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Loss or inactivation of BLM, a helicase of the RecQ family,
causes Bloom syndrome, a genetic disorder with a strong predis-
position to cancer. Although the precise function of BLM
remains unknown, genetic data has implicated BLM in the proc-
ess of genetic recombination and DNA repair. Previously, we
demonstrated that BLM can disrupt the RAD5I1-single-
stranded DNA filament that promotes the initial steps of homo-
logous recombination. However, this disruption occurs only if
RADS51 is present in an inactive ADP-bound form. Here, we
investigate interactions of BLM with the active ATP-bound
form of the RAD51-single-stranded DNA filament. Surpris-
ingly, we found that BLM stimulates DNA strand exchange
activity of RAD51. In contrast to the helicase activity of BLM,
this stimulation does not require ATP hydrolysis. These data
suggest a novel BLM function that is stimulation of the RAD51
DNA pairing. Our results demonstrate the important role of the
RAD51 nucleoprotein filament conformation in stimulation of
DNA pairing by BLM.

Mutations of BLM helicase cause Bloom syndrome (BS),” a
rare autosomal disorder, which is associated with stunted
growth, facial sun sensitivity, immunodeficiency, fertility
defects, and a greatly elevated incidence of many types of cancer
occurring at an early age (1). BLM belongs to the highly con-
served family of RecQ helicases that are required for the main-
tenance of genome integrity in all organisms (2, 3). There are
five RecQ helicases in humans; mutations in three of them,
WRN, RECQ4, and BLM, have been associated with the genetic
abnormalities known as Werner, Rothmund-Thomson, and
Bloom syndrome, respectively (4, 5). The cells from BS patients
display genomic instability; the hallmark of BS is an increase in
the frequency of sister chromatid and interhomolog exchanges
(1, 6). Because homologous recombination (HR) is responsible
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for chromosomal exchanges, it is thought that BLM helicase
functions in regulating HR (7-9). Also, BLM helicase is
required for faithful chromosome segregation (10) and repair of
stalled replication forks (11, 12), the processes that are linked to
HR (13-15). BLM was found to interact physically with RAD51,
a key protein of HR (16) that catalyzes the central steps in HR
including the search for homology and the exchange of strands
between homologous ssDNA and dsDNA sequences (17). In
cells, BLM forms nuclear foci, a subset of which co-localize with
RADS5]1. Interestingly, the extent of RAD51 and BLM co-localiza-
tion increases in response to ionizing radiation, indicating a possi-
ble role of BLM in the repair of DNA double-strand breaks (16).

Biochemical studies suggest that BLM may perform several
different functions in HR. BLM was shown to promote the dis-
sociation of HR intermediates (D-loops) (18-20), branch
migration of Holliday junctions (21), and dissolution of double
Holliday junctions acting in a complex with Topollla and
BLAP75 (22-24). BLM may also facilitate DNA synthesis dur-
ing the repair process by unwinding the DNA template in front
of the replication fork (25). In addition, BLM and its yeast hom-
olog Sgs1 may play a role at the initial steps of DNA double-
strand break repair by participating in exonucleolitic resection
of the DNA ends to generate DNA molecules with the
3'-ssDNA tails, a substrate for RAD51 binding (26 —29).

In vivo, the process of HR is tightly regulated by various
mechanisms (30). Whereas some proteins promote HR (14, 31),
others inhibit this process, thereby preventing its untimely ini-
tiation (32, 33). Disruption of the Rad51-ssDNA nucleoprotein
filament appears to be an especially important mechanism of
controlling HR. This filament disruption activity was demon-
strated for the yeast Srs2 helicase (34, 35) and human RECQ5
helicase (36). Recently, we found that BLM can also catalyze
disruption of the RAD51-ssDNA filament (25). This disruption
only occurs if the filament is present in an inactive ADP-bound
form, e.g. in the presence of Mg®". Conversion of RAD51 into
an active ATP-bound form, e.g. in the presence of Ca** (37),
renders the filament resistant to BLM disruption (25). In this
study, we analyze the interactions of BLM with an active ATP-
bound RAD51-ssDNA filament. Surprisingly, we found that
BLM stimulates the DNA strand exchange activity of RAD51.
Thus, depending on the conformational state of the RAD51
nucleoprotein filament, BLM may either inhibit or stimulate
the DNA strand exchange activity of RAD51. Our analysis dem-
onstrated that, in contrast to several known stimulatory pro-
teins that act by promoting formation of the RAD51-ssDNA
filament, BLM stimulates the DNA strand exchange activity of
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RADS5]I at a later stage, during synapsis. Stimulation appears to
be independent of the ATPase activity of BLM. We suggest that
this stimulation of RAD51 may represent a novel function of
BLM in homologous recombination.

EXPERIMENTAL PROCEDURES

Proteins and DNA—Human RAD51, DMC1, RAD54, RPA,
BLM, BLM K695R, murine Hop2/Mnd1, and yeast Rad51 and
Rad54 proteins were purified as described (38). The BLM
K695A ATPase mutant was kindly provided by P. Sung. Super-
coiled pUC19 dsDNA was purified as described (37). All of the
oligonucleotides (IDT, Inc.) used in this study (supplemental
Table S1) were purified, labeled, and stored as described previ-
ously (39). dsDNA substrates were prepared by annealing of
oligonucleotides, as described in Ref. 39.

The D-loop Assay—To form the nucleoprotein filament, 3*P-
labeled ssDNA (ssDNA 90; 3 uM nucleotides) was incubated
with human or yeast Rad51 protein (1 um) in standard buffer
containing 25 mM Tris acetate, pH 7.5, 1 mm ATP, 0.5 mm
CaCl,, 2 mm DTT, 100 ug/ml BSA, 20 mMm phosphocreatine,
and 30 units/ml creatine phosphokinase for 15 min (unless
indicated otherwise) at 37 °C. When indicated, RPA (0.13 um)
was added to the reaction. BLM (in the indicated concentra-
tions) was added prior to the addition of pUC19 scDNA (50 um
nucleotides), unless indicated otherwise. D-loop formation was
terminated after a 15-min incubation. The products were
deproteinized, analyzed by electrophoresis in a 1% agarose gel
in 1X TAE buffer (40 mMm Tris acetate, pH 8.0, and 1 mm
EDTA), visualized, and quantified using a Storm 840 Phospho-
rImager (GE Healthcare). The yield of D-loops was expressed as
a percentage of the total plasmid DNA.

dsDNA Capture by the RAD51-ssDNA Presynaptic Filament—
This assay measures homology-independent conjunction of
RAD51-ssDNA presynaptic filament with dsDNA in com-
plexes that sediment at more than 10,000 S (Svedberg) (2 min at
15,000 X g) (40). To form the nucleoprotein filament, RAD51 (1
uM) was incubated with ssDNA (ssDNA 71; 3 uM nucleotides)
in buffer containing 25 mm Tris acetate, pH 7.5, 1 mm ATP, 0.5
mM CaCl,, 2 mm DTT, 100 ug/ml BSA, 20 mm phosphocreat-
ine, and 30 units/ml creatine phosphokinase for 15 minat 37 °C.
Then NaCl was added in the indicated concentration followed
by the addition of BLM (100 nm), HOP2/MND1 (100 nm), or
RAD54 protein (100 nm). After 10 min of incubation, dsDNA
capture was initiated by the addition of **P-labeled pUC19 (25
uM nucleotides), linearized with BamHI restriction endonucle-
ase, followed by 10 min of incubation at 37 °C. Aliquots (10 ul)
were withdrawn from the reaction mixture, and co-aggregates
were collected by centrifugation at 15,000 X gfor 5 minat 21 °C.
The yield of co-aggregates was determined using a Beckman LS
6500 radioactive counter. The residual retention of the radio-
active DNA on the tube walls, ~1-2%, was subtracted from the
measurements.

Measuring of the Apparent DNA Strand Exchange Promoted
by BLM—BLM (in the indicated concentrations) was incubated
with ssDNA (ssDNA 71; 32 nMm molecules) in buffer containing
25 mm Tris acetate, pH 7.5, 1 mm ATP (or indicated nucleotide
co-factor), 0.5 mm CaCl,, 2 mm DTT, 100 wug/ml BSA, 20 mm
phosphocreatine, and 30 units/ml creatine phosphokinase for

26350 JOURNAL OF BIOLOGICAL CHEMISTRY

A scDNA
BLM + OOOOO0 N
—————+ RAD51 \\ » ({ D-loop
ssDNA
B
RAD51 RAD51 +BLM BLM
Time (min) _ 0051 3 5101530 0 051 3 5101530 0 15 1530
D-loop » —cooooos -o00000

1234567 8 910111213141516 1718192021

c
607 RAD51 +BLM
&
L
[0} T T T T T T
0 5 10 15 20 25 30
Time (min)
D
601
501 RAD51 +BLM
=40
s
8 301

RAD51 +RECQ1

107
BLM
T casst R
0 T T T T T
0 100 200 300 400 500

BLM or RecQ1 (nM)

FIGURE 1. BLM stimulates DNA strand exchange activity of RAD51 pro-
tein in the presence of Ca2™. A, the experimental scheme. The asterisk indi-
cates the 3P label. B, lanes 9-16, the kinetics of D-loop formation was initiated
by addition of BLM (100 nm) and pUC19 scDNA to RAD51-ssDNA nucleopro-
tein filaments assembled in the presence of 0.5 mm Ca?*. Lanes 1-8 and
17-21, either BLM or RAD51 were substituted with their storage buffers,
respectively. C, the results from B are presented as a graph. D, effect of BLM
concentration on the efficiency of D-loop formation promoted by RAD51.
BLM or RECQT1 (in the indicated concentrations) were added to the RAD51-
ssDNA filaments formed in the presence of 0.5 mm Ca®". The reactions were
carried out for 15 min. The error bars in C and D indicate S.E.

10 min at 37°C. To start the reaction *’P-labeled dsDNA
(ssDNA 5/6; 32 nm molecules) was added followed by 15 min of
incubation. The reactions were terminated and deproteinized
by the addition of stop buffer up to 1.5% SDS and proteinase K
(800 pmg/ml) for 5 min at 25 °C, mixed with a 0.1 volume of
loading buffer (70% glycerol, 0.1% bromphenol blue), and ana-
lyzed by electrophoresis in 10% native polyacrylamide gels in
TBE buffer (90 mm Tris borate, pH 8.3,and 1 mm EDTA) at 135
V for 1.5 h.

RESULTS
BLM Stimulates the DNA Strand Exchange Activity of

RADS51—RAD51 shows characteristics of a self-inactivating
ATPase; during ATP hydrolysis in the presence of Mg™, the
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FIGURE 2. BLM stimulates the DNA strand exchange activity of DMC1.
A, the experimental scheme. The asterisk indicates the 32P label. B, nucleopro-
tein filaments were formed by incubation of DMC1 (1 um) with 32P-labeled
ssDNA (ssDNA 90; 3 um nucleotides) in buffer containing 25 mm Tris acetate,
pH 7.5, 1 mm ATP, 2 mm DTT, 100 wg/ml BSA, 20 mm phosphocreatine, 30
units/ml creatine phosphokinase, 3>*P-labeled ssDNA (ssDNA 90; 3 um nucle-
otides), and the indicated amount of CaCl, for 15 min at 37 °C. To initiate the
reactions, BLM (100 nm) was added followed by the addition of pUC19 scDNA
(50 um nucleotides). Products of DNA strand exchange were analyzed by
electrophoresisin a 1% agarose gel in 1X TAE (40 mm Tris acetate, pH 8.0, and
1 mm EDTA). C, the results from B represented as a graph. The error bars indi-
cate S.E.

RAD51-ssDNA filament turns into an inactive ADP-bound
form (37). Previously, we showed that BLM can disrupt an inac-
tive ADP-bound RAD51-ssDNA filament by dislodging RAD51
from ssDNA (25). Here we wanted to investigate interactions of
BLM with a RAD51-ssDNA filament maintained in an active
ATP-bound form in the presence of Ca®>". Using the D-loop
assay (Fig. 1A), we found that the addition of BLM to an active
RAD5]1 filament stimulates joint molecule formation 2—4-fold
(Fig. 1, Band C). Control experiments showed that BLM alone
has some limited ability to promote D-loop formation; how-
ever, this activity was too small to account for the observed
stimulation of RAD51 DNA pairing (Fig. 1, B, lanes 17-21, and
C). With the D-loop assay, we also showed that BLM can stim-
ulate the DNA strand exchange activity of DMCI1 protein, a
meiosis-specific RAD51 homolog (Fig. 2).

We further found that BLM stimulation was specific for the
human recombinases RAD51 and DMC1; no stimulation of
Saccharomyces cerevisiae Rad51 (ScRad51) or Escherichia coli
RecA was observed (Fig. 3). We did not observe RecA stimula-
tion by BLM also in the presence of Ca®>* and ATP under tested
conditions (data not shown). We also tested whether RECQ1
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FIGURE 3. BLM helicase does not stimulate DNA strand exchange activity
of S. cerevisiae Rad51 or E. coli RecA proteins. A, the experimental scheme.
The asterisk indicates the 32P label. B, nucleoprotein filament s were formed
by incubation of SCRAD51 (1 um) with *2P-labeled ssDNA (ssDNA 90; 3 um
nucleotides) in buffer containing 25 mm Tris acetate, pH 7.5, 1 mm ATP, 2 mm
DTT, 100 wg/ml BSA, 20 mm phosphocreatine, 30 units/ml creatine phos-
phokinase, and the indicated concentration of CaCl,. After a 15-min incuba-
tion, D-loop formation was initiated by the addition of ScRad54 (100 nm) or
BLM (100 nm) and pUC19 scDNA (50 um nucleotides). C, for RecA, D-loop
formation was carried out under similar conditions, except that CaCl, was
replaced by MgCl, (in indicated concentration), ATP was replaced with ATPvS
(1 mm), and the ATP regeneration system was omitted. The reactions pro-
moted by ScRad51 and RecA were stopped after 15 min of incubation. The
products were deproteinized, analyzed by electrophoresis in a 1% agarose-
TAE (40 mm Tris acetate, pH 8.0, and 1 mm EDTA), visualized, and quantified
using a Storm 840 Phosphorlmager (GE Healthcare).

(RECQL1), another member of the human RecQ family, has a
stimulatory effect on RAD51. The biochemical properties of
RECQ1 and BLM are similar; both proteins physically interact
with RAD51 (41-43) and show branch migration activities (21,
44). However, RECQ1 did not stimulate DNA strand exchange
promoted by RAD51 under tested conditions; in contrast, at
high concentrations RECQ1 inhibited this reaction (Fig. 1D).

In the accompanying paper, Kikuchi et al. (59) demonstrate
that BLM is required for recombination between homeologous
DNA sequences (homologous sequences with some mis-
matches) in the DT-40 cells. Here, we examined the effect of
BLM on DNA strand exchange between homeologous ssDNA
and pUC19 scDNA promoted by RAD51 (Fig. 4). As expected,
mismatches in DNA substrates significantly reduce the effi-
ciency of the RAD51-promoted DNA strand exchange (Fig. 4, A
and B). The addition of BLM increases the extent of D-loop
formation on DNA substrates containing 10% of mismatches
~4-fold (Fig. 4, C and D). Thus, BLM stimulates the RAD51
DNA strand exchange activity on both homologous and home-
ologous DNA substrates. Our current results showed that BLM
stimulates DNA strand exchange activity of RAD51 and DMCI.
The BLM stimulation appeared to be specific for these two
human recombinases.
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FIGURE 4. BLM stimulates RAD51 in DNA strand exchange between homeologous DNA substrates. A, mismatches in the ssDNA reduce the
efficiency of DNA strand exchange catalyzed by RAD51 protein. Products of DNA strand exchange were analyzed by electrophoresisin a 1% agarose gel.
RAD51-ssDNA nucleoprotein filaments were assembled on ssDNA fully homologous to pUC19 DNA (ssDNA 90, lanes 1-6), on homeologous ssDNA
containing 5% of mismatches (ssDNA 423, lanes 7-12), or 10% of mismatches (ssDNA 422, lanes 13-18). The kinetics of D-loop formation was initiated by
the addition of pUC19 scDNA. B, the results from A are presented as a graph. C, the kinetics of D-loop formation was initiated by the addition of BLM (100
nm) and pUC19 scDNA to RAD51-ssDNA nucleoprotein filaments assembled on homeologous ssDNA, which contains 10% mismatches. In lanes 1- 6, BLM
was substituted with its storage buffer (50 mm Tris acetate, pH 7.5, 100 mm KCl, 30% glycerol, and 10 mm B-mercaptoethanol). D, the results from C are

presented as a graph.

BLM Stimulates RADSI at the Synaptic Stage—Several
known Rad51 stimulatory proteins act by promoting Rad51 fil-
ament formation on ssDNA or by facilitating the interaction of
the filament with dsDNA (45). To characterize the mechanism
of a BLM-dependent RAD51 stimulation, we tested the effect
that order of addition of BLM and RAD51 has on this stimula-
tion (Fig. 54). We found no stimulation of D-loop formation
when BLM was incubated with ssDNA before the addition of
RADS51 and pUC19 scDNA (Fig. 5, B and C, scheme I). In con-
trast, stimulation was observed when BLM was added after for-
mation of the RAD51 filament; it reached maximum, ~3-fold,
when BLM was added either after pUC19 DNA or at the same
time as pUC19 (Fig. 5, B and C, schemes IV and V). The stimu-
lation was smaller, ~1.5-fold, when BLM was added to the
RAD51-ssDNA prior to pUC19 scDNA (Fig. 5, Band C, scheme
III). Thus, these results indicate that BLM exerts its stimulatory
effect likely after completion of filament formation, during the
search for homology and DNA strand exchange.

The Rad51 mediator proteins that promote loading of Rad51
on ssDNA are known to alleviate an inhibition of Rad51-ssDNA
filament formation by RPA, a single-stranded binding protein,
when RPA was bound to ssDNA prior to Rad51 (30). In con-
trast, we found that BLM does not rescue DNA strand exchange
that was inhibited by RPA, when RPA was bound to ssDNA
before the addition of RAD51 (Fig. 5, B and C, scheme VI). On
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the other hand, RPA did not diminish the stimulatory effect of
BLM when added to an assembled nucleoprotein filament (Fig.
5, B and C, scheme VII), indicating no specific interactions
between BLM and RPA, which could prevent RAD51 stimula-
tion by BLM at the presynaptic stage. Also, consistent with the
inability of BLM to promote RAD51 loading on ssDNA, we
found that BLM did not rescue DNA strand exchange when
RAD51 was added to the mixture of ssDNA and scDNA, instead
of being first preincubated with ssDNA to form the filament
(Fig. 5, B and C, scheme II). Thus, we concluded that, unlike
several known RAD51 mediators that act during RAD51-
ssDNA filament formation, BLM stimulates RAD51 at the syn-
aptic or postsynaptic stage.

The ATPase Activity of BLM Is Not Required for RADSI
Stimulation—It is known that RAD54, an important HR pro-
tein of the Swi2/Snf2 family, also stimulates RAD51-promoted
DNA strand exchange at the synaptic or postsynaptic stage.
Because RAD54 stimulates RAD51 in an ATPase-dependent
manner, we expected that the ATPase activity of BLM, which is
required for its translocation on DNA, would also be important
for stimulation of the RAD51 DNA strand exchange activity.
However, using the D-loop assay, we found that the ATPase-
deficient BLM K695A mutant stimulates DNA strand exchange
activity of RAD51 similar to wild type BLM (compare Fig. 1C
with Fig. 6, B, lanes 8—14, and C). Furthermore, we then found

VOLUME 284 -NUMBER 39-SEPTEMBER 25, 2009



A 15 min 15 min
|.ssDNA+ BLM —>RAD51 —>scDNA—>
0 min
Il. ssDNA+scDNA+BLM + RAD51—>
15 min 10 min 15 min
Ill. ssDNA+ RAD51—> BLM—> scDNA—>
10 min 15min
IV.ssDNA+ RAD51 —> scDNA—> BLM —
5min
V.ssDNA+ RAD51 —> BLM + scDNA —
5min
VI. ssDNA+ RPA —>RAD51 —>BLM + SCDNA—>
VII. ssDNA + RAD51 —> BLM+ scDNA+ RPA—>
B | Il " v V VI VIl
BLM -+ — 4+ —+ —+ =+ -+ — +
D-loop+»| == = e = @
wsone| D
1 234567 8910 11121314
C 5 50
C3RADS1 P ?
404 EZARADS1+BLM . % 401 %
- L | 7
= 30 % % 301 %
8 L | |
‘ ‘EEl EEl |
% I% l |
10| |1 | ‘o EEl 104 |
/ L |
o ‘o EE i

[ Il i wv v VI
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DNA. G, the results from B presented as a graph. The error bars indicate S.E.

Wl

that BLM can stimulate RAD51 in the presence of the nonhy-
drolyzable ATP analog AMP-PNP (Fig. 6D).

Therefore, the ATPase activity of BLM is not required for
stimulation of the DNA strand exchange activity of RAD51.
Thus, BLM stimulates the RAD51 strand exchange activity
through a novel mechanism that is independent of BLM trans-
location along DNA.

BLM-dependent Stimulation Requires an Active RADSI-
ssDNA Filament—We wanted to explore further the role of an
active form of the RAD51 filament in BLM-dependent stimu-
lation of DNA strand exchange. We investigated whether the
active form of the filament is merely needed for prevention of
the RAD51 filament disruption or whether it plays a significant
role in productive interactions of the RAD51 nucleoprotein fil-
ament with BLM required for stimulation of DNA strand
exchange.

Using wild type BLM we found that the stimulation occurs
only in the presence of Ca>* (Fig. 7, A—C). However, this result
did not exclude the possibility that in the absence of Ca*>" BLM
efficiently disrupts an inactive RAD51 filament or D-loops con-
taining inactive RAD51 (25), thereby diminishing the effect of

SEPTEMBER 25, 2009+VOLUME 284 -NUMBER 39

BLM Stimulates RAD51 DNA Strand Exchange

A scDNA
BLMK695A + OO0 —
He————+ RADS51 » (( D-loop
ssDNA
B RAD51 RAD51 +BLM K695A

3 5101530 0 1 3 5 101530

Time (min) _0 1

D-loop » e emeoee

12345867 891011121314

RAD51 + BLM K695A

201 RAD51

101 BLMKB95A _

0 5 10 15 20 25 30
Time (min)

RAD51 + BLM
(AMP-PNP)

1
201 1
RAD51

101 (AMP-PNP)

0 5 10 15 20 25 30
Time (min)

FIGURE 6. The ATPase activity of BLM is not required for RAD51 stimula-
tion. A, the experimental scheme. The asterisk indicates the 32P label. B, the
ATPase-deficient mutant BLM K695A (100 nm) was added to the RAD51-
ssDNA filaments formed in the presence of 0.5 mm Ca>™ followed by imme-
diate addition of scDNA. In control, BLM was substituted with storage buffer.
Atindicated time points aliquots were withdrawn and analyzed on a 1% aga-
rose gel. C, the results as in B represented as a graph. Concentration of BLM
K695A was 100 nm. D, BLM (100 nm) stimulates DNA strand exchange activity
of RAD51 in the presence of T mm AMP-PNP. The reactions were carried out
and analyzed as in B, except that the CaCl, concentration was 0.3 mm. The
error bars indicate S.E.

stimulation. Indeed, Ca®>" depletion with EGTA during outgo-
ing D-loop formation by Rad51 results in significant dissocia-
tion of D-loops by BLM (Fig. 7, D and E). Therefore, we used
BLM K695A mutant that cannot disrupt RAD51 filaments (25)
but stimulates RAD51 strand exchange activity as efficiently as
wild type BLM (Fig. 6). We found that BLM K695A failed to
stimulate an inactive RAD51 filament assembled in the absence
of Ca®" (Fig. 8). We then tested the effect of BLM on the RAD51
K133R and K133A ATPase-deficient mutants. Of these two
mutants, the RAD51 K133R is known to form an active filament
on ssDNA in the presence of ATP, whereas the RAD51 K133A
can only form an inactive filament because of poor ATP bind-
ing. We found that BLM K695A stimulates DNA pairing activ-
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formation. C, the results from Brepresented as a graph. D, BLM stimulates D-loop formation by active RAD5 1-ssDNA filament and disrupts joint molecules after filament
inactivation. D-loop formation was initiated by the addition of BLM (100 nm) and scDNA to RAD51-ssDNA filament in the presence of 0.5 mm Ca®* and 0.3 mm Mg?"*.
Aliquots (10 ul) were withdrawn at indicated time points (lanes 7-6). After a 15-min incubation EGTA was added to deplete Ca®" and inactivate RAD51 and followed
by additional incubation for the indicated period of time (lanes 7-11). Lane 12 shows the reaction incubated for 45 min (total) without Ca®* depletion. DNA products
were separated in a 1% agarose gel. E, the results from D represented as a graph. The error bars in C and E indicate S.E.

ity of the RAD51 K133R but not that of RAD51 K133A mutant
(Fig. 8).

Therefore, the conformation of the RAD51-ssDNA filament
plays an important role in determining the outcome of interac-
tions with BLM. We found that BLM can only stimulate DNA
pairing activity of an active ATP-bound form of the RAD51-
ssDNA filament.

BLM Does Not Enhance dsDNA Binding by the RADSI1-
ssDNA Filament—1It was recently shown that Hop2/Mnd1 het-
erodimer stimulates RAD51 and DMCI1 proteins by enhancing
dsDNA binding by the RAD51-ssDNA and DMC1-ssDNA fil-
aments (31, 46). Previously, we showed that RAD54 has a sim-
ilar effect on dsDNA binding by the RAD51 filament (47). Here,
we wanted to test whether BLM may stimulate the DNA pairing
activity of RAD51 by the same mechanism. As in our previous
studies with RAD54 (47), we used a co-aggregation assay that
measures formation of low speed sedimenting co-aggregates
resulting from the homology-independent uptake of dSsDNA by
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the RAD51-ssDNA filament (48). If BLM were to increase
dsDNA binding affinity of the RAD51-ssDNA filament, we
would expect to observe an increase in resistance of co-aggre-
gates to solution ion strength.

Using 3?P-labeled linearized pUC19 dsDNA as a substrate,
we found that Hop2/Mnd1 and, to a smaller degree, RAD54
increases the salt resistance of co-aggregates between RAD51
and dsDNA, as expected (Fig. 9). In contrast, BLM did not sig-
nificantly increase the resistance of the co-aggregates to the
solution ion strength. Thus, the mechanism of stimulation of
the RAD51 DNA pairing activity does apparently not include an
increase in the dsDNA binding affinity of the RAD51-ssDNA
filament.

Stimulation of RADS51 Correlates with the BLM Ability to
Promote Apparent DNA Strand Exchange between Homologous
ss- and dsDNA, but Not with ssDNA Annealing Activity—Pre-
viously, it was shown that herpes simplex virus UL9 DNA heli-
case can promote unwinding of the DNA duplex in an ATPase-
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FIGURE 8. An active ATP-bound state of RAD51 filament is required for
BLM stimulation. A, the experimental scheme. The asterisk indicates the 32P
label. B, RAD51-ssDNA filaments formed either in the standard buffer contain-
ing 0.5 mm CaCl, (Ca, to produce an active ATP-bound filament) or 0.5 mm
MgCl, (Mg, to produce an inactive ADP-bound filament). In the right panel, the
ATPase-deficient mutants RAD51 K133A and K133R were used instead of
RAD51 wild type (WT) to form nucleoprotein filaments in standard buffer
containing 0.5 mm MgCl,. D-loop formation was initiated by the addition of
BLM K695A (100 nm) and pUC19 scDNA (50 um nucleotides).
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FIGURE 9. Effect of BLM, RAD54, and HOP2/MND1 proteins on heterolo-
gous dsDNA capture by the RAD51-ssDNA presynaptic filament. The
extent of dsDNA binding was determined by measuring of co-aggregation of
RAD51-ssDNA-dsDNA tertiary complexes. The RAD51-ssDNA filament was
formed by incubation of RAD51 with ssDNA (ssDNA 71, 94-mer) followed by
the addition of BLM, HOP2/MND1, or RAD54 protein. In control, BLM was
substituted with storage buffer (50 mm Tris acetate, pH 7.5, 100 mm KCl, 30%
glycerol, and 10 mm B-mercaptoethanol). Co-aggregation was initiated by
the addition of 3P-labeled linear pUC19 dsDNA. The stability of presynaptic
filament interaction with dsDNA was challenged by NaCl, which was added
prior to dsDNA. The reactions were carried out for 10 min. The results are
presented as a graph. Presynaptic filament independent co-aggregation by
individual protein under conditions used did not exceed 1-3%. The error bars
indicate S.E.

independent manner (49). We suggested that BLM binding
may also cause a local destabilization of the DNA helix and
thereby facilitate the search for homology and DNA strand
exchange promoted by RAD51. We expected that if dsDNA
were unwound by BLM, it would anneal with complementary
ssDNA to form a tailed DNA product (Fig. 104). Indeed, we
observed formation of the tailed DNA during incubation of
BLM with dsDNA in the presence of homologous ssDNA (Fig.
10, B, lanes 2-8, and C). In contrast, RAD54 protein and
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RECQ1 helicase did not efficiently promote formation of the
tailed DNA product (Fig. 10, B, lanes 9-14, and C). The
observed product could result from resection of the dsDNA by
contaminating exonucleases followed by annealing to the
homologous ssDNA. However, analysis of the BLM-treated
32P_labeled dsDNA performed by electrophoresis in a 20%
polyacrylamide gel containing 8 M urea confirmed full integrity
of the dsDNA, ruling out this possibility (data not shown). DNA
strand exchange activity of BLM showed no dependence on
ATP; omission of ATP or its substitution with either ADP or a
nonhydrolyzable analog AMP-PNP did not significantly affect
the reaction (Fig. 10D). Thus, the ATP independence of BLM-
promoted DNA strand exchange parallels the ATP independ-
ence of RAD51 stimulation by BLM (Fig. 8).

We also tested the ability of BLM to promote D-loop forma-
tion (Fig. 10E). In the presence of ATP, BLM did not efficiently
promote formation of D-loops (Fig. 10E, lane 1). However, it
was previously demonstrated that in the presence of ATP BLM
can disassemble D-loops through its helicase or branch migra-
tion activities (19, 25) (see also Fig. 7). Indeed, D-loop forma-
tion noticeably increased when we inhibited these BLM activi-
ties by omitting ATP or substituting it with the
nonhydrolyzable analog AMP-PNP or when we replaced BLM
with the BLM K695A ATPase-deficient mutant that lacks
D-loop dissociation activity (Fig. 10E). Note that this D-loop
formation activity of BLM alone was still not large enough to
account for the additive increase in the reaction with RAD51
(Figs. 1C and 6C).

We also tested the possibility that BLM may stimulate
RAD51 DNA strand exchange because of its known ssDNA
annealing activity (50). In preliminary experiments, we found
that one of the BLM mutants, K695R, was efficient in ssDNA
annealing but showed a very low ability to promote DNA strand
exchange (Fig. 11, A-D). We tested this mutant for the ability to
stimulate RAD51 DNA strand exchange and found that it was
significantly less efficient than BLM wild type and the BLM
K695A mutant (Fig. 11E).

Thus, stimulation of RAD51 by BLM correlates with the abil-
ity of BLM to promote apparent exchange of DNA strands
between homologous ss- and dsDNA substrates (dsDNA melt-
ing followed by annealing with ssDNA) not with the BLM
annealing activity. We suggest that, similar to UL9 DNA heli-
case, BLM may destabilize dsDNA and thereby facilitate the
search for homology and DNA strand exchange promoted by
RADS5I.

DISCUSSION

Mutations in the BLM helicase cause BS, which is associated
with profound genomic instability. Because the frequency of
certain recombination events, especially sister chromatid
exchanges, is elevated in BS cells, it was suggested that the func-
tion of BLM is to down-regulate HR. Several biochemical activ-
ities of BLM have been identified in previous studies that are
consistent with this view; BLM may dissolve double Holliday
junctions (22), dissociate joint molecules (19, 20), and disrupt
the RADS51 nucleoprotein filament (25).

However, genetic studies indicate that BLM may also play a
role in promoting HR (51, 52). In this study, we present data
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FIGURE 10. BLM promotes apparent DNA strand exchange between homologous DNA sequences. A, the
experimental scheme. The asterisk indicates the 3P label. B, the products were analyzed by electrophoresis in
a 10% polyacrylamide gel. BLM (lanes 2-8), RAD54 (lanes 9-11), or RECQ1 (lanes 12-14) in the indicated con-
centrations were incubated with ssDNA. The reactions were started by the addition of >?P-labeled dsDNA. In
control, BLM was substituted with storage buffer (lane 1). C, the results from B presented as a graph. The error
bars indicate S.E. D, BLM (100 nm) was incubated with ssDNA in the presence of indicated nucleotide co-factors
(1 mm) or without nucleotide co-factor (No cof). To start the reaction, >?P-labeled dsDNA was added. The
products were separated in 10% PAGE. Lane 1 shows migration of >?P-labeled dsDNA. E, BLM catalyzes D-loop
formation in an ATPase- and ATP-independent manner. BLM or BLM(K695A) ATPase mutant (100 nm) were
mixed with ssDNA (1 um nucleotides) in standard buffer for D-loop assay for 10 min in the presence of either
ATP (lanes 1 and 4), AMP-PNP (PNP, lanes 2 and 5), or in the absence of nucleotide co-factor (No cof, lanes 3 and
6). D-loop formation was initiated by the addition of pUC19 scDNA (50 um nucleotides). The products were
analyzed in a 1% agarose gel.

activity under our tested conditions,
despite the fact that RECQ1 physi-
cally interacts with RAD51 (43). The
interaction between RAD51 and
BLM may also be important in
recruiting BLM to the sites of
recombinational repair for serving
downstream functions, e.g. stimula-
tion of DNA repair synthesis after
strand invasion and dissociation of
D-loops after their extension by
DNA polymerase and RAD51 inac-
tivation (25, 51, 52).

We demonstrate here that BLM
can also stimulate the DNA pairing
activity of DMCI1, a meiosis-specific
homolog of RAD51 (Fig. 2). It is
known that BLM plays an important
role in meiosis. The expression of
BLM is greatly elevated in meiotic
prophase, and the protein co-local-
izes with RAD51/DMCI1 foci (53).
In humans, males homozygous for
BLM mutations are infertile, and
heterozygous individuals display
increased frequencies of chromo-
some abnormalities in their sper-
matozoa (1). In Drosophila melano-
gaster, mutations in the BLM gene
reduce the frequency of meiotic
recombination and alter cross-over
distribution (54). Stimulation of the
DNA strand exchange activity of
DMC1 may be related to a meiotic
function of BLM.

We showed that BLM stimulates
the RAD51 DNA strand exchange
on homeologous DNA substrates
containing 10% of heterology. This
result is consistent with the accom-
panying report by Kikuchi ez al. (59)
demonstrating that BLM is required
for Ig gene conversion, in which
recombination occurs between
homeologous DNA sequences con-
taining approximately the same
degree of heterology. The apparent
BLM independence of recombina-
tion between fully homologous sub-
strates observed in this work may
indicate that the efficiency of DNA

indicating a new possible function of BLM in HR: the stimula-  strand exchange promoted by RAD51 on such substrates ceases
tion of the DNA strand exchange activity of RAD51. BLM to be the limited step during HR. Thus, RAD51 stimulation by
shows specificity in stimulation of DNA strand exchange pro- BLM may be especially important on “difficult” DNA substrates

moted by human RAD51 and DMC1. We show that BLM does  containing mismatches.

not stimulate RAD51 orthologs, either E. coli RecA or S. cerevi- BLM shows significant similarity in its biochemical proper-
siae Rad51. Stimulation of RAD51 is not a common property of  ties with RAD54. Like RAD54, BLM can translocate on DNA in
human RecQ helicases; RECQ1 does not stimulate RAD51 an ATPase-dependent manner, bind specifically to Holliday
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FIGURE 11. The BLM K695R ATPase-deficient mutant promotes ssDNA annealing but does not promote
apparent DNA strand exchange or stimulate the RAD51 strand exchange. A, DNA annealing. Lanes 2-5,
BLM wild type (WT) or K695R protein was added in the indicated concentrations to the reaction mixture
containing 25 mm Tris acetate, pH 7.5, T mm ATP, 1 mm MgCl,, 2 mm DTT, 100 pg/ml BSA, 20 mm phosphocre-
atine, and 30 units/ml creatine phosphokinase, 3*P-labeled ssDNA (ssDNA 90; 1 nm molecules), and comple-
mentary ssDNA (ssDNA 91; 1 nm molecules) for 30 min at 22 °C. Lane 1, in control BLM storage buffer (50 mm Tris
acetate, pH 7.5, 100 mm KCl, 30% glycerol, and 10 mm B-mercaptoethanol) was added instead of BLM. The
reactions were terminated, and DNA samples were deproteinized by adding stop buffer to 1.5% SDS and
proteinase K (800 ug/ml) followed by incubation for 5 min at 22 °C. The samples were mixed with a 0.1 volume
of loading buffer (70% glycerol, 0.1% bromphenol blue) and analyzed by electrophoresis in 8% native polyac-
rylamide gels in TBE buffer (90 mm Tris borate, pH 8.3, and 1 mm EDTA). B, the experimental scheme. The BLM
K695R mutant poorly promotes apparent DNA strand exchange between homologous DNA sequences. The
asterisk indicates the *2P label. C, DNA products were separated in a 10% native polyacrylamide gel in TBE
buffer. BLM (lanes 2-4) and BLM K695R (lanes 5-7) in the indicated concentrations were incubated with ssDNA
(ssDNA 71; 32 nm molecules) in buffer containing 25 mm Tris acetate, pH 7.5, 1 mm ATP, 0.5 mm CaCl,, 2 mm DTT,
100 pg/ml BSA, 20 mm phosphocreatine, and 30 units/ml creatine phosphokinase for 10 min at 37 °C. The
reactions were started by the addition of 3>P-labeled dsDNA (ssDNA 5/6; 32 nm molecules) followed by 15 min
of incubation. In control (lane 1), BLM was substituted with the storage buffer (50 mm Tris acetate, pH 7.5, 100
mm KCl, 30% glycerol, and 10 mm B-mercaptoethanol). D, the results from Crepresented as a graph. E, the BLM
K695R mutant poorly stimulates DNA strand exchange promoted by RAD51 protein. DNA strand exchange was
examined using the D-loop assay. To form the nucleoprotein filament, >*P-labeled ssDNA oligonucleotide
(ssDNA 90; 3 um nucleotides) was incubated with RAD51 protein (1 um) in standard buffer containing 25 mm
Trisacetate, pH 7.5, 1 mmATP, 0.5 mm CaCl,, 2 mm DTT, 100 wg/ml BSA, 20 mm phosphocreatine, and 30 units/ml
creatine phosphokinase for 15 min at 37 °C. The BLM wild type or K695R and K695A mutants (in the indicated
concentrations) were added to the reaction mixture prior to addition of pUC19 scDNA (50 mm, nucleotides).
D-loop formation was terminated after a 15-min incubation at 37 °C. The products were deproteinized, ana-
lyzed by electrophoresis in a 1% agarose gel, visualized, and quantified using a Storm 840 Phosphorlmager (GE
Healthcare). The results of the quantification are represented as a graph. The error bars indicate S.E.
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junctions, and promote their migra-
tion, physically interact with
RADS51, and disrupt joint molecules
formed by RAD51 protein (2, 16).
Here we show that, like RAD54,
BLM can stimulate RAD51 strand
exchange activity. However, the
mechanisms of BLM and RAD54
stimulation of the RAD51 DNA
strand exchange activity appeared
to be different. In contrast with
BLM, the ATPase activity of RAD54
protein is required for stimulation
of RAD51 (47, 55). It was suggested
that RAD54 protein stimulates
RAD51 by promoting binding and
ATPase-dependent translocation of
dsDNA during the search for
homologous sequence. An ATP
independence of RADS51 stimula-
tion by BLM observed in this study
likely excludes a role of DNA trans-
location in RADS51 stimulation by
BLM. Also, in contrast to RAD54
and HOP2/MND1, BLM apparently
does not stimulate dsSDNA binding
by the RAD51-ssDNA filament.
However, the ATP independence of
RAD51 stimulation does not neces-
sarily exclude a role of the BLM heli-
case activity in this stimulation. It is
known that ATP hydrolysis is
required for DNA translocation of
helicases rather than for duplex
destabilization (49). Consequently,
we suggest that BLM may stimulate
RAD51 by promoting an ATPase-
independent  destabilization  of
DNA duplex during the search for
homology. Consistent with this
hypothesis, we show that BLM
catalyzes an ATPase-independent
DNA strand exchange, albeit with a
relatively low efficiency.

The RAD51-ssDNA filament, an
active species that promotes HR,
exists in two major conformations,
ADP-bound or inactive and ATP-
bound or active (56). We found that
the conformational state of the
RAD51-ssDNA filament plays an
important role in interactions with
BLM. We previously showed that
BLM efficiently disrupts the
RAD51-ssDNA  filament when
RADS51 is present in an inactive
ADP-bound form (25). In this study,
we show that stimulation of RAD51
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FIGURE 12. Functions of BLM in homologous recombination. BLM may
disrupt an inactive ADP-bound RAD51 filament preventing premature initia-
tion of HR. After formation of an active ATP-bound RAD51-ssDNA filament in
the presence of mediator proteins or other stimulatory factors, BLM may stim-
ulate DNA pairing of RAD51 and promote late steps of HR by dissociating
D-loop after completion of DNA repair synthesis.

by BLM requires the active ATP-bound conformation of the
RAD51-ssDNA filament. We suggest that some stimulatory
factors, such as accessory proteins (57), specific co-factors, or
proper ionic environment may stabilize the presynaptic
RAD51-ssDNA filament, making it not only resistant for BLM
disruption but also susceptible for BLM stimulation (Fig. 12).
Thus, the conformational state of the RAD51-ssDNA filament
may play a pivotal role in determining the outcome of the fila-
ment interaction with BLM and, as we have showed previously,
with RAD54 (18, 58). The observed dependence of the BLM
function on the filament conformation suggests that BLM may
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play a quality control function in HR. It may prevent premature
initiation of recombination events by partially active RAD51
filament, but after filament activation BLM may stimulate DNA
strand exchange, ensuring an efficient continuation of the
proper HR. Further work is needed to determine the role of the
observed stimulation of the RAD51 and DMC1 DNA strand
exchange activity by BLM in vivo.
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