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RecQ helicases are essential for the maintenance of genome
stability. Five members of the RecQ family have been found in
humans, including RECQ1, RECQ5, BLM, WRN, and RECQ4;
the last three are associated with human diseases. At this time,
only BLM and WRN helicases have been extensively character-
ized, and the information on the other RecQ helicases has only
started to emerge. Our current paper is focused on the biochem-
ical properties of human RECQ1 helicase. Recent cellular stud-
ies have shown that RECQ1 may participate in DNA repair and
homologous recombination, but the exact mechanisms of how
RECQ1 performs its cellular functions remain largely unknown.
Whereas RECQ1 possesses poor helicase activity, we found here
that the enzyme efficiently promotes DNA branch migration.
Further analysis revealed that RECQI1 catalyzes unidirectional
three-stranded branch migration with a 3" — 5 polarity. We
show that this RECQ1 activity is instrumental in specific disrup-
tion of joint molecules (D-loops) formed by a 5’ single-stranded
DNA invading strand, which may represent dead end interme-
diates of homologous recombination in vivo. The newly found
enzymatic properties of the RECQ1 helicase may have impor-
tant implications for the function of RECQ1 in maintenance of
genomic stability.

RecQ helicases play an essential role in the maintenance of
genome stability in all organisms (1-4). In humans, three of five
known RecQ homologs (RECQ1, BLM, WRN, RECQ4, and
RECQ5) have been implicated in distinct heritable diseases (5,
6). BLM is mutated in Bloom syndrome, which is characterized
by growth retardation, sunlight sensitivity, immunodeficiency,
genomic instability, and high incidence of cancer (7, 8). WRN is
mutated in Werner syndrome, which is characterized by pre-
mature aging, genomic instability, and high incidence of cancer
(9, 10). RECQ4 is mutated in Rothmund-Thomson syndrome,
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which is characterized by skin rash, small stature, skeletal dys-
plasias, chromosomal instability, premature aging, and high
incidence of cancer (11-13). Thus, a common and foremost
feature of these syndromes is genome instability and predispo-
sition to cancer (6).

It is thought that RecQ helicases are implicated in regulation
of recombination events, primarily homologous recombination
(HR)? (4, 14, 15). In Saccharomyces cerevisiae, deficiency in the
sole RecQ homolog, Sgs1, leads to elevated levels of mitotic
recombination, illegitimate recombination, sister chromatid
exchange, and sensitivity to DNA damage by UV irradiation
and other agents (4, 16). In Schizosaccharomyces pombe,
mutants of the Sgsl homolog Rqhl show sensitivity to
hydroxyurea and fail to recover from hydroxyurea arrest during
S phase because of a high frequency of illegitimate recombina-
tion events (17). In humans, deficiency in BLM helicase leads to
an increased frequency of sister chromatid exchanges and
interhomolog exchanges (2, 7, 18).

HR is responsible for the repair of DNA double-stranded
breaks (DSB) and stalled replication forks (19 —-21). During DSB
repair by HR, the DNA ends are processed by exonucleases to
generate DNA with protruding ssDNA tails (22, 23). RAD51
recombinase then promotes invasion of these DNA molecules
into homologous duplex DNA to generate joint molecules
(D-loops) (Fig. 1). The invading 3'-ssDNA ends can then be
used by DNA polymerase to prime DNA repair synthesis (22,
23). Next, depending on the pathway of HR, D-loops can be
either extended by the four-stranded branch migration (Fig. 1,
direction A) or disrupted (Fig. 1, direction B) either by three-
stranded branch migration (24, 25) or alternatively through
DNA unwinding by structure-specific DNA helicases.

Extensive biochemical studies have been performed to better
understand the function of RecQ helicases, especially human
RecQ homologs. RecQ helicases catalyze DNA unwinding with
a3’ to 5’ polarity on a variety of DNA substrates, such as forked
duplexes, triple helices, three- or four-way junctions, and
G-quadruplex DNA (26 -28). In addition to DNA unwinding,
human RecQ helicases show a broad spectrum of activities con-
sistent with their role in HR including disruption of the RAD51
presynaptic filament (BLM and RECQ5) (14, 15), branch migra-
tion of Holliday junctions (BLM and WRN) (29, 30), annealing

2 The abbreviations used are: HR, homologous recombination; dsDNA, dou-
ble-stranded DNA; ssDNA, single-stranded DNA; BSA, bovine serum albu-
min; DTT, dithiothreitol; DSB, double-stranded break; ATP+S, adenosine
5'-O-(thiotriphosphate); SDSA, synthesis-dependent strand annealing;
SSB, single-strand binding protein.
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RECQT1 Disrupts Joint Molecules by Branch Migration
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FIGURE 1. The role of branch migration in processing of homologous
recombination intermediates. The scheme demonstrates formation of joint
molecules (D-loop) during DSB repair and their further processing by branch
migration that may result in either D-loop stabilization (A) or dissociation (B).

of complementary ssDNA (all five helicases) (27, 31-34), disso-
ciation of mobile D-loops, and dissolution of double Holliday
junctions (BLM) (15, 35, 36).

Although no disease has been linked to RECQ1, this protein
is the most abundant among the five human RecQ helicases
(37), and cellular studies indicate that RECQL1 is biologically
important for genome stability (38, 39). Embryonic fibroblasts
from RECQ1-deficient mice displayed aneuploidy and chromo-
somal instability, accumulation of DNA strand breaks, and per-
sistent Rad51 foci. Moreover, RECQ1 deficiency resulted in cel-
lular sensitivity to ionizing radiation. Depletion of RECQ1 from
human cells by RNA interference resulted in elevated sister
chromatid exchange and DNA damage sensitivity. These find-
ings are consistent with a role for RECQ1 in the processing of
DNA repair and recombination intermediates.

Of the human RecQ helicases, RECQ1 is the smallest with a
size of 649 residues (40, 41). RECQ1 possesses an ssDNA
annealing activity, DNA-stimulated ATPase activity, and heli-
case activity. The helicase activity of RECQI is only capable of
unwinding short duplex DNA substrates (42). RECQ1 forms
oligomers to perform its helicase and strand annealing func-
tions (43). RECQI physically interacts with RPA, a ubiquitous
ssDNA-binding protein, which stimulates its helicase activity;
the enzyme can unwind up to ~500 bp in the presence of RPA
(28). RECQ1 interacts physically and functionally with mis-
match repair factors (MSH2/MSH6, EXO-1, and MLH1/
PMS2) that regulate genetic recombination (44). RECQ1 is
also reported to physically interact with topoisomerase I1la
(45), importin-a homologs (46), and RAD51 (39); however,
the functional significance of these interactions remains to
be elucidated.

In the current work, we found that RECQ1 possesses DNA
branch migration activity. We demonstrate that RECQ1 pro-
motes both the three-stranded and four-stranded branch
migration but shows significantly greater efficiency in the
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three-stranded reaction. A specific feature of RECQ1-cata-
lyzed branch migration is a strong preference toward the
3" — 5’ direction in both the three-stranded and four-
stranded reactions, which distinguishes RECQ1 from other
known branch migration proteins such as BLM helicase and
RADS54 that show no significant preference in branch migra-
tion directionality. We show that branch migration activity
with the 3" — 5’ polarity allows RECQ1 to specifically dis-
rupt recombination intermediates (D-loops) formed by inva-
sion of tailed DNA with the 5’-protruding ends. These
D-loops, in contrast to the D-loops formed by invasion of
tailed DNA with the 3’-protruding ends, cannot be readily
extended by DNA polymerase and therefore may represent
unproductive recombination intermediates during DSB
repair. Therefore, RECQ1 branch migration may prevent
accumulation of these unconventional and potentially toxic
intermediates in vivo.

EXPERIMENTAL PROCEDURES

Proteins and DNA—Human RAD51, BLM, RAD54, and
RECQI were purified as described (15, 27, 47). Supercoiled
pUC19 dsDNA was purified as described (48). All of the oligo-
nucleotides (IDT, Inc.) used in this study (supplemental Table
S1) were purified, labeled, and stored as described previously
(49). dsDNA substrates were prepared by annealing of equimo-
lar amounts of oligonucleotides, as described (49).

Branch Migration Assay—>*P-Labeled forked DNA interme-
diates (strands 169%/71 and 193*/117; here and below in this
section 3*P-labeled strands are marked by asterisks) and nonla-
beled tailed DNAs (strands 170/171 and 194/195) were pre-
pared by annealing. To prepare substrates for three-stranded
branch migration that occurs in either the 3' — 5" or 5’ —
3'direction, DNA intermediates 169%/71 or 193*/117 (32 nm,
molecules) were mixed with ssDNA oligonucleotide 201 or 379,
respectively (48 nM, molecules), and incubated in buffer con-
taining 25 mm Tris acetate, pH 7.5, 2 mm ATP, 5 mM magne-
sium acetate, 2 mm DTT, BSA (100 ug/ml), 15 mm phosphocre-
atine, and creatine phosphokinase (30 units/ml) for 15 min at
37 °C. To prepare partially movable three-stranded structure,
forked DNA (strand 169*/71) was mixed with ssDNA oligonu-
cleotide 248 according to the procedure described above.

To prepare DNA substrates for four-stranded branch migra-
tion, 169*/71 or 193%*/117 DNA intermediates (32 nM, mole-
cules) were mixed with strand 170/171 or 194/195, respectively
(38 nM, molecules) and incubated in buffer containing 25 mm
Tris acetate, pH 7.5, 1 mm ATP, 0.5 mMm magnesium acetate, 2
mm DTT, BSA (100 pug/ml), 15 mm phosphocreatine, and cre-
atine phosphokinase (30 units/ml) for 15 min at 37 °C.

To start the reaction, the indicated amounts of RECQ1 heli-
case were added for 30 min at 37 °C. The reactions were
stopped by the addition of 1.5% SDS and proteinase K (800
pg/ml), mixed with a 0.10 volume of loading buffer (70% glyc-
erol, 0.1% bromphenol blue), and analyzed by electrophoresis
in 8% polyacrylamide gels in TBE buffer (89 mm Tris borate, pH
8.3,and 1 mm EDTA) at 135 V for 1.5 h. The gels were dried on
DEAE-81 paper (Whatman) and quantified using a Storm 840
PhosphorImager (GE Healthcare).
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FIGURE 2. RECQT1 helicase promotes the three-stranded DNA branch migration in the 3’ — 5’ direction.
A, scheme depicts the three-stranded branch migration. Mutually heterologous terminal regions are marked
by crosses. Unpaired ssDNA regions (four bases) that arise during branch migration are shown by widening in
DNA duplex. These nonhomologous regions were introduced to block spontaneous branch migration. The
asterisks indicate 32P label at the 5'-end DNA. B, the DNA products of the branch migration reactions were
visualized by electrophoresis in a 8% polyacrylamide gel. Branch migration was initiated by addition of indi-
cated amount of RECQ1 to appropriate DNA substrates followed by incubation for 30 min at 37 °C. In controls,
storage buffer was added instead of RECQ1. Lanes 17-13 show migration of DNA markers. C, the data from B
presented as a graph. The error bars indicate S.E.
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FIGURE 3. Effect of a different nucleotide cofactors on the DNA branch migration activity of RECQ1
helicase. A, scheme of branch migration assay. Mutually heterologous terminal region is marked by crosses.
Unpaired ssDNA regions (four bases) that arise during branch migration are shown by widening in DNA duplex.
The asterisks indicate *>?P label at the 5'-end DNA. B, the reactions were carried out in the presence of indicated
nucleotide cofactor (lanes 2-12) or in the absence of nucleotide cofactor (lane 2). Branch migration was initi-
ated by the addition of 100 nm RECQ1 followed by incubation for 30 min at 37 °C. The DNA products of the
branch migration reactions were separated by electrophoresis in a 8% polyacrylamide gel. In control, storage
buffer was added instead of RECQ1 (/ane 1). In lane 13 melting of DNA substrate was carried out by heating and
followed by thermal reannealing.
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Branch Migration of Plasmid-
based Joint Molecules—]Joint mole-
cules were prepared by carrying out
a RecA-mediated three-stranded
DNA exchange using pBSK(—) cir-
cular ssDNA and pBSK(+) linear
dsDNA (see Fig. 5A) as follows. The
RecA-ssDNA filaments were
formed by incubating RecA protein
(12 wm) with pBSK(—) circular
ssDNA (20 uM, nucleotides) in
buffer containing 25 mm Tris ace-
tate, pH 7.5, 3 mm ATP, 15 mm
MgCl,, 2 mm DTT, 100 ng/ml BSA,
15 mm phosphocreatine, and 30
units/ml creatine phosphokinase
for 10 min at 37 °C. Then SSB (1.8
uMm) was added, followed by a 5-min
incubation. Three-stranded DNA
exchange reaction was initiated by
the addition of linear pBSK(+)
dsDNA (15 um, nucleotides) (super-
coiled dsDNA cleaved with Spel
restriction endonuclease) to the
RecA nucleoprotein filaments and
continued for 20 min. Then the
reactions were deproteinized by
treatment with proteinase K (1.1
mg/ml) and 0.9% SDS for 15 min at
37 °C and purified by passing twice
through S-400 Spin columns (GE
Healthcare) equilibrated with 25
mMm Tris acetate, pH 7.5, 50 mm
NaCl, 5 mm MgCl, at 23 °C. Branch
migration of the purified joint mol-
ecules (0.4 nm, molecules) was car-
ried out in buffer containing 25 mm
Tris acetate, pH 7.5, 2 mm ATP, 3
mM magnesium acetate, 2 mm DTT,
100 pg/ml BSA, 15 mm phosphocre-
atine, and 30 units/ml creatine
phosphokinase at 37°C. RECQ1
protein (100 nm) was added to the
reaction mixtures, followed by incu-
bation for the indicated periods of
time. The products of branch
migration were deproteinized by
the addition of 1.5% SDS and pro-
teinase K (800 pg/ml), mixed with a
0.10 volume of loading buffer (70%
glycerol, 0.1% bromphenol blue),
and analyzed by electrophoresis in
1.3% agarose gels, visualized, and
quantified as described above.

DNA Helicase Assay—DNA heli-
case assay was used to exclude a
possibility that formation of a DNA
product in the three-stranded
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FIGURE 4. RECQ1 helicase catalyzes the three-stranded branch migration more efficiently than DNA
unwinding. Shown are experimental schemes to distinguish between the three-stranded branch migration
and the helicase activity of RECQ1 using mobile Kappa structure (A), forked DNA plus ssDNA (B), and partially
mobile Kappa structures (C) as substrates. The asterisk indicates 2P label at the 5’-end DNA. The arrows
indicate the direction of branch migration or DNA unwinding. Mutually heterologous terminal regions (in A
and () are marked by crosses. Unpaired DNA regions that arise during branch migration (A) are shown by
widening in DNA duplex (four bases). The zig-zag line (B) denotes a nonhomologous DNA sequence that was
introduced into the 3'-region of ssDNA to prevent formation of the PX junction by annealing to the forked DNA,
which could be processed by branch migration. D, the DNA products were visualized by electrophoresis in a 8%
polyacrylamide gel. The reactions were initiated by the addition of indicated amount of RECQ1 to DNA sub-
strates followed by incubation for 30 min at 37 °C. In lanes 14-19, oligonucleotide 2 was added to prevent
reannealing of the Kappa structure after melting by RECQT1. In controls, storage buffer was added instead of
RECQ1. In lanes 13 and 19, melting of DNA substrates was carried out by heating and followed by thermal
reannealing. E, the data from D presented as a graph. The error bars indicate S.E.

150

branch migration, was precluded
by incorporation of a heterologous
sequence in the 3'-end of oligonu-
cleotide 196 (Fig. 2B).

The reactions were started by
adding the indicated amounts of
RECQI helicase and carried out for
30 min at 37 °C. The DNA products
were deproteinized and analyzed by
electrophoresis in 8% polyacrylam-
ide gels, visualized, and quantified
using a Storm 840 PhosphorImager
(GE Healthcare).

Dissociation of Synthetic Mobile
and Nonmobile D-loops—>>P-La-
beled branched DNA intermediates
(254/373* or 254/209*) were pre-
pared by annealing. To prepare
mobile and nonmobile D-loops
branched DNA intermediates 254/
373* (32 nM, molecules) were mixed
with either oligonucleotide 293 or 255
(48 nM, molecules) and incubated in
buffer containing 25 mmM Tris acetate,
pH 7.5, 2 mm ATP, 5 mM magnesium
acetate,2mM DTT, BSA (100 pg/ml),
15 mm phosphocreatine, and creatine
phosphokinase (30 units/ml) for 10
min at 37 °C and then for 10 min at
30°C. To prepare mobile D-loop,
which can migrate in the 5" — 3’
direction, a branched DNA inter-
mediate (254/209%) was mixed with
ssDNA oligonucleotide 293 accord-
ing to the procedure described
above. The reactions were started
by adding the indicated amounts
of RECQ1 helicase and carried out
for 30 min at 30 °C. When indi-
cated, a nonradioactive oligonu-
cleotide 209 (48 nm, molecules)
was included in the reaction mix-
ture with nonmobile D-loops to
prevent their reannealing after
disruption by RecQ1l. The prod-
ucts of D-loop dissociation were

branch migration assay occurs through the mechanism that
involves DNA melting and reannealing, as opposed to the
branch migration mechanism. The reactions were carried out
in buffer containing 25 mm Tris acetate, pH 7.5, 2 mm ATP, 5
mM magnesium acetate, 2 mm DTT, BSA (100 pg/ml), 15 mm
phosphocreatine, creatine phosphokinase (30 units/ml), and
32Dp_labeled forked DNA 169%/71 (32 nM, molecules). The reac-
tion mixture also contained ssDNA oligonucleotide 196 (48 nw,
molecules) whose 5'-end is complementary to the 3'-end of
oligonucleotide 71 that would be produced as a result of unwind-
ing of the forked DNA. At the same time annealing of 169*/71 and
196 DNA intermediates, which would produce a substrate for

20234 JOURNAL OF BIOLOGICAL CHEMISTRY

deproteinized and analyzed by electrophoresis in 6% polyac-
rylamide gels, visualized, and quantified using a Storm 840
PhosphorImager (GE Healthcare).

Disruption of Deproteinized Plasmid D-loops by RECQI—
D-loops with 3’- or 5'-invaded ssDNA were prepared in a RAD51-
promoted reaction, as previously described (24) using **P-labeled
single-stranded 100-mer oligonucleotides (oligonucleotide 209 or
373), in which the 64 base regions either from the 3'- or 5'-ends
were homologous to the same region of pUC-19 supercoiled DNA.
D-loops were deproteinized and purified as in Ref. 24.

Dissociation of the deproteinized D-loops (150 pM, mole-
cules) by RECQ1 (7.5 nu, or indicated otherwise) was carried
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FIGURE 5. RECQ1 catalyzes three-stranded branch migration on long DNA substrates. A, the scheme
illustrates disruption by RECQ1 DNA joint molecules that were prepared by RecA-promoted DNA strand
exchange between pBSK(—) ssDNA and pBSK(+) linearized dsDNA. DNA strand exchange terminates at the
border of the f1 origins (marked by empty and striped boxes), which are present in pBSK(+) and pBSK(—)
plasmids in inverted orientations. The asterisks indicate 3?P label at the DNA 5'-end. B, analysis of D-loop
dissociation by RECQ1 (lanes 3-7) by electrophoresis in a 1% agarose gel. In controls (lanes 2 and 8), RECQ1 was
substituted by storage buffer. Lane T shows migration of dsDNA. C, the data in B shown as a graph. The error

bars indicate S.E.

out in buffer containing 25 mm Tris acetate, pH 7.5, 1 mm ATP,
1 mm magnesium acetate, 2 mm DTT, BSA (100 pg/ml), 15 mm
phosphocreatine, and creatine phosphokinase (30 units/ml).
The reaction mixtures were incubated for the indicated periods
of time at 37 °C. The products of dissociation were deprotein-
ized and analyzed by electrophoresis in 1% agarose gels, visual-
ized, and quantified using a Storm 840 PhosphorIlmager (GE
Healthcare).

Disruption of “Native” D-loops—To form D-loops, **P-la-
beled ssDNA (oligonucleotide 209 or 373; 30 nm, molecules)
was preincubated with RAD51 or RAD51 K133R (1 uM) pro-
teins in buffer containing 25 mm Tris acetate, pH 7.5, 1 mm
ATP, 1 mm calcium chloride (1 mm magnesium acetate for
RAD51 K133R), 2 mm DTT, and BSA (100 pug/ml) for 15 min at
37 °C. D-loop formation was initiated by the addition of pUC19
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RESULTS

RECQI1 Promotes Three- and
Four-stranded Branch Migration in
the 3' — 5' Direction—It is known
that two human RecQ helicases,
BLM and WRN, promote branch
migration of Holliday junctions (29,
30). Here we investigated whether
RECQ1 may also catalyze DNA
branch migration. To examine
RECQ1 branch migration activity,
we used synthetic DNA substrates.
Previously, we used similar syn-
thetic DNA substrates to analyze
branch migration activity of RAD54
protein (24, 25, 50). We first tested the three-stranded branch
migration activity of RECQ1 helicase. A pair of DNA substrates
was constructed in a such way that one could support branch
migration only in the 3" — 5’ direction and another only in the
5" — 3’ direction (Fig. 2, A and B, top). We also incorporated
four mismatches in DNA branches to minimize spontaneous
branch migration (Fig. 24). The data show that RECQI effi-
ciently catalyzes three-stranded branch migration (Fig. 2, Band
C). The enzyme demonstrates a strong polarity bias: RECQ1
promoted branch migration in the 3’ — 5’ direction, but not in
the 5" — 3’ direction. To confirm the identity of the branch
migration DNA products, we applied another labeling scheme
for the DNA substrates, in which ssDNA (oligonucleotide 201
or 379) was *’P-labeled. Branch migration was monitored by
incorporation of the ssDNA substrate into the mismatched
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FIGURE 6. RECQ1 helicase promotes the four-stranded DNA branch migration in the 3’ — 5’ direction.
A, schemes depict the four-stranded branch migration. Mutually heterologous terminal regions are marked by
crosses. Unpaired ssDNA regions (one base) that arise during branch migration are shown as a mismatch. These
nonhomologous regions were introduced to block spontaneous branch migration. The asterisks indicate 2P
label at the 5’-end DNA. B, the DNA products of the branch migration reactions were visualized by electro-
phoresis in a 8% polyacrylamide gel. Branch migration was initiated by the addition of indicated amount of
RECQ1 to appropriate DNA substrates followed by incubation for 30 min at 37 °C. In controls, storage buffer
was added instead of RECQ1. Lanes 1, 2, and 15 show migration of DNA markers. C, the data from B presented

as a graphs. The error bars indicate S.E.

dsDNA product (supplemental Fig. S1A). The rate and the
polarity of RECQ1 branch migration were the same as with
DNA substrates in which forked DNA (strand 169/71 or 193/
117) was **P-labeled (supplemental Fig. S1, B and C). In con-
trast, as expected RAD54 promotes the three-stranded branch
migration on both these substrates with similar efficiency (sup-
plemental Fig. S2). Branch migration activity of RECQ1 showed
dependence on ATP hydrolysis (Fig. 3); no branch migration
was observed in the absence of nucleotide cofactor (Fig. 3B,
lane 2) or in the presence of ADP or ATPYS, a nonhydrolyzable
ATP analog (Fig. 3B, lanes 3 and 4). Among other cofactors
tested, only dATP supported the reaction.

It was previously shown that RECQ1 has a helicase activity,
although it is weak (42). Therefore, we examined the possibility
that DNA product observed in Fig. 2B could be formed through
the helicase activity of RECQ]I, not branch migration, as a result
of unwinding of DNA substrates followed by cross-reannealing
of the resultant ssDNA strands (Fig. 4B). We tested this possi-
bility by using two types of DNA substrates for RECQ1. First,
we use a mixture of the fork DNA (strand 169/71, 63 bp of
dsDNA region) and ssDNA (Fig. 4B). The ssDNA was comple-
mentary to the ssDNA strands that were expected to be pro-
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centration) for its helicase activity
(27). Taken together, the results
indicate that RECQ1 promotes effi-
cient three-stranded reaction (Fig.
2B) through the branch migration
but not the helicase mechanism.

We next tested whether RECQ1
can promote branch migration on
long DNA substrates. The substrates were prepared by carrying
out RecA-mediated DNA strand exchange between circular
pBSK(—) ssDNA and linearized pBSK(+) dsDNA (Fig. 5A).
pBSK(+) and pBSK(—) plasmids (2958 bp) are fully homolo-
gous, except for the fl ori (306 bp) that is present in these
plasmids in the inverted orientations. Inversion of the f1 ori
creates a region of heterology between linear pBSK(+) dsDNA
and pBSK(—) ssDNA, which caused termination of DNA strand
exchange, preventing formation of the nicked circular product
but permitting formation of joint molecules (Fig. 54). Joint
molecules were then deproteinized and used a substrate for
RECQ1 (Fig. 5B, lane 2). RECQI1 efficiently promoted three-
stranded branch migration through a 2243-bp DNA region, as
evidenced by formation of linear dsDNA (Fig. 5, B and C). In
contrast, it was previously shown that RECQ1 cannot effi-
ciently unwind DNA duplexes longer than 30 bp by the helicase
mechanism (42).

Then, we tested RECQ1 branch migration activity in the
four-stranded reaction using synthetic PX junctions (Fig. 64).
We found that RECQ1 can promote the four-stranded reaction.
In this reaction, RECQ1 also shows a preference toward branch
migration in the 3’ — 5’ direction. However, in this case the
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A Mobile D-loop stranded branch migration pro-
Branch . moted by RECQ1 was comparable
+ . P migration eaf -+ with the protein helicase activity,
x [ = = because we also observed appear-
. o ance of the forked DNA product
-loop dissociation
products (reversal of the annealing), which
resulted from the helicase activity of
B Non-mobile D-loop RECQ1 onashort 31-bp region (Fig.
Meling * 6B). In contra’st, in the‘ three-
+ —_ % —_— @:\ —_— + stranded reaction we did not
[ 4 \ observe formation of the fork DNA
D-loop dissociation product (Figs. 2B and 4D, lanes
products 1-6), because the efficiency of the
C Mobsile D-loop Non-mobile D-loop three-stranded branch migration is

— significantly higher than that of the
O P helicase activity of RECQ1.
RECQI (M) _— 42 ® S 0 o - &P
e yy——— Vv —— P X In contrast to RECQI1, RAD54

catalyzes efficient four-stranded
* ’
- —— branch migration without signifi-

- |+ D-loop dissociation cant polarity bias (supplemental Fig.
T3 i T s o 5 s i product S3). We also tested the polarity of
four-stranded branch migration of
D 100 another human RecQ helicase,
3 Mobile D-loop BLM. Similar to RAD54 BLM
g 801 promotes efficient four-stranded
B branch migration of the PX junction
8 601 and shows only a slight preference
3 40 for migration in the 3" — 5’ direc-
§' tion (supplemental Fig. S3).
o 20 _ Thus, the results indicate that
L Non;moblle D-loop . RECQL1 is a three-stranded branch
Co 50 100 150 200 migration protein that shows a sig-
RECQ1 (nM) nificant preference for branch

FIGURE 7.RECQ1 helicase promotes dissociation of D-loops by the branch migration but not the helicase ~ Migration in the 3" — 5’ direction.
mechanism. A and B, the schemes depict the structures of mobile and nonmobile oligonucleotide-based  In contrast, RECQ1 shows low effi-
D-loops and the expected mechanisms of their dissociation by the branch migration (A) or helicase (B) activi- . . .

ties. Unpaired DNA regions that arise during branch migration are shown by widening in DNA duplex (four ciency n promo.tlng. the four-
bases from each side of mobile D-loops), and the nonhomologous displaced strand of nonmobile D-loops is stranded branch migration.

indicated by the cross-hatched segment. The arrows indicate the direction of branch migration and DNA RECQ1 Promotes D-loops Dissoci-
unwinding. The asterisks indicate 3P label at the 5'-end DNA. C, the DNA products of D-loop dissociation were , , ,
visualized by electrophoresis in a 6% polyacrylamide gel. The dissociation was initiated by the addition of ation by Branch Migration, not by
RECQ1 in indicated concentration to the mobile or nonmobile D-loops followed by incubation for 30 minat  DNA  Unwinding—D-loops, key
30°C.In controls,_storage bu_ffer was added instead of RECQ1. Inreactionsin lanes 11-13 and 15 (marked by thg intermediates of HR, can be either
rectangles), an oligonucleotide complementary to one DNA strand of D-loops was added to prevent their

possible reannealing after melting. In lane 15, D-loop melting was carried out by heating followed by thermal extended by the four-stranded
reannealing. Lane 14 shows the migration of DNA markers. D, the data from C presented as a graph. The error  branch migration or disrupted

bars indicate S.E. through the three-stranded branch
migration or the helicase mecha-

bias was less significant; branch migration occurred approxi- nism (Fig. 1). Previously, we showed that RAD54 dissociates
mately three times more efficiently in this direction than in the =~ D-loops by branch migration (24, 25). BLM helicase can also
5" — 3’ direction (Fig. 5, Band C). promote efficient disruption of D-loops (35), but the mecha-
It should be noted that the efficiency of the four-stranded nism of D-loop dissociation by BLM is not completely under-
branch migration was much weaker than three-stranded reac- stood because BLM has both DNA unwinding (51, 52) and
tion. Thus, the four-stranded reaction proceeded efficiently DNA branch migration activities (29). Here, we examined
only at low concentrations of Mg®" (less than 1 mm) that are  whether RECQI1 can promote D-loop disruption through its
favorable for RECQ1 helicase activity (27) and facilitate forma- three-stranded branch migration activity that we described
tion of the open PX junction conformation, which is required above (Figs. 2B and 4D). We used synthetic mobile D-loop sub-
for branch migration. At the high Mg>™ concentration (5 mm)  strate, which was prepared by annealing of ssDNA to the
that we used for the three-stranded reaction, RECQ1 is unable branched DNA molecule (Fig. 7A). To minimize spontaneous
to promote efficient four-stranded branch migration on PX or  dissociation of resulting D-loops, we introduced four mis-
X junctions (data not shown). The efficiency of the four- matches from each side of the D-loops that lead to significant
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D-loop dissociation in the 5" — 3’

* direction. In this respect RECQ1
— + helicase is different from another

branch migration protein, RAD54,
which does not show distinct polar-
ity in branch migration (25) and can
efficiently dissociate D-loops in the
5" — 3’ direction (24).

RECQI Dissociates D-loops
Formed on Plasmid DNA by the
5'-Invading ssDNA—The data de-
scribed above suggest that the 3" —
5" polarity preference in branch
migration would make RECQ1 spe-
cifically able to dissociate D-loops
formed with a 5'-invading but not
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with a 3'-invading DNA strand (Fig.
9A). To test this prediction we pre-
pared plasmid-based D-loops with
either 3’- or 5'-invading DNA
strands using RAD51-promoted
DNA strand exchange. After depro-
teinization and purification, the
D-loops were used as substrates for
RECQ1 helicase (Fig. 94). We found

o

100 150

RECQ1 (M)

0 50

FIGURE 8. RECQ1 catalyzes dissociation of mobile D-loops in the 3’ — 5’ direction. A and B, the
schemes depict the structures of mobile oligonucleotide-based D-loops that migrates in either 3" — 5’ (A)
or5’" — 3’ (B) direction. Unpaired DNA regions that arise during branch migration are shown by widening

in DNA duplex (four bases from each side of mobile D-loops). The arrows
branch migration. The asterisks indicate 3?P label at the 5’-end DNA. C,

migration were visualized by electrophoresis in a 6% polyacrylamide gel. The reactions were initiated by
the addition of RECQ1 in indicated concentration to the mobile D-loops,
branch migration eitherin the 3" — 5’ (lanes 1-5) orin the 5" — 3’ (lanes 6 -10) direction. In controls (lanes
1 and 6), storage buffer was added instead of RECQ1. Lanes 11-13 show the migration of DNA markers.

D, the data from C presented as a graph. The error bars indicate S.E.

reduction of spontaneous branch migration (Fig. 7C, lane I).
Addition of RECQI helicase to the reactions results in efficient
dissociation of mobile D-loops (Fig. 7, C, lanes 2-5, and D). We
examined whether RECQ1 dissociates D-loops by the branch
migration (Fig. 7A) or by the helicase mechanism (Fig. 7B). For
this purpose, we used synthetic nonmobile D-loops as a sub-
strate, which can be dissociated only by the helicase mecha-
nism. We found that RECQ1 cannot disrupt synthetic nonmo-
bile D-loops, which would require melting of a 63-bp
heteroduplex region (Fig. 7, C, lanes 6 —13, and D), even though
it can disrupt shorter nonmobile D-loops (21 bp of a heterodu-
plex region) under optimal conditions (low free Mg>" concen-
tration) for RECQI helicase activity (27). Therefore, we con-
clude that D-loop dissociation occurs through the branch
migration mechanism (Fig. 7A4). We then examined the direc-
tionality bias in D-loop disruption by RECQ1 using synthetic
mobile D-loops, which can be dissociated in either the 3" — 5’
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200

that RECQ1 promotes efficient dis-
sociation of D-loops formed by the
5'-invading ssDNA (Fig. 9, B, lanes
8-14, and C). In contrast, RECQ1
poorly dissociated D-loops formed
by the 3’-invading ssDNA (Fig. 9, B,
lanes 1-7, and C). We next deter-
mined the dependence of D-loop
disruption on the RECQ1 concen-
tration. We found that 50% dissoci-
ation of D-loops with the 3’-invad-
ing ssDNA required more than 10-fold higher RECQ1
concentration than dissociation of 50% of D-loops with the
3'-invading ssDNA, 5 nMm versus more than 50 nm RECQ]I,
respectively (Fig. 9, D and E).

We then examined whether dissociation of plasmid-based
D-loops by RECQ1 occurs through the branch migration or the
helicase mechanism. Because ssDNA-binding proteins RPA
and SSB are known to enhance DNA unwinding activity of the
RecQ family helicases including RECQ1 (28, 42, 53-55), we
performed D-loop disruption by RECQ1 in the presence of RPA
or SSB. We found that neither SSB nor RPA stimulated RECQ1-
dependent D-loop dissociation (supplemental Fig. S4). Thus,
these results are inconsistent with the helicase mechanism and
indicate that branch migration activity of RECQ1 is responsible
instead for D-loop disruption.

The observed efficiency of dissociation of the 5'-invaded
D-loop was comparable with the efficiency reported previ-

indicate the direction of DNA
the DNA products of branch

which can be dissociated by
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conformation of the RAD51 (15,
24), which exists in an active (ATP-
bound) or in an inactive (ADP-
bound) form (48). To promote DNA
strand exchange, RAD51 has to be
in an active form but can be con-
verted to an inactive conformation
during ATP hydrolysis in the pres-
ence of Mg>*. In vitro, an active
form of RAD51 can be mimicked by
the RAD51 K133R ATPase mutant,
which can bind but not hydrolyze
ATP. RAD51 in an active form
inhibits D-loop dissociation by both

scDNA

ssDNA

RAD54 and BLM; RAD51 inactiva-
tion is required for D-loop dissocia-
tion (15, 24). Here, we found that
RECQI can promote dissociation of
native D-loops. Similar to RAD54
and BLM (15, 24), RECQ1 could
only dissociate native D-loops
when RADS51 bound to the
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D-loops was in an inactive form
Time (min)

(Fig. 10, B-D). As with deprotein-
ized D-loops (Fig. 9, B-E), RECQ1

preferentially dissociates native
D-loops formed by the 5'-invading
ssDNA (Fig. 10, C and D).

DISCUSSION

Previously, it was shown that
RECQ1 is important for the mainte-
nance of genome stability in mice
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FIGURE 9. RECQ1 helicase catalyzes specific dissociation of 5'-invaded joint molecules (D-loops).
A, scheme representing dissociation of D-loops formed by 3’- and 5'-invaded ssDNA. The asterisks indicate 32P
label at the 5’-end DNA. scDNA indicates supercoiled dsDNA. B, the time course of D-loop dissociation by
RECQ1. The reaction was initiated by adding RECQ1 (7.5 nm) to purified D-loops, carried out for the indicated
periods of time, and analyzed by electrophoresis in a 1% agarose gel. C, the data from B, shown as a graph.
D, effect of the RECQ1 concentrations on dissociation of D-loops (150 pm). RECQ1 was added in the indicated
concentrations; the reactions were carried out for 30 min, and the DNA products were analyzed in a 1% agarose
gel. E, the data from D are presented as a graph. The error bars in C and E indicate S.E.

ously for BLM (35); however, in contrast to RECQ1, BLM
showed only a small preference toward disruption of the
5'-invaded D-loops (supplemental Fig. S5), which is consist-
ent with previously published data (35). Thus, RECQL is
unique among known branch migration proteins in that it
shows preferential dissociation of the 5’'-invaded D-loops.
Effect of RADS1 on D-loop Dissociation by RECQ1—In vivo,
D-loops are generally formed by Rad51 recombinase. After-
ward, Rad51 likely remains associated with D-loops and there-
fore may represent a barrier for their dissociation. Here we
asked whether the branch migration activity of RECQ1 can dis-
sociate native D-loops (nondeproteinized D-loops with RAD51
protein bound to them), which mimic in vivo recombination
intermediates (Fig. 104). Previously, we have shown that disso-
ciation of native D-loops by RAD54 or BLM depends on the
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and human cells (38, 39). Here we
investigated the biochemical prop-
erties of RECQ1 that may contrib-
ute to its biological function. We
found that RECQl possesses an
ATPase-dependent DNA branch
migration activity. We also demon-
strated that RECQ1 may employ its
DNA branch migration activity to
disrupt recombination intermedi-
ates, D-loops, indicating a possible role for RECQ1 in HR.

HR is essential for DSB repair, segregation of homologous
chromosomes, propagation of genetic diversity, and mainte-
nance of telomeres (20, 23, 56 —61). However, inappropriate
or untimely initiation of HR can generate harmful genome
rearrangements and lead to loss of heterozygosity (62).
Therefore, cells have evolved specific mechanisms to control
recombination and to coordinate it with other cellular func-
tions. Previous work implicated RecQ helicases in regulation
of HR events. Mutations in the RecQ helicase genes show a
hyper-recombination phenotype causing genome instability
thatleads to inherited human disorders, Werner, Bloom, and
Rothmund-Thomson syndromes (5, 6). We recently found
that BLM can prevent untimely initiation of HR by disrupt-
ing the RAD51 filament (15). Moreover, it was also reported

JOURNAL OF BIOLOGICAL CHEMISTRY 20239


http://www.jbc.org/cgi/content/full/M801582200/DC1

RECQT1 Disrupts Joint Molecules by Branch Migration

RAD51-filament

A

Active RAD51 filament

Inactive RAD51 filament

human cells during DSB repair by
HR, the exonucleases mainly gener-
ate tailed intermediates with the
3'-protruding ends (Fig. 11A),
although the mechanism(s) of DNA
recession is not yet fully elucidated
(22, 23). However, given a broad
spectrum of nucleases and helicases
in human cells, it seems very likely
that at least some fraction of
5'-ssDNA can be generated during
DNA repair (Fig. 11B). Further-
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The RECQ1 activity described in
this work may serve to specifically
disrupt these potentially toxic HR
intermediates (Fig. 11B). After dis-
ruption of dead end D-loops, tailed
DNA with the 5'-protruding end
either can be reprocessed into tailed
DNA with the 3'-protruding ends,
e.g. by action of DNA polymerase
and/or of 5" to 3" exonucleases, and
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FIGURE 10. Dissociation of native D-loops by RECQ1 helicase required inactivation of RAD51 filament.
A, The experimental scheme. The asterisks indicate the 3P label at the 5'-DNA end. scDNA indicates supercoiled
dsDNA. B, RECQ1 cannot disrupt native D-loops in the presence of an active RAD51 filament (formed by the
RAD51 K133R ATPase-deficient mutant). The reactions were initiated by the addition of RECQ1 in indicated
concentrations. C, RECQ1 disrupts D-loops formed by RAD51 after filament inactivation (Ca®" removal). The
protein concentrations are indicated above the gel. In lanes 7 and 7, the protein was replaced by RECQ1 storage

buffer. D, the data from C presented as a graph. The error bars indicate S.E.

by Hu et al. (14) that RECQ5 has similar RAD51-filament
disrupting activity. At a later stage, HR can also be inhibited
by disrupting joint molecules (Fig. 1B), important HR inter-
mediates. It was shown that BLM helicase can promote dis-
sociation of HR joint molecules, D-loops (15, 35, 52). How-
ever, D-loop disruption activity of BLM can also drive HR
forward, channeling the HR intermediates into the synthesis-
dependent strand annealing (SDSA) pathway, in which
D-loop disruption represents a necessary step toward com-
pletion of the recombination process, e.g. displacement of
the invaded ssDNA end after extension by DNA polymerase
is required for annealing to the second ssDNA end (Fig. 11A4)
(15, 63, 64).

Here, we found that another member of the RecQ helicase
family, RECQ], catalyzes dissociation of D-loops. Our analysis
revealed that RECQ1 dissociates D-loops by the branch migra-
tion but not the helicase mechanism. We found that RECQ1
preferentially disrupts D-loops with 5'-invaded ssDNA (Figs. 9
and 10). By analogy with yeast, it is generally thought that in
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channeled into the SDSA mecha-
nism or can be repaired by another
mechanism (Fig. 11B).

RECQI may also play a role in a
HR-dependent restart of collapsed
replication forks. A one-ended DSB
with the 5’-protruding ends can be
generated when incoming replica-
tion forks encounter nicks on the
DNA template (Fig. 11C). They can also be produced by endo-
nucleolytic cleavage of stalled replication forks. In both cases,
invasion of nonprocessed 5’-tailed DNA into homologous
duplex DNA may result in failed replication restart or at least
may require additional activities, e.g. four-stranded branch
migration activity, to switch 5’-invaded D-loop into productive
replication fork. RECQ1 may specifically dissociate nonpro-
ductive 5'-invaded D-loops, allowing procession of 5'-tailed
DNA ends into 3'-tailed ones by exonucleases followed by their
invasion into homologous dsDNA by RAD51 (Fig. 11C).

All of the proteins of the RecQ family show the 3’ — 5’
polarity in their helicase activity (66). Consistent with this
polarity, BLM, for instance, disrupts nonmobile D-loops
formed by 5'-invaded ssDNA, which only can be disrupted by
the action of a helicase, with a significantly higher efficiency
than D-loops formed by 3’-invading ssDNA (see scheme in Fig.
7B) (52). However, surprisingly, the helicase polarity does not
seem to “automatically” translate into the same polarity in
branch migration. Thus, BLM promotes disruption of mobile
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FIGURE 11. Possible role of RECQ1 helicase in repair of nonproductive HR intermediates. A, The SDSA mechanism of DSB repair. Processing of DSB results
in formation of the 3’-tailed dsDNA, which can invade the homologous chromosome forming D-loops. To retrieve lost information, the 3’-end of tailed DNA is
extended by DNA polymerase extended joint molecules are then dissociated by branch migration proteins (e.g. by BLM or RAD54) followed by reannealing of
the extended tailed dsDNA with the second end of broken chromosome. B, unconventional processing of DSB results in generation of the 5’'-tailed dsDNA.
D-loops resulted from invasion of the 5’-tailed DNA cannot be readily extended by DNA polymerase along the SDSA mechanism. These unproductive
intermediates can be disrupted by RECQ1 helicase. After disruption, tailed DNA with the 5’-protruding end can be reprocessed into tailed DNA with the
3'-protruding ends and channeled into the SDSA mechanism or can be repaired by another mechanism. C, restart of collapsed replication forks by HR. Invasion
of 5'-tailed DNA creates nonproductive intermediates, which may be dissociated by RECQ1 (/eft). After dissociation, 5’-tailed DNA are processed by exonucle-

ases into 3'-tailed DNA followed by Rad51-mediated invasion to initiate replication restart.

D-loops, which likely proceeds through the branch migration
mechanism, with similar efficiency regardless of whether they
are formed by 3'- or 5'-invaded ssDNA (35) (also supplemental
Fig. S3). In contrast, RECQ1 shows the same polarity bias in
disrupting of nonmobile (27) and mobile D-loops (our current
data), indicating an identical polarity preference of its helicase
and branch migration activities. The mechanistic basis for these
differences in the behavior of RECQ1 and BLM remains to be
elucidated.

Similar to other branch migration proteins, branch migra-
tion activity of RECQ1 showed dependence on ATP hydrolysis.
Typical for the RecQ family helicases (26), apart from ATP, the
RECQ1 activity was also supported by dATP. Less selective are
the RECQ5a (67), WRN, and BLM (68) helicases, which in
addition to ATP and dATP can utilize most of the nucleotide
cofactors to promote DNA unwinding. Interesting to note,
RAD54 protein shows even higher selectivity than RECQ1 with
respect to nucleotide cofactors; it promotes DNA branch
migration only in the presence of ATP.?

In summary, our current results show that RECQ1 has a
unidirectional 3" — 5’ branch migration activity and pro-
motes preferential dissociation of model recombination

3D.V.Bugreev and A. V. Mazin, unpublished observation.
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intermediates that result from invading of the 5'-ssDNA into
homologous dsDNA (Fig. 11). In vivo, this activity of RECQ1
may help to dissolve nonproductive and potentially toxic HR
intermediates and facilitate the restart of collapsed replica-
tion forks.
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