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RecQ helicases are a widely conserved family of ATP-dependent
motors with diverse roles in nearly every aspect of bacterial and
eukaryotic genome maintenance. However, the physical mecha-
nisms by which RecQ helicases recognize and process specific DNA
replication and repair intermediates are largely unknown. Here, we
solved crystal structures of the human RECQ1 helicase in complexes
with tailed-duplex DNA and ssDNA. The structures map the inter-
actions of the ssDNA tail and the branch point along the helicase
and Zn-binding domains, which, together with reported structures
of other helicases, define the catalytic stages of helicase action. We
also identify a strand-separating pin, which (uniquely in RECQ1) is
buttressed by the protein dimer interface. A duplex DNA-binding
surface on the C-terminal domain is shown to play a role in DNA
unwinding, strand annealing, and Holliday junction (HJ) branch mi-
gration. We have combined EM and analytical ultracentrifugation
approaches to show that RECQ1 can form what appears to be a flat,
homotetrameric complex and propose that RECQ1 tetramers are
involved in HJ recognition. This tetrameric arrangement suggests
a platform for coordinated activity at the advancing and receding
duplexes of an HJ during branch migration.
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RecQ helicases are a family of ATP-dependent motor proteins
that play central roles in maintaining genome stability.

Defects in three of the five human RecQ homologs give rise to
distinct genetic disorders associated with genomic instability,
cancer predisposition, and premature aging (1–5). The unique
clinical features of these disorders support the notion that the
different RecQ helicases have nonoverlapping functions, but the
molecular basis for their different enzymatic activities remains
unclear. RecQ helicases catalyze ATP-dependent DNA un-
winding in the 3′–5′ direction. Additionally, members of this heli-
case family have been shown to tackle an unparalleled breath of
noncanonical DNA structures, such as fork DNA, G-quadruplexes,
D-loops, and Holliday junction (HJ) structures (6–8). However,
our understanding of the physical mechanisms by which RecQ
helicases recognize and process their physiological substrates
remains remarkably limited.
RECQ1 is the shortest of the human RecQ-family helicases,

comprising the bipartite ATPase domain common to all super-
family 2 (SF2) helicases, the RecQ-specific C-terminal domain
(RQC), and short extensions on the N and C termini. We recently
discovered a specific function of RECQ1 in branch migration and
restart of reversed DNA replication forks upon DNA topo-
isomerase I inhibition that is not shared by other human RecQ
helicases, such as Werner (WRN) or Bloom (BLM) syndrome
proteins (9). On the other hand, BLM is the sole human RecQ
helicase member specifically able to resolve double-HJ junction
structures in conjunction with DNA topoisomerase III alpha and

the RMI1 and RMI2 accessory proteins (10–12). These findings
lead us to hypothesize that the specialized functions of each hu-
man RecQ protein in HJ resolution and reversed fork restart arise
from key structural properties that are unique to each protein.
In this work, we determined the first X-ray structures, to our

knowledge, of two DNA-bound forms of human RECQ1. These
structures complement earlier DNA-free forms that we de-
termined of the RECQ1 catalytic core (2.0-Å resolution for the
ADP-bound form) (13). Comparisons of these structures with new
structures recently determined for both bacterial and human RecQ
helicases in their DNA-bound and unbound forms reveal impor-
tant insights into conformational changes linked to DNA binding,
translocation, and unwinding. We also used biochemical, analytical
ultracentrifugation, and EM tools to describe a tetrameric form of
RECQ1, which has a role in binding an HJ. We posit that different
quaternary structures might account for the specialized functions
of each human RecQ protein in genome maintenance.

Results
Structure of a Complex of RECQ1 with a Tailed-Duplex DNA. The
human RECQ1 protein used in crystallization was a truncated
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form, containing amino acids 49–619 and lacking 48 and 23 amino
acids at the N and C termini, respectively. The truncated RECQ1
protein, termed RECQ1T1, contains the conserved catalytic core
of RecQ helicases and is fully active in unwinding forked DNA
substrates. The protein was crystallized in complex with a pair of
DNA oligonucleotides comprising a short (13 nt) oligo (“bottom”)
fully base-paired to a longer (27 nt) oligo (“top”), with 7-nt ex-
tensions at the 5′ and 3′ ends. The final model, refined to a res-
olution of 2.9 Å, contains a RECQT1 dimer comprising residues
63–592 (residues 64–593 for chain B). Each chain also contains
a zinc ion, two sulfates, and an ethylene glycol molecule. A single-
stranded tailed duplex is associated with each chain, with the
shorter oligo being fully resolved (13 bases) and the longer 27-nt
strand being partially ordered (nucleotides 6–26 resolved). In
addition, a nucleotide from the 5′ end of the longer strand of an
adjacent molecule in the crystal [identified in the Protein Data
Bank (PDB) file as residue G3 from chain O] interacts with the
C21 at the β-hairpin junction of RECQ1, in a configuration that
may resemble an extension of the chain (Fig. S1A).
RECQ1T1 exhibits four structurally defined domains, identi-

fied by color coding in Fig. 1A. Two RecA-like domains (D1 and
D2) contain the widely conserved helicase/ATPase motifs; the
nucleotide-binding site is located between these two domains, as
shown in crystal structures of RECQ1/ADP complex [PDB ID
code 2V1X (13)], as well as in other SF1 and SF2 helicases [PDB
ID codes 3PJR and 2DB3 (14, 15)]. In the present structure, a
sulfate ion derived from the crystallization solution occupies a

position equivalent to the position of the β-phosphate of the
ADP (Fig. S1B). Further downstream is a region characteristic of
RECQ-family helicases, termed the RQC. This region is com-
posed of two separately folded domains, a Zn-binding domain
and a winged-helix (WH) domain. A prominent β-hairpin motif,
which forms a wing of the WH domain, has been shown to be
critical for the helicase activity of RECQ1, but its deletion had
no effect on ssDNA-dependent ATPase activity (13).
A distinct characteristic of RECQ1 is its oligomeric structure.

Full-length RECQ1 purifies as a mixture of tetramers and dimers
(16). The truncated version of the protein used in this study
(RECQ1T1) lacks the N terminus, which is required for tetra-
merization; the protein appears as a dimer both in solution and
in crystals. The dimer is arranged head to tail, with the β-hairpin
in each WH domain interacting with the N-terminal helicase
domain (D1) of the opposite subunit (16) (Fig. 1A). Mutational
analysis has demonstrated that the dimeric structure is stimula-
tory but not essential for DNA unwinding activity of RECQ1T1;
this observation contrasts with the essential requirement for the
β-hairpin structure (13, 16).
The present structure includes a dimer of RECQ1T1 in com-

plex with two tailed-duplex DNA molecules. Interestingly, each
DNA molecule contacts only one subunit of the dimer (Fig. 1B).
This finding is compatible with the observation that the dimer is
not essential for fork unwinding activity, and that dimer forma-
tion is not dependent on DNA (16). In the description below, we
follow the trajectory of the DNA along a RECQ1 monomer, and
explore the implications for the mechanism of helicase action. A
summary of protein/DNA contacts is presented in Fig. 1E.

Trajectory of the DNA. The trajectory of the DNA can be concep-
tually divided into three regions (Fig. 1B). The 3′ ssDNA tail lies
across the RecA-like domains D2 and D1, forming extensive
contacts with the D2 domain and some contacts of the extreme
3′ end with the D1 domain. The dsDNA region, which assumes
a standard B-like conformation, lies along the C-terminal WH
domain. The branch point, represented by the last base pair before
the 3′ ssDNA tail, interacts with the β-hairpin, which interrupts the
pattern of base pairing. The trajectory of the DNA is almost en-
tirely lined by areas of positive surface potential contacting the
phosphate backbone (Fig. 1C). This arrangement is in general
agreement with models of helicase action: An ATPase-driven
conformational motion between the RecA domains, coupled to
cycles of tight and loose DNA binding, produces a tracking motion
along the ssDNA tail, whereas a physical barrier, often a β-hairpin,
couples the translational motion to DNA strand separation.

3′ ssDNA Tail. In common with other SF2 helicases, the ssDNA tail
runs across the two RecA-like domains. The two residues closest
to the branch point (T22 and C23) are held tightly by a network
of interactions (Fig. 1D). The phosphate between T22 and C23

interacts with the main-chain amide (NH) group of Q324; the
phosphate between C23 and C24 interacts with the side chains of
residues T371 and Q324 and the main-chain (NH) group of A346.
These amino acid residues are within the conserved helicase
motifs IV (Q324), IVa (A346), and V (T371), and they form
homologous contacts with DNA/RNA in other SF2 helicases
(summarized in Fig. S2). Interestingly, Q324 in RECQ1 replaces
a widely conserved Arg at this position in other helicases, but both
the main-chain and side-chain contacts are conserved.
In addition to the phosphate-binding interactions, the nucleo-

tides immediately downstream of the branch point are held in
place by protein/base interactions. Residue C23 is hydrogen-
bonded to two residues, K393 and E433; the base of T22 is
hydrogen-bonded to the main-chain amide of T566. M429 in-
tercalates between bases T22 and C23, forming an extensive
hydrophobic interaction with C23. Together, this configuration
forms a tight grip of the ssDNA, which could act as a ratchet,
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Fig. 1. Overall structure of the RECQ1/DNA complex and trajectory of the
ssDNA tail. (A) Schematic representation of the RECQ1 dimer bound to two-
tailed DNA duplexes. One monomer is colored by domain: blue, first RecA
domain (D1); red, second RecA domain (D2); yellow, Zn-binding domain (Zn);
green, WH domain; purple, β-hairpin (also denoted by asterisk). The top and
bottom strands of the tailed duplex are colored black and orange, respectively.
A third ssDNA strand from an adjacent complex in the crystal, which base-pairs
at the separation junction, is colored cyan. The second RECQ monomer and its
bound tailed duplex are colored gray. (B) Perpendicular view of isolated
monomer/DNA showing the trajectory of DNA. (C) Molecular surface of RECQ1
colored by electrostatic potential (+5kT/e− to −5kT/e−; blue, positive; red,
negative). The β-hairpin is indicated by an asterisk. (D) Detailed view of the
trajectory of the 3′ single-stranded tail. Bases 22–26 are shown, along with
interacting protein residues. Domains are colored-coded as in A. (E) Summary
of protein/DNA contacts. The top and bottom DNA strands are marked in
green and yellow, respectively; G3 (pink) indicates a Gua residue from the DNA
chain of an adjacent molecule in the crystal (details are provided in Fig. S1A).
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preventing slippage of the DNA during a power stroke. A very sim-
ilar arrangement is seen in crystal structures of the HEL308 heli-
case [PDB ID code 2P6R (17)], where an Arg side chain (R350) is
positioned between nucleotide bases flanking the ssDNA/dsDNA
junction (Fig. S2A). Structures of two viral NS3 helicases in com-
plex with single-stranded oligos may have analogous features
(Fig. S2 B and C): In hepatitis C virus NS3 helicase [PDB ID code
3KQH (18)], V432 is inserted between bases 1 and 2, whereas in
structures of the NS3 helicase of Dengue virus 4 [PDB ID code
2JLV (19)], the 5′-terminal nucleotide abuts a hydrophobic wall
consisting of L129, P431, and L443. These SF2 helicases are all
capable of 3′–5′ translocation; interestingly, the DEAD-box heli-
case VASA [PDB ID code 2DB3 (14)], which is not thought to
translocate, does not have an analogous feature (Fig. S2D).
The nucleotides at positions 24 and 25 span the gap between

the two RecA domains and do not interact with the protein
directly (Fig. 1D). The next DNA/protein contact is to the N-
terminal RecA domain (D1): R232 forms a salt bridge with the
phosphate 5′ to T26, and the 3′-OH can form a polar contact with
D230. Unfortunately, the 3′ tail in the crystal structure is too
short to follow the full trajectory of the DNA along the protein.
Residues R232 and D230 are part of a region, the aromatic-rich
loop (ARL), which is highly conserved in the RecQ family but
not in other helicases. This region was found to be essential for
helicase activity but not for ATPase activity in both Escherichia
coli RecQ (20) and human RECQ1 (13). The aromatic loop is
directly downstream of conserved motif II (DEVH), which
includes the metal-binding E220. This proximity could provide
a means of coupling ATPase activity or nucleotide occupancy to
ssDNA binding. The interaction of the ARL with the DNA is also
observed in structures of DNA complexes of both Cronobacter
sakazakii RecQ [PDB ID code 4TMU (21)] and human BLM
(PDB ID code 4CGZ). A structure-based sequence alignment of
the RecA domains of SF2 helicases is shown in Fig. S3. The DNA-
contacting residues of RECQ1 in motifs IV, IVa, and V have
homologous counterparts in all SF2 proteins for which in-
formation is available. The contacts with the ARL are conserved
uniquely in RecQ-family protein. DNA contacts with residues in
motifs Ia and Ib are absent in our RECQ1 structure because the 3′
ssDNA does not extend into this region.

ssDNA/dsDNA Junction. The last base pair of the duplex region in
the crystal involves C21 of the top strand and a Gua base from the
5′ single-strand end of a DNA molecule from a neighboring
molecule in the crystal (Fig. 2A and Fig. S1A). Although this
arrangement is likely to be an artifact of the crystal structure, we
believe this Gua base represents the location of the last base of
the duplex in the context of the enzyme. The ultimate base pair
interacts with Tyr-564, located at the tip of the β-hairpin (Fig.
2A). This arrangement is highly similar to that arrangement seen
in a DNA complex with the isolated WH domain of WRN, in
which the aromatic side chain (F1053) is similarly positioned
[PDB ID code 3AAF (22)]. The aromatic wedge probably serves
to compensate for the disrupted stacking interaction with the
disrupted base pair. The top strand, which follows a normal
helical trajectory up to this point, is sharply kinked so that the
next base (T22) is unstacked and points away from the helix axis,
into a wide groove that could accommodate either a purine or
pyrimidine base. We have shown before that the β-hairpin, in
addition to its role in DNA strand separation, also forms part of
the contact surface of the RECQ1 dimer (16); mutations that
selectively disrupt the protein/protein surface did not abolish
DNA unwinding but reduced its efficiency by 60–80%. Fig. 2B
shows the β-hairpin (purple) interacting with the D1 domain of
the dimeric partner RECQ1 molecule (gray). The structure
clearly shows that the dimerization and DNA-unwinding func-
tions occur at opposite sides of the β-hairpin. Furthermore, it
suggests the possibility that the observed dimeric arrangement

enhances helicase activity by buttressing the hairpin in a favor-
able orientation for strand separation.

Duplex DNA. Following the DNA from the branch point toward
the 5′ end of the top strand, the duplex extends from C21 to G8 as
a well-defined B-form helix. The helix contacts the protein at two
points in the WH domain: Phosphates C3 and G2 of the bottom
strand form hydrogen bonds with T511 and Y569, respectively
(Fig. 2 A and C). Phosphates C14 and T13 of the top strand
contact the main-chain NH group of A525 and the side chain of
R528. The interactions are restricted to the phosphate backbone,
which is sequence-independent and presumably easy to slide.

Structure of a Complex of RECQ1 with an ssDNA Oligonucleotide. In
our screen for RECQ1/DNA cocrystallization, we obtained dif-
fracting crystals from a complex of RECQ1T1 with an ssDNA oli-
gonucleotide, 5′-GGATCTCGACGCTCTCCCTT. The crystals
were twinned and diffracted to a lower resolution, but the bound
DNA could be clearly visualized. The asymmetrical unit of the
ssDNA complex contained two RECQ1 dimers, with the ssDNA
oligonucleotide bridging two adjacent dimers (Fig. S4). Strikingly,
the DNA bound in a double-stranded conformation (Fig. 2D), al-
though there is no significant self-complementarity in the relevant
region of the oligonucleotide. Accordingly, although the sugar-
phosphate backbone conforms roughly to B-DNA conformation, the
interior of the DNA is ill defined. The overall binding arrangement
of the duplex to the protein is similar to the binding arrangement
seen in the complex with the tailed-duplex DNA (Fig. S4B). In
particular, each strand contacts the protein through the phosphates,
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interacting with residues T511 and R528. The DNA has the same
interactions with neighboring protein molecules in the crystal.

Structural Basis for DNA Annealing. The presence of a non-
complementary DNA double helix formed at the interface with the
WH domain prompted us to ask whether this interaction could
drive the annealing of cDNA strands in solution, possibly by
forming a structural and electrostatic template for the formation of
the initial, energetically unfavorable base pairs. DNA annealing
activity has been observed with the full-length RECQ1 protein (23,
24) and some other RecQ family members [BLM, RECQ5, and
WRN (25–27)], as well as with proteins unrelated to RecQ (28).
We decided to investigate the contribution of the WH domain to
DNA annealing and unwinding by testing purified mutant proteins.
Several different elements were targeted: mutation of Y564 at

the tip of the β-hairpin; progressive deletions of the β-hairpin;
mutations of the dsDNA binding residues T511, K514, and R528 in
the WH domain; an isolated WH domain (amino acids 481–624);
and a larger protein fragment, including the D2, Zn, and WH
domains (amino acids 282–624). The results are summarized in
Table S1, together with a summary of mutagenesis results from
earlier work (16). Strikingly, we found that the WH domain in iso-
lation is as effective as the full-length tetrameric protein in DNA
annealing (Fig. S5A). Unexpectedly, a longer protein fragment
spanning the D2-Zn-WH domains completely lacked annealing
activity (Fig. S5B). This finding suggests that the contribution of
the WH domain to strand annealing is strongly dependent on its
conformational state.
Second, in the context of the RECQ1T1 protein, a point muta-

tion of Y564 at the tip of the β-hairpin, as well as deletion of the
β-hairpin, regenerates the DNA annealing activity, which is not
detected when the hairpin is present (Table S1). It is possible that
the strand-annealing activity of the hairpin-mutated RECQ1T1 is
unrelated to the annealing activity of the full-length protein and,
instead, is a consequence of the defect in strand separation activity.
However, an intriguing possibility is that the hairpin may play an
important role in the regulation of the strand-annealing activity of
full-length RECQ1 (RECQ1FL). If such is the case, it is tempting
to speculate that protein oligomerization may be required to
reorient Y564 and create a conformation able to promote the an-
nealing reaction in the context of the full-length protein. Lastly,
mutations of T511, K514, and R528 in the full-length protein sig-
nificantly impair DNA helicase activity but have little impact on the
annealing activity, suggesting that other structural features contrib-
ute to the mechanisms of annealing (Fig. S5 D–G and Table S1).
These results provide the first glimpse, to our knowledge, of the
RECQ1 mechanism of strand annealing. If the energy barrier to
spontaneous annealing at room temperature is electrostatic re-
pulsion and the loss of entropy when bringing two strands to prox-
imity, the protein may serve as a structural template to counteract
the electrostatic repulsion and to nucleate a double-helical structure,
which can then propagate with little additional energetic cost.

HJs Are Preferentially Bound by a Flat RECQ1 Tetramer. RECQ1FL

protein possesses HJ branch migration activity (29, 30). To gain in-
sight into the mechanism of HJ recognition, we tested if the T511,
K514, and R528 mutations in the WH domain affect the branch mi-
gration activity of RECQ1. Our results showed that all thesemutants
have a reduced branch migration activity, suggesting that there are
indeed unique structural features that account for the HJ resolution
activities of the five human RecQ proteins (Fig. 3 and Fig. S5H).
RECQ1 can form two different assembly states: a dimeric form

that is proficient in DNA unwinding, in agreement with the
structural data, and a tetrameric form that might be required for
more “specialized activities,” such as HJ resolution (16). This no-
tion is supported by earlier work, where we showed that the form
of RECQ1 lacking the N-terminal 48 residues (RECQ1T1), which
associates into dimers but not tetramers, is devoid of branch

migration activity (30). To measure the number of RECQ1 motors
loaded on a four-way junction structure precisely, we used a com-
bination of sedimentation velocity and equilibrium analytical ul-
tracentrifugation experiments (Fig. S6 A–C). The sedimentation
velocity experiments showed a sedimentation coefficient s20,W =
13.8 S, which is consistent with the molecular mass of a tetramer
bound to the HJ (Fig. S6A). The sedimentation equilibrium pro-
files collected at two different rotor speeds confirmed these find-
ings and yielded an apparent molecular mass of 394 ± 12 kDa for
the RECQ1/HJ complex, which is very close to the estimated
molecular mass for a tetrameric RECQ1/HJ complex (372 kDa)
(Fig. S6C). Furthermore, our fluorescence anisotropy studies
confirmed that RECQ1 has higher affinity for HJ substrates
(80.3 ± 3.5 nM) relative to linear dsDNA duplexes (Kd > 250 nM)
suggesting that RECQ1 specifically recognizes the four-way
junction of the HJ substrate (Fig. S6D).
To gain insights into the mode of HJ binding by RECQ1, we

used EM combined with single-particle 2D averaging to describe
the architecture of the RECQ1 tetramer. A gel filtration fraction
corresponding to the RECQ1 tetramer was further processed by
means of a glycerol and glutaraldehyde gradient [GraFix (31)] to
stabilize fragile, existing protein/protein interfaces gently. The
GraFix treatment was essential to obtain negative-stain EM
preparations tractable by single-particle analysis, whereas a non–
cross-linked sample resulted in unresolvable heterogeneity. This
sample was then used for negative-stain EM imaging. Reference-
free 2D averages confirmed previous observations indicating that
RECQ1 particles contain a variety of different stoichiometries
(23), highlighting the presence of a mixed population of par-
ticles, including apparent dimeric and tetrameric forms (as well
as apparent trimers that might be broken tetramers or 2D views
of a tilted tetramer; Fig. 4A, Fig. S7, and Movie S1). RECQ1
tetramers mostly appear as rhomboid particles, which can ac-
commodate four copies of monomeric RECQ1 atomic models
(Fig. 4B). A rhomboid assembly is incompatible with a fourfold
rotational (C4) symmetry in RECQ1 and more compatible with
a dimer-of-dimers configuration, where two distinct dimerization
interfaces (N-terminal appendix and C-terminal WH) would
mediate tetramer formation, as described above. Importantly,
our class averages provide compelling evidence for a flat con-
figuration of the RECQ1 tetramer (with four RecQ1 protomers
lying on a plane), which appears to contain two distinct twofold
symmetry axes. A flat configuration of a four-membered RECQ1
motor assembly might provide the duplex unwinding and receding

Fig. 3. Analysis of the branch migration activity of RECQ1FL and mutants
R528A and T511A/K514A. (A) Schematic of the HJ substrate with a heterol-
ogy region of one base used to study branch migration. (B) Branch migration
assays as a function of protein concentration. Lanes 1–3: DNA migration
markers. Lanes 4–9: branch migration assays performed using increasing
RECQ1 concentrations [(0, 25, 35, 50, 100, and 200 nM) and a fixed con-
centration of HJ (2 nM)]. (C) Plot of the branch migration activity as a func-
tion of protein concentration. The data points represent the mean of three
independent experiments. Error bars indicate SEM.
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functions instrumental in HJ migration (Fig. 5), although fur-
ther studies will be necessary to validate this model.

Discussion
The present work describes the first crystal structures, to our
knowledge, of human RECQ1 in complex with DNA. The struc-
tures, in combination with other published helicase structures,
provide detailed insights on the RecQ helicase mechanisms of
DNA tracking, strand separation, and strand annealing and on the
molecular basis of their specialized enzymatic activities. A number
of structures of RecQ helicases have now been solved, allowing a
tentative reconstruction of structural transitions occurring during
the ATPase catalytic cycle. The current structure of RECQ1 (PDB
ID code 2WWY) is characterized by a tight interaction of the D2
domain with the 5′ part of the ssDNA, a 1-nt gap, and a weak
interaction of the ARL with the next nucleotide, with no apparent
interaction with motifs I and Ia of domain D1. The conformation
of the protein is very similar to a conformation of RECQ1 bound
to ADP [PDB ID code 2V1X (13)], so we assume this structure
represents a posthydrolysis, postpower stroke state. The cleft be-
tween the domains is at its most open state, which may allow the
release of the hydrolyzed nucleotide (and exchange for ATP). A
second conformation, in which both the D1 and the D2 domains
are tightly attached to the DNA at adjacent sites, may be repre-
sented by a structure of a DNA-bound RecQ protein from the
bacterium C. sakazakii (PDB ID code 4TMU) (21). That structure
maintains the highly conserved ratchet structure around the
ssDNA close to the branch point: Specifically, residues R324,
A346, T371, and K393 in RECQ1 are matched by the equivalent
R246, A268, T293, and R315 in C. sakazakii RecQ (CsRecQ). In
addition, the intercalating M429 is replaced by W424 (one α-he-
lical turn away) in the bacterial structure. Crucially, the ssDNA
chain binds tightly to the ARL immediately next to the D2 contact,
followed by tight binding to helicase motifs Ia and Ib. Although
this structure does not contain ATP, Manthei et al. (21) argue that
it represents a conformation poised for ATP hydrolysis. Thus, it
seems that the two structures represent two extreme states of the
catalytic cycle. The translocation steps remain to be elucidated, as
does the timing of ATP hydrolysis and release.
A recurrent feature of DNA helicases is the presence of a

β-hairpin structure located at the junction of dsDNA and ssDNA;

these structures have been shown previously, by mutational (13)
and structural analysis (17, 22), to be essential for coupling ATPase
activity to strand separation. As predicted, the current structure
shows a similar arrangement, whereby the β-hairpin of the WH
domain is in a position to affect strand separation both as a phys-
ical barrier and by providing an aromatic residue that may com-
pensate for the loss of stacking at the last base pair of the DNA
duplex. The WH domain (and the β-hairpin) is highly conserved
structurally, although the sequences and charge distribution vary
considerably among different RecQ helicases (Fig. S8). This se-
quence variation, in addition to changes in the spatial relationship
between the WH domain and the remainder of the protein, may
have significant implications on substrate recognition and activity.
Here, we show that a surface region that includes residues T511,
K514, and R528 in the WH domain of RECQ1 is important for HJ
branch migration. These results provide the first structural insights,
to our knowledge, into the molecular basis of the distinct HJ pro-
cessing activities of human RecQ helicases.
The crystal structure of RECQ1 in complex with a single-stranded

oligonucleotide has revealed an unusual arrangement of a DNA
duplex of noncomplementary strands; to our knowledge, this ar-
rangement is the only such representation in the PDB. The duplex is
stabilized by binding to the WH domains and by the crystal lattice.
However, our experiments showing that the isolated WH domain
can catalyze DNA strand annealing suggest that this arrangement is
not entirely a crystallographic artifact. Rather, the structure and
charge distribution of the WH may provide a template that favors
strand annealing. Thus, the interaction of the WH with the duplex
DNA may play a dual role in promoting strand separation or strand
annealing, depending on the context and the conformation of
the whole protein. However, the question of the functional role of
the annealing activity of RECQ1 remains open. We showed that
mutations in theWHdomain that have an impact on both unwinding
and annealing result in a reduced branchmigration activity. Based on
these results, a tantalizing scenario is that HJ branch migration
requires the transient opening of a few base pairs at the junction,
followed by the annealing of the two complementary strands upon
junction movement. However, further studies will be necessary to
confirm this model, possibly by identifying new separation of func-
tion mutants that retain the ability to anneal DNA, but lack un-
winding activity, in the context of the full-length protein.
RECQ1 is unusual among RecQ helicases in its quaternary

structure, which can be dimeric or tetrameric. We have shown
earlier that the RECQ1 tetramer possesses activities (HJ branch
migration and DNA strand annealing) that are not shared with the
homodimer, which has only 3′–5′ fork-unwinding activity (16). Here,
our combination of EM and analytical ultracentrifugation experi-
ments supports the notion that RECQ1 tetramers are involved in
HJ recognition, reinforcing the idea that unique structural features

Fig. 4. EM analysis of RECQ1 homo-oligomers. (A) Representative reference-
free 2D averages of negatively stained RECQ1 particles. RECQ1 exists as amixture
of apparent dimeric, trimeric, and tetrameric assemblies. (B) Rhomboid, four-
membered class average provides strong evidence for a flat configuration for the
RECQ1 tetramer. (Top) Complex reveals an apparent dimer-of-dimers configu-
ration (blue and red silhouettes), and can contain four copies of the RECQ1
monomer. (Bottom) Electron-density maps (25 Å; colored in purple, gray, blue,
and green) were calculated from a monomeric atomic structure, isolated from
the PDB entry (PDB ID code 2WWY). Box size, 168 pixels or 459 Å.

A B

?
Fig. 5. Speculative model of the RECQ1/HJ complex. (A) Two-dimensional
class average of a flat tetrameric RECQ1 superposed to a cartoon HJ shown to
scale. (B) Speculative cartoon representation of a tetrameric RECQ1 bound to
an HJ. Tetramer formation is mediated by distinct interfaces, likely resulting in
a dimer-of-dimer, rhomboid conformation. In other systems, HJ branch mi-
gration depends on two unwinding (orange arrow) and two annealing (green
arrow) sites. A flat RecQ1 tetramer could provide these functions.
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and quaternary structures account for the specific role of human
RECQ1 in HJ branch migration and reversed replication forks
restart. Our EM findings indicate that RECQ1 tetramers are
arranged to form an unexpected flat structure. As discussed above,
HJ branch migration might result from coordinated unwinding and
reannealing occurring at two pairs of opposing branches (Fig. 5B).
The arrangement of two DNA forks on the RECQ1 dimer seen in
our crystal structure (Fig. 1A) suggests how one pair of HJ branches
may be simultaneously pulled inward and unwound. The two ad-
ditional RECQ1 molecules in the tetramer may provide a template
for reannealing of the two outward-driven DNA branches. The
apparent asymmetry of the tetrameric arrangement would be
compatible with such a mechanism, in which the WH domains may
act in strand separation or in strand annealing, depending on their
precise conformation. Further studies will help establish whether HJ
binding induces a reconfiguration of the RECQ1 tetramer, in-
strumental for branch migration and strand annealing.
Analogous studies need to be extended to other human RecQ

helicases to clarify how some of these enzymes are uniquely
adapted to process potentially recombinogenic DNA structures
that arise upon replication stress. Because most chemotherapeutic
drugs interfere with DNA synthesis, these studies will also have
a broad impact on our understanding of several chemotherapeutic
modalities based on agents that inhibit DNA replication.

Materials and Methods
Detailed materials and methods are described in SI Materials and Methods.

RECQ1FL proteins (WT or mutated) were expressed and purified from
baculovirus-infected Sf9 insect cells as described (16). RECQ1T1 proteins
(spanning amino acids 49–619) were expressed and purified from recombi-
nant E. coli as described (13).

Crystallization. Diffracting crystals were obtained using the combination of top:
5′-CGGTATTGGATCTCGACGCTCTCCCTT-3′ and bottom: 5′-AGCGTCGAGATCC-3′.
The two oligonucleotides were annealed,mixedwith the protein at a 1.2:1molar
ratio, concentrated, and set for crystallization by vapor diffusion in sitting drops.
Complexes of RECQ1T1 with single-stranded oligonucleotide 5′-GGATCTCGACG-
CTCTCCCTTT-3′ were prepared and crystallized in the same manner.

Data Collection/Structure Determination. For dsDNA cocrystals, diffraction
data were collected to a resolution of 2.9 Å on beamline I04 at the Di-
amond Light Source (Harwell, United Kingdom) from a crystal vitrified in
reservoir solution supplemented with 25% (vol/vol) ethylene glycol. Crys-
tals of the dsDNA complex belong to space group P21 and contain a single
RECQ1 dimer associated with two DNA duplexes. The structure was solved
by molecular replacement using the coordinates of the unbound enzyme
(PDB ID code 2V1X) as a search model using the program PHASER. The
complex has been refined with PHENIX using appropriate restraints
(translation/libration/screw, grouped B, noncrystallographic symmetry).
For ssDNA cocrystals, data were collected to 3.4 Å. Crystals belong to space
group P21 and contain four RECQ1 molecules (two dimers) and four DNA
molecules in the asymmetrical unit. Data collection and refinement sta-
tistics are summarized in Table S2.

DNA Unwinding, Strand Annealing, and Branch Migration Assays. All enzymatic
assays were performed as described using the oligonucleotides listed in Table
S3 (more details are provided in SI Materials and Methods) (9, 16).

Single-Particle EM and Image Processing. An S200 gel filtration fraction corre-
sponding to RECQ1 tetramers was further processed by GraFix sedimentation
(31). Negatively stained samples were imaged on a JEOL2100 (JEOL) microscope
operated at 120 kV, and 2D averages from contrast transfer function-corrected
(32) particles were calculated with RELION (more details are provided in SI
Materials and Methods).
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