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ABSTRACT  The recA protein of Escherichia coli promotes the
complete exchange of strands between full-length linear duplex
and single-stranded circular DNA molecules of bacteriophage ¢X-
174, converting more than 50% of the single-stranded DNA into
heteroduplex replicative form II-like structures. Kinetically, the
reaction can be divided into two phases, formation of short het-
eroduplex regions (D loops) and extension of the D loops via branch
migration. recA protein participates directly in both phases. D
loops are formed efficiently in the presence of ATP or the non-
hydrolyzable ATP analog adenosine 5’-[vy-thio]triphosphate,
whereas D-loop extension requires continuous ATP hydrolysis.
Complete strand exchange requires a stoichiometric amount of
recA protein and is strongly stimulated by the single-stranded-
DNA-binding protein of E. coli.

Models for homologous genetic recombination generally divide
the process into several distinct phases (1-3). The first consists
of a pairing reaction between two homologous DNA duplexes,
leading to the formation of heteroduplex regions in one or both
of the molecules. In the next phase the heteroduplex regions
are moved or extended. Such heteroduplex regions may be sev-
eral thousand nucleotides long (4). Subsequent steps serve to
convert the branched structures to recombinant products. A
detailed molecular understanding of this complex process has
not yet been achieved. However, an important recent advance
has been the identification and isolation of the product of the
recA gene of Escherichia coli (5-9), a protein known to be es-
sential at an early stage of homologous recombination (10, 11).

Although it has a molecular weight of only 37,800 (12, 13),
the recA protein promotes a remarkable variety of reactions in
vitro (for review see ref. 14). In addition to being a highly spe-
cific protease, the recA protein is a DNA-dependent ATPase
and UTPase, and it promotes the homologous pairing of com-
plementary single strands of DNA and the assimilation of single
strands into homologous DNA duplexes to form locally heter-
oduplex regions termed D loops. Strand assimilation is espe-
cially important because, coupled with earlier in vivo findings
(11), it firmly establishes a direct role for recA protein in the
first phase of homologous recombination.

Extension of a D loop involves movement of a crossover junc-
tion in the DNA, a reaction termed branch migration. This pro-
cess serves to shorten or extend the heteroduplex region with
areciprocal loss or gain of parental base pairs. Branch migration
can be driven enzymatically by the action of polymerases, nu-
cleases, or topoisomerases (3). However, because it may involve
little or no net change in free energy, branch migration has also
been assumed to be a random and uncatalyzed process. Work
with model systems has in fact demonstrated that branch mi-
gration occurs spontaneously and, assuming a random walk,
proceeds at the rate of 6000 bases sec™! or greater at 37°C
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(15-19). Significant branch migration would thus be expected
to occur subsequent to recA protein-promoted strand assimi-
lation. DasGupta et al. (20) have recently observed recA pro-
tein-generated D-loop structures containing heteroduplex re-
gions that extend for several thousand base pairs, implying that
branch migration does indeed occur either spontaneously or as
a result of the action of recA protein (20).

We have found that D loops formed by recA protein from full-
length linear duplex DNA and circular single-stranded DNA
(ssDNA) of bacteriophage ¢X174 (¢X) can be extended by
branch migration in a reaction promoted by recA protein in the
presence of E. coli ssDNA-binding protein (SSB). The result
is a complete exchange of strands with the efficient production
of molecules like ¢X replicative form II (RFII). Inasmuch as
recA protein-promoted branch migration is relatively slow and
kinetically distinguishable from D-loop formation, this system
has served as a model with which to study these two phases of
genetic recombination.

MATERIALS AND METHODS

Materials. recA protein was purified to homogeneity by a
recently described procedure (21). Concentrations of recA pro-
tein were determined by using an Aj% of 5.16 based upon its
amino acid composition (12, 13). SSB was the generous gift of
J. Kaguni of this department. Hexokinase, pyruvate kinase, and
nuclease S1 were purchased from Sigma. Restriction endonu-
clease Ava I was purchased from New England BioLabs.

¢X DNA was isolated from ¢Xam3-infected E. coli C. Prep-
aration of circular (viral) single strands has been described (22).
Supercoiled $X RFI DNA was prepared by a procedure de-
scribed for isolation of plasmid DNA (ref. 23, p. 116). In all
cases, the DNA was banded to equilibrium at least twice in CsCl
gradients containing ethidium bromide. Labeling of DNA with
[*H]thymidine was carried out as described (24). Full-length
linear duplex X DNA was prepared by endonuclease Ava I
cleavage of ¢X RFI followed by phenol extraction; ¢X DNA
contains only a single Ava I site. Bacteriophage M13 single-
stranded circular DNA and bacteriophage P22 duplex DNA
were generous gifts from J. Kobori and K. McEntee, respec-
tively, of this department.

ATP, ADP, phosphoenolpglruvate, and glucose 6-phosphate
were purchased from Sigma. °H-Labeled nucleotides were pur-
chased from Amersham. Adenosine 5'-[y-thio]triphosphate
(ATP[yS]) was purchased from Boehringer Mannheim. Nitro-
cellulose filters (HAWP, 0.45 um pore diameter) were from
Millipore. .

Methods. Four different assays were used to monitor the fate

Abbreviations: ¢X, bacteriophage $X174; RF1I (replicative form I), su-
percoiled double-stranded DNA; RFII (replicative form II), circular
double-stranded DNA containing a nick in one strand; ssDNA, single-
stranded DNA; dsDNA, double-stranded DNA; SSB, E. coli ssDNA-
binding protein; ATP[yS], adenosine 5'-[y-thio]triphosphate.
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of the various reaction components during strand exchange. The
standard reaction mixture in each case contained 25 mM
Tris'HCI, 80% cation (final pH = 7.2); 5% (vol/vol) glycerol;
10 mM MgCl,; 1 mM dithiothreitol; 1 mM ATP; 5.6 uM linear
duplex X DNA; 3.3 uM ¢X circular ssDNA (viral strands); 2.0
M recA protein; and 0.3 uM SSB. Where indicated, ATP[yS]
was used at a concentration of 200 uM. All reactions took place
at 37°C and were initiated by the addition of recA protein after
preincubation of other components.

Nitrocellulose filter binding. This assay is based on the
method of Beattie et al. (25) and was used to measure the
fraction of 3H-labeled linear duplex $X DNA molecules that
acquired D loops. At the times indicated, aliquots (50 or 100
ul) were removed. NaDodSO, and EDTA were added imme-
diately to final concentrations of 0.5% and 12 mM, respectively,
followed after 20 sec by 1 ml of a solution containing 2 M NaCl
and 0.15 M sodium citrate. Within 10 min the mixtures were
filtered through nitrocellulose filters and rinsed with an addi-
tional 2 ml of 2 M NaCl/0.15 M sodium citrate. The filters were
dried and assayed for radioactivity. In each experiment one re-
action mixture was set up without recA protein or ssDNA. Ali-
quots of this mixture were treated with NaDodSO, and EDTA
as described above. Several (two to four) of these were heated
at 100°C for 4 min and cooled quickly in ice. After addition of
1 ml of 2 M NaCl/0.15 M sodium citrate they were filtered as
before. Values obtained with these samples were used to define
100% strand assimilation. Those aliquots filtered without heat-
ing define the background retention of *°H-labeled duplex DNA
(less than 2% in all cases).

Resistance to S1 nuclease. This assay, which is based on a
method used previously for measurement of recA protein-cat-
alyzed DNA renaturation (6), measures heteroduplex base pair
formation during branch migration. *H-Labeled ¢X circular
ssDNA was used in the standard reaction mixture, and its in-
corporation into S1 nuclease-resistant material was measured.

Aliquots (50 ul) were removed from the reaction mixture at
the times indicated. NaDodSO, was added to a final concen-
tration of 0.8%, and the mixtures were rapidly cooled in ice.
After at least 15 min the mixtures were diluted 1:13 with a so-
lution containing 500 mM NaCl, 50 mM sodium acetate at pH
4.6, 1 mM zinc acetate, denatured calf thymus DNA at 30 ug/
ml, and S1 nuclease at 2.0 Sigma units/ml. (One unit is defined
as the amount of S1 nuclease needed to digest 1 ug of ssDNA
in 1 min at 37°C.) After incubation at 37°C for 30 min, carrier
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DNA (20 wl of calf thymus DNA at 5 mg/ml) was added and the
mixture was diluted 1:2 with cold 10% trichloroacetic acid. After
30 min on ice the mixtures were filtered through Whatman GF/
C filters. The filters were rinsed with 3 ml of 10% trichloroacetic
acid, followed by 1 ml of 95% (vol/vol) ethanol, then dried and
assayed for radioactivity. Production of S1 nuclease-resistant,
3H-labeled DNA was completely dependent upon the presence
of complementary sequences within the duplex DNA. Control
reaction mixtures lacking duplex DNA were included in each
experiment and define the S1 nuclease-resistant background
(<2% in all cases). To determine the maximal amount of acid-
precipitable H present, a reaction mixture was treated iden-
tically except that no S1 nuclease was added. ssDNA is in slight
excess so that if all of the linear duplex molecules in the standard
reaction mixture were converted to RFII, only 85% of the sin-
gle-stranded circles would be utilized, and thus become S1-nu-
clease-resistant. The acid-precipitable maximum was therefore
corrected by a factor of 0.85, and this value taken as 100% het-
eroduplex formation.

Agarose gel electrophoresis. Aliquots (35 ul) of the standard
reaction mixture were adjusted to 10% (vol/vol) glycerol, 12
mM EDTA, 1% NaDodSO,, and 0.01% (wt/vol) bromphenol
blue. Electrophoresis was performed in 0.8% agarose gels using
a Tris/acetate buffer system as described (ref. 23, p. 148). Lin-
ear duplex ¢X DNA is easily separated from ¢X RFII under
these conditions.

DNA-dependent ATPase. This assay was performed as de-
scribed (6) with [PHJATP (40 uCi/ml; 1 Ci = 3.7 x 10"
becquerels).

RESULTS

The complete exchange of strands between circular single-
stranded and linear duplex $X DNA molecules promoted by
recA protein yields a full-length linear single strand and a nicked
circular duplex (¢X RFII). The demonstration that the recA
protein will promote strand exchange is provided in Fig. 1. A
band that comigrates with ¢X RFII was evident after 20 min;
another band corresponding to the displaced linear single strand
appeared at the same time. This result suggests that unwinding
of the linear duplex and formation of heteroduplex are tightly
coupled. As shown in Fig. 1, the time at which RFII-like mol-
ecules appeared was independént of the concentration of recA
protein. The reaction required recA protein, ATP, Mg** (not
shown), and homologous single strands. Both the rate and ex-
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F1G. 1. recA protein-promoted strand exchange measured by agarose gel electrophoresis. Markers (M): 1, ¢X RFII; 2, ¢X linear duplex DNA;
3 (upper), ¢X linear single strands; 3 (lower), ¢X circular (viral) single strands. The lower band in the M channel is $X RFI DNA, which migrates

close to 8sDNA in the buffer system used.
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tent of reaction were greatly reduced in the absence of SSB.
Electron microscopy verified that a high proportion of RFII-like
molecules were produced in the reaction (not shown).

recA Protein-Promoted Strand Exchange Is a Two-Phase
Reaction. Although most of the duplex molecules in the reaction
contained D loops within 5 min, as judged by their retention
on nitrocellulose filters (Fig. 2), relatively few heteroduplex
base pairs were formed as shown by the continued susceptibility
of the ssDNA to S1 nuclease (Fig. 2). Heteroduplex formation
proceeded slowly and was complete only after an additional 20
min. Completion of heteroduplex formation corresponded
closely to the appearance of RF1I as judged by agarose gel elec-
trophoresis (Fig. 1). Thus, conversion of D loops to RFII ap-
pears to be a slow, largely synchronous process. This interpre-
tation is supported by another experiment shown in Fig. 1.
When ATP[yS] was added 11 min after the beginning of the
reaction, 20% of the ssDNA had been incorporated into S1 nu-
clease-resistant material; however, RFII-like forms were un-
detectable by agarose gel electrophoresis (<5%). Thus, the net
extension of D loops by branch migration is a kinetically sig-
nificant phase of strand exchange and is measured directly by
the S1 nuclease assay. Strand exchange may therefore be used
as a model system for the analysis of two phases of homologous
recombination—e.g., strand assimilation leading to D-loop for-
mation, and branch migration.

D-Loop Formation. As shown in Fig. 3, D-loop formation
measured by nitrocellulose filter binding was completely de-
pendent upon ATP and recA protein. It was also stimulated by
SSB (26, 27). D loops were not formed when nonhomologous
ssDNA (M13) was used in place of ¢X single strands, confirming
that the nitrocellulose filter assay measures formation of D loops
with base-paired heteroduplex regions. D loops were also
formed when the nonhydrolyzable ATP analog ATP[4S] re-
placed ATP, confirming an earlier result (26). Substitution of
M13 ssDNA for ¢X ssDNA eliminated the reaction in the pres-
ence of ATP[yS] just as it did with ATP, so that base-paired
heteroduplex regions are generated in both cases. Thus, the
recA protein-dependent homologous pairing reaction resulting
in the formation of D loops requires ATP but not its hydrolysis.
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Fi1G. 2. D-loop formation and branch migration promoted by recA
protein. dsDNA, double-stranded DNA.
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F1G. 3. D-loop formation promoted by recA protein in the presence
of ATP or ATP[yS]. Control experiments in which M13 ssDNA was
substituted for ¢X single strands yielded identical results for reactions
with ATP or ATP[+S].

Branch Migration. Extension of D loops as measured by con-
version of 3H-labeled ¢X ssDNA to S1 nuclease resistance was
also completely dependent on recA protein and ATP (Fig. 4).
The heterologous duplex DNA from bacteriophage P22 could
not substitute for #X dsDNA, demonstrating that S1 nuclease
resistance is a valid measure of base pair formation and not a
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Fic. 4. Heteroduplex formation via branch migration promoted by
recA protein. @, Standard reaction; o, 20-fold excess of M13 ssDNA
added at the time indicated; o, 200 uM ATP{9S] added as indicated;
A, no SSB; m, ATP[S] in place of ATP; A, controls as indicated (when
P22 dsDNA was added, X dsDNA was omitted).
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consequence of nonspecific protection of the ssDNA by SSB or
recA protein. When ATP[yS] was substituted for ATP, about
3% of the ssDNA became S1 nuclease resistant, consistent with
the formation of a large number of relatively small D loops that
were not further converted to RFII-like molecules. Assuming
that an average D loop contains 300-500 base pairs of hetero-
duplex, and that D-loop conversion to RFII is complete within
20 min, we estimate the rate of branch migration under these
conditions to be about 4 base pairs per sec.

Addition of ATP[yS] to an ongoing reaction abruptly halted
branch migration. Inasmuch as ATP[¥S] is a potent inhibitor
of the DNA-dependent ATPase activity associated with recA
protein (6), this result implies that there is a continuous re-
quirement for ATP hydrolysis during recA protein-promoted
branch migration. This conclusion is strengthened by the find-
ing that addition of sufficient glucose and hexokinase to convert
all of the ATP to ADP with a half-time of =10 sec also promptly
halted the net extension of heteroduplex regions (data not
shown). Hexokinase, glucose, glucose 6-phosphate, or ADP
separately had no effect on the reaction.

Net heteroduplex entension was also halted by the addition
of a 10-fold excess of M13 ssDNA (Fig. 4). Because recA protein
has a high affinity for ssDNA, the excess heterologous DNA
would be expected to sequester any free recA protein in the
reaction.

The recA protein in these experiments was present at a ratio
of 1 recA protein monomer per 1.4 nucleotides of ssDNA (1 per
4.5 total nucleotides). As shown in Fig. 5, both the apparent rate
and extent of branch migration were directly dependent on the
recA protein concentration. This effect is not due to depletion
of the ATP, because it occurred in the presence of an ATP-re-
generating system (phosphoenolpyruvate and pyruvate kinase).
The recA protein therefore acts stoichiometrically rather than
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FiG. 5. Effect of recA protein concentration on the rate and extent
of heteroduplex formation via branch migration. Standard reaction
conditions were used except that SSB was 0.23 uM. An ATP-regen-
erating system consisting of 1.5 mM phosphoenolpyruvate and an
amount of pyruvate kinase (determined empirically) that converted 1
mM ADP to ATP with a half-time of ~10 sec was included in all cases.
Under these conditions no net ATP hydrolysis occurred for 50 min. The
numbers on the curves refer to the concentration of recA protein, in

uM.
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catalytically during branch migration, with approximately 1
recA protein monomer required for every 2 base pairs of het-
eroduplex formed.

As shown in Fig. 4, branch migration is strongly stimulated
by SSB. In the absence of SSB, approximately 10% of the
ssDNA was incorporated into heteroduplex, and fewer RFII-
like molecules could be detected by agarose gel electrophoresis
(Fig. 1). Decreasing the concentration of SSB to less than 14
inhibited the reaction, whereas a 4-fold increase had no appar-
ent effect (data not shown).

DISCUSSION

The system described here for the measurement of strand ex-
change has a number of useful features. (i) Both reactants and
products are well defined and easily separable by gel electro-
phoresis. (i) All of the single strands are viral strands and have
no complement except within the duplex DNA. Thus, recA
protein-promoted renaturation of single strands does not com-
pete with strand exchange. (iii) The fate of each of the substrates
in the reaction can be followed quantitatively. Two groups have
recently reported related recA protein-dependent strand ex-
change reactions using somewhat different duplex substrates
(20, 28).

With this system we have demonstrated that strand exchange
can be separated into two kinetically distinct phases, consisting
first of strand assimilation to generate D loops, followed by
branch migration to extend the heteroduplex regions and com-
plete the exchange (Fig. 6). Several lines of evidence point to
a direct role for recA protein in branch migration. (i) Replace-
ment of ATP by ATP[S] results in the formation of D loops
containing short heteroduplex regions (300-500 base pairs).
However, these D loops are not extended to produce RFII-like
structures, indicating that conversion does not occur via un-
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FiG. 6. DNA strand exchange promoted by recA protein. The lin-
ear duplex and circular ssDNAs are converted in the first phase to a
D-loop structure shown here at one end of the duplex. Branch migra-
tion subsequently yields a full-length linear single strand and RFIL
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catalyzed or SSB-promoted branch migration. (ii) ATP hydro-
lysis is required throughout the reaction. (iii) The net extension
of heteroduplexes is halted by the addition of an excess of het-
erologous ssDNA, a treatment that should not affect uncata-
lyzed branch migration.

D-loop formation does not require ATP hydrolysis under
these conditions (i.e., high concentrations of recA protein and
SSB). It has been shown previously that ATP[yS] will not sup-
port this reaction at lower concentrations of recA protein or in
the absence of SSB (29, 30). Because ATP hydrolysis is not an
absolute requirement for D-loop formation, we believe it is
unlikely that processive movement of recA protein along the
DNA is involved in this phase of strand exchange.

One plausible mechanism to account for recA protein-driven
branch migration involves extension of a D loop by processive
movement of the protein along the DNA. However, the finding
that excess heterologous ssDNA rapidly inhibits extension of the
heteroduplex argues strongly against a mechanism of this kind.
A processive mechanism is also difficult to reconcile with the
requirement for stoichiometric amounts of recA protein. More-
over, distributive mechanisms, in which recA protein acts tran-
siently at a branch point of the D loop, are equally difficult to
reconcile with the dependence of the extent of reaction on recA
protein concentration.

A mechanism that is consistent with our findings is based on
the observation that recA protein forms extensive and highly
structured filaments under appropriate conditions (unpublished
data). Thus, the recA protein involved in D-loop formation
could serve as a core onto which additional recA protein could
bind to form a growing filament. Branch migration would then
result from extension of the filament with no requirement for
movement of recA protein along the DNA. The reaction might
be analogous to the ATP-dependent formation of actin filaments
(31). Removal of free recA protein by the addition of excess
ssDNA would halt filament growth and thereby block branch
migration. We do not yet understand the role of ATP hydrolysis
in this reaction.

The requirement that recA protein be added in stoichio-
metric amounts to promote strand exchange is not inconsistent
with the levels of recA protein normally found in E . coli. Recent
measurements indicate that several thousand recA protein-mol-
ecules are present during normal cell growth (C. Paoletti, per-
sonal communication), a level that can be increased by almost
two orders of magnitude after treatments that damage the DNA.
Our findings provide one rationale for the constitutive presence
of these large quantities of recA protein.

The rate of recA protein-promoted branch migration in this
system, =4 base pairs per sec, was estimated by assuming unidi-
rectional branch migration. On the basis of the recent results
of DasGupta et al. (20), as well as a consideration of topological
constraints, it is reasonable to assume that strand exchange be-
gins with a D loop formed at one end of the linear duplex. In
this situation, a random walk mechanism could generate only
a few percent RFII, regardless of the rate of the reaction. The
conversion of more than 50% of the D loops to RFII therefore
implies that directionality is an important characteristic of recA
protein-promoted branch migration. Directionality is also in-
herent in the filament mechanism described above.

The stimulation of branch migration by SSB is more difficult
to explain. Previous results indicated that SSB stimulated D-
loop formation by low concentrations of recA protein.by re-
moving excess ssSDNA (26). In contrast, SSB stimulates branch
migration many fold even though sufficient recA protein is pres-
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ent to saturate the ssDNA. This aspect of strand exchange re-
quires further study.
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