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Abstract

The Mini-chromosome maintenance (Mcm) proteins are essential as central components for the DNA unwinding machinery
during eukaryotic DNA replication. DNA primase activity is required at the DNA replication fork to synthesize short RNA
primers for DNA chain elongation on the lagging strand. Although direct physical and functional interactions between
helicase and primase have been known in many prokaryotic and viral systems, potential interactions between helicase and
primase have not been explored in eukaryotes. Using purified Mcm and DNA primase complexes, a direct physical
interaction is detected in pull-down assays between the Mcm2~7 complex and the hetero-dimeric DNA primase composed
of the p48 and p58 subunits. The Mcm4/6/7 complex co-sediments with the primase and the DNA polymerase a-primase
complex in glycerol gradient centrifugation and forms a Mcm4/6/7-primase-DNA ternary complex in gel-shift assays. Both
the Mcm4/6/7 and Mcm2~7 complexes stimulate RNA primer synthesis by DNA primase in vitro. However, primase inhibits
the Mcm4/6/7 helicase activity and this inhibition is abolished by the addition of competitor DNA. In contrast, the ATP
hydrolysis activity of Mcm4/6/7 complex is not affected by primase. Mcm and primase proteins mutually stimulate their
DNA-binding activities. Our findings indicate that a direct physical interaction between primase and Mcm proteins may
facilitate priming reaction by the former protein, suggesting that efficient DNA synthesis through helicase-primase
interactions may be conserved in eukaryotic chromosomes.
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Introduction €, DNA polymerase o-primase, Tof1-Csm3 (Tim-Tipin) and Mrcl
(Claspin), in addition to CMG, were found to generate a multi-
molecular assembly in budding yeast [9,10]. In cukaryotes, the
two steps: pre-replication complex (pre-RC) formation and its GINS complex, composed of four subunits, SId5, Psfl, Psf2 and
activation that converts pre-RC into an active replication fork Psf3, is essential for DNA replication and has been implicated at
complex. At each step, the Mem proteins play important roles as a the replication fork. In Archaea, the GINS complex is made of two
subunits, interacts with Mcm and primase proteins [11,12], and is

e ‘ ’ required for chromosomal DNA replication. An archacal GINS
parental DNA for duplication of leading and lagging strands [1]. /n complex stimulates the Mcm helicase activity [12]. Human GINS

vitro, DNA helicase activity was found to be associated with the complex binds to DNA polymerase a-primase and stimulates its
Mcm4/6/7 complex but not with the Mcm2/3/4/5/6/7 DNA synthetic activity [13].

Mcm2~7) complex [2,3,4,5], although a recent report show that

In eukaryotic cells, the initiation of DNA replication proceeds in

core component of the protein platform for replication initiation
and as a key component of the helicase complex which unwinds

Mammalian DNA polymerase o-primase contains four sub-
Mcm2~7 complex shows helicase activity under specific reaction units, p180, p68, p58, and p48 [14,15]. The DNA polymerase
conditions [6]. Previous works have shown that the Mcm2~7 activity resides in the pl80 subunit, while the DNA primase
complex associates with many other factors during the process of activity requires the p38 and p48 subunits that are normally tightly
replication. It has been reported that the complex of Mcm2~7, associated with DNA polymerase o. DNA primase catalyzes the
Cde5 and GINS (CMG complex) shows an efficient DNA synthesis of short RNA oligomers used as primers for DNA
helicase activity [7,8], leading to the suggestion that CMG is a synthesis. Primase nonspecifically binds to single-stranded DNA
functional form of the helicase machinery for eukaryotic DNA (ssDNA) [16]. Functional cooperation between DNA helicase and
replication. Furthermore, Mem10, Ctf4 (And-1), DNA polymerase primase has been well studied in prokaryotic and viral systems. For
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examples, in Escherichia coli, the replicative DNA helicase DnaB
stimulates the DnaG primase action on a naked single-stranded
DNA [17,18,19], while the primase was shown to stimulate the
DnaB helicase activity [20,21]. The proposed architecture of the
replication fork has provided insight into how primase (DnaG)-
helicase (DnaB) may interact with each other to facilitate their
actions [20,22,23]. The model estimates that three molecules of
primase bind to one DnaB hexamer. The primase may stabilize
the conformation of the DnaB hexamer on DNA, resulting in
more processive unwinding. On the other hand, DnaB may
facilitate the recognition of target sites for DnaG primase action
through its single-stranded DNA binding activity [20,22,23].

In T7 phage, a single protein (gp4) contains both primase and
helicase activities on separate domains [24,25,26,27], which are
related to bacterial DnaG and DnaB, respectively. At the
replication fork, priming loop may be generated on the lagging
strand through physical association between primase and helicase,
resulting in more efficient DNA synthesis through coupling of
DNA chain elongation and unwinding and easy handoff to the
polymerase [24,26,27]. The bacteriophage T4 primase (gp61) also
binds tightly to the hexameric T4 helicase (gp41) to form a
primosome complex, resulting in increased DNA priming activity
[28,29,30].

During SV40 replication, T antigen (Tag) physically binds to
the DNA polymerase o-primase complex and stimulates its DNA
primase and polymerase activities [31,32,33]. Mouse DNA
helicase B stimulates DNA primase-catalyzed RNA synthesis
probably through direct interaction [34]. In addition, the Mcm
complex stimulates RNA synthesis by the viral RNA polymerase
complex [35]. A protein containing homology to both eukaryotic
DNA primase and Mcm was identified on a bacteriophage
genome of the bacterium Bacillus cereus [36] and displayed not only
helicase but also DNA primase and polymerase activities [37]. The
presence of both helicase and primase motifs on one single
polypeptide is reminiscent of the T7 phage primase-helicase
protein. Most recently it was reported that MCM interacts with
primase in archaea, and forms ternary complex on DNA [38].
Thus, it would be likely that the mammalian Mcm hexameric
helicase also interacts with DNA polymerase o-primase for
coordinating unwinding and DNA chain eclongation at the
replication fork. Human Mcm3 was reported to interact with
DNA polymerase o holoenzyme [39].

In this report, we have examined the physical and functional
interactions of DNA primase with the Mcm complexes. We show
that primer RNA synthesis by primase is stimulated by its
interaction with the Mcm complexes.

Results

Physical Interactions between Mcm and Primase

The progression of replication fork requires the interaction of
many proteins including that of six Mcm subunits to form a
hetero-hexameric complex [1]. In this report, we have explored
the possibility that the Mcm helicase and the DNA primase
physically and functionally interact with each other at the fork.
Immuno-precipitation experiments were conducted to investigate
the interaction between the Mcm2~7 complex and DNA primase
or GINS in the absence or presence of an oligonucleotide. Mouse
Mcm2~7 was purified from insect cells infected with recombinant
baculoviruses (Fig. S1). Purified Mcm2~7 (containing the Flag-
tagged Mcm) protein) and primase p48/p5>8 complexes were
mixed with or without an oligonucleotide, and immunoprecipita-
tion using anti-Flag antibody agarose beads were performed
(Fig. 1A). p48 and p58 proteins were pulled down by the beads
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together with each Mcm subunit, as detected by silver staining and
Western-blotting, indicating that the Mcm helicase directly
interacts with the primase complex. The amount of co-immuno-
precipitated p48/p58 slightly increased in the presence of DNA,
suggesting that the interaction may be stabilized when DNA is
present in the mixture (Fig. 1B, C and D). However, the presence
of DNA is not essential for association of Mcm and primase
because the interaction of Mcm and primase were also detected in
the absence of oligonucleotide and after DNase I treatment
(Fig. 1E). Since interaction of GINS with primase and Mcm was
reported in Archaea [11,12], we examined whether the human
GINS affects the interaction between Mcm and primase. GINS
complex could be pulled down with the anti-Flag antibody beads
from the mixture of Mcm2~7 and GINS proteins (Fig. S2A).
However, the interaction between Mcm2~7 and p48/p58 was not
significantly affected by the presence of GINS (Fig. 1D). In
addition, we found that both p48/p58 and p48 single subunit
binds to Mcm2~7 in the absence of GINS and oligonucleotide
(Fig. 1E and 1F). These data suggest that Mcm binds to primase
via the p48 subunit, although interaction with p58 and other
subunits of DNA polymerase o-primase cannot be excluded. The
data also indicate that this interaction may be stabilized by DNA.

To identify the subunits of Mcm interacting with primase, the
human p48/p58 hetero-dimeric complex and a single Mcm
subunit was co-expressed in insect cells and co-immuno-precipi-
tation experiments were performed using the anti-Flag antibody
agarose beads. The bound proteins were eluted from the resin by
the Flag peptide. Mcm3, Mcm4 and Mcm?7 but not Mcm2, 5, or 6
were co-immuno-precipitated with the human DNA primase
(Fig. 1G and Fig. S2B). Taken together, these results suggest that
Mecm directly interacts with primase.

Mouse Mcm Forms a Complex with the Human Primase
or Mouse DNA Polymerase a-primase

In order to further characterize the interaction between Mcm
and primase, we investigated whether the Mcm4/6/7 hexamer
could form a complex with primase (p48/p58). Physical interac-
tion between the purified mouse Mcm4/6/7 and human p48/p58
protein complexes was examined by glycerol gradient centrifuga-
tion. The purified p48/p58 protein sedimented predominantly in
the fractions 10. Extrapolating from the standards, the sedimen-
tation coefficient of this complex is 5.9 S (Fig. 2A, lower), whereas
the Mcm4/6/7 complex sedimented at around fractions 7 (Fig. 2A,
middle). Our previous data indicated that the Mcm4, Mcm6, and
Mcm?7 proteins co-sedimented and peaked around the protein
marker catalase in glycerol gradient centrifugation. However, in a
native gel, a band of 550 kDa was detected, suggesting that the
Mcm4/6/7 forms a hexameric complex (a dimer of two trimers)
(Fig. S1) [3,5]. When p48/p58 was mixed with Mcm4/6/7, p58
co-sedimented with the Mcm6 subunit at fractions 9-10 (Fig. 2A,
top), suggesting the association of p48/p58 with the Mcm4/6/7
complex. The complex formation between Mcm4/6/7 and
primase was examined in native gel analysis as well (Fig. S3A).
The molecular mass of the hexameric Mcm4/6/7 alone contain-
ing a dimer of the trimer is ~550 kDa. In the presence of p48/
P38, however, a new complex around 232 kDa is detected, which
likely contains p48/p58. Thus, primase interacts with the Mcm4/
6/7 complex, somehow disrupts the hexameric structure and
forms a complex with the Mcm4/6/7 trimer.

We also examined the interaction between the purified mouse
Mcm2~7 and human p48/p58 protein complexes by glycerol
gradient centrifugation and the native gel analysis. When the p48/
p38 hetero-dimer was mixed with Mcm2~7, a portion of p48 co-
sedimented with the Mcm2~7 complex in glycerol gradient
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Figure 1. Direct interaction between Mcm assemblies/subunits and primase. (A) The list of the tag present in the Mcm2~7 complex and
p48/p58 or p48 protein used in (B), (C), (D), (E), and (F). The purified Mcm2~7 complex (1 png) was mixed with the His-tagged p48/p58 complex (0.25
ug) (B, D, and E), primase (0.25 ug) plus GINS proteins (1 nug) (C and D), or His-p48 (0.5 ug) (F), and immuno-precipitation was performed using anti-
Flag M2 antibody beads (Sigma; Flag tag on Mcm5). The bound proteins were eluted with 0.1 M glycine (pH 2.8) (B, C, E, and F) or boiled with SDS
sample buffer (D). The eluted samples (shown as “B”) and 1/10 (for silver-staining) or 1/20 (for Western blotting) of unbound fractions (shown as “U")
were analyzed as indicated. The heavy chain is visible in silver staining due to dissociation of the antibody from the beads in first elution (C). DNase |
treatment was conducted in the samples without oligonucleotide to remove DNA that might be present in the purified protein fractions. (G) Extracts
of Sf9 insect cells expressing the subunits of human DNA primase (p48 and p58) and the indicated Mcm protein were subjected to immuno-
precipitation analyses using anti-Flag agarose beads (GE Healthcare). The Flag tag was on p58 in the two upper panels and on Mcm?7 in the lower
panel. Elution of bound proteins from the beads was carried out using a buffer containing the Flag peptide. For each sample, aliquots of the
unbound and bound materials were analyzed by immuno-blotting using the indicated antibodies. Samples were run on 7.5% (B) or 4-20% gradient

gel (C, D, E, and F). Star marker * in D indicated a non-special band.
doi:10.1371/journal.pone.0072408.g001

centrifugation (data not shown). However, the majority of p48/
p58 remained at low-molecular-weight position, suggesting that
the interaction of Mcm2~7 with primase is unstable and that only
a limited portion of primase formed a complex with Mcm2~7
under the experimental condition. In native gel analysis, Mcm2~7
alone predominantly formed a 600-kDa species and the p48/p58
complex migrated as multiple sizes under the condition employed.
Addition of the primase complex to the Mcm2~7 hetero-hexamer
resulted in generation of a small amount of a new protein assembly
larger than 660 kDa (Fig. S3B). These results indicate that the
Mcm2~7 complex also associates with the hetero-dimeric primase
complex.

Potential interaction between the mouse Mcm4/6/7 complex
and mouse DNA polymerase a-primase tetrameric complex was
also explored by using glycerol gradient sedimentation. The
Mcm4 and Mcm7 subunits of Mcm4/6/7 co-sedimented with the
p180 and p48 subunits at fraction 9, as shown by immuno-blotting
(Fig. 2B, top and middle), suggesting interaction between Mcm4/
6/7 and DNA polymerase o-primase. The Mcm4/6/7 complex
alone peaked between fraction 6 and 7 in silver staining (Fig. 2B,
bottom). DNA polymerase o-primase alone peaked at fraction 10,
consistent with the previous report that the mouse DNA
polymerase o-primase tetrameric complex sedimented at 9.1 S
between the catalase (11.3 S) and alcohol-dehydrogenase (7.4 S) in
glycerol gradient centrifugation [40]. This result suggests a
possibility that Mcm4/6/7 forms a complex with DNA polymer-
ase o-primase. The size of the complex suggests the presence of a
single trimer of Mcm4/6/7 and a single polymerase o-primase in
the peak fraction.

Influence on the DNA-binding Activities of Mcm4/6/7
and Primase

It has been known that Mcm4/6/7 binds to single-stranded
DNA with a high affinity, but hardly binds to double-stranded
DNA [41]. In contrast, the Mcm2~7 complex exhibited very
weak single-stranded DNA binding in gel-shift assay, while it
showed single-stranded DNA binding comparable to that by
Mcm4/6/7 in filter binding assays [42]. This could be due to
unstable association of Mcm2~7 with ssDNA. We examined
DNA binding activities of the purified mouse Mcm4/6/7 and
Mcm2~7. Consistent with previous studies, the Mcm2~7
complex showed very weak binding to ssDNA in the presence of
the ATP-y-S in mobility shift assays compared to Mcm4/6/7
complex (Fig. 3A) [42]. We next examined DNA-binding activities
of the mouse Mcm and human p48/p58 complex using a 132-mer
pyrimidine-rich oligonucleotide DNA that is known to be tightly
bound by eukaryotic primase [43]. Strong single-stranded DNA-
binding activity was detected with primase, and Mcm4/6/7
hexamer also binds to ssDNA (Fig. 3B). In the presence of both
primase and Mcm4/6/7, a band migrating slower than Mcm4/6/
7 alone was detected and its intensity was proportional to the
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increasing concentrations of the primase (Fig. 3B, lanes 3-5),
suggesting the formation of a complex containing both Mcm4/6/7
and primase on single-stranded DNA. We speculate that the
hexameric Mcm4/6/7 [(Mcm4/6/7)s] was destructed and con-
verted to a complex containing a single Mcm4/6/7 trimer and
p48/p58 proteins under the condition of the study. To confirm
this possibility, the same reactions were separated under different
gel electrophoresis conditions (Fig. 3C). Under the gel electropho-
resis condition same as Figure 3B, (Mcm4/6/7),-DNA shifted to a
faster-migrating band upon addition of primase, which is
presumably Mcm4/6/7(trimer)-primase complex (Fig. 3C, right
panel). These are similar to the observation in Figure 3B. Under
another gel electrophoresis condition using a gel containing 5%
glycerol, a slower-migrating form appeared upon addition of
primase or Mcm4/6/7, which may represent a (Mcm4/6/7),-
primase-DNA ternary complex (Fig. 3C, left panel). The intensities
of ternary complexes significantly increased in response to
increased protein amount of p48/p58 (lanes 3-5) or Mcm4/6/7
proteins (lanes 9-11), in the presence of a constant amount of
Mcm4/6/7 or primase, respectively (Fig. 3C, left panel and Fig.
S4A). These results strongly support the presence of Mcm4/6/7-
primase-DNA complex. However, they also suggest that the
complex of Mcm4/6/7 and primase is not stable under some gel
electrophoresis condition and the Mcm4/6/7 hexamer may be
disrupted. The intensities of primase-induced shifted bands on a
87mer and a 132mer appear quite different under the same
reactions (compare Fig. 3C and Fig. S4B). This is probably due to
the difference of sequence compositions of the two oligonucleo-
tides. In contrast, GINS alone interacts with single-stranded DNA
only weakly (Fig. 3B, lanes 14-18). Although GINS interacts with
Mcm (Fig. S2A), the migration of Mcm4/6/7-DNA did not
change by the addition of increased amount of GINS (Fig. 3B,
lanes 9-13), suggesting that, unlike primase, human GINS could
not form a complex with Mcm4/6/7 on DNA.

Mcm2~7 generates very little complex on ssDNA in gel shift
assays (Fig. 3A). In the presence of the primase, slow-migrating
bands appeared, which may represent Mcm2~7-DNA complex or
Mcm2~7-primase-DNA ternary complex (Fig. 3D). The complex
may not contain primase and primase may simply stimulate the
complex formation between Mcm and DNA, since the complex
formation between primase and Mcm2~7 is weak (Fig. S3B) and
the Mcm2~7-primase-DNA ternary complex may be unstable
and disassemble during the migration in the gel. Taken together,
these results suggest that the Mcm complexes and primase interact
on DNA and that the primase increases the association of the
Mecm complexes with DNA.

Effect of Primase on Mcm Helicase and ATPase Activities
To examine whether primase could affect the helicase activity of

the Mcm complex, as demonstrated for DnaG primase and DnaB
helicase in F. coli [20,21]. DNA helicase and ATPase activities of
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Figure 2. Complex formation of Mcm assemblies with primase or DNA polymerase a-primase. (A) Purified Mcm4/6/7 or primase complex,
alone (middle or bottom panel, respectively) or two proteins in combination (upper two panels), were fractionated by centrifugation at 36,000 rpm
for 18 h on a 15-35% glycerol gradient in the presence of 1 mM ATP and each fraction was subjected to 4-20% SDS-PAGE, followed by western
blotting. The positions of protein markers are indicated. Before loading of protein, the samples were treated by DNase | to prevent DNA influence.
Thyroglobulin (19 S), catalase (11.3 S), lactate dehydrogenase (7.4 S), and albumin (4.3 S) (GE Healthcare) were used as protein molecular weight
markers. Experiments were carried out twice with similar results and a representative data are shown. (B) Purified DNA polymerase a-primase and
Mcm4/6/7 complex were mixed and fractionated by centrifugation at 36,000 rpm for 16 h on a 15-30% glycerol gradient. Protein in each fraction was
analyzed by 10% SDS-PAGE and immuno-blotting using the indicated antibodies (upper and middle). Purified Mcm4/6/7 complex alone was
fractionated under the same condition and each fraction was analyzed on 7.5% SDS-PAGE, followed by silver staining (lower). The arrows indicate the
positions of Mcm4/6/7-primase complex and Mcm4/6/7-DNA polymerase a-primase complex, respectively.

doi:10.1371/journal.pone.0072408.9g002

the Mcm4/6/7 were assayed in the presence of the p48/p58
primase. Mcm complex (7.5 nM, Mcm4/6/7 hexamer) was tested
for unwinding in the absence and presence of 20 nM~160 nM
p48/p58 hetero-dimer with a partial duplex substrate (10 fmole).
The Mcm4/6/7 helicase activity was inhibited by the addition of
increasing amounts of primase protein (Fig. 4A, lanes 11-14). This
inhibition is likely to have occurred due to substrate competition
between Mcm and primase. In fact, addition of a 20-fold excess

cold competitor oligonucleotide resulted in restoration of DNA
unwinding activity by Mcm4/6/7 in the presence of the primase
complex (Fig. 4B, lanes 3-5). Indeed, the DNA-binding activity of
primase was inhibited in the presence of 20-fold excess cold
competitor oligonucleotide (Fig. 4C, compare lanes 2-5 to lanes 6
9). Even under this condition, primase did not significantly
stimulate the helicase action of Mcm (Fig. 4B). The doublet bands
seen in lane 5 of Fig. 4B, could be due to the binding of primase to
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Figure 3. Effect of primase on DNA-binding activity of Mcm4/6/7 and Mcm2~7. DNA-binding activities on ssDNA were examined in gel
shift assays. (A) The proteins added were; 37.5 ng (lane 2), 75 ng (lane 3) and 150 ng (lane 4) of Mcm4/6/7; 75 ng (lane 5), 150 ng (lane 6), and 300 ng
(lane 7) of Mcm2~7. A constant amount of Mcm4/6/7 (15 ng/2.3 nM) in (B) or Mcm2~7 (360 ng/50 nM) in (D) and various amounts of the p48/p58
primase and GINS were added. The proteins added were: 30, 60, and 120 ng of primase (25 nM, 50 nM and 100 nM, respectively, as a monomer) and
30, 60, 120, 250, and 500 ng of GINS (25 nM, 50 nM, 100 nM, 200 nM and 400 nM, respectively) in B, and 60 and 120 ng of primase in D. The reaction
mixtures were incubated with 20 fmole labeled substrate (132 mer) at 30°C for 30 min, and were applied on a 5% native polyacrylamide gel (32.3:1)
containing 1x TBE, followed by detection with autoradiography. In (C), a constant amount of Mcm4/6/7 (50 ng) or various amounts of Mcm4/6/7 (25
ng, 50 ng and 100 ng), and a constant amount of p48/p58 (50 ng) or various amounts of the p48/p58 primase (25 ng, 50 ng and 75 ng) were added.
The DNA-binding reactions were separated, and two-thirds of reaction mixtures were incubated with oligonucleotide DNA (37mer-dTs), and then
the reactions were separated. A half was run in 5% native gel (acrylamide: bis =37.5:1) containing 5% glycerol, 0.5x TBE (left), and the rest was run in
5% native gel (acrylamide: bis=32.3:1) containing 1x TBE (right).

doi:10.1371/journal.pone.0072408.g003
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the displaced oligonucleotide. Indeed, extensive pre-treatment
eliminated the doublet (Fig. S5, compare lanes 3-5 with lanes 9-
11). The inhibition of Mcm4/6/7 helicase activity by primase
could also be caused by the conversion of the helicase-active
hexameric Mcm4/6/7 complex to a helicase-inactive trimeric
Mcm4/6/7-primase complex. It has been reported that archaeal
GINS stimulates Mcm helicase activity [12]. However, the human
GINS complex did not display any effect either on the helicase
activity of the Mcm4/6/7 complex (Fig. 4A, lanes 3-6) or on the
inhibition of Mcm4/6/7 helicase by primase (Fig. 4A, compare
lanes 7-10 to lanes 11-14).

DNA helicase activity depends on a set of sub-activities,
including DNA binding and ATP hydrolysis and coordination of
these activities is required to efficiently unwind DNA [44]. The
primase (p48/p58 complex) alone did not show any ATPase
activity in the presence of single-stranded DNA (Fig. 4D). Addition
of primase (p48/p58 complex) did not increase the ATPase
activity of Mcm, consistent with the absence of effect on the Mcm
DNA helicase function.

The Mcm Complex Stimulate RNA Primer Synthesis by
Primase

Next, we examined whether the RNA primer synthesis would
be affected by Mcm4/6/7 or Mcm2~7 complexes. We first
observed that the RNA synthesis increased in proportion to the
primase added using the poly(dT) as template (Fig. 5A and 5B,
lanes 2-3). In contrast, the Mcm4/6/7, Mcm2~7 and GINS
complexes by themselves did not show any RNA primer synthesis
activity. Next, we examined the effect of addition of Mcm4/6/7 or
Mcm2~7 on the primase synthesis function (Fig. 5A, lanes 4-7 or
lanes 9-10, and 5B, lanes 4-6). Both Mcm4/6/7 and Mcm2~7
stimulated primer synthesis by approximately three-fold. In
contrast, GINS did not affect the primase activity (Fig. 5C, lanes
3-6). RNA synthesis by primase in the presence of Mcm was also
not affected by GINS (Fig. 5B, lanes 8-9). Under optimal reaction
conditions that utilize M13 ssDNA template, the priming ability of
primase significantly increased in the presence of both the Mcm4/
6/7 and Mcm2~7 complex (approximately 4-7 folds and 2.3-3.3
folds, respectively; Fig. 5D, lanes 3-6 and lanes 8-11), consistent
with above result. In addition, the Mcm complexes stimulated the
primase activity of the hetero-tetrameric DNA polymerase o-
primase complex as well (Fig. 5E). However, Mcm did not have
any effect on DNA synthesis on a singly-primed M13mp18 single-
stranded DNA template by DNA polymerase a-primase (data not
shown).

Mutual Stimulation of Mcm and Primase in Single-
stranded DNA-binding

To examine the loading of primase and helicase onto DNA,
pull-down assays of primase and Mcm2~7 were carried out by
using a biotin-labeled oligonucleotide in the presence of ATP-y-S,
an analog of ATP, which is strongly bound but poorly hydrolyzed
by the Mcm complex. We show that the primase protein alone
efficiently binds to the oligonucleotide, indicating that the affinity
of primase to single-stranded DNA is very strong (Fig. 6A, lanes 2—
4), consistent with the result of gel shift assays (Fig. 3B). In contrast,
the bulk of Mcm2~7 is present in the unbound fractions (Fig. S6),
indicating that the affinity of Mcm2~7 to single-stranded DNA is
low (Fig. 6A, lanes 10-12), consistent with the results of gel shift
assays (Fig. 3A and 3D). Under this condition, the DNA-binding
activity of the Mcm2~7 complex significantly increased in the
presence of primase (Fig. 6A, compare lanes 57 to lanes 10-12
and Fig. 6B), suggesting that primase facilitates binding of Mcm to
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single-stranded DNA. This is consistent with the result of gel shift
assay (Fig. 3D). It was proposed that the ATP-DnaB-single-
stranded DNA complex provides a recognition signal for primase,
thereby promoting priming [45]. In a subsequent set of DNA-
binding assays, ATP-y-S was substituted with ATP and the
oligonucleotide was added to the reaction mixtures last. Under this
condition, a small increase of primase binding to DNA was
observed in the presence of Mcm2~7 (Fig. 6C, compare lanes 2—4
to lanes 5-7, and Fig. 6D). Similar results were also observed
between the Mcm4/6/7 and primase (Fig. 6E and 6G). In the
presence of a constant amount of primase, the DNA-binding
activity of Mcm4/6/7 obviously increased (Fig. 6E, compare lanes
2-4 to lanes 57 and Fig. 6F), while the unbound Mcm4/6/7
decreased in proportion to the amount of DNA-bound primase
(Fig. 6E, compare lanes 10-12 to lanes 13—15). On the other hand,
the DNA binding ability of primase increased in the presence of
Mcm4/6/7 (Fig. 6G, compare lanes 2—4 to lanes 57 and Iig. 6H,
upper), and the DNA-unbound primase decreased in the presence
of Mcm4/6/7 (Fig. 6G, compare lanes 10-12 to lanes 13-15 and
Fig. 6H, lower). We noticed that the increase of primase in the
bound fraction in the presence of Mcm4/6/7 does not precisely
reflect its decrease in the unbound fraction (compare Fig. 6H,
lower to upper). This could be due to the instability of primase-
DNA-Mcm complex during the wash process of the bound beads.
The DNA-binding of Mcm4/6/7 decreases in the presence of
primase and ATP (Fig. 6G, compare lanes 5-7 to lane 8). Two
possibilities are conceivable. Primase may disrupt the helicase-
active hexameric Mcm4/6/7 complex and convert it to a trimeric
Mcm4/6/7 complex that is deficient in the DNA binding activity
as well as in DNA helicase activity. This may also partly explain
inhibition of Mcm4/6/7 helicase activity by primase (Fig. 4A).
Alternatively, ATP hydrolysis of Mcm4/6/7 may cause the
conformational change in Mcm4/6/7 and cause it to move on
single-stranded DNA. This may be associated with increased
interaction of primase with DNA, which may results in decreased
DNA-binding activity of Mcm4/6/7. We have concluded that the
interaction between primase and Mcm may lead to mutual
stimulation of their binding to single-stranded DNA.

Discussion

Physical and functional interaction between the replicative
helicase and primase has been well known in bacteria and
bacteriophages. We show here for the first time that the Mcm
helicase forms a complex with DNA polymerase o-primase
through direct interaction with the primase subunits. We also
show that the primase activity is stimulated by the Mcm
complexes. In the prokaryotic and animal viral replisomes,
physical links between DNA helicase, DNA polymerase and
primase regulate fork progression and allow unwinding to be
coordinated with DNA chain elongation [14,15,24]. Our findings
suggest a possibility that similar mechanisms may operate for
eukaryotic replisomes.

It was proposed that DnaB helicase activates DnaG primase by
serving as a docking station to increase the local concentration of
single-stranded DNA template relative to primase [22]. We have
shown that Mcm physically interacts with primase probably
through interaction between p48 and Mcm3/Mcm4/Mcm7
subunits (Fig. 1 and 2). Mcm and primase form a complex on
DNA and mutually stimulate their ssDNA-binding activities,
suggesting that they cooperate with each other to facilitate fork
progression and DNA chain elongation. Indeed, RNA primer
synthesis is stimulated significantly by both the helicase-active
Mcm4/6/7 and Mcm2~7 complexes (Fig. 5). Thus, interactions
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Figure 4. Effect of primase on DNA helicase and ATP hydrolysis activities of Mcm4/6/7. (A and B) DNA helicase activities were examined
with a constant amount of Mcm4/6/7 (50 ng/7.5 nM (A) or 40 ng/6 nM (B)) and various amounts of primase or GINS using a partial hetero-duplex
substrate (10 fmoles). The proteins added in (A) were; 25 ng, 50 ng, 100 ng and 200 ng of p48/p58 primase, and 125 ng, 250 ng, 500 ng and 1 pg of
GINS, and constant amount of GINS (500 ng) in lanes 7-10. In (B), 50 ng, 100 ng, and 200 ng of the p48/p58 primase were added. In lanes 1 to 8, 20-
fold excess of cold competitor oligonucleotide DNA (37mer-dT,o) was also added. The samples were incubated at 37°C for 1 hr and were then
subjected to electrophoresis through a 10% polyacrylamide gel in 1x TBE buffer. B, boiled substrate DNA. The displaced oligonucleotide in (A) and (B)
were quantified and showed as a graph in right side. Error bars in (B) represent the standard deviation from at least three independent experiments.
(Q) In the presence of competitor oligonucleotide, DNA-binding activities were examined with various amounts of primase protein (12.5 ng, 25 ng, 50
ng and 100 ng) on the fork substrate (25 fmoles). The reaction mixture was incubated at 30°C for 30 min and were run a 5% nondenaturing
polyacrylamide gel. 20-fold unlabeled oligonucleotide DNA (50mer-dT3) was added as competitor from lanes 6 to 9. (D) ATPase activity of a constant
amount of Mcm4/6/7 (150 ng) was measured in the presence of increasing amounts of p48/p58 primase (62.5 ng, 150 ng, 300 ng and 600 ng) and a
87 mer oligonucleotide (20 fmole). The amount of released phosphate (Pi, pmoles) was quantitated and labeled at the bottom of the autoradiogram.
doi:10.1371/journal.pone.0072408.g004

between Mcm and primase may be important for stimulation of (Fig. 2A), in a manner similar to the inhibition of the Mcm4/6/7
the priming activity. This is similar to the previous report that a helicase by Mcm2 or Mcm5/3 complex [47].
helicase-dead DnaB can stimulate DnaG primase [46]. Mcm is a 3" to 5 helicase present on the leading strand
Unlike in E. coli and T4, in which primases stimulate helicase [2,3,4,7], and thus, it would need to interact with the primase
activity of replicative helicases, primase inhibits the Mcm4/6/7 acting on the other strand [48]. It has been known that the
helicase activity (Fig. 4). We speculate that primase competes out eukaryotic polymerase and primase are associated with each other
Mcm4/6/7 on DNA substrate due to its strong single-stranded in a highly flexible manner [49]. The primase could interact with
DNA binding activity, since the inhibition is abolished by addition different surfaces of polymerase, potentially giving rise to a flexible
of excess competitor DNA. An alternative possibility is that movement in association with the moving polymerase. Thus, it is
primase disrupts helicase-active hexameric Mcm4/6/7 complex conceivable that primase present on the lagging strand interacts

with the Mcm complex on the leading strand. The purified p48/
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Figure 5. Stimulation of RNA primer synthesis by Mcm complexes. RNA primer was synthesized by p48/p58 primase in the absence or
presence of Mcm and/or GINS complex on poly(dT) (A-C) or on M13 mp18 ssDNA (D). RNA primer synthesis by DNA polymerase o-primase on M13
mp18 ssDNA substrate was examined in the absence or presence of Mcm complex (E). After incubation for 1 hr at 37°C, the products were applied on
20% denaturing polyacrylamide gel in 1x TBE buffer. A labeled oligonucleotide (dT;,_g) and 10-bp DNA ladder were used as a size marker. (A) The
proteins added were; 100 ng (lanes 3-7, 9 and 10) and 300 ng (lane 2) of p48/58 primase; 100 ng (lane 4), 200 ng (lane 5), 400 ng (lane 6), and 600 ng
(lanes 7 and 8) of Mcm4/6/7; or 200 ng (lane 9) and 400 ng (lanes 10 and 11) of Mcm2~7. (B) The proteins added were; 100 ng (lanes 3-6, 8 and 9)
and 300 ng (lane 2) of p48/58 primase; 100 ng (lane 4), 200 ng (lane 5) and 400 ng (lanes 6-9) of Mcm2~7; and 0.5 ug (lane 8) and 1 ug (lane 9) of
GINS. (C) The proteins added were; 100 ng of p48/58 (lanes 2-6) and 0.25 ug (lane 3), 0.5 ug (lane 4), 1 pg (lane 5) and 1.5 ug (lanes 6 and 7) of GINS.
(D) The proteins added were; (lanes 2-11) 100 ng of p48/58 primase; 100 ng (lane 3), 200 ng (lane 4), 400 ng (lane 5), and 600 ng (lane 6) of Mcm4/6/7;
or 50 ng (lane 11), 100 ng (lane 10), 150 ng (lane 9), and 200 ng (lanes 8) of Mcm2~7. (E) The proteins added were; (lanes 2-8) 100 ng of human DNA
polymerase a-primase complex; 100 ng (lane 3), 200 ng (lane 4), and 300 ng (lane 5) of Mcm4/6/7; or 50 ng (lane 6), 100 ng (lane 7), and 150 ng (lane
8) of Mcm2~7. More than three independent experiments were carried out.

doi:10.1371/journal.pone.0072408.g005
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Figure 6. Single-stranded DNA binding activities of primase and Mcm2~7 proteins. (A) and (C) the p48/p58 primase and/or Mcm2~7
complex as shown in the figure were mixed with biotin-labeled 37mer-dT,, oligonucleotide (50 pmole) in the presence of 0.5 mM ATP-y-S (A) or 1
mM ATP (Q). (E) and (G) the p48/p58 primase and/or Mcm4/6/7 complex were mixed with biotin-labeled 37mer-dT,, oligonucleotide (50 pmole) in
the presence of 0.5 mM ATP-y-S (E) or T mM ATP (G). After incubation at 30°C for 30 min, the streptavidin-coated magnetic beads were added. Then,
the beads were washed, re-suspended in SDS sample buffer and analyzed on 4-20% SDS-PAGE, followed by silver staining. (B) The amounts of
Mcm2~7 subunits in lanes 5-7 and 10-12 in (A) were quantified, and the levels relative to the maximum level of Mcm (lane 7; taken as 100) are
presented. (D) The amounts of primase subunits in lanes 2-4 and 5-7 in (C) were quantified, and the levels relative to the maximum level of primase
in the presence of Mcm (lane 7; taken as 100) are presented. (F) The amounts of Mcm4/6/7 subunits in lanes 2-4 and 5-7 in (E) were quantified, and
the levels relative to the maximum level of Mcm in the presence of primase (lane 7; taken as 100) are presented. (H) The amounts of primase subunits
in lanes 2-4 and 5-7 in (G) were quantified, and the levels relative to the maximum level of primase in the presence of Mcm (lane 7; taken as 100) are
presented (upper). The amounts of primase subunits in lanes 10-12 and 13-15 in (G) were quantified, and the levels relative to the maximum level of
primase in the absence of Mcm (lane 12; taken as 100) are presented (lower). Error bars represent the standard deviation from at least three
independent experiments. A dark figure (a section of Mcm4/6/7 in Figure 6G) is shown in the bottom.

doi:10.1371/journal.pone.0072408.9006

p58 complex migrates as a multimer in native gel under some primer synthesis occurs efficiently on the lagging strand. Our
condition, although similar levels of intrinsic RNA primer results also suggest the conservation of helicase-primase interaction
synthesis activity were always observed (our unpublished data). It at  both prokaryotic and eukaryotic replication forks
could be stabilized as a monomeric primase when it forms a [22,24,27,30,57]. Future analyses using the helicase-proficient
complex with DNA polymerase o. In addition, the interaction CMG complex as well as other associated fork factors will provide
between Mcm and primase is weak due to the transient nature of further insight into the functional and physical interactions that
their association. Gel-shift experiments under various gel electro- underpin the molecular architecture of the highly efficient and
phoresis condition suggested that the MCM-primase complex is versatile eukaryotic replisome complex.

unstable even with DNA. GINS and Cdc45 interact with both
polymerase o-primase and Mcm proteins [11,50,51]. Thus, the Materials and Methods

CMG complex may more efficiently recruit polymerase o-primase . o . o
to the replication fork and generate more stable complex. We have Expression and Purification of Recombinant Proteins in

not found in our i vitro assays any stimulatory effect of Mcm on Insect Cells and E. coli

the DNA synthesis catalyzed by the DNA polymerase o-primase The highly purified recombinant mouse Mcm4/6/7 and
complex. In contrast, the SV40 T-antigen helicase interact with all Mcm2~7 protein complexes were prepared from insect cells as
four subunits of the polymerase o-primase complex and can follows. For expression of the Mcm4/6/7, High Five cells were co-
stimulate both primase and DNA chain elongation activities infected with recombinant baculoviruses expressing the Hisg-

[31,32,33]. The failure of Mcm to stimulate DNA synthesis by Mcm4/Mcmb6 proteins and those expressing the Mcm7-Flag, and
DNA polymerase o-primase i vitro may suggest that other were collected at 48 hr post-infection. The recombinant Mcm4/6/
replication fork proteins may be required for full stimulation of 7 complex was purified as previously described [41]. For
DNA chain elongation. In fact, a large replisome progression expression of the Mcm2~7 complex, Sf9 or High Five cells were
complex (RPC) containing GINS, Mcm, Cdc45, Mrcl, Tofl- co-infected with the combination of Mcm2/Mcm?7-Hisg, Hisg-
Csm3, FACT, Ctf4/And-1, Mcm10 and DNA topoisomerase I Mcm4/Mcm6, and Mcm3/Mcemb-Hisg-Flag baculoviruses, and
was detected in budding yeast [9,10,52]. It was reported that the were collected at 48 hr post-infection. The Mcm2~7 complex was
GINS-Ctf4 complex of the RPC is crucial to couple Mecm2~7 to purified with consecutive steps involving nickel-agarose affinity
DNA polymerase o [10]. Additional factors, such as Mcm10 and chromatography, anti-Flag M2 antibody agarose affinity chroma-
Cdc45, are also known to bind to DNA polymerase o at the tography, and glycerol gradient sedimentation. Sf9 and High Five
replication fork [9,51,53]. More recently, studies in yeasts insect cells were cultured at 27°C in S{-900 II SFM (Life
indicated a role of Mcml0 in activation of the CMG helicase Technologies, Inc.) and EX-CELL 405 medium (JRH Bioscienc-
[54,55]. Effects of these factors on priming and DNA synthesis es), respectively.
activities of DNA polymerase o-primase need to be carefully His-tagged p58 and non-tagged p48 complex or His-tagged p48
examined in the future. alone was over-produced in the E. coli BL21 (DE3) RIL strain and
Our binding assays show that primase directly interacts with the purified as previously described [58].
Mcm3, 7, and 4 subunits (Fig. 1G), which constitute a half surface
of the hexameric Mcm ring. On the other hand, GINS and Cdc45 Reagents
were reported to interact with Mcm3, Mcm) and Mcm?2, an Labeled and unlabeled dNTPs/rNTPs were purchased from
adjacent another surface of the Mcm ring [56]. However, our GE Healthcare. M13mp18 single-stranded circular DNA (ssDNA)
biochemical studies showed that GINS stimulates neither the and T4 polynucleotide kinase (T4 PNK) were obtained from
interaction between Mcm and primase nor the RNA synthesis by TAKARA. Anti-Flag M2 antibody-agarose beads, anti-Flag M2
primase in the presence or absence of Mcm (Fig. 1D and 5). Thus, antibody, Flag peptide, Adenosine-5'-triphosphate (ATP), and
the architecture of eukaryotic replisome may be different from that adenosine 5'-(gamma-thio) triphosphate (ATP-y-S) were pur-
in archaeca where GINS acts as a linker (bridge) between the chased from Sigma. Anti-penta-His and DNA pol o (pl180)

primase and Mcm helicase [11,12]. antibodies were purchased form Qiagen and Santa Cruz,
Our results suggest that Mcm forms a specific complex with respectively. Anti-GINS antibodies were made by laboratory.
DNA polymerase o-primase at the replication fork and that this Oligonucleotides were obtained from Hokkaido System Science

interaction may facilitate RNA primer synthesis on the lagging Co., Ltd. (Hokkaido, Japan).

strand. This probably represents only a portion of many protein-

protein interactions, which occur within the replisome complex. Construction of DNA Substrates

We propose that Mcm, moving on the leading strand, serves as a 5'-tailed partial hetero-duplex substrates were constructed by
part of the bridge that links DNA polymerase o-primase so that annealing a dT4p-37mer oligonucleotide to M13mpl8 ssDNA.

PLOS ONE | www.plosone.org 11 August 2013 | Volume 8 | Issue 8 | 72408



The oligonucleotide carrying the 40 mer oligo (dT) tail at the 3’
end of the hybridizing 37 mer sequence was first labeled with
[y-*P]ATP and T, PNK, and then anncaled to M13mpl8
ssDNA. The reaction mixture was heated at 95°C, kept at 67°C
for 1 hr, and then allowed to slowly cool down to 30°C. The
labeled substrates were purified by Sepharose CL4B column
chromatography (GE Healthcare). The 132 mer oligonucleotide
(5'-CCACACATGATTTGTTTGCTCCCTGAAATGATCTA-
TATTTAATATATAATGTATATTCCCTCGGGATTTTTT-
ATTTTGTGTTATTCCACGGCATGAAAAACAAAAAACA-
TTCTTCTCATCCTTGGTCCCTCA-3") and 37mer-dT's, (87
mer) [41] were labeled with [y-*P]ATP and T, PNK. The Y-
fork substrate composed of a 50 nucleotides duplex region as well
as a 30 mer oligo (dT) tail at the 5 and a 60 mer oligo (dT) tail at
the 3" end [41]. The double-stranded DNA (173 bp) was labeled
by filling in the cohesive ends with [a-*?P]dCTP and the Klenow
fragment of DNA polymerase L.

Primer RNA Synthesis Assays

Primer RNA synthesis was carried out using poly(dT) or M13
ssDINA as templates. The reaction mixtures with poly(dT) (2 nmole
as nucleotide) contained 0.1 mM [0-"*P]JATP (3 puCi/nmol), 20
mM Tris-HCI (pH 7.5), 10 mM magnesium acetate, 5 mM
dithiothreitol (DTT), and 0.1 mg/ml bovine serum albumin (BSA).
Whereas the reaction mixture with 200 ng of M13mpl8 ssDNA
(0.6 nmol of nucleotide concentration) contained 4 mM ATP, 200
uM CTP, 200 pM UTP, 2 pM GTP and 5 pCi [o->*P]GTP, 20
mM Tris-HCI pH 7.5, 10 mM magnesium actate, 2 mM DTT,
0.25 mg/ml BSA, 40 mM creatine phosphate, 100 pg/ml creatine
kinase. After addition of primase or DNA polymerase o-primase
and each protein as indicated, assays were incubated for 1 hr at
37°C. The products were ethanol-precipitated in the presence of
2.5 ul of 3 M sodium acetate (pH 5.2) and 10 pg of E. coli tRNA,
washed with 75% ethanol, dried, re-suspended in a solution
containing 80% de-ionized formamide, 5 mM ethylenediamine-
tetraacetic acid (EDTA) and 0.05% bromphenol blue. Primer
RNAs were analyzed on denaturing polyacrylamide gel electro-
phoresis. Samples were heated at 95°C for 3 min and were loaded
onto 20% polyacrylamide gel (acrylamide: bisacrylamide ratio,
19:1) containing 7 M urea and 0.5x Tris-Borate-EDTA (TBE)
buffer. As a molecular weight marker, labeled oligo (dT'5 ;3), 10-
bp DNA ladder, and 50-bp DNA ladder were used.

DNA-binding and Helicase Assays

DNA helicase and DNA-binding activities were examined in
reaction mixtures (12 pl) containing 25 mM Tris-HCI (pH 7.5), 40
mM sodium acetate, 10 mM magnesium acetate, 20 mM 2-
mercaptoethnol, 0.25 mg/ml BSA, 0.5 mM ATP-y-S, and various
labeled substrates (20 fmole for DNA binding and 10 fmole for
helicase assays). In DNA binding assays, complexes were separated
on a 5% native polyacrylamide gel after incubation at 30°C for 30
min. In DNA helicase assay, after incubation of the above reaction
mixtures at 30°C for 30 min, ATP (final 10 mM) was added and
incubation was continued at 37°C for 30 min. After termination of
the reaction by the addition of stop buffer (final 20 mM EDTA
and 0.1% sodium dodecyl sulfate [SDS]), the samples were
separated on a non-denaturing polyacrylamide gel in 1x TBE
buffer.

ATPase Assays

ATPase activities were examined in reaction mixtures (12 pl)
containing 50 mM Tris-HCI (pH 7.5), 10 mM magnesium acetate,
20 mM 2-mercaptoethnol, 0.5 mg/ml BSA, 1 mM ATP (with 2
uCi of [y-*PJATP), and 87 mer oligonucleotide (20 pmole). After
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incubation at 30°C for 1 hr, aliquots were spotted onto a
polyethyleneimine-cellulose thin layer plate, and ATP and Pi were
separated by chromatography in 1 M formic acid and 0.5 M LiCL
The radioactivity on the plate was detected by using a Bio-Image
analyzer (BAS 2500; Fuji).

Immuno-precipitation Analyses

The primase (His-p58/p48 complex) was mixed with purified
Mcm2~7 containing a Flag-tag in Mcm5 in the presence or
absence of GINS complexes, and immuno-precipitation was
performed using anti-Flag M2 antibody agarose beads (Sigma).
The pre-washed anti-Flag antibody beads were mixed with the
proteins with or without an oligonucleotide in a buffer containing
50 mM Tris-HC1 (pH 7.5), 100 mM sodium acetate, 5 mM
magnesium acetate, 1| mM ATP, 10% glycerol, and 0.01% Triton-
X-100. As necessary, DNA digestion with 1 U of DNase I in above
buffer was performed. After a 2-hr incubation at 4°C, beads were
washed three times with the same buffer and bound proteins were
eluted with 0.1 M glycine (pH 2.8) twice, or the beads were
directly boiled after addition of sample buffer. The samples were
analyzed by SDS-polyacrylamide gel electrophoresis (PAGE)
followed by silver staining, SPYRO staining or western-blotting
with anti-penta-His antibody, anti-p48 antibody or anti-GINS
antibody.

Immuno-precipitation Experiments on Insect Cells Co-
infected with Baculoviruses

S cells were seeded at 5x10° in 10 cm dishes, infected with
appropriate baculoviruses and incubated at 27°C. At 72 hrs after
infection cells were harvested, centrifuged at 1000-g for 5 min and
cell pellets were re-suspended in the lysis buffer (40 mM HEPES-
NaOH, pH 7.5, 100 mM sodium acetate, 1 mM DTT, 10 mM
magnesium acetate, 1 mM EDTA, 0.1% NP-40, protease and
phosphatase inhibitors tablets [Roche]). Cells were lysed using a
Soniprep 150 (Sanyo) at 10 amplitude microns, four times for 10
sec each. One tenth of the supernatant was mixed with 10 pl of
M2 Flag-Agarose affinity gel. Samples were washed five times with
the lysis buffer and eluted with the lysis buffer containing 0.3 mg/
ml of Flag peptide. One fifth of the immuno-precipitated samples
were loaded on SDS-PAGE, blotted and detected with anti-Flag or
other antibodies indicated.

Glycerol Gradient Fractionation

Purified Mcm4/6/7 complex alone or the mixtures of DNA
polymerase o-primase and Mcm4/6/7 complexes were loaded
onto a 15-30% glycerol gradient in 20 mM Tris-HCI (pH 7.5),
150 mM NaCl, 0.5 mM EDTA, 1 mM DTT, 0.01% Triton X-
100, and 0.1 mM phenylmethylsulfonyl fluoride (PMSF). Since
protein concentration was low, heat-denatured a-Casein (10 pg;
from Sigma) was added for stabilization. After centrifugation at
36,000 rpm in a TLS-55 rotor for 16 hrs at 4°C, 15 fractions were
collected from the top of the gradient. Purified Mcm4/6/7 or
Mcm2~7 complex and human DNA primase, singly or in
combination, were fractionated in a 15-35% glycerol gradient in
20 mM Tris-HCI (pH 7.5), 100 mM NaCl, I mM ATP, 5 mM
magnesium acetate, 0.5 mM EDTA, 1 mM DTT, 0.01% Triton
X-100, and 0.1 mM PMSF at 36,000 rpm in a TLS-55 rotor for
18 hrs at 4°C in the presence of heat-denaturedo-Casein (10 pg).

DNA-binding Analyses using Biotin-labeled ssDNA

The primase and Mcm2~7 or Mcm4/6/7 complexes were
mixed with 50 pmole of biotin-labeled 37mer-d’T4, oligonucleotide
in a buffer (20 ul) containing 25 mM Tris-HCI (pH 7.5), 100 mM
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sodium acetate, 10 mM magnesium acetate, 0.25 mg/ml Casein, 1
mM DTT, 0.01% Triton-X, and 0.5 mM ATP-y-S or 1 mM
ATP. After incubation at 30°C for 30 min, streptavidin-coated M-
280 magnetic beads (Dynal Biotech ASA) were added to the
mixture and incubated for 30 min at 4°C. After the removal of the
supernatant (unbound), the beads were washed four times in a
buffer (400 ul) containing 20 mM Tris-HCI (pH 7.5), 100 mM
sodium acetate, 10 mM magnesium acetate, | mM DTT, 0.01%
Triton X-100, and 10% glycerol, re-suspended in SDS sample
buffer (bound), and were analyzed on 4-20% SDS-PAGE,
followed by silver staining.

Supporting Information

Figure S1 Purified Mcm4/6/7 and Mcm2~7 complex-
es. Purified Mcm2/4/6/7 (lane 1, 700 ng), Mcm2~7 (lane 2, 300
ng; lane 3, 600 ng) and Mcm4/6/7 (lane 4, 100 ng) complexes,
analyzed on a 5% native gel, migrated as 400 kDa, 600 kDa and
550 kDa complexes, respectively. The proteins were detected with
silver staining.

(TIF)

Figure $2 Direct interaction between Mcm helicase and
GINS complex and identification of the subunits of Mcm
interacting with primase. (A) The purified Mcm2~7 complex
(1 pg) was mixed with the GINS complex (1 pg) and immuno-
precipitation was performed using anti-Flag M2 antibody beads.
The bound proteins were eluted with 0.1 M glycine (pH 2.8). The
eluted samples (B) and 1/10 (for SPYRO staining) or 1/20 (for
western analyses) of unbound fractions (U) were analyzed by
SYPRO staining or immuno-blotting with antibodies indicated.
Samples were run on 4-20% gradient gel. (B) Mcm subunits 2, 5,
or 6 were not co-immuno-precipitated with the human DNA
primase (related to Figure 1G).

(TIF)

Figure S3 Complex formation of Mcm4/6/7 or
Mcm2~7 and primase analyzed in a native gel. The
primase complex (p48/p58; 200 ng (A) or 275 ng (B)), Mcm4/6/7
complex (200 ng), Mcm2~7 complex (400 ng) and a mixture of
primase plus the Mcm complex were incubated in a reaction
mixture containing 25 mM Tris-HCI (pH 7.5), 5 mM magnesium
acetate, 20 mM 2-mercaptoethnol, 0.01% Triton X-100, and
ImM ATP at 30°C for 15 min, and the samples were analyzed on
5% native-PAGE at 4°C, followed by silver staining. Thyroglob-
ulin (669 kDa), ferritin (440 kDa), catalase (232 kDa), and lactate
dehydrogenase (140 kDa) (GE Healthcare) were used as protein
molecular weight markers.

(TTF)

Figure S4 Effect of primase on DNA-binding activity of
Mcm4/6/7 (related to Figure 3C). (A) DNA-binding assays

References

1. Masai H, Matsumoto S, You Z, Yoshizawa-Sugata N, Oda M (2010) Eukaryotic
chromosome DNA replication: where, when, and how? Annu Rev Biochem 79:
89-130.

2. Ishimi Y (1997) A DNA helicase activity is associated with an MCM4, -6, and -7
protein complex. J Biol Chem 272: 24508-24513.

3. You Z, Komamura Y, Ishimi Y (1999) Biochemical analysis of the intrinsic
Mcm4-Mcm6-mem7 DNA helicase activity. Mol Cell Biol 19: 8003-8015.

4. Kaplan DL, Davey MJ, O’Donnell M (2003) Mcm4,6,7 uses a “pump in ring”
mechanism to unwind DNA by steric exclusion and actively translocate along a
duplex. J Biol Chem 278: 49171-49182.

5. You Z, Masai H (2008) Cdtl forms a complex with the minichromosome
maintenance protein (MCM) and activates its helicase activity. J Biol Chem 283:
24469-24477.

6. Bochman ML, Schwacha A (2008) The Mcm2-7 complex has in vitro helicase
activity. Mol Cell 31: 287-293.

PLOS ONE | www.plosone.org

13

Mcm Complexes Stimulate the Primase Activity

on oligonucleotide DNA (37mer-dT’50) were repeated. A constant
amount of Mcm4/6/7 (50 ng) or various amounts of Mcm4/6/7
(25 ng, 50 ng and 100 ng), and a constant amount of p48/p58 (50
ng) or various amounts of the p48/p58 primase (25 ng, 50 ng and
100 ng) were added. The samples were run in 5% native gel
containing 5% glycerol, 0.5x TBE, and acrylamide: bis (37.5:1).
The reproducible result was observed. (B) The same combinations
of proteins as in lanes 1-8 of Figure 3C were incubated with a
132mer oligonucleotide DNA. The samples were run in 5% native
gel containing 1x TBE and acrylamide: bis (32.3:1).

(TIF)

Figure S5 Effect of primase proteins on Mcm helicase
activity. DNA helicase activity was examined with a constant
amount of Mcm4/6/7 (40 ng) and primase proteins (50 ng, 100
ng, and 200 ng). DNA helicase assays were conducted using the
partial hetero-duplex substrate (15 fmoles) in reaction mixture.
After incubation at 37°C for 1 hr, the reactions were terminated
directly by addition of EDTA (20 mM) and SDS (0.1%) (lanes 1-5)
or by the addition of 4 pg/ml proteinase K and 0.1% SDS (37°C,
15 min) followed by the addition of EDTA (20 mM) (lanes 7-11).
The samples were then separated by electrophoresis on a non-
denaturing polyacrylamide gel in 1x TBE. 25-fold cold competitor
oligonucleotide DNA (37mer-dT4;) was present in all the
reactions.

(TIF)

Figure S6 Single-stranded DNA binding activities of
primase and Mcm2~7 complex (related to Figure 6A).
The unbound supernatant fractions from Figure 6A were analyzed
on 4-20% SDS-PAGL, followed by silver staining.

(TTF)

Acknowledgments

We thank the members of our laboratories for helpful discussions. Plasmids
for producing human hetero-dimeric DNA primase in bacterial cells, the
baculovirus for production of untagged p58, and monoclonal antibodies
anti-p48 and anti-p58 were a generous gift of H.-P. Nasheuer (University of
Galway, Ireland). The baculoviruses for the expression of Flag-p58 and p48
were a generous gift of Jerard Hurwitz (Memorial Sloan Kettering Center,
New York, USA). A part of purified human DNA polymerase o-primase
protein was kindly provided by Toshiki Tsurimoto (Kyushu University,

Japan).

Author Contributions

Conceived and designed the experiments: ZY. Performed the experiments:
ZY MDF FMP. Analyzed the data: ZY MDF FMP HM. Contributed
reagents/materials/analysis tools: ZY MDF KK FMP HM. Wrote the
paper: ZY FMP HM.

7. Bochman ML, Schwacha A (2009) The Mcm complex: unwinding the
mechanism of a replicative helicase. Microbiol Mol Biol Rev 73: 652-683.

8. Ilves I, Petojevic T, Pesavento JJ, Botchan MR (2010) Activation of the MCM2—
7 Helicase by Association with Cdc45 and GINS Proteins. Mol Cell 37: 247~
258.

9. Gambus A, Jones RC, Sanchez-Diaz A, Kanemaki M, van Deursen F, et al.

(2006) GINS maintains association of Cdc45 with MCM in replisome

progression complexes at eukaryotic DNA replication forks. Nat Cell Biol 8:

358-366.

Gambus A, van Deursen F, Polychronopoulos D, Foltman M, Jones RC, et al.

(2009) A key role for Ctf4 in coupling the MCM2-7 helicase to DNA polymerase

alpha within the eukaryotic replisome. Embo J 28: 2992-3004.

. Marinsek N, Barry ER, Makarova KS, Dionne I, Koonin EV, et al. (2006)

GINS, a central nexus in the archaecal DNA replication fork. EMBO Rep 7:
539-545.

August 2013 | Volume 8 | Issue 8 | 72408



20.

21.

22.

23.

24.

26.

27.

28.

29.

30.

31.

32.

33.

34.

. Yoshimochi T, Fujikane R, Kawanami M, Matsunaga F, Ishino Y (2008) The

GINS complex from Pyrococcus furiosus stimulates the MCM helicase activity.
J Biol Chem 283: 1601-1609.

. De Falco M, Ferrari E, De Felice M, Rossi M, Hubscher U, et al. (2007) The

human GINS complex binds to and specifically stimulates human DNA
polymerase alpha-primase. EMBO Rep 8: 99-103.

. Arezi B, Kuchta RD (2000) Eukaryotic DNA primase. Trends Biochem Sci 25:

572-576.

. Kuchta RD, Stengel G (2010) Mechanism and evolution of DNA primases.

Biochim Biophys Acta 1804: 1180-1189.

. Corn JE, Pelton JG, Berger JM (2008) Identification of a DNA primase template

tracking site redefines the geometry of primer synthesis. Nat Struct Mol Biol 15:
163-169.

. Arai K, Kornberg A (1979) A general priming system employing only dnaB

protein and primase for DNA replication. Proc Natl Acad Sci U S A 76: 4308—
4312.

. Lu YB, Ratnakar PV, Mohanty BK, Bastia D (1996) Direct physical interaction

between DnaG primase and DnaB helicase of Escherichia coli is necessary for
optimal synthesis of primer RNA. Proc Natl Acad Sci U S A 93: 12902-12907.

. Mitkova AV, Khopde SM, Biswas SB (2003) Mechanism and stoichiometry of

interaction of DnaG primase with DnaB helicase of Escherichia coli in RNA
primer synthesis. J Biol Chem 278: 52253-52261.

Wang G, Klein MG, Tokonzaba E, Zhang Y, Holden LG, et al. (2008) The
structure of a DnaB-family replicative helicase and its interactions with primase.
Nat Struct Mol Biol 15: 94-100.

Bird LE, Pan H, Soultanas P, Wigley DB (2000) Mapping protein-protein
interactions within a stable complex of DNA primase and DnaB helicase from
Bacillus stearothermophilus. Biochemistry 39: 171-182.

Corn JE, Berger JM (2006) Regulation of bacterial priming and daughter strand
synthesis through helicase-primase interactions. Nucleic Acids Res 34: 4082—
4088.

Bailey S, Eliason WK, Steitz TA (2007) Structure of hexameric DnaB helicase
and its complex with a domain of DnaG primase. Science 318: 459-463.
Patel SS, Pandey M, Nandakumar D (2011) Dynamic coupling between the
motors of DNA replication: hexameric helicase, DNA polymerase, and primase.
Curr Opin Chem Biol 15: 595-605.

. Johnson DE, Takahashi M, Hamdan SM, Lee SJ, Richardson CC (2007)

Exchange of DNA polymerases at the replication fork of bacteriophage T7. Proc
Natl Acad Sci U S A 104: 5312-5317.

Stano NM, Jeong YJ, Donmez I, Tummalapalli P, Levin MK, et al. (2005) DNA
synthesis provides the driving force to accelerate DNA unwinding by a helicase.
Nature 435: 370-373.

Pandey M, Syed S, Donmez I, Patel G, Ha T, et al. (2009) Coordinating DNA
replication by means of priming loop and differential synthesis rate. Nature 462:
940-943.

Hinton DM, Nossal NG (1987) Bacteriophage T4 DNA primase-helicase.
Characterization of oligomer synthesis by T4 61 protein alone and in
conjunction with T4 41 protein. J Biol Chem 262: 10873-10878.

Valentine AM, Ishmael FT, Shier VK, Benkovic SJ (2001) A zinc ribbon protein
in DNA replication: primer synthesis and macromolecular interactions by the
bacteriophage T4 primase. Biochemistry 40: 15074-15085.

Yang J, Xi J, Zhuang Z, Benkovic SJ (2005) The oligomeric T4 primase is the
functional form during replication. J Biol Chem 280: 25416-25423.

Collins KL, Kelly TJ (1991) Effects of T antigen and replication protein A on the
initiation of DNA synthesis by DNA polymerase alpha-primase. Mol Cell Biol
11: 2108-2115.

Schneider C, Weisshart K, Guarino LA, Dornreiter I, Fanning E (1994) Species-
specific functional interactions of DNA polymerase alpha-primase with simian
virus 40 (SV40) T antigen require SV40 origin DNA. Mol Cell Biol 14: 3176
3185.

Weisshart K, Forster H, Kremmer E, Schlott B, Grosse F, et al. (2000) Protein-
protein interactions of the primase subunits p58 and p48 with simian virus 40 T
antigen are required for efficient primer synthesis in a cell-free system. J Biol
Chem 275: 17328-17337.

Saitoh A, Tada S, Katada T, Enomoto T (1995) Stimulation of mouse DNA
primase-catalyzed oligoribonucleotide synthesis by mouse DNA helicase B.
Nucleic Acids Res 23: 2014-2018.

PLOS ONE | www.plosone.org

14

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

57.

58.

Mcm Complexes Stimulate the Primase Activity

. Kawaguchi A, Nagata K (2007) De novo replication of the influenza virus RNA

genome is regulated by DNA replicative helicase, MCM. EMBO ] 26: 4566
4575.

McGeoch AT, Bell SD (2005) Eukaryotic/archaeal primase and MCM proteins
encoded in a bacteriophage genome. Cell 120: 167-168.

Sanchez-Berrondo J, Mesa P, Ibarra A, Martinez-Jimenez MI, Blanco L, et al.
(2012) Molecular architecture of a multifunctional MCM complex. Nucleic
Acids Res 40: 1366-1380.

Bauer RJ, Graham BW, Trakselis MA (2013) Novel Interaction of the Bacterial-
Like DnaG Primase with the MCM Helicase in Archaea. J] Mol Biol.
Thommes P, Fett R, Schray B, Burkhart R, Barnes M, et al. (1992) Properties of
the nuclear P1 protein, a mammalian homologue of the yeast Mcm3 replication
protein. Nucleic Acids Res 20: 1069-1074.

Mizuno T, Yamagishi K, Miyazawa H, Hanaoka F (1999) Molecular
architecture of the mouse DNA polymerase alpha-primase complex. Mol Cell
Biol 19: 7886-7896.

You Z, Ishimi Y, Mizuno T, Sugasawa K, Hanaoka F, et al. (2003) Thymine-
rich single-stranded DNA activates Mcm4/6/7 helicase on Y-fork and bubble-
like substrates. Embo J 22: 6148-6160.

Bochman ML, Schwacha A (2007) Differences in the single-stranded DNA
binding activities of MCM2-7 and MCM467: MCM2 and MCMS5 define a slow
ATP-dependent step. J Biol Chem 282: 33795-33804.

Holmes AM, Cheriathundam E, Bollum FJ, Chang LM (1985) Initiation of
DNA synthesis by the calf thymus DNA polymerase-primase complex. J Biol
Chem 260: 10840-10846.

Patel SS, Picha KM (2000) Structure and function of hexameric helicases. Annu
Rev Biochem 69: 651-697.

. Arai K, Kornberg A (1981) Mechanism of dnaB protein action. III. Allosteric

role of ATP in the alteration of DNA structure by dnaB protein in priming
replication. J Biol Chem 256: 5260-5266.

Shrimankar P, Stordal L, Maurer R (1992) Purification and characterization of a
mutant DnaB protein specifically defective in ATP hydrolysis. J Bacteriol 174:
7689-7696.

Sato M, Gotow T, You Z, Komamura-Kohno Y, Uchiyama Y, et al. (2000)
Electron microscopic observation and single-stranded DNA binding activity of
the Mcm4,6,7 complex. J Mol Biol 300: 421-431.

Frick DN, Richardson CC (2001) DNA primases. Annu Rev Biochem 70: 39
80.

Nunez-Ramirez R, Klinge S, Sauguet L, Melero R, Recuero-Checa MA, et al.
(2011) Flexible tethering of primase and DNA Pol alpha in the cukaryotic
primosome. Nucleic Acids Res 39: 8187-8199.

Kukimoto I, Igaki H, Kanda T (1999) Human CDCA45 protein binds to
minichromosome maintenance 7 protein and the p70 subunit of DNA
polymerase alpha. Eur J Biochem 265: 936-943.

Ricke RM, Bielinsky AK (2004) Mcm10 regulates the stability and chromatin
association of DNA polymerase-alpha. Mol Cell 16: 173-185.

Zhu W, Ukomadu C, Jha S, Senga T, Dhar SK, et al. (2007) Mcm10 and And-
1/CTF4 recruit DNA polymerase alpha to chromatin for initiation of DNA
replication. Genes Dev 21: 2288-2299.

Mimura S, Takisawa H (1998) Xenopus Cdc45-dependent loading of DNA
polymerase alpha onto chromatin under the control of S-phase Cdk. Embo J 17:
5699-5707.

Kanke M, Kodama Y, Takahashi TS, Nakagawa T, Masukata H (2012) Mcm10
plays an essential role in origin DNA unwinding after loading of the CMG
components. EMBO J 31: 2182-2194.

. van Deursen F, Sengupta S, De Piccoli G, Sanchez-Diaz A, Labib K (2012)

Mcml0 associates with the loaded DNA helicase at replication origins and
defines a novel step in its activation. EMBO J 31: 2195-2206.

Costa A, Ilves I, Tamberg N, Petojevic T, Nogales E, et al. (2011) The structural
basis for MCM2-7 helicase activation by GINS and Cdc45. Nat Struct Mol Biol
18: 471-477.

Manosas M, Spiering MM, Zhuang Z, Benkovic SJ, Croquette V (2009)
Coupling DNA unwinding activity with primer synthesis in the bacteriophage
T4 primosome. Nat Chem Biol 5: 904-912.

Schneider A, Smith RW, Kautz AR, Weisshart K, Grosse F, et al. (1998)
Primase activity of human DNA polymerase alpha-primase. Divalent cations
stabilize the enzyme activity of the p48 subunit. J Biol Chem 273: 21608-21615.

August 2013 | Volume 8 | Issue 8 | 72408



