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Recruitment of DNA polymerases onto replication origins is a crucial step in the assembly of eukaryotic
replication machinery. A previous study in budding yeast suggests that Dpb11 controls the recruitment of DNA
polymerases o and € onto the origins. Sld2 is an essential replication protein that interacts with Dpb11, but
no metazoan homolog has yet been identified. We isolated Xenopus RecQ4 as a candidate Sld2 homolog. RecQ4
is a member of the metazoan RecQ helicase family, and its N-terminal region shows sequence similarity with
Sld2. In Xenopus egg extracts, RecQ4 is essential for the initiation of DNA replication, in particular for
chromatin binding of DNA polymerase «. An N-terminal fragment of RecQ4 devoid of the helicase domain
could rescue the replication activity of RecQ4-depleted extracts, and antibody against the fragment inhibited
DNA replication and chromatin binding of the polymerase. Further, N-terminal fragments of RecQ4 physically
interacted with Cut5, a Xenopus homolog of Dpb11, and their ability to bind to Cut5 closely correlated with their
ability to rescue the replication activity of the depleted extracts. Our data suggest that RecQ4 performs an
essential role in the assembly of replication machinery through interaction with Cut5 in vertebrates.

The initiation of eukaryotic DNA replication involves the
assembly of highly conserved replication proteins on replica-
tion origins (3, 15, 24). Before the initiation of replication,
prereplicative complexes (pre-RCs) are assembled onto the
origins at the end of M phase and during G, phase. The
assembly of pre-RCs, referred to as “licensing of origins” (5),
is absolutely dependent on the binding of origin recognition
complex to origins, which allows the assembly of Cdc6 and
Cdtl and finally leads to the recruitment of minichromosome
maintenance proteins (Mcm2 to -7) onto origins (28). At the
onset of S phase, the pre-RCs are activated through the action
of cyclin-dependent kinase (CDK) and Dbf4-dependent Cdc7
kinase, being converted into the preinitiation complexes, and
eventually DNA polymerases are assembled into replication
machinery at the origins.

The recruitment of DNA polymerases onto origins is a cru-
cial step in the assembly of replication machinery. A previous
study with budding yeast (Saccharomyces cerevisiae) suggests
that Dpb11 controls the recruitment of DNA polymerases o
and € onto origins (22). Studies with metazoan homologs of
Dpbll, in particular with Xenopus laevis Cut5/Mus101, support
this view, showing that the metazoan protein is required for the
loading of DNA polymerases onto chromatin (8, 33). Further
insights into components essential for assembly of the machin-
ery were obtained by Araki and coworkers, who isolated a
group of six genes that interact with DPB11, named SLD
(“synthetically lethal with dpb11-1”) (12). Proteins Sld1, -4,
and -6 are identical to Dpb3 (the third largest subunit of DNA
polymerase €), Cdc45, and Rad53 (a checkpoint kinase), re-
spectively. SLD2, -3, and -5 were novel genes and are essential
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for the growth of yeast. The protein SId5 is highly conserved
among eukaryotes, and yeast and Xenopus Sld5 form a het-
erotetrameric GINS complex with three SldS-interacting pro-
teins, Psfl, -2, and -3 (14, 19, 32). This complex is required for
the recruitment of Cdc45 onto chromatin, a crucial step in the
assembly of DNA polymerases on chromatin (19, 32).

So far only fission yeast homologs of budding yeast Sld2
(also isolated as DRCI [35], a dosage suppressor of dpbl1-1)
and Sld3 have been identified (27, 29). Sld3 shows some dif-
ferent behaviors in the cell cycle between fission and budding
yeasts (13, 27), but Sld2/Drcl apparently retains similar func-
tions in the initiation of DNA replication. Both budding and
fission yeast Sld2/Drcl are novel targets of S-phase CDK (S-
CDK), and their phosphorylation is essential for chromosomal
DNA replication (23, 29). In budding yeast, CDK-dependent
phosphorylation of Sld2 is apparently required for physical
interaction with Dpb11, and such interaction plays an impor-
tant role in the assembly of replication machinery (23). Simi-
larly in fission yeast, a mutant of Drcl lacking putative CDK-
dependent phosphorylation sites failed to interact with Cut5, a
fission yeast homolog of Dpb11 (29). It is not known, however,
whether Sld2/Drcl is conserved among eukaryotes.

In this study, we isolated Xenopus RecQ4 as a candidate Sld2
homolog. The N-terminal region of RecQ4 shows some se-
quence similarity with SId2, and it interacted with Cut5/
TopBP1 in egg extracts. The region is required for the initia-
tion of DNA replication, in particular for chromatin binding of
DNA polymerase «. In humans, mutations in RecQ4 are re-
sponsible for some cases of Rothmund-Thomson syndrome (2,
16, 20), suggesting that RecQ4 is important for preventing
genome instability and that mutations in it might lead to cancer
or premature aging (1, 7, 9). Here we report that vertebrate
RecQ4 performs an essential role in the formation of replica-
tion machinery through interaction with Cut5. While this work
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was in progress, a paper was published suggesting that RecQ4
is required for the initiation of DNA replication in higher
eukaryotes (30).

MATERIALS AND METHODS

Cloning and seq ing of Xenopus RecQ4. We obtained a partial sequence of
Xenopus RecQ4 from the expressed sequence tag (EST) database (accession no.
BES507000) by a homology search with yeast SId2/Drcl. The sequence was am-
plified from Xenopus oocyte cDNA by PCR using a 5" primer (AGGCATGGA
GCGCTATAATGAGG) and a 3’ primer (TCAAGAGGTCGGAAACGAGG
AGT). The amplified PCR sequence was used as a probe to screen a NZAP-
derived cDNA library of Xenopus oocyte mRNA (18). From 3 X 10° plaques, we
isolated three positive clones with a maximum insert size of 4.6 kb. The three
clones were sequenced with an automatic DNA sequencer (ABI 311). The
full-length Xenopus RecQ4 gene (accession no. AB213025) consists of 4691 bp,
containing a 5" untranslated region of 30 bp, an open reading frame of 4,512 bp,
and a 3’ untranslated region of 149 bp.

Protein expression and antibody production. Recombinant six-His-tagged full-
length and N-terminal fragments of Xenopus RecQ4 (corresponding to amino
acids 1 to 334, 1 to 596, and 1 to 727) were obtained by using a Bac-to-Bac HT
recombinant baculovirus expression system (Invitrogen). The recombinant pro-
teins were expressed in Sf9 insect cells and purified through a Ni-nitrilotriacetic
acid column (QIAGEN) following the instructions of the supplier. Recombinant
glutathione S-transferase (GST)-Cut5 (corresponding to amino acids 1197 to
1513) and the six-His-tagged N-terminal fragment of RecQ4 (corresponding to
amino acids 1 to 596) were expressed in Escherichia coli (lon-minus strain) and
purified as described previously (18). Polyclonal rabbit antibodies were raised
against the recombinant proteins (Hokudo Inc., Japan) and further affinity pu-
rified with recombinant protein immobilized in Affi-Gel 10 (Bio-Rad).

Preparation of Xenopus egg extract and chromatin fractions. Interphase egg
extract and demembranated sperm nuclei were prepared as described previously
(17). Aphidicolin (Wako) was added to the egg extract at a concentration of 40
pg/ml to inhibit DNA polymerases. GST-p21 (25) and roscovitine (Sigma) were
added to the extracts at 50 pg/ml and 200 pM, respectively, to inhibit CDK.
Green fluorescent protein-geminin (37) was added at 15 pg/ml to inhibit the
licensing reaction. To isolate chromatin fractions, we incubated sperm nuclei in
50 to 100 wl of the egg extracts (4,000 nuclei/pl) for appropriate times at 23°C.
The samples were diluted with 10 volumes of extraction buffer (EB; 100 mM KCl,
2.5 mM MgCl,, 50 mM HEPES-KOH, pH 7.5) containing 0.25% NP-40 (Wako)
and then centrifuged through a 10% sucrose layer at 10,000 X g for 5 min, and
then the pellets were washed with EB. The chromatin-associated proteins were
extracted with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) sample buffer from the pellets and separated from the DNA by passage
through a 0.45-pm filter (Millipore; Ultrafree-MC).

Assay for DNA replication activity. The replication activities of the egg ex-
tracts were measured as the incorporation of [a-*?P]dCTP into sperm DNA.
[a-*?P]dCTP was incorporated as described previously (24) except that the au-
toradiography was quantified by Image Gauge software (Fuji Film). For Cy3-
dCTP incorporation, the method was as described below in “Fluorescence mi-
croscopy.”

Fluorescence microscopy. Sperm nuclei (4,000/ul) were incubated in the egg
extract containing 10 puM Cy3-dCTP (Amersham Biosciences) for appropriate
times at 23°C. The samples were prepared as described previously (26), and
fluorescence images were captured with the OpenLab imaging program (Impro-
vision) and analyzed with NIH Image software to estimate the amounts of
chromatin-bound proteins and the replication activities of the egg extracts.

Immunodepletion and immunoprecipitation. Xenopus proteins were immu-
nodepleted as described previously (25) except that rProtein A Sepharose Fast
Flow (Amersham Biosciences) was used instead of Affi-Prep protein A matrix,
and the antibodies were cross-linked to the rProtein A with dimethyl pimelimi-
date (Pierce). The following antibodies were used for mock and RecQ4 deple-
tion: mock depletion, control antibody purified from preimmune serum, and
RecQ4 depletion, antibody against the N-terminal fragment corresponding to
amino acids 1 to 727. The egg extracts were immunoprecipitated as described
previously (25).

The pull-down assay of RecQ4 and Cut5 was performed as follows. Recom-
binant Cut5 (1.5 pg) was incubated with 1.5 pg anti-Cut5 antibody immobilized
to rProtein A Sepharose beads (Amersham Biosciences) in 20 wl EB at 4°C for
30 min. The beads were washed three times with 500 wl EB and then further
incubated with 1 wg recombinant six-His-tagged RecQ4 fragments in 20 pul EB at
4°C for 90 min. After three washes with EB, the beads were resuspended in
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SDS-PAGE sample buffer, and solubilized proteins were analyzed by SDS-
PAGE. Western blot analysis was performed with the antibodies against six-His
tag and CutS5. For phosphatase treatment, the recombinant N2-RecQ4 fragment
was treated with 5.6 pg/ml protein phosphatase 1 (Sigma) with or without
phosphatase inhibitor (1 wM okadaic acid) at 23°C for 60 min before incubation
with the Cut5-conjugated beads. For rephosphorylation, the sample treated with
the phosphatase was further incubated with 17 pg/ml cyclinA-Cdk2 (generously
provided by T. Masuda-Sasa) at 23°C for 45 min in the presence of 1 M okadaic
acid to prevent the dephosphorylation.

RESULTS AND DISCUSSION

Identification of Xenopus RecQ4 as a candidate homolog of
metazoan Sld2/Drel. To identify a candidate Xenopus SI1d2, we
searched EST databases for a Xenopus homolog and obtained
a Xenopus EST sequence with a degree of homology (accession
no. BE507000). Using the EST sequence as a probe, we
screened a Xenopus oocyte cDNA library and isolated a full-
length cDNA encoding a putative Xenopus homolog (accession
no. AB213025). The open reading frame encodes a protein of
1,503 amino acids, which is more than three times the length of
yeast Sld2/Drcl (Fig. 1A). The N-terminal region of about 50
amino acids shows about 30% identity and 50% similarity with
that of yeast Sld2/Drcl, the N-terminal region from 251 to 373
amino acids shows about 20% identity and 30% similarity with
the middle regions of yeast proteins, and the region from 430
to 570 amino acids shows about 20% identity and 35% simi-
larity with the C-terminal regions of yeast SId2/Drcl (Fig. 1A).
The C-terminal region of the Xenopus homolog contains a
RecQ helicase domain, which is absent in the yeast Sld2/Drcl
(Fig. 1A). A further database search with the full-length Xen-
opus sequence revealed that it shares the highest similarity with
mammalian RecQ4, whose mutation has been implicated in
the generation of some cases of Rothmund-Thomson syn-
drome in humans (2, 16, 20). Because the sequence shows
greater similarity to that of metazoan RecQ4 than to that of
yeast Sld2/Drcl, we hereafter call this gene product Xenopus
RecQ4.

Chromatin binding of Xenopus RecQ4 during DNA replica-
tion. To investigate the function of Xenopus RecQ4 in egg
extracts, we prepared three His-tagged N-terminal regions of
Xenopus RecQ4 (Fig. 1A, shown as N1, N2, and N3) and the
full-length protein. Since the yield of the full-length protein
was not sufficient for production of antibody, we produced
antibodies against the recombinant N-terminal fragments. The
affinity-purified antibodies recognized a single polypeptide in
the extracts with an apparent molecular mass of about 185
kDa, closely coinciding with the value calculated from the
predicted sequence (Fig. 2A). In the following experiments, we
have routinely used the antibody against the N3 fragment,
which shows the highest avidity to endogenous RecQ4. The
behavior of RecQ4 during DNA replication was then examined
in an interphase extract of Xenopus eggs, which enables us to
recapitulate the conserved features of eukaryotic DNA repli-
cation (26). Using sperm chromatin as templates, we found
that the behavior of RecQ4 during DNA replication is similar
to that of Cut5. Figure 2B compares the chromatin binding of
RecQ4 with that of Cut5 and other replication proteins before
and after the initiation of DNA replication. Upon addition of
sperm chromatin to the extracts, Orc2, a component of origin
recognition complex, bound to chromatin within 5 min, and the
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FIG. 1. Sequence comparison of Sld2, Drcl, and RecQ4. (A) Schematic structures of Sld2/Drcl of Saccharomyces cerevisiae (Sc), Schizosac-

charomyces pombe (Sp), and Xenopus laevis (X1) RecQ4. Potential

CDK phosphorylation motifs (S/T-P, S/T-P-K/R, and S/T-P-X-K/R) are

indicated by open (one motif) and solid (two motifs) inverted triangles. The black region represents the RecQ helicase domain (amino acids 744
to 1086). Bold lines represent N-terminal fragments of Xenopus RecQ4 used in this study. Regions 1, 2, and 3 show the following identity and
similarity (% identity/% similarity): X1 RecQ4/Sc Sld2, 30/55, 19/31, and 19/35; X1 RecQ4/Sp Drcl, 35/52, 16/28, and 23/34; and Sc S1d2/Sp Drecl,
29/55, 26/40, and 20/32, respectively. (B) Alignment of N-terminal amino acid sequences of Sc Sld2/Drcl, Sp Drcl, and X1 RecQ4. Identical amino
acids are indicated just below the sequence of Sp Drcl, and conserved regions are shaded. Boxed regions show relatively high sequence similarities.

replication licensing monitored as chromatin binding of Mcm5
was apparently established within 15 min. After that, nuclear
structures were formed around the chromatin within 30 min
(data not shown), thus allowing initiation of DNA replication.
Chromatin binding of RecQ4 was detected before the initia-
tion of DNA replication, similar to that of Cut5. After the
initiation, both RecQ4 and Cut5 behaved similarly to various
replication proteins involved in the formation of replication
machinery, such as Cdc45 and DNA polymerases a and €. They
bound maximally to chromatin at about 30 to 45 min, when

replication was fully activated, and gradually dissociated from
the chromatin during the progression of DNA replication,
whereas Orc2 binding remained constant throughout the incu-
bation. Dissociation of these replication proteins was blocked
by inhibiting the activity of the DNA polymerases by aphidi-
colin, and both RecQ4 and Cut5 were markedly accumulated
onto chromatin fractions, as was DNA polymerase a.
Because RecQ4 bound to the chromatin before the initiation
of DNA replication, which requires S-CDK activity, it is ap-
parent that CDK activity was dispensable for its chromatin
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FIG. 2. Chromatin binding of RecQ4 in interphase extracts of Xenopus eggs. (A) Specificity of anti-RecQ4 antibody. Interphase egg extract was
resolved by SDS-PAGE and immunoblotted with anti-RecQ4 antibody. (B) Time course of chromatin binding of RecQ4 and other replication
proteins under various conditions. Xenopus sperm chromatin was incubated in egg extracts at 23°C in the absence (Control) or the presence of 15
pg/ml green fluorescent protein-geminin (+geminin), 50 wg/ml GST-p21 plus 200 uM roscovitine (+p21/ros.), or 40 wg/ml aphidicolin (+Aphi)
for the indicated times. The chromatin fractions isolated by centrifugation and the egg extract (1 pl) were resolved by SDS-PAGE and
immunoblotted with antibodies indicated in the figure. Negative control of chromatin fractions was obtained by incubating the extracts in the

absence of sperm chromatin (—sperm).

binding. Figure 2B confirms that RecQ4 bound to chromatin in
the presence of CDK inhibitors p21 and roscovitine. In the
presence of inhibitors (“+p21/ros.”), and thus in the absence
of CDK activity, the chromatin binding of Cdc45 and the
polymerases was abolished, whereas the chromatin binding of
RecQ4 was fairly constant during incubation and similar to
those of Cut5, McmS5, and Orc2. We further found that RecQ4
was bound to chromatin even though the formation of pre-RC
was prevented by the addition of geminin (“+geminin”), an
inhibitor of Cdt1 (31, 36), to the extracts. The chromatin bind-
ing of RecQ4 was delayed in the presence of geminin relative
to that in its absence, and the chromatin binding of RecQ4 at
15 min of incubation was mostly suppressed in the presence of
geminin. In a previous report the chromatin binding of RecQ4
in the extracts was apparently suppressed by geminin after 60
min of incubation (30), contradicting our present data showing
a low level of chromatin binding of RecQ4 after 60 min of
incubation in the presence of geminin. The exact reason for
this contradiction is not known, but the delay in binding sug-
gests that pre-RC formation is required for proper chromatin
binding of RecQ4. The increased chromatin binding of RecQ4
observed after the initiation of DNA replication was com-
pletely suppressed by the addition of CDK inhibitors or gemi-
nin. Conversely, these results show that maximal binding of
RecQ4 was dependent on pre-RC formation and S-CDK ac-
tivity, a situation that is similar to that of Cut5 (8).

Xenopus RecQ4 is required for DNA replication in egg ex-
tracts. To investigate the involvement of Xenopus RecQ4 in
DNA replication, we first compared the replication activities of
mock- and RecQ4-depleted egg extracts. Upon treatment of
the extracts with anti-RecQ4 antibody-conjugated beads, the
replication proteins so far examined in the extracts were not
appreciably decreased, but RecQ4 was decreased to a small
fraction of mock-depleted extracts (Fig. 3A). Immunofluores-
cence observation of nuclei formed in treated extracts further
showed that RecQ4 was diminished in the nuclei formed in the
RecQ4-depleted extracts and that the DNA replication activity
measured as the incorporation of fluorescently labeled dCTP

into DNA was suppressed in the nuclei formed in RecQ4-
depleted extract (Fig. 3B). In contrast, the incorporation of
dCTP and localization of RecQ4 coincided in the nuclei
formed in mock-depleted extracts (Fig. 3B, compare AMock
and ARecQ4). On depleting RecQ4, we could not detect any
appreciable defect in nuclear envelope formation (data not
shown), and the morphology of the nuclear chromatin was
essentially the same in mock- and RecQ4-depleted extracts
(Fig. 3B; also see Fig. 5A). The inhibition of DNA replication
by depleting RecQ4 was not due to the activation of check-
point reactions, which leads to the inhibition of DNA replica-
tion (21). Caffeine, which inhibits the activation of the check-
point, accelerated the replication of mock-depleted extracts
but did not show any significant effect on the replication activ-
ity of RecQ4-depleted extracts (Fig. 4).

Examination of chromatin fractions isolated after nuclear
formation further confirmed that the nuclear formation and
consequent activation of CDK were intact in RecQ4-depleted
extracts. Figure 3C shows that the chromatin binding of both
Cdc45 and DNA polymerase €, which depends on CDK activity
(26) and thus happens only after nuclear formation, was not
affected by the depletion of RecQ4, but the chromatin binding
of RecQ4 was diminished in the depleted extracts. Intriguingly,
the depletion of RecQ4 markedly suppressed the chromatin
binding of DNA polymerase « without affecting the binding of
Cdc45 (Fig. 3C) and GINS (data not shown), both of which are
required for polymerase binding (19, 32). The suppression of
the chromatin binding of DNA polymerase o was further con-
firmed by fluorescence microscopic observation of nuclei
formed in the depleted extracts (Fig. 5). These results clearly
show that depletion of RecQ4 led to the inhibition of the
chromatin binding of DNA polymerase o, which eventually led
to the inhibition of DNA replication in the extracts.

In accord with the chromatin binding of Cdc45 in the ab-
sence of RecQ4, Cut5 was bound to chromatin at a similar
level in both the presence and the absence of RecQ4 in the
extracts (Fig. 3C). We have previously reported that the chro-
matin binding of Cut5 consists of two distinct modes, and a low
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FIG. 3. Effect of RecQ4 depletion from the egg extract on DNA
replication and chromatin binding of DNA polymerase a. (A) Deple-
tion of RecQ4 from the extracts. The egg extracts were treated with
preimmune or anti-RecQ4 antibodies conjugated to protein A beads.
Untreated egg extract and mock- and RecQ4-depleted extracts (1 wl)
were resolved by SDS-PAGE and immunoblotted with the antibodies
indicated in the figure. (B) Immunofluorescent detection of nuclear
RecQ4. Xenopus sperm chromatin was incubated in mock- and RecQ4-
depleted extracts for 40 min at 23°C. The samples were treated with
0.1% NP-40 and then fixed with 3.7% formaldehyde in EB. Nuclear
localization of RecQ4 was visualized with rabbit anti-RecQ4 antibody
followed by Alexa 488-labeled anti-rabbit immunoglobulin G. DNA
replications were monitored as the incorporation of Cy3-dCTP into
DNA, and DNA was visualized with Hoechst 33258 dye. Fluorescence
images were captured with the OpenLab imaging program (Improvi-
sion). (C) Chromatin binding of Cut5 in the absence of RecQ4. Xen-
opus sperm chromatin was incubated in mock- or RecQ4-depleted
extracts for 40 min at 23°C. Isolated chromatin fractions were resolved
by SDS-PAGE and immunoblotted with the antibodies indicated.
(D) Chromatin binding of RecQ4 in the absence of Cut5. Xenopus
sperm chromatin was incubated in mock- or Cut5-depleted extracts
with (+) or without (—) recombinant Cut5 for 40 min at 23°C.

level of binding in the absence of CDK activity (CDK-inde-
pendent binding) is sufficient for DNA replication and thus for
the binding of Cdc45 (8). Therefore, RecQ4 is apparently
dispensable for the CDK-independent binding of Cut5. Nev-
ertheless, the mode of chromatin binding of RecQ4 is similar
to that of Cut5 (Fig. 2), suggesting that Cut5 plays a role in the
chromatin binding of RecQ4. Thus, we examined whether
Cut5 is required for the chromatin binding of RecQ4. Unex-
pectedly, RecQ4 was bound to chromatin at a similar level in
the absence of Cut5, although it was lower than that observed
with mock-depleted extracts. In contrast, the polymerases and
Cdc45 were not bound to chromatin in the absence of endog-
enous Cut5, and recombinant Cut5 could rescue the chromatin
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FIG. 4. Effect of caffeine on DNA replication in mock- or RecQ4-
depleted extracts. (A) Xenopus sperm chromatin was incubated in
mock- (AMock) or RecQ4-depleted (ARecQ4) extracts with (+) or
without (—) 5 mM caffeine for indicated times at 23°C. DNA replica-
tion activity was monitored as the incorporation of [a-**P]dCTP into
DNA. At the times indicated, DNA was subjected to agarose gel
electrophoresis and then autoradiographed. [a-**P]dCTP incorpora-
tion was carried out as described previously (24) except that the au-
toradiography was quantified by Image Gauge software (Fuji Film).
(B) The amount of *?P incorporated into DNA in panel A was quan-
tified, taking the highest value of the mock-depleted extracts as 100%.

binding of the polymerases and Cdc45 without affecting the
binding of RecQ4 (Fig. 3D). Since Cut5 is required for the
initiation, we could not test the functional relevance of a low
level of RecQ4 binding in DNA replication, but these results
show that RecQ4 can bind to chromatin in the absence of Cut5.

We next examined whether recombinant RecQ4 proteins
could rescue the replication activity of RecQ4-depleted ex-
tracts (Fig. 5). The activity of RecQ4-depleted extracts was
decreased to about one-third of that of mock-depleted extracts
(Fig. 5B). The addition of full-length RecQ4 at concentrations
of about 20% of the endogenous protein level, estimated to be
about 10 pg/ml, could efficiently rescue the replication activity
(“+low-full”). The N2 fragment, covering most of the putative
CDK phosphorylation sites, could partially rescue the activity
at a similar concentration (“+low-N2”) and at four times the
endogenous level could rescue the activity as much as the
full-length protein could (“+high-N2”). The N1 fragment,
which is about half the size of N2 but contains only the N-
terminal Sld2-similar regions, could not rescue the replication
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FIG. 5. Rescue of DNA replication activity and nuclear localization
of DNA polymerase a by recombinant RecQ4 in RecQ4-depleted
extracts. (A) Sperm chromatin was incubated in mock (AMock)- or
RecQ4 (ARecQ4)-depleted extracts in the absence (—) or presence of
full-length RecQ4 (+low-full, 2 pg/ml), N2-RecQ4 (+low-N2, 0.8 g/
ml; +high-N2, 16 pg/ml), or N1-RecQ4 (+high-N1, 9 pg/ml) at 23°C
for 40 min. The samples were treated for 2 min with 0.1% Triton X-100
in EB containing an additional 100 mM NaCl and then fixed with 3.7%
formaldehyde. Nuclear localization of DNA polymerase « was visual-
ized with rabbit anti-polymerase « antibody followed by Alexa 488-
labeled anti-rabbit immunoglobulin G. DNA replication was moni-
tored as the incorporation of Cy3-dCTP into DNA, and DNA was
visualized with Hoechst 33258 dye. (B) The fluorescent intensity of
each nucleus was quantified using NIH Image software, and average
intensities of over 40 nuclei were normalized by the intensities of the
nuclei from mock-depleted extract.

activity at four times the endogenous level (“+high N1”). To
compare more precisely how N1 and N2 rescue the replication
activity, we measured the time course of incorporation of **P-
labeled dCTP into sperm DNA (Fig. 6B). Again, we found that
N2 but not N1 could rescue the replication activity, to as much
as 70% of that of the mock-depleted extracts (Fig. 6B). These
results indicate that the defect in the replication activity of
RecQ4-depleted extracts was due to the depletion of RecQ4
from the extracts, and the N-terminal region devoid of the
helicase domain was responsible for the replication activity.
In addition to rescuing DNA replication, the N2 fragment
could rescue the chromatin binding of DNA polymerase « in
the RecQ4-depleted extracts. As shown in Fig. SA, the chro-
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matin localization of the polymerase observed under fluores-
cent microscopy was decreased by the depletion of RecQ4
from the extracts. The replication activity and the chromatin
localization of the polymerase were resumed by the addition of
a high concentration of N2 or a low concentration of full-
length RecQ4, but not by a high concentration of the N1
fragment (Fig. 5). The chromatin binding of the polymerase
was further confirmed by immunoblotting analysis of the chro-
matin fractions (Fig. 6D). The chromatin binding of polymer-
ase o but not Cdc45 or polymerase € was diminished in RecQ4-
depleted extracts, and the high concentration of N2 could
partially rescue the polymerase binding (Fig. 6D). The chro-
matin binding of Cdc45 and polymerase € was essentially un-
affected by depletion or addition of recombinant RecQ4 pro-
teins to the extracts. These results therefore show that RecQ4
is required for the chromatin binding of DNA polymerase o.

We further examined the potential role of the N-terminal
region of RecQ4 in DNA replication by examining the effect of
the antibody against N3, which was used for the immunodeple-
tion, during replication. The activity in the presence of anti-
RecQ4 antibody was decreased to about 20% of that in the
presence of control antibody (Fig. 7A). A similar inhibition of
DNA replication was observed with the antibody against N1 or
N2 (data not shown), and the inhibition was diminished by
preincubating the antibody with an excess molar ratio of the
N3. The replication activity in the presence of the fragment
was essentially the same in the presence of the control and
anti-RecQ4 antibodies (Fig. 7A). The immunoblotting of the
chromatin fractions again showed that the chromatin binding
of DNA polymerase a was markedly decreased upon the ad-
dition of anti-RecQ4 but not control antibody, and the prein-
cubation of the antibody with the N3 recovered the chromatin
binding of the polymerase. The chromatin binding of Cdc45,
which is required for the chromatin binding of the polymerase,
was not affected by the presence of the antibody, but the
chromatin binding of RecQ4 was increased upon the addition
of anti-RecQ4 antibody. Since RecQ4 was not detected in the
chromatin fractions in the absence of sperm chromatin and in
the presence of the antibody (data not shown), the increase in
RecQ4 was not due to coprecipitation of RecQ4-antibody
complex with the chromatin fractions; this suggests that the
antibody stabilizes the chromatin binding of RecQ4.

Interaction between Xenopus RecQ4 and Cut5. To obtain
further insight into the role of RecQ4 in DNA replication, we
explored proteins interacting with RecQ4 in the extracts. By
examining the immunoprecipitates of egg extracts with anti-
RecQ4 antibody, we found that Cut5 was coprecipitated with
RecQ4 (Fig. 8A), but other replication proteins, namely,
Mcm? to -7, Cdc45, and DNA polymerases, were not copre-
cipitated (data not shown). In addition, the antibody against
Cut5 could immunoprecipitate RecQ4 with Cut5 from the
extracts (Fig. 8A). These results show that Xenopus RecQ4
could form a complex with Cut5 in the extracts. This feature
is reminiscent of yeast SId2/Drcl, which interacts with
Dpbl11 (12).

Since the N-terminal region of RecQ4 has similarity to Sld2
and is essential for DNA replication, we next examined
whether the N-terminal fragments of RecQ4 could physically
interact with Cut5. Figure 8B shows that N2, which could
rescue the replication activity of the RecQ4-depleted extracts,
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FIG. 6. Rescue of DNA replication activity of RecQ4-depleted extracts by N-terminal fragments of RecQ4. (A) SDS-polyacrylamide gel
showing recombinant N-terminal fragments of Xenopus RecQ4. N1- and N2-RecQ4 were expressed in Sf9 cells using a baculovirus expression
system. The proteins purified through Ni-nitrilotriacetic acid resin were resolved by SDS-PAGE and visualized with Coomassie blue staining. (B
and C) Rescue of DNA replication by N-terminal fragments of RecQ4. Sperm chromatin was incubated in mock- (AMock) or RecQ4-depleted
(ARecQ4) extracts in the absence (—) or presence of N2-RecQ4 (+N2, 16 pg/ml) or N1-RecQ4 (+NT1, 9 pwg/ml) at 23°C. DNA replication activity
was monitored as the incorporation of [a-**P]dCTP into DNA. At the indicated times, DNA was isolated, electrophoresed in an agarose gel, and
autoradiographed. The bar graph (C) shows the amount of *P incorporated into DNA, taking the highest value of the mock-depleted extracts as
100%. (D) Recovery of chromatin binding of DNA polymerase a by N-terminal fragments of RecQ4 in RecQ4-depleted extracts. Xenopus sperm
chromatin was incubated in mock (AMock)- or RecQ4 (ARecQ4)-depleted extracts in the absence (—) or presence of N2-RecQ4 (+N2, 16 pg/ml)
for the indicated times at 23°C. Isolated chromatin fractions were resolved by SDS-PAGE and immunoblotted with the indicated antibodies.

was efficiently pulled down by Cut5 in vitro, but only a small
amount of N1 could be pulled down by Cut5, even at twice the
concentration of N2. Weak interaction of N1 with Cut5 in vitro
coincides with the poor ability of the N1 fragment to rescue the
replication activity of the depleted extracts (Fig. 6; see also
reference 30), raising a possibility that physical interaction of
RecQ4 with Cut5 plays an important role in its activity.
Previous studies of the interaction between Dpb11/Cut5 and
S1d2/Drcl showed that CDK-dependent multiple phosphory-
lation of Sld2/Drcl is required for efficient interaction with
Dpb11/Cut5 (23, 29). The recombinant RecQ4 fragments used
in the present study were apparently phosphorylated, because
protein bands resolved by SDS-PAGE had a smear appear-
ance, which was abolished by treating the protein samples with
protein phosphatase (Fig. 8C). In addition, N2 and N1 frag-
ments could be efficiently phosphorylated with cyclin A/Cdk2
in vitro (data not shown). We therefore examined whether the
protein phosphorylation is required for the interaction of
RecQ4 and Cut5 in vitro. Initially, we used alkaline phos-
phatase to dephosphorylate the recombinant N2 fragments,

and the amount of N2 pulled down by Cut5 was substantially
decreased by the phosphatase treatment. But we were unable
to rephosphorylate the N2 fragments once they were dephos-
phorylated by alkaline phosphatase at alkaline pH (data not
shown). Thus, we used protein phosphatase 1 to dephosphor-
ylate the fragment at neutral pH. Figure 8C shows that the
treatment with the protein phosphatase diminished the smear-
phosphorylated bands on SDS-PAGE, but the amount of pro-
teins pulled down by Cut5 was not decreased by the dephos-
phorylation. In addition, rephosphorylation with cyclin A-Cdk2
did not increase the amount of proteins pulled down by Cut5.
To further examine the effect of protein phosphorylation, we
prepared a recombinant N2 fragment with bacteria for the
pull-down assay. As shown in Fig. 8D, bacterially produced
protein did not show any smear bands on SDS-PAGE, but it
was efficiently pulled down with Cut5. Accordingly, these data
suggest that protein phosphorylation was not required for the
interaction of Cut5 and RecQ4 in vitro.

Essential role of Xenopus RecQ4 in assembly of the replica-
tion machinery. Xenopus RecQ4 was required for the initiation
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FIG. 7. Inhibition of DNA replication and chromatin binding of
DNA polymerase « by anti-RecQ4 antibody. (A) Xenopus sperm chro-
matin was incubated in egg extract containing 72.5 wg/ml of preim-
mune antibody (aControl) or anti-RecQ4 (aRecQ4) antibody in the
absence (—) or presence of N-terminal 727-amino-acid fragments of
RecQ4 (+N3, 82.7 ng/ml). DNA replication activity was monitored as

the incorporation of [a->*P]dCTP into DNA. At the indicated times,
DNA was isolated, electrophoresed in an agarose gel, and autoradio-

graphed. The amount of *?P incorporated into DNA was quantified,
taking the highest value of the control extracts as 100%. (B) Effect of
anti-RecQ4 antibody on the chromatin binding of various replication
proteins. Xenopus sperm chromatin was incubated in egg extract as in
panel A, and the chromatin fractions were collected at the indicated
times. Chromatin fractions and 1 pl of egg extract were resolved by
SDS-PAGE and immunoblotted with the indicated antibodies. Nega-
tive control of chromatin fractions was obtained by incubating the
extracts in the absence of sperm chromatin (—sperm).

of DNA replication in egg extracts. RecQ4 was apparently
required for the loading of polymerase o but not of Cdc45.
Efficient rescue of the replication activity of the depleted ex-
tracts by the N-terminal fragment of RecQ4, devoid of the
helicase domain, further suggests that the N-terminal region of
RecQ4, which shows sequence similarity to that of yeast Sld2/
Drcl, retains a function distinct from that of the helicase ac-
tivity. Previous studies of RecQ4 mutation in patients with
Rothmund-Thomson syndrome indicate that the helicase do-
main is not essential for viability: that is, patients homozygous
for the RecQ4 mutation in the helicase domain show severe
defects in terms of the syndrome phenotype, but these defects
are not acutely lethal to embryonic development (2, 16, 20). On
the other hand, studies of RecQ4 knockout in mice suggest
that RecQ4 is essential for embryonic development (10, 11). If
we take these results into account, the N-terminal region of
RecQ4 has an essential function in DNA replication. During
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the course of our study, Ashok Venkitaraman (Cancer Re-
search UK) and his colleagues reported that human and Xen-
opus RecQ4 are essential for chromosomal DNA replication
and showed that mutation in the helicase domain of RecQ4 led
to loss of its activity in rescuing DNA replication in RecQ4-
depleted extracts (30). They further showed that a short N-
terminal fragment consisting of 118 amino acids could par-
tially rescue the replication activity of the depleted extracts.
Poor rescue by the short fragment is consistent with our
finding that N2 but not N1 could efficiently rescue the ac-
tivity and suggests that the fragment is not properly folded
in the absence of the C-terminal region. We cannot exclude
the possibility that RecQ helicase activity is also required
for efficient DNA replication. In fact, the full-length recom-
binant protein was more efficient in the rescue experiments
than the N2 fragment (Fig. 5).

Previous studies in budding yeast have demonstrated that
S1d2/Drcl has an essential role in the initiation of DNA rep-
lication and is one of the target proteins of S-CDK (23, 29).
However, the precise role of SId2 in the initiation reaction has
not yet been elucidated. Based on the sequence similarity, we
have identified RecQ4 as a putative homolog of Sld2/Drcl.
The following results support the view that RecQ4 is a func-
tional homolog of SId2 in vertebrates. (i) The N-terminal re-
gion of Xenopus RecQ4 has sequence similarity with that of
S1d2/Drcl. In addition, we found the enrichment of putative
CDK phosphorylation sites in this region. Human, Xenopus,
and mouse RecQ4s contain 9, 15, and 7 SP motifs in the
N-terminal region, respectively. (ii) The N-terminal region of
RecQ4 has an essential role in replication, as described above.
(iii) RecQ4 physically interacts with Cut5 in vitro and in vivo.
In budding yeast, SId2 was initially identified as an interactor
with Dpbl1 (12). Although the interaction between Sld2 and
Dpbll is controlled by CDK-dependent phosphorylation,
overproduction of both proteins in yeast cells leads to copre-
cipitation, even in G, phase (H. Araki [NIG Japan], personal
communication). Therefore, the interaction with Cut5/Dpbl1
is a conserved feature of Sld2/Drcl homologs, and our data
further suggest that RecQ4 plays an essential role in DNA
replication through interaction with Cut5.

We found that the phosphorylation of RecQ4 is dispensable
for its interaction with Cut5 in vitro and presumably in Xeno-
pus egg extracts, contradicting the idea that RecQ4 is a func-
tional homolog of Sld2/Drcl. However, such a difference may
be explained by the functional diversity of a replication protein
with less-conserved structures. Further study of the physiolog-
ical role of phosphorylation of RecQ4 should help us to define
whether RecQ4 is a functional homolog of Sld2/Drcl or not.

A remaining question concerns the function of RecQ4 in
DNA replication. Our data showed that it is required for the
chromatin binding of DNA polymerase «. An independent
study of human and Xenopus RecQ4 reported that the chro-
matin binding of replication protein A (RPA) was inhibited in
RecQ4-depleted extracts (30). Since RPA is required for the
chromatin binding of polymerase and is tightly bound to chro-
matin only after the unwinding of DNA (26, 34), these results
suggest that RecQ4 is required for the unwinding of DNA.
Intriguingly, we found that the chromatin binding of RecQ4
was increased by the antibody treatment, which inhibited the
binding of the polymerase. Similarly, we found that the chro-
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FIG. 8. Physical interaction between RecQ4 and Cut5. (A) Coimmunoprecipitation of RecQ4 and Cut5. The egg extracts (80 wl) were
incubated with preimmune control immunoglobulin G (Control), anti-RecQ4 (RecQ4), or anti-Cut5 (Cut5) antibody-conjugated protein A beads.
The untreated 1 pl of egg extract, flowthrough extracts (FT), and the proteins bound to the beads (IP) were resolved by SDS-PAGE and blotted
onto nitrocellulose membrane for immunostaining. (B) Physical interaction of RecQ4 and Cut5 in vitro. Recombinant N1- and N2-RecQ4
fragments were incubated with anti-Cut5 antibody (—) or the antibody prebound with Cut5 (+) conjugated to protein A beads, and proteins bound
to the antibody were pulled down with the beads. Input fragments (Input) and immunoprecipitated fragments (IP) were resolved by SDS-PAGE
and blotted onto a nitrocellulose membrane for immunostaining. Arrowheads indicate the position of each fragment. *, degradation product of
Cut5. (C) Effect of phosphorylation of RecQ4 on the interaction with Cut5. Recombinant N2-RecQ4 fragment was treated with 5.6 pg/ml protein
phosphatase 1 with (+) or without (—) phosphatase inhibitor (1 pM okadaic acid). For rephosphorylation, the sample treated with the phosphatase
was further incubated with 17 pg/ml cyclin A/Cdk2 in the presence of 1 wM okadaic acid to prevent the dephosphorylation. The samples were then
incubated with Cut5 prebound to anti-Cut5 antibody. Both input (Input) and immunoprecipitated N2 fragments (IP) were resolved by SDS-PAGE
and blotted onto a nitrocellulose membrane for immunostaining. (D) Physical interaction of unphosphorylated RecQ4 and Cut5 in vitro. The
experiment was carried out as described for panel B except that the N2 fragment expressed in E. coli was used instead of the protein expressed
in Sf9 cells.

matin binding of RecQ4 was increased by depleting RPA from
the extracts, which also inhibited the polymerase binding (un-
published data). These results suggest that RecQ4 is accumu-
lated on chromatin when the chromatin loading of the poly-
merase and possibly the unwinding reaction have been
suppressed. It is therefore possible that the dissociation of
RecQ4 is required for promoting the loading of the polymer-
ase and the unwinding reaction and that RecQ4 associates with
chromatin only transiently during the initiation reaction. The
present study and a previous one (30) showed that RecQ4
plays an essential role at the last stage of the assembly of
replication machinery. In addition to its replication function,
recent reports suggest that RecQ helicase Sgs1 is required for
stabilizing DNA polymerases at stalled replication forks (4, 6),
also implicating a crucial function of RecQ helicase in the
checkpoint response. The marked accumulation of chromatin-

bound RecQ4 in the presence of aphidicolin suggests its role in
the S-phase checkpoint. Further examination of the intrinsic
function of the helicase domain of RecQ4 should give us an
insight into the molecular mechanisms involved in the gener-
ation of the Rothmund-Thomson syndrome phenotype.
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ADDENDUM

During the revision of the manuscript, Macris et al. pub-
lished a paper (20a) reporting that human RecQ4 has an
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ATPase activity stimulated by single-stranded DNA and single-
stranded DNA annealing activity that is inhibited by RPA.
Thus, our finding of accumulation of RecQ4 in the absence of
RPA or in the presence of the antibody suggests that RecQ4
plays an important role in the early step of the DNA unwinding
reaction.
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