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ABSTRACT

RecA protein catalyzes DNA strand exchange, a
basic step of homologous recombination. RecA pro-
tein possesses two DNA binding sites. During DNA
strand exchange, the primary site binds to ssDNA,
forming the helical RecA nucleoprotein filament.
The weaker secondary site binds dsDNA during the
homology search process. Surprisingly, the secon-
dary DNA binding site displays a higher affinity for
ssDNA than for dsDNA. Binding of ssDNA to this
secondary site shows base compositional specificity,
in that polypyrimidinic DNA binds to the RecA
protein-ssDNA filament with higher affinity than
polypurinic sequences. We found that this specific-
ity reflects an intrinsic property of the secondary
site of RecA protein rather than an interaction be-
tween DNA molecules within nucleoprotein fila-

ment, i.e., self-recognition.  Here we demonstrate
that this site has a second important function. It
binds the ssDNA strand that is displaced from ho-
mologous duplex DNA during DNA strand
exchange, stabilizing the initial heteroduplex DNA
product. Although the high affinity of the secondary
site for ssDNA is essential for DNA strand ex-
change, it renders DNA strand exchange sensitive
to an excess of ssDNA which competes with dsDNA
for binding. We further demonstrate that SSB can
sequester ssDNA, preventing its binding to the
secondary site and thereby assisting at two levels: it
averts the inhibition caused by an excess of ssDNA
and prevents the reversal of DNA strand exchange
by removing the displaced strand from the secon-
dary site.

INTRODUCTION

Recombination between homologous DNA is catalyzed
by the ubiquitous family of RecA-like proteins. The
members of this family are conserved among Bacteria,
Eucarya and Archaea (Dunderdale and West, 1994;
Kowalczykowski and Eggleston, 1994; Radding, 1991;
Roca and Cox, 1990). In vitro, RecA protein promotes
DNA strand exchange, a central step of homologous
recombination. RecA protein alone can carry out DNA
strand exchange, but the single-stranded DNA binding
protein (SSB) greatly stimulates the reaction (Cox and
Lehman, 1982; Kowalczykowski and Krupp, 1987;
Muniyappa et al., 1984).

DNA strand exchange is a multi-step process that
initiates with the binding of RecA protein to single-
stranded DNA (ssDNA), resulting in formation of a
helical nucleoprotein filament. Conventionally, the
RecA protein binding site responsible for this DNA
binding is referred to as the “primary” site. RecA pro-
tein can assemble on either ssDNA or dsDNA to a
form helical filament (McEntee et al., 1981; Pugh and
Cox, 1988); however, ssDNA is the preferred and
likely biologically important substrate for RecA pro-
tein (Kowalczykowski and Eggleston, 1994).

The RecA protein-ssDNA filament can promote a
search for sequence homology within dsDNA. As an
initial step of the homology search, the binding of
non-homologous dsDNA by the filament is required
for the DNA strand exchange (Howard-Flanders et al.,
1984). Since in the cell, non-homologous genomic se-
quences are in vast excess, this binding must be weak
by necessity to permit a rapid search for sequence ho-
mology. The RecA nucleoprotein filament does indeed
bind non-homologous dsDNA weakly (Muller et al.,
1990; Takahashi et al., 1989); the resultant complexes

hardly survive gel electrophoresis (Muller et al., 1990)
and can be detected only by sensitive, thought indirect
assays (Chow and Radding, 1985; Conley and West,
1990; Tsang et al., 1985). The RecA nucleoprotein
filament can also bind non-homologous ssDNA
(Menetski and Kowalczykowski, 1987; Muller et al.,
1990; Takahashi et al., 1989; Zlotnick et al., 1993). In
contrast to the complex with dsDNA, the stability of
this complex is sufficiently high to allow detection by
gel electrophoresis (Mazin and Kowalczykowski,
1996; Muller et al., 1990; Rao and Radding, 1994;
Rao and Radding, 1993). It had been suggested that
the presynaptic filament, with ssDNA bound to the
primary site, has a secondary site; this site binds
dsDNA non-specifically during the search for DNA se-
quence homology (Howard-Flanders et al., 1984).

Several lines of evidence indicate that the primary
site is involved in two types of DNA binding during
DNA strand exchange: first, it binds ssDNA to initiate
formation of the pre-synaptic filament and, second,
after homologous dsDNA is found and DNA strands
are exchanged, it accommodates the newly formed
heteroduplex DNA within the post-synaptic filament
(Chow et al., 1986; Pugh and Cox, 1987; Rosselli and
Stasiak, 1990; Ullsperger and Cox, 1995).

Despite rather extensive characterization, the pre-
cise nature and function of the secondary DNA bind-
ing site remains unknown. Recently, Rao and Radding
(Rao and Radding, 1994; Rao and Radding, 1993)
showed that various ssDNA molecules interact with
the RecA protein-ssDNA filament with different af-
finities. Unexpectedly, they found that an oligonucleo-
tide identical in the sequence to ssDNA within nucleo-
protein filament, displayed a higher affinity to the
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filament than any heterologous oligonucleotide exam-
ined. They suggested that the observed binding speci-
ficity is determined by non-Watson-Crick bonds that
are formed between ssDNA in the primary site and
ssDNA bound to the nucleoprotein filament, so-called
“self-recognition,” as a part of a homology search
process. Consequently, we sought to determine its role
in DNA strand exchange and the basis for the appar-
ently novel sequence-specificity attributed to this site.
We have established that the specificity of ssDNA
binding to a RecA protein-ssDNA filament is
determined by an intrinsic property of the RecA pro-
tein secondary site rather than by self-recognition.

We demonstrate that the secondary site binds both
ss- and dsDNA, but has a higher affinity for ssDNA.
The high affinity of the secondary site for ssDNA has
two important implications for the function of this site
during DNA strand exchange. First, it suggests a dual
role of the secondary site in DNA strand exchange:
this site binds the incoming dsDNA weakly as part of
the homology search process and then, upon finding
local homology, it binds the resulting displaced

ssDNA strand with a higher affinity. Binding of the
displaced DNA strand ensures both that homologously
aligned complexes are recognized due to stabilization
of the strand-exchanged complex, and that the
direction of DNA strand exchange is biased towards
DNA heteroduplex formation. Second, although es-
sential for DNA strand exchange, the high affinity of
the secondary site for ssDNA also represents a poten-
tial liability in that it renders DNA strand exchange
sensitive to inhibition by ssDNA; therefore, we sought
to determine auxiliary factors and conditions that
could alleviate this inhibition.

The results obtained demonstrate that the secon-
dary site did indeed bind the displaced DNA strand
following DNA strand exchange. Therefore, in addi-
tion to its role of dsDNA binding during the homology
search, the secondary DNA site provides the important
post-pairing function of binding the displaced ssDNA.
We further demonstrate that SSB protein, by removing
ssDNA from the secondary site, is instrumental in
augmenting secondary site function during DNA
strand exchange.

MATERIALS AND METHODS

Proteins and DNA
RecA protein was purified from strain JC12772 using
a procedure based on precipitation by spermidine ace-
tate (S.C. Kowalczykowski, unpublished observations).
SSB protein was purified as described (LeBowitz,
1985). Oligodeoxyribonucleotides (Table 1) were syn-
thesized using a Milligene DNA synthesizer
(Millipore) and were purified by electrophoresis in 8-
10% polyacrylamide gels containing 8M urea. An-

nealing and 5’-end labeling of oligonucleotides were
as described (Sambrook et al., 1989). The concentra-
tions of the oligonucleotides were determined spec-
trophotometrically using the extinction coefficient ε260

= 9833 M-1.cm-1 (1 OD260 = 33 mg/ml). DNA con-
centrations are expressed in moles of nucleotides.
Oligonucleotides were stored at -20°C.

Table 1.  List of the oligodeoxyribonucleotides used in this study
N, length Sequence
#1, 63-mer ACAGCACCAGATTCAGCAATTAAGCTCTAAGCCATCCGCAAAAATGACCTCTTATCAAAAGGA
#2, 63-mer TCCTTTTGATAAGAGGTCATTTTTGCGGATGGCTTAGAGCTTAATTGCTGAATCTGGTGCTGT
#5 (ident), 32-
mer

CCATCCGCAAAAATGACCTCTTATCAAAAGGA

#7, 32-mer GGCGGGCGGCGCGGCCGGGCGGCGGGCGCGCG

#19, (C→→A), 32-
mer

AAATAAGAAAAAATGAAATATTATAAAAAGGA

#21 (A→→T), 32-
mer

CCTTCCGCTTTTTTGTCCTCTTTTCTTTTGGT

#25, 48-mer GCAATTAAGCTCTAAGCCATCCGCAAAAATGACCTCTTATCAAAAGGA
#26, 48-mer TCCTTTTGATAAGAGGTCATTTTTGCGGATGGCTTAGAGCTTAATTGC
#39BT, 32-mer GCGTGTGTGGTGGTGTGCGCGTGTGTGGTGGT
#40BT, 32-mer ACCACCACACACGCGCACACCACCACACACGC
#41, 63-mer TCTGCTCCTGTTTCTGCTTTTTTGCTCTTTGCCTTCCGCTTTTTTGTCCTCTTTTCTTTTGGT
#71, 94-mer CTTTAGCTGCATATTTACAACATGTTGACCTACAGCACCAGATTCAGCAATTAAGCTCTAAGC

CATCCGCAAAAATGACCTCTTATCAAAAGGA
“G”*, 63-mer ACAGCACCAGATTCAGCAATTAAGCTCTAAGGGCGGGCGGCGCGGCCGGGCGGCGGGCGCGCG
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 “A”*, 63-mer ACAGCACCAGATTCAGCAATTAAGCTCTAAGAATAAATAATATAATTAAATAATAAATATATA
”M”*, 63-mer ACAGCACCAATGAAATCTATTAAGCTCCTCATCGTCCGCAAAAATATCGTCACCTCAAAAGGA

Table 1.  continued
N, length Sequence
htr#1, 32-mer GTGAGTCGACAAGCCTGACTCAACATTATCCT
htr#2, 32-mer AATTCTTCGAAGCTAGCCCTCAGGCCTAGGCA
htr#3, 33-mer TTCACAAACGAATGGATCCTCATTAAAGCCAGA
htr#4, 33-mer CATGGAGCAGGTCGCGGATTTCGACACAATTTA

*Sequences of these oligonucleotides were derived from the sequence of the oligonucleotide #1, the underlined sequences indicate the regions that
deviate from the oligonucleotide #1 sequence.

Binding of ssDNA to the RecA nucleoprotein fila-
ment
RecA nucleoprotein filaments were formed by incuba-
tion of ssDNA with RecA protein in a standard buffer
containing 33 mM HEPES (pH 7.0), 1.2 mM magne-
sium acetate, 2 mM DTT, 100 µg/ml bovine serum
albumin, and 1 mM ATPγS at 37°C for 12 minutes,
followed by an increase in the concentration of magne-
sium acetate to 15 mM (magnesium shift) and by in-
cubation for 4 minutes. To bind ssDNA to the secon-
dary site, the RecA protein-ssDNA filament was in-
cubated with a new aliquot of oligonucleotide for 6
minutes. Alternatively, both sites of RecA nucleopro-
tein filament were saturated by incubation of RecA
protein with an excess of ssDNA in the standard
buffer. In the latter case, incubation was continued
after the magnesium shift for 10 minutes. Where indi-
cated, complexes were challenged with unlabeled
ssDNA. Complexes were detected by a shift of mobil-
ity after electrophoresis in a 10% polyacrylamide gel
(90 mM Tris-borate, pH 8.3, and 0.5 mM EDTA) gels.

Complex formation was quantitated using a Storm 840
PhosphorImager (Molecular Dynamics).

DNA strand exchange
The RecA nucleoprotein filament was formed by incu-
bation of RecA protein with ssDNA in the standard
buffer at 37°C for 12 minutes followed by an increase
in the concentration of magnesium acetate to 11.2
mM, and by an additional incubation for 4 minutes.
Where indicated, the secondary site of the filament
was saturated by the addition of ssDNA competitor
followed by a 6 min incubation. Where appropriate,
SSB protein was added at the indicated concentration
and incubation was continued for 15 min. DNA strand
exchange was initiated by the addition of homologous
dsDNA. Aliquots were withdrawn from the reaction
mixture and either were mixed with a 1/10  volume of
loading buffer (20% ficoll, 0.1% bromophenol blue)
and directly loaded on a 10% polyacrylamide gel, or
were deproteinized prior to gel electrophoresis by the
addition of EDTA to 50 mM, SDS to 1% and protein-
ase K to 500 µg/ml followed by incubation for 5 min at
37°C.

RESULTS

Stoichiometry of ssDNA binding to the RecA nu-
cleoprotein filament
As described in the Introduction, the RecA nucleopro-
tein filament binds ssDNA molecules. If this binding
occurs at a specific DNA binding site within the RecA
nucleoprotein filament it should display a defined stoi-
chiometry. Therefore, we sought to determine this
stoichiometry and further characterize the function of
the RecA protein site responsible for this binding.

When RecA protein, at the indicated concentra-
tions, is incubated with an excess of a 32P-labeled 32-
mer oligonucleotide (#5), protein-ssDNA complexes
are detected by virtue of their retarded mobility in a
10% polyacrylamide gel (Fig. 1A; first lane in each
set, devoid of competitor ssDNA). The amount of
DNA contained within the slower-moving protein-

ssDNA complexes is linearly dependent on the con-
centration of RecA protein (Fig 1B). The slope of Fig-
ure 1B (amount of oligonucleotide retained per mole of
RecA protein) under these conditions of DNA excess
yields an apparent binding stoichiometry of just above
5 nucleotides per RecA protein monomer.

When RecA-ssDNA complexes are formed, and
then incubated with an excess of a challenge 32-mer
oligonucleotide (#21; referred to as “A → T”) which
displays a very high affinity to the RecA nucleoprotein
filament (see in the next sections Fig. 3 and table 2),
half of the labeled ssDNA is displaced; importantly,
42-50% of labeled DNA remains bound at all concen-
trations of challenge ssDNA (Fig. 1).

The remaining bound DNA represents a stable
plateau level, since it is constant at all concentrations
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of challenge ssDNA. The kinetics of displacement are
rapid, with equilibrium reached within 1 min (data not
shown). This result shows that there exist two distinct
species of protein-bound ssDNA in the presence of
ATP-γ-S: one which is stable to dissociation by
challenge ssDNA, and another which is sensitive. This
differential susceptibility to challenge ssDNA serves as
the basic experimental criterion that defines the
“primary” and “secondary” DNA binding sites of
A

0

18
0

0.75 1.5 3.0 4.0 

[RecA protein], µΜ

[ssDNA competitor], µΜ

40 60 12
0 0

18
0

40 60 12
0 0

18
0

40 60 12
0 0

18
0

40 60 12
0

B

0 1 2 3 4 5
0

5

10

15

20

total bound

resistant to challenge

[RecA protein], µµM

ss
D

N
A

 in
 c

om
p

le
x,

µµM

Fig. 1. Stoichiometry of RecA protein binding to ssDNA. RecA protein,
at the indicated concentrations, was mixed with a 32P-labeled 32-mer
oligonucleotide (#5) (24 µM nucleotides) in the standard buffer. The
resultant RecA protein-ssDNA filaments were either directly loaded on
a 10% polyacrylamide gel or, prior to the loading, challenged with an
unlabeled 32-mer oligonucleotide (#21). Panel A shows an
autoradiogram of the gel. Quantitation of these data is presented in
panel B, which shows the total amounts of oligonucleotide bound to
RecA protein and the amounts of the complex resistant to the challenge
with the 32-mer oligonucleotide (#21) (180 µM).

RecA protein, respectively. Given that approximately
half of the ssDNA is susceptible to challenge (Figure
1B), the stoichiometry for each of these DNA binding
sites is approximately 2.5 nucleotides per RecA pro-
tein monomer.

RecA protein has two non-equivalent sites for
ssDNA binding

If the two distinct ssDNA binding sites that are de-
fined by the experiments shown in Fig. 1 can be at-
tributed to the presence of two unique saturable DNA
binding sites, then the site which binds ssDNA with
the higher affinity (i.e., the primary site) should satu-
rate preferentially in the presence of a limiting amount
of ssDNA. Subsequent titration with additional ssDNA
should result in binding to the secondary site. To
establish whether this expectation was correct, two
types of labeled ssDNA-RecA protein complexes were
formed and then challenged with unlabeled ssDNA. In
the first set, RecA nucleoprotein filaments were
formed using 32P-labeled 32-mer oligonucleotide (#5)
at the stoichiometric ratio of 1 RecA protein monomer
per 3 nucleotides of ssDNA. Based on the data in
Fig.1, this concentration of ssDNA would be in slight
excess (20%) of the amount required to saturate the
primary DNA binding site of RecA protein. By adding
another equivalent of the same, but unlabeled, oli-
gonucleotide, the secondary site should also be filled
but with the unlabeled ssDNA. This complex was then
challenged with an excess of cold ssDNA 32-mer
(#21). As shown in the Fig. 2 (marked “labeled DNA
in primary site”) the labeled oligonucleotide that was
expected to be bound to the primary site was essen-
tially resistant to the ssDNA challenge. About 30% of
the labeled 32-mer oligonucleotide dissociated from
the complex after challenge (based on the concentra-
tion used, the 20% excess of the labeled oligonucleo-
tide would have bound to the secondary DNA binding
site, and should have been displaced by the ssDNA
challenge), while the remaining labeled complex was
resistant to increasing concentrations of the chal-
lenger.

labeled ssDNA

[challenge ssDNA], µµ

in primary site in secondary site
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Fig. 2. The existence of two non-equivalent DNA binding sites within
the RecA nucleoprotein filament. RecA protein (4 µM) was mixed with
the 32-mer oligonucleotide (#5) (12 µM) in standard buffer. After
filament formation was completed, another aliquot (12 µM) of the same
oligonucleotide was mixed with the filament. To distinguish between
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these two DNA molecules, either the first or the second DNA was 32P-
labeled. These two RecA protein-ssDNA filaments were challenged
with an unlabeled 32-mer oligonucleotide (#21). Complexes were
analyzed by electrophoresis in a 10% polyacrylamide gel.

In the second set of experiments, complexes were
formed just as in the first series, except the order of
addition of labeled and unlabeled oligonucleotide was
inverted: the primary site was saturated with unlabeled
oligonucleotide and the secondary site with labeled
oligonucleotide. In this case, the results show that the
labeled oligonucleotide which was bound to the
secondary site was completely sensitive to the ssDNA
competitor (Fig. 2, marked “labeled DNA in secondary
site”). Quantitation of these two experiments showed
that the amount of labeled oligonucleotide that was
resistant to challenge in the first experiment was
approximately equal to the amount of oligonucleotide
that was sensitive to the challenge in the second
experiment, arguing that the stoichiometric ratio for
ssDNA bound to these sites is 1:1.

These data are fully consistent with the presence of
two DNA binding sites, the primary and the secon-
dary,  in the RecA nucleoprotein filament which bind
equal amounts of ssDNA, but show different affinities
in this binding.

The secondary site shows base-compositional speci-
ficity of DNA binding
RecA nucleoprotein filaments are reported to prefer-
entially bind ssDNA with a sequence identical to that
bound in the primary site (Rao and Radding, 1993)
certain modifications in the sequence of this
“identical” oligonucleotide prevented binding, whereas
others did not (Rao and Radding, 1994). To further
understand the nature and the functional importance
of this binding, we quantified the effect of base re-
placement and sequence heterogeneity on the effi-
ciency of DNA binding  to the secondary RecA protein
site. RecA protein-ssDNA filaments were assembled
on a single-stranded 63-mer and their affinity for a

variety of labeled oligonucleotides, either 32- or 33-
nucleotides in length, was examined (Figure 3A). A
complex of RecA protein, primary ssDNA, and secon-
dary ssDNA (referred to simply as “complex” hereaf-
ter) was detected for all oligomers except oligo dA.
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The extent of complex formation showed a distinct
hierarchy and suggested that polypyrimidinic oligonu-
cleotides bound more efficiently. Oligo dC and the
modified 32-mer oligonucleotide, in which all thirteen
A residues were replaced with T (A→T), bound to the
RecA protein-ssDNA filament with the highest yield
(Fig. 3A). Oligonucleotides enriched with adenines
were among the least efficient: oligo dA and the
modified oligonucleotide, in which all nine C residues
were replaced by A (C→A), showed the lowest level of
binding. Similarly, GC-rich oligonucleotides (#7)
show poor affinity for the secondary site (Table 2). In
part, our data are in agreement with the base substitu-
tion experiments of Rao and Radding (Rao and Rad-

ding, 1994): replacement of A residues with T residues
did not prevent binding to the RecA protein-ssDNA
filament, whereas replacement of C residues with A
residues diminished binding. The data also show that
oligonucleotide (#5), whose sequence is identical to
Fig. 3. Specificity of ssDNA binding to the RecA secondary site. The
RecA protein-ssDNA filament was formed using a 63-mer oligonucleo-
tide (#1) (Table 1) as described in the Materials and Methods. A) This
filament was incubated with equimolar (molecule) amounts (6 µM
nucleotides) of 32P-labeled different 32 or 33-mer oligonucleotides in
the presence of heterologous ssDNA (htr#1) (120 µM) and the resulting
complex formation was analyzed by gel electrophoresis and subsequent
autoradiography. B) This RecA nucleoprotein filament was incubated
with equimolar (molecule) amounts (6 µM, nucleotides) of a 32P-
labeled 32-mer oligonucleotide (#5)  which is  identical in sequence
to the 3’- end of oligonucleotide #1. This was fol lowed by a
challenge for 6 minutes with the concentrations of unlabeled ssDNA
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indicated. The amount of labeled DNA remaining in the complex was
determined by electrophoresis, and is plotted. The oligonucleotides
designated “C → A” and “A→ T” were 32-mers der ived f rom
oligonucleotide #5 by replacement of all C residues by A residues and
all A residues by T residues, respectively, and dA, dT, and dC are
homo-oligomeric 32-mers.

part of the 63-mer bound to the primary site, was not
the tightest-binding ligand (Fig. 3A, lane 4, labeled
“ident”; Table 2, labeled “ident”); it bound to the sec-
ondary site with an intermediate affinity which is
comparable to that of a random 32-mer, synthesized
using an equimolar mixture of each nucleotide at every
position. (Fig. 3A, lane 7, labeled “random”). We also
observed a large variation in affinity of the filament
for different oligonucleotides of mixed base
composition, fortuitously chosen, which had no ho-
mology to the resident 63-mer oligonucleotide. Het-
erologous oligonucleotide #2 (htr#2) displayed a low
affinity, while other heterologous oligonucleotides
(htr#3 and htr#4) bound to the RecA protein-ssDNA
filament with an efficiency higher than that of the
identical 32-mer (Fig. 3A). This difference in the af-
finity is not explained simply by differences in the
content of pyrimidines/purines but may, instead, re-
flect a distinct bias of RecA protein for oligonucleo-
tides of a particular nucleotide composition (Tracy and
Kowalczykowski, 1996).

Table 2. Sequence-specificity in ssDNA binding to the
RecA secondary site.

Oligonucleotide complex, %

#40BT 82.0
#39BT 71.0
A→T 71.0
ident 51.0
#7 (GC-rich) 7.0
C→A 5.0

We also tested the affinity for the secondary site of
an oligonucleotide enriched with T and G residues.
Previously, using SELEX protocol it was established
that RecA protein shows preferential affinity for GTT-
rich sequences (Tracy and Kowalczykowski, 1996).
However, SELEX, a technique based on several
sequential cycles of RecA protein-ssDNA filter
binding and PCR amplification of bound DNA, does
not allow to determine in which of the RecA protein
site DNA binding occurs. Using gel-retardation assay,
we found here that a GTT-rich oligonucleotide
(“#39BT) binds to the secondary site very efficiently
(Table 2). Its complement, CCA-rich sequence
(#40BT), shows even higher affinity for the secondary
site (Table 2).

There is a hierarchy of affinities for binding to the
RecA protein-ssDNA filament
To further examine the relative DNA binding affinities
of the RecA nucleoprotein filament, we performed
competition experiments. Complexes formed between
a RecA protein assembled on a 63-mer oligonucleotide
filament and an identical 32P-labeled 32-mer oli-
gonucleotide were challenged with unlabeled single-
stranded oligonucleotides of different sequences, but of
the same length (32-mers). The residual complexes
were analyzed by gel electrophoresis. Since the half-
time for exchange is less than 1 minute (data not
shown), the 6 minute incubation ensures that equilib-
rium is achieved. The ability of various oligonucleo-
tides to replace the oligonucleotide that is bound to the
secondary site directly correlates with their extent of
complex formation seen in Fig. 3A: oligopyrimidinic
oligonucleotides were the most efficient competitors
and the oligonucleotide in which the identical se-
quence was modified with A→T replacements was
also an efficient competitor (Fig. 3B). By contrast,
oligonucleotides enriched for adenines, such as the 32-
mer with C→A replacements in the original identical
sequence, were poor competitors.

As expected, and characteristic of a difference be-
tween primary site binding and secondary site binding,
the 32-mer oligonucleotide bound to the primary site
was resistant to increasing concentrations of competi-
tor (Mazin & Kowalczykowski, unpublished observa-
tions). This behavior is typical for complexes formed
with ATPγS (Menetski and Kowalczykowski, 1987).

The sequence of the DNA molecule bound to the
primary site of RecA protein does not determine
the specificity of ssDNA binding to the secondary
site
We found that the oligonucleotide whose sequence is
identical to that bound in the primary site is a rather
average ligand for binding to the RecA nucleoprotein
filament. This finding led us to question whether self-
recognition between the first and the second DNA
strands is responsible for the observed specificity of
ssDNA binding.

To address this question, we formed presynaptic
filaments with four different 63-mer oligonucleotides
bound to the primary site of RecA protein. The first
one (#1; labeled “I” in Fig. 4), homologous to M13,
was the same oligonucleotide that we used in the pre-
vious experiments (Figure 3); the second one (labeled
“M”) contained three patches of heterologous DNA, 9
nucleotides each, resulting in a mosaic of homology;
and finally, in both the third (labeled “G”) and the
fourth (labeled “A”), the 3’ -region of the 63-mer that
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is identical in sequence to the 32-mer was replaced
with G-rich or A-rich sequences, respectively. In the
fifth experiment, the 63-mer was omitted (labeled “B”
for blank), and RecA protein was mixed with het-
erologous 32-mer oligonucleotide (htr#1). Each of
these nucleoprotein filaments was then incubated with
three different 32P-labeled 32-mer oligonucleotides:
one that is identical to 32 nucleotides of the 63-mer
oligonucleotide #1 (“M13, #5”); a second in which all
of the A residues were substituted by T residues
(“A→T”); and a third with C residues substituted by A
residues (“C→A”).

The results show that each of the five different
presynaptic filaments displays an equal extent of com-
plex formation for each 32P-labeled 32-mer oligomer,
regardless of the DNA sequences that occupy the pri-
mary DNA binding site (Fig. 4). Thus, binding to the
secondary site of RecA nucleoprotein filament depends
only on the composition of the added oligonucleotide
and not on the sequence of the DNA bound to the pri-
mary site. In agreement with the results described
above (Fig. 3), the modified 32-mer with A→T sub-
stitutions showed the highest level of binding; the
identical 32-mer DNA was less efficient; and the
modified 32-mer with C→A substitutions showed the
lowest affinity for each of the different presynaptic
filaments tested (Fig. 4).

We conclude that the sequence of the DNA bound
to the first site of RecA protein does not determine the
binding affinity of the second DNA molecule. Conse-
quently, the observed specificity of DNA binding to
the secondary site is an intrinsic property of RecA
protein.

DNA bound to 2  site 

DNA bound to 1  site

32-mer #5  C    A  A     T 

RecA-DNA
complexes

free DNA 

B G A M B BG GA AM MI I I

Fig. 4. The sequence of the ssDNA bound to the primary site of RecA
nucleoprotein filament does not determine the specificity of ssDNA
binding to the secondary site. Five different RecA protein-ssDNA
filaments were formed, using four 63-mer and one 32-mer
oligonucleotides. Oligonucleotide “G”, oligonucleotide “A” and
oligonucleotide ”M” are derivatives of the 63-mer oligonucleotide #1 in
which the 3’ region was replaced with guanine-rich sequences (G), ade-
nine-rich sequences (A), or mosaic patches of heterology (M),
respectively. Oligonucleotide #1 is designated as “I”. These
nucleoprotein filaments were incubated in the presence of heterologous
ssDNA (htr#1) (120 µM) with each of three different 32P-labeled 32-
mer oligonucleotides: 32-mer #5 (see Fig. 1) which is identical to 3’-

part of oligonucleotide #1; modified A→T (see Fig. 1) and modified C
→A (see Fig. 1) and analyzed by electrophoresis. In the blank
experiment (B), a 63-mer was omitted and RecA protein was mixed
with heterologous 32-mer ssDNA (htr#1) (120 µM). The underlined
sequences represent substitutions in the oligonucleotide #1.

Single- and double-stranded DNA compete for
binding to the secondary site
We further asked whether the secondary binding site is
the same site which interacts with dsDNA during the
DNA strand exchange reaction. Therefore, we tested
whether dsDNA can bind to the secondary binding
site. Since we could not detect complex formation with
dsDNA directly by gel retardation due to weak bind-
ing, the ability of dsDNA to compete with ssDNA
bound to the secondary site was measured (Fig. 5).

The results show that the ssDNA oligonucleotides,
particularly the shorter ones, can be displaced from the
secondary site by competing heterologous dsDNA. The
fact that both ssDNA and dsDNA compete for binding
to the RecA protein-ssDNA filament suggests that they
bind to the same, or at least, an overlapping site. This
result is consistent with the suggestion that the
secondary binding site functions in DNA strand
exchange.
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Fig. 5. Competition between ssDNA and dsDNA for secondary site
binding. The RecA nucleoprotein filament was formed by incubation of
63-mer oligonucleotide (#1) (12 µM) with RecA protein (4 µM) in the
absence of heterologous (htr#1) oligonucleotide. The filament was
incubated for 6 minutes with an equimolar (molecule) amount of the
32P-labeled ssDNA indicated. These complexes were then challenged
for 15 minutes with various concentrations (nucleotides) of a HaeIII
digest of pBR322 DNA and analyzed by electrophoresis. The 48-mer
oligonucleotide #25 was identical in the sequence to the 3’-end of 63-
mer (#1).

Single-stranded DNA bound to the secondary site
inhibits DNA strand exchange
Since ssDNA binds to the secondary site with higher
affinity than dsDNA, its binding to this site should be
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inhibitory for DNA strand exchange. To test this no-
tion, DNA strand exchange between a ssDNA 63-mer
(#1) and homologous dsDNA 48-mer (#25-26) was
measured in either the presence or the absence of a
ssDNA 63-mer containing the A → T substitutions
that confer a high affinity for the secondary DNA
binding site. When present, the competing ssDNA 63-
mer was pre-incubated with the RecA nucleoprotein
filament that was formed with the homologous 63-mer
bound to the primary site. Figure 6 shows that when
the competitor ssDNA was present, only a two-fold
excess of such ssDNA was sufficient to almost com-
pletely block the reaction. In contrast, ssDNA with a
very low affinity for the secondary site, (like htr#1),
had no significant effect on DNA strand exchange.
This inhibitory effect correlates with the affinity of the
ssDNA bound to the secondary site: a 32-mer oligonu-
cleotide with A → T substitutions has a smaller in-
hibitory effect, which could be reverted by an excess of
homologous dsDNA (data not shown).

These data show that the secondary DNA binding
site has a functional role in DNA strand exchange: it
is involved in the binding of dsDNA, despite dis-
playing a preferential affinity for ssDNA.

The DNA strand that is displaced during DNA
strand exchange binds to the secondary site
The observation that ssDNA competes with dsDNA for
binding to the RecA nucleoprotein filament implied
that the secondary binding site of the filament is the
same site that binds dsDNA during the homology
search. In addition, the high affinity of the secondary
site for ssDNA prompted us to suggest that this site
has an additional post-pairing role which is to accom
modate the ssDNA strand that is displaced from the
duplex during DNA strand exchange. Therefore, we
wanted to determine whether the displaced DNA
strand was indeed bound to the secondary site of RecA
protein filament after DNA strand exchange. The dif-
ferential sensitivity of ssDNA bound to the primary vs.
the secondary site towards challenge ssDNA was used
as the criterion for occupancy by the displaced strand.
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Fig. 6. Binding of ssDNA to the secondary site of the presynaptic
filament inhibits DNA strange exchange. The RecA protein-ssDNA
filament was formed by incubation of 63-mer oligonucleotide (#1) (12
µM) with RecA protein (4 µM). DNA strand exchange was initiated by
addition of homologous 48-mer dsDNA (#25-26) in either the presence
or absence a 2-fold molar excess of 63-mer oligonucleotide (A→T)
(#41)  or in the presence of a 2-fold molar excess of 32-mer (htr#1).
The products were deproteinized with SDS-EDTA and analyzed by
polyacrylamide gel electrophoresis.

To determine the location of the displaced DNA
strand, DNA strand exchange was examined using a
presynaptic filament formed with a 94-mer oligonu-
cleotide (#71) and paired with homologous 63-mer
dsDNA in which the strand identical in sequence to
3’-end of the 94-mer was labeled; this strand would be
displaced during DNA strand exchange.The reaction
products were analyzed on a polyacrylamide gel with-
out (Fig. 7A and 7B) or with deproteinization (Fig.
7C). In the absence of deproteinization, the amount of
the displaced strand that remained associated with the
nucleoprotein filament as a post-synaptic complex is
measured, while in the absence of protein, the total
amount of DNA displaced during DNA strand ex-
change is measured. In the presence of an ssDNA
competitor with low a affinity for the secondary site
(htr#1), almost all of the displaced labeled ssDNA re-
mained in the complex with RecA protein after DNA
strand exchange had occurred (Fig. 7A). However, this
complex showed complete sensitivity to challenge with
ssDNA that has a high affinity for the secondary bind-
ing site (#41). As a result, this strand migrated as free
ssDNA (Fig. 7B). The observed pattern of sensitivities
to ssDNA-challenge indicates that the displaced strand
binds to the secondary site in the RecA protein fila-
ment after DNA strand exchange.
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Fig. 7. The DNA strand displaced during DNA strand exchange binds
to the secondary site of RecA protein. Nucleoprotein filaments were
formed by incubation of RecA protein (4 µM) with the 94-mer
oligonucleotide (#71) (12 µM). DNA strand exchange was initiated by
addition of homologous 63-mer dsDNA (#1-2) (16 µM) in which the
strand identical to the 3’-region of the 94-mer was labeled. After the
indicated periods of time, aliquots from the reaction mixture were either
challenged with cold ssDNA competitor of (A) low affinity (htr#1) (60
µM) or (B) high affinity (#41) (60 µM) for the secondary site or, alter-
natively, deproteinized (C). Samples were analyzed by electrophoresis
through a10% polyacrylamide gel

SSB protein binds the displaced DNA strand that is
associated with the post-synaptic complex
The high affinity of the secondary site for ssDNA is
fully consistent with its proposed post-synaptic func-
tion in DNA strand exchange which is to bind the dis-
placed strand. However, this high affinity can be an
impediment to DNA strand exchange, since it renders
the reaction sensitive to an excess of ssDNA that
would compete with dsDNA for binding to this active
site. Based on the dynamic nature of the complexes
found between ssDNA and the RecA nucleoprotein
secondary site, it was reasonable to expect that single-
stranded DNA binding (SSB) protein could “chase”
ssDNA from the secondary site and thereby stimulate
DNA strand exchange.

To test this hypothesis, RecA nucleoprotein fila-
ments were formed in which labeled 48-mer oligonu-
cleotide was bound either in the primary or the secon-
dary site, and these complexes were challenged with
increasing concentrations of SSB protein. Figure 8
shows that ssDNA bound to the secondary site was
sensitive to SSB protein. At 3 µM SSB protein, almost
all of ssDNA bound to the secondary site was dis-
placed, and it migrated as a distinct band with char-
acteristics typical for an SSB protein-ssDNA complex
(Fig. 8). The stoichiometry of ssDNA binding to SSB
protein was about 4 nucleotides per 1 protein mono-

mer; this represents 2.5-fold more SSB protein than
required to bind the free 48-mer oligonucleotide (data
not shown), which probably reflects the need to com-
pete with RecA protein. In contrast, ssDNA bound to
the primary site of RecA protein could not be removed
by SSB under the experimental conditions used.

This sensitivity of ssDNA bound to the secondary
site to SSB protein provided another independent as-
say to determine the site to which the displaced DNA
strand is bound. To examine whether the displaced
ssDNA that was bound to the post-synaptic complex
could be sequestered by SSB protein, DNA strand ex-
change was carried out between 94-mer ssDNA and
63-mer dsDNA described earlier. The post-strand ex-
change complex containing the displaced labeled DNA
strand was challenged with increasing concentrations
of SSB protein. The results show that this ssDNA spe-
cies could be bound by SSB protein, a characteristic of
ssDNA bound to the secondary site of the RecA nu-
cleoprotein complex (Fig. 9).

This result shows that SSB protein can remove
ssDNA from the secondary site of both pre-synaptic
and post-synaptic RecA nucleoprotein complexes. It is
likely that this property of SSB protein is responsible
for its stimulatory function in DNA strand exchange.
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Fig. 8. The displacement of ssDNA from the primary and the secondary
site of RecA by SSB protein. RecA protein (4 µM) was mixed with the
48-mer oligonucleotide (#25) (12 µM) in standard buffer. After
filament formation was completed, another aliquot (12 µM) of the same
oligonucleotide was added to the filament. To distinguish between these
two DNA molecules, either the first (A) or the second (B) DNA was
32P-labeled. These two RecA protein-ssDNA filaments were challenged
with the concentrations of SSB protein indicated. Complexes were
subjected to electrophoresis in a 10% polyacrylamide gel. Panel A
shows the autoradiograph of the gel; panel B shows a quantitation of
these data.

Removal of ssDNA from the secondary site by SSB
restores DNA strand exchange
The binding of ssDNA to the secondary site inhibits
DNA strand exchange, since it prevents the binding of
homologous dsDNA to this site. Here we tested
whether the removal of ssDNA by SSB from the sec-
ondary site of the RecA nucleoprotein filament could
restore DNA strand exchange.

DNA strand exchange was initiated between ho-
mologous double-stranded 48-mer oligonucleotide,
and nucleoprotein filaments formed on a 63-mer sin-
gle-stranded oligonucleotide either in the presence, or
absence, of a heterologous ssDNA inhibitor (#41) with
high affinity for the secondary site. The ssDNA-in-
hibitor was added to the reaction mixture after RecA
nucleoprotein formation but prior to the addition of
dsDNA. Fig. 10 shows that 3-fold excess ssDNA
nearly completely inhibited DNA strand exchange in
the absence of SSB (“+ssDNA, 0 µM SSB” vs
“standard” reaction). This effect, however, was gradu-
ally suppressed when increasing amounts of SSB pro-
tein were added to the reaction. Addition of stoi-
chiometric amounts of SSB with respect to the ssDNA-
inhibitor completely restored DNA strand exchange
(Fig. 10).
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Fig. 9. SSB protein removes the displaced DNA strand from the
secondary site of RecA protein. Nucleoprotein filaments were formed
by incubation of RecA protein (4 µM) with the 94-mer oligonucleotide
(#71) (12 µM). DNA strand exchange was initiated by the addition of
homologous 63-mer dsDNA (#1-2) (16 µM) in which the strand
identical to the 3’-region of the 94-mer was labeled. After the indicated
periods of time, aliquots from the reaction mixture were withdrawn and
either directly loaded on a 10% polyacrylamide gel (lane marked “0”);
or prior to the loading challenged with SSB protein at the
concentrations indicated. Panel A shows the radiograph of the gel; panel
B shows quantitation of these data.
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Fig. 10. SSB protein reverses the inhibitory effect of ssDNA on DNA
strand exchange. Nucleoprotein filaments were formed by incubation of
RecA protein (4 µM) with the 63-mer oligonucleotide (#1) (12 µM) in
standard buffer. After filaments were formed, oligonucleotide (#41)
with high affinity to the secondary site was added (36 µM) to saturate
the secondary site. SSB protein was added to the reaction mixtures at
the concentrations indicated . DNA strand exchange was initiated by the
addition of homologous 48-mer dsDNA (#25-26) (18 µM) in which the
strand (#26) complementary to the 3’-region of the 63-mer was labeled.
After indicated periods of time, aliquots from the reaction mixture were

removed, deproteinized, and loaded on a 10% polyacrylamide gel. Gels
were quantitated and data plotted on the graph.

The secondary binding site of RecA protein can
also be saturated with the identical strand of ssDNA
during filament formation when the ssDNA is in ex-
cess over RecA protein (Fig. 3); this excess ssDNA is
inhibitory to DNA strand exchange (McEntee et al.,
1980). In this case, we may also expect a significant
stimulatory affect of SSB on DNA strand exchange.
Indeed, an excess of homologous ssDNA (#1) (12 nu-
cleotides per 1 RecA protein monomer) significantly
inhibited DNA strand exchange (Fig. 11). However,
SSB protein in a sufficient amount restored DNA
strand exchange (Fig. 11).
This result shows that SSB protein plays an important
accessory role in DNA strand exchange by removing
ssDNA from the secondary site. Saturation of the
secondary site of the RecA nucleoprotein filaments
with ssDNA inhibits DNA strand exchange regardless
of whether it is achieved by the addition of ssDNA to
the preformed RecA nucleoprotein filaments or during
the normal course of DNA strand exchange. The
addition of SSB protein in both cases alleviates the
inhibition by ssDNA.

Fig. 11. SSB protein stimulates DNA strand exchange when an excess of ssDNA is present. Nucleoprotein filaments were formed by incubation of
RecA protein (4 µΜ) with the 32P-labeled 63-mer oligonucleotide (#1) (48 µΜ) in standard buffer. The mixture was split in two and either SSB
protein (6 µM) or equivalent amount of SSB storage buffer was added to the reaction mixtures. DNA strand exchange was initiated by the addition of
homologous 48-mer dsDNA (#25-26) (18 µΜ). After the indicated periods of time, aliquots were withdrawn from the reaction mixture, deproteinized,
and loaded on a 10% polyacrylamide gel. Panel A shows the radiograph of the gel. Panel B shows quantitation of these data; percent (%) of DNA
heteroduplex product was expressed relative to the initial concentration of dsDNA substrate.
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DISCUSSION



Our results define the functional significance of the
primary and the secondary DNA binding sites within
the RecA nucleoprotein filament, during the DNA
strand exchange process. The primary site is responsi-
ble for the binding to ssDNA that is needed for both
filament assembly and generation of a contiguous sec-
ondary site. The secondary site plays several important
roles in this process. In the initial phase of DNA
strand exchange, this site binds dsDNA as part of the
homology search process. The secondary site also has

a post-pairing function in DNA strand exchange,
which is to bind the displaced DNA strand. This func-
tion is important for DNA strand exchange, since
binding of the displaced strand stabilizes the nascent
heteroduplex product of DNA strand exchange. Finally
this secondary site is the location at which SSB protein
exerts its stimulatory effects, by abstracting ssDNA
from the secondary site and, therefore, rendering DNA
strand exchange insensitive to an excess of ssDNA.

Stoichiometry and sequence specificity of ssDNA
binding to the secondary site
The DNA binding experiments described here reveal
the presence of two DNA binding sites within RecA
nucleoprotein filament. The primary and secondary
binding sites display distinctly different affinities for
ssDNA: in the presence of ATP-γ-S, the primary site
binds ssDNA much more strongly than the secondary
site. This lower DNA binding affinity of the secondary
site results in dynamic complexes that exchange bound
DNA molecules rapidly. The dynamic nature of this
DNA binding is fully consistent with a function for
this site in the homology search process which re-
quires rapid inspection of numerous dsDNA se-
quences. The two sites bind an equivalent amount of
ssDNA, with each site accommodating about 2.5 nu-
cleotides per RecA protein monomer. The result is
consistent with the ssDNA binding stoichiometries
obtained in the presence of ATPγS that were deter-
mined using different methods (Bryant et al., 1985;
Takahashi et al., 1989).

The results presented here show that binding of
ssDNA to the RecA protein presynaptic filament dis-
plays a pronounced hierarchy: oligopyrimidinic DNA
binds to the RecA nucleoprotein filament best, while
oligoadenylic DNA binds poorly. We confirmed the
observations of Rao and Radding (Rao and Radding,
1994) that base replacements in the single-stranded
oligonucleotides have significant effects on the bind-
ing affinity. Specifically, A→T replacements en-
hanced, while others, like C→A replacements, pre-
vented binding to the filament. However, we did not
find a requirement for sequence identity between the
ssDNA within the nucleoprotein filament and the sec-
ond ssDNA molecule. Furthermore, the random 32-
mer oligonucleotides bound to the RecA protein fila-
ment as well as the identical oligonucleotide. We also
tested a number of different heterologous oligonucleo-
tides. Some of them bound to the RecA protein fila-
ment with an affinity lower than that of the identical
oligonucleotide, whereas others bound with a similar
or higher affinity. We found also that an oligonucleo-
tide enriched with TGG-trinucleotide (#39BT) binds to

the secondary site with high efficiency. Previously, this
oligonucleotide was selected using SELEX protocol as
the most potent ligand for RecA protein (Tracy and
Kowalczykowski, 1996). The complement of the
#39BT, #40BT showed the highest overall affinity for
the secondary site in all series of our experiments. The
SELEX protocol did not allow to distinguish in which
of the RecA protein sites the binding actually occurs.
Since the SELEX did not detect sequences enriched
with CCA-trinucleotide we believe that it shows pre-
dominantly DNA binding to the primary site. The fact,
that the selected TGG-rich oligonucleotide was also
among the strongest ligands for the secondary site may
indicate that the base compositional preferences of the
primary and the secondary DNA binding sites are
overlapped. The rules which govern these preferences
remain to be established, but appear to be an intrinsic
property of RecA protein.

An important question was whether the ssDNA
bound to the primary site of RecA protein affects the
observed specificity of binding for the second DNA
molecule. Previously, it was suggested that non-Wat-
son-Crick bonds between the first and the second DNA
molecules within the RecA nucleoprotein filament are
essential for the self-recognition of ssDNA (Rao and
Radding, 1994; Rao and Radding, 1993). Our results
show that the DNA sequence within the primary site
of the RecA protein filament has no effect on binding
of ssDNA to the secondary site. This apparently con-
tradicts the conclusion of Rao and Radding. However,
as far as we can see from the experimental results of
these authors, the replacement of all T residues by C
residues in the homologous part of their 83-mer oli-
gonucleotide within RecA nucleoprotein filament had
no visible effect on the specificity of ssDNA binding
[compare Fig. 1 and Fig. 4 in (Rao and Radding,
1994)]; this result is consistent with our data. We con-
clude that an intrinsic property of RecA protein, rather
than non-Watson-Crick bonding between two DNA
molecules, determines specificity of ssDNA binding to
the secondary site.

The secondary site binds the displaced DNA strand
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What is the function of the site responsible for binding
of the second DNA molecule? It almost certainly plays
a role during the pairing phase of DNA strand ex-
change, by binding dsDNA during the search process.
This interaction with non-homologous DNA is both
weak and necessarily transient, characteristics which
ensure a rapid homology search. But given these at-
tributes, how then is homologous alignment recog-
nized? We suggest that the secondary binding site
plays an additional role in homologous recognition,
but that this function is at the post-pairing step of
DNA strand exchange. Given the properties of the
secondary DNA binding site described here, we sug-
gest that the displaced DNA strand is transiently
bound to this site within the nucleoprotein filament.
This displaced strand is produced only upon homolo-
gous alignment and exchange of DNA strands, and
thereby serves as a de facto signal of homologous rec-
ognition. Since the affinity of the secondary site is
significantly greater for ssDNA than for dsDNA, this
affinity bias provides a means for stabilizing produc-
tively paired homologs. Thus, the binding of the dis-
placed strand to the secondary site may serve the im-
portant function of stabilizing the nascent short DNA
heteroduplexes formed between a resident ssDNA and
the complementary strand of an incoming double-
stranded DNA.

We, indeed, demonstrate here that, after DNA
strand exchange, the displaced DNA strand forms a
complex with RecA nucleoprotein filament. This com-
plex is indistinguishable from the complex formed by
deliberately binding ssDNA to the secondary site. Both
of these complexes were sensitive to challenge with
competitor ssDNA or with SSB protein. These results
are consistent with previously published data, obtained
using different DNA substrates and different methods.
Chemical modification experiments show that after
DNA strand exchange, the identical strand of the ho-
moduplex is displaced and is single-stranded in be-
havior (Adzuma, 1992). Furthermore, experiments
involving cross-linking reagent (Podyminogin et al.,
1995; Zhou and Adzuma, 1997) show that, the dis-
placed strand remains associated with the RecA pro-
tein-DNA filament after DNA strands have ex-
changed. Similarly, electron microscopic observations
with phage DNA in the presence of hydrolyzable ATP
show that, after DNA strands have exchanged, the
displaced DNA strand is not released immediately
from the protein complex but, rather, it remains tem-
porarily associated with the RecA protein-DNA fila-
ment (Stasiak et al., 1984); however, the displaced
strand is rapidly removed from the filament in the
presence of SSB protein. In contrast, under the same
conditions, SSB protein does not displace ssDNA from

the pre-synaptic complex (Stasiak and Egelman,
1987). These two observations, which have been con-
sidered as contradictory, can be rationalize by assum-
ing that RecA protein in the pre-synaptic and post-
synaptic complexes contains ssDNA bound in two
different binding sites, i.e. the primary and the secon-
dary. As we demonstrate here, SSB protein can se-
quester the displaced DNA strand that is bound to the
secondary site of the post-synaptic complex, while
ssDNA bound to the primary site is not available for
binding by SSB protein. The ability of the post-synap-
tic RecA nucleoprotein complex to bind the displaced
DNA strand in the secondary site is also consistent
with the observations that the RecA nucleoprotein
filament with dsDNA bound to its primary site (which
likely represents the product of DNA strand exchange)
(Ullsperger and Cox, 1995), could still bind a stoi-
chiometric amount of ssDNA (Muller et al., 1990;
Takahashi et al., 1989). Together these results argue
for an important function of the secondary site at the
post-synaptic step of DNA strand exchange, which is
the binding of the displaced ssDNA strand. A promi-
nent length dependence displayed by the secondary
site in binding to ssDNA insures that random short
homologies present in the genome would not impair
the search for homology. This binding efficiency de-
creases rapidly for oligonucleotides shorter than 63
bases, thus providing a rationale for the minimal ho-
mology length required for productive RecA protein-
dependent recombination in vivo (Watt et al, 1985).

Sequestration by SSB protein of the DNA strand
displaced during DNA strand exchange
We demonstrate here that ssDNA competes with
dsDNA for binding to the secondary site and that it
inhibits DNA strand exchange. Our results also show
that SSB protein can sequester ssDNA bound to the
secondary site and thereby alleviate the inhibition due
to ssDNA. The stimulatory role of SSB protein on
DNA strand exchange in vitro has been thoroughly
documented (Cox and Lehman, 1982; Kahn and Rad-
ding, 1984; Kowalczykowski and Krupp, 1987; Lavery
and Kowalczykowski, 1992; McEntee et al., 1980;
Shibata et al., 1980). Most significantly, SSB protein
stimulates DNA strand exchange under sub-optimal
conditions when ssDNA is present in excess over
RecA protein (McEntee et al., 1980), i.e., under con-
ditions when we observe saturation of the secondary
site of the RecA nucleoprotein filament with ssDNA.
While SSB protein certainly has several stimulatory
functions in DNA strand exchange, including disrup-
tion of ssDNA secondary structures to promote RecA
protein binding, our data demonstrate that the seques-
tration of ssDNA by SSB protein, preventing binding
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to the secondary site, can alone significantly stimulate
DNA strand exchange. Again, these results, obtained
with oligonucleotide substrates in the presence of
ATPγS are consistent with the results obtained on long
DNA substrates in the presence of ATP, validating the
generality of these conclusions.

Previously, it was shown that with an excess of
ssDNA, RecA protein forms aggregates which dissoci-
ate in the presence of SSB (Tsang et al., 1985). Our
results suggest that the aggregation is caused by the
saturation of the secondary site of the RecA nucleo-
protein filament with ssDNA which, apparently in the
case of long ssDNA, is capable of binding to the sec-
ondary sites of several different nucleoprotein fila-
ments. SSB protein removes ssDNA from the secon-
dary site and at the same time eliminates the aggre-
gates.

Function of DNA binding sites during DNA strand
exchange
A model for homologous pairing and DNA strand ex-
change catalyzed by RecA protein, proposed by How-
ard-Flanders and co-workers (Howard-Flanders et al.,
1984), points to two DNA binding sites within the
RecA nucleoprotein filament as essential: the primary
site which binds ssDNA during filament formation
and the secondary site which binds the dsDNA part-
ner. Our study, which was aimed towards examining
the properties of the secondary binding site of the
RecA protein, allows us to augment this model with
some specific features. The salient feature of the sec-
ondary site is its dual affinity for ss- and dsDNA. Our
data demonstrate that the secondary site is involved in
several important steps of DNA strand exchange (Fig.
12). At first, this site weakly binds heterologous
dsDNA as a part of the homology search process.
When homology is found, pairing occurs and leads to
the formation of both heteroduplex DNA and dis-
placed ssDNA. Since the secondary site has a higher
affinity for ssDNA than for dsDNA, it binds the dis-
placed strand tightly, stabilizing the initially unstable
heteroduplex. In accord with this model, we localized
the displaced DNA strand in the secondary binding
site of the post-exchange complex.

There are a number of reports indicating that the
heteroduplex product is found in the primary site of
the filament after DNA strand exchange (Chow et al.,
1986; Pugh and Cox, 1987; Rosselli and Stasiak,
1990; Ullsperger and Cox, 1995). Recently, several
other scenarios of DNA strand switching have been
discussed in literature. For instance, the heteroduplex
DNA product could be transferred into the secondary
site leaving the primary site vacant for the occupation

by the displaced DNA strand. Thus, our data speak
against this and several other conceivable patterns of
DNA strand switching. Our model allows the SSB
protein to fulfill its stimulatory role in DNA strand
exchange in at least two different ways. In the first,
SSB protein can sequester the excess ssDNA which
blocks DNA strand exchange by competing with
dsDNA for the binding to the secondary site. In the
second role, SSB can abstract the displaced ssDNA
strand initially located in the secondary site of post-
exchange complexes. Such abstraction can provide
additional momentum for the extension of joint
molecules and prevent the reversal of DNA strand
exchange.

Fig. 12. Functions for the DNA binding sites of RecA protein in DNA
strand exchange. RecA protein binds ssDNA in the primary site and
forms a RecA-ssDNA filament (A). As part of homology search
process, this nucleoprotein filament binds dsDNA, forming a synaptic
complex upon homologous alignment (B). In the synaptic complex,
dsDNA is weakly bound to the secondary site of the RecA
nucleoprotein filament. Local strand switching occurring in the synaptic
complex generates the displaced DNA strand that binds to the
secondary site with high affinity and stabilizes the nascent heteroduplex
DNA (C). SSB protein abstracts the displaced DNA strand from post-
synaptic complex and renders the reaction essentially irreversible (D).
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