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Background: Several proteins catalyze branch migration (BM) of the Holliday junction.
Results: RAD54 is a robust BM protein capable of bypassing extensive regions of DNA heterology. RAD54, BLM, and RECQ1

drive BM in the 3'—5’ direction.

Conclusion: The displacement strand of joint molecules (JMs) defines the polarity of BM.
Significance: BM is mechanistically distinct from helicase activity of DNA translocating proteins.

Several proteins have been shown to catalyze branch migra-
tion (BM) of the Holliday junction, a key intermediate in DNA
repair and recombination. Here, using joint molecules made by
human RAD51 or Escherichia coli RecA, we find that the polar-
ity of the displaced ssDNA strand of the joint molecules defines
the polarity of BM of RAD54, BLM, RECQ]1, and RuvAB. Our
results demonstrate that RAD54, BLM, and RECQ1 promote
BM preferentially in the 3'—5' direction, whereas RuvAB drives
itin the 5'—3’ direction relative to the displaced ssDNA strand.
Our data indicate that the helicase activity of BM proteins does
not play a role in the heterology bypass. Thus, RAD54 that lacks
helicase activity is more efficient in DNA heterology bypass than
BLM or REQ1 helicases. Furthermore, we demonstrate that the
BLM helicase and BM activities require different protein stoi-
chiometries, indicating that different complexes, monomers
and multimers, respectively, are responsible for these two activ-
ities. These results define BM as a mechanistically distinct activ-
ity of DNA translocating proteins, which may serve an impor-
tant function in DNA repair and recombination.

Homologous recombination is the evolutionarily conserved
pathway that promotes the repair of DNA double-strand
breaks, restart of stalled replication forks, and faithful chromo-
some segregation (1-3). Homologous recombination promotes
the repair of DNA double-strand breaks or single-strand gaps
by utilizing homologous DNA sequences as a template (4). The
initial steps of homologous recombination, the search for
homologous DNA sequences, and the invasion of broken DNA
ends into the homologous duplex DNA are promoted by
Rad51/RecA and its auxiliary proteins (5). The invasion leads to
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formation of the Holliday junction, the cross-like DNA struc-
ture that contains the exchange point between two recombin-
ing DNA molecules. The Holliday junction can undergo branch
migration (BM),” in which one DNA strand is progressively
exchanged for another, affecting the amount of genetic
information that can be transferred between two parental
DNA molecules (6). At later steps, the two physically linked
DNA molecules are separated by cleaving with structure-
specific nucleases.

Several specialized helicase-like proteins have been identi-
fied that promote BM of Holliday junctions in an ATP hydro-
lysis-dependent manner (7). In prokaryotes, RuvAB and RecG
were shown to promote BM of Holliday junctions (8, 9). In
eukaryotes, several members of helicase superfamily 2 promote
BM of Holliday junctions including Rad54 and Rad5, proteins
of the Snf2 family of DNA translocases (10, 11); BLM, WRN,
RECQ1, and RECQ5, members of the RecQ helicase family
(12-15); and Fanconi anemia, complementation group M
(FANCM), a member of the DEAH helicase family (16). All
these helicase-like proteins (i) are capable of translocation on
DNA in an ATPase-dependent manner and (ii) show high bind-
ing affinity to Holliday junctions or Holliday junction-like
structures.

Biochemical studies provided important insights into the
mechanisms of BM and specific functions of the BM proteins in
DNA repair and recombination. It was shown that Rad54, BLM,
or WRN can promote dissociation of D-loops (17-20), which
may help to channel homologous recombination into the syn-
thesis-dependent strand annealing pathway, which decreases
the rate of somatic crossing over, thereby reducing loss of
heterozygosity (21). Also, BLM in a complex with TOPO Il
and BLAP75 catalyzes resolution of double-Holliday junctions
into non-crossover intermediates through the decatenation
mechanism (22, 23). In addition, RAD54, BLM, WRN,
FANCM, Rad5, and RecG were shown to promote in vitro
reversible regression of model replication forks into Holliday

2 The abbreviations used are: BM, branch migration; JM, joint molecule; PX
junction, partial X-junction; RPA, replication protein A.
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junctions, the process known as “chicken foot formation” that
may play a role in DNA lesion bypass during replication in vivo
(16, 24-29).

However, despite intensive biochemical studies of BM pro-
teins, several fundamental questions remain unsolved. One
such question is the polarity of protein-driven BM. dsDNA is a
bipolar molecule with two strands of opposite polarity. For sin-
gle-stranded DNA translocases, the polarity of the ssDNA pro-
vides the directionality of translocation. Many helicases bind
preferably to the ssDNA region of tailed DNA substrates and
then translocate into the duplex region by tracking the same
ssDNA strand. Double-stranded DNA translocases determine
their polarity also by tracking one of the two strands of the DNA
duplex. In this case, an asymmetry in the initiation complex
may play a critical role in defining polarity during translocation.
Because the Holliday junction is a symmetrical structure, the
polarity of BM proteins is difficult to define.

Most known BM proteins, including BLM, WRN, RecG,
RuvAB, REQ5, and RECQ], also possess a DNA helicase activ-
ity, i.e. the ability to separate complimentary strands of DNA.
Still, a few other BM proteins, such as RAD54, do not have
helicase activity. The relationship between BM and helicase
activity and a specific role of the helicase activity in BM is cur-
rently unknown. Because homologous recombination involves
similar but not identical DNA sequences, the passage of Holli-
day junctions through the sequence heterology must involve
melting of DNA base pairs followed by formation of mis-
matches, insertions, or deletions in the newly formed hetero-
duplex DNA. Therefore, one may suggest that DNA helicase
activity of BM proteins may facilitate the heterology bypass.

Here, to study BM activities of human RAD54, BLM, and
RECQ]I, we used the plasmid-length DNA substrates known as
joint molecules (JMs) or a-structures (see Fig. 1A4). The JMs
with the displaced ssDNA strand of the opposite polarities were
generated by DNA strand exchange promoted by human
RAD51 and Escherichia coli RecA. We demonstrate that the
polarity of the displaced ssDNA strand of JMs defines the direc-
tionality of BM of RAD54, BLM, RECQ1, and RuvAB. These
results indicate the universal role of the displaced ssDNA
strand in determining the polarity of BM proteins. Our results
demonstrate that RAD54, BLM, and RECQ1 promote BM, both
four-stranded and three-stranded, preferentially in the 3'—5’
direction, whereas RuvAB drives the reactions in the 5'—3’
direction relative to the displaced ssDNA strand of JMs. Our
data indicate that the helicase activity of BM proteins does not
play arole in the heterology bypass during BM of Holliday junc-
tions. Thus, RAD54 that lacks canonical helicase activity is sig-
nificantly more efficient in DNA heterology bypass than BLM
or REQI1 helicases. Furthermore, we demonstrate that the BLM
helicase and BM activities require different protein stoichiom-
etries and reaction conditions, indicating that different protein
complexes, monomers and multimers, respectively, are respon-
sible for these two activities. These results define BM and DNA
helicase as two mechanistically distinct activities of DNA trans-
locating proteins and suggest that these two activities may serve
different functions in DNA repair and recombination.
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EXPERIMENTAL PROCEDURES

Proteins and DNA—Human RAD51, RAD54, RAD54 K189R,
BLM, BLM K695R, RPA, and RECQ1 were purified as described
(19, 30-32). E. coli RecA was a generous gift of E. Golub (Yale
University). E. coli RuvA and RuvB were from BioAcademia
Inc. Shrimp alkaline phosphatase and E. coli exonuclease VII
were from USB Corp. Calf thymus terminal deoxynucleotidyl
transferase, restriction endonucleases, and T4 polynucleotide
kinase were from New England Biolabs. Oligonucleotides
were from Integrated DNA Technologies, Inc. (supplemental
Table S1). Synthetic partial X-junction (PX junction) DNA sub-
strate with four mismatches was prepared by annealing of
equimolar amounts of **P-labeled forked DNA intermediates
(oligonucleotide 71/169%)® with 3’-tailed DNAs (oligonucleo-
tide 201/460), as described in Refs. 10 and 33. Gapped DNA was
prepared by annealing the pBSK(+) XhoI-AlwNI fragment
(2065 bp) to pBSK(+) ssDNA and purified as described (33).
The pBSK(+)-derived plasmids containing 2—24-bp heterolo-
gous DNA sequences in the vicinity of the NgoMIV site were
constructed by PCR-directed mutagenesis as specified by the
manufacturer (Agilent Technologies). P34 and P35, P36 and
P37, P38 and P39, P61 and P62, and P65 and P66 primer pairs
were used to generate 2, 4, 8, 16, and 24 mismatches, respec-
tively (supplemental Table S1). The pBSK(+)-derived plasmids
containing 48- and 96-bp heterologous DNA sequences were
constructed by molecular subcloning into the unique Dralll
and NgoMIV sites. A 108-bp wild type Dralll-NgoMIV frag-
ment was replaced with a 108-bp synthetic Dralll-NgoMIV
fragment containing 48- or 96-bp mismatches. The synthetic
DrallI-NgoMIV fragments were produced by annealing of the
following complementary strands: S77 and S78 for 48 mis-
matches and S75 and S76 for 96 mismatches (supplemental
Table S1). The identity of each DNA construct was verified by
sequencing. All DNA concentrations are expressed in molecule
units.

Branch Migration on Plasmid-length JM by RADS54, BLM,
RECQI, and RuvAB—Deproteinized 3'- and 5'-JMs were pre-
pared and deproteinized as described in Ref. 33. Briefly, 3'-JMs
were prepared in Rad51-mediated DNA strand exchange reac-
tion (90 ul). Nucleoprotein filaments were formed by incubat-
ing RAD51 protein (5 um) with pBSK(+) gapped DNA (20 uMm,
nucleotide) in buffer containing 25 mwm Tris acetate, pH 7.5, 2
mM ATP, 275 mm NaCl, 1 mm MgCl,, 1 mm CaCl,, 1 mm DTT,
and 100 ug/ml BSA for 10 min at 37 °C. RPA (0.4 um) was added
to the nucleoprotein filaments followed by a 10-min incuba-
tion. DNA strand-exchange reaction was initiated by the addi-
tion of *P-5-end-labeled Xhol-linearized pBSK(+) dsDNA (20
uM, nucleotide). The reaction was carried out for 3 h at 37 °C.

To prepare 5'-JMs (90 ul), RecA protein (4 wMm) was incu-
bated with pBSK(+) gapped DNA (20 uMm, nucleotide) in buffer
containing 33 mm Tris-HCI, pH 7.5, 3 mm ATP, 15 mm MgCl,,
2 mM DTT, 10 mm phosphocreatine, and 10 units/ml creatine
phosphokinase for 5 min at 37 °C. DNA strand exchange was
initiated by the addition of **P-3’-end-labeled AlwNI-linear-
ized pBSK(+) dsDNA (17.2 um, nucleotide) and Ssb (ssDNA-

3 The asterisks indicate the oligonucleotides that were *2P-labeled.
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FIGURE 1. RAD54 and RuvAB promote BM of Holliday junctions in opposite directions. A, experimental design. JMs were produced in RAD51- or RecA-
promoted DNA exchange between gapped DNA and pBSK(+) linear dsDNA. The asterisks indicate *2P label at either the 5’-end of Xhol-linearized or the 3'-end
of AlwNI-linearized pBSK(+) DNA that was used for RAD51- or RecA-promoted DNA strand exchange, respectively. nt, nucleotide. B, the kinetics of four-
stranded branch migration on 3’-and 5'-JMs (0.9 nm) by RAD54 (200 nwm) (lanes 2- 8 and 12-18) or RAD548°R (200 nm) mutant protein (lanes 10 and 20) at 30 °C.
Protein-independent branch migration (spontaneous (sp)) is shown after 60 min (lanes 9 and 79). DNA products were analyzed by electrophoresis on 1.5%
agarose gels. C, the data from panel B are shown as a graph. D, the kinetics of four-stranded branch migration promoted by RuvAB (140 nm RuvA and 360 nm
RuvB) at 37 °C (data shown in supplemental Fig. S1). Eand F, the efficiencies of forward and reverse branch migration promoted by RAD54 and RuvAB on 3’-JMs
and 5’-JMs shown as a graph. The error bars indicate the S.E.

binding protein) (0.33 wMm) to the nucleoprotein filaments. The
reaction was carried out for 10 min at 37 °C. The JMs were
deproteinized by incubation with SDS (0.8%) and proteinase K
(1.6 mg/ml) for 15 min at 37 °C, and then EDTA was added to 2
mM. The JMs were purified by passage twice through an S-400
HR spin column (GE Healthcare) equilibrated with 25 mm Tris
acetate, pH 7.5, and then magnesium acetate in concentrations
optimal for RAD54-, BLM-, RECQ1-, and RuvAB-mediated
branch migration was added to inhibit spontaneous branch

migration. The concentrations of the purified JMs were esti-
mated by comparing their radioactivity with a known amount
of **P-labeled dsDNA after gel electrophoresis in 1.5% agarose
gels.

RAD54-mediated BM of the JMs (0.9 nM, molecules) was
carried out in buffer containing 25 mm Tris acetate, pH 7.5, 100
png/ml BSA, 3 mMm magnesium acetate, 2 mm DTT, 2 mm ATP,
20 mM phosphocreatine, and 30 units/ml creatine phosphoki-
nase for the indicated periods of time at 30 °C. The reaction was
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initiated by the addition of RAD54 (200 nm). When indicated,
RPA (25-200 nM) was added to the reaction. The BLM- and
RECQ1-promoted BM reactions were performed under the
same conditions, except that the temperature was 37 °C, the
BLM concentration was 20 nM, and magnesium acetate con-
centrations were 1 and 1.5 mM for BLM and RECQ]1-reactions,
respectively.

RuvAB-promoted BM of the JMs (0.5 nM, molecules) was
carried out in buffer containing 25 mm Tris acetate, pH 7.5, 100
pg/ml BSA, 10 mm magnesium acetate, 2 mm DTT, 2 mm ATP,
10 mm phosphocreatine, and 10 units/ml creatine phosphoki-
nase at 37 °C. RuvA (140 nm) and RuvB (360 nm) were added to
initiate the reaction, which was carried out for the indicated
periods of time.

The DNA products of BM were deproteinized by the addi-
tion of 1.5% SDS and proteinase K (1.6 mg/ml) for 15 min at
37 °C, mixed with a 0.10 volume of loading buffer (70% glycerol,
0.1% bromphenol blue), and analyzed by electrophoresis in
1.5% agarose gels in TAE buffer (40 mm Tris acetate, pH 8.3, and
1mMEDTA) at5V/cm for 3 h. The gels were dried on DEAE-81
paper (Whatman) and quantified using a Storm 840 Phosphor-
Imager (GE Healthcare).

Removal of Displaced ssDNA of Joint Molecules with Exonu-
clease VII—3*P-labeled joint molecules (0.3 nm, molecules)
generated by RAD51 were treated with exonuclease VII (0.1
units/ul) in buffer, containing 50 mm Tris acetate buffer, pH
7.5, and 100 pg/ml BSA for 10 min at 37 °C. The exonuclease
was inactivated by incubation for 10 min at 65 °C. The joint
molecules were cooled to 30 °C and supplemented with 3 mm
magnesium acetate, 2 mM DTT, 2 mm ATP, 8 mm phosphocre-
atine, and 8 units/ml creatine phosphokinase. Branch migra-
tion was initiated by the addition of RAD54 (50 nm) and carried
out for the indicated periods of time.

BM on Oligonucleotide-based Substrates—BLM-promoted
branch migration was carried out in buffer containing 25 mm
Tris acetate, pH 7.5, 2 mm ATP, 2 mm DTT, BSA (100 pug/ml),
15 mm phosphocreatine and creatine phosphokinase (10 units/
ml), 32P-labeled PX junction oligonucleotide 71/169%/201/460
(32 nM, molecules), and the indicated concentrations of mag-
nesium acetate. Branch migration was initiated by the addition
of BLM (20 nMm) and carried out for 30 min at 37 °C. To deter-
mine the optimal amount of BLM helicase required for helicase
and branch migration activities, its concentration was varied in
the presence of 2 nm (molecules) PX junction. The reactions
were carried out for 20 min at 37 °C.

RAD54-promoted BM was carried out in buffer containing
25 mm Tris acetate, pH 7.5, 2 mm ATP, 2 mm DTT, BSA (100
pg/ml), 20 mm phosphocreatine and creatine phosphokinase
(30 units/ml), **P-labeled PX junction oligonucleotide 71/169%/
201/460 (32 nM, molecules), and the indicated concentrations
of magnesium acetate. The reactions were initiated by the addi-
tion of RAD54 (200 nm) and carried out for 30 min at 30 °C.

The BM reactions were stopped by the addition of 1.5% SDS
and proteinase K (1 mg/ml), mixed with a 0.1 volume of loading
buffer (70% glycerol, 0.1% bromphenol blue), and analyzed by
electrophoresis in 9% polyacrylamide gels (17:1) in TBE buffer
(89 mm Tris borate, pH 8.3, and 1 mm EDTA) at 135 V for 2 h.
Gels were dried on DEAE-81 paper (Whatman), and the prod-
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RESULTS

RADS4 and RuvAB Show Opposite Polarities of Branch
Migration—Here, we examined the polarity of BM promoted
by human RAD54 using plasmid-length DNA JMs that contain
displaced ssDNA strand with either 3'—5" (3’-JMs) or 5'—3’
(5'-JMs) polarity (Fig. 1A). The 3'-JMs and 5'-JMs were gener-
ated using RAD51 or RecA, respectively (34). We found that
RAD54 promoted BM on the 3’-JMs with an ~4-fold higher
efficiency than on the 5'-JMs (Fig. 1, B, C, and E). We then
tested the polarity of BM by E. coli RuvAB, a canonical BM
enzyme, and found that RuvAB promoted BM on the 5'-JMs
with an ~3-fold higher efficiency than on the 3'-JMs (Fig. 1, D
and E; supplemental Fig. S1). Thus, RAD54 and RuvAB pro-
mote BM preferentially in the 3'—5" and the 5'—3’ direction
relative to the displaced ssDNA strand, respectively. The rate of
BM promoted by RAD54 on the 3'-JMs was similar to that of
RuvAB on the 5'-JMs (Fig. 1, C and D).

BM of JMs can proceed both in the forward direction (four-
stranded reaction) and in the reverse direction (three-stranded
reaction). The reverse BM leads to disruption of JMs into the
original DNA substrates (**P-labeled linear dsDNA and unla-
beled gapped DNA) (Fig. 14). The extent of the reverse reaction
was determined by the increase in the amount of **P-labeled
linear dsDNA (Fig. 1B). For RAD54, the reverse reaction was
~6-fold more efficient on the 5'-JMs as compared with the
3'-JMs, consistent with the 3'—5’ polarity of BM relative to the
displaced ssDNA strand (Fig. 1F). The opposite polarity bias
was observed for RuvAB that promoted reverse BM on the
3'-JM with an ~4-fold higher efficiency than on the 5'-JMs

(Fig. 1F).
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TABLE 1

Optimal conditions for four-strand branch migration on plasmid-length 3'-JMs

See the reaction conditions under “Experimental Procedures.”

Protein RAD54 BLM RECQ1
Optimal Mg acetate concentration in the presence of 2 mm ATP and ATP regeneration system 3 mMm 1 mMm 0.5-2 mm
Optimal protein monomer/a-structure binding stoichiometry 150 20 120
Optimal temperature 30°C 37°C 37°C
Time to complete branch migration of 1 nm (molecules) a-structures 10 min 90 min 240 min

go] Rad54, 3'-JMs
. BLM, 3'-JMs

RecQ1, 3'-JMs

Branch migration
products, %

BLM, 5'-JMs

RecQ1, 5'-JMs
0 AR ETE SRS =
0 60 120 180 240
Time, min

FIGURE 3. BLM and RECQ1 promote BM of Holliday junctions in 3'—5’
direction. The kinetics of branch migration promoted by BLM (20 nm) and
RECQ1 (200 nm) on 3'-and 5’-JMs (0.9 nm) at 37 °C (data shown in supplemen-
tal Fig. S2) and by RAD54 (200 nm) on 3’-JMs (0.9 nm) at 30 °C (data shown in
Fig. 1B) are shown. The error bars indicate S.E.

Because the presence of the ssDNA region significantly
increases the affinity of RAD54 for branched DNA substrates
(35), we suggested that the displaced ssDNA strand may play an
important role for the overall efficiency of BM, e.g. by facilitat-
ing binding of BM proteins and assembly of active BM com-
plexes. We tested this proposition for RAD54 by digesting the
displaced ssDNA strand with exonuclease VII (Fig. 2). Indeed,
we found that after exonuclease treatment, the efficiency of BM
on both the 3'-JMs and 5’-JMs decreased significantly.

Thus, RAD54 drives BM in the 3'—5’ direction relative to
the displaced ssDNA strand. RuvAB promotes BM in the oppo-
site, 5'—3’, direction.

BLM and RECQI Promote Branch Migration with 3'—5'
Polarity—W e extended our analysis of BM polarity to two other
known BM proteins, BLM and RECQLI. In preliminary experi-
ments, the reaction conditions for each of these proteins were
optimized (Table 1). Then, using the 3'- and 5’-JMs generated
by RAD51 and RecA, respectively, we examined the direction of
four-stranded BM promoted by BLM and RECQ1. Our data
demonstrated that BLM and RECQ1 have an even stronger
preference for BM in the 3'—5" direction as compared with
RADS54 as these proteins promote the 5'—3' four-stranded BM
with a very low efficiency (Fig. 3; supplemental Fig. S2, A and B).
Similarly, both RECQ1 and BLM promoted three-stranded
(reverse) BM preferentially in the 3'—5" direction (supplemen-
tal Fig. S2, A and B). Thus, all three tested eukaryotic proteins,
RAD54, BLM, and RECQ]1, promote BM with the 3'—5' polar-
ity, the same polarity as RAD51, but the opposite polarity than
of RuvAB and RecA (34, 36). The results also show that RAD54
promotes BM significantly faster than BLM or RECQ]I; the ini-
tial rate of the forward BM in the 3'—5’ direction promoted by
RAD54 was 4- and 20-fold faster than in the reactions pro-
moted by BLM and RECQ], respectively (Fig. 3).
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RADS54 Promotes Branch Migration through Large Regions of
DNA Heterology— Although RAD54 is more efficient than BLM
and RECQ1 at promoting BM on fully homologous JMs, one
can suggest that the helicase activity of BLM or RECQ1 would
make them more efficient than RAD54 when driving Holliday
junctions through regions of sequence heterology. We con-
structed a series of plasmids in which 2-, 4-, 8-, 16-, 24-,48-,and
96-bp DNA regions of pBSK(+) were replaced with heterolo-
gous sequences. The plasmids were linearized with Xhol endo-
nuclease and used as substrates to produce 3'-JMs with
pBSK(+) gapped DNA in RAD5I-promoted DNA strand
exchange (Fig. 4A). After deproteinization and purification,
these JMs were used as DNA substrates to examine the effi-
ciency of heterology bypass by RAD54, BLM, and RECQ. The
DNA heterology was located at the distal part of the linear
dsDNA so that BM would proceed through a 2.5-kb region of
homology on JMs before encountering the heterologous
sequences and then through an additional 0.3-kb region of
homology before reaching the free dsDNA end. We found
that Rad54 was able to efficiently bypass a 48-bp and even a
96-bp heterology region; the extents of the reactions were
~80 and 20%, respectively, relative to the reaction with fully
homologous JMs (Fig. 4B; Table 2; supplemental Fig. S3).
Contrary to expectations, both BLM and RECQ]1 helicases
were far less efficient in heterology bypass than RAD54 (Fig.
4, C and D; Table 2; supplemental Fig. S3). Thus, BLM and
RECQ1 BM were significantly inhibited by a heterology
region as short as 2 bp (~20% of the reaction efficiency on
fully homologous JMs) and almost completely blocked by a
24-bp heterology region (3 and 6% of the reaction efficiency
on fully homologous JMs, respectively). Thus, RAD54 that
lacks canonical helicase activity showed significantly higher
efficiency in heterology bypass during BM of Holliday junc-
tions than BLM or RECQ1 helicases (Fig. 5).

Effect of Protein Concentrations on Heterology Bypass—In
studies on the BM activity of RuvAB, it was demonstrated that
a probability of the heterology bypass is determined by both the
length of the heterologous region and the lifetime of the stalled
RuvAB complex (37). If the lifetime of the BM complex is
shorter than the time required for the heterology bypass, then
the reassembly of the complex would be required. Because the
complex reassembly is generally stimulated by the increase in
protein concentration, the heterology bypass is expected to
show the same dependence. Alternatively, if the complex is
intrinsically stable, the heterology bypass would not depend on
the protein concentration. We examined the effect of the
RAD54 concentration on the efficiency of BM on either fully
homologous JMs (0.3 nMm, molecules) or JMs that contained a
96-bp heterologous DNA region (0.3 nM, molecules) (Fig. 64;
supplemental Fig. S4A4). We found that for both DNA sub-
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strates, the maximal extent of BM was achieved at the same
RADS54 concentration (45 nMm). We next examined the effect of
protein concentration on the BLM-mediated heterology
bypass. We used 3'-JMs with a 2-bp heterology region, on
which the efficiency of BM was similar to that of RAD54 on
3'-JMs with a 96-bp heterology region. We found that more
than a 2-fold higher BLM concentration was required to
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achieve the maximal extent of BM on these JMs than on fully
homologous JMs, 14 and 6 nM (molecules), respectively (Fig. 6B
and supplemental Fig. S4B).

These results suggest formation of intrinsically stable RAD54
complexes with JMs, which may contribute to an efficient het-
erology bypass during BM of Holliday junctions. In contrast,
BLM complexes with JMs appear to be less stable and may
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TABLE 2

Efficiency of heterology bypass during four-strand branch migration
on plasmid-length 3’-JMs

See the reaction conditions under “Experimental Procedures.”

Extent of reaction relative
to homologous DNA control

Heterology length, bp RAD54 BLM RECQ1
%

2 94 21 17

4 94 11 12

24 85 3 6

48 80 0 0

96 23 0 0

100
-©- RAD54

80
60
40 = BLM
-4~ RECQ1

Branch migration
products, %
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FIGURE 5. Efficiency of DNA heterology bypass by RAD54, BLM, and
RECQ1.RAD51-generated 3'-JMs (0.9 nm) with DNA heterologies of the indi-
cated lengths were incubated with RAD54 (200 nm) or BLM (20 nm) for 1 h or
with RECQ1 (200 nm) for 4 h. The graph shows the extent of BM as a function
of DNA heterology length (data shown in Table 2 and Fig. 4). 100% represents
the yield of the branch migration products on fully homologous JMs (76, 60,
and 77% for RAD54, BLM, and RECQ1, respectively). The error bars indicate S.E.
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undergo a disassembly during bypass of even short regions of
heterology.

Effect of RPA on Translocation through Sequence Heterology—
Previous works demonstrated that ssDNA-binding proteins,
either prokaryotic Ssb protein or eukaryotic RPA, stimulate
DNA unwinding activities of the RecQ family helicases, includ-
ing BLM, either by trapping the individual ssDNA strands upon
their separation or through direct interaction with a helicase
(38—-42). Here, we examined whether RPA exhibits a stimula-
tory effect on BM through the heterology regions promoted by
RAD54 and BLM. We used 3'-JMs with the heterology regions
of 96 and 2 bp, for RAD54 (200 nm) and BLM (20 nm), respec-
tively, on which the efficiency of heterology bypass by these
proteins was approximately the same (Table 2). We also used
3’'-JMs with a heterology region of 24 bp for both proteins to
exclude a possible effect of the heterology length on interaction
with RPA. At the JM concentration used in these experiments
(0.8 nM, molecules), ~40 nm RPA was sufficient to saturate the
ssDNA tail of JMs and the region of ssDNA bubble formed
between noncomplementary DNA strands during the heterol-
ogy bypass (Fig. 44). In the range of RPA concentrations from
25 to 200 nM, we observe an ~2-fold inhibition of either a 24-bp
or a 96-bp heterology bypass by RAD54 (Fig. 7, A, C, and E). In
the BLM-promoted reactions, RPA caused slight stimulation of
heterology bypass at RPA concentration higher than 100 nm
(Fig. 7, B, D, and F).

As expected, we observed strong stimulation of the BLM
helicase activity by RPA. Thus, in the presence of 100 -200 nm
RPA, an ssDNA band appeared in the agarose gel, which
resulted from DNA strand separation of the JM duplex region
of 2065 bp (Fig. 7B, lane 6; Fig. 7D, lanes 5 and 6). In contrast,
RPA caused only weak, if any, stimulation of the BM activity of
BLM or inhibited the BM activity of RAD54.

Branch Migration and Helicase Activities of BLM Require
Different Reaction Conditions and Occur at Different Protein:
DNA Ratios—Here, we wanted to explore further the relation-
ship between the helicase and the BM activities by examining
the effect of different reaction conditions on these two activities
of BLM. To detect both the helicase and the BM activity of
BLM, we used the synthetic PX junction as a substrate (Fig. 84).
To block spontaneous BM, four mismatches were incorporated
in one duplex DNA branch of the PX junction. Using this PX
junction, the products of the helicase and BM activities could be
easily separated by electrophoresis on a 9% polyacrylamide gel
(Fig. 8B). First, we determined the optimal Mg®" concentra-
tions for both BLM helicase and BM activity. Using the PX
junction, we found that the BLM helicase activity reached the
maximum at 1.0-1.5 mm Mg>" (Fig. 8B, lanes 3 and 4). The
BLM BM activity showed different requirements for Mg>",
reaching the maximum at 5-10 mm Mg>" (Fig. 8B, lanes 6 and
7). As expected, in the case of RAD54, only the product of BM,
and not that of the DNA helicase activity, was observed (Fig. 8B,
lanes 9-16); the RAD54 BM activity reached its maximum at
1.5-2.0 mm Mg>™".

Using the PX junction (2 nMm, molecules), we then measured
the stoichiometries of BLM required for helicase and BM activ-
ities at 1 and 5 mMm Mg2+, the optimal concentrations for each
activity, respectively (Fig. 9). We found that at both Mg>" con-
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centrations, the helicase activity reached the maximum at the
stoichiometric ratio of one BLM monomer per one PX junction
molecule. However, the extent of the helicase reaction at 1 mm
Mg>" was ~10-fold higher than at 5 mm. The BM activity
required higher BLM concentrations, four and three BLM
monomers per one PX junction molecule at 1 and 5 mm Mg*>™,
respectively. Previously, we reported that the RAD54 BM activ-
ity required ~10-12 protein monomers per one PX junction
molecule (35).

Thus, the BLM BM and helicase activities showed different
requirements in Mg®>" and different protein-to-DNA ratios.
These results indicate that BM and DNA helicase represent two
mechanistically distinct activities of BLM.

DISCUSSION

Previously, we found that RAD54, an Snf2 protein, possesses
DNA BM activity (10, 24, 35, 43). Here, we further characterize
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the BM activity of RAD54, focusing on the polarity of BM and
on DNA heterology bypass. Also, we compared the properties
of RAD54-promoted BM with the reactions promoted by BLM
and RECQI.

The polarity of BM proteins has been a controversial issue.
Previously, it was shown that RuvAB promotes BM of Holliday
junctions on 5’-JMs made by RecA in both the forward and the
reverse direction, i.e. without apparent polarity (44). However,
the forward and reverse reactions on JM substrates are mecha-
nistically different (Fig. 1A). Although the forward reaction
proceeds through four-stranded BM, the reverse reaction
involves three-stranded BM that normally occurs at a faster rate
(45). Here, to define the polarity of BM, we employed a pair of
JM substrates produced by RAD51 and by RecA, which have
opposite polarities of the displaced ssDNA strand, 3'—5" and
5'—3’, respectively (34). This pair of JMs enabled us to com-
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pare mechanistically identical reactions, either four-stranded
or three-stranded, occurring in opposite directions relative to
the displaced ssDNA strand. The results show that RAD54
drives both the three-stranded and the four-stranded BM in the
3'—5" direction with an ~4 —6-fold higher preference than in
the 5'—3' direction. BLM and RECQ1 also show even stronger
preference for the 3'—5’ direction of BM, whereas RuvAB
shows the opposite bias, promoting BM in the 5'—3’ direction
with 3—4-fold greater efficiently than in the 3'—5' direction.
Thus, for all three proteins tested, BLM, RECQ1, and RuvAB,
which possess both DNA BM and helicase activities, the polar-
ity of BM coincides with the polarity of DNA helicase activity,
implying a fundamental dependence of both these activities on
the underlying polarity of DNA translocation by these enzymes.
Interestingly, RAD54 and RuvAB show the same polarity pref-
erences of BM as their cognate DNA recombinases, RAD51 and
RecA (34), with which they interact physically and functionally,
as in the case of RAD54 and RAD51, or at least functionally, as
in case of RuvAB and RecA.

In eukaryotes, homologous recombination is initiated by
DNA double-strand breaks (Fig. 104). The DNA ends at the
sites of breaks are then processed by exonucleases to generate
ssDNA tails. The early step of homologous recombination
involves invasion of ssDNA into homologous duplex DNA pro-
moted by RAD51. This invasion results in formation of JMs,
also known as D-loops. The JMs provide both the template and
the primer for DNA synthesis, which leads to extension of the
invaded ssDNA strand. Current results showed that the dis-
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placed ssDNA strand of JMs plays an important role in defining
the polarity of BM of all tested BM proteins, RAD54, BLM,
RECQ1, and RuvAB. This finding is consistent with our previ-
ous observation that RAD54 shows the highest affinity for the
partial Holliday junction (PX junction) that structurally resem-
bles JMs containing a displaced ssDNA strand (10, 35). The
structural basis of the displaced ssDNA strand recognition by
BM proteins remains to be elucidated. However, it is likely that
the displaced ssDNA strand is responsible for establishing crit-
ical contacts with BM proteins. Structural studies of other
superfamily 1 and 2 helicase proteins have shown that the con-
served helicase domain makes extensive contacts with only one
of the strands in the DNA duplex (46). These contacts define
the DNA strand that the BM complex would track during DNA
translocation.

The polarity of BM may have important biological implica-
tions. At the late step of homologous recombination, the JMs
undergo BM, which causes either expansion or dissociation of
JMs depending on the BM directionality. The expansion of JMs
may facilitate capture of the second end of broken DNA, result-
ing in formation of double Holliday junctions for which resolu-
tion by specialized endonucleases leads to crossing over that is
essential for accurate chromosome segregation during meiosis,
but which can cause loss of heterozygosity in somatic cells (47).
In contrast, dissociation of JMs leads to non-crossover recom-
binants, which are common in somatic cells. Thus, a specific
bias in BM polarity of specialized BM proteins may contribute
to a choice of the recombination pathways that lead to forma-

VOLUME 287+NUMBER 15-APRIL 6, 2012



Branch Migration Activity of Human DNA Translocases

A B

1 mM Mg?*

5 mM Mg?*

BLM(nM): 0 1 2 5 10 15 20 O

1 2 5 10 15 20 Markers

indion 7] m-l e e —et
junction ek = — [
Helicase
product —— s P o — 4_‘“1/‘_‘_‘*
Branch
migration 4 "
product > — u--“ vy w””““ L
ssDNA P —
Cc 1 mM Mg?* D 5mM Mg?*
1 branch migration activity 1 / branch migration activity
60+ 60+ 2 ]
X 1 .
G 5 /x\\g
z <
S 4
o .
& %0
<
= 2
a .
10 helicase activity helicase activity
\§\$H~ S
10 15 20 10 15 20
BLM, nM BLM, nM

FIGURE 9. DNA helicase and BM activities require different BLM stoichiometries. Aand B, BLM in the indicated concentrations was added to the PX junction
(2 nm) (shown in Fig. 7A) in the presence of 1 (A) or 5 mm (B) magnesium acetate. The reactions were carried out for 20 min at 37 °C. Cand D, the data from panels

A and B are shown as graphs. The error bars indicate S.E.

tion of either crossover or non-crossover recombinants (Fig.
10A). Our results demonstrate that all tested eukaryotic pro-
teins including RAD54, BLM, and RECQ1 show the same polar-
ityas RAD51. In the case when RAD51 promotes invasion of the
3'-ssDNA, this polarity of BM proteins would lead to preferen-
tial expansion of JMs. However, in the case when the 5'-ssDNA
is used by RAD51 to form JMs, the 3'—5" polarity of the BM
proteins would help to dissociate these nonproductive recom-
bination intermediates. Indeed, we showed recently that
RECQL1 is especially effective in disrupting JMs formed as a
result of 5'-ssDNA invasion promoted by RAD51 (14).

It also important to note that expansion of JMs involves the
four-stranded BM, whereas their dissociation occurs through
the three-stranded reaction (Fig. 104). BM requires a transition
of the DNA junction from the closed to the open conformation.
This transition occurs more readily in the partial Holliday junc-
tion, an intermediate of the three-stranded reaction, than in the
full Holliday junction in the four-stranded reaction (45). As a
consequence, the three-stranded BM proceeds with a signifi-
cantly higher efficiency than the four-stranded BM in both
spontaneous and protein-driven reactions (14, 45). Therefore,
the polarity bias of BM proteins may help to overcome this
intrinsic difference in the reaction efficiencies and promote
expansion of the JMs. At the same time, RAD54, BLM, and
RECQ1 show different degrees of the 5'—3’ BM activity. These
data agree with our previous observation that RAD54 can dis-
rupt JMs generated by RAD51, which required three-stranded
BM in the 5'—3' direction relative to the displaced ssDNA
strand (19). A similar role was earlier proposed for BLM (17,
21, 32).

The difference in the BM polarities between RecA and
RADS51 is perplexing, but it is clear that the cognate BM pro-
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teins evolved to possess the same polarity as their recombinase.
Previously, we suggested that RecA is primarily involved in the
repair of the ssDNA gaps, e.g. formed in the leading DNA strand
at replication forks stalled at DNA lesions (34). In this case, the
5'—3' polarity of BM promoted by RecA and RuvAB is
required for the extension of the DNA repair intermediates
(Fig. 10B). Specialized BM proteins with the 5'—3’ polarity,
which remains to be identified, may play a similar role in
eukaryotes.

Our current results show that the use of the plasmid-length
DNA substrates is essential for an accurate measurement of the
polarity of BM proteins. Previously, no polarity bias of RAD54
or BLM was observed using short synthetic DNA substrates (10,
14). We suggest that an assembly of active BM complexes is less
efficient on short DNA substrates and may represent the rate-
limiting step that masks the polarity preference of seen in BM.

Despite the lack of canonical helicase activity, RAD54 shows
high efficiency in driving Holliday junctions through stretches
of DNA heterology. This RAD54 ability may help to complete
homologous recombination initiated between DNA molecules
containing heterologous sequences or damaged DNA bases.
We found that RAD54 can bypass heterologous regions longer
than 96 bp. Among BM proteins characterized so far, only
RuvAB was documented to bypass longer DNA heterology
regions (44). In contrast, BLM and RECQI helicases are much
less efficient as a 2-bp DNA heterology caused an ~5-fold
decrease in the reaction yield, comparable with the effect of a
96-bp heterology on the RAD54-driven reaction. In compari-
son, BLM and RecQ1 possess helicase activities that disrupt at
least 91-bp-long dsDNA (42, 48). These data indicate that the
DNA helicase activity of BM proteins does not play a significant
role during BM through the regions of heterology. Moreover,
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for BLM, we found that the BM and helicase activities require
different Mg>* concentrations and were differently affected by
RPA that significantly stimulated only the helicase activity. The
two activities also showed different dependence on protein:
DNA stoichiometry; the DNA helicase activity required one
BLM molecule per one PX junction, whereas the stoichiometry
of 3—4 BLM molecules per one PX junction was optimal for BM
activity. These results parallel previous observations that two
oligomeric states of RECQ1 were responsible for different
activities; monomers/dimers and pentamers/hexamers were
required for DNA helicase activity and DNA strand annealing
activity, respectively (49). Our current data suggest that a
monomeric form of BLM is responsible for the DNA helicase
and that an oligomeric form is required for the BM activity.
Mg>* may stimulate BM and suppress DNA unwinding by pro-
moting BLM oligomerization.

Previously, it was shown that spontaneous four-stranded BM
is strongly inhibited by regions of heterology as short as a single
DNA base (45). The inhibition of BM was largely attributed to a
thermodynamic barrier arising from the formation of unpaired
bases in heteroduplex DNAs. Thus, Holliday junction that
migrates through a single base heterology to create two mis-
matched duplexes very rapidly reverses direction to restore
base-pairing (50). The BM protein complex that translocates
unidirectionally along DNA would act as a reflective barrier
that blocks this reverse BM, allowing bypass of the heterology.
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In accord with this model, the efficiency of the heterology
bypass depends on the strength of this block. Thus, the proces-
sivity of the BM complex, not the helicase activity plays a criti-
cal role during the heterology bypass; the proteins that translo-
cate via the distributive mechanism could not efficiently block
the reversal of BM. We found that the heterology bypass by
RADS54, in contrast to that of BLM, was not stimulated by an
increase in protein concentration, indicating formation of sta-
ble RAD54-DNA complexes. The results of single-molecule
studies also show high processivity of RAD54 translocation on
DNA (51).

Opverall, the current results show that RAD54 is a major BM
protein in eukaryotes; RAD54 showed the highest rate of BM
among tested proteins and was capable of driving BM through
extensive regions of DNA heterology. The results also show
that the displacement strand of JMs defines the polarity of BM
of all examined proteins; RAD54 drives BM in the 3'—5’ direc-
tion, the same direction as that of BLM and RECQI and the
opposite direction of RuvAB.
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