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We demonstrate the reversibility of RecA-promoted strand
exchange reaction between short oligonucleotides in the pres-
ence of adenosine 5'-O-(thiotriphosphate). The reverse reaction
proceeds without the dissociation of RecA from DNA. The reac-
tion reaches equilibrium and its yield depends on the homology
between the reaction substrates. We estimate the tolerance of
the RecA-promoted strand exchange to individual base substi-
tutions for a comprehensive set of possible base combinations in
a selected position along oligonucleotide substrates for strand
exchange and find, in agreement with previously reported esti-
mations, that this tolerance is higher than in the case of free
DNA. It is demonstrated that the short oligonucleotide-based
approach can be applied to the human recombinases Rad51 and
Dmcl when strand exchange is performed in the presence of
calcium ions and ATP. Remarkably, despite the commonly held
belief that the eukaryotic recombinases have an inherently
lower strand exchange activity, in our system their efficiencies
in strand exchange are comparable with that of RecA. Under our
experimental conditions, the human recombinases exhibit a sig-
nificantly higher tolerance to interruptions of homology due to
point base substitutions than RecA. Finding conditions where a
chemical reaction is reversible and reaches equilibrium is criti-
cally important for its thermodynamically correct description.
We believe that the experimental system described here will
substantially facilitate further studies on different aspects of the
mechanisms of homologous recombination.

Homologous recombination (HR)? is a fundamental genetic
process with a great variety of biological implications spanning
from microbial evolution and the development of pathogens to
genome instability and carcinogenesis in higher eukaryotes. It
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also is an example of an intricate macromolecular choreogra-
phy. HR has been finding a widening scope of practical applica-
tions such as DNA recombineering, eukaryotic gene targeting
etc. (for recent reviews see Refs. 1-3 and references therein).

The central event of HR is based on a peculiar type of recog-
nition of homology between DNA molecules and until now the
mechanism of this recognition remains enigmatic (for recent
reviews see Refs. 4—9). This process is accompanied by drastic
changes in DNA conformation (10, 11) (for recent reviews
see Refs. 5,9, and 12—14) and allosteric effects (15—-18) in the
proteins that promote DNA strand exchange, the central
step of HR.

The main prerequisite for the thermodynamically correct
description of a chemical reaction is finding conditions where
the reaction is reversible and reaches equilibrium. However,
enzymatic processes are often too complex to separate revers-
ible phases and do not reach equilibrium. In the case of RecA-
promoted DNA strand exchange the complexity is the result of
the multistep nature of the reaction; the filamentous structure
and high tendency to aggregate of the RecA protein and its
complexes with long DNA molecules; the tendency of ssDNA
to form extensive secondary structure, etc. Many of these com-
plexities can be overcome by using short oligonucleotides as
substrates for the strand exchange reaction.

The conventional pathway of the RecA-promoted DNA
strand exchange reaction involves formation of a RecA protein
co-filament with ssDNA that further interacts with the second
substrate of the reaction, the dsDNA molecule, and displaces
one of the DNA strands resulting in the formation of a dssDNA
heteroduplex. The classic definition of enzymatic catalysis
assumes the existence of a reverse reaction promoted to the
same extent as the forward one and equilibration of the net
reaction. For the RecA protein from Escherichia coli the ques-
tion of whether there is a reverse reaction is unclear. Equilibra-
tion of the RecA-promoted strand exchange reaction in the
presence of ATP was documented in a series of studies (19, 20)
but most probably this equilibration was the result of the recy-
cling of the RecA protein coupled with ATP hydrolysis (21, 22).
In this case the apparently reverse reaction proceeds due to the
release of RecA from the heteroduplex dsDNA formed in the
course of the first round of strand exchange, its subsequent
binding to displaced ssDNA with formation of a conventional
presynaptic complex that further interacts with the heterodu-
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plex dsDNA. Thus, the conventional “direct” pathway of strand
exchange can result in this case in an apparent reversibility of
the reaction, although the resulting steady state is not an equi-
librium in the correct thermodynamics sense because it is sup-
ported by the permanent flow of free energy supplied by ATP
hydrolysis.

A truly inverse process, that is, the interaction and strand
exchange between a RecA protein complex with dsDNA and
free ssDNA molecule, was documented earlier (23) but the pos-
sibility could not be excluded that the observed activity was
independent and irrelevant to the canonical direct RecA-pro-
moted strand exchange. It was suggested that true reversibility
of the conventional reaction pathway might take place in reac-
tions with ssDNA substrates not containing secondary struc-
tures and that another prerequisite to this activity is the forma-
tion of a high affinity DNA binding state of RecA (24).
Shortening of oligonucleotide substrates may satisfy both con-
ditions because shorter oligonucleotides exhibit a lower tend-
ency to form secondary structures, and, at the same time, as we
demonstrated earlier (25, 26), an oligonucleotide length as
short as 18 —20 nt is still sufficient for the formation of stable
presynaptic complexes with RecA that are active in strand
exchange.

RecA protein is the central component of HR in E. coli and a
universal prototype of recombinases from all kingdoms of liv-
ing organisms. This recombinase is the best characterized
among all of the proteins of HR. A number of RecA protein
analogues from different organisms exhibit a basically similar
structure and activities, although, often differ in some impor-
tant details of their mechanisms.

In humans, the main players of HR are the Rad51 and Dmcl
proteins. Rad51 protein is a universal recombinase and is found
in all human cells where HR takes place. In contrast, Dmcl is a
meiosis-specific protein. The necessity for the concerted action
of two different recombinases in meiosis remains unexplained
and probably requires a more profound understanding of the
mechanistic aspects of DNA strand exchange reactions pro-
moted by these proteins.

The conventional reaction of strand exchange between long
natural DNA molecules is a complex multistep process con-
suming free energy from ATP hydrolysis (27-32). There are
two commonly used approaches to obtain possibly simpler
experimental systems for the study of the important phases of
strand exchange, the use of possibly shorter oligonucleotides as
substrates for the strand exchange and slowly or non-hydrolyz-
able ATP analogues as cofactors for proteins that promote the
strand exchange.

Earlier we elaborated an experimental system to study the
RecA-promoted strand exchange reaction using very short flu-
orescent dye-tagged oligonucleotides and ATP+yS as a cofactor
(25, 26). It allowed us to follow the binding of substrates and
products of the reaction in the recombinational nucleoprotein
filaments and to reveal the phenomenon of RecA monomer
phasing (33—35). In the present paper we describe the results of
the further characterization of the RecA-promoted strand
exchange between very short oligonucleotides and our first
attempts to expand this approach to the reaction promoted by
human recombinases. Here we demonstrate that the RecA-

1496 JOURNAL OF BIOLOGICAL CHEMISTRY

promoted strand exchange reaction under these conditions is
reversible and attains equilibrium in the absence of ATP
hydrolysis. This reaction is sensitive to point interruptions of
homology between partners of strand exchange. The applica-
bility of this approach to the characterization of human recom-
binases is also demonstrated.

MATERIALS AND METHODS

RecA protein from E. coli and human Rad51 and Dmc1 pro-
teins purified according to published protocols (15, 36, 37) were
kindly provided by Oleg Voloshin, Roberto Pezza, and Janet
Donaldson.

Fluorescent dye-labeled 20-nt long oligonucleotide (*20-mer)
was used as a substrate for the formation of recombinationally
active complexes with RecA and human recombinases. We
demonstrated earlier (25, 26) that fluorescent dye molecule
stimulates binding of RecA protein to short oligonucleotides
with formation of complexes active in strand exchange reac-
tions. Fluorescence of the dye molecule was used to quantify the
amounts of the *20-mer in ss and ds forms after their electro-
phoretic resolution and to follow the progress of the strand
exchange under different conditions.

Oligonucleotides (MWG Biotech Ltd.) were purified by
PAGE. The oligonucleotide list is presented in Table 1. ds-16-
mers were obtained by mixing of equal molar amounts of the
corresponding complementary oligonucleotides followed by
incubation for 10 min at 37 °C. To ensure that the preparations
of ds-16-mers do not contain contamination of ss-16-mers
(“—7-strand) that might distort our results of RecA-promoted
strand exchange the ds-16-mers obtained were checked by
mixing with the corresponding *ss-20-mers at 0 °C and subse-
quent electrophoresis under native conditions.

The strand exchange reaction was performed by the conven-
tional two-step procedure. At first, the complex of RecA pro-
tein with fluorescent dye-labeled ss-oligonucleotide (the pre-
synaptic complex) was formed. Then the second reaction
substrate, usually ds-oligonucleotide, was added and the time
course of the transition of the dye-labeled oligonucleotide from
the ss to the ds form was recorded.

Presynaptic complexes were formed by incubation of near
stoichiometric amounts of RecA protein (8.6 um) and dye-la-
beled 20-mer (22 uMm of bases) in 20 mm Tris acetate buffer (20
mu, pH 7.3), 2 mm Mg(OAc),, and 0.5 mm ATP+S at 37 °C for
30 min. The mixture was then brought to the desired tempera-
ture for the second incubation, and the Mg(OAc), concentra-
tion was raised to 10 mm, followed by the addition of the second
substrate of the reaction (ss- or ds-oligonucleotides usually in
equimolar concentration). When it is not specially noted the
RecA-promoted strand exchange reaction was performed at
32°C.

To imitate the reverse strand exchange the complexes of
RecA protein with ds-oligonucleotides corresponding to the
product of the strand exchange reaction were obtained by the
addition of equimolar amounts of “—”-strand 16-mers to pre-
formed complexes of RecA with dye-labeled 20-mer and sub-
sequent incubation for 5 min at 37 °C. The quick annealing of
such oligonucleotides under these conditions was demon-
strated earlier (26). Then “+”-strand 16-mer was added and the
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time course of the transition of dye-labeled oligonucleotide
from the ds to the ss form was followed.

In control experiments the ds-oligonucleotides were initially
formed by annealing of the dye-labeled *20-mer with the com-
plementary strand and the preformed duplex was then co-in-
cubated with RecA protein. Addition of equimolar amounts of
+strand 16-mers to these complexes prepared in this manner
resulted in the same kinetic curve of the reverse reaction (not
shown).

The same procedure was used for the preparation of com-
plexes with the human recombinases and their subsequent
strand exchange reactions. The reactions were performed at
37 °C, Mg(OAc), was replaced by CaCl, (3 mm) and ATPvS by
ATP (1 mm). The reactions also contained 100 mm NaCl for
Rad51 and 5 mm KCl for Dmcl introduced from the protein
storage buffers.

After appropriate incubation the reaction mixture was
placed on ice, deproteinized by the addition of SDS to 0.2%, and
electrophoresed in 16% polyacrylamide gel, TAE buffer (40 mm
Tris acetate, pH 8.0, 1 mM EDTA) for 2 h at 16 V/cm performed
in a cold room. Gels were scanned on a Fluorolmager Storm
840, or photographed using the gel documentation system
Chemilmager™ 5500 (Alpha Innotech) and the images ob-
tained were analyzed using the ImageQuant 5.0 program.

RESULTS

Reversibility of the RecA-promoted Strand Exchange—Fig. 1
presents a reaction scheme for the RecA-promoted strand
exchange between short oligonucleotides (Fig. 14). As seen in
Fig. 1B, RecA protein efficiently promotes the direct reaction
but the strand exchange does not reach completion and
approaches a steady state at a level dependent on the extent of
homology between the oligonucleotide partners of the strand
exchange (curves 3 and 4). Under these conditions RecA pro-
tein also promotes an efficient strand exchange in the “reverse”
direction (curves I and 2), that is, exchange of strands between
ds-oligonucleotide in complex with RecA protein and free ss-
oligonucleotide added in solution. The last reaction corre-
sponds in the right to left direction of the reaction scheme
depicted in Fig. 1A. The corresponding kinetic curves for the
direct and reverse reactions converge and reach a steady state in
a reasonable reaction time demonstrating that the most prob-
able reason for the saturation of the reactions is that they reach
equilibrium. The equilibrium level depends on the extent of
homology between the reaction substrates and is higher in the
case of perfect homology demonstrating the sensitivity of the
reaction to an individual base substitution.

Essentially the same results were obtained for the tempera-
ture range from 24 to 37 °C. In this temperature interval RecA
promotes efficient strand exchange between short oligonucleo-
tides, which is reversible and reaches a steady state at a reason-
able time, depending on the temperature. At the same time, the
saturation levels of the reaction at equilibrium do not depend
on the temperature (see below for the reverse reaction).

To estimate the stability of the free ds-oligonucleotides, cor-
responding to the reaction substrates and products under our
experimental conditions, they were incubated in the absence of
RecA protein. As seen in Fig. 2, the perfect ds-oligonucleotides
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FIGURE 1. Reversible strand exchange reaction between short oligonu-
cleotides in the presence of ATP%S. A, the reaction scheme. The presyn-
aptic complex was formed by incubation of RecA protein with a fluorescent
dye-tagged *20-mer. Position of the dye is designated by the asterisk. The
interruption of homology is designated by the crossed rectangle in the dye-
tagged oligonucleotide. Left to right direction corresponds to forward strand
exchange reaction. For a more detailed description of the experimental pro-
cedure see “Materials and Methods” and Ref. 26. B, kinetic curves of forward (3
and 4) and reverse (7 and 2) strand exchange reactions. The single-stranded
substrate of the reaction (fluorescently labeled oligonucleotide) contained
no (curves 2and 4) and one (curves T and 3) base substitution in comparison to
the ds-16-mer (see supplemental Fig. S1 for the original data).

were rather stable and the extent of spontaneous exchange
between completely homologous substrates did not exceed
10%. Mismatch containing oligonucleotides exhibited a lower
stability that was apparent from the significant level of sponta-
neous strand exchange in this case (curve 3 in Fig. 24).
Comparison of the time courses of the spontaneous and
RecA-promoted reverse strand exchange reactions in the case
of mismatch containing reaction products (curves 3 and 4 in
Fig. 24, correspondingly) demonstrates that RecA in these con-
ditions accelerates the reverse reaction in the beginning of the
reaction course but stabilizes it at a higher steady state level.
This level does not depend on the reaction temperature,
whereas the rate of the spontaneous reaction significantly var-
ies with temperature (Fig. 2, B and C) demonstrating the capa-
bility of RecA protein to actively promote the reverse reaction
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FIGURE 2. Stability of the strand exchange reaction substrates and prod-
ucts. A, direct (2) and reverse (1 and 3) strand exchange reactions were per-
formed in conditions identical to those used for RecA-promoted reactions
but in the absence of the protein. Mismatch containing (3) and completely
homologous (7 and 2) pairs of oligonucleotide substrates were used. For com-
parison purposes, the kinetic curve for reverse RecA-promoted strand
exchange reaction is presented (4). B and C, comparison of spontaneous (2)
and RecA-promoted (7) reverse strand exchange between mismatch contain-
ing pairs of oligonucleotide substrates at different temperatures.

and the efficient stabilization of the double-stranded reaction
product by RecA protein (see also below).

Theoretically, spontaneous strand exchange reaction in the
case of perfectly homologous substrates must reach equilib-
rium at a yield of about 50%. To check if this is the case under
our conditions and to drive the reactions closer to completion
the spontaneous reactions were performed at elevated temper-
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atures. The results are presented in Fig. 3 and demonstrate that
the equilibrium level of spontaneous strand exchange is really
about 50%, whereas, as expected, in the case of mismatch con-
taining substrates the equilibrium is strongly shifted in the
reverse direction. Less than 10% of mismatch containing prod-
uct is formed in the last case. As demonstrated in Fig. 1B, the
corresponding RecA-promoted reactions reach equilibrium at
about 75% for the reaction with the perfectly homologous sub-
strates and about 55% for the mismatch containing substrates.
Thus, in both cases RecA shifts the equilibrium in the “forward”
direction but in the case of mismatched substrates this shift is
significantly higher and as a result the RecA-promoted
exchange exhibits lower sensitivity to base substitution in com-
parison to spontaneous strand exchange. This result is in agree-
ment with estimates of the free energy of mismatch formation
in DNA in complexes with RecA (38).

A necessary condition for the equilibration of any reaction is
the existence of a pathway for the decay of the reaction product
and returning the system to its initial state. When this decay
proceeds via the same steps as the direct reaction but the reac-
tion intermediates appear in the reverse order we consider the
process as a true reverse reaction. In the RecA system the
reverse reaction should involve the RecA promoted process of
invasion of naked ssDNA in the dsDNA bound in the nucleo-
protein filaments that results in displacement of a strand from
this dsDNA and formation of a new dsDNA molecule corre-
sponding to the initial double-stranded substrate of the direct
(conventional) strand exchange reaction (see Fig. 1A4).

In the present system, in addition to the genuine reverse
process, there are two possible pathways for the decay of the
strand exchange reaction product. The first is the melting of
dsDNA (especially unstable in the case of a mismatched prod-
uct) and release of the free —16-mer in solution followed by its
annealing to the +16-mer. The second possibility is the disso-
ciation of the RecA protein from the complex and its recycling
in the strand exchange reaction. Release of RecA protein from
the double-stranded reaction product has been well docu-
mented in the presence of ATP. In contrast, in the presence of
ATP+S RecA remains bound with the reaction product and its
complexes with dsDNA are very stable in the presence of this
cofactor. In particular, we have demonstrated earlier the stabil-
ity of RecA protein complexes with short dye-labeled oligonu-
cleotides (25). To ascertain the absence of RecA recycling in the
present system we performed experiments on the strand
exchange with a different order of additions and characterized
the influence of heterologous oligonucleotides on the exchange
reaction.

The recycling of RecA protein implies its rapid dissociation
from dye-labeled substrate and interaction with other reac-
tants. In this case there must be no effect of preincubating RecA
protein with the dye-labeled oligonucleotides on the strand
exchange kinetics. The results of control experiments with a
different order of addition of RecA protein are presented in Fig.
4A. Addition of RecA protein to the mixture of the dye-labeled
ss-20-mer and ds-16-mer resulted in strand exchange in the
forward direction that attains equilibrium with the same yield
as the reaction performed in the conventional manner, that is,
with preincubation of RecA with the dye-labeled ss-20-mer
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FIGURE 3. Spontaneous strand exchange at elevated temperatures. Direct and reverse strand exchange
reactions were performed in conditions identical to those used for RecA-promoted reactions but in the
absence of the protein and at elevated temperatures, 41 °C (A) and 45 °C (B). Kinetic curves for reverse (7 and 3)
and direct (2 and 4) strand exchange are presented for the pair of completely homologous (7 and 2) and
mismatch containing (3 and 4) substrates.
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FIGURE 4. The influence of the order of protein addition and an excess of single-stranded oligonucleo-
tides. A, different order of addition of RecA protein to the reaction substrates. Direct (7) and reverse (2) strand
exchange were performed in the conventional manner after preincubation of RecA protein with the dye-
labeled *20-mer. 3 and 4 RecA protein was added after mixing the dye-labeled *20-mer with the ds-16-mer (3)
and of the +16-mer with the mismatch containing *20-mer/—16-mer (4) (see supplemental Fig. S2 for the
original data). B, the kinetic experiments were performed at 37 °C. A RecA-promoted reverse strand exchange
reaction with the mismatch containing *20-mer/—16-mer oligonucleotides were performed under conven-
tional conditions (7); in a 4-fold excess of (GGT),; oligomer (2); and in a 4-fold excess of +16-mer (3). The reverse
reactions with an equimolar ratio of oligonucleotide substrates in 4-fold excess of (GGT),4 oligomer with
addition of RecA protein after mixing of all DNA substrates (4) and with no RecA and (GGT), ; oligomer addition
(5) are also presented. The addition of the 4-fold excess of (GGT), ¢ oligomer did not influence the kinetic of the

tional reaction scheme initially
forms the presynaptic complex
with single-stranded + 16-mer that
further interacts with the double-
stranded  mismatch-containing
*20-mer/—16-mer substrate and
efficiently displaces *20-mer from
this substrate. Therefore, in both
cases when RecA protein is added
to oligonucleotides with no prein-
cubation the strand exchange
reactions proceed by the pathway
corresponding to the conventional
reaction scheme and depending on
what oligonucleotides were intro-
duced in the reaction in the single-
stranded form the reaction outcome
is dramatically different.

These results confirm that RecA
shifts the equilibrium in the direc-
tion of the formation of the hetero-
duplex ds product and that RecA
remains bound with the oligonu-
cleotide that was introduced in the
reaction in the single-stranded form
and was coated by RecA protein at
the stage of the formation of the
presynaptic complex. This course of
the reaction has been well docu-
mented for the RecA-promoted
strand exchange between long DNA
molecules and the present results
demonstrate that RecA protein
complexes with short oligonucleo-

spontaneous strand exchange (not shown) (see supplemental Fig. S3 for the original data).

(Fig. 4A, curves 3 and I, respectively). In contrast, when RecA
protein was added to oligonucleotide reactants corresponded
to the reverse reaction, namely, a mixture of +16-mer with a
mismatch containing *20-mer/—16-mer ds-oligonucleotide,
the reaction is saturated at a significantly lower yield of the
dye-labeled ds-product (curve 4). Therefore, in this design,
when RecA protein is added after all oligonucleotide substrates
direct and reverse reactions do not converge (compare curves 3
and 4).

The most straightforward explanation of these results is that
the RecA protein binds irreversibly in this time scale to the
added single strand substrate and the further reaction proceeds
via interactions of other reactants with this complex. Kinetic
curves for the direct reaction are very similar when the same
ss-oligonucleotide was used in experiments with (Fig. 44, curve
1) and without (curve 3) preincubation with RecA protein. That
the last reaction is slightly but reproducibly slower may reflect
some time delay needed for the formation of the RecA protein-
*20-mer complex. In contrast, the order of addition of RecA
protein substantially influences the yield of the reverse reaction
(curves 2 and 4). Apparently, in the absence of preincubation of
RecA protein with *20-mer, the protein following the conven-
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tides are sufficiently stable to reca-
pitulate this reaction pattern.

The results of another control experiment are presented in
Fig. 4B. Addition of a 4-fold excess of heterologous ss-oligomer
(GGT), significantly retards the reverse reaction. In the first
few minutes of the reaction, when in the absence of heterolo-
gous oligonucleotides the reverse reaction reaches saturation
(kinetic curve 1), the progress of the reverse reaction in the
presence of heterologous oligonucleotides is much slower
(curve 2). The reverse reaction in the last case is also slower than
spontaneous strand exchange in these conditions (curve 5)
demonstrating the stability of the RecA protein complex with
dsDNA. These results were obtained with complexes formed in
the conventional manner, by preincubating RecA protein with
the dye-labeled 20-mer before addition of the other reaction
substrates. If RecA protein was added immediately after the
mixing of the substrates in the presence of excess heterologous
oligonucleotides (as in the experiments described above, see
Fig. 4A) the kinetic curve (curve 4) of the strand exchange coin-
cided with that for spontaneous exchange (curve 5) demon-
strating that heterologous oligonucleotides efficiently inhibit
formation of active complexes of RecA protein with the dye-
labeled substrate. Therefore, stabilization of the ds-oligonu-
cleotide in the presence of the heterologous oligomer is the
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TABLE 1
The list of oligonucleotides used in the present study

The asterisk designates the molecule of fluorescein. Variable nucleotides are boxed and given in bold.

#20-mer (G) = AT G T A A A A C G A C G G C C A G T C3
#*20-mer (T) * AT G T A A A A C T A C G G C C A G T C3
#*20-mer (C) * A T G T A A A A C C A C G G C C A G T C3
#20-mer (A) * AT G T A A A A C A A C G G C C A G T C3
ds16-mer (G) +16-mer (G) 5G T A A A A C G A C G G C C A3
—16-mer (C) 33c AT T T T G C€C T G C C G G T¥%
ds16-mer (T) +16-mer (T) 5G T A A A A C T A C G G C C A3
—16-mer (A) 33C AT T T T G A T G C C G G T¥%
ds16-mer (C) +16-mer (C) 5G T A A A A C C A C G G C C A¥
—16-mer (G) 3¢ AT T T T G G T G C C G G T5
ds16-mer (A) +16-mer (A) 5G T A A A A C A A C G G C C A3
—16-mer (T) 33c AT T T T G T T G C C G G T¥%
(GGT)16
Hetero 21-mer 5 A T T A G T A G G C T A T A A G T C CcC C
TABLE 2

result of the irreversible binding or the very slow dissociation of
RecA protein from the complex with the ds-oligonucleotide
corresponding to the strand exchange reaction products.

The inhibition of the reverse reaction by the heterologous
DNA demonstrates also that the reverse reaction is not a con-
sequence of melting ds-oligonucleotides in the complex with
RecA protein with release of —16-mer in solution and its sub-
sequent spontaneous annealing with the added +16-mer. Such
annealing would not be inhibited by heterologous oligonucleo-
tides (compare curves 4 and 5).

One may suggest that excess heterologous DNA stabilizes
the complexes with RecA and/or retards the melting and
release of the —16-mer in solution in some nonspecific (not
related to homology or complementarity) manner. This possi-
bility is disproved by the finding that the reverse reaction is
accelerated by an excess of +16-mers (Fig. 4B, curve 3) in con-
trast to the retardation observed in the presence of a heterolo-
gous competitor (curve 2). That this excess of the reaction
product (+16-mer) also shifts the steady state level in the direc-
tion of the reaction substrates (compare curves 1 and 3) con-
firms that the observed steady state corresponds to the reaction
equilibrium. The addition of excess heterologous oligonucleo-
tides with a random or scrambled sequence instead of (GGT),
oligomer resulted in essentially the same results (not shown).

Tolerance of the RecA-promoted Strand Exchange to Different
Types of Base Substitutions—An important feature of the RecA
protein is its ability to discriminate DNA substrates that are not
perfectly homologous. As seen in Fig. 1B the strand exchange
between short oligonucleotides in our experimental conditions
is sensitive to an interruption of homology. To systematically
estimate the tolerance of the RecA-promoted strand exchange
to different types of individual base substitutions the strand
exchange reactions were performed with substrates containing
all possible combinations of base substitutions at one position
in the central part of the oligonucleotides (see Fig. 1A and Table
1). The results are presented in Table 2 and demonstrate a sig-
nificant dependence on the nature of the base substitution in
the reactions between oligonucleotide substrates with perfect
homology and different heterologies (see also below, the histo-
gram in Fig. 7A).

In Fig. 5 the yields of RecA-promoted strand exchange reac-
tion between short oligonucleotides are plotted against previ-
ously reported yields of RecA protein assisted synaptic com-
plexes of ss-oligonucleotides with targets in plasmid dsDNA
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The tolerance of the RecA protein promoted strand exchange
reaction to substitutions of individual nucleotides

The reaction yields (in percent of ds-product of strand exchange) for all possible
combinations of individual base substitutions are presented. For each substrate
configuration direct strand exchange reaction was performed (with a 1-h incubation
with ds-substrtae). The results of at least three independent experiments for each
point were averaged. Data for exchanges between completely homologous sub-
strates are given in bold.

Incoming strand

RecA
G T C A

Outgoing strand

G 77418 566*28 587*32 521*08

T 712+ 14 76218 64231 586*055

C 63.8+08 568*31 735%13 51.8*23

A 692+01 605*+43 621*+21 765 =032
= 100 a4
o -
x 907 -2
2 PR
o 804 PR O s
£ P ST *20mer
O 70{ .- S,
8 el g o G
L 604 s —n—- T
2] e v €
e o A
w> 40 '-/' T T T T T 1

50 55 60 65 70 75 80

ds fraction (%)

FIGURE 5. The tolerance of RecA-promoted strand exchange to individual
base substitutions compared with previously reported data. Previously
reported data on the formation of D-loop in plasmid DNA by RecA-coated
oligonucleotides (Table 1 in Ref. 38) are plotted against yields of the strand
exchange reaction between oligonucleotides presented in Table 2. Each line
corresponds to one of the four possible base substitutions in the *20-mer.

(38). The plots for four different base substitutions at the same
site on the *20-mers are presented in Fig. 5. As seen, there is a
rather good correlation between the present and previously
reported data in the series with the same ss-oligonucleotide
substrate. Three plots (for bases C, G, and T in the ss-*20-mer)
practically coincide, whereas one (for A base) is slightly differ-
ent. Given the rather strong difference in the present and pre-
viously reported experimental systems these two sets of data
may be considered as well correlated.

Strand Exchange Promoted by Human Recombinases—The
eukaryotic recombinases on their own usually exhibit rather
low strand exchange activity in comparison with the RecA pro-
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recombinases stabilize mismatched
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time (min) time (min) promoting the reverse reaction and

FIGURE 6. Strand exchange between short oligonucleotides promoted by human recombinases.
A, kinetic curves for Rad51 promoted (7 and 2) and spontaneous (3), direct (7) and reverse (2 and 3) strand
exchange reactions. All oligonucleotide substrates are in equimolar amount. B, kinetic curves for Dmc1 pro-
moted direct (7) and reverse (2 and 3) strand exchange at an equimolar ratio of oligonucleotide substrates (7

and 2) and with a 3-fold excess of the +16-mer (3).

TABLE 3

The tolerance of Rad51- and Dmc1-promoted strand exchange
reactions to substitutions of individual nucleotides
See legend for Table II.

Incoming strand

G T C A
Rad51
Outgoing strand
G 71530 679*14 67.7+38 708=*26
T 70.8 =046 78,5 *0.57 8l14*+36 7447*3.0
C 711+ 21 70.1 =224 83.9*23 71.0x21
A 755+27  71.7*246 795*18 79.5%27
Dmcl
Outgoing strand
G 727 =13 687 *23 64.4+10 728=*09
T 649+ 11 727x19 653x35 736=*17
C 59.2 £ 1.7 66.7 = 1.8 67.8 0.6 746*14
A 58326 698 *04 65.7 24 79.6 £1.7

tein from E. coli (39—-42). Recently it has been demonstrated
that activities of human Rad51 and Dmcl proteins are signifi-
cantly higher in the presence of calcium ions (42—44). These
conditions result in a substantial drop in ATP hydrolysis and
deprive the strand exchange reaction of an external source of
free energy making these conditions similar to those for the
RecA protein-promoted reaction in the presence of ATP+S.
Like RecA-promoted strand exchange, the first stages of the
Rad51-promoted reaction do not require ATP hydrolysis (39,
45). This opens the possibility to apply the same approaches
described to the characterization of these human recombinases
and to directly compare the different aspects of the strand
exchange reactions promoted by RecA protein and the human
recombinases.

In our preliminary experiments we found that under these
conditions human recombinases efficiently bind short fluores-
cent dye-tagged oligonucleotides (not shown). Both human
recombinases promote efficient strand exchange at 37 °Cand in
contrast to RecA protein their activities sharply drop with
decreasing temperature (not shown). Therefore, the reactions
of strand exchange promoted by human recombinases were
performed at 37 °C. An extent of exchange comparable with
those promoted by RecA protein was achieved at a stoichiomet-
ric (3 nucleotides per Rad51 monomer) DNA/protein ratio in
the case of Rad51 protein and required a 1.5 excess (2 nucleo-
tides per monomer) of Dmc1 protein. The results are presented
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the direct and reverse reaction
do not converge completely. The
reverse reaction proceeds with
higher efficiency with an excess of
+16-mer. Therefore, there are
some obstacles to the reverse reaction that can be overcome
with an excess of +16-mer.

The results of the experiments on sensitivity of Rad51 and
Dmcl proteins promoted strand exchange reactions to individ-
ual base substitutions are presented in Table 3. The set of oli-
gonucleotides was the same as used in the experiments with
RecA described above (Table 1). The data for RecA and the
human proteins are summarized in Fig. 7. Both human proteins
exhibit significantly higher tolerance to base substitutions in
comparison to RecA protein as can be estimated from the dis-
tributions of the reaction yields for the reactions with perfectly
homologous and containing base substitution substrates. In the
case of RecA-promoted strand exchange these distributions are
well resolved, whereas Dmc1 and Rad51 promoted reactions
with base-substituted substrates exhibit only a slight downward
shift of the reaction yields distributions in comparison with
exchanges between substrates with perfect homology.

DISCUSSION

The alignment of homologous DNA strands in the course of
HR is one of the most intricate examples of molecular recogni-
tion. The RecA-promoted DNA strand exchange reaction that
underlies HR is a complex multistep process (20, 21, 46, 47).
Thus, the elucidation of the strand exchange mechanisms
requires characterization of the different phases of the reaction,
identification of the reaction intermediates and pathways, the
influence of different conditions, the effect of substrate config-
urations, etc.

Shortening the Substrates of the Strand Exchange Reaction—
The use of short oligonucleotides substrates avoids many of the
complications related to the intricacy of the RecA-promoted
strand exchange reaction between long molecules of natural
DNA:s.

Mechanistically the RecA-promoted strand exchange reac-
tion may be divided in two main stages. First is the recognition
of homology between the DNA molecules involved, their initial
alignment, and the nucleation of the strand invasion. The sec-
ond stage is the directed expansion of the synaptic complex that
ultimately can span over thousands of base pairs of DNA. The
mechanisms of these events are most probably different and to
separate the first stage shorter oligonucleotides should be use-
ful as substrates for RecA binding and strand exchange.

JOURNAL OF BIOLOGICAL CHEMISTRY 1501



RecA-promoted Reversible Strand Exchange

RecA OO0
O O v
ONONG v
ONONONON A 4
T T T T T T T T ¥ ]
50 60 70 80 920
exchange (%)
Dmc1 O
O
O O
O00 @
O0Oee® Vv
| ! | ! | ! I ! |
50 60 70 80 90
exchange (%)
Rad51

OO0 @
Ce9ew

50 60 70 80 90
exchange (%)

FIGURE 7. Distribution of the yields of strand exchange reactions pro-
moted by RecA protein and human recombinases. Each symbol corre-
sponds to one entry in Table 2 for RecA and Table 3 for human recombinases
and presents one of the 16 combinations of the reaction substrates with a
reaction yield in a particular 5% interval. Open circles present exchanges
between heterologous substrates (off the diagonal entries in Table 2 and 3);
closed triangles, between completely homologous substrates (diagonal
entries in Table 2 and 3).

Commonly used DNA substrates for physicochemical stud-
ies of RecA-promoted strand exchange reactions are oligonu-
cleotides 3050 nt long. Yet even these lengths are apparently
too large to separate the stages of strand exchange. Even at a
length of homology of 27-nt substitutions of nucleotides
located at different ends of the region of homology resulted in
different patterns of mismatch tolerance implying that the
length of DNA regions involved in the initial step of strand
exchange is shorter (38, 46). Experimentally the synaptic com-
plexes were observed between DNA molecules that shared as
little as eight bases of homology (50, 51); theoretical estimations
predict even less bases of DNA for the nucleation of homology
recognition (4, 52). Therefore, to approach these limits for the
length of the reaction substrates shorter oligonucleotides
should be used. But diminishing the oligonucleotide length is
limited by two factors, the stability of ds-oligonucleotides at
temperatures suitable for RecA protein activity and the coop-
erativity of RecA-DNA interaction that makes unstable the
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complexes of this protein with oligonucleotides that are too
short.

As we demonstrated earlier, the efficiency of RecA protein
binding to short oligonucleotides can be increased by using
fluorescent dye-tagged oligonucleotides as the substrates for
RecA protein binding. This approach allowed us to decrease the
acceptable oligonucleotide length down to 18 nucleotides and
obtain complexes with RecA that are active in strand exchange
(25, 26). In the present work we expand this approach to study
the reversibility of RecA-promoted strand exchange and the
sensitivity of this reaction to heterologous base substitutions.
The present data as well as our previously published results
demonstrate that a significant decrease in the length of the oli-
gonucleotides can be used for the formation of active recombi-
national nucleoprotein filaments, to clearly identify RecA-pro-
moted processes, and to reveal a new reaction (the reverse
reaction) in RecA-promoted strand exchange.

The Use of Slow or Non-hydrolyzable Analogues of ATP—An-
other common approach to simplify the reaction of strand
exchange is using non-hydrolysable analogues of the ATP, the
natural cofactor of RecA. Although the initial phases of the
reaction do not require ATP hydrolysis (27, 28, 30-32, 54, 55)
ATP hydrolysis supplies the free energy only for the dissocia-
tion of RecA from the ds-reaction product and allows the recy-
cling of RecA protein in the strand exchange reaction. In the
absence of ATP hydrolysis the cycle of RecA protein turnover is
interrupted at the stage of the formation of the heteroduplex
dsDNA that remains bound to RecA protein potentially allow-
ing us to identify reaction phases associated with the recogni-
tion of homology and the nucleation of strand displacement.

As we demonstrated earlier (25) in the presence of ATPyS
RecA protein formed stable complexes with short double-
stranded fluorescent dye-labeled oligonucleotides that closely
resemble the products of the reaction described in the present
study. The stabilization of the strand exchange ds-product doc-
umented in the present paper demonstrates the effective bind-
ing of this product by RecA protein in agreement with our pre-
vious data (25) and a number of other studies on the stability of
RecA-dsDNA complexes (27, 46, 54).

Reversibility of the Strand Exchange Reaction—It is generally
accepted that the main pathway of RecA-promoted strand
exchange reaction in E. coli is the formation of a RecA protein
cofilament with ssDNA (presynaptic complex) and subsequent
interaction of this complex with dsDNA. The stringent defini-
tion of the reverse reaction implies an invasion of free ssDNA in
dsDNA bound with RecA protein. Such a pathway has been
documented for RecA from Deinococcus radiodurans (57). For
RecA protein from E. coli a similar process has been described
earlier (23) but the results were interpreted by the authors in
favor of the idea that the observed activity is independent and
irrelevant to the canonical direct RecA-promoted strand
exchange reaction. Besides, the effect could be observed only in
the presence of ATP but not ATPvS, an additional complica-
tion to the interpretation of the results.

Due to difference in the experimental design and conditions
it is difficult to directly compare our results with those previ-
ously published (23). We believe that the activity we demon-
strate in the present work is a true reverse process to the con-
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ventional strand exchange because the two processes attain a
steady state at the same level regardless of the extent of the
reaction with the different configuration of the substrates. This
equilibration does not require dissociation and recycling of
RecA and, therefore, the RecA complex with the dye-labeled
oligonucleotides may be considered as a distinct catalytic unit
that interacts with the other partners of strand exchange, in the
present case two complementary 16-mers. The extent of the
strand exchange in this complex is determined only by the free
energy of binding to the DNA reactants in different centers of
the nucleoprotein filament and their interaction between each
other (see scheme in Fig. 14). The final product of the strand
exchange reaction in our conditions is a complex of RecA pro-
tein with the heteroduplex reaction product. In the case of per-
fect homology between the reaction substrates, where there is
no gain or loss of free energy, the bound RecA protein shifts the
equilibrium toward the formation of the heteroduplex reaction
product.

There is considerable evidence that in the ternary complex of
RecA protein with DNA formed at the last stage of the strand
exchange reaction the displaced DNA strand is still bound to
the nucleoprotein filament more weakly than to the heterodu-
plex dsDNA, as evidenced by the fact that the displaced strand
is located at some distance from the heteroduplex product and
its accessibility to chemical modification resembles that of free
DNA (58 -61). The reversibility of the strand exchange dem-
onstrated in the present work implies that this location of the
outgoing strand does not prevent its transient interaction with
the heteroduplex product of the strand exchange and that there
is a dynamic equilibrium of the ternary complexes between the
states in which the complementary strand pairs to the incoming
or outgoing strand.

We also demonstrate that human Rad51 protein (and to
some extent Dmcl) possess the capability to promote the
reverse strand exchange. Therefore, the reversibility of the
strand exchange may be a fundamental property of the proteins
of HR and any organism may “choose” a particular direction of
this reaction by modulating the recombinational proteins and
possibly by loading onto different DNA substrates.

Tolerance of the Strand Exchange to Interruptions of
Homology—One of the most important properties of a recom-
binase-promoted strand exchange reaction is its tolerance to a
limited extent of heterology between the DNA substrates. It
determines the efficiency of strand exchange between diverged
DNA sequences and ultimately the fidelity of HR.

As expected, under our conditions formation of a mis-
matched product is thermodynamically unfavorable and results
in a decrease of the reaction yield. In agreement with previously
reported data (38, 62) this shift for complexes with RecA pro-
tein is lower than for free DNA.

The data on the sensitivity of RecA-promoted strand
exchange reaction to individual base substitutions reported in
the present paper are in reasonable agreement with previously
reported observations (38). That the steady state in the forma-
tion of RecA-promoted synaptic complexes (38) is to some
extent similar to the thermodynamically equilibrium state of
the reaction between short oligonucleotide substrates reiter-
ates the usefulness of our model system.
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Human Recombinases—The eukaryotic recombinases usu-
ally exhibit significantly lower activity in traditional in vitro
strand exchange and strand invasion assays than the E. coli
RecA protein (39-42). At present, it is not clear if this is an
intrinsic property of eukaryotic systems of HR, a consequence
of non-optimal experimental conditions, or the higher require-
ment for additional control of the activity of these eukaryotic
recombinases by additional cofactors or partner proteins. HR in
eukaryotes is a much more complex process than in pro-
karyotes and proceeds as the concerted action of protein groups
where partner proteins extensively interact physically and
functionally. For example, recently, a strong stimulation of
Rad51 and Dmcl pairing activities by a Hop2-Mnd1l het-
erodimer was demonstrated (56, 63— 65). Some of these factors
may also influence the sensitivity to heterology of the human
recombinase-promoted reactions. On the other hand, the
increased tolerance to heterology may reflect intrinsic features
of HR systems adapted to the size and complexity of the eukary-
otic genomes and the roles that HR plays in these organisms.
Earlier, reasoning from some features of the kinetic mecha-
nisms of Rad51 promoted strand exchange (20, 40) indicated a
lower fidelity for human Rad51. Probably, the enhanced toler-
ance of eukaryotic recombinases to heterology might explain
the lower fidelity of modern approaches to gene correction
based on HR in eukaryotes (see for review Refs. 49 and 53).

Crystal Structure of the RecA-DNA Complexes—While this
paper was under revision the crystal structure of the RecA DNA
complexes was published (48). There are several important
implications of the published structure to our experimental sys-
tem and the results obtained in our present and previous stud-
ies. In the crystals the structure of RecA protein complexes with
very short (15 nt) oligonucleotides recapitulates the structure of
the active complex of RecA protein with long DNA molecules
and validates our experimental system based on the use of short
oligonucleotides.

The published structure suggests a possible rationale for the
lowered fidelity of RecA-assisted recognition of homology in
comparison with that for free DNA observed in this study and
earlier (38). In the triads of nucleotides in the RecA-DNA co-
filament two bases out of three are stabilized by stacking only
from one side and, therefore, must exhibit enhanced conforma-
tional flexibility and lowered fidelity of homology recognition.

Conclusion—In the present paper we describe a new reaction
for the strand exchange among RecA protein-promoted reac-
tion pathways. This reaction is reverse to the conventional
RecA-promoted strand exchange and allows the strand
exchange reaction between short oligonucleotides to reach
thermodynamic equilibrium in the absence of ATP hydrolysis.
We demonstrate that the capability to promote the reverse
strand exchange is to some extent inherent to human recombi-
nases as well. We directly demonstrate an increased tolerance
to individual interruptions of homology between the substrates
of strand exchange in the RecA-promoted reaction in compar-
ison with spontaneous strand exchange under conditions of
thermodynamic equilibrium. Finally, we show that human
recombinases exhibit significantly higher tolerances to individ-
ual interruptions of homology than RecA.
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