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ABSTRACT Homologous pairing and strand exchange,
which are catalyzed by Escherichia coli RecA protein, are
central to homologous recombination. Homologs of this pro-
tein are found in eukaryotes; however, little has been reported
on the recombinase activities of the mammalian homologs,
including the human protein, denoted HsRad51. For the
studies described here, we purified HsRad51 from E. coli.
Although the activities of HsRad51 and RecA were qualita-
tively similar in the presence of ATP, there were also striking
differences. The stoichiometry of binding to DNA and the rate
of renaturation of complementary strands were similar for the
two proteins, but rates of ATP hydrolysis, homologous pairing,
and subsequent strand exchange promoted by HsRad51 were
less than 1⁄10 those of RecA. In addition, HsRad51 bound
g-thio-ATP and formed stable presynaptic complexes that
promoted renaturation as rapidly as RecA, but the recombi-
nant human protein catalyzed neither strand exchange nor
homologous pairing of a single strand with duplex DNA in the
presence of the ATP analog. By contrast, RecA promoted both
of the latter reactions in control experiments. These obser-
vations suggest that among RecA-like proteins, HsRad51 may
be a variant in which homologous pairing and strand ex-
change are more closely linked to the hydrolysis of ATP.

The central events in homologous recombination are the
pairing of homologous molecules and the initiation of strand
exchange. Escherichia coli RecA protein is the prototype of
proteins that can catalyze these reactions (1). Homologs of
RecA are widely distributed in prokaryotes (1) and eu-
karyotes, including Saccharomyces cerevisiae (2–4), Schizosac-
charomyces pombe (5), Xenopus laevis (6), Lilium longiflorum
(7), Neurospora crassa (8, 9), Arabidopsis thaliana (10), mouse
(11), chicken (12), and man (13, 14); however, the specific
recombination events in which these proteins participate are
still unclear.
In Saccharomyces cerevisiae, rad51 mutants show defects in

genetic recombination and repair of damaged DNA (15, 16)
and a strongly decreased yield of viable spores (3). A role in
meiosis is further shown by the presence in meiotic nuclei of
ScRad51 protein together with ScDmc1, another homolog of
RecA that is specific to meiosis (17).
A recA-like gene in Drosophila melanogaster was found to be

expressed at high level in ovary but not in testis, which
correlates with the lack of meiotic recombination in male
Drosophila (18). In chicken and mouse, high levels of tran-
scription of homologs of the rad51 gene were found in lym-
phoid and reproductive organs (11–13). Other findings provide
evidence for roles of mammalian Rad51 in meiosis and isotype
switch recombination: Antibody to human Rad51 stained
murine synaptonemal complexes early in meiosis (19) and

stained numerous foci in nuclei of human cells exposed to
DNA-damaging agents (35); and when primary murine B cells
were induced to stimulate isotype switch recombination, the
level of nuclear Rad51 antigen was dramatically increased (20).
In the mouse, a homozygous rad51 mutation was lethal early
in embryogenesis (21). The vital role of the mammalian
enzyme contrasts with the viability of rad51 mutants in yeast.
The Rad51 proteins of yeast and man have been purified.

The yeast protein, ScRad51, displays DNA-dependent ATPase
activity, pairs single strands with homologous duplex DNA,
and promotes subsequent strand exchange (22, 23). Human
Rad51 protein, HsRad51, possesses DNA-dependent ATPase
activity and forms nucleoprotein filaments that resemble those
of RecA (24), but pairing and strand exchange activities have
not been reported. In this paper, we describe experiments on
highly purified HsRad51 protein in which assays of fluores-
cence resonance energy transfer (FRET) have helped to
distinguish and characterize pairing and strand exchange.

MATERIALS AND METHODS

Enzymes and Other Reagents. RecA protein was purified as
described (25). ATP, adenosine 59-[g-thio]triphosphate
(ATP[gS]), and phenylmethylsulfonyl f luoride were purchased
from Sigma; T4 polynucleotide kinase, from New England
Biolabs; and DNase I, dithiothreitol (DTT), and bovine serum
albumin (BSA), from Boehringer Mannheim.
The following 83-mer oligonucleotides were synthesized on

an Applied Biosystems DNA synthesizer (model 380B):
A16(2), 59-AAATGAACATAAAGTAAATAAGTATAA-
GGATAATACAAAATAAGTAAATGAATAAACATAG-
AAAATAAAGTAAAGGATATAAA; A16(1) was comple-
mentary to A16(2); W16(2), 59-TTGATAAGAGGTCATT-
TTTGCGGATGGCTTAGAGCTTAATTGCTGAATCT-
GGTGCTGTAGCTCAACATGTTTTAAATATGCAA;
and X16 was a mixture of random 83-mers.
Primary amines on a C6 linker (Glen Research) were added

to these oligonucleotides at either the 39 end, for A16(2) and
X16, or at the 59 end, for A16(1), for subsequent labeling with
fluorescein or rhodamine by procedures that will be described
elsewhere (L.R.B., M.T., and C.M.R., unpublished work).
Oligonucleotides were purified on a 12% denaturing polyacryl-
amide gel as described (26). The absorbance at 260, 496, and
558 nm was used, respectively, to calculate the concentration
of DNA, fluorescein, and rhodamine. Duplex oligonucleotides
were prepared by annealing as described (26). Duplex oligo-
nucleotides with conjugated fluorophores were labeled at 59
ends with 32P by reaction with T4 polynucleotide kinase and
examined by electrophoresis on nondenaturing 12% polyacryl-
amide gels to confirm complete annealing. All DNA concen-
trations refer to moles of nucleotide residues, except for
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stoichiometric ratios for duplex DNA, which are expressed as
moles of protein per mole of base pairs.
Cloning of the Human rad51Gene.Wepreviously cloned the

coding sequence for HsRad51 with a hexahistidine tag (35);
the present procedure was designed to clone the coding
sequence without the tag. The HsRad51 coding sequence was
amplified by PCR from a thymus cDNA library in lCharon BS
phage (28), by use of the following primers: (i) CATGCCAT-
GGCAATGCAGATGCAGCTTG and (ii) CGCGGATCCT-
CAGTCTTTGGCATCTCCCACT. The PCR fragment was
inserted into expression vector pTrcHisB (Invitrogen) at the
NcoI and BamHI restriction sites to make plasmid pEG932.
The choice of restriction enzymes enabled us to clone the
Hsrad51 gene without a histidine tag, which is otherwise
encoded by pTrcHisB. The identity of the inserted sequence to
the published coding sequence of the Hsrad51 gene (13) was
confirmed by DNA sequencing.
Purification of HsRad51. The protein was purified from E.

coli DH10B (GIBCOyBRL) carrying plasmid pEG932 (see
above). Purification, details of which will be published else-
where, involved chromatography through Q Sepharose, Bio-
Gel-HTP, Mono Q, and native DNA-cellulose. By this proce-
dure, we purified HsRad51 to apparent homogeneity: only one
band of 37 kDa was seen on SDSyPAGE analysis of DNA-
cellulose fractions that contained about 1.8 mg of protein per
ml. The following activities were undetectable (,2% activity
after incubation for 1 hr): exonuclease or endonuclease on
single- or double-stranded DNA (ssDNA and dsDNA, respec-
tively), endonuclease or topoisomerase on superhelical DNA,
helicase on partial duplex substrates.
Binding of HsRad51 to Oligonucleotides. The standard

reaction mixture contained 5 mM oligonucleotide, 25 mM
Hepes (pH 7.4), 1 mM MgCl2, 1 mM DTT, 2 mM ATP, and
100 mg of BSA per ml.
Binding of HsRad51 to 83-mer W16(2) was determined by

a nitrocellulose filter assay as described (29), and the following
fluorometric assay: W16(2) labeled with Cy3 succinimidyl
ester fluor (from Amersham) at its 39 end was incubated with
different concentrations of HsRad51 at 378C for 4 min.
Enhancement of fluorescence emission from Cy3 at 565 nm
was measured upon excitation at 545 nm. The Cy3 emission
was plotted against the protein-to-nucleotide ratio to assess the
stoichiometric requirement for saturation of the DNA.
DNase I Protection. HsRad51 or RecA (1.2 mM) was

incubated with 32P-labeled A16(2) DNA (3 mM) in the
reaction mixture described below under Renaturation in the
presence of ATP or ATP[gS], or in the absence of nucleotide
cofactor, at 378C for 4 min. DNase I was then added to the
reaction mixture and incubation was continued at 378C for 2
min. The reaction was immediately quenched by adding a
solution so that the final concentrations of added reagents
were 0.5% SDS and 25 mM EDTA. DNA was precipitated by
adding cold trichloroacetic acid at a final concentration of
20%, and radioactivities of acid-soluble material in the super-
natant were measured.
Renaturation. HsRad51 or RecA (1.2 mM) was preincu-

bated at 378C for 4 min with 3 mM 83-mer, A16(2), in a
reaction mixture (50 ml) containing 1 mM MgCl2, 25 mM
Hepes (pH 7.4), 1 mM DTT, 2 mM ATP or ATP[gS], and 100
mg of BSA per ml. After the reaction mixture was transferred
from 378C to room temperature for 1 min, 59-32P-labeled
complementary plus strand oligomer, A16(1), was added,
bringing its final concentration to 3 mM, and incubation was
continued at room temperature. At various time intervals, 8-ml
aliquots were taken and mixed with 2 ml of a solution to stop
the reaction; final concentrations in these mixtures were 0.5%
SDS, 25 mM EDTA, 0.04% bromophenol blue, 0.04% xylene
cyanol, and 100 mM oligonucleotide A16(1) as an unlabeled
competitor to block spontaneous renaturation. Samples were
loaded on a nondenaturing 12% polyacrylamide gel after

incubation for 5 min on ice, and the gel was run at 8 Vycm for
2.5 hr at room temperature in buffer containing 45 mM Tris
borate (pH 8.3) and 1 mM EDTA. The gel was dried and the
reaction was quantitated by PhosphorImager analysis (Molec-
ular Dynamics).
Strand Exchange Assessed by Electrophoresis. Preincuba-

tion of HsRad51 or RecA with 83-mer A16(2) was done as
described above under Renaturation. After 4 min, the concen-
tration of MgCl2 was increased to 30 mM, followed by addition
of homologous duplex oligonucleotide 59-32P-A16(2)y
A16(1). The final concentration of the duplex oligonucleotide
was 2.5 mM. To provide a heterologous control, we formed the
filament on the randomized 83-mer, X16. Incubation was
continued at 378C for 1 hr for HsRad51 or 10 min for RecA.
The reaction was stopped and analyzed as described above
except that competitor oligonucleotide A16(1) was omitted.
Homologous Pairing and Strand Exchange Assayed by

FRET. To measure the homologous pairing of a single-
stranded oligonucleotide with homologous duplex oligonucle-
otide, 39-F-A16(2), an 83-mer minus strand labeled at its 39
end with fluorescein, was preincubated with 1.2 mMHsRad51
or RecA for 4 min as described above under Renaturation. The
concentration of MgCl2 was increased to 30 mM, duplex
83-mer was added at 3 mM, and incubation was continued at
378C. The duplex was labeled with rhodamine at the 59 end of
the plus strand, 59-R-A16(1)yA16(2).
To measure strand exchange by the fluorescence assay, the

Rad51 or RecA filament was formed as described above on
unlabeled A16(2) for 4 min (volume 20 ml) followed by the
addition of filament to a reaction mixture (110 ml) containing
30 mMMgCl2 and 3 mMduplex oligonucleotide labeled on the
39 end of the minus strand with fluorescein and on the 59 end
of the plus strand with rhodamine, 39-F-A16(2)y59-R-A16(1).
The final concentrations of ssDNA and protein were 3 mMand
1.2 mM, respectively.
Fluorescence emission spectra were taken from 502 to 620

nm upon excitation at 493 nm on an SLM 8000C spectrofluo-
rimeter (SLM Aminco, Urbana, IL). To determine the spec-
trum of sensitized emission (se) from rhodamine—i.e., emis-
sion due to FRET—we subtracted the summed spectra both
for reaction mixtures containing only f luorescein-labeled
DNA and for reaction mixtures containing only rhodamine-
labeled DNA from spectra of reaction mixtures containing
DNA labeled with both fluorophores. Corrections for small
differences in concentration of the two fluorophores between
samples were made by normalization based on reference
measurements of emission from fluorescein at 520 nm and
emission from rhodamine at 585 nm. A reaction mixture
containing only rhodamine-DNA was used to generate a
spectrum of nonsensitized emission (nse) from rhodamine
following excitation at 493 nm. The nonsensitized emission
from rhodamine provides the denominator of the expression
that quantitates sensitized emission and permits comparison
between experiments:

seynse 3 100

5 % increase in emission from rhodamine due to FRET.

RESULTS

Complexes Made by HsRad51 with Oligonucleotides. The
binding of HsRad51 to 83-mer oligonucleotides in the presence
of ATP was assessed by a filter assay, and by an assay based on
enhancement of fluorescence from the conjugated fluoro-
phore Cy3. According to both assays, HsRad51 bound coop-
eratively to a single-stranded 83-mer, and, according to the
filter assay, HsRad51 also bound cooperatively to a double-
stranded 83-mer (data not shown).
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The stoichiometry of the interactions of Rad51 with DNA
was observed by multiple assays (Table 1). Maximal binding,
strand exchange, and ATPase activity occurred when there was
one molecule of protein per two to three nucleotide residues
or base pairs (Table 1). This stoichiometric relationship is very
similar to that for RecA protein (30) and ScRad51 (22) and for
HsRad51 interacting with long single strands (24).
The binding of HsRad51 to 83-mer, in the presence of either

ATP or ATP[gS], conferred protection from DNase I com-
parable to protection afforded by RecA protein. In the absence
of nucleotide cofactor, HsRad51 protected the DNA less well
(Table 2).

Homologous Pairing of a Single Strand with Duplex DNA.
We devised two assays based on fluorescence spectroscopy
that measure homologous pairing and strand exchange, re-
spectively (see below). For studies with oligonucleotides as
substrates, the spectroscopic approach enables one to distin-
guish homologous pairing from subsequent strand exchange,
and provides assays that measure pairing and strand exchange
in solution, in real time.
Homologous pairing of a single-stranded oligonucleotide

with a duplex oligonucleotide was monitored by FRET. An
oligonucleotide labeled at its 39 end with fluorescein, 39-F-
A16(2), was used to form a presynaptic filament with
HsRad51. Another fluorophore, rhodamine, was attached to
the 59 end of the complementary strand in duplex DNA,
59-R-A16(1)yA16(2). Homologous pairing between the two
DNA molecules should juxtapose the two fluors, resulting in
nonradiative energy transfer from fluorescein to rhodamine
when fluorescein is excited at 493 nm, near the wavelength for
maximal excitation. As a result of this energy transfer, the
fluorescence emission from fluorescein is quenched and that
from rhodamine is enhanced.

FIG. 1. Homologous pairing assayed by FRET. (A) Pairing of homologous single-stranded and duplex oligonucleotides, 39-F-A16(2) with
59-R-A16(1)yA16(2). The dotted line represents the summed emission spectra for a reaction lacking a rhodamine-labeled strand and for a reaction
lacking a fluorescein-labeled strand, after excitation at 493 nm. The solid line represents the spectrum of the complete reaction mixture containing
DNA conjugated with both dyes. (B) Difference spectrum derived from A: the sensitized emission from rhodamine—i.e., the net enhancement in
rhodamine emission as a consequence of energy transfer, from which the background of nonsensitized emission has been subtracted. Since the
sensitized and nonsensitized emission in this experiment were of equal magnitude, the net emission from rhodamine increased 100% as a result
of energy transfer. (C) Heterologous DNA, 39-F-X16 plus 59-R-A16(1)yA16(2), otherwise as in A. The superposition of the two curves means
that there was no detectable FRET. (D) Difference spectrum derived from C. The solid line represents a FRET signal that is negligible compared
with the nonsensitized emission from rhodamine, shown for comparison by the dotted line. (E) Difference spectrum for a reaction of the homologous
substrates shown inA, in the presence of ATP[gS]. As inD, the solid line represents a FRET signal that is negligible compared with the nonsensitized
emission from rhodamine, shown for comparison by the dotted line.

Table 1. Stoichiometry of interactions of HsRad51 with
83-mer oligonucleotides

Assay

% of maximal reaction
at proteinyDNA ratio

1:2 1:3 1:6

Binding to ssDNA
Filter assay 100 92 56
Fluorescence assay 100 95 78

Strand exchange
Gel assay 100 96 32

Binding to dsDNA
Filter assay 100 98 44

ATPase activity with ssDNA 100 84 51

Reaction conditions were as described in the text. Binding reactions
were carried out at 378C for 4 min. The same stoichiometry was
observed when the strand exchange assay was done with 33-mer or
83-mer oligonucleotides. The strand exchange assay was carried out for
60 min and reached a yield of 60% in the case the 83-mer substrates.
ProteinyDNA ratio refers to moles of HsRad51 per mole of nucleotide
residue, or, in the case of binding to duplex oligonucleotide, mole of
base pairs. ATPase was assayed as described (25).

Table 2. DNase I protection of DNA bound to HsRad51 or RecA

Cofactor

% DNA protected from
DNase I digestion

RecA HsRad51

ATP 90 90
ATP[gS] 95 79
None 91 30

The reaction was done as described in the text. The amount of
DNase I used (0.067 unityml) was sufficient to digest all unprotected
DNA molecules in 2 min. Protected DNA was the fraction that
remained trichloroacetic acid-insoluble.
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As expected, homologous pairing of the described substrates
by HsRad51 enhanced rhodamine emission (Fig. 1A). The net
increase in rhodamine emission due to energy transfer, the
so-called sensitized emission, was approximately 100% above
the background of nonsensitized emission from rhodamine
(Fig. 1B). The use of heterologous substrates resulted in a
negligible enhancement of rhodamine emission above back-
ground (Fig. 1 C and D).
Strand Exchange. To detect strand exchange with oligonu-

cleotides as substrates we used both the standard electro-
phoretic assay (seeMaterials and Methods) and another variant
of the fluorometric assay (see below).
HsRad51 was preincubated with 83-mer oligonucleotide

A16(2), followed by addition of a homologous duplex oligo-
nucleotide, 59-32P-A16(2)yA16(1). After 60 min, 60% of the
labeled strands were displaced from the duplex oligonucleo-
tide in the reaction promoted by HsRad51 (Fig. 2A, lane 3),
compared with 78% in a reaction promoted by RecA protein
under similar conditions (lane 7). Strand exchange catalyzed by
HsRad51 required homology (lane 4), ATP (lane 5), andMg21
(lane 6). The optimal exchange reaction was observed at a ratio
of one protein monomer per two to three nucleotides, the same
stoichiometric relationship as observed for DNA binding
(Table 1).
Relative Rates of Homologous Pairing and Strand Ex-

change. As noted above, when fluorescein and rhodamine are
juxtaposed, the emission from fluorescein is quenched and that
from rhodamine is enhanced as a result of energy transfer. If
one starts with a duplex oligonucleotide in which the two
strands are juxtaposed, as in 39-F-A16(2)y59-R-A16(1),
strand exchange should separate the two fluors and lead to
enhanced emission from fluorescein, as it does (Fig. 3). In
side-by-side experiments, using substrates 39-F-A16(2) and

59-R-A16(1)yA16(2), we observed the quenching of emission
from fluorescein as homologous pairing occurred. We thus
compared the rates of homologous pairing and strand ex-
change for both HsRad51 and RecA protein.
The respective rates of pairing and strand exchange were

indistinguishable for HsRad51 (Fig. 3A), and, moreover, were
at least an order of magnitude slower than pairing and strand
exchange catalyzed by RecA protein (Fig. 3B). Pairing and
strand exchange by RecA was completed in 60 sec, while the
same reactions by HsRad51 were not completed even at 900
sec. A similarly slow strand exchange by HsRad51 was seen
when the time course was measured by the electrophoretic
assay (data not shown).
Homologous Pairing vs. Hydrolysis of ATP. HsRad51 hy-

drolyzed ATP in a reaction that was completely dependent
upon the presence of DNA, but was very slow: in an experi-
ment in which we found that the kcat for hydrolysis by RecA
protein was 20, the kcat for HsRad51 was less than 1 (data not
shown).
In the presence of ATP[gS], RecA protein can promote

homologous pairing and limited strand exchange (Fig. 2B,
lanes 5–8) (31–33), whereas HsRad51, in contrast, was unable
to promote either strand exchange (Fig. 2A, lane 8; Fig. 2B,
lanes 1–4) or the pairing of a single strand with duplex DNA,
as assessed by the FRET assay (Fig. 1E). As noted above,
HsRad51 binds to single-stranded oligonucleotides in a reac-
tion that depends on either ATP or ATP[gS] (Table 2). The
binding of 35S-labeled ATP[gS] to HsRad51 in the presence of
an oligonucleotide was quantitatively the same as the binding
to RecA (data not shown).
In contrast to its slow rate of pairing of a single strand with

duplex DNA in the presence of ATP and its inability to
catalyze that reaction in the presence of ATP[gS], HsRad51
promoted the renaturation of complementary single strands as

FIG. 2. Strand exchange mediated by HsRad51. Strand exchange
reactions were done with single-stranded 83-mer A16(2) and duplex
83-mer 59-32P-A16(2)yA16(1) as described in the text. (A) All lanes
contained reaction mixtures with the following omissions or substitu-
tions: lane 1, no protein; lane 2, HsRad51 but no ssDNA; lane 3,
HsRad51 complete reaction in presence of ATP; lane 4, HsRad51 with
X16 substituted for A16(2) as a heterologous control; lane 5,
HsRad51 without ATP; lane 6, HsRad51 without Mg21; lane 7, RecA
substituted for HsRad51 in a complete reaction; lane 8, HsRad51 with
ATP[gS] in place of ATP. (B) Lack of strand exchange mediated by
HsRad51 in presence of ATP[gS]. Lanes 1, 2, 3, and 4, complete
HsRad51 reaction at 5, 15, 30, and 45 min, respectively; lanes 5, 6, 7,
and 8, complete RecA reaction at 5, 10, 15, and 30 min, respectively.

FIG. 3. Time courses of homologous pairing and strand exchange.
(A) HsRad51. (B) RecA. Pairing and strand exchange were measured
by two FRET assays with different respective locations of the fluo-
rescent probes in the substrates (seeMaterials andMethods). Solid lines
are plots of quenching of fluorescence from fluorescein as a result of
homologous pairing; dotted lines are plots of enhancement of fluo-
rescence as a result of strand exchange. The intensity of fluorescein
emission was observed at 520 nm upon excitation at 493 nm.
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fast and efficiently as RecA protein in the presence of either
ATP or ATP[gS] (Fig. 4).

DISCUSSION

We have purified HsRad51 protein that was overproduced in
E. coli, and we have characterized the basic parameters of its
action, using oligonucleotides as substrates. By several criteria,
we found that the stoichiometry of interaction of HsRad51
with oligonucleotides is similar to that of RecA protein with
DNA. Previous experiments of Benson et al. (24) showed that
similarly prepared HsRad51 forms a nucleoprotein filament
that resembles the filament formed by E. coli RecA protein,
but also exhibits some differences.
The recombinant human protein carries out the hallmark

reactions of RecA protein, including DNA-dependent hydro-
lysis of ATP, renaturation of complementary strands, homol-
ogous pairing of a single strand with duplex DNA, and strand
exchange. There are, however, significant quantitative differ-
ences in the activities of HsRad51 as compared with RecA
protein. These include rates of ATP hydrolysis, homologous
pairing, and strand exchange that are at least an order of
magnitude lower than the rates of these reactions promoted by
E. coli RecA protein in side-by-side comparisons.
The much slower reactions promoted by HsRad51 do not

appear to be due to a lower fraction of active molecules in the
preparation, since the stoichiometry of the reaction is very
similar to that of its E. coli homolog. It is possible, of course,
that the average specific activity of recombinant HsRad51 is
lower because it is missing some modification that is normally
made in human cells, or that a factor is missing in our reactions.
ScRad51, the yeast homolog of RecA, has been reported to
require the action of an ssDNA-binding protein (23). In our
system, however, with recombinant HsRad51 acting on oligo-
nucleotides, we were unable to detect an effect of the human
ssDNA-binding protein, RPA, or E. coli ssDNA-binding pro-
tein (unpublished observations).
Another set of observations suggests that the relative cat-

alytic inefficiency of HsRad51 is related to its slow hydrolysis
of ATP. First, we note from previous reports that the yeast
homolog, ScRad51, also hydrolyzes ATP slowly and appears to
promote strand exchange slowly (23), and that HsRad51
appears to have a reduced capacity to unwind duplex DNA
(24). In the present experiments, we found that in the presence
of ATP[gS], HsRad51 was completely unable to promote
strand exchange of as few as 83 nucleotide residues. Moreover,
the lack of strand exchange by HsRad51 in the presence of

ATP[gS] was attributable to a failure to form stable joint
molecules as detected by a sensitive and nondisruptive fluo-
rescence assay. Under the same conditions, RecA protein
promoted strand exchange in the presence of ATP[gS] (Fig.
2B). The failure of HsRad51 to form joint molecules in the
presence of ATP[gS] does not appear to be attributable to the
more obvious trivial causes: HsRad51 bound ATP[gS] and
formed nucleoprotein complexes (Table 2) that were as active
as those made by RecA protein in the promotion of protein-
dependent renaturation of complementary strands of DNA
(Fig. 4). Since HsRad51 can bind to both ss- and dsDNA, the
simultaneous binding to both in the presence of ATP[gS]
might provide another uninteresting reason for the failure to
form joint molecules. We found, however, that when single-
stranded 83-mer was preincubated with HsRad51 and
ATP[gS], the subsequent addition of a 10-fold excess of
homologous duplex oligonucleotide did not detectably ‘‘steal’’
protein from the complex of HsRad51 with 83-mer (unpub-
lished observations).
Our working hypothesis, which rationalizes the observed be-

havior of HsRad51, is that the low rate of hydrolysis of ATP
affects a rate-limiting step that is essential for both homologous
pairing and strand exchange. Theremay be an energy-demanding
step that is required either to effect homologous recognition or
to stabilize an initial recognition complex. The role of ATP
hydrolysis in the pairing and exchange reactions of the extensively
studiedRecA protein remains uncertain. If, as we suggest, human
HsRad51 is a variant that exhibits amore direct coupling between
hydrolysis of ATP on the one hand and homologous pairing and
strand exchange on the other, further study of this protein may
provide important clues on the underlying mechanism of homol-
ogous recognition and strand exchange.
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