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Bloom’s syndrome (BS) is an autosomal recessive disorder characterized by a strong cancer predisposition. The
defining feature of BS is extreme genome instability. The gene mutated in Bloom’s syndrome, BLM, encodes a
DNA helicase (BLM) of the RecQ family. BLM plays a role in homologous recombination; however, its exact
function remains controversial. Mutations in the BLM cause hyperrecombination between sister chromatids
and homologous chromosomes, indicating an anti-recombination role. Conversely, other data show that BLM

is required for recombination. It was previously shown that in vitro BLM helicase promotes disruption of
recombination intermediates, regression of stalled replication forks, and dissolution of double Holliday
junctions. Here, we demonstrate two novel activities of BLM: disruption of the Rad51-ssDNA (single-stranded
DNA) filament, an active species that promotes homologous recombination, and stimulation of DNA repair
synthesis. Using in vitro reconstitution reactions, we analyzed how different biochemical activities of BLM

contribute to its functions in homologous recombination.
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In humans, mutations in the BLM gene cause Bloom’s
syndrome (BS), an autosomal recessive disorder whose
clinical manifestations include proportional dwarfism,
immunodeficiency, male infertility, and others (German
1993). A specific feature of BS is a greatly elevated inci-
dence of cancer with exceptionally early onset. BS indi-
viduals are predisposed to develop most types of cancer,
an unusual feature among cancer predisposition disor-
ders. The hallmark of BS is a high degree of genome
instability (Bachrati and Hickson 2003; Hickson 2003).
Specifically, BS shows a greatly increased frequency of
reciprocal sister chromatid exchanges (SCE) and ex-
changes between homologous chromosomes (German
1993). These data indicate that BLM suppresses homolo-
gous recombination (HR), the process responsible for
chromosomal exchanges (Sonoda et al. 1999; Gonzalez-
Barrera et al. 2003). However, recent genetic data re-
vealed a more complex relationship between BLM and
HR: BLM may suppress some recombination events and
promote others (Adams et al. 2003).

In eukaryotes, HR has several crucial functions, in-
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cluding segregation of homologous chromosomes, propa-
gation of genetic diversity, maintenance of telomeres,
and repair of double-stranded DNA breaks (DSB) (Hoeij-
makers 2001; West 2003; Krogh and Symington 2004,
Whitby 2005; Agarwal et al. 2006; Sung and Klein 2006;
Helleday et al. 2007). HR is performed by an assembly of
specialized proteins, in which Rad51 plays a central role
(Bianco et al. 1998). Rad51 forms a nucleoprotein fila-
ment on single-stranded DNA (ssDNA), which is gener-
ated by specialized exonucleases at the sites of DNA
breaks. The filament possesses unique activities; it per-
forms the search for homologous double-stranded DNA
(dsDNA) sequences and promotes subsequent DNA
strand exchange between ssDNA and homologous
dsDNA sequences (Sung et al. 2003). DNA strand ex-
change results in formation of joint molecules (D-loops),
in which the invading ssDNA serves as a primer and the
homologous dsDNA as a template for DNA polymerase
during DNA repair synthesis. The joint molecules con-
tinue down one of the two pathways (Allers and Lichten
2001; Hunter and Kleckner 2001). They either dissociate,
leading to rejoining of the broken chromosome through
synthesis-dependent strand annealing (SDSA) (Allers and
Lichten 2001), or proceed through the capture of the sec-
ond processed DNA end to produce Holliday junctions

GENES & DEVELOPMENT 21:3085-3094 © 2007 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/07; www.genesdev.org 3085



Bugreev et al.

(Schwacha and Kleckner 1995; Cromie et al. 2006),
which are later resolved by structure-specific endonucle-
ases to produce crossover and noncrossover recombi-
nants via the DSB repair (DSBR) mechanism (PAques and
Haber 1999). Whereas crossing over is essential for
proper chromosome disjunction during meiosis, it may
be detrimental during mitotic recombination due to loss
of heterozygosity (LOH) and genome rearrangements.
Consequently, mitotic recombination proceeds mainly
through the SDSA mechanism producing noncrossover
recombinants.

The product of the BLM gene is BLM helicase, a mem-
ber of the highly conserved RecQ family, which is re-
sponsible for genome maintenance in all organisms from
bacteria to humans (Wu and Hickson 2006). Consistent
with its role in HR, BLM physically interacts with HR
proteins Rad51 and Rad51D, as well as with several
other proteins involved in DNA repair and DNA-damage
signaling such as Mus81, MLHI1, RPA, and ATM
(Beamish et al. 2002; Sharma et al. 2006). BLM can also
specifically recognize Holliday junctions and promote
their branch migration in an ATPase-dependent manner
(Karow et al. 2000). In vitro, BLM was shown to unwind
D-loops (van Brabant et al. 2000; Bachrati et al. 2006),
catalyze regression of model replication forks (Ralf et al.
2006), and resolve double Holliday junctions (Wu and
Hickson 2003) by forming a complex with topoisomerase
[la (Topo Illa) and BLAP75 (Raynard et al. 2006; Wu et
al. 2006).

Here we identified two novel biochemical activities of
BLM. We found that it can disrupt the Rad51-ssDNA
filament by dislodging human Rad51 (hRad51) protein
from ssDNA in an ATPase-dependent manner, the activ-
ity consistent with suppression of HR at an early stage.
We also demonstrated that BLM can stimulate DNA re-
pair synthesis and thereby possibly promote HR at the
late stages. Using in vitro reconstitution of HR reactions
we analyzed how the biochemical activities of BLM can
either promote or inhibit the SDSA mechanism of HR at
different stages.

Results
BLM inhibits DNA strand exchange activity of Rad51

BLM helicase shares similarity in its biochemical prop-
erties with the yeast Srs2 helicase, which is known to
dissociate the Rad51 filament (Krejci et al. 2003; Veaute
et al. 2003). In addition, overexpression of Sgsl, the sole
yeast RecQ ortholog, can suppress recombination defects
of srs2A, indicating at least partial overlap in their func-
tions (Mankouri et al. 2002; Ira et al. 2003). We hypoth-
esized that BLM can dissociate the filament formed by
hRad51 on ssDNA, in the same manner as Srs2. Here we
tested this hypothesis.

Since filament disruption would result in inhibition of
DNA strand exchange, we first used the D-loop assay to
test the effect of BLM helicase on DNA strand exchange
promoted by hRad51. In this assay, hRad51 forms a nu-
cleoprotein filament on ssDNA, which then catalyzes
formation of joint molecules (D-loops) with pUCI19 su-
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percoiled DNA (scDNA) (Fig. 1A). The reaction also con-
tained human RPA (hRPA), a ubiquitous eukaryotic
ssDNA-binding protein involved in DNA repair, replica-
tion, and HR, which was added after hRad51-ssDNA fila-
ment formation. The presence of hRPA was expected to
facilitate detection of hRad51 displacement from ssDNA
by BLM: Previously, it was shown that yeast RPA by
efficient binding to ssDNA prevents rapid reassembly of
the yeast Rad51-ssDNA filament after its disruption by
Srs2 (Krejci et al. 2003). As we showed previously, for-
mation of an active hRad51-ssDNA filament requires
Ca?" (Bugreev and Mazin 2004). Therefore, to activate
the hRad51-ssDNA filament, which was initially as-
sembled in the presence of Mg>* alone, calcium (2 mM)
was added to the reaction mixture prior to addition of
pUCI9 scDNA. As expected, hRad51 efficiently pro-
moted formation of D-loops (Fig. 1B, lane 1). However,
addition of BLM to the hRad51-ssDNA filament prior to
Ca?" resulted in a strong inhibition of D-loop formation
(Fig. 1B, lane 2). In contrast, we did not observe a signifi-
cant inhibition when BLM was added to the filament
after addition of Ca®>* (Fig. 1B, lane 7). The effect of the
order of addition of BLM relative to Ca** indicated that
the inhibition was mediated by BLM interaction with an
inactive hRad51-ssDNA filament, presumably causing
its disruption, not by melting of the D-loops. Ca>" might
prevent dislodging of hRad51 from ssDNA by BLM be-
cause it stabilizes the filament (Bugreev and Mazin
2004). The inhibition of D-loop formation showed de-
pendence on the BLM concentration, with a half-inhibi-
tion (ICs,) of ~40 nM BLM (Fig. 1D,E). This BLM con-
centration was ~75-fold lower than that of hRad51, indi-
cating that BLM acts catalytically; e.g., by translocating
along ssDNA. Consistent with this interpretation, the
ATPase-deficient BLM mutant, K695R, which lacks
DNA translocation and helicase activities, did not in-
hibit D-loop formation (Fig. 1B, lane 3). We found that
inhibition of D-loop formation was specific for hRad51;
BLM did not significantly inhibit DNA strand exchange
activity of hDmecl, a meiotic hRad51 homolog (Fig. 1B
[lanes 4,5], C), or yeast Rad51 protein (Fig. 1D, lanes
8-12). Conversely, inhibition of DNA pairing activity of
hRad51 appeared to be specific for BLM, as RecQl1, an-
other member of the human RecQ helicase family, in
concentrations from 25 to 200 nM did not significantly
inhibit Rad51-mediated D-loop formation under the
tested conditions (data not shown). Overall, the data pre-
sented here suggest that the observed inhibition of D-
loop formation is caused by disruption of the hRad51-
ssDNA filament by BLM helicase.

BLM dismantles the hRad51-ssDNA filament

To demonstrate that BLM indeed displaces hRad51 from
ssDNA, we developed a nuclease protection assay (Fig.
2A). Because hRad51 can bind both ssDNA and dsDNA,
32p.labeled dsDNA fragment was used as a trap for
hRad51 that would be displaced from the filament. The
dsDNA fragment contained a unique Ddel site, such that
binding of hRad51 would protect the dsSDNA from cleav-
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Figure 1. BLM inhibits DNA strand exchange
activity of hRad51 protein by interaction with
the hRad51-ssDNA filament. (A) The experi-
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age by Ddel. We demonstrated first that BLM or hRad51-
ssDNA filament separately could not protect dsDNA
against the cleavage (Fig. 2B [lanes 2-5,6], C). However,
addition of BLM to the hRad51-ssDNA filament caused
an inhibition of the Ddel cleavage in a BLM concentra-
tion-dependent manner, demonstrating the displace-
ment of hRad51 from ssDNA (Fig. 2B [lanes 7-14], C).
Cleavage protection was not observed in the presence of
AMP-PNP, a nonhydrolysable ATP analog (Fig. 2B, lanes
15-17). This result argues against a hypothetical mecha-
nism in which dsDNA would be protected from the
cleavage by forming a nonspecific ternary complex with
BLM and the hRad51-ssDNA filament.

We also used electron microscopy to directly visualize
the effect of BLM on the hRad51-ssDNA filament. After
incubation of hRad51 with ssDNA, formation of the
hRad51-ssDNA nucleoprotein filaments was detected
(Fig. 3A). The filament was stable in the presence of
hRPA (Fig. 3A), which formed distinct complexes with
ssDNA in the absence of hRad51 (Fig. 3B). When BLM
helicase was then added to the assembled hRad51-
ssDNA complexes, hRad51 filaments could not be de-
tected. Instead we observed the appearance of hRPA-
ssDNA complexes (Fig. 3C). Thus, both the results of
biochemical assays and electron microscopy demon-
strated that BLM displaces hRad51 from ssDNA.

ATPase activity of BLM is strongly stimulated
by ssDNA

It is known that yeast Srs2, which displaces yeast Rad51
from ssDNA, has an ATPase activity that is strongly

80 100 sented as a graph. Error bars in C and D indicate
SEM.

stimulated by ssDNA (Van Komen et al. 2003). Here we
asked whether the ATPase activity of BLM shows simi-
lar specificity. Indeed, we found a strong ssDNA-depen-
dent ATPase activity of BLM, which was approximately
sixfold greater than its dsDNA-dependent ATPase (Fig.
4). In the previous report by Karow et al. (1997), prefer-
ence of the BLM ATPase for ssDNA could have been
missed because of the use of sheared salmon-sperm DNA
substrates, which may contain some irregular structures
like tailed or branched DNA that strongly induce the
ATPase of BLM. Thus, the substrate specificity of BLM
resembles that of yeast Srs2.

D-Iloop disruption by BLM

BLM can disrupt D-loops, key intermediates of HR (van
Brabant et al. 2000; Bachrati et al. 2006). It was suggested
that this activity of BLM may contribute to its anti-re-
combinase function. We recently found that hRad54 pro-
tein, owing to its ATP-dependent branch migration ac-
tivity (Bugreev et al. 2006b; Mazina et al. 2007), can also
cause dissociation of D-loops (Bugreev and Mazin 2007;
Bugreev et al. 2007). However in contrast to BLM,
hRad54 has no known anti-recombination function in
vivo. We also found that the D-loop dissociation activity
of hRad54 depends on the conformation of the hRad51
filament that remains associated with D-loops after their
formation; i.e., the filament in an active ATP-bound
form inhibits D-loop dissociation. Here we wanted to
examine whether BLM can dissociate native (nondepro-
teinized) D-loops containing hRad51, which better
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Figure 2. BLM promotes dissociation of the hRad51-ssDNA
filament. (A) The experimental scheme of the restriction endo-
nuclease protection assay. The asterisk indicates the 2P label.
(B) The products of DNA cleavage were analyzed in a 10% poly-
acrylamide gel. BLM was added to the preformed hRad51-
ssDNA filament, followed by addition of 3?P-labeled dsDNA
containing Ddel cleavage site. (Lanes 6-14) Protection against
Ddel cleavage indicates the transfer of hRad51 from the nucleo-
protein filament to the dsDNA probe (“hRad51-ssDNA”). In
control, hRad51 was replaced by storage buffer (lanes 2-5, “no
hRad51”), or reactions were carried out in the presence of AMP-
PNP, a nonhydrolyzable ATP analog (lanes 15-17, “hRad51-
ssDNA AMP-PNP”). Lane 1 shows migration of original dSsSDNA
fragment noncleaved by Ddel. (C) The results from B presented
as a graph. Error bars indicate SEM.

mimic in vivo recombination intermediates than previ-
ously studied naked D-loops. We also wanted to deter-
mine whether the BLM ability to dissociate native D-
loops is greater than that of hRad54, which would be
consistent with its anti-recombination function.

We found that BLM efficiently dissociated D-loops af-
ter the hRad51 filament inactivation by removal of Ca>*
(Fig. 5C, lanes 2-5). In contrast, BLM was unable to dis-
sociate native D-loops containing hRad51 when hRad51
was maintained in an active ATP-bound form in the
presence of Ca®* (Fig. 5B, lane 2). Since Ca?* does not
significantly inhibit dissociation of deproteinized
D-loops by BLM, we attributed this inhibition to the
effect of Ca®** on the conformation of hRad51 filament
(Bugreev and Mazin 2004). We then compared activities
of BLM and hRad54 in dissociation of native D-loops
after Ca®>* removal. Under the tested conditions, BLM
showed only a slightly higher efficiency of D-loop disso-
ciation than hRad54 (Fig. 5D).

Thus, the activity of BLM in D-loop dissociation
closely parallels that of hRad54. We previously suggested
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that D-loop dissociation by hRad54 may represent a step
leading to rejoining of the broken chromosome through
the SDSA mechanism (Bugreev et al. 2007). Similarly,
D-loop dissociation by BLM could also promote HR via
the SDSA mechanism, rather than disrupt it. Genetic
data also support the role of the Drosophila BLM ortho-
log (DmBLM) in the SDSA mechanism (Adams et al.
2003).

Stimulation of D-loop extension by BLM

Sekelsky and coworkers (Adams et al. 2003) reported
that BLM mutants in Drosophila both reduce the fre-
quency of the SDSA-mediated HR and cause a decrease
in the length of DNA synthesis tracts during the SDSA
repair synthesis. They suggested that BLM may stimu-
late DNA repair synthesis by unwinding the DNA tem-
plate ahead of the replication fork. Here, we wished to
test the validity of this hypothesis for human proteins:
BLM and DNA polymerase m. DNA polymerase n was
chosen because of its reported implication in DSBR
(Kawamoto et al. 2005; Mcllwraith et al. 2005).

First, we tested the specificity of BLM in unwinding a
model replication fork that mimicked the DNA joint
molecule generated by ssDNA invasion into the homolo-
gous duplex DNA (Fig. 6A). The substrate was produced
by annealing of synthetic oligonucleotides. Potentially,
in this substrate, BLM helicase could unwind the dis-
placed strand, the primer, or both. Using a 3?P- labeled
substrate, we found that, under the tested conditions,
BLM was significantly more efficient in unwinding the
displaced DNA strand (Fig. 6B, lane 3). Thus, the speci-
ficity of BLM helicase appeared consistent with its pro-
posed role in unwinding the DNA template in front of
the fork. In contrast, as expected, hRad54, which lacks
DNA helicase activity, did not unwind this model rep-
lication fork (Fig. 6B, lane 4).

We next examined the effect of BLM on DNA synthe-
sis that was carried out by DNA polymerase n on the
model replication fork (Fig. 6C). The results show that
BLM stimulated DNA synthesis by DNA polymerase m
(Fig. 6D, lanes 2-7). In contrast, hRad54 did not show the
stimulatory effect on the DNA synthesis (Fig. 6D, lanes
8-15).

Discussion

Although involvement of BLM in HR is well established,
its precise function remains unknown. In this study, we
discovered that BLM helicase can efficiently displace
hRad51 protein from ssDNA, thereby disrupting the fila-
ment that catalyzes the essential initial steps of HR. We
also found that BLM can stimulate DNA repair synthesis
in vitro. These and previous data indicate that BLM may
both suppress and stimulate the process of HR at differ-
ent stages (Fig. 7).

Even though HR is indispensable for repair of damaged
DNA and maintenance of genome integrity, its malfunc-
tion can generate detrimental rearrangements of genome
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Figure 3. Analysis of hRad51-ssDNA filament disruption by BLM using electron microscopy. (A) The hRad51-ssDNA filament
(indicated by arrows) was formed and then mixed with hRPA. hRad51-ssDNA filament formed in the absence of hRPA is shown in the
bottom left corner. (B) hRPA-ssDNA complexes (in the encircled area) are indicated by arrows. (C) The hRad51-ssDNA filament was
formed and then mixed with BLM and hRPA. The reaction resulted in disruption of the filament and formation of hRPA-ssDNA

complexes (indicated by arrows). Bar, 50 nm.

or produce toxic intermediates that can cause cell cycle
arrest and apoptosis (Fig. 7A [top], B [top]; Fabre et al.
2002). Not surprisingly, cellular mechanisms have
evolved that control HR activity, preventing its un-
timely initiation. Among these mechanisms, disruption
of the Rad51-ssDNA filament by displacement of Rad51
from ssDNA seems to be the most efficient one, since it
inhibits HR at the early stage (Fig. 7A [top], B [top]). Such
a mechanism has been demonstrated for Srs2 helicase
from yeast (Krejci et al. 2003; Veaute et al. 2003). Here
our results show that BLM helicase can also disrupt the
hRad51-ssDNA filament. Thus, BLM may supplement
the list of known helicases capable of displacing proteins
from nucleic acids in addition to conventional DNA or
RNA unwinding activities (Jankowsky et al. 2001; Byrd
and Raney 2004).

Although the exact mechanism of hRad51 displace-
ment from ssDNA remains to be investigated, it likely
involves BLM translocation along ssDNA, which is con-
sistent with the high ssDNA-dependent ATPase activity
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Figure 4. ATPase activity of BLM is stimulated by ssDNA
stronger than by linear or supercoiled (sc) dsSDNA. ATP hydro-
lysis was carried out in the presence of poly dT (black squares),
&X174 ssDNA (open squares), pUC19 scDNA (closed circles), or
pUCI9 linear dsDNA (open circles), or without DNA (dia-
monds). Error bars indicate SEM.

of BLM. Another helicase that disrupts the Rad51-
ssDNA filament, Srs2, also has strong ssDNA-dependent
ATPase activity (Van Komen et al. 2003). In contrast,
Rdh54 and Rad54, which displace yeast Rad51 from
dsDNA, have dsDNA-dependent ATPase activity and
were shown to translocate on dsDNA (Solinger et al.
2002; Amitani et al. 2006; Chi et al. 2006; Holzen et al.
2006). Since BLM physically interacts with hRad51 (Wu
et al. 2001), hRad51 displacement may also involve pro-
tein—protein interactions. In contrast, BLM does not dis-
place yeast Rad51 from ssDNA, nor does it displace
hDmcl, a meiotic hRad51 homolog.

In vivo, the role of the BLM yeast homolog, Sgs1 heli-
case, in HR has been extensively studied. It was shown
that Sgs1 functions overlap with those of Srs2, a helicase
that is known to disrupt the Rad51-ssDNA filament
(Krejci et al. 2003; Veaute et al. 2003). Thus, overexpres-
sion of the Sgsl helicase can suppress the hyperrecom-
bination phenotype of the srs2A strain (Mankouri et al.
2002; Ira et al. 2003). These results are consistent with
the role of Sgsl in disruption of the Rad51-ssDNA fila-
ment in vivo.

The ability of BLM to disrupt the hRad51-ssDNA fila-
ment depends on the conformation of the filament; BLM
can only disrupt an inactive filament in an ADP-bound
form. We previously showed that filament inactivation
occurs spontaneously during ATP hydrolysis (Bugreev
and Mazin 2004). In vitro, an active state of the filament
can be preserved in the presence of Ca”>*, because Ca**
specifically inhibits the hydrolytic step of ATP hydroly-
sis by hRad51. In vivo, some auxiliary proteins may also
help to maintain the filament in an active form (Shim et
al. 2004). Different sensitivity of the two forms of the
filament to BLM disruption suggests a possible mecha-
nism of regulation: Until the cell is fully prepared for
HR, the filament remains inactive and susceptible to
BLM dissociation. In this case, DNA repair can proceed
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Figure 5. BLM promotes disruption of “native” D-loops con-
taining hRad51. (A) The experimental scheme. The asterisk in-
dicates the 2P label. (B) BLM cannot disrupt “native” D-loops
in the presence of Ca?*. “Native” D-loops were formed by
hRad51, and the reaction was initiated by addition of BLM (lane
2) or BLM storage buffer as a control (lane 7). The DNA products
of D-loop disruption were analyzed by electrophoresis in a 1%
agarose gel. (C) BLM (lanes 2-5) and hRad54 (lanes 6-9) can
disrupt D-loops after Ca>* removal. The protein concentrations
are indicated above the gel. In lane 1, proteins were replaced by
BLM storage buffer. (D) The data from C presented as a graph.
Error bars indicate SEM.

through different mechanisms; e.g., by nonhomologous
end joining, DNA polymerase translesion, or replication
fork reversal (Fig. 7A,B).

Our current and previous data (Bugreev et al. 2007)
show that the activities of BLM and hRad54 overlap, as
both proteins can dissociate D-loops, key intermediates
of HR. Moreover, we show that BLM and hRad54 disrupt
native D-loops with comparable efficiency. Previously,
we suggested that dissociation of D-loops by hRad54,
after primer extension by DNA polymerase, may present
an important and necessary step that leads to reanneal-
ing of two ends of the broken DNA molecule during
DSBR through the SDSA mechanism (Bugreev et al.
2007). Sekelsky and coworkers (McVey et al. 2004) sug-
gested a similar function for DmBLM in the SDSA
mechanism (Fig. 7C). In contrast, it was also suggested
that D-loop dissociation activity of BLM presents a
mechanism of suppression of HR (van Brabant et al.
2000; Bachrati et al. 2006). Our current results indicate
that these two hypotheses are not necessarily exclusive.
The ability of BLM to disrupt “native” D-loops with
hRad51 bound to them (which mimic in vivo recombi-
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nation intermediates) is strongly affected by the confor-
mation of hRad51. Similar to hRad54 protein (Bugreev et
al. 2007), BLM cannot dissociate D-loops when hRad51
is present in an active ATP-bound conformation. This
property of hRad51 may help to prevent premature dis-
ruption of D-loops; i.e., before completion of the primer
extension by DNA polymerase. However, if for any rea-
son DNA polymerase is unavailable, BLM may still dis-
sociate D-loops in order to rescue the homologous chro-
mosome that serves as a temple for DSBR (Fig. 7B). In
this case, D-loop dissociation would require conversion
of the hRad51 filament into an inactive ADP-bound
form, as we discussed above.

Sekelsky and coworkers (Adams et al. 2003) found that
DmBLM mutants in Drosophila were impaired in their
ability to carry out extensive DNA repair synthesis in
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strand versus the primer. The DNA products were analyzed by
electrophoresis in a 10% PAGE. The reactions were initiated by
addition of BLM (10 nM) in the absence (lane 2) or presence (lane
3) of ATP. In controls, BLM was replaced by hRad54 (50 nM)
(lane 4) or BLM storage buffer (lane 1). Migration of DNA mark-
ers is shown in lanes 5-7. (C) Schematic representation of rep-
lication fork extention by DNA polymerase m. The asterisk in-
dicates the 2P label. (D) Effect of BLM (lanes 2-7) and hRad54
(lanes 8-15) in indicated concentrations on replication fork ex-
tension by DNA polymerase m. Lane 1 shows migration of a
nonextended primer. The products of DNA synthesis were ana-
lyzed by denaturing PAGE.
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Figure 7. The role of BLM helicase in HR and in stalled replication fork repair. (A) By disruption of the Rad51-filament (top) BLM
suppresses HR and promotes alternative repair mechanisms such as “template switching,” which involves replication fork regression
(formation of the “chicken foot” structures) (bottom). (B) BLM disrupts Rad51 presynaptic filament, or D-loops, when HR cannot
proceed further, preventing formation of potentially toxic intermediates and channeling DSBR into other pathways. (C) In D-loops,
BLM stimulates primer extension by DNA polymerase m by unwinding DNA template ahead of the DNA polymerase. (Top) BLM-
associated proteins, Topo Ila and BLAP75, may facilitate this process by removing topological constraints that arise during BLM
unwinding. (Bottom) BLM, by promoting D-loop disruption, channels DNA repair process into the SDSA pathway. (D) BLM-Topo
MIa-BLAP75 complex promotes resolution of double Holliday junctions, preventing mitotic crossing over.

the SDSA mechanism generating short DNA synthesis
tracts. They proposed that BLM can directly stimulate
DNA polymerase during DNA repair synthesis by un-
winding DNA template ahead of the replication fork.
Our current results support this hypothesis, demonstrat-
ing that BLM can indeed stimulate DNA polymerase m
on DNA substrates that resemble one end of the D-loop,
the product of DNA invasion during initial steps of HR.
It is interesting to note that such stimulation on ge-
nomic DNA, which likely exists in a covalently closed
form, would require Topo Illa and BLAP75, known BLM
partners. Topo Illa and BLAP75 can remove topological
constraints from covalently closed substrates, which
otherwise would inhibit DNA unwinding activity of
BLM (Fig. 7C,D). In yeast, top3 and sgs1 mutants show
similar phenotypes, indicating that these two proteins
act in concert. Previously it was shown that BLM in a
complex with Topo Illa and BLAP75 promotes resolu-
tion of double Holliday junctions in vitro (Fig. 7D; Ray-
nard et al. 2006; Wu et al. 2006). This BLM activity was
suggested to suppress crossing over during mitotic re-
combination. We suggest that BLM may also cooperate
with Topo Illa and BLAP75 promoting DNA repair syn-
thesis in the SDSA mechanism of HR (Fig. 7C,D).

The distribution of functions between D-loop disrupt-

ing activities of hRad54 and BLM in the SDSA pathway
remains to be investigated. Our data indicate that they
may be only partially redundant. Consistent with this
view, double RAD54 BLM knockouts in chicken DT-40
cells increase chromosomal instability much above the
level observed in each single knockout (Wang et al.
2000). Other activities of BLM and Rad54 may also con-
tribute to the synergistic effect of the double knockouts;
e.g., resolution of double Holliday junctions by a com-
plex of BLM with Topo Illa and BLAP75 or disruption by
BLM of the hRad51-ssDNA filament. In addition, our
current data demonstrate that only BLM, but not
hRad54, can stimulate the primer extension by DNA
polymerase .

In the accompanying paper, Hu et al. (2007) demon-
strated that another member of the RecQ family,
RECQLS5 helicase, can also disrupt the hRad51-ssDNA
filament. The available data indicate that BLM and
RECQL5 exercise their functions in HR via distinct
pathways. Also, whereas RECQLS5 seems to specialize in
hRad51-ssDNA filament disruption, BLM displays a
broad spectrum of activities that either negatively or
positively regulate HR at different stages. Taken to-
gether, our current results and the results of Hu et al.
(2007) establish an important novel function for the
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RecQ helicase family members: control of HR via the
hRad51-ssDNA filament disruption.

Our analysis of the biochemical activities of BLM he-
licase indicates that this protein may impose a control
over HR by either promoting or inhibiting it at different
stages (Fig. 7). BLM may prevent premature initiation of
recombination events by disrupting the hRad51 filament
(Fig. 7A,B). It can also promote HR via the SDSA mecha-
nism by stimulating DNA repair synthesis and cata-
lyzing D-loop dissociation (Fig. 7C). Importantly, the
function of BLM may be controlled by other HR proteins;
e.g., depending on hRad51 protein conformation, BLM
may suppress or promote HR.

Materials and methods

Proteins and DNA

Human Rad51, Rad54, DNA polymerase v, and RPA proteins
were purified as described (Henricksen et al. 1994; Masutani et
al. 2000; Bugreev and Mazin 2004; Mazina and Mazin 2004).
BLM and the BLM K695R mutant were prepared as described
(van Brabant et al. 2000) using HisTrap HP and HiTrap Heparin
HP columns (GE Healthcare), with an additional chromato-
graphic step on a MonoQ column (GE Healthcare). Supercoiled
pUC19 dsDNA was purified as described (Bugreev and Mazin
2004). To prepare linear dsDNA, the pUC19 plasmid was
cleaved by Smal restriction endonuclease (New England Bio-
labs, Inc.). $X174 ssDNA and poly(dT) ssDNA were purchased
from New England Biolabs, Inc., and GE Healthcare, respec-
tively. Ddel restriction endonuclease was obtained from New
England Biolabs, Inc. All oligonucleotides (IDT, Inc.) used in
this study (see Supplementary Table S1) were purified, labeled,
and stored as described previously (Bugreev et al. 2006a).
Branched DNA, model replication fork, and dsDNA substrates
were prepared by the annealing of equimolar amounts of oligo-
nucleotides, as described in Bugreev et al. (2006a).

Inhibition of D-loop formation by BLM

To form the nucleoprotein filament, 3*P-labeled ssDNA (#90; 3
1M, nucleotides) was incubated with human or yeast Rad51
protein (1 pM) in buffer containing 25 mM Tris acetate (pH 7.5),
1 mM ATP, 1 mM or 3 mM magnesium acetate (for human and
yeast Rad51, respectively), 2 mM DTT, BSA (100 pg/mL), 20
mM phosphocreatine, and creatine phosphokinase (30 U/mL)
for 15 min at 37°C. BLM (in indicated concentrations) and hRPA
(200 nM) were added, followed by a 10-min incubation. In ex-
periments with hRad51, 2 mM calcium chloride was added, and
the reactions were incubated for another 10 min. Then, D-loop
formation was initiated by addition of pUC19 scDNA (50 uM,
nucleotides). In experiments with yeast Rad51, D-loop forma-
tion was initiated by addition of yeast Rad54 (100 nM) and
pUCI19 scDNA (50 uM, nucleotides). D-loop formation was ter-
minated after a 15-min incubation. The products were depro-
teinized, analyzed by electrophoresis in a 1% agarose gel, visu-
alized, and quantified using a Storm 840 Phosphorlmager (GE
Healthcare).

D-loop disruption assay

To form D-loops, *>P-labeled tailed DNA (#90; 3 uM, nucleo-
tides) was preincubated with hRad51 protein (1 uM) in buffer
containing 25 mM Tris acetate (pH 7.5), | mM ATP, 1 mM
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magnesium acetate, 2 mM calcium chloride, 2 mM DTT, BSA
(100 pg/mL), 20 mM phosphocreatine, and creatine phosphoki-
nase (30 U/mL) for 15 min at 37°C. D-loop formation was ini-
tiated by addition of hRPA (200 nM) and pUC19 scDNA (50 uM,
nucleotides) followed by a 15-min incubation. Then, to remove
Ca?", the reaction mixture was passed through a Bio-Gel P-6
spin column (Bio-Rad) equilibrated with buffer containing 25
mM Tris acetate (pH 7.5), | mM ATP, 1 mM magnesium ac-
etate, 2 mM DTT, BSA (100 pg/mL), 20 mM phosphocreatine,
and creatine phosphokinase (30 U/mL). Dissociation of “na-
tive” D-loops (without removal of hRad51 and hRPA) was ini-
tiated by addition of either BLM or hRad54 (in indicated con-
centrations) and was carried out for 15 min at 37°C. The prod-
ucts of D-loop dissociation were deproteinized, analyzed by
electrophoresis in a 1% agarose gel, visualized, and quantified
using a Storm 840 PhosphorImager (GE Healthcare).

Restriction endonuclease protection assay

hRad51-ssDNA nucleoprotein filaments were assembled in re-
action buffer containing 25 mM Tris acetate (pH 7.5), 2 mM
ATP, 3 mM magnesium acetate, 2 mM DTT, BSA (100 pg/mL),
20 mM phosphocreatine, creatine phosphokinase (30 U/mL),
ssDNA (#90; 60 nM, molecules), and hRad51 protein (1 uM) for
15 min at 37°C. BLM (in indicated concentrations) was added,
followed by a 5-min incubation. Then, 3*P-labeled dsDNA (#25/
#26; 15 nM, molecules) was added followed by 10 min incuba-
tion. Finally, Ddel restriction endonuclease (0.2 U/uL) was
added and, after a 10-min incubation, the DNA products were
deproteinized and analyzed by electrophoresis in a 10% poly-
acrylamide gel. The DNA bands were visualized and quantified
using a Storm 840 PhosphorImager (GE Healthcare).

Electron microscopy

hRad51-ssDNA-ATP complexes were formed in 25 mM Tri-
ethanolamine-HCI (Fisher) buffer (pH 7.2) with incubations of
15 min at 37°C. hRad51 (6 uM) and M13 ssDNA (Sigma) were
present at a ratio of 80:1 (w/w), with ATP (1.5 mM) and mag-
nesium acetate (2 mM). hRad51-hRPA-BLM-ssDNA complexes
were formed by adding hRPA (1 uM) and BLM (0.3 uM) to the
hRad51-ssDNA-ATP complex solution and were incubated for
an additional 15 min at 37°C. hRPA-ssDNA complexes were
formed in 25 mM Triethanolamine-HCI (Fisher) buffer (pH 7.2)
with incubations of 15 min at 37°C, with hRPA (0.5 uM), and an
hRPA to M13 ssDNA ratio of 40:1 (w/w), with magnesium ac-
etate (1 mM). All samples were applied to a carbon film and
negatively stained with 2% (w/v) uranyl acetate. The samples
were imaged in a Tecnai 12 electron microscope at an acceler-
ating voltage of 80 keV and a magnification on film of 30,000x.

ATPase assay

BLM protein (15 nM) was incubated with indicated DNA cofac-
tors (15 uM, nucleotides) in 10-uL reaction buffer containing 25
mM Tris acetate (pH 7.5), | mM ATP, 1 mM magnesium ac-
etate, 25 mM KCl, 2 mM DTT, BSA (100 pg/mL), and 0.1 nCi of
[y-**P]ATP for indicated periods of time at 37°C. The extent of
ATP hydrolysis was measured by TLC, as described (Bugreev et
al. 2005).

DNA helicase assay

BLM helicase (10 nM) was incubated with a 32P-labeled model
replication fork (#185/#193/#363; 10 nM molecules) in DNA
polymerase buffer including 70 nM RPA (see below) for 10 min



at 37°C. The reactions were terminated and deproteinized by
addition of stop buffer up to 1.5% SDS and proteinase K (800
pg/mL) for 15 min at 37°C, mixed with a 0.1 volume of loading
buffer (70% glycerol, 0.1% bromophenol blue), and analyzed by
electrophoresis in 10% native polyacrylamide gels in TBE buffer
at 135 V for 1.5 h To prevent spontaneous reannealing of the
DNA products during deproteinization, a 63-mer oligonucleo-
tide (#2; 0.6 1M, molecules) that is complementary to oligo-
nucleotide #193 and nonlabeled oligonucleotide #185 (0.6 uM,
molecules) was added with the stop buffer. Gels were dried on
DEAE-81 paper (Whatman) and quantified using a Storm 840
Phosphorlmager (GE Healthcare).

Stimulation of DNA polymerase v by BLM

A model replication fork was prepared by annealing of 32P-la-
beled oligonucleotide #185 with oligonucleotides #193 and
#363. The reactions containing 10 nM (molecules) 32>P-labeled
replication fork were carried out in DNA polymerase buffer
containing 25 mM Tris acetate (pH 7.5); 2 mM ATP; 7 mM
magnesium acetate; 20 mM KCl; 33 uM dATP, dGTP, dCTP,
and dTTP; 2 mM DTT; BSA (100 pg/mL); 20 mM phosphocre-
atine; creatine phosphokinase (30 U/mL); and hRPA (70 nM).
BLM helicase or hRad54 were added to the reactions (in indi-
cated concentrations) for 10 min at 37°C. DNA polymerization
was started by addition of DNA polymerase m (0.64 nM) fol-
lowed by a 30-min incubation. The reactions were terminated
by ethanol precipitation. The DNA products were dissolved in
formamide containing 0.1% bromphenol blue and 0.1% xylene
cyanol, heated for 3 min at 95°C, and analyzed by electropho-
resis in a 12% denaturing polyacrylamide gel containing 7 M
urea.
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