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ABSTRACT A question remaining to be answered about
RecA protein function concerns the role of ATP hydrolysis
during the DNA-strand-exchange reaction. In this paper we
describe the formation ofjoint molecules in the absence ofATP
hydrolysis, using adenosine 5'-[r-thio]triphosphate (ATP[yS])
as nucleotide cofactor. Upon the addition of double-stranded
DNA, the ATP[ySJ-RecA protein-single-stranded DNA pre-
synaptic complexes can form homologously paired molecules
that are stable after deproteinization. Formation of these joint
molecules requires both homology and a free homologous end,
suggesting that they are plectonemic in nature. This reaction is
very sensitive to magnesium ion concentration, with a maxi-
mum rate and extent observed at 4-5 mM magnesium acetate.
Under these conditions, the average length of heteroduplex
DNA within the joint molecules is 2.4-3.4 kilobase pairs. Thus,
RecA protein can form extensive regions of heteroduplex DNA
in the presence of ATP[yS], suggesting that homologous pair-
ing and the exchange of the DNA molecules can occur without
ATP hydrolysis. A model for the RecA protein-catalyzed
DNA-strand-exchange reaction that incorporates these results
and its relevance to the mechanisms ofeukaryotic recombinases
are presented.

The RecA protein-catalyzed DNA-strand-exchange reaction
has been divided into at least three distinct phases (1, 2). In
the first phase of this reaction, RecA protein binds to
single-stranded DNA (ssDNA) in the presence of ATP (pre-
synapsis). During the second phase, synapsis, the ssDNA
and double-stranded DNA (dsDNA) are brought together by
RecA protein. Homologous pairing of the two DNA mole-
cules and joint molecule formation occur within the synaptic
complex. The initial heteroduplex joint is extended through-
out the DNA molecule in the final phase of the DNA-
strand-exchange reaction, termed branch migration. Early
experiments suggested that RecA protein must bind and
hydrolyze ATP to ADP and inorganic phosphate to form
stable heteroduplex DNA (3, 4); however, the mechanistic
requirement for ATP hydrolysis is unknown.
Experiments using the nonhydrolyzable ATP analogue,

adenosine 5'-[y-thio]triphosphate (ATP[yS]), were per-
formed to examine the need for ATP hydrolysis during the
DNA-strand-exchange reaction. It was shown that the first
two phases of this reaction can occur using this ATP analogue
(4, 5). However, the joint molecules formed in the presence
of ATP['yS] were reported to require bound RecA protein for
stability [i.e., they were paranemic in nature (4)]. Since
plectonemic, as well as paranemic, joint molecules can be
formed in the presence of ATP, it was suggested that con-
version of paranemic to plectonemic joint molecules requires
ATP hydrolysis (4). In related studies, addition ofATP[yS] to
an ongoing DNA-strand-exchange reaction was shown to

immediately stop formation of heteroduplex DNA (3). The
data were interpreted to suggest that ATP hydrolysis was also
required for the formation of extensive regions of heterodu-
plex DNA (after joint molecules are formed). Thus, homol-
ogous pairing and the formation of protein-stabilized parane-
mic joint molecules are thought to occur in the absence of
ATP hydrolysis, whereas the formation of plectonemic joint
molecules and extensive regions of heteroduplex DNA re-
quires hydrolysis of ATP.
We now report the catalysis ofDNA strand exchange in the

presence of ATP[yS]. Our data demonstrate that the joint
molecules formed in the presence ofATP[yS] are stable in the
absence of RecA protein and are, therefore, plectonemic in
nature. The average length of heteroduplex DNA in these
joint molecules can be as much as 3.4 kilobase pairs (kb) with
no detectable hydrolysis of ATP[yS]. The relevance of these
results to the role of ATP hydrolysis in the mechanism of the
DNA strand exchange catalyzed by the Escherichia coli
RecA protein and by other recombinases is discussed.

MATERIALS AND METHODS
Reagents. All chemicals used were reagent grade and

solutions were made in glass-distilled H20. ATP and
ATP[yS] were purchased from Boehringer Mannheim; both
were dissolved as concentrated stock solutions at pH 7.5.
The concentrations of ATP and ATP[yS] were determined
spectrophotometrically using an extinction coefficient of 1.54
X 104 cm-' M-1 at 260 nm.
RecA protein was purified from E. coli strain JC12772 (6)

using a preparative protocol (S.C.K., unpublished protocol)
based on spermidine acetate precipitation (7), Protein concen-
tration was determined using an extinction coefficient of 2.7 x
104 cm-' M-1 at 280 nm. Single-stranded DNA binding (SSB)
protein was purified from strain RLM727 using a preparative
protocol provided by Roger McMacken (The Johns Hopkins
University). The concentration of SSB protein was deter-
mined using an extinction coefficient of 3 x 10 cm-1M-1 at
280 nm. S1 nuclease was purchased from Pharmacia.
Phage M13 ssDNA and replicative form dsDNA were iso-

lated as described (8). The replicative form was linearized using
EcoRI restriction endonuclease. The concentration of M13
ssDNA and dsDNA was determined using extinction coeffi-
cients of 8784 and 6500 cm-' M " at 260 nm, respectively.

Nucleotide Hydrolysis. ATP[yS] hydrolysis was determined
using the method of Lanzetta et al. (9). Hydrolysis of
ATP[yS] was examined in a solution containing 1 mM ATP-
FyS], 6 ,uM RecA protein, and 10 ,uM M13 ssDNA by using
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standard DNA-strand-exchange buffer for as long as 8 hr.
The background rate of ATP[yS] hydrolysis under these
conditions, in the absence of RecA protein, is 32 ± 1.9 nM
ATP[yS] per min (data not shown). No hydrolysis above
background was observed in the presence of RecA protein,
in either the absence or presence of ssDNA. Thus, the rate
of ATP[yS] hydrolysis by RecA protein must be less than 1.9
nM/min (or kcat < 0.3 nM per min per 1.M RecA protein).
This value is in good agreement with that determined previ-
ously [0.7 nM per min per buM RecA protein (10)].
DNA-Strand-Exchange Assay. The DNA-strand-exchange

reaction was carried out in a solution of 6 ttM RecA protein,
0.9 ,uM SSB protein, 10 ILM M13 ssDNA, 10 ,uM M13 dsDNA,
and 1 mM ATP[yS] in standard reaction buffer (25 mM Tris
acetate, pH 7.5/4 mM magnesium acetate/1 mM dithiothrei-
tol), unless stated otherwise. The procedure used to form
active presynaptic complexes in the presence of ATP[yS] is
essentially the same as described (5). The M13 ssDNA was
preincubated with SSB protein for 10 min; RecA protein and
ATP[yS] were then added and the mixture was incubated for
another 10 min. Finally, the reaction was initiated by the
addition of M13 dsDNA. DNA samples were removed at
various times, and the reaction was stopped with 1% SDS/50
mM EDTA at 37°C for 10 min to ensure deproteinization (4).
The agarose gel assay for measuring DNA-strand-ex-

change activity was conducted essentially as described (3).
However, DNA samples were subjected to electrophoresis in
the absence of ethidium bromide for 7 hr at 0.88 V/cm on
0.8% agarose gels in TAE (40 mM Tris acetate, pH 8.0/2mM
EDTA). These gels were later stained with ethidium bromide
(1 ,ug/ml) to visualize the DNA bands. Intermediate forma-
tion was quantified by scanning a photographic negative with
a Zeineh soft laser scanning densitometer.

S1 Nuclease Assay. DNA heteroduplex formation was de-
termined by S1 nuclease assay as described (3) with the
following changes. Reactions were conducted exactly as
described for the DNA-strand-exchange reaction, except that
tritiated M13 dsDNA was used. Part of a single-reaction
time-point sample was subjected to electrophoresis and a
second portion was subjected to S1 nuclease digestion.
Samples were incubated at 37°C with 1% SDS for 10 min prior
to the addition of S1 nuclease to disrupt ATP['ySJ-RecA
protein-DNA complexes (4). After S1 nuclease treatment,
10% (wt/vol) trichloroacetic acid was added and acid-
insoluble labeled DNA was pelleted by centrifugation in an
Eppendorf centrifuge for 10 min. The total radioactivity
(cpm100) in the supernatant was determined as total cpm of an
untreated sample before centrifugation. Background radio-
activity (cpmo) was determined as total cpm of an untreated
sample after centrifugation. The fraction of nuclease -

sensitive DNA was calculated as [(cpmsupet - cpmo)/
(cpm1oo - cpmo)]. Since complete heteroduplex DNA forma-
tion would render only 50o of the DNA sensitive to nuclease
treatment, the percent DNA heteroduplex was determined as
the fraction of nuclease-sensitive DNA x 200.

Electron Microscopy. The DNA-strand-exchange reaction
was carried out as described above. After agarose gel elec-
trophoresis, the bands corresponding to the various interme-
diate species were excised and electroeluted from the gel.
Subsequent gel electrophoresis of the eluted DNA bands
verified that their mobility was unaltered by this procedure.

All samples were applied to the grid without prior fixation.
A 5-,ul drop of sample in 10 mM Tris HCl, pH 7.5/1 mM
EDTA was applied to the film side of a freshly glow-
discharged 400-mesh grid containing an 8-nm carbon film.
The sample was allowed to adsorb for 5 min at ambient
temperature. The grid was then placed in a spermidine
solution and processed as described (11). The grids were
rotory shadowed with tungsten in an Edwards 306A vacuum
coater and imaged at 50 kV in a Hitachi H600-3 transmission

electron microscope. The size ofthe DNA heteroduplexjoint
was estimated by measuring the length of the looped dsDNA
that terminates in a condensed ssDNA region and by relating
it to the size of full-length M13 dsDNA; only intermediates 1
and 2 were analyzed due to the difficulty in unambiguously
estimating the lengths of the heteroduplex DNA joints for
intermediates 3 and 4.

RESULTS
DNA-Strand-Exchange Intermediates Are Formed in the

Absence of ATP Hydrolysis. After addition of linear M13
dsDNA, stable joint molecules that did not require RecA
protein for stability were observed using the modified agarose
gel assay (Fig. 1). Within 10 min, approximately 80%o of the
input M13 dsDNA was incorporated into DNA species that
comigrated with intermediates formed in the ATP-dependent
reactions; there was no consistent detectable formation ofthe
final reaction product, gapped dsDNA. In the absence ofSSB

VFor simplicity, all of the intermediate species (Fig. 1 Inset) have
been added together and are reported as total intermediate formed.
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FIG. 1. Formation of DNA-strand-exchange intermediates in the
presence of ATP[yS]. (A) Time course of DNA-strand-exchange
intermediate formation reported as the sum of all the intermediate
DNA species observed. Reaction mixtures contained linear M13
dsDNA and circular M13 ssDNA (*); supercoiled M13 dsDNA and
circular M13 ssDNA (A); linear pBR322 and circular M13 ssDNA (U).
(Inset) Agarose gel containing reaction products formed between
linear M13 dsDNA and circular M13 ssDNA. The lanes (left to right)
contain 0-, 2.5-, 5-, 10-, 20-, and 40-min reaction time points. Bands
1-4 are explained in the text. (B) Electron micrographs of interme-
diates 1 and 2. The linear dsDNA is easily discernible whereas the
ssDNA is condensed; heteroduplex DNA is visible as a loop of
dsDNA that is terminated by a condensed region of ssDNA. Shown
are representative joint molecules containing (from left to right) 1.3,
3.5, and 5.1 kb of heteroduplex DNA. (Bar = 1000 A.)
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protein, the yield of intermediates was 5-10% of that ob-
tained in the presence of SSB protein. The structure of the
joint molecules was established by electron microscopy. The
intermediates labeled 1 and 2 are joint molecules consisting
ofone linear dsDNA molecule and one ssDNA molecule (Fig.
1B), intermediate 3 consists of from two to four dsDNA
molecules and at least one ssDNA molecule (data not
shown), and intermediate 4 is a highly entwined structure
consisting of an indeterminate number of DNA molecules
(data not shown).
Very little intermediate was formed when supercoiled M13

dsDNA was used as the dsDNA substrate (Fig. lA). Super-
coiled M13 dsDNA could form only paranemic joint mole-
cules with circular M13 ssDNA, suggesting that the DNA
species formed with linear M13 dsDNA were plectonemic in
nature. (The small amount of joint molecules formed with
supercoiled dsDNA was probably due to a trace of nicked
dsDNA in the DNA preparation.) No intermediate species
were observed when heterologous linear pBR322 dsDNA
was used as a substrate, showing that formation of interme-
diates required DNA sequence homology.

Effect of RecA Protein Concentration on ATP[yS]-
Dependent Joint Molecule Formation. The rate of joint mol-
ecule formation, in the presence ofATP[yS], was determined
as a function ofRecA protein concentration (Fig. 2). Both the
observed rate and extent of the ATP[yS]-dependent reaction
increased with increasing RecA protein concentration to
approximately 4 AM. This increase was not linear at low
protein concentrations and appeared to be slightly sigmoidal.
Saturation at 4 uM RecA protein yielded an apparent stoi-
chiometry of 2.5 ± 0.5 nucleotides of ssDNA per RecA
protein monomer. This stoichiometry is similar to the value
observed for the ATP-dependent reaction [2-4 nucleotides of
ssDNA per RecA protein monomer (12)], showing that the
amount of RecA protein required for either reaction is
similar.
Formation of DNA-Strand-Exchange Intermediates in the

Presence of ATP[yS] Is Very Sensitive to Magnesium Ion
Concentration. Honigberg et al. (5) showed that the formation
of paranemic joint molecules occurs at a lower magnesium
ion concentration (4 mM) than required for branch migration
(10 mM). Thus, we were interested in the effect ofmagnesium
ion concentration on the formation of plectonemic joint
molecules in the presence ofATP[yS]. As shown in Fig. 3, the
rate of joint molecule formation was very sensitive to mag-
nesium concentration and exhibited a maximum between 4
and 5 mM magnesium acetate. The maximum percent of
intermediate species formed under these conditions followed
the same trend (Fig. 3).
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FIG. 2. Effect of RecA protein concentration on the formation of
intermediates in the presence ofATP[yS]. The relative error for each
point is approximately 20o.
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FIG. 3. Effect of magnesium acetate concentration on the for-
mation of DNA-strand-exchange intermediates in the presence of
ATP[yS]. The magnesium acetate concentration in the DNA-
strand-exchange reaction is indicated. Results are shown for the rate
of intermediate formation (o) and the maximum extent of interme-
diate formation (n).

Extensive Heteroduplex DNA Can Be Formed in the Absence
of ATP Hydrolysis. The average length of the heteroduplex
DNA joint can be determined by comparing the results from
the gel assay with those from an assay that determines the total
percent of heteroduplex DNA formed (i.e., the S1 nuclease
assay). Fig. 4 shows that the increase in amount of interme-
diates formed (gel assay) was paralleled by an increase in the
total percent of DNA heteroduplex formed (S1 nuclease
assay). Comparison of these data gave an average length for
the DNA heteroduplex region of 2.4-3.4 kb per dsDNA
molecule. The results also demonstrate that within 2.5 min the
average length of a plectonemic joint molecule was at least
2400 base pairs. Interestingly, the length of the heteroduplex
region increased from 2.4 kb to 3.4 kb over a 20-min period
(Fig. 4). This observation suggests that the size of the nascent
plectonemic joint molecule can grow an additional 1 kb in the
absence of detectable ATP[yS] hydrolysis.
The average size of the DNA heteroduplex region was also

derived from the structures seen in the electron micrographs
(Fig. 1B). The size of the DNA heteroduplex joint in inter-
mediates 1 and 2 (formed after 10 min of reaction) ranged
from 0.3 to 5.1 kb, with the mean size being 2.3 kb. This is
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FIG. 4. Average length of heteroduplex DNA formed in the
ATP[yS]-dependent reaction. The DNA-strand-exchange reaction
and S1 nuclease assay were conducted by using 20 ,uM M13 dsDNA.
The percent intermediate as determined by the agarose gel assay (e),
percent heteroduplex as determined by the S1 nuclease assay (A),
and the average length ofheteroduplex DNA (m) determined from the
above two assays are shown.
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in good agreement with the S1 nuclease data that show an
average length of 3.0 kb.
Under the experimental conditions used for DNA strand

exchange, ATP[yS] hydrolysis was not observed. The max-
imum rate of ATP[yS] hydrolysis by RecA protein under
these conditions was 1.9 nM ATP['yS] per min. The rate of
heteroduplex DNA formation determined from the data in
Fig. 4 was 0.58 ,uM base pairs per min. Comparing this
approximate rate of heteroduplex DNA formation with the
maximum rate of ATP[yS] hydrolysis gave a maximum of
0.003 ATP['yS] molecules hydrolyzed per base pair formed.
Thus these results show that extensive regions of heterodu-
plex DNA can be formed in the absence of significant ATP
hydrolysis.

DISCUSSION
We examined the ability of RecA protein to promote DNA
strand exchange in the presence of ATP[yS]. Under optimal
conditions, presynaptic complexes formed in the presence of
ATP[yS] can form joint molecules efficiently. Joint molecule
formation requires homology and a free end, suggesting that
these intermediates are plectonemic in nature. The formation
ofjoint molecules in the presence of ATP[yS] is very sensi-
tive to magnesium ion concentration and shows a maximum
rate and extent at 4-5 mM magnesium acetate. The rate of
joint molecule formation at 4 mM magnesium acetate, in the
presence of ATP[yS], is similar to the rate observed in the
presence ofATP (at optimal conditions, 8-10mM magnesium
acetate). Surprisingly, the average length of heteroduplex
DNA produced by RecA protein in the ATP[IyS]-dependent
reaction is 2.4-3.4 kb. Formation of this heterodup!ex DNA
occurs in the absence of observable ATP['yS] hydrolysis.
These results may appear to contradict previous studies

that show that very little heteroduplex DNA is formed in the
presence of ATP[yS] (4, 12). However, the reactions were
typically carried out in buffer containing 8-12 mM magne-
sium ion. This magnesium ion concentration greatly inhibits
the ATP[yS]-dependent formation of heteroduplex DNA
(Fig. 3). Therefore, our results actually support those ob-
tained in previous studies. The reason for this optimum in
magnesium acetate concentration is unclear. Low magne-
sium ion concentrations are probably insufficient to stimulate
the formation of an essential RecA protein-dependent struc-
ture (e.g., an active presynaptic filament); the requirement
for at least 2-4 mM magnesium ion is also observed in the
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ATP-dependent DNA-strand-exchange reaction (12, 13). The
decrease in ATP[yS]-dependent activity above 5 mM mag-
nesium ion is not observed in the ATP-dependent reaction
until the magnesium ion concentration exceeds 15 mM (12);
the reason for this inhibition is also unknown but may be
related to extensive aggregation of RecA protein resulting in
nonproductive structures (7).
The formation of extensive heteroduplex DNA in the

absence of ATP hydrolysis is important with regard to the
kinetic mechanism of the RecA protein-catalyzed DNA-
strand-exchange reaction. DNA strand exchange proceeds
through, at least, three phases (1, 2), presynapsis, synapsis
(conjunction and joint molecule formation), and branch mi-
gration. In the presence ofATP, joint molecules form rapidly
(<5 min) and contain about 300-500 base pairs of heterodu-
plex DNA (3); extension of these joint molecules through
branch migration then proceeds slowly and can take as long
as 20 min. Here we show that RecA protein can form as much
as 2.4 kb of heteroduplex DNA in less than 2.5 min in the
absence of ATP hydrolysis (Fig. 4). Thus, either 2.4 kb of
heteroduplex DNA can be formed during the synaptic phase
of this reaction or branch migration to 2.4 kb can occur
rapidly and in the absence of nucleotide hydrolysis.
An important conclusion is that the pathway for RecA

protein-catalyzed DNA heteroduplex formation can proceed
by a mechanism that does not require ATP hydrolysis as an
obligatory step [e.g., the rotation model proposed (14)]. The
mechanism by which we envision DNA heteroduplex forma-
tion occurring in the presence of ATP[yS] is depicted in Fig.
5. In Fig. 5 Left, homologous pairing is shown to occur along
the length of the two DNA molecules. This is consistent with
electron microscopic studies that show the dsDNA molecule
is completely taken up into the presynaptic filament before a
displaced tail is observed (16, 17). Enzymatic studies also
suggest that homologous pairing occurs over the entire length
ofDNA homology within 2-5 min (18). In addition, our data
demonstrate that within several minutes the ATP[yS]-RecA
protein-ssDNA filament is in homologous alignment with the
dsDNA molecule over at least 2.4 kb. This suggests that
homologous contacts are formed over large regions of the
DNA molecule within several minutes and that the formation
of these contacts does not require ATP hydrolysis (only ATP
binding).
The formation of this paired complex results in an inter-

mediate complex containing RecA protein and three strands
ofDNA that are homologously aligned (Fig. 5 A and B). The

Y

FIG. 5. Molecular model for the role of ATP hydrol-
ysis during the DNA-strand-exchange assay. The presyn-
aptic filament is formed in the presence of ATP (or
ATP[IyS]). RecA protein bound to ssDNA is shown as a
dimer based on evidence described elsewhere (ref. 15;
S. D. Lauder and S.C.K., unpublished results). The

S / rD TA cross-section of each intermediate step is shown on theS/E'T' right. (A) dsDNA is bound to the presynaptic filament. (B)
Homologous contacts are formed in a triple-stranded
intermediate. The formation of this intermediate does not
require ATP hydrolysis and can be formed with ATP[yS].
(C) Protein dissociation is accomplished by one of two
mechanisms: normally, in the presence of ATP, the
formation of the low-affinity ADP-RecA protein complex
allows the orderly dissociation of RecA from the dis-
placed homologous strand; in the presence of ATP[yS],

/ addition of deproteinizing agents removes the RecA pro-
/ tein and the complementary strand can anneal with either

homologous strand.
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DNA in this three-stranded intermediate must be poised for
DNA strand exchange, and we envision this intermediate as
a kinetic transition state. In this protein-DNA transition state
complex, the conformation of the dsDNA is such that the
complementary strand is no longer stably paired with its
original homologous strand while the incoming ssDNA is
positioned so as to base pair with its complement. In Fig. SB,
this intermediate transition state is depicted as symmetrical
with regard to the three DNA strands, but any degree of
asymmetry could be accommodated. Resolution of this struc-
ture requires only protein dissociation (Fig. 5C). This occurs
either by deproteinization (i.e., SDS/EDTA treatment) when
ATP[yS] is present or by ATP hydrolysis when ATP is
present. In either case, upon protein dissociation, the freed
DNA can reassociate to form either heteroduplex DNA or

parental DNA.
What then is the role of ATP hydrolysis during the ATP-

dependent DNA-strand-exchange reaction? The answer may
be simply to induce dissociation of the RecA protein-DNA
complex through the conversion of ATP to ADP and to
provide directionality by doing so. The product of ATP
hydrolysis, ADP, decreases the affinity of RecA protein for
DNA and increases the rate of transfer (i.e., dissociation)
from one DNA molecule to another (19, 20). This suggests
that production of an ADP-RecA protein complex allows the
DNA to be released from the protein-DNA complex (Fig. 5).
This dissociation event is likely to occur at the end of a

cooperative cluster of bound RecA protein (19). It is reason-

able to suggest that this dissociation from the end of a

filament could provide the polarity observed in DNA-
strand-exchange reaction. This proposal differs mechanisti-
cally from those proposed previously in which the polarity of
the DNA-strand-exchange reaction derives from a polar
association of RecA protein with DNA. These results may

suggest that the essential role of ATP hydrolysis in postsyn-
aptic steps is solely to generate the release factor, ADP.
ATP hydrolysis may also serve a function at the presynaptic

step; it may permit RecA protein to cycle on and off the
ssDNA molecule to produce a continuous presynaptic fila-
ment. The presynaptic filaments formed in the presence of
ATP[yS] appear to have kinks and acute bends as visualized
by electron microscopy (5). It is likely that any flaw in the
formation ofthe ATP[yS]-dependent presynaptic complex will
be maintained during the time course of the DNA-
strand-exchange reaction, due to the stability of the ATP~ySJ-
RecA protein-ssDNA complex (19). It is possible that these
discontinuities in the presynaptic filament impede complete
extension of heteroduplex DNA joints. In this regard, we feel
that a function of SSB protein in the ATP[yS]-dependent
reaction is to permit formation of a contiguous RecA protein
filament by limiting nucleation sites (5); in the absence of SSB
protein, the binding of RecA protein-ATP[yS] complex to
ssDNA should be stochastic and necessarily discontinuous
due to the essentially irreversible binding of this highly stable
complex. In contrast, in the presence of ATP, hydrolysis of
ATP allows RecA protein to dissociate from the ssDNA and
to repair such imperfections by reassembly.

Finally, it is possible that the ATP[yS]-dependent reaction
occurs by a different mechanism and is not related to the
ATP-dependent reaction. This possibility is unlikely because
many of the characteristics of the ATP[yS]-RecA protein
complex are very similar (if not identical) to the ATP-RecA
protein complex: (i) from electron microscopy, the structure
of the ATP[yS]-RecA protein-ssDNA complex is morpho-
logically very similar to the ATP-RecA protein-ssDNA
complex (21); (ii) the high-affinity ssDNA binding state of
RecA protein possesses similar properties in the presence of
either ATP or ATP[yS] (19, 22); and (iii) the intermediate
species produced in the ATP[yS]-dependent and ATP-depen-
dent reaction have identical structures as determined by

electron microscopy (unpublished data). Since there are great
similarities between the ATP-RecA protein and ATP[yS]-
RecA protein complexes, we believe that the ATP[IyS]-
dependent DNA-strand-exchange reaction follows the same
mechanistic pathway to joint molecule formation as the
ATP-dependent reaction, although the rate-limiting step may
have changed.
These data are interesting in light of reports on DNA-

strand-transfer activities isolated from organisms other than
E. coli. The proteins purified from human cells (23) and from
Saccharomyces cerevisiae (24, 25) have no nucleoside tri-
phosphate requirement. The human protein promotes forma-
tion of approximately 200 base pairs of heteroduplex DNA
(23) whereas the yeast protein forms approximately 4.1 kb
(24). The latter is similar to the amount formed by RecA
protein in the presence of ATP[yS]. Thus the apparent
paradox that eukaryotic proteins can promote DNA hetero-
duplex formation in the absence of a nucleoside triphosphate
can be reconciled by suggesting that the eukaryotic proteins
are functionally equivalent to the ATP-bound form of RecA
protein. It is possible that in higher organisms, DNA-
strand-transfer (ATP not required) and catalytic-turnover
(ATP required) activities are physically separated into dif-
ferent polypeptides. Thus, for the human and yeast recom-
bination systems, other protein factors (presumably energy
requiring) may be necessary to promote catalytic turnover
(dissociation) of the transferase activity, thereby permitting
elongation of the DNA heteroduplex regions formed initially.
It will be interesting to see if such activities can be isolated
in the future.
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