparation-to-preparation variation. The concentrations of CMG and Chk2 proteins in the reactions were 20 nM and 150 nM, respectively. (C) Quantified
data from two independent helicase assays comparing the activity of WT CMG (wt) to the CMG that carries phosphomimetic substitutions of Chk2 target
residues in its MCM3 subunit (8D). The average percentage of processed substrate is presented as a function of CMG concentration in the reaction mix.

Fig. 5. Psf2 subunit of CMG is phosphorylated in Drosophila embryos in response to IR treatment. (A) Western blot of the flagMCM3 protein complexes
separated on Superose 6 size exclusion chromatography. Fraction numbers and the elution of molecular weight standards are indicated on top of respective
lanes. The CMG and MCM2-7 peak fractions are marked. (B) The Psf2 Western blot of the material from the CMG peak fraction no. 12 of the irradiated or
control embryos treated with either λ-phosphatase (λ PPase) or calf intestine alkaline phosphatase (CIAP).
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those specific to nonhomologous end joining are induced in
a Chk2-dependent manner (44). Perhaps in those cells where the
DNA damage is not at the threshold to induce apoptosis, the Chk2
modifications on the fork work in parallel for survival with p53-
activated pathways.
We have shown that Psf2, one of the Chk2 targets in vitro, is

phosphorylated in response to IR in embryos and that this modi-
fication is present in the assembled CMG complex. Given that the
stable and biochemically tractable levels of the CMG are found
only on active forks (4, 10, 11), we speculate that these mod-
ifications are relevant to the S-phase checkpoint regulation of
replisome progression. Such a regulation might be amplified in the
context of a full replisome where other proteins that are attached
to the helicase may also be modified. This action might occur in cis
to a double-strand break in DNA or even in trans to slow down all
forks, even those far from a lesion. A global slowdown or stopping
of the replication may be important for preventing the progressing
replication forks from reaching the damaged sites in template
DNA, thus avoiding a possible fork collapse.
All three Chk2 target regions identified in the CMG—long N-

terminal tail of MCM4, C-terminal tail of Psf2, and a short stretch
in the carboxyl-terminal domain of MCM3—have been pre-
viously reported as modified by checkpoint-related kinases. Two
ATM and ATR consensus sites (SQ/TQ) are phosphorylated in
the corresponding region of human andmouse Psf2 in response to
ionizing or UV radiation (34). For the MCM proteins, ATM/
ATR candidate phosphorylation sites are modified in response to
treatment with DNA-damaging agents in the same region of hu-
man and mouse MCM3 protein (34, 35) (Fig. S2) and MCM4 has
been found to be phosphorylated in response to checkpoint ac-
tivation likely through the ATR-Chk1–dependent pathway (33).
The residues modified cluster to the regions with limited se-
quence homology and characterized by low structural complexity.
This modification suggests a robust or overlapping set of negative
regulatory networks, which converge to a specific region of the
holoenzyme for a common mechanism for inhibition. Electron
microscopy reconstructions of theDrosophila CMG show that the
target domains within both Mcm3 and Psf2 lie in proximity on the
same face of the complex (9). The Mcm4 amino-terminal domain
is predicted to be unstructured and, when fused to MBP tag, can
lie to an extended trajectory away from the complex (9). However,
without a tag and in the context of a bound DNA fork, the CMG
may tie this very long tail to a region close to the interface pro-
vided by the other Chk2 targets. Hence a threshold may be im-
posed wherein at least two of the targets and perhaps all three
may require modifications to create an allosteric change affecting
a function, a common theme in protein regulation where un-
structured domains can impose a regulatory change through
modification (38, 47). The long and possibly flexible amino ter-
minus of MCM4may play multiple roles in the S-phase regulation
given its importance as a critical phosphorylation target for the
DDK kinase in budding yeast (29). The domain of MCM4 in this
context may be perhaps tethered in a different structure specific
to the MCM2–7 double hexamers.
Modifications of the replicative helicase may have additional

roles in affecting the stability and composition of the replisome
or remodel interactions with other enzymes. One intriguing
prospect could be the role for checkpoint-dependent phospho-
modifications in the coordination of stalled replication forks for
a restart through pathways akin to break-induced replication
(BIR). In budding yeast, BIR requires all components of the
CMG (48). In one scenario phosphorylation status might allow
for local reassembly at a break without recruitment from a free
pool of proteins. A recent study in the Xenopus system has
demonstrated that the CMG helicase reassembles during such
fork rescue and involves partial disassembly of the complex as an
intermediate step (49). Phosphorylation may assist in this process
to first prevent nonproductive progression on the template. We
found that the phosphorylation per se does not destabilize the
CMG, so other regulatory proteins might be recruited to the
forks and assist temporary disassembly for later reassembly and

reloading. Proper modification of the fork components may be
obligatory for such a step, as we have found that the CMG can
bind to forked DNA in vitro without any assistance (2). In other
situations, the full disassembly of the CMG complex might not
always be required for its reloading after the fork rescue.
The utility of the biochemical approach is illustrated by the

fact that the potential role of Chk2 in the direct regulation of the
replisome had not been readily predicted from previous studies
on the replication checkpoint in higher eukaryotes. It is rather
the homologous Chk1 kinase that has emerged as a critical
mediator of S-phase checkpoint response to DNA damage and
the Chk1 gene is essential for viability in metazoans. The Chk2
gene, on the other hand, is nonessential in studied metazoans
(24). This result has suggested a redundancy between Chk2 and
the closely related Chk1. Despite this overlap in function, the
Chk2 gene is broadly conserved, indicating that it executes roles
that are crucial for the organism. To what extent this selection
works solely in the checkpoint response to double-strand breaks
is difficult to address. The importance of the Chk2 kinase in
cellular homeostasis is emphasized by the established link to its
role as a tumor suppressor where certain and a very specific class
of mutations lead to predisposition for various cancers (50).
Chk2 null mice do not develop spontaneous tumors without
additional genotoxic treatment, but the mice expressing the ki-
nase-deficient version of Chk2 in mammary glands do develop
mammary tumors spontaneously (51). The knock-in mouse with
the human cancer predisposing Chk2*1100delC allele develops
tumors with high frequency even without additionally induced
genotoxic stress (52). If we posit that Chk2 binds to important
targets (e.g., in the replisome) that overlap with targets for Chk1
or other checkpoint kinases and that a defective Chk2 allele can
thus provide a dominant-negative interference with critical steps
in damage response that would not happen in a null allele, an
interesting model presents that can be tested. In any case we
suspect that specificity is provided by individual kinases to ensure
the finely tuned pattern of modifications essential to customize
responses to a range of different stress conditions.

Materials and Methods
Protein Purification and Coimmunoprecipitation Assay.All of the proteins were
expressed using the Invitrogen Bac-to-Bac baculovirus system and purified
from baculovirus-infected insect cells as described previously (2). The mod-
ifications in the purification protocol for Chk1 and Chk2 proteins and the
methods for preparation of phosphatase or Chk2-treated and repurified
CMG complexes are described in SI Materials and Methods.

In protein coimmunoprecipitation assays, 20 pmol of Chk2 was incubated
with 1 pmol of CMG in buffer A (2) in the presence of 250 μg/mL insulin as
a crowding agent (50 μL) with gentle mixing at room temperature for 30
min. Five microliters of packed protein A Sepharose CL-4B beads with cross-
linked anti-Cdc45 peptide B antibody (4) was added in a total volume of 100
μL and incubated with end-over-end mixing for 2 h at 4 °C. The beads were
washed four times with buffer C + 150 mM KCl. Bound proteins were eluted
with 20 μL pH 2.5 glycine buffer (50 mM glycine, 150 mM NaCl) and im-
mediately neutralized with 2 μL of 1 M Tris HCl, pH 8.0 before standard
Western blotting analysis.

In Vitro DNA Helicase and Protein Phosphorylation Assays. The DNA helicase
activity was measured as ability to displace the radiolabeled oligonucleotide
fromM13 genomic DNA as described in ref. 2, with the following differences.
A total of 300 μM ATP in the reaction mix was supplemented with an ATP
regeneration system (10 mM sodium creatine and 1 unit creatine phospho-
kinase; Sigma-Aldrich) and in the Chk2 addition experiments, the DNA sub-
strate was added after preincubating the reactions for 10min at 30 °C (20min
in the experiment in Fig. 4B). All of the helicase reactions were carried out for
30 min at 30 °C and stopped by adding standard SDS/EDTA loading dye and
then treated for 20 min with 0.5 unit of proteinase K at 37 °C before loading
on a polyacrylamide gel for resolving the reaction products.

The protein phosphorylationwas carried out in the same reaction buffer as
in the helicase assays, except that the DNA substrate was omitted and 300 μM
ATP was spiked with [γ-32P]ATP (10 μCi per reaction). A total of 100 μM ATP
without the ATP regeneration system was added in the assays in Figs. 1C and
2 A and B. The reactions were incubated 30 min at 30 °C (except 20 min in
Fig. 1C), before the proteins were resolved on SDS/polyacrylamide gel
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electrophoresis. The gel was silver stained, dried on Whatman paper, and
exposed to an autoradiography film. To estimate the phosphorylation effi-
ciency, known amounts of radioactive ATP in the starting reaction mix were
spotted on the filter paper and coexposed to the PhosphoImager cassette
(GE Healthcare) as a calibration standard. To map the sites in CMG complex
phosphorylated by Chk2, the reactions were carried out in the presence of
1 mM [18O]ATP and both the insulin and the ATP regeneration system were
omitted from the mix. Following trypsin digestion of the samples, mass
spectrometry analysis of the phosphosites was carried out by Lori Kohlstaedt
in the Vincent J. Coates Proteomics/Mass Spectrometry Laboratory at Uni-
versity of California, Berkeley.

Fractionation of Drosophila Embryo Extracts. The transgenic Drosophila
strain homozygous for the P element that expresses flag-tagged MCM3
cDNA was created by Stephen Moyer (University of California, Berkeley,
CA). The collection trays with 0- to 12-h Drosophila embryos were

harvested from the population cages over the span of 3–4 d and stored at
4 °C until the last collection, when the embryos were harvested and pooled
at the room temperature. One-half of the embryos were then exposed to
40 Gy of ionizing radiation, the other half serving as an untreated control,
and the nuclear extracts were prepared as described previously (4). The
CMG-containing high molecular mass fractions were isolated using the
combination of immunoaffinity purification and gel filtration steps as
described in SI Materials and Methods.
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