A novel pairing process promoted
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inverse DNA and RNA strand exchange

Eugene N. Zaitsev and Stephen C. Kowalczykowski®

Division of Biological Sciences, Sections of Microbiology and of Molecular and Cell Biology, University of California,

Davis, California 95616-8665 USA

Traditionally, recombination reactions promoted by RecA-like proteins initiate by forming a nucleoprotein
filament on a single-stranded DNA (ssDNA), which then pairs with homologous double-stranded DNA
(dsDNA). In this paper, we describe a novel pairing process that occurs in an unconventional manner: RecA
protein polymerizes along dsDNA to form an active nucleoprotein filament that can pair and exchange strands
with homologous ssDNA. Our results demonstrate that this “inverse” reaction is a unique, highly efficient
DNA strand exchange reaction that is not due to redistribution of RecA protein from dsDNA to the
homologous ssDNA partner. Finally, we demonstrate that the RecA protein-dsDNA filament can also pair and
promote strand exchange with ssRNA. This inverse RNA strand exchange reaction is likely responsible for
R-loop formation that is required for recombination-dependent DNA replication.
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Genetic recombination is a complex biochemical path-
way that proceeds through a series of reactions, which
include DNA pairing, exchange of DNA strands, and
DNA heteroduplex extension. Detailed analysis of Esch-
erichia coli RecA protein has provided considerable in-
sight into this process (Clark and Sandler 1994; Kowal-
czykowski et al. 1994; Roca and Cox 1997; Bianco et al.
1998). The canonical mechanism involves the following
steps: RecA protein polymerizes on single-stranded
DNA (ssDNA) to form an active presynaptic complex
that is responsible for homologous recognition of double-
stranded DNA (dsDNA). This nucleoprotein filament
binds the dsDNA, homologously aligns it with the
ssDNA, and exchanges DNA strands to form an inter-
mediate joint molecule. Finally, DNA heteroduplex ex-
tension permits the complete exchange of DNA strands.

RecA protein-mediated strand exchange between two
duplex DNA molecules has a strict requirement for a
region of ssDNA in one of the duplexes (Conley and
West 1990; Lindsley and Cox 1990). This ssDNA region
is used both for loading RecA protein onto the DNA
(Shaner et al. 1987) and for initiation of the recombina-
tional process. After loading onto the ssDNA region,
RecA protein continues to polymerize into dsDNA, re-
sulting in a nucleoprotein filament assembled on
dsDNA; however, DNA strand exchange always initiates
in the single-stranded region. The fact that RecA protein
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can assemble into a filament on dsDNA raises the ques-
tion of whether the dsDNA within the filament is actu-
ally competent for the initial steps of DNA strand ex-
change. It has been shown that contacts between a
dsDNA nucleoprotein filament and homologous duplex
DNA contribute to the efficiency of synaptic pairing
(Conley and West 1989; Chiu et al. 1990). It has also been
shown that, once initiated in a ssDNA region, the DNA
heteroduplex extension can occur between duplex re-
gions (West and Howard-Flanders 1984; Conley and West
1990). But, despite the many experiments arguing that
the RecA-dsDNA complex has the capacity to recognize
homologous DNA, this issue remains controversial. In-
stead, it was suggested that the experiments which mea-
sure duplex—duplex interactions by topological changes
in dsDNA (Conley and West 1989; Chiu et al. 1990) in-
volve a signal that is potentially too ambiguous to study
these weak interactions (Cox 1995). Also, the other ar-
gument for homologous recognition of dsDNA by a
RecA protein-dsDNA complex, which is its ability to
effect the bypass of a double strand break in the dSDNA
partner (West and Howard-Flanders 1984), was recently
discounted in favor of an alternative view that proposed
that ATP-mediated DNA torsional stress produced by
RecA protein was responsible for duplex—duplex ex-
change (Shan and Cox 1998). And finally, DNA strand
exchange initiating from a fully duplex RecA nucleopro-
tein filament has never been demonstrated, implying
that the dsDNA nucleoprotein filament lacks the capac-
ity to recognize and pair with homologous DNA.
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However, recent characterization of the dsSDNA-RecA
protein filament revealed that the bound RecA protein is
in the high-affinity DNA-binding state and suggested to
us that these dsDNA nucleoprotein filaments might be
active for DNA strand exchange with either ssDNA or
dsDNA (Zaitsev and Kowalczykowski 1998). The possi-
bility that this dsSDNA RecA nucleoprotein filament can
promote DNA strand exchange with ssDNA is examined
here. To facilitate discussion, we refer to the canonical
DNA strand exchange reaction between the ssDNA-
RecA protein filament and free dsDNA as either “con-
ventional” or “forward” DNA strand exchange. We refer
to the DNA strand exchange reaction between the
dsDNA-RecA protein filament and free ssDNA as the
“inverse” DNA strand exchange reaction, as proposed by
Stasiak and colleagues (Muller et al. 1990b). This nomen-
clature also avoids confusion with the term reverse DNA
strand exchange that was used to define a reaction in
which DNA strand exchange proceeded in the “reverse”
direction by virtue of an exonuclease I contamination
(Bedale et al. 1991, 1993).

Here, we examine whether RecA protein is capable of
inverse DNA strand exchange. Our results demonstrate
that (1) highly efficient DNA strand exchange can indeed
initiate from a RecA-dsDNA nucleoprotein filament; (2)
the inverse DNA strand exchange reaction is not simply
reversal of the conventional forward reaction, but is a
novel DNA strand exchange reaction promoted by RecA
protein; (3) DNA strand exchange is not due to redistri-
bution of RecA protein from dsDNA to the ssDNA; (4)
free ssDNA is not produced from the dsDNA as an in-
termediate of this reaction; and (5) the inverse reaction
can use ssRNA as nucleic acid substrate instead of
ssDNA, a finding that parallels results from the Kogoma
laboratory (Kasahara et al. 2000). We also discuss the
biological relevance of this previously unreported
nucleic acid strand exchange process.

Results

Inverse DNA strand exchange: homologous pairing
can initiate from dsDNA

RecA protein can polymerize on dsDNA to produce a
nucleoprotein filament. RecA protein in this filament is
in the high-affinity DNA-binding state, implying that it
could be active for DNA pairing (Zaitsev and Kowalc-
zykowski 1998). However, within the linear dsDNA-
RecA protein filament, each strand of dsDNA is not
bound equivalently (Chow et al. 1988; Lindsley and Cox
1989). The two DNA strands in this filament show
asymmetry with regard to nuclease sensitivity. The load-
ing strand, defined as the strand containing a single-
stranded region that permits the 5 - 3’ polymerization
of RecA protein into the dsDNA region, is about two
times more resistant than the nonloading strand; fur-
thermore, there is a slight difference in the susceptibility
of each strand to attack by KMnO, (Adzuma 1992). This
nonequivalent disposition of DNA strands in the RecA
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protein—-dsDNA filament suggested to us that DNA
strand exchange carried out by this RecA nucleoprotein
filament might also display asymmetry in a pairing re-
action with ssDNA. DNA strand exchange could depend
on whether the pairing ssDNA was complementary to
the loading strand of the duplex DNA or to the nonload-
ing oligonucleotide strand (Fig. 1).

Loading of RecA protein onto the dsDNA with the
predicted asymmetry was achieved by using circular
M13 ssDNA as the loading strand for the 63-bp duplex
region that was formed by annealing an oligonucleotide
to the M13 ssDNA. The circularity of M13 ssDNA is an
additional advantage, because it stabilizes the RecA nu-
cleoprotein complex (Lindsley and Cox 1989; Shan and
Cox 1997). Figure 1 illustrates the types of products ex-
pected for the inverse reactions, depending on which
complementary ssDNA is used. To facilitate description,
the M13 ssDNA with the annealed 63-mer oligonucleo-
tide 2 is simply referred to as the duplex DNA substrate.
When RecA protein is assembled on the duplex DNA
substrate, the loading strand is the M13 ssDNA. Oligo-
nucleotide 1 is complementary to the 63-mer oligo-
nucleotide 2, and oligonucleotide 2 is complementary to
the loading M13 ssDNA strand; both oligonucleotides 1
and 2 are exactly the same length as the dsDNA region in
the duplex DNA substrate. Because the 63-mer oligo-
nucleotide of the duplex DNA substrate is radioactively
labeled, the expected product for the reaction involving
oligonucleotide 1 is a labeled double-stranded 63-mer
(composed of oligonucleotides 1 and 2; Fig. 1A). For oli-
gonucleotide 2 (which is complementary to the loading
strand) the expected product is the displaced, labeled
single-stranded 63-mer (2, Fig. 1B).

Figure 2A shows a time course for the inverse DNA
strand exchange reactions that were depicted in Figure 1,
in which RecA protein is loaded onto the dsDNA before
initiation of DNA strand exchange. The results of this
experiment show that DNA strand exchange does occur.
For oligonucleotide 1 there is a time-dependent increase
in dsDNA product formed: [P8% of the duplex DNA
substrate is converted into product (Fig. 2B). In contrast,
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Figure 1. The inverse DNA strand exchange reactions. Thick
circles designate M13 ssDNA, which is used as the loading
DNA strand for RecA protein polymerization; thick lines rep-
resent the ssDNA oligonucleotide (63-mer 1), which is identical
to M13 ssDNA sequence at the duplex DNA locus. Thin lines
designate oligonucleotide 63-mer 2, which is complementary to
the M13 ssDNA at the same duplex locus. (A) Inverse DNA
strand exchange with oligonucleotide 1 (complementary to the
oligonucleotide strand of the duplex DNA substrate), resulting
in a dsDNA oligonucleotide product. (B) Inverse DNA strand
exchange with oligonucleotide 2 (complementary to the loading
DNA strand), resulting in a displaced ssDNA product.
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Figure 2. Asymmetry of inverse DNA strand exchange. (A) Time courses for the inverse reactions depicted in Fig. 1. The reactions
were carried out as described under Materials and Methods. Concentrations of oligonucleotides 1 and 2 were 10-fold higher than the
molar (molecule) concentration of the M13 ssDNA-oligonucleotide 2 duplex substrate. The lanes marked No RecA and No ssDNA
designate control reactions performed without either RecA protein or oligonucleotide 1, respectively. The lane marked Nh ssDNA
designates the control reaction using nonhomologous ssDNA (63-mer oligonucleotide 3) instead of the homologous ssDNA. Control
reactions were conducted for 60 min at 37°C. To prevent annealing of the potentially displaced oligonucleotide 2 back to the M13
ssDNA, a 10-fold molar (molecular) excess of cold oligonucleotide 2 was added to the control reactions just before deproteinization.
(B) Data from A, quantified and plotted (A) Oligonucleotide 1; (M) oligonucleotide 2.

when oligonucleotide 2 is used as a pairing partner,
much less exchange of DNA strands occurs; only (111 %
of oligonucleotide 2 from the original duplex DNA sub-
strate is exchanged for the unlabeled oligonucleotide 2 to
produce the labeled ssDNA product. This asymmetry in
product formation parallels the predicted asymmetry
based on the loading of RecA protein onto duplex DNA.
Figure 2A also shows that the reaction requires both
DNA sequence homology and RecA protein. The dsDNA
produced in the lane designated No RecA represents the
level of spontaneous exchange between these DNA sub-
strates, which is 10-fold less that the amount produced
in the RecA protein-mediated reaction with oligonucleo-
tide 1. Figure 2A also shows that, in the presence of RecA
protein, there is no labeled oligonucleotide 2 released
from duplex DNA substrate (see lanes designated No
ssDNA or Nh ssDNA), although an excess of cold oligo-
nucleotide was added just before deproteinization to pre-
vent hybridization back to the M13 DNA of any ssDNA
that may have formed. Furthermore, in agreement, none
of oligonucleotide 2 within the duplex substrates is sus-
ceptible to degradation by P1 nuclease when protein is
present (Fig. 3, lane 4), demonstrating that free ssDNA is
not being generated by the action of RecA protein. In
contrast, free ssDNA is completely degraded (lane 2) and
free dsDNA is almost fully degraded (lane 3) under the
same conditions. These results demonstrate that, within
the RecA nucleoprotein filament, oligonucleotide 2 is
not even partially displaced (Fig. 3); had any free ssDNA
been produced, this would have been detected as sensi-
tivity to the P1 nuclease because, in the presence of ATP,
the limiting concentration of RecA protein would have
quickly redistributed to bind preferentially to the longer
M13 ssDNA substrate. This failure to detect strand
separation in the presence of RecA protein is also con-
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sistent with our inability to detect strand separation of
dsDNA that was bound to the secondary DNA-binding
site of RecA protein, using both chemical and enzymatic
probes (Mazin and Kowalczykowski 1999). Thus, the 63-
mer dsDNA produced is not the trivial product of an-
nealing between free oligonucleotide 1 and RecA pro-
tein-displaced oligonucleotide 2. All subsequent experi-
ments will focus on the more efficient inverse DNA
strand exchange reaction that is represented in Fig-
ure 1A.

RecA - - - + +
protein
P1 - + + + -
| nuclease
1 2 3 4 5

Figure 3. Free ssDNA is not produced as an intermediate of
inverse DNA strand exchange. The dsDNA substrate (30 ng in
oligonucleotide 2) was treated with 1 munit of P1 nuclease ei-
ther in the presence or absence of RecA protein (as indicated) for
60 min at 37°C (lanes 2,3,4). (Lanes 1,5) Negative controls in
which the P1 nuclease was omitted. (Lane 2) The positive con-
trol demonstrating degradation of the ssDNA; in this lane, oli-
gonucleotide 2 was mixed with noncomplementary ¢$X174
ssDNA, instead of the complementary M13 ssDNA.



The yield of inverse DNA strand exchange products
depends on the concentrations of homologous ssDNA
and RecA protein

To determine whether a change in concentration of a
pairing partner affected the DNA strand exchange pro-
cess, reactions were examined at various ssDNA concen-
trations. As shown in Figure 4A, changing the concen-
tration of oligonucleotide 1 over a 10-fold range increases
both the extent of product formation and the initial re-
action rate by slightly more than 2-fold. Even at the low-
est concentration tested, DNA strand exchange yield is
fivefold greater than for the spontaneous process. The
yield of product is proportional to the amount of ssDNA
relative to the total DNA (molecule) concentration, sug-
gesting that inverse DNA strand exchange achieves an
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Figure 4. The yield of heteroduplex DNA formed by inverse
DNA strand exchange increases with ssDNA concentration and
has an optimal RecA protein concentration. (A) The inverse
reaction was performed the standard way except that three dif-
ferent concentrations of ssDNA (oligonucleotide 1) were used:
Equimolar (in molecules) to the duplex DNA substrate (1x, A),
a fourfold excess concentration (4x, W), or a 10-fold excess con-
centration (10x, V¥); the latter concentration corresponds to the
experimental conditions used in Fig. 2. (B) The inverse reaction
performed the standard way, except using an equimolar (i.e., 1x)
concentration of dsDNA and ssDNA (6.3 nm molecules), as a
function of RecA protein concentration. The x-axis is plotted as
the ratio of ssDNA (in nucleotides) to RecA protein.

Inverse DNA strand exchange

apparent equilibrium (or more accurately, steady-state)
between substrate and product formation: for example,
with a fourfold excess of ssDNA (more than duplex DNA
substrate), the yield of reaction product is 80%, which
agrees with the predicted yield of 4/5. This finding sug-
gests that the inverse DNA strand exchange reaction is
reversible; in agreement, we find that the dsDNA prod-
uct (i.e., the 63-mer duplex) of DNA strand exchange
remains complexed with RecA protein (E.N. Zaitsev and
S.C. Kowalczykowski, unpubl.), implying that this prod-
uct could participate in DNA strand exchange with the
ssDNA (product) produced by inverse exchange, al-
though this inference was not directly tested.

Conventional DNA strand exchange requires the for-
mation of a contiguous presynaptic filament that is satu-
rated with respect to RecA protein. Therefore, the RecA
protein concentration dependence of inverse strand ex-
change was examined (Fig. 4B). Optimal exchange occurs
at an apparent ratio of one RecA protein monomer per 10
nucleotides of M13 ssDNA [note that the lowest (i.e.,
equimolar; 1X in Fig. 4A) concentration of homologous
63-mer was used, accounting for the lower yield relative
to Fig. 1]. Given that the M13 ssDNA possesses exten-
sive secondary structure under these conditions, this
amount of RecA protein represents the amount needed
to saturate the available ssDNA (Kowalczykowski and
Krupp 1987). However, in contrast to the conventional
reaction, excess RecA protein is inhibitory, presumably
due to binding of RecA protein to the homologous target
ssDNA. Although seemingly unusual, this behavior has
an interesting counterpart in the behavior of the eukary-
otic homolog, Rad51 protein; Rad51 protein shows an
optimum in conventional DNA strand exchange because
excess Rad51 protein binds efficiently the homologous
DNA partner, in this case duplex DNA, thereby blocking
DNA pairing (Sung and Robberson 1995).

An additional hallmark of RecA protein-promoted
DNA strand exchange is its characteristic dependence on
the magnesium ion concentration (Cox and Lehman
1982). The inverse reaction displays a very similar, al-
though not identical, dependence; there is little inverse
DNA strand exchange until a minimum concentration
of 8 mm is exceeded; the optimum occurs at 10 mm; and
then it declines (by [(50%) at 15 mM magnesium acetate
(R. Ando and S.C. Kowalczykowski, unpubl.); this depen-
dence is very similar to that reported for an inverse R-
loop formation reaction mediated by RecA protein that
was discovered independently (Kasahara et al. 2000).
Thus, inverse DNA strand exchange shares many of the
features seen for conventional DNA strand exchange
but, not unexpectedly, some of the characteristics are
unique.

Inverse DNA strand exchange occurs in the presence
of an excess of nonhomologous ssDNA

In conventional DNA strand exchange, the presynaptic
RecA protein—ssDNA filament must find its homolo-
gous dsDNA target among a vast excess of nonhomolo-
gous dsDNA “competitor sequences.” In the case of in-
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Figure 5. Inverse DNA strand exchange proceeds in the pres-
ence of an excess of nonhomologous competitor ssDNA. The
reactions were carried out in the standard way, except that an
equimolar (in molecules) concentration of homologous ssDNA
(63-mer 1) was used. The reaction performed in the presence of
competitor contained a 100-fold molar excess of nonhomolo-
gous ssDNA (63-mer 3) in addition to the homologous ssDNA.

verse DNA strand exchange, the RecA protein—-dsDNA
filament faces a similar challenge; it requires a similar
search capacity to distinguish its target among an excess
of nonhomologous ssDNA. To assess the sensitivity of
the inverse DNA strand exchange reaction to high con-
centrations of nonhomologous ssDNA, the reaction was
performed in the presence of a 100-fold excess of nonho-
mologous ssDNA (oligonucleotide 3). As shown in Fig-
ure 5, the RecA protein—-dsDNA filament can locate a
homologous ssDNA partner, even in the presence of a
100-fold excess of nonhomologous ssDNA. The pres-
ence of the nonhomologous competitor affects the rate
of the reaction by only about twofold, but not the
yield. This result also argues that inverse DNA strand
exchange does not proceed by dissociation of RecA pro-
tein from the dsDNA, followed by assembly on the
ssDNA and subsequent conventional DNA strand ex-
change, because the excess ssDNA would block that pro-
cess. This issue is addressed more directly in the next
section.

Inverse DNA strand exchange is not due
to conventional DNA strand exchange
after redistribution of the RecA protein

The experiments described thus far leave room for an
alternative explanation of product formation. RecA pro-
tein could dissociate from the duplex DNA substrate and
bind the ssDNA oligonucleotide directly; afterward, the
RecA protein-ssDNA complex could participate in the
standard forward reaction. To eliminate this possibility,
we compared this potential “artifactual” forward DNA
strand exchange to the inverse reaction under the same
conditions. Reactions were performed in the presence of
both a 100-fold excess (molecules) of nonhomologous
oligonucleotide (3) and a 100-fold excess (nucleotides) of
$X174 ssDNA to sequester any RecA protein that might
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dissociate from the initial nucleoprotein complex. Figure
6 shows the results of such a comparison. The forward
reaction in which RecA protein is assembled in the pres-
ence of the competing ssDNA is severely inhibited
(1.5% product formation), whereas the inverse reaction
is still effective ((#6% product formation; Fig. 6B); as
demonstrated in Figures 4 and 5, the lower concentration
(i.e., equimolar) of ssDNA used accounts for the reduced
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Figure 6. Comparison of the forward and the inverse DNA
strand exchange reactions. The reactions were carried out as
described In the Materials and Methods, except that a 100-
fold excess (nucleotides) each of oligonucleotide 3 and ¢$X174
ssDNA was present as a nonhomologous competitor and an
equimolar (molecules) concentration of ssDNA (oligonucleo-
tide 1) was used. For the inverse reaction, RecA protein was
preincubated first with the duplex DNA substrate for 5 min at
37°C; afterward oligonucleotide 1, in the presence of a 100-fold
excess of each nonhomologous oligonucleotide 3 and $X174
ssDNA, was added. For the forward reaction, RecA protein was
preincubated first with the ssDNA (oligonucleotide 1), in the
presence of a 100-fold excess of each nonhomologous oligo-
nucleotide 3 and $X174 ssDNA, and then the forward reaction
was initiated by adding the duplex DNA (M13 ssDNA/63-mer
2). (A) Time courses for both the forward and the inverse reac-
tions. (B) Data from A, quantified and plotted.



yield relative to Figure 1. These results eliminate the
trivial explanation that the inverse DNA strand ex-
change reaction is simply a consequence of RecA protein
dissociation from the initial duplex DNA substrate,
binding to the oligonucleotide, and then promoting the
forward reaction; if it were, then the inverse reaction
would have been inhibited by the excess ssDNA to the
same degree as the forward reaction that could have oc-
curred after redistribution of the RecA protein.

The reactions described above were performed at pH
6.2 because of the initial concern that the RecA protein—
dsDNA complex might be too unstable at pH 7.5. How-
ever, inverse DNA strand exchange reactions performed
at pH 7.5 in Tris acetate buffer were only twofold slower,
and produced the same yield of product as the reactions
conducted at the lower pH (data not shown). This small
difference likely stems from a decreased stability of the
dsDNA-RecA protein filament at the higher pH condi-
tions (Lindsley and Cox 1989, 1990).

Inverse DNA strand exchange occurs
in the absence of protein dissociation
associated with ATP hydrolysis

RecA protein can promote conventional DNA strand ex-
change in the complete absence of ATP hydrolysis, oc-
curring in the presence of either ATPyS (Menetski et al.
1990) or ADP - AlF, (Kowalczykowski and Krupp 1995).
More important, the RecA protein-DNA complexes
formed in the presence of either ATPyS or ADP - AlF,
are highly stable (Menetski and Kowalczykowski 1985;
Kowalczykowski and Krupp 1995), and effectively do not
transfer to a second DNA molecule (Menetski and Ko-
walczykowski 1987). To examine whether the inverse
reaction could occur in the absence of RecA protein
transfer and ATP hydrolysis, inverse DNA strand ex-
change was performed with substitution of either for
ATP (Fig. 7). To ensure contiguous formation of the
RecA nucleoprotein filaments, these reactions were per-
formed by initially forming the filaments in the presence
of 1 mm Mg acetate, and then initiating DNA strand
exchange by raising the magnesium acetate concentra-
tion to 10 mm (Muniyappa ct al. 1984). The results show
that ADP - AlF, supports inverse DNA strand exchange
as efficiently as ATP; because the RecA protein-DNA
complexes formed in the presence of ADP - AlF, are
highly stable (Kowalczykowski and Krupp 1995), this
finding also substantiates our claim that inverse DNA
strand exchange occurs without net transfer of RecA pro-
tein to the ssDNA. However, ATPyS did not support
inverse DNA strand exchange (Fig. 7), at any Mg>* ion
concentration tested (1-15 mm; data not shown). This
difference in the nucleotide cofactor utilization addition-
ally differentiates the forward and inverse DNA strand
exchange reactions, and its possible basis is considered
in the Discussion.

The RecA protein-dsDNA filament can participate
in exchange with RNA

Constitutive stable DNA replication (¢cSDR) was pro-

Inverse DNA strand exchange

Cofactor | ATP ADP-AIF| ATPyS
Time, min|_ 0 [60| 0 [60 | 0 [60

@70-0‘

= —-L.‘-' - -

Figure 7. Inverse DNA strand exchange can occur in the ab-
sence of ATP hydrolysis. Reactions were carried out as de-
scribed in the Materials and Methods except that, instead of
ATP and the ATP regeneration system used for the reactions
with ATP, either 1 mm ATPvS or 5 mm ADP together with 0.4
mM Al(NO;); and 10 mm NaF (Kowalczykowski and Krupp
1995) were used in the reactions containing ATPyS and the
ADP - AlF,, respectively. Also, for all reactions, RecA protein
was loaded onto the dsDNA at 1 mm magnesium acetate; after
a 10-min incubation, magnesium acetate was added to a final
concentration of 10 mm, and DNA strand exchange was then
initiated by addition of the homologous ssDNA.

posed by Kogoma and colleagues to initiate from an R-
loop that was hypothesized to form by invasion of
dsDNA by an RNA transcript (Hong et al. 1995; Kogoma
1997). However, invasion of dsDNA by a RecA protein—
ssRNA filament has never been achieved (see Discus-
sion). Recently, the Kogoma laboratory showed that
RecA protein could produce R-loop structures in a reac-
tion whose characteristics were strikingly similar to the
inverse DNA strand exchange reaction that we described
here (Kasahara et al. 2000). To determine whether RecA
protein could pair RNA with dsDNA by means of the
inverse strand exchange process, experiments similar to
those presented in Figure 2B were conducted, except that
a 63-mer ribo-oligonucleotide (1R) was used instead of
the ssDNA 63-mer oligonucleotide 1. As shown in Fig-
ure 8A, a RecA-dsDNA nucleoprotein filament is able to
recombine with complementary RNA. The reaction is
dependent on RecA protein, and proceeds with a similar
time course as the inverse strand exchange reaction with
ssDNA. Using standard reaction conditions (a 10-fold
molecular excess of ssRNA) the yield of RNA strand ex-
change product is (15% (Fig. 8B). Thus, the RNA strand
exchange is less efficient than DNA strand exchange
(compare to Fig. 4). However, a 10-fold increase in
ssRNA concentration (to a 100-fold molecular excess)
raises the yield of the RNA-DNA hybrid product of this
nucleic acid strand exchange reaction to [55%. Because
RecA protein does not promote a conventional forward
strand exchange reaction with RNA as a result of poor
binding to the RNA (Kirkpatrick and Radding 1992;
Kirkpatrick et al. 1992), our observations cannot be ex-
plained by redistribution of RecA to the RNA, followed
by conventional strand exchange. Consistent with this
view, a 100-fold molar excess of nonhomologous 63-mer
ssDNA did not inhibit the inverse RNA strand exchange
reaction (although the reaction rate was slowed by an
amount comparable to the reduction seen in Fig. 5 for
the inverse DNA strand exchange process; data not
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Figure 8. Inverse exchange of strands between the RecA pro-
tein—dsDNA filament and ssRNA. The reaction was conducted
as described under Materials and Methods, but using ssRNA
(oligoribonucleotide 1R) instead of ssDNA (oligodeoxyribo-
nucleotide 1). (A) Time course of the reaction. (B) The data from
A were quantified and plotted (V). Also plotted are the data for
a reaction using a 100-fold molar excess of ssRNA (H).

shown). Furthermore, the lower product yield seen with
ssRNA as a partner argues against the notion that some
form of free ssDNA is produce by the interaction of RecA
protein with the duplex DNA substrate; if ssSDNA were
being produced, then its annealing with either ssDNA or
ssRNA would be comparable. Thus, RecA protein is
clearly capable of promoting inverse strand exchange
with RNA, and we suggest that the R-loop formation
observed by the Kogoma laboratory occurs by the same
mechanism.

Discussion

In this paper we describe a new nucleic acid strand-ex-
change activity of the RecA protein. We show that the
dsDNA-RecA nucleoprotein filament can search for ho-
mology, pair with either homologous ssDNA or ssRNA,
and promote the exchange of strands between the initial
duplex DNA and the single-stranded nucleic acid. This
is the “inverse” of the conventional DNA strand ex-
change reaction. Rather than the typical interaction of a
ssDNA-RecA nucleoprotein filament with dsDNA, a
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dsDNA-RecA nucleoprotein filament interacts with a
single-stranded nucleic acid. This reaction is both RecA
protein and homology dependent (see Fig. 2). Also, this
reaction shows asymmetry with respect to the strand of
the dsDNA that is the complementary participant in the
reaction (see Figs. 1 and 2).

Superficially, the inverse reaction appears to be simply
conventional DNA strand exchange progressing in the
“opposite” direction. It is initiated by a dsDNA-RecA
filament that could be identical to the final product of
the forward reaction (Register et al. 1987; Stasiak and
Egelman 1988, 1994; Ullsperger and Cox 1995). How-
ever, inverse DNA strand exchange is not just a reversal
of the forward process, nor is it occurring by redistribu-
tion of the RecA protein to the ssDNA or ssRNA. These
conclusions are based on a number of clear experimental
distinctions. First, inverse DNA strand exchange is rela-
tively unaffected by an excess of nonhomologous ssDNA
((46% exchange), which is in marked contrast to con-
ventional DNA strand exchange (only [1.5% exchange).
Second, inverse DNA strand exchanges does not occur
with ATP~S, but does with either ATP or ADP - AlF,,
whereas conventional DNA strand exchange occurs with
all three nucleotide cofactors. Our finding with ATPyS
confirms a previous report that the ATPyS-RecA pro-
tein—-dsDNA filament interacts with ssDNA only in a
homology-independent manner and is incapable of ho-
mologous pairing (Muller et al. 1990a). Our explanation
for this failing is that ATPyS induces a very high affinity
for DNA in both the primary and secondary DNA-bind-
ing sites of RecA protein (Kowalczykowski 1986; Mazin
and Kowalczykowski 1996, 1998; Zaitsev and Kowalc-
zykowski 1998, 1999), which kinetically restricts an ef-
ficient homology search. Because the affinity for ssDNA
is greater than for dsDNA, the search for homology
within dsDNA by a ssDNA presynaptic filament (this is
the conventional reaction) is possible in the presence of
ATP~S, whereas the search for homology within ssDNA
by a dsDNA presynaptic filament (inverse DNA strand
exchange) is kinetically constrained. Because the affinity
of RecA protein for RNA is lower than for DNA, we also
suggest that the ability of ATPyS to support R-loop for-
mation in the reaction described by Kasahara et al. (2000)
is due to this lower affinity that permits an iterative
sampling of the ssRNA for homology (while bound to the
secondary binding site) that is not possible with the
more stable complexes formed with ssDNA; this pseu-
doequilibrium view also explains the lower yield of in-
verse strand exchange product formed using ssRNA as
compared to the identical concentration of ssDNA. Con-
sistent with this view, the lower affinities for DNA in-
duced by ADP - AlF, permit the search to occur in both
the forward (Kowalczykowski and Krupp 1995) and in-
verse reactions. The third distinction between the in-
verse and forward reaction is that the inverse reaction is
quite sensitive to an excess of RecA protein over the
dsDNA concentration, whereas the forward reaction eas-
ily tolerates this excess. This difference likely stems
from the different affinities of RecA protein for ssDNA
versus dsDNA. Because the RecA protein binds dsDNA



slowly at normal conditions, an excess of RecA protein is
not inhibitory in the forward reaction. In the case of the
inverse reaction, however, excess RecA protein easily
binds ssDNA, thus inactivating the second partner of
DNA strand exchange. Fourth, the apparent equilibrium
established between substrate and product yield suggests
that the inverse reaction may be reversible; this is dis-
tinct from the forward reaction where some combination
of the binding of SSB protein to the displaced ssDNA,
and the nonsymmetric binding of RecA protein to the
dsDNA product (rather than to the ssDNA product)
makes this reaction appear irreversible. We imagine that
in the absence of SSB protein (and DNA secondary struc-
ture), the conventional reaction could be pseudorevers-
ible. Finally, and perhaps most important, the inverse
reaction accepts RNA as a homologous partner. Because
strand exchange between ssRNA and dsDNA has never
been achieved in vitro by the conventional reaction, the
reaction that we are observing represents a newly de-
scribed reaction for RecA protein.

What is the biological function of inverse DNA strand
exchange? Although we could imagine a minor pathway
of DNA repair that might involve the pairing of gapped
or tailed dsDNA with ssDNA as the first step in the
pairing process, we do not foresee this as a major func-
tion. Instead, we would propose that the inverse DNA
strand exchange process could play a role in the matura-
tion of single-end joint molecules into double-ended
joint molecules in an asymmetric variation of the classic
double-strand break repair (DSBR) model (Szostak et al.
1983). This model requires invasion by both processed
ssDNA ends of a dsDNA break (Fig. 9). Although illus-
trations of this model show the invasion events as sym-
metric (i.e., both ends invading at the same time by pre-
sumably the same process), this is not an obligatory com-
ponent of the model. If instead, the invasions occurred in
two separate steps (i.e., asymmetrically), then the first
pairing event could occur by a conventional forward re-
action promoted by RecA protein assembling on one of
the ssDNA tails to mediate formation of a joint molecule
(D-loop). Because formation of a D-loop is known to
stimulate polymerization of RecA protein onto the du-
plex DNA recipient (Shibata et al. 1982), the resultant
formation of a RecA protein-dsDNA filament creates
the nucleoprotein filament that is the active species in
the inverse DNA strand exchange reaction that we de-
scribed here. This filament can now pair with the pro-
cessed ssDNA from the other end of the dSDNA break.
Thus, sequential steps involving conventional DNA
strand exchange followed by inverse DNA strand ex-
change can effect formation of the double-ended joint
molecules that are intermediates of DSBR.

Finally, the unprecedented capability of the dsSDNA-
RecA nucleoprotein filament to promote pairing and ex-
change with homologous RNA has a clear and obvious
role in recombination-dependent replication processes
(Kogoma 1996, 1997). In the mechanism of constitutive
stable DNA replication, as proposed by Kogoma
(Kogoma et al. 1979; Kogoma 1996, 1997), the formation
of a RecA-dependent R-loop is an important step. Yet,

Inverse DNA strand exchange
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polymerization of RecA protein along dsDNA

v

Inverse DNA strand exchange

v
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Figure 9. A proposed function for inverse DNA strand ex-
change in DSBR. Binding of RecA protein to ssDNA is produced
by nucleolytic resection at one end of the dSDNA break. Con-
ventional DNA strand invasion ensues, producing a single-
ended joint molecule. Joint molecule formation allows the po-
lymerization of RecA protein onto the homologous dsDNA tar-
get, to form a RecA-dsDNA nucleoprotein filament. This
filament then promotes an inverse DNA strand exchange reac-
tion to form a double-ended joint molecule.

despite the compelling in vivo evidence, published in
vitro experiments have failed to produce RecA protein-
mediated R-loops. Although the RecA nucleoprotein
filament containing ssDNA can bind to and anneal with
complementary ssRNA, thus promoting RNA-DNA hy-
bridization, the equivalent nucleoprotein complex as-
sembled on ssRNA is unable to promote strand exchange
(Kirkpatrick and Radding 1992; Kirkpatrick et al. 1992).
Therefore, the only demonstrated way to produce RecA
protein-mediated R-loops is to use the inverse nucleic
acid strand exchange process, a conclusion that is cor-
roborated by recent work from the Kogoma laboratory
(Kasahara et al. 2000). We propose that this is the bio-
logical function of this unique inverse RNA strand ex-
change reaction.

Materials and methods

DNA and RNA

The two 63-mer oligodeoxyribonucleotides, which are either
identical (oligonucleotide 1: 5'-ACAGCACCAGATTCAGCA-
ATTAAGCTCTAAGC CATCCGCAAAAATGACCTCTTAT-
CAAAAGGA-3') or complementary (oligonucleotide 2: 5'-
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TCCTTTTGATAAGAGGTCATTTTTGCGGATGG CTTAG-
AGCTTAATTGCTGAATCTGGTGCTGT-3') to ssDNA of the
bacteriophage M13, have been described (Mazin and Kowalc-
zykowski 1996). Oligodeoxyribonucleotide 3 is the 63-mer (5'-
TACACGACGGGGAGTCAGGCAACTATGGAGAACGA-
ATAGACAGATCGCTGAGATAGGTGCC-3'). Oligoribonucle-
otide 1R has the same nucleotide sequence as 1, and was pur-
chased from Oligos Etc., Inc. & Oligo Therapeutics. The 54-mer
dsDNA was produced by annealing two complementary oligo-
nucleotides: SKBT45 (5'-CGGCCAGTGAATTCTTTTATTG-
GCTGGTGGTGGGATCCCTGCA GGCATGCAAGC-3') and
SKBT46 (5'-GCTTGCATGCCTGCAGGGATCCCACCACCA-
GCCAATAAAAGAATTCACTGGCCG-3').

Tailed dsDNA was prepared by annealing oligonucleotide 2
and M13 mp7 ssDNA. Oligonucleotide 2 (0.3 ng) was labeled
with 32P using T4 polynucleotide kinase in polynucleotide ki-
nase buffer (NEB) and mixed with an equimolar (molecule)
amount (34 ng) of M13 mp7 ssDNA. The mixture (40 nl) was
annealed by heating at 95°C for 5 min, and then cooled slowly
(CH0 min) to room temperature. The annealed DNA was purified
from unincorporated [*?PJATP and from free 63-mer oligo-
nucleotide 2 using S-400 Spin columns (Pharmacia). The an-
nealed products were analyzed by electrophoresis using native
10% (19:1) polyacrylamide gels that were dried on DEAE paper
and quantified using a Betascope 603 radioisotope analyzer (Be-
tagen). The concentration of the annealed M13 ssDNA/63-mer
oligonucleotide 2 duplex DNA substrate was calculated by com-
paring the radioactivity of the purified labeled duplex DNA sub-
strate to a known amount of 5'-end-labeled oligonucleotide 2
after electrophoresis on the same gel. The purified M13 ssDNA /
63-mer 2 duplex DNA substrate was contaminated by <1% of
free 63-mer 2. Oligonucleotide 3 and phage $X174 ssDNA were
used as nonhomologous competitors in the DNA strand ex-
change reactions.

RecA protein

RecA protein was purified using a procedure based on spermi-
dine precipitation (Griffith and Shores 1985) (S.C. Kowalc-
zykowski, unpubl.). Protein concentration was measured using
an extinction coefficient of 2.7 x 10* M/cm at 280 nm.

Inverse DNA strand exchange reaction

The inverse DNA strand exchange reaction was performed in
buffer containing 25 mm MES-NaOH (pH 6.2), 10 mm Mg ac-
etate, 0.1 mmM DTT, 4.5 mm PEP, 10 U/ml pyruvate kinase, and
3 mM ATP. The concentrations of M13 ssDNA/63-mer 2 duplex
DNA and 63-mer ssDNA (oligonucleotide 1 or 2) were 6.3 nm
(molecules) and 63 nm (molecules), which is equivalent to 46.5
M and 4 pm (nucleotides), respectively. The concentration of
RecA protein was 4.65 uM, which corresponds to a stoichiom-
etry of 1 RecA monomer per 10 nucleotides of M13 ssDNA.
Changes to these conditions are described in figure legends 4-8.
The inverse strand exchange reactions with RNA were con-
ducted using the same conditions as for the reaction with DNA,
but oligoribonucleotide 1R was used instead of oligodeoxyribo-
nucleotide 1. Components were added as follows: RecA protein
was added to the duplex DNA substrate in complete reaction
buffer and was incubated for 5 min at 37°C. Afterward, DNA
strand exchange was initiated by adding ssDNA (oligonucleo-
tides 1, 2, or 3). Portions (10 ul) were removed at various times
and the reaction was stopped by addition of 2.5 ul of loading
solution (2.5% SDS, 0.125 m EDTA, 15% Ficoll). The samples
were then run on a 6% polyacrylamide gel (19:1) in Tris-borate
buffer for 2 hr at 20 V/em. Gels were dried on DEAE paper and

748 GENES & DEVELOPMENT

the bands were analyzed using either a Betascope 603 or a Storm
Phosphorlmager (Molecular Dynamics, Inc.). The amount of ra-
dioactivity in the reaction product and in the remaining sub-
strate was measured and expressed as a percentage.

Conventional (forward) DNA strand exchange was performed
in the same way, except that RecA protein was preincubated
with the 63-mer ssDNA (oligonucleotide 1) first and the reac-
tion was initiated by adding the duplex DNA substrate (M13
ssDNA/63-mer 2).
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