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ABSTRACT

RecQ helicases have attracted considerable interest
in recent years due to their role in the suppression of
genome instability and human diseases. These
atypical helicases exert their function by resolving
a number of highly specific DNA structures. The
crystal structure of a truncated catalytic core of
the human RECQ1 helicase (RECQ14%°'%) shows a
prominent p-hairpin, with an aromatic residue (Y564)
at the tip, located in the C-terminal winged-helix
domain. Here, we show that the p-hairpin is
required for the DNA unwinding and Holliday
junction (HJ) resolution activity of full-length
RECQ1, confirming that it represents an important
determinant for the distinct substrate specificity of
the five human RecQ helicases. In addition, we
found that the p-hairpin is required for dimer forma-
tion in RECQ1%°%'® and tetramer formation in
full-length RECQ1. We confirmed the presence of
stable RECQ1%°®'® dimers in solution and
demonstrated that dimer formation favours DNA un-
winding; even though RECQ1 monomers are still
active. Tetramers are instead necessary for more
specialized activities such as HJ resolution and
strand annealing. Interestingly, two independent
protein—-protein contacts are required for tetramer
formation, one involves the p-hairpin and the other
the N-terminus of RECQ1, suggesting a non-
hierarchical mechanism of tetramer assembly.

INTRODUCTION

Since the discovery of the first RecQ enzyme from
Escherichia coli over 20 years ago (1), numerous other
RecQ family helicase genes have been found in various
organisms ranging from prokaryotes to eukaryotes.
Unicellular organisms, such as bacteria and yeast have
only one or two RecQ helicase genes per species, while
higher ecukaryotes generally express multiple RecQ
enzymes (2-4). Five members of the RecQ family have
been found in human cells: BLM, RECQI1 (alias
RECQL or RECQLI1), RECQ4 (RECQL4), RECQS5
(RECQLS5) and WRN. Mutations in the genes encoding
BLM, WRN and RECQ4 are linked to defined genetic
disorders associated with genomic instability, cancer
predisposition and features of premature aging (5-9).
No heritable cancer predisposition disorder has been
associated with mutations in the remaining two human
RecQ helicase genes, RECQI and RECQS5 as yet.
However, recent studies have linked a single-nucleotide
polymorphism present in the RECQI gene to a reduced
survival in pancreatic cancer patients (10). Recent reports
showing that RECQI silencing has anti-cancer effect both
in cellular and mouse xenograft models suggest that
RECQI may have a role in cancer survival, and might
be considered as a new suitable target for cancer therapy
(11-13).

RecQ helicases unwind DNA with a 3'-5 polarity and
are capable of unwinding a variety of DNA structures in
addition to standard B-form DNA duplexes, i.e. triple
helices, 3- or 4-way junctions, and G-quadruplex DNA
(14-17). Consistent with an ability to unwind various
DNA structures, several cellular functions have been
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attributed to RecQ proteins, including roles in stabiliza-
tion and repair of damaged DNA replication forks,
telomere maintenance, homologous recombination and
DNA damage checkpoint signaling (2,3,18). RECQI1 was
the first RecQ helicase to be discovered in humans on the
basis of its potent ATPase activity (19), but it is one of the
less characterized in terms of enzymatic activity and
function. Our previous studies demonstrated that
RECQI has a substrate specificity that is distinct from
that of BLM and WRN, suggesting that these helicases
play non-overlapping functions in cells and that there
must be key structural features that distinguish the cata-
lytic domains of these enzymes (20). Of note, the substrate
specificity of RECQI is also different from that of E. coli
RecQ; for example, RECQI1 cannot resolve blunt-ended
DNA duplexes or G-quadruplex DNA, both of which
are efficiently unwound by the bacterial helicase.

Recently, a truncated form of RECQI1 lacking the first
48 residues and the last 33 amino acids at the C-terminus
(RECQI1*°1%) was crystallized in presence of MgCl, and
ATPyS, and its structure was determined at a resolution of
2.0A (21). The truncated protein RECQI*°'® has an
activity very similar to the full-length RECQI on a
forked-duplex substrate, hence it can be seen as the cata-
lytic core [similar to the crystallized fragment of the E. coli
enzyme (22)]. However, it has no detectable strand anneal-
ing activity, consistent with our previous observation that
higher order oligomers are responsible for strand anneal-
ing and that the N-terminus is required for higher order
oligomer formation (20,23). Moreover, the N-terminally
deleted mutant lacks Holliday junction (HJ) disruption
activity, suggesting that the N-terminal domain, either
directly or through the formation of higher order
oligomers, is essential for the ability of RECQI to
disrupt HJs (20).

A distinguishing feature of RecQ helicases is a
RecQ-specific C-terminal domain (RecQ-Ct), which
consists of a zinc-binding module and a winged-helix
(WH) domain (24). The WH domains of E. coli RecQ,
and the human RECQI and WRN helicases are structur-
ally similar; however, the structures of E. coli RecQ and
human RECQI differ in the orientation of the WH
relative to the other helicase domains. In addition,
human RECQI1 shows a prominent B-hairpin, with a
tyrosine residue (Y564) at the tip, located in the wing of
the WH domain. The corresponding B-hairpin in WRN is
similarly topped by a phenylalanine at the same position;
in contrast, the B-hairpin is much shorter and lacks an

aromatic residue in the structure of the winged-helix
(WH) domain of E. coli RecQ. Our previous mutagenesis
studies indicated that this hairpin plays a crucial role in
the DNA strand separation activity of RECQ1% !¢, as all
mutants of the B-hairpin, including the single amino acid
change of the aromatic residue at the tip (Y564A), are
nearly devoid of DNA unwinding activity (21). These
results suggest that the Tyr residue may act as a pin that
abuts the end of the DNA duplex and hence promotes
strand separation. A similar role has been previously
ascribed to unrelated B-hairpin structures in other
helicases of both the SF-1 and SF-2 superfamilies (25).

Here, we further investigated the contribution of the
B-hairpin to the enzymatic activity of RECQI in the
context of the full-length protein. Our mutational and
structural data point to an additional role of the
B-hairpin as an important interface for oligomer forma-
tion, and identify the distinct roles of different RECQI
subunit interfaces in the formation of dimers and tetra-
mers. Collectively, these studies provide new insight into
the mechanism that regulates higher assembly state forma-
tion and controls the balance between the multiple enzym-
atic activities of RECQI.

MATERIALS AND METHODS
Proteins

Full-length RECQ1 (RECQI1'") and its mutants were
purified from baculovirus/Sf9 cells as described previously
(23,26). The truncated form of RECQ1 lacking the first 48
residues at the N-terminus and the last 33 amino acids at
the C terminus (RECQ1%*'® also termed RECQ1™") and
its mutants were instead produced in E. coli following a
previously described procedure (21).

DNA substrates

All oligonucleotides were chemically synthesized and
purified by reverse-phase high pressure liquid chromatog-
raphy (RP-HPLC) (Sigma-Aldrich, Suffolk, UK). Each
nucleotide was then resuspended in Tris—EDTA (TE)
buffer (10mM Tris—HCI, pH 7.5, Il mM EDTA, pH 8.0).
Oligonucleotide sequences used in helicase and annealing
assays are reported in Table 1. For each substrate, a single
oligonucleotide was 5'-end-labeled with [y-**P] ATP using
T4 polynucleotide kinase. The kinase reaction was per-
formed in PNK buffer (70mM Tris=HCI, pH 7.6,
10 mM MgCl,, 5mM dithiothreitol) at 37°C for 45 min.

Table 1. Sequences of oligonucleotides used for substrate preparation

Oligonucleotide
Number Name Sequence 53’
1 Fork 20 (D) GAACGAACACATCGGGTACGTTTTTTTTTTTTTTTTTTTTTTTTTTTITTT
2 Fork 20 (U) TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTCGTACCCGATGTGTTCGTTC
8 X12-1 GACGCTGCCGAATTCTGGCTTGCTAGGACATCTTTGCCCACGTTGACCCG
9 X12-2 CGGGTCAACGTGGGCAAAGATGTCCTAGCAATGTAATCGTCTATGACGTC
10 X12-3 GACGTCATAGACGATTACATTGCTAGGACATGCTGTCTAGAGACTATCGC
11 X12-4 GCGATAGTCTCTAGACAGCATGTCCTAGCAAGCCAGAATTCGGCAGCGTC

220z 1snbny |z uo 1senb Aq G/6802/€0. L/S/6E/I0IE/1EU/WO0d"dNO DIWaPEDE//:SA]Y WOl PAPEOUMOQ



For helicase assays, the [y-**PJATP-labeled oligonucleo-
tides were then annealed to a 1.6-fold excess of the
unlabeled complementary strands in annealing buffer
(10mM Tris—HCI, pH 7.5, 50mM NaCl) by heating at
95°C for 8 min and then cooling slowly to room tempera-
ture. The purification of the forked duplex substrates was
performed using Micro Bio-Spin columns (Bio-Rad),
while the HJ substrates were purified using
Sepharose-4B columns (Amersham Biosciences).

Helicase assay

Helicase assays were performed in 20ul of a reaction
mixture containing helicase buffer (20 mM Tris—HCI, pH
7.5, 8mM dithiothreitol, S mM MgCl,, 10mM KCI, 10%
glycerol, 80 pg/ml bovine serum albumin), 5SmM ATP and
[y-*P] ATP-labeled fork or synthetic HJ substrate
(0.5nM). The reactions were started by the addition of
recombinant RECQI1 proteins (or its mutants) to a con-
centration indicated in the figures, and the mixture was
incubated at 37°C for 20min. The reactions were
terminated by the addition of 20 pul of quench solution
(04 M EDTA pH 8.0, 1% SDS, 10% glycerol).
Reaction products were resolved using 10% native
PAGE and the extent of DNA unwinding was quantified
as described previously (26).

DNA binding assay

The DNA binding assays where performed by EMSA
using the fork duplex and HJ substrates (Table 1).
Briefly, the experiments were performed by incubating
increasing concentrations of the purified protein (0-
200nM) with [y*>-P] labeled DNA (0.5nM) in a 20 ul
reaction mixture containing 20mM Tris-HCI pH 7.8,
2mM MgCl,, 50mM NaCl, ImM DTT and 0.1 mg/ml
BSA. After incubation for 30 min at room temperature,
2.5ul of 30% glycerol were added and the reaction
products were separated on a 6% non-denaturing poly-
acrylamide gel run at 4°C in TBE buffer. Labeled DNA
fragments were detected by autoradiography (Cyclon, GE
Healthcare). The apparent equilibrium dissociation
constant (K4) was determined from the mean of at least
three independent experiments.

Size exclusion chromatography experiments

Size exclusion chromatography experiments were per-
formed on a AKTA FPLC system (Amersham Bio-
sciences) using a 10/30 Superdex 200 HR gel filtration
column (GE Healthcare), as described previously (23).
Briefly, the column was equilibrated at a flow rate of
0.5ml/min with 20mM Tris (pH 7.5), 150mM KCI and
ImM DTT. Approximately 150-200 pg of recombinant
protein was loaded on the column and detected using an
UV detector at 280 nm.

Analytical ultracentrifugation

Sedimentation velocity experiments were carried out at
8°C on a Beckman XL-I analytical ultracentrifuge
equipped with a Ti-50 rotor. Protein samples were
studied at a concentration of 0.5mg/ml (or a mixture of
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two proteins, each at 0.5 mg/ml) in 10 mM HEPES pH 7.4,
150mM NaCl, 0.5mM TCEP, 2% (v/v) glycerol. After
equilibration at 8°C for 1h, 3000 r.p.m., the speed was
increased to 50000 r.p.m. for RECQI™" or 40000 r.p.m.
for RECQI1", and radial absorbance scans were taken
every 2min at 280 nm. Information from scans 5-50 was
used for analysis. Data were analyzed using SEDFIT (27)
to calculate c¢(s) distributions. The software package
SEDNTERP (http://www.jphilo.mailway.com) was used
in order to normalize the obtained sedimentation
coefficient values to the corresponding values in water at
20°C, Sgo, -

Analytical ultracentrifugation (AUC) sedimentation
equilibrium experiments were performed at 8°C, with
protein concentrations of 0.5, 0.3 and 0.2mg/ml,
dialysed against 10mM HEPES pH 7.4, 150 mM NaCl,
with addition of 1.0mM TCEP. The samples were
centrifuged at 7000 r.p.m. for 22 h and scanned; a further
scan after 2h was performed to confirm that equilibrium
had been attained. The speed was then increased to 9000
r.p.m., and the chambers were scanned after 18 and 20 h.
Finally, the speed was increased to 26000, to achieve
meniscus depletion, providing a baseline for the analysis.

Dynamic light scattering

The dynamic light scattering (DLS) measurements were
carried out at 20°C at a scattering angle of 90 (Model
802 DLS, Viscotek, correlator resolution = 256
channels). A 12—l cuvette was filled with 1mg/ml of
each sample in a buffer comprising 10mM HEPES,
pH 7.5, 150mM NaCl, 2% (v/v) glycerol, after filtration
(200 nm, NanoSep, Pall). Of each sample, at least 30 auto-
correlations (duration: 2s) were collected. A minimum of
10 similar autocorrelations representing the average were
used to fit for the distribution of particles according to
their hydrodynamic radius, N(R),), from Laplace inversion
(OmniSIZE, Viscotek), applying a buffer viscosity of
0.010825 poise, as calculated using SEDNTERP.

GST pull-down assay

We produced [*°S]-labeled RECQI for in vitro binding
assays by the TNT Reticulocyte Lysate System
(Promega), using the corresponding pIRES FLAG-
Hemagglutinin  (FH)-RECQI1  vector as template.
Glutathione S-transferase (GST) and GST-fused
wild-type and truncated RECQI1 proteins were expressed
in bacteria and purified according to a previously described
procedure (28). Briefly, bacterial cultures harboring
GST-fused proteins were induced with 1 mM isopropyl-pB-
p-thiogalactopyranoside (IPTG) over night at room tem-
perature. The pellets were resuspended in lysis buffer
(50mM Tris—HCI pH 8.0, 250 mM NaCl, 5% glycerol,
SmM EDTA, 2mM DTT and | mM PMSF plus protease
inhibitor cocktail tablet) and sonicated. The cleared lysates
were then loaded onto glutathione agarose beads (Sigma)
and incubated for 1h at 4°C. Following incubation and
extensive washing with lysis buffer, proteins immobilized
on beads were resuspended at 50% (v/v) in the same buffer
and kept frozen until use. GST pull-down assays were per-
formed as described (28,29). Briefly, immobilized
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GST-fused RECQI fragments were pretreated with DNase
I and RNase A for 30min at 25°C to remove bacterial
nucleic acids. The beads were then washed twice with
high salt solution (1 M NaCl) and equilibrated in binding
buffer TNEN [20 mM Tris—HCI (pH 7.5), 150 mM NaCl,
1.0mM EDTA pH 8.0, 0.5 % NP-40, 1mM DTT 1, mM
PMSF] supplemented with 0.1 mg/ml of ethidium bromide.
The labeled in vitro translated RECQI1 protein was then
added to 1-5pg of proteins immobilized on beads in the
same buffer in a final volume of 50 pl. The reaction mixture
was incubated for 2 h at 4°C. The beads were subsequently
washed two times in the ethidium bromide supplemented
TNEN buffer, and three times with TNEN buffer. Finally,
the beads were resuspended, heated in Laemmli buffer and
separated by SDS-PAGE. Dried gels were visualized with a
Phosphoimager. The two bands visible on the gels for the
in vitro translated RECQI1 protein represent two protein
products derived from two alternative translation initiation
ATG codons. The first codon is located ‘upstream’ of
FLAG-Hemagglutinin double tag, while the second corres-
ponds to the ATG initiation codon of RECQI located
‘downstream’ of the double tag.

RESULTS

The B-hairpin of RECQ1"" is required for fork duplex
unwinding and HJ branch migration

We have previously identified an essential role for the
B-hairpin located in the WH domain in the forked-duplex
DNA strand-separation activity of the truncated form of
the RECQI protein (RECQ1%-°1%). This truncated protein
will be termed RECQI™' for simplicity (21). Here, we
tested the impact of similar B-hairpin mutations on the
ability of the full-length RECQI protein (RECQI1) to
resolve forked and HIJ substrates. In particular, we engin-
eered a point mutant where Tyr564 was replaced with Ala
(Y564A-RECQ1™™) and a deletion mutant lacking eight
residues on both strands of the B-hairpin in addition to the
Y564A substitution (A8-Y564A-RECQI1'Y) (Table 2).
Both proteins were expressed in SF9 cells and purified
to near homogeneity using a previously established

Table 2. Hairpin mutants of full-length and truncated human
RECQI

Mutants Hairpin sequence

Full-length RECQI (RECQI'™)

RECQIF" %YL KEDYSFTAYATISYLKIG® *
Y564A-RECQI'™ 554y KEDYSFTAAATISYLKIG®
A8-Y564A-RECQI'E S5ty 2AA G°"3
Truncated RECQI1% °'® (RECQI™)

RECQI™ >>4Y],KEDYSFTAYATISYLKIG >
Y564A-RECQIT! 554YLKEDYSFTAAATISYLKIG >
A2-Y564A-RECQ1™! S*4YLKEDYS AA ISYLKIG®’>
A3-Y564A-RECQI™! SS4YLKEDY AA  SYLKIG®®
A8-Y564A-RECQ1™! >34y 2R g7

573

A(F561-T562-T566)-RECQI™  °°*YLKEDYS AYA ISYLKIG
Y559A-S560A-F561A-RECQIT! °°*YLKEDAAATAYATISYLKIG® 3
W227A-F231A-RECQ1™ (mutations not in hairpin)

procedure (Figure 1A) (23,26). Using the mutant
protein, we confirmed that the single amino acid substitu-
tion of the aromatic residue at the tip of the hairpin
(Y564A) significantly affected the ability of RECQI to
resolve a forked duplex substrate of 20 bp with ssDNA
tails of 30nt, as >95% of the substrate was unwound
within 20min using 10nM RECQI™", while <40% is
resolved using the same concentration of the Y564A-
RECQIF" mutant (Figure 1B and C). Interestingly, a
more pronounced effect of the same mutation was
observed using the HJ substrate since only a very limited
amount of the splayed arm product (<15%) was observed
using the Y564-RECQ1"" mutant even in the presence of
50nM enzyme (Figure 1D and E). Deletion of the eight
residues on both strands of the hairpin coupled to the
replacement of Y564 with alanine had an even more
dramatic effect since no unwinding of either DNA sub-
strate was detected even at the highest protein concentra-
tions. Collectively, these results confirm that the Tyr
residue at the tip of the hairpin is a crucial structural
determinant for the unwinding activity of RECQI1 also
in the context of the full-length protein.

The B-hairpin is involved in RECQ1"" dimer formation

When purifying the B-hairpin mutants of RECQIT" we
noticed that all mutants in which the hairpin was short-
ened by two or more amino acids on each strand eluted on
gel filtration columns later than RECQI™! (Figure 2A).
RECQ"' eluted from the gel filtration column with an
apparent molecular mass of ~150kDa, while the
mutants carrying deletions in the B-hairpin eluted with
an apparent molecular mass of ~67kDa. Importantly,
the Y564A mutation alone did not cause the same shift.
This shift in chromatographic behavior could be due
to changes in the conformation or in the oligomeric
state of RECQIT!. To resolve this, both the RECQI1™!
protein and the mutant denoted A2 (A2-Y564A-
RECQI1™), were analyzed by AUC, DLS and chemical
cross-linking (Figure 2). The values of the sedimentation
coefficients measured by analytical ultracentrifugation for
A2-Y564A-RECQI"! and RECQI1"" were 4.0 S and 6.0,
respectively (Figure 2B). In agreement with the gel filtra-
tion profiles, each protein sedimented predominantly as a
single peak. These sedimentation coefficients and the
estimated diffusion coefficients correspond to molecular
masses of 63kDa and 117kDa for A2-Y564A-RECQI1™!
and RECQI™!, respectively (the molecular mass of a
single chain or RECQI1™ is 67.2 kDa). Equilibrium ultra-
centrifugation was used to calculate masses of 72 kDa and
132kDa for A2-Y564A-RECQI1™ and RECQI1"!, con-
firming that the two proteins behave as a monomer and
a dimer, respectively (Figure 2C). DLS provided separate
confirmation that both A2-Y564A-RECQI™" and
RECQI™ proteins were monodisperse, with calculated
masses of 67kDa and 133 kDa, respectively, correspond-
ing to a monomer and dimer (Figure 2D). This conclusion
was further supported by chemical cross-linking, that
showed a cross-linked species of double molecular
weight for RECQI1™!, but not for A2-Y564A-RECQI1™!
(Figure 2E). Collectively, these experiments indicate that
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Figure 1. Analysis of the unwinding activity of hairpin loop mutants of full-length RECQI. (A) SDS-PAGE analysis of the purified RECQ",
Y564A-RECQI™ and A8-Y364A-RECQI™ proteins. (B) Unwinding assays using various concentrations of RECQI"", Y564A-RECQI1™ and
A8-Y564A-RECQIFT (0-50nM) and a forked-duplex substrate of 20 bp with ssDNA tails of 30nt (0.5nM). All of the reactions were stopped after
20min. (C) Plot of the unwinding activity as a function of protein concentration using the forked-duplex substrate. Concentration dependence
experiments were performed using the mutants indicated in the figure (0-50 nM). The data points represent the mean of three independent experi-
ments with the standard deviation indicated by error bars. (D) Unwinding assays using various concentrations of RECQ1'", Y564A-RECQI1'" and
A8-Y564A-RECQIF" (0-50nM) and a HJ substrate with a 12-bp homologous core (0.5nM). All of the reactions were stopped after 20 min. (E) Plot
of the unwinding activity as a function of protein concentration using the HJ substrate. Concentration dependence experiments were performed by
using the mutants indicated in the figure (0-50nM). The data points represent the mean of three independent experiments with the standard

deviation indicated by error bars.

the RECQ1™! protein is present predominantly as a dimer
in solution, whereas the mutants deleted in the B-hairpin
are mainly monomers. Furthermore, the similarity of the
gel filtration profiles of RECQ1™" obtained in the presence

of ATPyS, and/or ssDNA indicated that the oligomeric
state of RECQI1"' was not affected by the interaction
with a slowly hydrolyzable analog of ATP and/or
ssDNA (21).
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Figure 2. RECQI™! is a dimer in solution. (A) Size exclusion chromatography profiles of RECQIT! (black), Y564A-RECQI1T! (blue), A2-Y564A-
RECQI™! (red), A3-Y564A-RECQI™" (green), A8-Y564A-RECQI™" (cyan). (B) Sedimentation velocity in AUC. Blue: RECQ1™', green: A2-Y564A-
RECQI™" mutant, red: 1:1 mixture of both proteins. (C) Absorbance distribution for RECQ1™! in sedimentation equilibrium experiments shows
dimerization. The ideal fit curves of both proteins at 9000 r.p.m. The red curve is an ideal fit of the data for RECQ"', giving a molecular weight of
132kDa; the blue curve is an ideal fit for the A2-Y564A- RECQI1™' mutant, giving a MW of 72kDa. The residuals of both datasets are shown in the
upper panel, showing absence of either aggregation or non-ideality. (D) Size distributions investigated with dynamic light scattering. The monodis-
perse distribution of RECQI™" (blue trace) shows a hydrodynamic radius equivalent to a mass of 133kDa (calculated monomolecular weight:
67.3kDa). The hydrodynamic radius observed for the A2-Y564A-RECQI™" mutant (green trace) was equivalent to a mass of 67kDa (calculated
monomolecular weight: 66.8kDa). (E) Protein cross-linking. RECQI™ (right) and the A2-Y564A-RECQI1T! mutant (left) were incubated with the
crosslinker BS3 at the indicated concentrations for 30 min. The reactions were quenched and the proteins separated by denaturing SDS-PAGE.
Monomers (red triangle) and cross-linked dimers (red square) are indicated.

Our analysis of the crystal structure of RECQI™' (21)
for potential oligomeric assemblies using the PISA server
(30) revealed a significant interface with a neighboring
molecule in the crystal lattice (Figure 3A). This dimeric
interaction results in the burial of 1100 A? of accessible
surface area from each monomer, which represents 4.7%
of the available surface area. In contrast, all other crystal
contacts typically involve <400 A? of buried surface.
The same dimeric interactions occur in four different
crystal forms of RECQI™ (PDB: 2VIX, 2WWY, and
data not shown), in which other crystal contacts are
not conserved. The dimer in the crystal structure is

arranged in a head to tail organization, in which the
main protein contacts are distributed in three patches,
which we term CI, C2 and C3 (a list of interacting
residues listed in Table 3; Figure 3A and B). CI includes
a patch of residues that are clustered on one face of
the RecA-like domain D1; these interact with C3 region
of the dimeric partner, which include residues in the
C-terminal Zn and WH domains. The C2 region of each
subunit, located at the tip of an aromatic-rich loop
in domain D1 (31), lies at the centre of the interface
and interacts with the same region in the other
monomer.
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Figure 3. Organization of a RECQI™' dimer in the crystal structure. (A) Overall view, monomer A shown as backbone, monomer B shown in
surface representation. The contact areas are indicated in purple. (B) The putative dimer interface, on monomer A, from the direction of monomer B.
The circles indicate the contact areas C1, C2 and C3; the locations of amino acids involved in the interface are shown in cyan. (C) Detailed view of
the B-hairpin (ball and stick representation) interacting with the opposing subunit (shown in skin representation). Some of the residues mutated in
this study are marked. Specifically, Y559, S560 and F561 are involved in subunit interaction, whereas Y564 and subsequent residues are not directly

involved, but are available for potential interaction with DNA.

Interestingly, part of the dimer interface seen in the
crystal involves exactly the same residues that are
deleted in the hairpin mutants (denoted earlier as C3).
Figure 3C shows the interface of the B-hairpin with the
adjacent RECQI monomer; the most important residues
involved in the contact are S560, F561 and T562; the
tyrosine at the tip of the hairpin, Y564, plays a lesser
role in the subunit interaction. Correspondingly, we
found that the Y564A mutation did not disrupt the
dimer, but further deletion of F561 caused the dimer to
dissociate in solution. This suggests that the dimer inter-
face seen in the crystal structure, or at least the region
containing the PB-hairpin, is indeed responsible for the
dimeric association in solution.

RECQ1™" dimers are not required for DNA unwinding

The fact that RECQ1™! forms dimers in solution and in
the crystal structure prompted us to investigate whether
dimer formation is required for DNA unwinding. Thus,
we engineered new B-hairpin mutants in which some of the
key residues involved in the dimer formation were deleted
or substituted with alanines, while maintaining the
tyrosine residue (Y564) previously shown to be essential
for DNA unwinding. In particular, we managed to suc-
cessfully express and purify a deletion mutant

A(F561-T562-T566)-RECQ1™" lacking F561 and T562—
both of which are involved in the dimer contact—and
T566 (the latter was deleted to maintain the equal length
of both B-strands of the hairpin). We also expressed the
Y559A-S560A-F561A-RECQIT! mutant, in which three
key residues responsible for the contact of the C3 region
of one molecule with the CI region of the other were
substituted with Ala (Table 2).

Size  exclusion chromatography and chemical
cross-linking  experiments  confirmed  that  the
A(F561-T562-T566)-RECQI™  and  Y559A-S560A-
F561A-RECQI1™" mutants were monomeric in solution
(Figure 4A and B). Moreover, the chemical cross-linking
experiments repeated in the presence of ssDNA indicated
that these two mutants remained monomeric also in the
presence of nucleic acids. The following analysis of the un-
winding activity showed that both mutants retained the
ability to unwind a forked DNA duplex in a concentration
dependent fashion, although they were less active than the
dimeric wild-type RECQ1™" (Figure 4C and D). In
addition, the Y3559A-S560A-F561A-RECQI™ mutant
was more active than A(F561-T562-T566)-RECQI1™!
possibly because the shortening of the B-hairpin might
have affected the ability of Y564 to act as a strand separ-
ation pin or the ability of the mutant to interact with DNA.
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Table 3. Residues involved in dimer interactions in
the crystal structure

Moll Mol2
Cl
1194 1194
A195 A195
K198 K198
M199 M199
M201 M201
S202 S202
E205 H E205 H
- E209 HS
C2
Q226 Q226
w227 w227
G228
F231 F231
K236 K236
A237 A237
G239 -
1240 1240
R243 H R243 H
Q244 H Q244 H
F245
C3
E264
K267 H
1268 H 1268
C270 H
V431 H V431 H
M432 M432
D433 D433
N434 N434 H
K509
D558
Y559 H Y559 H
S560 H S560 H
F561 H F561 H
T562 T562
A563 A563
Y564 Y564
A565 A565
T566

The analysis is based on the PISA server (30). The
residues that have been mutated or deleted are high-
lighted in bold. H following the residue number
denotes residues involved in interchain hydrogen
bonds; S indicates involvement in a salt bridge. The
two chains are not symmetry related, and there are
slight differences in the pattern of buried residues
between the two monomers.

In particular, ~60% of the substrate was unwound by
RECQI™" using 20nM enzyme, while ~45% unwinding
was observed wusing the same concentration of
Y559A-S560A-F561A-RECQ1T! mutant, and this per-
centage decreased to ~20% using A(F561-T562-T566)-
RECQI™. To test if the reduced unwinding activity of
the monomers versus dimers was associated with impair-
ment in DNA binding, we measured the apparent DNA
binding affinity of wild-type RECQI1™" and its B-hairpin
mutants for the fork-duplex substrate by EMSA. All the
B-hairpin mutations, with the notable exception of the
Y 564A mutation that does not disrupt the dimer interface,
affected the DNA binding affinity of the variant proteins
(Table 4). Of note, our previous CD spectroscopy and

limited proteolysis experiments confirmed that mutations
in the B-hairpin do not affect the overall structure of the
WH domain (21), thus ruling out the possibility that the
reduced DNA binding and unwinding activity is connected
to a more extensive destabilization of the WH domain.
Collectively, these results indicate that mutant RECQ1™!
monomers are still proficient in DNA unwinding, as long as
the Y564 is conserved, and that dimers are more active than
monomers in DNA unwinding probably because dimer for-
mation provides an additional DNA binding interface that
stabilizes the interaction with the substrate.

The aromatic-rich loop of domain D1 is not required for
dimer formation, but is essential for DNA unwinding

Our analysis of the crystal structure for additional regions
that mediate dimer formation highlighted an aromatic-
rich loop in domain D1 which lies at the centre of the
interface and interacts with the same region in the other
monomer (denoted earlier as C2) (Figure 3B). To test the
impact of the C2 region in dimer formation, we expressed
an additional mutant W227A-F231A were two aromatic
residues involved in protein:protein interactions were
substituted with Ala (Table 2). However, our size exclu-
sion chromatography experiments showed that the elution
profile did not change significantly relative to wild-type
RECQI™" suggesting that the disruption of the C2
contacts is not sufficient to impair dimer formation
(Figure 5A).

Interestingly, this highly conserved aromatic-rich loop
was originally identified by Keck and co-workers (31) as
essential for DNA-coupled ATP hydrolysis by bacterial
RecQ. Consistently, we found that the W227A-F231A
mutant was unable to unwind a forked-duplex substrate
even at the highest protein concentration used in the ex-
periment (Figure 5B), even though it retained the same
DNA binding affinity of wild-type RECQ1™!' (Table 4),
suggesting that this loop plays an important role in
coupling DNA binding to ATP-dependent DNA unwind-
ing also in the case of RECQI.

The B-hairpin is involved in RECQ1*" higher order
oligomer formation

From the comparison of the elution profiles of RECQ1™!
and RECQIF L and from previous results, we infer that the
smallest form of the full-length RECQ1 is also a dimer
(21,26). This conclusion was also supported by velocitz
AUC experiments (Figure 6) confirming that RECQF

existed as a mix of two oligomeric forms: a smaller
form of 140-160kDa representing RECQI1 dimers, and
a 250-280kDa oligomeric form, which is probably a
tetramer, rather than a pentamer or an hexamer as was
previously suggested (23). Interestingly, our size exclusion
chromatography experiments showed that the B-hairpin
A8-Y564A-RECQI1'" mutant, that has lost the dimer
interface seen in the RECQ"' structure, can still form
dimers, but not tetramers (Figure 6A). In line with this
observation, our AUC experiments showed that the
B-hairpin A8-Y564A-RECQI1"" mutant exists in a single
form of a dimer, while the Y564A-RECQ1" is a mixture of
dimers and  tetramers. The fact that the
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Figure 4. RECQI™" monomers retain unwinding activity. (A) Size exclusion chromatography profiles of RECQI1™!, A(F561-T562-T566)-RECQ1™!
and Y559A-S560A-F561A-RECQI1™!. (B) Cross-linking experiments. Protein samples (10 uM) were incubated with (5-8) or without (1-4) a 42-nt
DNA oligonucleotide (50 uM) for 10 min at room temperature. Samples were then treated with the cross-linker BS3 (60 puM, right panel) or control
buffer (left panel) for 45min at room temperature, followed by addition of 100 mM Tris—HCI, pH 7.5, 20mM TCEP and SDS-PAGE sample buffer.
1, 5: RECQI™; 2, 6: A2-Y564A-RECQIT!; 3, 7: A(F561-T562-T566)-RECQI1™; 4, 8: Y559A S560A F561A-RECQI™'. Monomers (grey triangle)
and cross-linked dimers (grey square) are indicated. (C) Unwinding assays using various concentrations of RECQI1™", A(F561-T562-T566)-RECQI1™",
and Y559A-S560A-F561A-RECQI1™! (0-40nM) and a forked-duplex substrate of 20 bp with ssDNA tails of 30 nt (0.5nM). All of the reactions were
stopped after 20min. (D) Plot of the unwinding activity as a function of protein concentration. Concentration dependence experiments were
performed using the mutants indicated in the figure (0-40nM). The data points represent the mean of three independent experiments with the
standard deviation indicated by error bars.

Table 4. Summary of the fork—duplex unwinding, HJ branch migration activity and oligomeric properties of all the mutants of RECQI™" and

RECQI'™" tested in this work

Phenotype RECQI™ RECQI1f*
Fork Fork HJ HJ Oligomeric Fork HJ Oligomeric
unwinding binding unwinding  binding state unwinding  unwinding  state
Hairpin mutation
WT Yes 8+2 No No Dimer Yes Yes Dimer +
tetramer
Y564A No 11+2 No No Dimer Partial No Dimer +
(50%) tetramer
Y564A shortened (A2, A3, AS) No >70 No No Monomer No No Dimer*
A(561-562-566) Partial (20%) =70 (ND) No Monomer (ND) (ND) (ND)
AAA(559-560-561) Partial (40%) 25+5 (ND) No Monomer (ND) (ND) (ND)
Aromatic-loop mutation
AA(227-231) No 10 +2 (ND) No Dimer (ND) (ND) (ND)

The apparent Ky values (nM) for the binding of RECQI™! to the fork—duplex substrate are also shown. The asterisk denotes a different kind of

dimer held together by the N-terminus of RECQI.
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Figure 5. Analysis of the oligomeric properties and unwinding activity of the aromatic-rich loop mutant W227A-F231A-RECQI™!. (A) Size
exclusion chromatography profiles of RECQI1™!(black) and W227A-F231A-RECQ1"!(gray). (B) Plot of the unwinding activity as a function of
RECQI™ and W227A-F231A-RECQ"! concentration (0-200nM) using a 20 bp fork-duplex substrate with 30-nt ssDNA tails at a final concentra-
tion of 0.5nM. Reactions were stopped after 20min. The data points represent the mean of three independent experiments with the standard

deviation indicated by error bars.

A8-Y564A-RECQI1F" mutant can still form dimers can be
explained considering that a protein interaction surface
involving the N-terminal residues of RECQ1—which was
previously shown to mediate tetramer formation (20,21)—
is still functional in the A8 mutant that lacks the basic C3
dimer interface formed by the B-hairpin residues.

To map the domains involved in oligomer formation,
we tested the ability of the in vitro translated RECQI
protein to interact with a series of GST-tagged RECQI1
fragments mapping the different domains of the protein
(Figure 7A). Our GST pull down experiments confirmed
that RECQ1"" interacted with the fragment 1-281 con-
taining the N-terminal tail plus domain D1 and with the
fragment 391-649 containing the Zn-binding domain and
the WH domain where the B-hairpin is located, but not
with the fragment 282-390 containing the recA-like
domain D2 or with the fragment 391-473 containing the
Zn-binding domain alone (Figure 7B). The fragment 474—
649 encompassing the WH domain, but lacking the
Zn-binding domain, was also able to interact with
RECQIFT, although more weakly compared to fragment
391-649, suggesting that the deletion of residues 391-473
might affect the stability or the conformation of the WH
domain. To explore the role of the N-terminus in more
detail, we expressed two additional GST-tagged RECQ1
fragments: fragment 1-103 containing the N-terminal tail
of RECQI1 and fragment 104-281 encompassing the D1
domain (Figure 7C). The results confirmed that RECQ1'"
predominantly interacted with the first 103 aa containing
the N-terminal tail previously shown to be involved in
oligomer formation (20,21). Collectively, these results
confirm that two different regions of RECQI, the
N-terminus and the C-terminal WH domain containing
the pB-hairpin module, are involved in higher-order
oligomer assembly.

DISCUSSION

DNA and RNA  helicases and translocases from
superfamilies 1 and 2 (SF-1 and SF-2) share a core

ATPase domain, which consists of tandem RecA-like
folds, and is characterized by conserved sequence motifs
(32). In addition to this conserved fold, most helicases
include additional loops or domains that are more diver-
gent, and may be conserved only within restricted
subfamilies. These non-conserved regions may be import-
ant in DNA/RNA unwinding as well as in other enzymatic
or regulatory functions. RecQ-family helicases share a
characteristic C-terminal domain (termed RecQ-Ct),
which includes a zinc-binding module and a WH
domain. We have previously suggested, based on struc-
tural alignments with other DNA helicases, that the
B-hairpin wing of the WH domain is poised to serve as a
pin that aids DNA strand separation at a ssDNA—dsDNA
junction (21). This prediction was supported by the obser-
vation that point mutations or deletions of the hairpin of a
truncated form of the RECQI1 protein severely impaired
DNA unwinding activity, with no effect on the
ssDNA-dependent ATPase activity of the mutant
proteins. Here, using B-hairpin mutants of the full-length
RECQI helicase we show that this prominent B-hairpin is
not only essential for fork duplexes unwinding, but it
also required the HJ disruption activity of full-length
RECQI, which is one of the most characteristic activities
of RecQ proteins (Table 4). In addition, we show that this
B-hairpin is a key structural element that controls not only
the enzymatic activity of RECQI, but also the balance
between the multiple oligomeric states of the protein.
In particular, it mediates dimer formation in the truncated
RECQI protein lacking 48 residues at the N-terminus and
33 residues at the C-terminus, and tetramer formation in
the full-length protein.

Interestingly, a recently published structure of the WH
domain of WRN in complex with a 14 base pair DNA
duplex shows that the B-hairpin wedges apart the terminal
base pair of the DNA duplex, resulting in loss of base—
base stacking, thus supporting the notion that the
aromatic residue at the tip of the hairpin acts as a pin
that abuts the end of the DNA duplex and hence
promotes strand separation (33). A recently solved
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Figure 6. The B-hairpin loop is required for tetramer formation in
RECQI™. (A) Size exclusion chromatography profiles of the purified
RECQ', YS564A-RECQI'™ and A8-Y564A-RECQI'™  proteins.
(B) Analytical ultracentrifugation of full-length RECQI. RECQI'™
(subunit MW = 75620) was analyzed in absence (black curve) or
presence (red curve) of S0 uM ATPyS. Two peaks at 7S and 10S cor-
respond to MW of 144 and 260, respectively; a low MW peak seen in
the ATPyS experiment may be due to the nucleotide. (C) Analytical
ultracentrifugation of Y564A-RECQIF" (red curve) and AS8-Y564A-
RECQI" (green curve). The peaks at 7S and 10S correspond to
dimers and tetramers; the Y3564A-RECQIFY protein migrates as
a mixture of dimers, tetramers and a small amount of higher
oligomer or aggregate; the hairpin deletion mutant A8-Y564A-
RECQI'Ys almost entirely dimeric [note that the x-axis in 6A is in
order of decreasing size, while the x-axes in (B) and (C) represent
increasing protein size].
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Figure 7. In vitro RECCQIl GST pull-down assay. (A) N-terminally
GST tagged RECQI fragments (aa 1-103, 104-281, 1-281, 282-390,
391-649, 391-473, 474-649) used for the in vitro GST pull down
assay. (B) Top: coomassie stained gel of the GST tagged RECQI frag-
ments used in the assay. The stars indicate the location of the fragments
in the gels. Bottom: autoradiography of the in vitro GST pull-down
assay using the >°S-labeled full-length RECQI protein. (C) Top: auto-
radiography of the in vitro GST pull-down assay using additional GST
tagged RECQI1 fragments covering the first 281 aa at the N-terminus of
the protein and the **S-labeled full-length RECQI protein. Bottom:
coomassie stained gel of the additional GST tagged RECQI fragments
used in the assay. The stars indicate the location of the fragments in the
gels.
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structure of a complex of the human RECQ1 with DNA
provides further support to this model (PDB ID 2WWY;
Pike et al., manuscript in preparation). Similar B-hairpin
motifs were previously found to be essential for the un-
winding activity of other helicase members of both the
SF-1 and SF-2 families. The structures of two SF-1
proteins, UvrD and PcrA, complexed with partial DNA
duplexes with 7-nt 3’-tails, show that the bound DNA
duplex unwinds in front of a ‘pin’ located in domain 2A
(34,35). Similarly, the crystal structures of the SF-2
proteins, Hel308 from Archaeoglobus fulgidus and
helicase NS3 of the hepatitis C virus, show a B-hairpin
structure between motifs V and VI of the helicase
domain (25,36). In particular, the structure of Hel308
bound to a 15-bp DNA duplex with a 10-nt 3'-tail
shows that the B-hairpin is positioned exactly at the
opening of the unwound tailed duplex (25). Thus, RecQ
helicases might share an unwinding mechanism similar to
that of these SF-1 and SF-2 helicases where the aromatic
residue at the tip of the B-hairpin module sits at junction
between ss- and dsDNA, and acts as a ‘pin’ that promotes
strand separation. However, this common structural motif
is derived from different regions in the primary structure
of SF-1, Hel308 and RECQI helicases, and may have
evolved independently.

Intriguingly, the pB-hairpin is not highly conserved
between different RecQ-family proteins (21). In particular,
the superimposition of the WH-domain structures of
E. coli RecQ, RECQI and WRN reveals that the
B-hairpin is significantly shorter in E. coli RecQ and
WRN (Figure 8A). Moreover, the aromatic residue at
the tip of the p-hairpin of RECQI and WRN is
substituted with a His in E. coli RecQ, suggesting that
the B-hairpin module might play different roles in the
three helicases. Indeed, we previously showed that a His
to Ala substitution at the tip of the hairpin in the bacterial
RecQ, as well as deletion of the hairpin, do not affect the
enzymatic activity of the bacterial protein (21). The
putative B-hairpin in BLM helicase also lacks an
aromatic residue. This structural variance indicates that
RecQ proteins may utilize different mechanisms for sub-
strate recognition and unwinding.

This apparently straightforward interpretation of the
role of the B-hairpin is complicated by our observations
on the oligomeric state of RECQ1. The purified full-length
RECQI protein (denoted here RECQI1Y) occurs as a
mixture of a lower and higher oligomeric forms. We
here determine, using analytical ultracentrifugation and
gel filtration, that these correspond to dimers and tetra-
mers of RECQI. We have previously observed that
deletion of a short amino-terminal segment (aa 1-48)
leads to loss of the tetrameric form. A truncated protein
(RECQI1™, lacking the first 48 aa and the last 33 aa at the
C-terminus), which purifies uniquely as a dimer, was used
in crystallization experiments. The crystal structure
identifies a potential dimerization interface between two
adjacent RECQI molecules. The two molecules in the
dimer are arranged in a head to tail orientation. The
buried interaction surface may be divided into three
patches: an amino-terminal region termed CI1 interacts
with a C-terminal patch (C3) in the opposite subunit.

Red: RECQ1
Blue:WRN
Green: RecQ (E. coli)

B WT RECQ1FL Ny

A(1-56)RECQ1F
A(2-8) Y564A RECQ1FL

Figure 8. (A) Superimposition of WH domains of the RecQ-Ct regions
of human RECQI (red; 2V1X), E. coli RecQ (green; IOYW) and WRN
(blue; 3AAF). The P-hairpins are seen in the upper-left corner.
Aromatic residues at the tip of the hairpin (Y564 in RECQI and
F1037 in WRN) are shown; there is no aromatic residue at the tip of
the shorter hairpin of the E. coli enzyme. (B) Model for RECQ'™
tetramer assembly. The RECQI'" tetramer is represented at the top.
Two independent protein—protein contacts are required for tetramer
formation, one mediated by the B-hairpin and the other by the
N-terminus of RECQI, suggesting a non-hierarchical mechanism of
tetramer assembly. Deletion of the B-hairpin leads to a dimeric struc-
ture were the two subunits are held together by the N-terminus (left),
while deletion of the N-terminus leads to dimers held together by the
B-hairpin mediated contacts (right).

The second patch (termed C2) involves an aromatic-rich
loop in domain D1 which interacts with the same region in
the other monomer. The B-hairpin of the WH domain
(specifically, residues S560, F561, and T562 in one
B-strand) forms a crucial part of the C3 patch. The
tyrosine at the tip of the hairpin, Y564, is not however
involved in protein:protein interactions, which is consist-
ent with its proposed role in DNA strand separation.
Detailed mutational analysis confirmed the important
role of the B-hairpin in dimer formation. Deletions that
shorten the hairpin, or substitute the interacting residues
with alanines in RECQ1™' cause the mutant proteins to
purify exclusively as monomers (Figures 2 and 4A). The
second region involved in dimer interaction (C2) includes
an aromatic-rich loop in domain D1 that interacts with
the same region in the other monomer. In contrast with
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the B-hairpin mutations, the substitution to Ala of two key
residues of this loop, W227 and F231, is not sufficient to
abrogate dimer formation. This could be due to the fact
that the mutations of residues in the C2 region only
disrupt one of the three patches involved in dimer forma-
tion, while mutations in the B-hairpin module simultan-
eously perturb two of the contacts involved in the
‘head-to-tail’ dimer interface. However, additional
mutations in C2 region would be required to confirm
this hypothesis. Of note, the aromatic-rich of region C2
was previously identified by Keck and co-workers as es-
sential for DNA-coupled ATP hydrolysis (31).
Consistently, we found that the W227A-F231A mutant
of RECQI is unable to unwind DNA, although it
retains the ability to bind DNA. Interestingly, this
aromatic loop includes the highly conserved sequence
CxSQWGHDFR which 1is characteristic of RecQ
helicases—but is not present in other helicases of the
SF-1 and SF-2 family—suggesting that it may present a
unique aspect of the catalytic mechanism of RecQ
helicases (37).

While RECQI1 is able to form dimers, the bacterial
RecQ is a monomer in solution and does not exhibit a
clear dimer interface in the crystal. Indeed, the different
orientation of the WH domain, and the poor conservation
of many of the residues involved in the dimer contact,
seems to preclude a similar dimeric association. At this
point, we can only speculate on the functional significance
of the dimeric structure of RECQI. To assess the func-
tional significance of the dimerization of RECQITI, one
needs to examine the activity of mutants that are unable to
form dimers. The mutants affecting the dimeric state are
alterations of the B-hairpin, which is now seen to have two
functions (disruption of the DNA duplex and protein:pro-
tein interaction). To disentangle these two effects, we
tested the DNA unwinding activity, the DNA binding
properties and oligomeric state of several mutants,
which are summarized in Table 4. The single substitution
of the aromatic Y564 to Ala abolishes DNA unwinding,
but does not affect DNA binding and dimer formation.
Conversely, mutants in which the hairpin is shortened
(AS561-562-566) or substituted (AAA:559-560-561)
without changing Y564, fail to form stable dimers, but
are at least partially active in DNA unwinding.
Interestingly, this reduced DNA unwinding activity is
associated to a weaker DNA binding affinity of these
mutants for the fork DNA duplexes. Thus, we conclude
that dimerization is not essential for helicase activity,
although it may regulate the efficiency of DNA unwinding
by providing an additional interface that stabilizes the
RECQI-DNA complex. The relative activity of
monomers and higher multimers of non-hexameric
helicases has been the subject of some debate (38).
Previous studies suggested that some helicases, such as
the Escherichia coli Rep and UvrD helicases, need to
oligomerize in order to achieve full DNA unwinding
activity (39,40). The mode of cooperation of multiple
helicases acting on a single substrate is not clear. It is
likely that only one helicase molecule contacts the strand
separation point, while the additional molecules tug on the
3’-ssDNA tail, increasing the force or processivity or
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preventing slippage. The stable dimeric structure of
RECQI may be important in this context. The helicase
domains of other RecQ-family proteins exist as
monomers (22,41-43). Compared with these helicases,
RECQI lacks the C-terminal HRDC domain, which is
thought to play a role in DNA binding in other
RecQ-family helicases. Thus, one could speculate that
the dimerization of RECQI1 provides an additional
DNA binding interface that is normally provided by the
HRDC domain. On the other hand, some of the proposed
functions of the HRDC domain of other RecQ helicases,
such as HJ recognition (44-46), might not be simply
‘rescued” by dimerization since none of truncated
RECQI1™ protein variants binds or unwinds HJ, independ-
ently on whether they form dimers or not (Table 4) (20).

The full-length RECQ1 exists in two oligomeric forms:
a higher order oligomeric form which we here identify as a
tetramer, and a smaller form which is a dimer. However,
the fact that a deletion mutant lacking eight residues on
both strands of the B-hairpin in addition to the Y564A
substitution (A8-Y564A-RECQI'") in the full-length
context still forms dimers suggests that the tetramers
observed in the full-length contexts are not simply a
‘dimer of dimers’. Rather, tetramers are formed by two
independent protein—protein contacts, one mediated by
the C1-C3 contact, as we see in the crystal structure of
the truncated protein, and another mediated by the
N-terminus of RECQI1, as suggested from our previous
size exclusion chromatography analysis of truncated
versions of the protein lacking the first 48 or 56 residues
(20,21). These results were also confirmed by GST
pull-down assays showing that oligomer assembly is
indeed mediated by the N-terminus and a C-terminal
domain containing the B-hairpin (Figure 7). Thus, we
can elaborate a model for tetramer formation that is not
hierarchical: a protein interaction surface represented by
the N-terminus of RECQI, which normally mediates
tetramer formation, is still functional in the (A8-Y564A-
RECQI'") mutant and might hold the two subunits
together even though they lack their basic dimer interface
(Figure 8).

In summary, this study provides novel information on
the structural determinants and the oligomeric forms of
RECQI associated with DNA unwinding as well as on the
mechanism that regulates higher assembly state forma-
tion. We show that the B-hairpin module is not only
crucial for the DNA strand separation activity of
RECQI, but it is also essential to mediate dimer formation
in the context of the truncated protein and tetramer for-
mation in the context of full-length RECQI. Interestingly,
dimer formation promotes DNA unwinding, while
tetramer formation seems to be required for more
specialized activities. However, many questions remain.
First, does the B-hairpin module work as a ‘pin’ to
separate the complementary strands and as a ‘module’
to promote oligomer formation, in all RecQ helicases?
Our mutagenesis studies suggest that this is not the case.
When we compared the helicase activity of the B-hairpin
mutants of RECQI and E. coli RecQ, we clearly saw that
mutations in the B-hairpin of the bacterial protein did not
have an impact on the helicase activity of E. coli RecQ
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(21). Moreover, E. coli RecQ is monomeric, suggesting
that RecQ helicases might adopt different mechanisms
and oligomeric structures to promote DNA unwinding
(22,42). Second, what is the functional significance of the
higher order oligomeric structures observed for several
RecQ helicases? Our previous studies with the
N-terminally deleted RECQI mutants indicated that
these mutants were unable to resolve HJ structures or to
promote the annealing of complementary ssDNA
duplexes, suggesting that higher order oligomers are
required for more ‘specialized’ activities. This notion is
also supported by the previous observation made
for BLM and WRN that connected their strand anneal-
ing activity to the ability to form higher order protein—
DNA complexes (47,48). However, further work will be
required to test the role of the B-hairpin module in other
RecQ helicases and define the exact stoichiometry and
functions of these higher order RecQ helicase complexes.
These future studies will contribute to explain the distinct
functions of the various RecQ helicase homologs present
in eukaryotes and might shed light on how the lack of
one or more of these ‘specialized” RecQ helicase activities
are linked to increased genomic instability and
tumorigenesis.
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