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Abstract
Humans have five members of the well conserved RecQ helicase family: RecQ1, Bloom syndrome
protein (BLM), Werner syndrome protein (WRN), RecQ4, and RecQ5, which are all known for their
roles in maintaining genome stability. BLM, WRN, and RecQ4 are associated with premature aging
and cancer predisposition. Of the three, RecQ4's biological and cellular roles have been least
thoroughly characterized. Here we tested the helicase activity of purified human RecQ4 on various
substrates. Consistent with recent results, we detected ATP-dependent RecQ4 unwinding of forked
duplexes. However, our results provide the first evidence that human RecQ4's unwinding is
independent of strand annealing, and that it does not require the presence of excess ssDNA. Moreover,
we demonstrate that a point mutation of the conserved lysine in the Walker A motif abolished helicase
activity, implying that not the N-terminal portion, but the helicase domain is solely responsible for
the enzyme's unwinding activity. In addition, we demonstrate a novel stimulation of RecQ4's helicase
activity by replication protein A, similar to that of RecQ1, BLM, WRN, and RecQ5. Together, these
data indicate that specific biochemical activities and protein partners of RecQ4 are conserved with
those of the other RecQ helicases.

1. INTRODUCTION
The RecQ family represents a group of helicases well conserved from bacteria to humans.
Unlike bacteria and yeast, which have only one family member, humans have five distinct
helicases: RecQ1, Bloom syndrome protein (BLM), Werner syndrome protein (WRN), RecQ4,
and RecQ5. To date, three of these, BLM, WRN, and RecQ4, have been linked to premature
aging and cancer predisposition. While the roles of BLM and WRN in DNA repair, DNA
replication, and telomere maintenance have been characterized extensively, relatively little is
known about the biological and cellular functions of RecQ4 [1-5].

RecQ4 deficiencies have been linked to three rare autosomal recessive diseases – Baller-Gerold
syndrome, RAPADILINO syndrome, and Rothmund-Thomson syndrome (RTS). RTS
symptoms include developmental abnormalities, growth deficiencies, proneness to cancer,
predominantly osteosarcomas, and premature aging, including development of cataracts and
hair loss [6,7]. Cells from RTS patients display chromosomal instability and aneuploidy
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[7-11], in addition to sensitivity to replication inhibitors and oxidative stress [12,13]. Although
RTS is not exclusively caused by defects in the RECQ4 gene, a majority of RTS patients have
mutations in RECQ4, most within the conserved helicase domain [14-16]. Together these
results are indicative of a role for RecQ4 in processes that maintain genome stability and
suggest that the helicase activity is important for RecQ4's biological and cellular roles.

More recently the cellular roles of RecQ4 in DNA replication and repair have been explored.
Studies of the RecQ4 homolog in Xenopus revealed that it is important for loading replication
factors at origins of replication [17]. Consistent with this work, subsequent reports showed that
Xenopus RecQ4 promotes association of polymerase α with chromatin during replication
initiation [18].

Additionally, Xenopus RecQ4 is loaded in a replication-independent manner onto chromatin
containing double strand breaks, suggesting a role for RecQ4 in DNA repair processes, as well
[19]. DrosophilaRECQ4 mutants display sensitivity to gamma irradiation, along with
deficiency in repair of double strand breaks in vivo, in support of RecQ4 participation in double
strand break repair [20]. Moreover, following treatment with the double strand break-inducing
agent etoposide, RecQ4 co-localized with both Rad51 foci and regions of single-stranded DNA
(ssDNA), implying its involvement in the homologous recombination pathway of double strand
break repair [21].

RecQ4 participation in DNA repair also extends to other pathways. A recent study
demonstrated that, following UV irradiation, RecQ4 co-localized and interacted directly with
xeroderma pigmentosum group A protein, which mediates the associations of repair machinery
around damaged DNA during nucleotide excision repair (NER) [22]. In addition, roles of
RecQ4 in base excision repair (BER) have been recently discovered. RecQ4 physically
interacts with poly-(ADP ribose) polymerase-1, which has an important role in regulation of
BER through (ADP-ribosyl)ation of component proteins [23]. RecQ4 stimulation of key
players in BER, namely DNA polymerase β, apurinic endonuclease 1 (APE1), and flap
endonuclease 1 (FEN1) is evidence of a direct functional involvement of RecQ4 in BER, as
well [24]. Furthermore, studies with RTS cells showed increased formation of strand breaks
upon exposure to hydrogen peroxide and accumulation of XRCC1 foci following oxidative
stress [24]. Also, treatment with the single strand break-inducing agent paraquat resulted in
decreased survival in Drosophila RECQ4 mutants [20]. Together these results signify a role
of RecQ4 in single strand break repair.

Although the precise mechanisms of RecQ4 functions in these cellular replication and repair
processes have yet to be elucidated, they are likely linked to its biochemical activities.
Generally, the RecQ helicases RecQ1, BLM, WRN, and RecQ5 have similar biochemical
activities, including 3′,-5′, ATP-dependent DNA unwinding and strand annealing [4]. Initial
biochemical characterization of RecQ4 demonstrated ATPase and strand annealing activities
without detectable unwinding activity [25,26]. However, in recent studies, purified human
RecQ4 displayed helicase activity [27,28]. Xu and Liu proposed that the helicase activity of
RecQ4 is relatively weak compared to its strand annealing activity, which regenerates the native
substrate following unwinding. RecQ4's helicase activity was only revealed when excess of
ssDNA was used to trap the released strand [28]. Based on its homology to the other RecQ
helicases and on the conserved strand annealing and ATPase activities, it is not surprising that
RecQ4 would also display helicase activity. Yet, the unwinding activity of RecQ4 has not been
fully characterized. In the current report we set out to further analyze the helicase activity of
purified human RecQ4 through studies in vitro.
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2. MATERIALS AND METHODS
2.1 Enzyme expression and purification

Wild-type (WT) human RecQ4 with a C-terminal 9-histidine tag in the pGEX6p1 vector (GE
Healthcare) was expressed and purified from E. coli Rosetta2 (DE3) (Novagen) as described
previously, with the following modifications [25]. Cells were lysed by sonication pulses 30
sec on then 30 sec off for a total of 7 min at 50% power in lysis buffer containing 50 mM Tris-
HCl pH 7.5, 200 mM KCl, 10% sucrose, 2 mM EDTA, 1 mM DTT, 0.01% Igepal (Sigma),
and 5 μg/ml each of aprotinin, chymostatin, leupeptin, and pepstatin A protease inhibitors. The
extract was clarified by low speed centrifugation at 8,000 rpm (rotor JA-12, Beckman Coulter)
for 15 min followed by ultracentrifugation at 40,000 rpm (rotor 60 Ti, Beckman Coulter) for
30 min. Lysate was passed through a 70 ml Q Sepharose column (GE Healthcare) and then
onto a 40 ml SP Sepharose column (GE Healthcare). Protein was eluted by a gradient of
200-660 mM KCl in K Buffer (20 mM KH2PO4, 10 % glycerol, 0.5 mM EDTA, 0.01% Igepal,
and 1 mM DTT). The glutathione-sepharose fast flow matrix (GE Healthcare) was washed
with three times 30 ml K buffer containing 500 mM KCl. Following elution from the nickel-
NTA agarose (Novagen) with 300 mM imidazole in K buffer containing 500 mM KCl, the
RecQ4 was identified by electrophoresis and Coomassie Blue staining of a polyacrylamide
gel. The RecQ4 was pooled, dialyzed in K buffer containing 500 mM KCl overnight at 4°C to
remove the imidazole, aliquoted, and stored at −80°C.

Human RecQ4 mutant K508M (KM) was generated by PCR amplification of the WT RecQ4
construct using forward and reverse primers 5′-ATGTCCCTGTGCTACCAGCTC-3′ and 5′-
GCCGGCACCTGTAGGCAGCAC-3′, respectively. PCR product was ligated and amplified
in bacteria. Final sequence-verified construct was expressed in E. coli Rosetta2 (DE3)
(Novagen). Expression and purification of the KM RecQ4 was as described above for WT.
Final fractions of both WT and KM RecQ4 were analyzed by SDS-PAGE and Coomassie Blue
gel staining. Human RPA was expressed from plasmid vector p11d-tRPA (gift from Dr. Marc
S. Wold) [29] in E.coli BL21 (Novagen) and purified as previously described [30]. Human
WRN was expressed and purified using a baculovirus/Sf9 insect cell system as previously
described [31].

2.2 Oligonucleotide substrates
Oligonucleotides were synthesized by Integrated DNA Technologies (Coralville, IA), and
sequences are listed in Table 1 and Supplementary Table 1. Primers T1-9, HJ1, and G1 were
radiolabeled at the 5′ end with [γ-32P] ATP (PerkinElmer Life Sciences) and T4 polynucleotide
kinase (New England Biolabs). Following labeling, unincorporated [γ-32P] ATP was removed
from T1-9 using MicroSpin G-25 columns (GE Healthcare). Then to anneal the fork and full
duplex substrates, corresponding oligonucleotides were combined in annealing buffer (40 mM
Tris-HCl pH 8.0 and 50 mM NaCl) in a 1:2 ratio (labeled to unlabeled oligonucleotide), heated
at 95°C for 5 minutes, and cooled gradually to room temperature. The Holliday junction [32,
33], and G-quadruplex [34,35] substrates were prepared as previously described. Substrates
used for individual experiments are indicated in the figure legends and depicted in each figure.

2.3 Enzyme Assays
All assays were performed at least in triplicate. For helicase assays, RecQ4 (amount indicated
in figure legend) was incubated with substrate (0.5 nM) for 30 minutes at 37°C in 10 μl helicase
buffer containing 30 mM Tris pH 7.4, 5 mM MgCl2, 1 mM DTT, 100 μg/ml BSA, 10% glycerol,
and 5 mM ATP (unless noted otherwise in figure legend). Helicase reactions were stopped by
addition of 10 μl of 3X native stop dye (50mM EDTA, 38% glycerol, 0.9% SDS, 0.05%
bromophenol blue, and 0.05% xylene cyanol). As indicated in the figure legends, following
addition of stop dye, select heat denatured substrates were generated by incubation at 95°C for
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5 minutes. Products were separated by electrophoresis on 12% native polyacrylamide gels and
exposed to a PhosphorImager plate (GE Healthcare). Results were analyzed using ImageQuant
version 5.2 (GE Healthcare). Following quantitation of each experiment, error bars were
calculated as the standard deviation of the data.

For strand annealing assays, RecQ4 (amount indicated in figure legend) was incubated with
single-stranded radiolabeled top oligonucleotide (0.5 nM) and the unlabeled complimentary
bottom oligonucleotide (1 nM) for 10 minutes at 37°C in 10 μl buffer containing 30 mM Tris
pH 7.4, 5 mM MgCl2, 1 mM DTT, 100μg/ml BSA, and 10% glycerol. Reactions were stopped
and analyzed as described above.

For ATPase assays, RecQ4 (amount indicated in figure legend) was incubated with 8 pmol of
a 61 nucleotide ssDNA primer (primer B10, Supplementary Table 1) and 1.25 μCi [γ-32P] ATP
(PerkinElmer Life Sciences) in 10 μl helicase assay buffer with 50 μM cold ATP for 1 hour at
37°C. Reactions were stopped by addition of 5 μl of 0.5 M EDTA and placed on ice. 2 μl from
each reaction was spotted on a cellulose polyethyleneimine thin-layer chromatography sheet
(JT-Baker), and resolved in 0.8 M LiCl/1 M formic acid solution. The chromatography sheet
was exposed to a PhosphorImager plate (GE Healthcare) and analyzed as described above.

2.4 Generation of RecQ4 Antibodies
A fragment of the RECQL4 gene corresponding to amino acids 26-176 was PCR-amplified
and cloned into pTXB1 plasmid (New England Biolabs). The resulting construct was
sequenced and transformed into BL21(DE3) CodonPlus RIPL E. coli strain (Stratagene).
Bacteria were grown to OD600=0.7 in LB medium supplemented with 100 μg/ml ampicillin
and 50 μg/ml chloramphenicol. Protein expression was induced with 0.2 mM IPTG for 3 hours
at 37°C. Cells were collected and protein purification performed on chitin resin (New England
Biolabs) according to manufacturer's instructions. Purified N-terminal fragment of RecQL4
was sent to Covance Inc. (Denver, PA) for polyclonal antibody production in rabbits.
Antibodies were affinity-purified using AminoLink Plus Immobilization Kit (Thermo
Scientific).

2.5 Immunofluorescence
HeLa cells were plated on Lab-Tek II chambered glass slides (Thermo-Fisher Scientific) at a
density of 20,000 cells per chamber and grown overnight. Cells were washed with PBS pH
7.4, fixed with 4 % formaldehyde in PBS for 10 minutes, and permeabilized with 0.2 % Triton
X-100 in PBS for 5 minutes. Next, cells were incubated with primary antibodies for RecQ4
(1:200) and RPA32 (Santa Cruz sc81372, 1:1000) in PBS with 3 % BSA for 1 hour. Cells were
washed five times for 2 minutes with PBS and then incubated with secondary antibodies (goat
anti-mouse AlexaFluor 568 and goat anti-rabbit AlexaFluor 647, 1:1000, Invitrogen) in PBS
with 3 % BSA for 1 hour. Finally, cells were washed five times for 4 minutes and mounted in
Vectashield with DAPI. Images were captured with a Nikon Eclipse TE2000 confocal
microscope and analyzed using Volocity-5 software (Perkin Elmer).

3. RESULTS
3.1 Purified RecQ4 possesses helicase activity

A recently published study demonstrated that human RecQ4, like the other members of the
RecQ helicase family, is an active helicase [28]. Under normal reaction conditions, though,
this helicase activity was masked by a robust strand annealing activity. In the Xu and Liu study,
unwinding of a 30 base pair (bp) duplex forked DNA substrate with 30 nucleotide (nt) single-
stranded arms occurred only in the presence of excess ssDNA [28]. The ssDNA was used to
trap the complementary strand released during the helicase unwinding.
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To further explore the helicase activity of human RecQ4, we purified a C-terminal 9-histidine
tagged RecQ4 [25]. The protein was judged to be at least 95% pure by SDS-PAGE analysis
(Fig. 1A, lane 2). We also generated a long 30 bp duplex forked DNA substrate with 30 nt
single-stranded arms, referred to as fork-1, which was utilized to test the helicase activity of
our purified RecQ4. Consistent with the published results, we were unable to see unwinding
of fork-1 in the absence of excess ssDNA (Fig. 1B, upper panel, lanes 2-6). Yet, upon addition
of 25-fold excess ssDNA, we were able to unmask the helicase activity to some extent (Fig.
1B, upper panel, lanes 8-12). This indicates that the RecQ4 possesses helicase activity, in
agreement with the previous study [28].

However, even in the presence of the trap DNA, the RecQ4 helicase activity on fork-1 was
relatively weak, only 12% unwinding at the maximum concentration of RecQ4. Addition of
higher concentrations of RecQ4 were not successful in significantly increasing the amount of
helicase unwinding due to the inhibitory effect of high salt present in the purified RecQ4. The
data suggests that RecQ4 is not a robust helicase nor a highly processive helicase.
Characterization of RecQ1, BLM, WRN, and RecQ5 revealed that alone they are not effective
in unwinding long duplex DNA [36-41]. Therefore, we tested the helicase activity of RecQ4
on a fork substrate with a smaller 22 bp duplex region and 15 nt single-stranded arms. This
substrate is a truncated version of fork-1 with the same sequence, and will be referred to as
fork-2. Surprisingly, RecQ4 was effective in unwinding fork-2, up to 28% with the highest
concentration of RecQ4, even in the absence of excess ssDNA (Fig. 1B, lower panel, lanes
2-6). We saw some additional unwinding, approximately 1.7-fold more, in the presence of 25-
fold excess ssDNA (Fig. 1B, lower panel, lanes 8-12). Together, these results indicate that
although on the longer duplex (fork-1) RecQ4 helicase activity appears to be masked by strand
annealing activity (Fig. 1 A, upper panel and [28]), RecQ4 is functional in unwinding both
long and short duplexes. Notably, this is the first observation that human RecQ4 is capable of
unwinding short forked duplexes in the complete absence of excess single-stranded DNA.

Nevertheless, on each substrate, fork-1 and fork-2, variation in RecQ4 helicase activity in the
absence and the presence of ssDNA suggests differences in the strand annealing of long versus
short duplex forks. Because RecQ4 unwound fork-1 less effectively, we hypothesized that
RecQ4 strand annealing activity should be more active on that substrate compared to fork-2.
To test this, we examined RecQ4 strand annealing activity on both the long and short fork
substrates (Fig. 1C). Fork-1 had a higher level of strand annealing in the absence of protein as
compared to fork-2 (Fig. 1C, lane 1 versus lane 6). Still, in the presence of increasing amounts
of RecQ4, the strand annealing activity appears to be higher on fork-1 as compared to fork-2
(Fig. 1C, lanes 2-5 versus lanes 7-10). Quantitation of the amount of strand annealing, corrected
for annealing in the absence of protein, revealed that RecQ4-mediated annealing of fork-1 was
notably higher than that of fork-2 (Fig. 1D). Consistently, we also saw a higher binding affinity
of RecQ4 for long single-stranded DNA compared to short single-stranded DNA (data not
shown). The results suggest that inefficient RecQ4 unwinding of the fork-1 is due to a more
effective strand annealing activity with this substrate.

3.2 RecQ4 helicase activity is intrinsic to RecQ4
SDS-PAGE analysis of the RecQ4 used in our study indicates that the protein used in the
helicase assays was at least 95% pure (Fig. 1A). It is worth noting that the amount of protein
analyzed by SDS-PAGE (Fig. 1A, lane 2) was comparable to the highest amount used in the
helicase assay where RecQ4 helicase activity was detected (Fig. 1B, lower panel, lanes 6 and
12). However, there is a possibility that the helicase activity could be attributed to proteins
which co-purified with the RecQ4 and were undetectable by our SDS-PAGE analysis. To
address this issue, we generated a K508M (KM) point mutation in the full length RecQ4 (Fig.
2A). This conserved lysine, required for ATP hydrolysis, is located within the Walker A motif

Rossi et al. Page 5

DNA Repair (Amst). Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of the superfamily II (SFII) helicase domain. The purified KM RecQ4 was of equal purity when
compared to the wild-type (WT) protein (Fig. 2B, lanes 2 and 3).

Moreover, to validate that the protein was properly folded and otherwise functional, we tested
the strand annealing activity, which does not require ATP hydrolysis, of the KM versus WT
RecQ4. Although some strand annealing of fork-1 occurred in the absence of protein (Fig. 2C,
lane 1), the KM RecQ4 was effective in complete strand annealing of this substrate (Fig. 2C,
lanes 3-6), as was the WT (Fig. 2C, lane 2). Quantitation of the strand annealing, corrected for
annealing in the absence of protein revealed that the strand annealing of KM RecQ4 is
equivalent to that of the WT (Fig. 2D).

Subsequently, we tested KM RecQ4 on a fork substrate and failed to detect helicase activity
(Fig. 2E, lanes 2-4). However, under the same conditions, the WT RecQ4 was able to unwind
23% of the substrate (Fig. 2E, lane 5). This indicates that the helicase activity seen in the RecQ4
preparation is not likely caused by co-purification of unknown proteins, and is instead intrinsic
to RecQ4. In addition, the KM mutant was unable to hydrolyze ATP (Fig. 2F, lanes 2-4
compared to 5-7) confirming that the conserved lysine in the Walker A motif is necessary for
ATP hydrolysis and helicase activity in RecQ4, as it is in the other human RecQ helicases and
in Drosophila RecQ4 [36, 40, 42-44]. Our results indicate that the unwinding activity of RecQ4
is confined to the conserved helicase domain. They also are in contrast to the previous report
by Xu and Liu, which suggested that the conserved helicase domain is not solely responsible
for ATP-dependent helicase activity of RecQ4 [28]. The authors proposed that the N-terminus
of RecQ4 also posseses ATP-dependent unwinding activity, but they failed to demonstrate its
ability to hydrolyze ATP.

3.3 Helicase activity is ATPase-dependent and sequence-independent
To verify that the RecQ4 unwinding is in fact driven by ATPase activity, we compared the
helicase activity of RecQ4 in the absence of ATP, as well as, in the presence of ATP or the
non-hydrolyzable analog ATPγS Consistent with ATP-dependent helicase activity, we were
only able to see unwinding of fork-2 in the presence of ATP (Fig. 3, upper panel, lanes 2-3),
but not in the presence of ATPγS or in the absence of ATP (Fig. 3, upper panel, lanes 4-5 and
6-7, respectively).

Additionally, we were interested in whether the ATPase-dependent helicase activity of RecQ4
was restricted to a particular substrate sequence, since unwinding was seen on fork substrates
composed of the same basic sequence. To investigate this, we tested RecQ4 unwinding of a
short duplex fork substrate of an alternate sequence. Like fork-2, fork-3 substrate (22 bp duplex
region with 15 nt arms) was unwound by RecQ4 in the presence of ATP (Fig. 3, lower panel,
lanes 2-3). We were unable to see unwinding of fork-3 in the presence of ATPγS or in the
absence of ATP (Fig. 3, lower panel, lanes 4-5 and lanes 6-7). Both substrates were unwound
by RecQ4 only in the presence of ATP, indicating that the ATPase-dependent helicase activity
of RecQ4 is likely to be sequence-independent.

We further tested RecQ4 helicase activity on a series of substrates with varying structures,
sizes, and sequence contexts (Table 2). RecQ4 was effective in resolving fork substrates
containing a 22 bp duplex with either 15 or 6 nt single-stranded arms with mixed, or with
telomeric duplex DNA sequence. Under the same conditions, fork substrates with duplex
regions greater than 26 bp were not unwound by RecQ4 in the absence of excess ssDNA,
regardless of the sequence and length of the single-stranded arms. Unwinding of the long
duplex forks (greater than 26 bp), with the exception of the telomeric fork, was observed upon
addition of ssDNA. Perhaps the stable base-pairing of G-rich sequence in the long telomeric
duplex was more difficult for RecQ4 to resolve even in the presence of ssDNA. Additionally,
RecQ4 was unable to unwind a full 61 bp duplex, a Holliday junction, or G-quadruplex
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structures. It is worth noting that these alternate structures were only tested with one sequence.
Although, unwinding of fork substrates is likely sequence-independent, we cannot rule out the
effect of sequence context on RecQ4 resolution of more complex DNA structures.

3.4 Replication protein A (RPA) stimulates RecQ4 helicase activity
Our results thus far demonstrate that purified human RecQ4 possesses an ATP-dependent
helicase activity, similar to those of the previously characterized human RecQ helicases.
RecQ1, BLM, WRN, and RecQ5 helicase activities are stimulated by the ssDNA binding
protein RPA [36-41]. Based on the similarities in biochemical activities and interacting protein
partners [2,4], we predicted that, like other members of the RecQ family, RecQ4's helicase
activity would be stimulated by RPA. Our results indicate that addition of increasing amounts
of RPA stimulates RecQ4 unwinding of both fork-2 and fork-3 (Fig. 4A, upper and lower
panels, respectively, lane 2 compared to 3-6). Since RPA had been previously shown to
destabilize DNA duplexes [45-48], stimulation of RecQ4 was tested at concentrations of RPA
that generate very minimal amounts of single-stranded radiolabeled DNA (Fig. 4A).
Consequently, we were unable to test higher concentrations of RPA due to destabilization of
the fork substrates. Nevertheless, quantitation of the unwinding, corrected for RPA substrate
destabilization, revealed that RPA stimulated RecQ4 helicase activity approximately twofold
on fork-2 and fork-3 (Fig. 4B). In an effort to see a greater amount of RecQ4 helicase
stimulation by RPA, we adjusted the helicase assay reaction conditions by changing the amount
of KCl in the buffer. However, we were unable to stimulate unwinding more than two-fold on
fork-2 and fork-3 (data not shown). Additionally, we tested RecQ4 helicase activity on the
longer 30 bp duplex fork substrate, which displayed less RPA destabilization than the short
duplex fork. RecQ4 was unable to unwind the longer 30 bp duplex fork even in presence of
RPA (Table 2 and data not shown). To determine whether the mild RPA stimulation of RecQ4
fork unwinding was in keeping with that of other RecQ helicases, we compared it to the RPA
stimulation of WRN helicase activity. WRN was highly efficient in unwinding the short 22 bp
duplex forks. Thus, at a concentration of WRN low enough to detect stimulation, we were
unable to further increase WRN's unwinding with addition of RPA and saw instead a slight
inhibition (Fig. 4C, upper panel, lanes 2-5 and Fig. 4D). Yet, on a 30 bp duplex fork substrate,
which was unwound less efficiently by WRN alone, RPA was able to stimulate helicase activity
approximately four-fold (Fig. 4C, lower panel, lane 2 compared to 5, and Fig. 4E). Our results
indicate that RPA stimulation of unwinding is optimally observed on short duplex fork for
RecQ4 and a long duplex fork for WRN. This difference is likely due to the activity and
processivity of each respective helicase. Nevertheless, although the RPA stimulation of RecQ4
helicase activity was mild, it is in the same range as the stimulation of WRN helicase on an
optimal forked duplex substrate.

3.5 RecQ4 and RPA co-localize within the nucleus
To determine a potential biological association between RecQ4 and RPA, we used
immunofluorescent staining to look for cellular co-localization of these two proteins. In HeLa
cells, both RecQ4 and RPA individually demonstrated nuclear localization (Supplementary
Fig. 1, upper panels). When examining the merged image (Supplementary Fig. 1, lower left
panel), there are some areas of co-localization within the nucleus, as indicated by the yellow
areas of the image. A Pearson's correlation of 0.819 was calculated using the default settings
in the co-localization module of Volocity-5 software for image analysis. This co-localization
is suggestive of a biologically relevant interaction between RecQ4 and RPA. Currently, we are
conducting additional experiments to further examine the details and the biological
consequences of this interaction. Additionally, we are pursuing the significance of cytoplasmic
localization of RecQ4 (Supplementary Fig. 1).
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4. DISCUSSION
Although RecQ4 strand annealing and ATPase activities have been shown, helicase activity
was previously undetectable [25,26]. Yet, using the same construct and purification of RecQ4
from Macris et al. [25] we were able to detect DNA unwinding by purified human RecQ4,
through studies in vitro, consistent with recent results [27,28]. Xu and Liu suggested that robust
strand annealing activity by RecQ4 prevented visualization of helicase activity [28]. As RecQ4
unwinds duplex DNA and releases a strand, its strand annealing activity reforms the duplex.
Thus, the helicase activity must be unmasked by addition of ssDNA which traps the released
strand. In their study, Xu and Liu could only detect helicase activity in the presence of excess
ssDNA [28]. We also observed RecQ4 unwinding only in the presence of the single-stranded
trap DNA on a fork substrate containing 30 bp duplex (Fig. 1). Notably, however, on a fork
substrate with a short 22 bp duplex region, RecQ4 unwinding was seen, regardless of sequence
context, in both the absence and presence of the ssDNA (Figs. 1 and 3 and Table 2). Our novel
observation of RecQ4's ability to unwind short duplexes in the absence of excess ssDNA could
be attributed to the low processivity of RecQ4. A screen of helicase activity on varying sized
fork substrates further demonstrated that fork unwinding by RecQ4 was likely related to the
short length of the duplex and not the length of the single-stranded arms (Table 2). Thus, our
preparation of RecQ4 appears to be effective in unwinding short regions of duplex DNA
without excess of ssDNA, and is therefore, like the other RecQ helicase family members, not
highly processive [4]. Effective unwinding of only short duplexes in the absence of ssDNA
also provides explanation of visible RecQ4 DNA unwinding with a protein construct formerly
lacking helicase activity. The substrates used in those early experiments contained duplex
regions 40 bp in length, which were tested in the absence of excess ssDNA [25]. Our results
show that in the absence of excess ssDNA RecQ4 was only able to unwind duplexes 22 bp in
length. Helicase activity on duplexes greater than 26 bp was only seen with the ssDNA trap.
Therefore, the 40 bp duplexes used by Macris et al. were most likely too large to be efficiently
unwound by RecQ4 [25]. In adddition, it is possible that our buffer conditions are more optimal
for RecQ4 than those used previously.

Alternatively, as mentioned above, differences in the RecQ4 strand annealing could explain
the variation in unwinding of the two substrates. Unlike on the long duplex fork, the strand
annealing did not appear to mask RecQ4 helicase activity on the short duplex fork. We
hypothesized that strand annealing activity was more active on the long substrate, obscuring
the helicase activity, and less active on the short substrate, allowing for the helicase activity to
be revealed. Consistent with our hypothesis, RecQ4 strand annealing was in fact higher for the
long duplex fork (Fig. 1). Together, these results suggest a competition between RecQ4's strand
annealing and helicase activities. Unlike the proposal set forth by Xu and Liu where RecQ4's
strand annealing overshadows its helicase activity [28], our in vitro studies suggest that there
must be an equilibrium between strand annealing and helicase activities that is dependent on
the substrate length. Although the conditions of this equilibrium require further investigation,
it is possible that the substrate preference modulates RecQ4's biological roles. For example,
RecQ4 may unwind short regions of duplex DNA that can form as secondary structure in flaps
generated during strand displacement of Okazaki fragments. These foldback structures are
inhibitory to FEN1 cleavage and subsequent ligation to complete Okazaki fragment maturation
[49,50]. It is conceivable that RecQ4 may resolve the secondary structure allowing FEN1
cleavage and progression of lagging strand synthesis, similar to what has been proposed for
BLM [51]. In this way, RecQ4 unwinding of short duplexes may have a role in DNA replication.
Conversely, RecQ4 strand annealing of longer lengths of DNA may function during DNA
repair. One possibility is that RecQ4 strand annealing mediates the strand pairing during
homologous recombination [52]. Still, as it has been observed with WRN, BLM, and RecQ5,
the strand annealing and helicase activities may be coordinated to perform strand exchange
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reactions facilitating regression of stalled replication forks via branch migration or disruption
of illegitimate recombination intermediates [53-55].

Nevertheless, the helicase activity of RecQ4 is separable from the strand annealing activity.
We generated RecQ4 with a K508M point mutation of the conserved lysine in the Walker A
motif of the SFII helicase domain, which is important for ATP hydrolysis, and compared its
activity to the WT RecQ4. As expected, the K508M mutation eliminated RecQ4 helicase and
ATPase activity (Fig. 2), consistent with the notion that helicase activity is ATPase-dependent.
A recent analysis of purified RecQ4 also showed ATPase-dependent unwinding of duplex
DNA [27]. However, it was not clear in that study whether the helicase activity was due to co-
purification of other proteins and not simply due to the RecQ4. Significantly, with the K508M
RecQ4 we demonstrated that the ATPase-dependent helicase activity seen with the purified
protein is intrinsic to human RecQ4 (Figs. 2 and 3). Additionally, the K508M RecQ4 retained
its strand annealing equivalent to WT (Fig. 2), providing the first indication that human RecQ4
strand annealing and helicase activities are independent of one another. More importantly,
absence of helicase activity in the K508M RecQ4 indicates that the conserved lysine of SFII
helicase domain is essential for RecQ4 unwinding activity. In contrast, the Xu and Liu report
suggests the N-terminus of RecQ4, which has weak homology to yeast replication initiation
factor Sld2, possesses ATP-dependent DNA unwinding activity independent of the SFII
domain [28]. Although, the authors fail to demonstrate that the N-terminal domain is actually
able to hydrolyze ATP. It is possible that unwinding seen with the N-terminal domain of RecQ4
is not true ATP-dependent unwinding, but it is rather due to protein binding-induced
destabilization of the duplex DNA. On the other hand, we demonstrate that the ATPase-
dependent DNA unwinding by human RecQ4, which requires the lysine in the Walker A motif
of the SFII helicase domain, is conserved among the RecQ family members [36,40,42,43]. Our
results are consistent with recent work demonstrating that the conserved lysine is also essential
for helicase activity of Drosophila RecQ4 [44].

Based on the fact that the strand annealing and ATPase-dependent helicase activities are shared
between the RecQ helicases, we were interested in whether some of their interacting protein
partners were conserved as well. RecQ1, BLM, WRN, and RecQ5, are stimulated by RPA
[36-41]. Accordingly, we tested the stimulation of RecQ4 helicase activity by RPA (Fig. 4).
In our assays, we saw an approximate two-fold stimulation of RecQ4 unwinding. The
stimulation occurred on two different substrates, indicating that RecQ4 helicase activity, as
well as the RPA stimulation, is sequence independent. Additionally, it is worth noting that we
were unable to see significant RPA stimulation of unwinding of a short duplex fork when we
tested another RecQ helicase, WRN (Fig. 4). This is consistent with previous work from our
laboratory showing that WRN and BLM are highly efficient in unwinding short duplexes. RPA
stimulation is most useful for unwinding of long duplex substrates, which are not readily
processed by WRN and BLM helicases [36,37]. RecQ4 appears to be generally less active as
a helicase, allowing for some amount of stimulation by RPA. Although the stimulation was
mild, these results are the first evidence of a conserved RPA interaction among all the RecQ
helicases. Additionally, we detected co-localization of RecQ4 and RPA within the nucleus,
suggestive of biologically relevant association between RecQ4 and RPA (Supplementary Fig.
1). Since RPA is involved in multiple DNA replication and repair processes [56], the interaction
with RPA may facilitate RecQ4 function in a variety of DNA transactions. Functional
interaction of RecQ4 with RPA also suggests that other common protein partners may be shared
among the RecQ helicases, which merits additional investigation.

Previous biological and cellular characterization of RecQ4 revealed roles in DNA replication
[17,18], double strand break repair [19-21], NER [22], and BER [20,23,24]. These roles, similar
to the other RecQ helicases, are likely accomplished through the conserved strand annealing
and ATPase-dependent helicase activities. Since humans possess five distinct RecQ family
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members, the apparent redundancy of function raises the question under which conditions do
each of the RecQ helicases work. Presumably, each helicase has different substrate specificity.
BLM and WRN, for example, are effective in unwinding G-quadruplex DNA, while RecQ1 is
not [35,57-59]. Conversely, while RecQ1 can mediate resolution of immobile Holliday
junction structures, BLM is only capable of doing so in the presence of RPA [59]. In addition,
although the RecQ helicases share some protein-protein interactions, including RPA [36-41]
and FEN1 [24,60,61], unique and as of yet undiscovered protein partners may modulate
functions of the RecQ helicases in alternate repair pathways. Furthermore, post-translational
modifications may affect differential functions of the RecQ helicases. For instance, WRN
helicase and exonuclease activities are inhibited by phosphorylation [62-64], yet stimulated by
acetylation [65]. Also, recent results indicate that RecQ4 is acetylated by p300, which affects
its localization within the cell [66]. The current study provides novel advances in the
understanding of RecQ4's biochemical activities indicating that intrinsic ATPase-dependent
helicase activity of human RecQ4 is solely due to its conserved helicase domain and not to the
N-terminal Sld2-like domain, as suggested previously [28]. To date, RecQ4 remains one of the
least well characterized RecQ helicases [67], and further examination of substrate specificity,
protein-protein interactions, and post-translational modifications will be necessary to elucidate
its unique biological and cellular roles.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Purified RecQ4 possesses helicase activity
A) Coomassie blue stained SDS-PAGE gel of purified wild-type (WT) RecQ4 (250 ng ; lane
2). B) The helicase activity of purified wild-type RecQ4 (10, 20, 50, 100, and 200 nM) was
assayed on 0.5 nM fork-1 (T1:B1; upper panel) and fork-2 (T2:B2; lower panel) in the absence
(lanes 2-6) and presence (lanes 8-12) of unlabeled single-stranded primers (12.5 nM) T1 or
T2, respectively. The Δ (lane 13) indicates heat denatured substrate. Asterisk indicates the
position of the radiolabel. C) The strand annealing activity of RecQ4 (5, 10, 20, and 50 nM)
measured with the radiolabeled ssDNA T1 and T2 and their complimentary primers B1 (lanes
2-5) and B2 (lanes 7-10), respectively. D) Quantitation of RecQ4's strand annealing. The values
represent an average of four independent experiments corrected for substrate annealing in the
absence of RecQ4. Error bars represent standard deviation.
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Figure 2. Helicase activity is intrinsic to RecQ4
A) Diagram of the SFII helicase domain of RecQ4. Amino acid residues surrounding the
conserved lysine 508 (bold) are noted for the wild-type protein. The point mutation K508M
(KM) is indicated in bold italics. B) Coomassie blue stained SDS-PAGE gel of purified K508M
mutant (KM; lane 2) and wild-type (WT; lane 3) RecQ4 (250 ng/lane). C) The strand annealing
activity of KM RecQ4 (5, 10, 20, and 50 nM; lanes 3-6) versus WT (50 nM; lane 2) measured
with the radiolabeled ssDNA T1 and its complimentary primer B1. D) Quantitation of RecQ4
strand annealing. The values represent an average of four independent experiments corrected
for substrate annealing in the absence of RecQ4. The WT data is taken from Figure 1D. Error
bars represent standard deviation. E) The helicase activity of KM (50, 100, and 200 nM; lanes
2-4) versus WT (200 nM ; lane 5) RecQ4 assayed on fork-2 (T2:B2). The Δ (lane 6) indicates
heat denatured substrate. Asterisk indicates the position of the radiolabel. F) ATP hydrolysis
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by KM (2, 20, and 200nM; lanes 2-4) versus WT RecQ4 (2, 20, and 200nM; lanes 5-7) in the
presence of ssDNA co-factor evaluated by thin-layer chromatography.
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Figure 3. RecQ4 helicase activity is ATPase-dependent and sequence-independent
The helicase activity of RecQ4 (100 and 200 nM) was measured on fork-1 (T2:B2; upper
panel) and fork-3 (T3:B3; lower panel) in the presence of 5 mM ATP (lanes 2-3), 5 mM non-
hydrolyzable ATPγS (lanes 4-5), or absence of ATP (lanes 6-7). The Δ (lane 8) indicates heat
denatured substrate. Asterisk indicates the position of the radiolabel.
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Figure 4. RPA stimulates RecQ4 helicase activity
A) The helicase activity of RecQ4 (34 nM ; lane 2) was measured on fork-2 (T2:B2; upper
panel) and fork-3 (T3:B3; lower panel) in the presence of increasing concentrations of RPA
(0.5, 1, 2, and 5 nM; lanes 3-6). The Δ (lane 11) indicates heat denatured substrate. Asterisk
indicates the position of the radiolabel. B) Quantitation of RecQ4 unwinding in the presence
of RPA. The values represent an average of four independent experiments corrected for
destabilization of the substrate by RPA in the absence of RecQ4. Error bars represent standard
deviation. C) The helicase activity of WRN (0.125 nM and 0.5 nM; lane 2 upper and lower
panels, respectively) was measured on fork-2 (T2:B2; upper panel) and fork-4 (T4:B4; lower
panel) in the presence of increasing concentrations of RPA (1, 2, and 5 nM, lanes 3-6 upper
panel; 5, 10, and 20 nM lanes 3-6 lower panel). The Δ (lane 11) indicates heat denatured
substrate. Asterisk indicates the position of the radiolabel. D and E) Quantitation of WRN
unwinding of fork-2 and fork-4, respectively, in the presence of RPA. The values represent an
average of three independent experiments corrected for destabilization of the substrate by RPA
in the absence of WRN. Error bars represent standard deviation.
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Table 1

Oligonucleotide sequences

Primer Sequence

Top (5′-3′)

T1 GACGCTGCCGAATTCTACCAGTGCCTTGCTAGGACATCTTTGCCCACCTG
CAGGTTCACCC

T2 GGAATTCTACCAGTGCCTTGCTAGGACATCTTTGCCCA

T3 GTAGTGCATGTACACCACACTCTTTTTTTTTTTTTTT

T4 GACGCTGCCGAATTCTACCAGTGCCTTGCTAGGACATCTTTGCCCA

Bottom (3′-5′)

B1 TGCGACGGCTTAAGATGGTCACGGAACGATGTACCTCGACAGATCTCCT
AGGCTGATAGCTA

B2 CTTAAGATGGTCACGGAACGATGTACCTCGACAGATC

B3 CATCACGTACATGTGGTGTGAGTTTTTTTTTTTTTTT

B4 CTAGACAGCTCCATGTAGCAAGGCACTGGTAGAATTCGGCAGCGT
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Table 2
RecQ4 helicase activity on multiple substrates in the absence and presence of excess single-
stranded DNA (ssDNA)

Substrate composition is detailed in Supplementary Table 1. Helicase activity on each substrate was measured
as described in the Materials and Methods. Forks are named by the lengths of the duplex region (a) and of the
single-stranded arms (b). Forks listed above the dotted line all contain the same basic sequence as fork-1
(described in Figure 1) but are truncated in the length of the duplex and/or arms. Forks listed below the dotted
line are all composed of sequences varying from fork-1 and varying from each other. Each of the alternate
conformation substrates was tested with one sequence. (NA: not applicable)

Structure Substrate without
ssDNA

with
ssDNA

Forks (a/b)

30/30 (fork-1) − +

30/15 (fork-4) − +

22/15 (fork-2) + +

22/6 + +

22/15 (fork-3) + +

26/23 − +

34/15 − +

22/15, telomeric + +

34/15, telomeric − −

Alternate Conformations

Full Duplex, 61
base pairs

− −

Holliday Junction − NA
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Structure Substrate without
ssDNA

with
ssDNA

G-quadruplex − NA
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