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The bacterial RecA protein and the homologous Rad51
protein in eukaryotes both bind to single-stranded DNA
(ssDNA), align it with a homologous duplex, and pro-
mote an extensive strand exchange between them. Both
reactions have properties, including a tolerance of base
analog substitutions that tend to eliminate major groove
hydrogen bonding potential, that suggest a common mo-
lecular process underlies the DNA strand exchange pro-
moted by RecA and Rad51. However, optimal conditions
for the DNA pairing and DNA strand exchange reactions
promoted by the RecA and Rad51 proteins in vitro are
substantially different. When conditions are optimized
independently for both proteins, RecA promotes DNA
pairing reactions with short oligonucleotides at a faster
rate than Rad51. For both proteins, conditions that im-
prove DNA pairing can inhibit extensive DNA strand
exchange reactions in the absence of ATP hydrolysis.
Extensive strand exchange requires a spooling of duplex
DNA into a recombinase-ssDNA complex, a process that
can be halted by any interaction elsewhere on the same
duplex that restricts free rotation of the duplex and/or
complex, Le. the reaction can get stuck. Optimization of
an extensive DNA strand exchange without ATP hydrol-
ysis requires conditions that decrease nonproductive
interactions of recombinase-ssDNA complexes with the
duplex DNA substrate.

Both the Escherichia coli RecA and eukaryotic Rad51 pro-
teins bind readily to ssDNA! in the presence of ATP and pro-
mote DNA pairing and strand exchange with homologous du-
plex DNA targets in vitro (1-3). With long DNA substrates,
complete strand exchange occurs in at least three distinct
phases. The first phase is the formation of a RecA or Rad51
protein helical filament on the single-stranded DNA substrate.
This is followed by alignment of homologous DNA sequences
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between the protein/ssDNA filaments and the duplex sub-
strate. Alignment is followed closely by, or perhaps in concert
with, a strand switch where the complementary strand of the
duplex substrate is transferred to the DNA strand within the
filament. None of these processes requires ATP hydrolysis (4—
12). Once DNA alignment and strand transfer has begun, a
third phase occurs in which the nascent hybrid duplex DNA
can be extended over thousands of base pairs. For RecA pro-
tein, this third phase is generally coupled to the hydrolysis of
ATP (13-15). DNA strand exchange is generally investigated in
experiments employing long DNA substrates derived from bac-
teriophages (16-18). Short oligonucleotide fragments are used
to investigate selectively the DNA pairing (second) phase of
DNA strand exchange (19-22).

RecA and Rad51 are frequently cited as functional and struc-
tural homologs, based on amino acid sequence similarities (23),
the apparent similarity in their filament structures (24), and
the DNA pairing and strand exchange reactions they both
promote. Both proteins require a single strand DNA-binding
protein (bacterial SSB or eukaryotic RPA) for an optimal DNA
strand exchange reaction. For both RecA and Rad51, the re-
quirements for homologous pairing, other than the DNA sub-
strates and recombinase, vary among reports but presumably
include ATP (or certain ATP analogs), Mg?" in sufficient con-
centration to coordinate the nucleotide cofactor, and a multi-
valent cation. This cationic species is usually additional mag-
nesium but is often replaced with spermidine in experiments
with yeast Rad51 protein (2). To date, there has been little
attempt to compare directly the two proteins side by side. Our
study initiates this potentially revealing comparison with an
exploration of the effects of altered DNA substrates and solu-
tion conditions.

The altered DNA substrates were chosen to expand the
range of useful substrates for these reactions and to provide
additional insight into the DNA pairing process. In a previous
report (21), we provided evidence that the molecular basis for
homologous pairing is likely conserved among bacteria and
yeast, based upon the capacity of both proteins to make use of
DNA substrates containing base analogs with non-canonical
functionality. The mechanism of DNA pairing remains uncer-
tain, with the controversy focusing largely on two competing
mechanisms. First is the R-form DNA hypothesis. In this
model, the bound single strand within a RecA or Rad51 fila-
ment is aligned with a homologous duplex DNA (dsDNA) via
non-Watson-Crick hydrogen bonding in its major groove, allow-
ing a transient formation of a novel DNA triplex (Fig. 1) (25—
29). The simultaneous binding of three DNA strands within a
RecA filament (in some conformation) is well documented (30—
37). However, efforts to demonstrate spontaneous formation of
the R-form triplex structure in vitro, or to visualize it in the
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electron microscope, have had no substantial success.

The alternative view is that homologous alignment is based
simply on Watson-Crick pairing interactions (38—43). In prin-
ciple, the dsDNA could approach via either the major or minor
groove, although most studies have supported a minor groove
first path (38—42). Protein binding interactions within the
groove would extend the DNA and facilitate base flipping
within one strand of the dsDNA, permitting a homology search
based on Watson-Crick interactions between the flipped bases
and the ssDNA bound within the RecA filament. A detailed
study has verified key predictions of the base-flipping proposal
(43).

For all of their similarities, the differences between RecA
protein and Rad51 protein are at least as intriguing and po-
tentially more informative. Rad51 protein can readily nucleate
filament formation on either ssDNA or dsDNA (17, 44, 45),
whereas RecA protein exhibits a very strong bias for nucleation
on ssDNA (1). RecA protein hydrolyzes ATP at rates 30-50
times faster than Rad51 (2, 4). Both RecA and Rad51 proteins
require nucleotide binding for activity. However, under most
conditions RecA protein requires ATP hydrolysis for extensive
strand exchange (9, 10, 15) whereas Rad51 protein does not (4,
5). The role of ATP hydrolysis in the reactions promoted by
RecA is not completely understood, and a fundamental differ-
ence in the use of ATP by RecA and Rad51 proteins clearly
exists that has not been explained (1, 15, 44, 46). Several
reports have suggested that there are mechanistic differences
in strand exchange activity, including the polarity of the reac-
tion (3, 17, 47, 48). We also note that an extensive Rad51-
promoted DNA strand exchange reaction is highly dependent
on the addition of single strand DNA-binding proteins, with the
cognate replication protein A (RPA) being quite effective (2, 18,
49). For RecA protein, the E. coli SSB protein is stimulatory,
but significant reaction can occur in its absence.

The differences extend to the conditions under which optimal
DNA pairing and strand exchange are observed. In general,
RecA protein functions best in a buffer with added Mg2*. The
Mg?* is required to form active complexes with ATP, to en-
hance DNA pairing interactions, and to optimize extensive
strand exchange reactions (8, 9, 50-55). The Mg2+/ATP ratio is
important (9, 52), with ratios much in excess of 1.0 necessary
for optimal DNA strand exchange. All reports of Rad51 protein-
mediated DNA strand exchange also include Mg?" in the reac-
tion protocol, but high levels of Mg?* permit only limited DNA
strand exchange. Reported yields in Rad51-promoted DNA
strand exchange reactions have been quite variable (3, 56-58).
With the yeast Rad51 protein, high yields are generally ob-
served only in the presence of the polycation spermidine (2, 17),
whereas the best reactions with human Rad51 protein are seen
when ammonium sulfate is included (18).

Our comparison of the DNA strand exchange activities of
RecA and Rad51 proteins explores a wide range of conditions
and several DNA substrates, but ultimately focuses on the
DNA pairing process itself and the role of ATP. Based on the
effects of Mg®* on the DNA strand exchange reaction promoted
by the mutant RecA K72R (which binds but does not hydrolyze
ATP), we proposed a model previously (9) for extensive DNA
strand exchange in the absence of ATP hydrolysis. With high
levels of Mg?", DNA pairing was highly efficient but did not
lead to extensive strand exchange because of topological barri-
ers imposed by stable secondary DNA pairing events. Lower
levels of Mg?* supported less DNA pairing but allowed for the
slow completion of extensive DNA strand exchange (9). In other
words, extensive DNA strand exchange in the absence of ATP
hydrolysis can be blocked if the fundamental DNA pairing
process is sufficiently facile. A similar result has recently been
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obtained with the human Rad51, where efficient DNA strand
exchange requires solution additions that weaken the interac-
tion between the Rad51-ssDNA complex and the duplex DNA
(18). In this report, we demonstrate that under conditions for
DNA strand exchange that are optimized separately for the
RecA and Rad51 proteins, the RecA protein pairs DNA more
efficiently than does the Rad51 protein. However, the weaker
DNA pairing function allows Rad51 to promote an extensive
DNA strand exchange process efficiently with little or no ATP
hydrolysis. We also continue our exploration of the range of
DNA substrates tolerated in DNA strand exchange processes
(21, 59).

EXPERIMENTAL PROCEDURES

Enzymes and Biochemicals—The E. coli RecA and SSB proteins and
the yeast Rad51 and RPA proteins were purified and stored by pub-
lished procedures (4, 49, 60—-65). The concentrations of each were
determined by UV absorption at 280 nm using the extinction coefficient
0f2.23 X 10* M ! em ! for RecA (61), 2.83 X 10* M~ cm ™! for SSB (63),
0.30 mg~ ' ml em ™! for Rad51 (49), and 8.8 X 10* M~ ' cm ™! for RPA (49).
T4 polynucleotide kinase, PstI endonuclease, and their accompanying
buffers were purchased from Promega. ATPyS was from Roche Molec-
ular Biochemicals. [y-*?P]ATP was purchased from Amersham Phar-
macia Biotech. Tris base, boric acid, EDTA, magnesium acetate, potas-
sium acetate, potassium chloride, sodium chloride, potassium
glutamate, SDS, acrylamide, bisacrylamide, glycerol, 1 M hydrochloric
acid, and 1 M acetic acid were purchased from Fisher. ATP, spermidine
trihydrochloride, creatine phosphokinase, phosphocreatine, and brom-
phenol blue were purchased from Sigma. Dithiothreitol (DTT) was
purchased from Research Organics Inc. Xylene cyanole FF was pur-
chased from Eastman Kodak. Ficoll 400 was purchased from Amersham
Pharmacia Biotech.

Oligonucleotide Substrates—The following oligonucleotides were
purchased from Operon Technologies in polyacrylamide gel electro-
phoresis-purified form: A, AGTAGACTCAGCGAACTCACTGATCCAG-
TCTTAGCATCAGTCACGATACCTCGAGATACATACGGACGTA; B,
TGATCCAGTCTTAGCATCAGTCACGATACCTCGAGATAC; C, GTA-
TCTCGAGGTCTCGTGACTGATGCTAAGACTGGATCA; A*, AGTAG-
ACTCAGCGAACTCACTGXTCCXGTCTTXGCXTCXGTCXCGXTXCC-
TCGXGXTXCATACGGACGTA; B*, TGXTCCXGTCTTXGCXTCXGTC-
XCGXTXCCTCGXGXTXC; C*, GTXTCTCGXGGTXTCGTGXCTGXTG-
CTXXGXCTGGXTCA; Ax*, AGTAGACTCAGCGAACTCACTXATCCA-
XTCTTAXCATCAXTCACXATACCTCXAXATACATACGGACGTA; D,
TGATCCAGTCTTAGCATCAGTCACGATACCTCGAGATACA; E,
TGTATCTCGAGGTCTCGTGACTGATGCTAAGACTGGATCA; X,
GTGCGAGATCTTGCGATGTCAGTCGTAGCCTCAGTTCGAC; and Y,
GTCGAACTGAGGCTACGACTGACATCGCAAGATCTCGCAC. D and
E differ from B and C only by the addition of a single nucleotide at their
3’ and 5’ ends, respectively. Lyophilized oligonucleotides were resus-
pended in TE (10 mMm Tris-Cl (80% cation), 1 mm EDTA (pH 8.0)) and
stored at —20 °C.

Oligonucleotides were 5'-32P-labeled by incubating with T4 polynu-
cleotide kinase (5—10 units) and [y-*2P]ATP (0.5 um) for 30 min at 37 °C
in the buffer recommended by the enzyme supplier (final concentra-
tions: 70 mMm Tris-Cl (pH 7.6), 10 mMm MgCl,, and 5 mm DTT) with a final
reaction volume of 50 ul. Unincorportated nucleotide was removed with
the QIAquick Nucleotide Removal kit (Qiagen) according to the protocol
provided by the manufacturer and eluted in no more than 50 ul of TE.
The dsDNA 40-mer substrates were formed by annealing the two com-
plementary ssDNA 40-mers and then heating to 85 °C for 5 min fol-
lowed by slow cooling to 25 °C. Labeled double-stranded oligonucleo-
tides were isolated from single strands by electrophoresis in 10%
acrylamide, 1X TBE (45 mm Tris borate (50% cation), 1 mm EDTA (pH
8)) native gels. Radiolabeled bands were visualized by a 10-s exposure
to x-ray film. Processed film was placed under the gel to facilitate band
identification; the bands were then excised with a razor blade. DNA was
extracted from excised intact gel slices by three successive incubations
of at least 1 h in 1 ml of TE at 37 °C. After each incubation, the liquid
was removed and the DNA concentrated in Microcon-10 concentrators
(Amicon) for 30 min at 14,000 X g with the next extraction liquid
being added to the previously concentrated material and then
re-concentrated.

Unlabeled dsDNA 40-mers were generated by mixing equimolar
amounts of the two complementary strands in TE at a final concentra-
tion of 1600 uM nucleotides. The duplex was annealed by incubating at
85 °C for 5 min followed by slow cooling to 25 °C. No further purification
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of the duplex was performed. Oligonucleotide concentration was deter-
mined by UV absorption at 260 nm using the extinction coefficients
provided by the manufacturer. All DNA concentrations are reported
here in nucleotides, unless otherwise stated.

$X174 DNA Substrates—Circular single-stranded ¢X174 virion
DNA (5386 bases in length) was purchased from New England Biolabs.
Virion DNA concentrations were verified by UV absorption at 260 nm
using the extinction coefficient, 27.8 A,q, mg™ ' ml em ™.

Linear double-stranded ¢$X174 DNA was generated from a restric-
tion digestion of ¢$X174 replicative form I DNA (from New England
Biolabs). Aliquots of this DNA (100 pg) were incubated with 200 units
of Pstl in the supplied buffer (90 mm Tris-HCI (pH 7.5), 10 mm MgClL,,
and 50 mM NaCl) in a final volume of 200 pl. This mixture was incu-
bated for 2 h at 37 °C before a 20-min heat inactivation at 80 °C. The
DNA was purified from the mixture using 2 QIAquick polymerase chain
reaction purification spin columns (Qiagen) according to the protocol
provided by the manufacturer. The DNA was eluted in a total volume of
150 wl of TE. Linear dsDNA concentrations were determined by UV
absorption at 260 nm using the extinction coefficient, 20 A,g, mg™* ml
ecm ™t
RecA-promoted Three Strand DNA Exchange of Oligonucleotide Sub-
strates—DNA pairing reactions were carried out in 20 mM Tris-OAc
buffer (80% cation) with added 1 mm DTT, 1% glycerol, and 1 mm
Mg(OAc), at 38 °C. DNA, protein, and NTP cofactor concentrations are
listed in figure legends. The 70-mer ssDNA substrate was preincubated
with RecA protein and ATPyS for 10 min. Additional reaction compo-
nents were added to the preincubation as indicated. The reactions were
initiated by the addition of the *?P-labeled 40-mer dsDNA substrate and
reagent additives as indicated with a final reaction volume of 150 ul.
The final pH after addition of all reaction components was 7.55. Ali-
quots of 9 ul were removed at the indicated times and stopped with the
addition of EDTA and SDS to final concentrations of 20 mm and 1%,
respectively, in a final volume of 12 ul. A gel loading buffer (2.5% Ficoll
(type 400), 0.08% bromphenol blue, 0.08% xylene cyanol FF, all final
concentrations) was then added to each stopped aliquot, followed by
electrophoresis on 10% acrylamide, 1X TBE gels. Bands were visual-
ized by exposure to PhosphorImager screens (Molecular Dynamics) for
30 min and scanned on a Molecular Dynamics PhosphorImager (model
425E). Band intensities were calculated using the ImageQuant soft-
ware (Molecular Dynamics). The percent products for each reaction was
calculated as the combined signal from both product bands divided by
the total labeled DNA signal for a given gel lane, and background was
subtracted from all time points. Background was determined by per-
forming the standard reaction as described but replacing the RecA
protein with an equivalent volume of RecA protein storage buffer (20
mM Tris-HCI (80% cation), 0.1 mm EDTA, 10% (w/v) glycerol, and 1 mm
DTT). The background, which generally reflected spontaneous pairing
of unannealed substrate oligonucleotides (and exhibited no increase
with time), was calculated as the average product percentage for all of
the time points (less than 10% in all cases).

For the reaction series with 2AP-substituted oligonucleotide sub-
strates, each time point was a separate reaction. The RecA protein and
70-mer concentrations were 18.7 and 56 uM, respectively. Reactions
were initiated by the addition of 12.8 um (final concentration) 32P-
labeled 39-mer dsDNA substrate and Mg(OAc), (to 10 mm) yielding a
final reaction volume of 12 ul. Reactions were stopped and treated as
described above, except that stopped reactions were dialyzed into at
least 100 ml of TE with 1-kDa molecular weight cut-off disposable
dialyzers (The Nest Group) at 25 °C for 2 h prior to electrophoresis. For
kinetic analysis, all reaction incubations were carried out at 30 °C. The
ssDNA substrate was reduced to 44.8 um and the RecA protein concen-
tration to 14.9 um.

RecA-facilitated Three Strand DNA Exchange of $X174 DNA Sub-
strates—Three strand exchange reactions with large DNA substrates
were carried out in the same solution conditions as the RecA protein-
promoted DNA pairing reactions described above. DNA, protein, and
NTP cofactor concentrations are listed in the figure legends. Preincu-
bations were carried out at 38 °C for 10 min and included circular
single-stranded ¢$X174 DNA, RecA protein, 3 mM potassium glutamate,
12 mM phosphocreatine, and 10 units/ml creatine phosphokinase. Lin-
ear dsDNA was then added, followed by incubation at 38 °C for another
5 min. A 9.1-ul aliquot was removed to use as a zero time point. After
another 5 min of incubation at 38 °C, the reaction was initiated by the
addition of ATP and SSB. Aliquots of 10 ul were removed at the
indicated times. All reactions were stopped by addition of 1/3 volume of
a solution containing 15 mm EDTA, 1.25% SDS, 6.25% glycerol, and
0.05% bromphenol blue.

Time points were subjected to electrophoresis on 0.8% agarose, 1X
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TAE (40 mM Tris-OAc (80% cation), 1 mm EDTA (pH 8.0)) gels. The
substrate, product, and joint molecule bands were distinguishable after
staining with ethidium bromide and exposure to ultraviolet light. Im-
ages were captured with a digital CCD camera using the GelExpert
software (Nucleotech). Reaction progress was calculated as the percent-
age of nicked circular dsDNA product relative to total duplex DNA in a
gel lane. Band intensities were quantitated with the ImageQuant soft-
ware (Molecular Dynamics).

Rad51-promoted Three Strand DNA Exchange of Oligonucleotide
Substrates—General DNA pairing reactions were carried out in 35 mMm
K-MOPS buffer (pH 7.2) with added 2.4 mm MgCl, and 1 mm DTT at
38 °C. DNA, protein, and NTP cofactor concentrations are listed in the
figure legends. The preincubation mixture included 70-mer ssDNA
substrate, Rad51 protein, ATP, and additives as indicated in the text.
After 10 min, an initiation mixture consisting of the **P-labeled 40-mer
dsDNA substrate and additives as indicated was introduced, with a
final reaction volume of 150 ul. For all reactions in which the preincu-
bation mixture was varied, the initiation mixture included 4 mMm sper-
midine. Aliquots of 9 ul were removed at the indicated time points and
treated as described above for the comparable RecA reactions.

For the reaction series with 2AP-substituted oligonucleotide sub-
strates, each time point was a separate reaction. Reactions included 60
mM KCI and were initiated by the addition of **P-labeled 39-mer dsDNA
substrate and spermidine HCI to 4 mMm yielding a final reaction volume
of 12.5 pl. Reactions were stopped, dialyzed, electrophoresed, and ana-
lyzed as described for the same reaction series using RecA protein. No
changes in the reaction conditions were necessary to allow convenient
kinetic analysis in the Rad51 experiments.

Rad51-facilitated Three Strand DNA Exchange of ¢X174 DNA Sub-
strates—Three strand DNA exchange reactions with $X174 DNA sub-
strates were carried out in the same solution conditions as the Rad51-
promoted DNA pairing reactions. DNA, protein, and NTP cofactor
concentrations are listed in the figure legends. Preincubations (5 min at
38 °C) included circular single-stranded ¢$X174 DNA, Rad51 protein,
ATP, and additives as indicated. Yeast RPA was added to bring the
reaction volume to 65.7 ul, followed by another 5 min at 38 °C. The
reaction was initiated with the addition of linear double-stranded
¢$X174 DNA in a mixture with additives as indicated. 10-ul aliquots
were removed at the indicated times and subjected to electrophoresis
and quantitation as described above.

Thermal Denaturation of Oligonucleotides—Thermal denaturation of
the 39-mer dsDNA substrates (annealed oligonucleotides B and C) was
carried out in 35 mm MOPS (pH 7.2) with 4 mM spermidine. These
solution conditions are similar to those used for the Rad51-mediated
DNA pairing assay. Conditions from the RecA assay were not used due
to the temperature-dependent pH changes seen with Tris-based buffers.
The concentration of each complementary oligonucleotide in every cu-
vette was 11.7 uM, giving a total DNA concentration of 23.4 uMm. The
volume in each experiment was 1.4 ml. Data were collected with a Cary
300 spectrophotometer (Varian) with a built-in thermal regulator in the
cell block. The temperature was increased at 0.2 °C per min. Comple-
mentary renaturation experiments were also carried out in which the
temperature was decreased at the same rate. Data points were collected
every 0.5 min and averaged for 3 s. Melting temperatures were calcu-
lated in triplicate as the temperatures at which the transition was 50%
complete.

RESULTS

Experimental Design—The E. coli RecA and Saccharomyces
cerevisiae Rad51 proteins were compared in two different reac-
tion systems. The first involves a DNA strand exchange using
relatively short synthetic oligonucleotide substrates. This re-
action does not require ATP hydrolysis for either protein. The
second reaction is DNA strand exchange with long (5386 base
pairs) DNA substrates derived from bacteriophage ¢X174.
With these substrates, ATP hydrolysis is usually required for
extensive DNA strand exchange promoted by RecA protein (10)
but not for the reaction promoted by the yeast Rad51 protein
(4). Most of this work focuses on solution requirements for the
reactions, although some comparative work was also done with
DNA substrates containing base analogs. These proteins
clearly have different solution requirements for optimal reac-
tions. To keep the reactions as comparable as possible, the
DNA substrates employed and the reaction temperature
(38 °C) were kept constant except where noted.
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A
70mer ssONA substrate
5-AGTAGACTCAGCGAACTCACTGATCCAGTCTTAGCATCAGTCACGATACCTCGAG T CATACGGACGTA-Y
39mer dsDNA substrate
5 TGATOCGTCTTGEATCAGTCACGTICCTORGATiC s
3-ACTHGGTCAGA TCGTAGTCAGTGCTATGRAGCTCTATG S
B 5'% 3 s) || C S
3 &5 ®l Q-{;‘S*‘
+ 0od & & &
3 5
RecA | Rad51
(ATPYS) l (ATP) - = P
52 * 3Py - L5
5 —— 3 (P) - - P,

Fic. 1. The DNA pairing and strand exchange reaction with
oligonucleotide substrates. A, sequences of the DNA oligonucleo-
tides used in these experiments. In the 2AP-substituted oligonucleo-
tides described later, all of the highlighted A residues were replaced
with 2AP. B, the DNA strand exchange reaction promoted by RecA or
Rad51 proteins with the DNA oligonucleotide substrates in A. C, a
typical reaction, this one promoted by the RecA protein. This reaction is
carried out under standard RecA reaction conditions (see “Experimen-
tal Procedures”), with 18.7 uM RecA protein, 56 uMm 70-mer DNA, 12.8
uM 39-mer duplex, 10 mm Mg(OAc),, and 3 mMm ATPyS. A single-
stranded DNA-binding protein was not added to reactions of this type.

The oligonucleotide reaction is illustrated in Fig. 1. Duplex
substrates identical except for the addition of 1 base pair on one
end (40-mers; see under “Experimental Procedures”) were used
in many experiments. The 70-mer ssDNA substrates were
short enough to be chemically synthesized but long enough to
allow efficient binding by RecA protein (66, 67). The length
difference between substrates allows for differentiation of sub-
strate and product duplexes after electrophoresis. In the RecA
reactions, the non-hydrolyzable ATP analog ATPyS was used to
help stabilize the RecA filaments. For the reactions with the
39-mer duplexes, there were two DNA substrates, one with
normal DNA bases and one with 2-aminopurine (2AP) replac-
ing all but one adenosine in the pairing region in all three
oligonucleotides. Thus, 2AP appears in at least one strand at 20
of 39 positions.

With such a short length of sequence exchanged, the proc-
esses of homologous pairing and strand exchange are indistin-
guishable in an electrophoretic assay (19). The use of oligonu-
cleotides as substrates for DNA pairing provides a way to
examine the pairing efficiency of different types of sequences
without the topological and structural constraints that can
affect DNA strand exchange reactions with longer DNAs.

The DNA strand exchange with longer DNA substrates de-
rived from bacteriophage $X174 is illustrated in Fig. 2. These
reactions have been independently optimized for RecA protein
and Rad51 protein, by using conditions that are established in
subsequent figures. In the RecA reaction, products (nicked
duplex circles) appear only after a lag of somewhat more than
10 min and then increase steeply until reaction completion by
30 min (Fig. 2, B and D). Intermediates (joint molecules) ap-
pear earlier, hit a maximum at early times, and then decline as
they are converted to products (Fig. 2, B and E). This reaction
profile, seen only when ATP is hydrolyzed, features a relatively
synchronized (for this type of reaction) conversion of substrates
to products for all of the DNAs in the solution. Initiations occur
over a span of about 15 min and products appear over a similar
time span, suggesting that each of the individual strand ex-
change reactions in the test tube is directed around the $X174
DNA circle at approximately the same rate.

The kinetics of the Rad51 protein-promoted reaction are
much different, and a typical example is illustrated in Fig. 2.
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Fic. 2. The extensive DNA strand exchange reaction with bac-
teriophage ¢$X174-derived DNA substrates. The reaction is illus-
trated at the top. A and B show gels with reactions promoted by RecA
and Rad51 proteins, respectively, carried out as described under “Ex-
perimental Procedures.” The RecA reaction contained 7.1 uM RecA
protein, 21.3 uM circular ssDNA, 21.3 uM linear duplex DNA, 3 mm
ATP, 11 mm Mg(OAc),, and 2.13 um SSB. The Rad51 reactions featured
the same DNA concentrations, 6.45 uMm Rad51 protein, 0.75 uM yeast
RPA, 2 mm ATP, 2.4 mm Mg(OAc),, 4 mM spermidine HCI, and 30 mMm
KCl. The generation of products (nicked circular DNA duplexes) and
intermediates (branched joint molecules) for these reactions are plotted
in C and D, respectively. nc, nicked circular DNA (products); jm, joint
molecules (intermediates); Ids, linear double-stranded DNA (substrate);
css, circular single-stranded DNA (substrate).

Product formation again exhibits a lag (relatively short in this
example, Fig. 2, C and D). Products are then formed at a slow
but fairly steady rate that leads to gradual accumulation. The
accumulation continues beyond the 60-min span of this exper-
iment (data not shown) and can eventually approach the prod-
uct generation of the RecA reaction. Reaction intermediates are
also seen, generated more slowly than in the RecA-mediated
process and remaining at a low level for the entire reaction
course shown (Fig. 2, C and E). The intermediate-product re-
lationship of the joint molecules and nicked circular DNA
bands is not as obvious with the kinetics seen in the Rad51 gel.
The early appearance of products in at least some of the Rad51
protein-promoted reactions suggests that the progression of
strand exchange around the ¢$X174 circle can be comparable to
or sometimes even faster here than in the RecA protein-pro-
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A RecA B

8(A)
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% Products
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Rad51 C
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Rad51
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(Mg*+)

Fic. 3. Effects of Mg?* on the DNA strand exchange with oligonucleotide substrates. Reactions were carried out as described under
“Experimental Procedures.” The 40-mer duplex is the duplex formed by annealing oligonucleotides D and E under “Experimental Procedures.”
RecA reactions (A) contained 31.5 uM 70-mer ssDNA substrate (0.45 um molecules), 12 um *?P-labeled 40-mer dsDNA substrate (0.15 um
molecules), 10.5 uM RecA protein, and 3 mm ATP+yS. Rad51 reactions (B) contained the same concentrations of DNA substrates, 9.55 um Rad51
protein, 2 mM ATP, and 60 mm KCI (no spermidine). Reactions also contained the concentration of Mg(OAc), (in mM) indicated by the numbers next
to each progress curve. The extents of strand exchange observed after 60 min of reaction are summarized in C.

moted reaction. However, the DNA pairing leading to interme-
diate formation is much slower than with RecA protein. Part of
the thesis of this study is that this reduced DNA pairing is
necessary to enable efficient DNA strand exchange over long
DNA distances when ATP hydrolysis is not coupled to the
process. This conclusion is derived in part from the compara-
tive examination of solution condition effects to follow.

Mg?" Ion Is Sufficient to Optimize RecA but Not Rad51-
mediated Reactions—The effects of added Mg2" ion on DNA
pairing as measured by the reactions with short oligonucleo-
tides is shown in Fig. 3. For RecA protein, an optimal DNA
pairing process is seen at Mg2" concentrations over 6 mm, with
over 60% of the duplex DNA substrates rapidly converted to
products. The single-stranded 70-mers are in 3-fold excess rel-
ative to the duplex 40-mers in these experiments. The Rad51-
mediated reaction is considerably slower and proceeds to a
much lower extent even when over 8 mm Mg?* is added. Reac-
tion extents after 60 min are summarized in Fig. 3C.

The differences between RecA and Rad51 are even more
dramatic when the DNA strand exchange with ¢$X174 sub-
strates is examined (Fig. 4). For RecA protein, 6 mm Mg?* is
enough to effect 100% product generation, with just a little
more needed for optimal rates. Rad51 protein, in contrast,
exhibits little reaction with any level of MgZ*. Some products
are generated after 60 min in the reactions with 8.4 or 14.4
Mg?* (difficult to see in these reproduced gels), but the levels
remain under 10%. Slow generation of somewhat higher levels
of products is seen with longer incubations (not shown).

Spermidine Stimulates Rad51 Protein Reactions but Not
Those of RecA Protein—The effects of added spermidine on the
Rad51 protein-promoted DNA pairing with short oligonucleo-
tide substrates is shown in Fig. 5. With 2.4 mm Mg?" (just over
the amount needed to chelate the ATP), there is no reaction in
the absence of spermidine. Additions of 2—6 mM spermidine in
the initiation mixture produce reaction extents that are com-
parable to those seen with RecA protein in Fig. 3. The effects of
Mg?* alone and spermidine (in the presence of 2.4 mm Mg?")
are compared in Fig. 5B. Higher levels of Mg?" slightly inhibit
the reaction when spermidine is present (Fig. 5C). At all levels
of Mg2*, added spermidine enhances the reaction, although the
enhancement is mitigated as the Mg®" concentration in-
creases. The spermidine and Mg?" appear to be partially com-
petitive in their effects. The spermidine effects are greatest at
relatively low concentrations of Mg?". Mg2" cannot be elimi-
nated entirely (no reaction occurs, even when the other condi-
tions are optimized, data not shown), as it is probably required
to form active complexes with ATP.

A similar stimulatory effect of spermidine is seen in Rad51
protein-promoted DNA strand exchange with ¢$X174-derived
substrates (Fig. 6). Low levels of Mg2+ alone do not allow for
product formation, as already seen. However, the addition of
2—6 mM spermidine HCI allows an efficient reaction to occur,
with maximum reaction seen at 4 mm. The spermidine appears
to be required for an optimal DNA pairing and strand exchange
reaction with Rad51 protein, and it cannot be replaced by Mg?*
in this function.

The results seen with RecA protein are quite different. In the
reaction with the short oligonucleotides, spermidine has a
slightly inhibitory effect (about 10% decrease in extent in a
120-min reaction), even when the concentration of Mg?" re-
mains limiting at only 1 mwm (data not shown). At normal (11
mM) concentrations of Mg?", the DNA strand exchange with
$X174 substrates is also inhibited by spermidine (Fig. 7). The
inhibition increases as the spermidine concentration is in-
creased from 2 to 6 mm (not shown).

When Mg2" levels are kept low (comparable to the ATP
concentration), RecA protein will promote a very slow genera-
tion of complete products in the ¢$X174 DNA reaction without
ATP hydrolysis (9). We therefore tried to see if spermidine
would enhance this reaction. With ATPyS and 1 mm Mg2?*,
spermidine still inhibited the DNA pairing process as seen in
the formation of pairing intermediates (Fig. 8, A and B). There-
fore, the spermidine does not enhance the ATP hydrolysis-
independent reaction of RecA protein. The one case where a
positive effect of spermidine is seen with RecA is when ATP is
hydrolyzed, but the Mg?™ level is limiting (Fig. 8, C and D). The
generation of products increases markedly in this case.

KClI Inhibits Rad51-mediated DNA Pairing, Yet Is Required
for Extensive DNA Strand Exchange—The Rad51 protein also
exhibits a requirement for KCl in many of its reactions, and
most of the Rad51 reactions to this point include added KCI.
This effect can be seen in Fig. 9. In the absence of KCI, but with
conditions otherwise optimized, there is no DNA strand ex-
change observed with the ¢$X174-derived DNA substrates. The
optimum reaction is reached between 30 and 60 mm KCl. The
same reaction promoted by the RecA protein is not detectably
different in the presence or absence of 60 mm KCl (Fig. 9B).

In the simpler DNA pairing reactions with oligonucleotides,
the added KCl inhibits the Rad51 protein-promoted reaction by
factors of 1.5-2 (Fig. 10, A and B), in contrast to its positive
effects on the strand exchange using much larger substrates as
described above. The RecA protein-promoted reaction with the
oligonucleotides is enhanced somewhat by KCI, but only in
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Fic. 4. Effects of Mg?>* on extensive DNA strand exchange with bacteriophage ¢X174-derived DNA substrates. Reactions were
carried out as described under “Experimental Procedures.” The RecA reactions contained 7.1 uM RecA protein, 21.3 uM circular ssDNA, 21.3 uMm
linear duplex DNA, 3 mm ATP, 2.13 um SSB, and the concentration of Mg(OAc), (in mMm) indicated by the number near each progress curve in
the Ist panel. The Rad51 reactions featured the same DNA concentrations, 6.45 uMm Rad51 protein, 0.75 uM yeast RPA, 2 mm ATP, 60 mm KCl,
and the indicated concentration of Mg(OAc),. No spermidine was included. NC, nicked circular DNA; JM, joint molecules; LDS, linear double-

stranded DNA.
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Fic. 5. Effects of spermidine on Rad51 protein-promoted DNA strand exchange with oligonucleotide substrates. Reactions were

carried out as described under “Experimental Procedures.”

Reactions contained 31.5 uM 70-mer ssDNA substrate (0.45 uM molecules), 12 uM

32P-labeled 40-mer dsDNA substrate (0.15 uM molecules), 9.55 um Rad51 protein, 2 mm ATP, and 60 mM KCl. Reactions in A contained 2.4 mm
Mg(OAc),, along with the concentration of spermidine HCI (SpHCI) (in mM) indicated by the numbers next to each progress curve. A series of such
reactions with concentrations of spermidine HCI or Mg(OAc), indicated are summarized in B and C, with reaction extents at 60 min plotted.
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Fic. 6. Effects of spermidine on Rad51 protein-promoted DNA
strand exchange with bacteriophage $X174-derived DNA sub-
strates. Reactions were carried out as described under “Experimental
Procedures.” Reactions contained 6.45 um Rad51 protein, 0.75 uM yeast
RPA, 21.3 uM circular ssDNA, 21.3 uM linear duplex DNA, 2 mMm ATP,
2.4 mm Mg(OAc),, and 60 mm KCI. Concentrations of spermidine HCl
were 0 (H), 2 (¢), 4 (O), or 6 ((J) mMm.

reactions with relatively low concentrations of Mg2* (Fig. 10, C
and D).

Rad51 Protein-promoted DNA Pairing Is More Susceptible to
Inhibition by Heterologous Duplex DNA than Comparable Re-

RecA -SpHCI +2mM SpHCI
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Fic. 7. Effects of spermidine on RecA protein-promoted DNA
strand exchange with bacteriophage ¢$X174-derived DNA sub-
strates. Reactions were carried out as described under “Experimental
Procedures” and contained 7.1 uM RecA protein, 21.3 uM circular
ssDNA, 21.3 uM linear duplex DNA, 3 mm ATP, 11 mm Mg(OAc),, and
2.13 pum SSB. The reaction in B also contained 2 mM spermidine HCI
(SpHCI). Higher (4 or 6 mM) concentrations of spermidine HCI had
greater inhibitory effects, further delaying the generation of products
(not shown). nc, nicked circular DNA; jm, joint molecules; Ids, linear
double-stranded DNA.

actions Promoted by RecA Protein—A heterologous duplex
DNA was constructed by annealing oligos X and Y (see under
“Experimental Procedures”). This was then added in 1-, 2-; or
5-fold excess relative to the homologous DNAs in the oligonu-
cleotide reaction of Fig. 1. The reaction promoted by RecA
protein was unaffected by this addition, in the presence of
either 1 or 11 mm magnesium acetate (Fig. 11A). The reaction
promoted by Rad51 protein, was reduced by 1/4 to 1/3 by an
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amount of heterologous DNA equivalent to the homologous
substrate, although additional heterologous DNA had no evi-
dent additional effect. The effect was seen in reaction extent
primarily.

The RecA Protein and Rad51 Protein Both Promote Efficient
DNA Strand Exchange with Oligonucleotide Substrates Con-
taining Extensive Substitution with 2-Aminopurine in Place of
Adenine—For this set of reactions, the 40-mer duplex was
shortened by 1 base pair, and two sets of DNA substrates were
synthesized and purified. One set, consisting of the 70-mer
oligo A, and the 39-mer duplex made by annealing oligos B and
C, contained only normal DNA bases. The other, derived from
oligos A*, B*, and C* was identical, except all of the adenosine
residues in the pairing region on all strands were substituted
by 2-aminopurine. This left at least one 2-aminopurine residue
at 20 of the 39 positions involved in DNA pairing (Fig. 1). The
oligonucleotide reactions used to explore the effects of 2AP
substitutions were carried out under conditions that were sep-
arately optimized for each protein.

The 2-aminopurine residues pair with thymine, but elimi-
nate much of the non-Watson-Crick hydrogen bonding in the
major groove upon which the R-form triplex hypothesis for
DNA pairing depends (Fig. 12). These substitutions reduced
the melting temperature (7',,) for the 39-mer duplex from
78.8 = 0.3 to 72.0 = 0.1 °C (data not shown). Denaturation
experiments in which the temperature was systematically in-
creased were followed by renaturation experiments in which
the temperature was systematically decreased, and the transi-
tions observed were identical in both cases.

The oligonucleotide strand exchange experiments were little
affected by the substitutions (Fig. 13). RecA protein converted

89.3 * 3.9% (n = 3) of the input DNA substrates to products
when all DNAs contained only normal DNA bases. When 2AP
DNA substrates were used in an otherwise identical assay, the
yield of products was comparable, 84.6 = 7.2% (n 4). As
already noted, RecA-promoted DNA pairing reactions were
quite rapid, which complicates adequate monitoring of their
kinetics. To investigate the kinetics of the DNA pairing reac-
tions with RecA protein, additional experiments were con-
ducted at a lower temperature (30 °C) and reduced ssDNA and
RecA concentrations (see “Experimental Procedures”) to permit
more detailed observation of the initial stages of the reaction.
Both reactions again yielded products efficiently under the
more stringent set of conditions (85.8 and 65.2% for the normal
and 2AP reactions, respectively). The observed half-times of
the reactions were equivalent within error (data not shown).
This could mean either the normal reaction with its higher
yield was faster or that the 2AP substrates generated more
nonproductive complexes with the basic rate of the reaction
being unaltered. In any case, the differences are small.

The slower Rad51-mediated DNA strand exchange is also
similar with respect to both rate and extent when the normal
and 2AP DNA substrates are compared (Fig. 13B). After 60
min, Rad51 converted 73.5 = 3.5% (n = 3) of the substrates to
products when normal substrates were used and 61.0 = 4.1%
(n = 3) when 2AP substrates were used. For Rad51, there was
no need to alter the reaction conditions to study the kinetics of
Rad51-promoted DNA strand exchange. In the detailed time
course (not shown), there was no evident difference in the
half-time for maximum product formation. Given the difference
in reaction extents, this could again reflect either a somewhat
faster reaction with the normal DNA substrates or an increase
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Fic. 9. Effects of KCl on Rad51 protein-promoted DNA strand
exchange with bacteriophage $X174-derived DNA substrates.
Reactions were carried out as described under “Experimental Proce-
dures.” The Rad51 reactions in A contained 21.3 uM circular ssDNA,
21.3 puM linear duplex DNA, 6.45 um Rad51 protein, 0.75 uM yeast RPA,
2 mM ATP, 2.4 mm Mg(OAc),, 4 mM spermidine HCI, and the indicated
concentration of KCI (in mm). The RecA reactions shown in B contained
7.1 uM RecA protein, the same concentrations of DNA substrates, 3 mm
ATP, 11 mm Mg(OAc),, 2.13 uM SSB and the indicated concentration of
KCl. nc, nicked circular DNA; jm, joint molecules; Ids, linear double-
stranded DNA; css, circular single-stranded DNA; Iss, linear single-
stranded DNA.

in the formation of unproductive complexes with the 2AP-
containing substrates. For both proteins, pairing was depend-
ent upon both active recombinase and nucleotide cofactor.
Overall, the 2AP substitutions produced a small reduction in
reaction extent with at most a comparable effect on reaction
rates.

The 2AP substitutions have an enhanced capacity to mispair
during RecA or Rad51 protein-mediated DNA strand exchange
and thereby reduce the fidelity of the process. To demonstrate
this directly, additional substrates were designed with specific
heterologous base substitutions and then incorporated into the
strand exchange assay (Fig. 13C). All seven Gs in the pairing
region of the 70-mer ssDNA substrate (Oligo Ay* under “Ex-
perimental Procedures”) were replaced with 2APs (creating
2AP:C pairs in a DNA strand exchange product when paired
with duplex BC). RecA protein-promoted DNA pairing with the
unmodified duplex substrate occurs, although the final product
yield is reduced 2-fold. 2AP can pair with C in a duplex (68),
although it must adopt a wobble geometry (Fig. 13C).

DISCUSSION

This comparison of the DNA pairing and strand exchange
activities of the E. coli RecA protein and the yeast Rad51
protein leads to three related conclusions. First, the capacity of
a RecA class recombinase to promote extensive DNA strand
exchange optimally without ATP hydrolysis often involves con-
ditions that are suboptimal for DNA pairing. Optimized pairing
can thus have a negative effect on the more extensive DNA
strand exchange reaction, leading to nonproductive DNA-DNA
interactions. Second, the capacity of both RecA and Rad51
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proteins to utilize DNA substrates that are extensively substi-
tuted with base analogs during DNA pairing reactions adds to
the evidence that the fundamental DNA transactions are the
same for both systems. Third, the solution conditions required
for optimal reactions are substantially different for each recom-
binase. The conditions employed for RecA protein are of limited
value in working with a new recombinase, and a thorough
exploration of solution conditions is warranted whenever a new
protein in this class is isolated.

The Importance of Not Getting Stuck (Avoiding Nonproduc-
tive Interactions), Extensive DNA Strand Exchange Reactions
in the Absence of ATP Hydrolysis—We propose that a variety of
nonproductive interactions between the duplex DNA and the
recombinase-ssDNA complex can block or inhibit extensive
DNA strand exchange reactions in the absence of ATP hydrol-
ysis. This can lead to a situation that is at first counterintui-
tive, i.e. conditions that inhibit DNA pairing can sometimes
facilitate a more extensive DNA strand exchange. The problem
is illustrated in the model of Fig. 14. For a long DNA strand
exchange reaction, the initial pairing of the recombinase-
ssDNA complex (the nucleoprotein filament) at one end of a
linear duplex must be followed by free rotation of the DNA and
the filament so that additional DNA can be spooled into the
filament (Fig. 14, panel I). Any stable interaction of the duplex
DNA with the filament, at a location other than the branch
point where the DNA is being spooled in, will interfere with
this spooling process and effectively halt strand exchange. We
suggest that there are two general types of nonproductive
interactions. First, a too-rapid DNA pairing can lead to second-
ary DNA pairing interactions (Fig. 14, panel II), preventing the
extension of the first hybrid duplex formed in a strand ex-
change reaction. Alternatively, regardless of the rate of pairing,
some other type of interaction may occur in which the DNA
simply gets “stuck” (Fig. 14, panel III). This could be a nonspe-
cific DNA pairing within the filament groove or some other type
of interaction on the exterior of the filament. Nonproductive
interactions of a duplex DNA with a recombinase-ssDNA com-
plex could also occur before the first DNA pairing event and
limit the efficiency of simpler DNA pairing reaction with oligo-
nucleotides (as is seen in the inhibition of Rad51-mediated
DNA pairing by heterologous duplexes). Solution conditions
can enhance ATP hydrolysis-independent strand exchange by
eliminating or at least minimizing such interactions.

Two observations in the present study support the scenario
of Fig. 14. First, the inherent DNA pairing activity of the Rad51
protein is generally slower than that of the RecA protein, when
conditions are independently optimized for both proteins. This
can be seen in the best DNA pairing reactions presented in
Figs. 10 and 11. Under the optimized conditions, Rad51 protein
promotes extensive DNA strand exchange with the $X174-
derived DNA substrates, with or without ATP hydrolysis. In
contrast, if RecA protein conditions are optimized by adding
magnesium to concentrations of 10 or 11 mmM, RecA protein does
not generate products in the reaction of Fig. 2 without ATP
hydrolysis. Second, the extensive strand exchange activity of
Rad51 protein exhibits a strong requirement for the inclusion
of 30—60 mM potassium, whereas the DNA pairing activity of
Rad51 using short oligonucleotides is reduced 1.5-2-fold when
the same KCI concentrations are used.

Two published observations (9, 18) complement these re-
sults. First, RecA protein will promote complete strand ex-
change with long DNA substrates in the absence of ATP hy-
drolysis but only when the magnesium concentration is
lowered so much that the basic DNA pairing activity of RecA is
weakened (9). RecA protein then generates complete products,
albeit at quite low yields and over a much longer time frame



38578 RecA and Rad51-promoted DNA Pairing
1004 p Rad51 1001 ¢ RecA
80 80
Fic. 10. Effects of KClI on DNA
strand exchange reactions with oli- 260 o 60 AAA A A A 4 A A
gonucleotide substrates. Reactions S N o = v S AAAAA
were carried out as described under “Ex- E wesg B L . a s g ZA ° o o
perimental Procedures.” Rad51 reactions o ¢oof- 4 x X s o 00 © © o o <
(A and B) contained 315 um 70-mer — R40| *" 44t 3 ¥ . 0 0 8 R401 500 1o 0 © o
ssDNA substrate (0.45 uM molecules), 12 a ng o ° ° . . 0000022. P i hd
uM 32P-labeled 40-mer dsDNA substrate D* 83309 2 - " - cbg.o’ R .
(0.15 uM molecules), 9.55 um Rad51 pro- 20 1,008 20 . .
tein, 2 mm ATP, 2.4 mM Mg(OAc),, 4 mm 5. O eet® *
spermidine HCI. Reactions also contained s .."
0 (A), 20 (1), 40 (A), 60 (Xx), 80 (e), 100 o 0
(O), or 120 (M) mm KCl. Reaction extents 0 20 40 60 0 20 40 60
at 60 min are summarized in B. RecA Time (min) Time (min)
reactions (C and D) contained 10.5 uMm
RecA protein, the same concentrations of 100 100
DNA substrates, and 3 mm ATPvS. Open B D
and closed symbols reflect reactions car- 80 80 4
ried out in the presence and absence of 60 g €
mM KCl, respectively. Progress curves in = 650 % 60
C, from bottom to top in each series (open u‘:J [ L] w 1
or closed symbol reactions), reflect reac- 2 _5
tions carried out at 1, 3, or 11 mMm S 401 ] g 407
Mg(OAc),, respectively. & [] 2 O mM KC!
20 20 1 060 mM KClI
0 g r T T T r T o} T T T
0 20 40 60 80 100 120 140 0 4 8 12
KCI (mM) Total Mg2+(mM)
100 100
A RecA B Rad51 Cc
80 80 1
11 mM Mg** . RecA (11 mM Mg*++)
@ 601 S 60 O O
g W gea o R 2 - s = = g e
4 annn ¥ o ¢ <
R <& 1=
* 40 4 .. . ; . ! e e 1%40 Rad51
1 mM Mgt ¢
20 § % @ 2003 n! 0 n|
W § 9 RecA (1 mM Mg*+)
0 0 T T T T T
0 20 40 600 20 40 60 0 1X 2X 3X 4X 5X
Time (min) heterologous dsDNA

Fic. 11. Inhibition of DNA strand exchange reactions with oligonucleotide substrates by addition of heterologous duplexes.
Reactions were carried out as described under “Experimental Procedures.” A, RecA reactions contained 31.5 uM 70-mer ssDNA substrate (0.45 um
molecules), 12 uM 3?P-labeled 40-mer dsDNA substrate (0.15 uM molecules), 10.5 uM RecA protein, and 3 mm ATPyS. Reactions were carried out
in the presence of 1 or 11 mm Mg(OAc), as indicated. Reactions also contained either 0, 12, 24, or 60 uM of a heterologous duplex DNA constructed
by annealing oligos X and Y under “Experimental Procedures.” The various symbols are not assigned, since there was no significant difference in
the progress curves due to addition of the heterologous DNA. B, Rad51 reactions contained the same concentrations of DNA substrates, 9.55 um
Rad51 protein, 2 mMm ATP, 2.4 mm Mg(OAc),, either 0 or 60 mm KCl, and 4 mMm spermidine HCI. Reactions also contained either 0, 12, or 60 um
of the same heterologous duplex DNA. Reactions are denoted with B or # for those with 0 or 60 mM KCl, respectively, and with no competing
heterologous DNA. The remaining reaction symbols are not specified since there was no significant difference in the progress curves. Reaction

extents at 60 min for all reactions are summarized in C.

than is seen when ATP is hydrolyzed. Second, efficient DNA
strand exchange with the human Rad51 protein appears to
depend on the addition of salts that lessen unproductive inter-
actions between the hRad51-ssDNA complexes and duplex
DNA (18).

For RecA protein, the observation of at least some products
in long DNA strand exchanges exhibits a correlation with re-
duced DNA pairing, suggesting that secondary DNA pairing
(Fig. 14, panel II) is a major source of obstruction for DNA
strand exchange without ATP hydrolysis in this system (9). For
Rad51 protein, some results (such as the inhibition seen with

heterologous duplex DNA) suggest that other types of nonpro-
ductive interactions, perhaps including nonspecific DNA-DNA
interactions, may play a significant role in impeding the pro-
gress of a DNA strand exchange reaction.

RecA and Rad51 Proteins Share a Common DNA Pairing
Mechanism—Several mechanisms have been proposed for the
DNA pairing process promoted by RecA, Rad51, and related
proteins. The strongest evidence now favors a mechanism in-
volving standard Watson-Crick interactions via base flipping
(43). Major groove hydrogen bonding potential is the source of
DNA pairing fidelity in the proposed R-form DNA triplex al-
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Fic. 12. R-form DNA. A, proposed R-form DNA triplets. The pro-
posed triplex DNA pairing intermediate has like strands arranged in
parallel. The non-Watson-Crick hydrogen bonds potentially provide a
unique readout for each base pair to ensure a high degree of fidelity in
homologous alignment. This triplex structure is distinct from any stable
triplex DNA structure yet characterized (70). B, triplets in which 2AP is
substituted for A.

ternative. However, the rates of DNA strand exchange pro-
moted by either the RecA or Rad51 recombinases are little
affected by substituting adenosine nucleotide bases with
2-aminopurine bases that eliminate much of the non-Watson-
Crick hydrogen bonding potential of the DNA major groove.
The effects of the substitutions on the final yield of products are
measurable but small. These and previous studies (21, 59)
indicate that a substantial reduction of the potential major
groove hydrogen-bonding utilized in the proposed R-form tri-
plex pairing is not enough to affect the rate of DNA strand
exchange. Because of the effects on DNA stability, we are
unable to create a duplex DNA where the 2AP is present at
every position in the paired region. Thus, we cannot eliminate
the possibility that the GC base pairs somehow compensate for
the missing major groove interactions. However, the minimal
effects of base analogs that affect the major groove hydrogen
bonding potential, both here and in previous studies (21, 59),
are most easily accommodated by a mechanism that does not
involve an R-form triplex.
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Fic. 13. DNA strand exchange with 2AP-substitued oligonu-
cleotide DNA substrates. A, typical RecA protein-promoted DNA
strand exchange reactions with the normal or 2AP-substituted DNA
substrates. Standard reactions were carried out at 37 °C as described
under “Experimental Procedures” and contained the 70-mer ssDNA
substrate (56 uMm), RecA protein (18.7 um), ATPyS (3 mM), 10 mm
Mg(OAc),, and 12.8 um *?P-labeled 39-mer dsDNA substrate in a final
reaction volume of 12 ul. B, Rad51 protein-promoted DNA strand ex-
change reactions with the normal or 2AP-substituted DNA substrates.
Standard reactions were carried out at 37 °C as described under “Ex-
perimental Procedures” and contained the 70-mer ssDNA substrate (56
uM), Rad51 protein (17 um), ATP (2 mMm), the *?P-labeled 39-mer dsDNA
substrate (12.8 um), and 4 mM spermidine in a final reaction volume of
12.5 ul. C, reaction of oligonucleotide Ap* with the duplex formed by
annealing oligos B and C. This results in the formation of seven 2AP:C
base pairs in the projected heteroduplex product. D, the 2AP:C base
pair forms two hydrogen bonds but adopts a wobble geometry. For all
reactions shown, each reaction time point represents a separate reac-
tion incubated for the indicated time. C, cytosine.

The limited major groove hydrogen bonding potential in
DNA substrates containing 2AP also has the potential to com-
promise the fidelity of homologous recognition in several ways.
A 2AP in the single strand can be aligned with almost any base
pair to form a plausible base triple (with one hydrogen bond)
that might work within the R-form triplex hypothesis. This is
especially evident in the case of G:C base pairs. The functional
groups in the major groove of G:C base pairs present essentially
the same hydrogen bonding potential for 2AP in a single-
stranded DNA as do 2AP:T pairs. Thus, during a sampling
process of homologous alignment via an R-form triplex, a 2AP
base should in principle align with a G:C pair as well as with a
2AP:T pair. A 2AP in a single strand should also permit a
reaction with either a 2AP:T base pair or a G:C pair. A 2AP:C
base pair can be formed with two hydrogen bonds, although its
geometry would differ from that of a standard Watson-Crick
base pair. In fact, 2AP is utilized as a substrate for DNA
polymerase and can be paired across from C, although not as
frequently as from T (68, 69). We found that the presence of
2AP at seven positions where it would pair with C in the strand



38580

I SO [ORGHGR

I SECHEORORs

I SESESEEEG

Fic. 14. Barriers to extensive DNA strand exchange in the
absence of ATP hydrolysis. A recombinase (Rad51 protein or RecA
protein) forms helical filaments on ssDNA. When the end of a homolo-
gous duplex DNA is aligned with the bound single strand, additional
duplex DNA must be spooled into the filament to extend the paired
region. This spooling requires rotation of the filament and/or the duplex
DNA (panel I). If the duplex DNA interacts with the filament at some
point downstream, either by a secondary pairing interaction (panel II)
or some unproductive interaction with the filament (panel III), the
continued spooling process to extend the paired region will be impeded.

exchange product still allowed for significant DNA strand ex-
change, furthering the argument that fidelity is reduced with
2AP. A similar strand exchange reaction with normal DNA,
designed to generate seven mismatches at random locations,
failed to yield detectable levels of products (data not shown).
This result indicates an enhanced capacity of 2AP for misalign-
ment in RecA-mediated DNA strand exchange reactions. Nev-
ertheless, the effect on the rates or extents of DNA strand
exchange with oligonucleotides was small.

The present result may provide some new avenues for future
experimentation. The base 2-aminopurine has fluorescence
properties that have been used previously to probe the kinetics
of DNA pairing reactions promoted by this class of proteins
(43), using oligonucleotides with a much smaller number of
substitutions. The capacity to generate completely functional
DNAs with broad substitutions of 2-aminopurine, as demon-
strated here, should simplify the design of a variety of novel
DNAs for real time monitoring of DNA strand exchange. RecA
protein can promote DNA strand exchange with DNA sub-
strates containing a wide array of base analogs (21, 59), as long
as the analogs form a sufficiently stable base pair compatible
with a Watson-Crick duplex DNA. This capacity extends to the
Rad51 protein (Ref. 21 and the present work), adding to the list
of observations suggesting that the fundamental DNA pairing
processes promoted by RecA and Rad51 are similar.

Optimal Solution Conditions for DNA Strand Exchange Are
Different for RecA and Rad51—The results of the present work
should help to rationalize the great variability in published
reports (3, 19, 45, 48, 49, 56-58) of the reactions of yeast and
human Rad51 proteins. The yeast Rad51 protein promotes an
optimal DNA strand exchange reaction only when small
amounts of KCI and spermidine are present. For the yeast
Rad51 protein, an apparently efficient DNA strand exchange in
the presence of only potassium and magnesium ions has been
reported (48), but these reactions involved much longer time
courses and DNA substrates (pBluescriptSK, 2958 base pairs)
a little more than half the size of the $X174 DNAs used here.
Neither KCI nor spermidine is required for RecA protein, and
they have little effect on RecA activities under most conditions.
If the basic DNA transactions during DNA strand exchange are
conserved among the reactions promoted by this class of pro-
teins, the observed changes in optimal conditions suggest sig-
nificant differences in the manner in which these proteins
interact with DNA.

RecA and Rad51-promoted DNA Pairing

One of the major differences between RecA and Rad51 is
seen in their utilization of ATP. For RecA protein, conditions
have not yet been found that allow a long DNA strand exchange
at high efficiency without ATP hydrolysis. When RecA protein
hydrolyzes ATP, it promotes a robust DNA strand exchange
that is unidirectional (10), bypasses DNA heterologous inser-
tions in the DNA substrate that can extend over a few hundred
base pairs (9, 11), and promotes strand exchange reactions
involving four DNA strands (9, 12, 60). The Rad51 protein
hydrolyzes ATP (albeit much more slowly than RecA), but the
hydrolysis appears to have little effect on the strand exchange
reactions. Rad51 has exhibited little capacity to bypass heter-
ologous insertions in its substrate DNA (17, 48) or to promote
four strand exchange reactions.? The Rad51 protein does not
require ATP hydrolysis to promote a robust and extensive three
strand exchange reaction such as that in Fig. 2.

Acknowledgment—We thank Christopher Switzer (University of
California, Riverside) for helpful discussions.

REFERENCES

. Cox, M. M. (1999) Prog. Nucleic Acids Res. Mol. Biol. 63, 310-366
. Sung, P. (1994) Science 265, 1241-1243
. Namsaraev, E., and Berg, P. (1997) Mol. Cell. Biol. 17, 5359-5368
. Sung, P., and Stratton, S. A. (1996) J. Biol. Chem. 271, 27983-27986
. Morrison, C., Shinohara, A., Sonoda, E., Yamaguchi-Iwai, Y., Takata, M.,
Weichselbaum, R. R., and Takeda, S. (1999) Mol. Cell. Biol. 19, 6891-6897
. Kowalczykowski, S. C., and Krupp, R. A. (1995) Proc. Natl. Acad. Sci. U. S. A.
92, 3478-3482
7. Rehrauer, W. M., and Kowalczykowski, S. C. (1993) J. Biol. Chem. 268,
1292-1297
8. Menetski, J. P., Bear, D. G., and Kowalczykowski, S. C. (1990) Proc. Natl.
Acad. Sci. U. S. A. 87, 21-25
9. Shan, Q., Cox, M. M., and Inman, R. B. (1996) J. Biol. Chem. 271, 5712-5724
10. Jain, S. K., Cox, M. M., and Inman, R. B. (1994) J. Biol. Chem. 269,
20653—-20661
11. Kim, J. I, Cox, M. M., and Inman, R. B. (1992) J. Biol. Chem. 267,
16438-16443
12. Kim, J. I, Cox, M. M., and Inman, R. B. (1992) J. Biol. Chem. 267,
16444-16449
13. Arenson, T. A., Tsodikov, O. V., and Cox, M. M. (1999) J. Mol. Biol. 288,
391-401
14. Bedale, W. A, and Cox, M. (1996) «J. Biol. Chem. 271, 5725-5732
15. Cox, M. M. (1994) Trends Biochem. Sci. 19, 217-222
16. Cox, M. M., and Lehman, I. R. (1981) Proc. Natl. Acad. Sci. U. S. A. 78,
3433-3437
17. Sung, P., and Robberson, D. L. (1995) Cell 82, 453—-461
18. Sigurdsson, S., Trujillo, K., Song, B. W., Stratton, S., and Sung, P. (2001)
J. Biol. Chem. 276, 8798—-8806
19. Gupta, R. C., Folta-Stogniew, E., and Radding, C. M. (1999) J. Biol. Chem. 274,
1248-1256
20. Mazin, A. V., Zaitseva, E., Sung, P., and Kowalczykowski, S. C. (2000) EMBO
J. 19, 1148-1156
21. Rice, K. P., Chaput, J. C., Cox, M. M., and Switzer, C. Y. (2000) Biochemistry
39, 10177-10188
22. Song, B., and Sung, P. (2000) «J. Biol. Chem. 275, 15895-15904
23. Story, R. M., Bishop, D. K., Kleckner, N., and Steitz, T. A. (1993) Science 259,
1892-1896
24. Ogawa, T., Yu, X., Shinohara, A., and Egelman, E. H. (1993) Science 259,
1896-1899
25. Lacks, S. (1966) Genetics 53, 207-235
26. Howard-Flanders, P., West, S. C., and Stasiak, A. (1984) Nature 309, 215-219
27. Umlauf, S. (1990) Unusual DNA Structure in Site-specific and Homologous
Recombination. Ph.D. thesis, University of Wisconsin, Madison
28. Zhurkin, V. B., Raghunathan, G., Ulyanov, N. B., Camerini, O. R., and
Jernigan, R. L. (1994) J. Mol. Biol. 239, 181-200
29. Kim, M. G., Zhurkin, V. B., Jernigan, R. L., and Camerini-Otero, R. D. (1995)
J. Mol. Biol. 247, 874—889
30. Stasiak, A., Stasiak, A. Z., and Koller, T. (1984) Cold Spring Harbor Symp.
Quant. Biol. 49, 561-570
31. Griffith, J., Bortner, C., Christiansen, G., Register, J., and Thresher, R.
(1990) in Molecular Mechanisms in DNA Replication and Recombination
(Richardson, C. C., and Lehman, I. R., eds) Vol. 127, pp. 105-114, Alan R.
Liss, Inc., New York
32. Register, J. C., III, Christiansen, G., and Griffith, J. (1987) J. Biol. Chem. 262,
12812-12820
33. Miiller, B., Koller, T., and Stasiak, A. (1990) J. Mol. Biol. 212, 97-112
34. Umlauf, S. W., Cox, M. M., and Inman, R. B. (1990) J. Biol. Chem. 265,
16898-16912
35. Takahashi, M., Kubista, M., and Nordén, B. (1991) Biochimie (Paris) 73,
219-226
36. Takahashi, M., and Nordén, B. (1994) Adv. Biophys. 30, 1-35
37. Takahashi, M., and Norden, B. (1995) «J. Biol. Chem. 117, 947-951

U W N

(=2

2 P. Sung, unpublished results.



38.
39.

40.

41.

42.
43.

44.
45.

46.
47.

48.
49.

50.
51.

52.

53.

RecA and Rad51-promoted DNA Pairing

Kumar, K. A., and Muniyappa, K. (1992) J. Biol. Chem. 267, 2482424832

Baliga, R., Singleton, J. W., and Dervan, P. B. (1995) Proc. Natl. Acad. Sci.
U. S. A. 92, 10393-10397

Podyminogin, M. A., Meyer, R. B., and Gamper, H. B. (1995) Biochemistry 34,
13098-13108

Podyminogin, M. A., Meyer, R. B., and Gamper, H. B. (1996) Biochemistry 35,
7267-7274

Zhou, X., and Adzuma, K. (1997) Biochemistry 36, 4650—4661

Gupta, R. C., Folta-Stogniew, E., O'Malley, S., Takahashi, M., and Radding,
C. M. (1999) Mol. Cell 4, 705-714

Namsaraev, E. A, and Berg, P. (1998) J. Biol. Chem. 273, 6177-6182

Zaitseva, E. M., Zaitsev, E. N., and Kowalczykowski, S. C. (1999) «J. Biol.
Chem. 274, 2907-2915

Campbell, M. J., and Davis, R. W. (1999) J. Mol. Biol. 286, 437—445

Gupta, R. C., Golub, E. 1., Wold, M. S., and Radding, C. M. (1998) Proc. Natl.
Acad. Sci. U. S. A. 95, 9843-9848

Namsaraev, E. A., and Berg, P. (2000) J. Biol. Chem. 275, 3970-3976

Sugiyama, T., Zaitseva, E. M., and Kowalczykowski, S. C. (1997) oJ. Biol. Chem.
272, 7940-7945

Cox, M. M., and Lehman, 1. R. (1982) J. Biol. Chem. 257, 8523—8532

Muniyappa, K., Williams, K., Chase, J. W., and Radding, C. M. (1990) Nucleic
Acids Res. 18, 3967-3973

Chow, S. A., and Radding, C. M. (1985) Proc. Natl. Acad. Sci. U. S. A. 82,
5646-5650

Honigberg, S. M., Gonda, D. K., Flory, J., and Radding, C. M. (1985) <J. Biol.

66.

67.
68.

69.
. Frank-Kamenetskii, M. D., and Mirkin, S. M. (1995) Annu. Rev. Biochem. 64,

38581

Chem. 260, 11845-11851

. Konforti, B. B., and Davis, R. W. (1992) J. Mol. Biol. 227, 38-53

. Chow, S. A,, Chiu, S. K., and Wong, B. C. (1992) J. Mol. Biol. 223, 79-93

. Baumann, P., Benson, F. E., and West, S. C. (1996) Cell 87, 757-766

. Gupta, R. C., Bazemore, L. R., Golub, E. 1., and Radding, C. M. (1997) Proc.

Natl. Acad. Sci. U. S. A. 94, 463—468

. Namsaraev, E. A, and Berg, P. (1998) Proc. Natl. Acad. Sci. U. S. A. 95,

10477-10481

. Jain, S. K., Inman, R. B., and Cox, M. M. (1992) «J. Biol. Chem. 267, 4215-4222
. Shan, Q., and Cox, M. M. (1998) Mol. Cell 1, 309-317

. Craig, N. L., and Roberts, J. W. (1981) J. Biol. Chem. 256, 8039—8044

. Lohman, T. M., Green, J. M., and Beyer, R. S. (1986) Biochemistry 25, 21-25
. Lohman, T. M., and Overman, L. B. (1985) J. Biol. Chem. 260, 3594-3603

. Sung, P. (1997) Genes Dev. 11, 1111-1121

. He,Z., Wong, J. M. S., Maniar, H. S., Brill, S. J., and Ingles, C. J. (1996) «J. Biol.

Chem. 271, 28243-28249

Brenner, S. L., Mitchell, R. S., Morrical, S. W., Neuendorf, S. K., Schutte, B. C.,
and Cox, M. M. (1987) J. Biol. Chem. 262, 4011-4016

Bianco, P. R., and Weinstock, G. M. (1996) Nucleic Acids Res. 24, 4933—4939

Bessman, M. J., Muzyczka, N., Goodman, M. F., and Schnaar, R. L. (1974) /.
Mol. Biol. 88, 409-421

Goodman, M. F., and Fygenson, D. K. (1998) Genetics 148, 1475-1482

65-95



