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We have  examined  the  exchange  of  recA  protein 
between  stable  complexes  formed with single-stranded 
DNA (ssDNA)  and (a) other  complexes  and (b) a pool 
of free recA  protein. We have also  examined  the rela- 
tionship  of ATP hydrolysis  to  these  exchange  reac- 
tions.  Exchange was observed  between two different 
recA*ssDNA  complexes  in  the  presence of  ATP.  Com- 
plete  equilibration  between two sets of  complexes oc- 
curred with a tH of 3-7 min  under  a  set  of  conditions 
previously  found  to  be  optimal  for  recA  protein-pro- 
moted  DNA strand  exchange.  Approximately 200 
ATPs were hydrolyzed  for every detected  migration  of 
a  recA  monomer  from  one  complex to another.  This 
exchange  occurred  primarily  between  adjacent  com- 
plexes, however. Little or  no  exchange was observed 
between recA*ssDNA complexes  and  the free recA  pro- 
tein pool, even after several hundred  molecules  of ATP 
had  been  hydrolyzed  for every recA  monomer  present. 
ATP hydrolysis is not  coupled to complete  dissociation 
or  association  of  recA  protein  from  or with 
recA  0ssDNA complexes  under these conditions. 

The recA protein of Escherichia coli promotes several steps 
of homologous genetic recombination in vivo. These  steps 
have been mimicked with a variety of in vitro systems em- 
ploying purified recA protein. In one of the most informative 
of these systems, recA protein  carries  out a three-stranded 
exchange reaction between circular single-stranded and linear 
duplex DNA substrates derived from bacteriophages. This 
exchange results  in the production of nicked circular duplex 
and linear  single-stranded DNAs. Three major phases of this 
reaction have been defined (1-4). First, recA protein polym- 
erizes on single-stranded DNA (ssDNA’). The resuking com- 
plex contains stoichiometric amounts of recA protein orga- 
nized in a highly structured  filament which coats the  entire 
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DNA  molecule. This filamentous complex represents the ac- 
tive form of recA protein  in subsequent reactions. The second 
phase involves a search for homology between the single- 
stranded  and duplex DNAs and  pairing of homologous re- 
gions. The final  phase is a polar branch migration reaction 
which is promoted by  recA protein  and requires ATP hydrol- 
ysis. 

The  strand exchange reaction is  stimulated by the single- 
stranded DNA binding protein of E. coli (SSB). Evidence 
described elsewhere indicates that  this stimulation reflects an 
effect of SSB on the formation and  stability of the filamentous 
recA  complex formed in  the first  phase (4-6). SSB may act 
in  part by binding to single-stranded DNA to remove second- 
ary structure (7) ,  which could inhibit complex formation, or 
it may play a more direct role in  the formation of the complex 
(8). Recent evidence indicates that SSB is continuously as- 
sociated with the complex after it is formed for periods up to 
1 h (5). recA protein. ssDNA complexes formed in  the pres- 
ence of SSB differ markedly from those formed in  its absence. 
This difference is reflected in experiments in which recA/ 
ssDNA complexes are challenged with ssDNA which has no 
recA protein bound to  it (1). recA protein in complexes formed 
in  the presence of SSB and  ATP will not detectably migrate 
to the challenging ssDNA. If SSB is omitted, approximately 
half of the recA protein rapidly becomes associated with the 
challenging DNA. Additionally, SSB-stabilized complexes en- 
hance the  rate of strand exchange 5-10-fold relative to reac- 
tions carried out  in the absence of SSB (4). The efficiency of 
strand exchange is similarly improved, as  the ratio of ATP 
hydrolyzed per base pair of heteroduplex DNA formed de- 
creases by an order of magnitude when SSB is present (9). 
These in vitro effects of SSB complement a growing  body of 
evidence showing that SSB exerts a profound effect on a 
variety of reactions carried out by  recA protein in vivo (10- 
12). 

We are interested in  the mechanism by which these fila- 
mentous complexes of recA protein promote a unidirectional 
branch migration reaction coupled to ATP hydrolysis. To  this 
end, we have recently considered several general types of 
models for this reaction (13). One of these involves a process 
referred to as treadmilling. Treadmilling occurs in a protein 
filament when repeated association and dissociation of mon- 
omers at  the ends of the filament lead to a net gain at one 
end. This process is coupled to  the hydrolysis of ATP or GTP 
and  has been best characterized in  the cases of actin and 
tubulin  filaments (14). recA protein could promote branch 
migration by a similar mechanism if movement of the branch 
point is coupled to association of recA monomers to  the head 
of a filament  and/or dissociation of recA monomers from the 
tail. A detailed description of a model in which branch migra- 
tion is coupled to dissociation of recA protein from these 
filaments has recently been provided by Howard-Flanders et 
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al. (15). In all models of this type, the assumption  must be 
made that  the filamentous complexes of recA protein  on 
ssDNA have  a  distinct  head  and tail or that these  endpoints 
are formed before branch migration begins. Register and 
Griffith (16) have shown that recA protein monomers bind 
unidirectionally on ssDNA in  the presence of SSB and  ATP, 
thus providing evidence that recA protein  filaments have an 
intrinsic  structural polarity. 

recA. ssDNA complexes formed in  the presence of SSB and 
ATP promote  a highly efficient DNA strand exchange reac- 
tion. As stated above,  recA monomers do not exchange be- 
tween these complexes and uncomplexed ssDNA molecules 
added as a challenge. Since association and dissociation of 
recA monomers must occur during treadmilling, this fact 
would seem to provide an argument  against  treadmilling or 
related models for recA protein-promoted  branch migration. 
However, binding of recA protein to DNA is a highly coop- 
erative process (17-19). It has been pointed  out that cooper- 
ativity  can greatly amplify the probability of a  protein mon- 
omer binding adjacent to a protein  cluster already formed on 
DNA at  the expense of binding to a DNA molecule where no 
such  cluster  exists (20). This would occur even if the intrinsic 
affinity of the protein for the two sites differs only slightly. It 
is therefore possible that  this cooperativity may preclude 
binding of transiently free recA monomers to uncomplexed 
ssDNA, while exchange of monomers between filaments 
(which would not have been detected in  the earlier experi- 
ments (1)) could occur readily. Therefore, it  is  important to 
determine  whether recA protein can migrate from one fila- 
mentous recA.ssDNA complex to another. An exchange of 
recA protein between complexes and  a pool of free recA 
protein might also be detectable. 

The possibility of coupling between ATP hydrolysis and 
association or dissociation of recA protein with or from a 
filamentous recA-DNA complex is  a  central issue in  the 
consideration of models for DNA strand exchange. During 
strand exchange, the  rate of ATP hydrolysis exceeds the  rate 
of heteroduplex formation even under the most favorable 
conditions (9). A treadmilling model for branch migration 
provides one mechanism by which this excess hydrolysis 
might be rationalized. If treadmilling of the filament  is similar 
to  the treadmilling of actin  filaments, then  the efficiency of 
unidirectional elongation would depend on  the number of 
protein monomer associations and dissociations at  each end 
of the filament that results in a  net increase of one monomer 
at  the growing end. If treadmilling  is relatively inefficient, 
and if each association/dissociation is accompanied by hy- 
drolysis of one ATP molecule, then multiple ATPs might be 
hydrolyzed per base pair of heteroduplex formed. A tread- 
milling reaction would also provide an enzymatic purpose to 
the cycles of association and dissociation of  recA monomers 
coupled to ATP hydrolysis proposed elsewhere (18). 

We have initiated  studies to  test basic predictions derived 
from this  and  other models for recA protein-promoted DNA 
strand exchange, In  this report we present the results of 
experiments which indicate that exchange of recA monomers 
does occur between recA. ssDNA complexes formed in  the 
presence of SSB. This exchange, however, does not  appear to 
reflect an actin or tubulin-like  treadmilling reaction. A free 
recA monomer is not an intermediate in  this reaction. Little 
or no exchange occurs between complexes and a pool of free 
recA protein.  Instead,  virtually  all of the exchange occurs 
between adjacent complexes. The relationship of ATP hy- 
drolysis to these exchange reactions  is examined. The exper- 
imental  system developed for this work has also been em- 
ployed to re-examine a  number of previously studied  proper- 

ties of  recA protein-promoted DNA strand exchange reac- 
tions. A portion of this work has been described in  a prelim- 
inary  report (13). 

MATERIALS AND METHODS 

H2[35S]04 was purchased from New England Nuclear and [3H]ATP 
from Amersham. ATPrS was obtained from Boehringer Mannheim 
and was further purified by DEAE-Sephadex A25 (Pharmacia)  chro- 
matography. Proteinase K was obtained from Beckman. All other 
biochemicals were purchased from Sigma. E. coli K37 (Hfr  sup D &+ 
mk+) and M13oriC26 phage (21) were kindly provided by Jon Kaguni 
(Michigan State University). 

recA protein and  SSB were prepared as described (22,23). Labeling 
of recA protein with 35S was carried out using a published procedure 
(3). The specific activity of labeled recA protein  preparations used in 
this study ranged between 4.6 X 10' and 6.4 X lo8 cpm/pmol protein. 
The labeled protein was tested for activity in DNA strand exchange 
reactions before it was employed in  the sucrose density gradient 
experiments described below.  No labeled recA protein was used in 
these experiments unless its activity was comparable to that of active, 
unlabeled recA protein as determined by a gel electrophoresis assay 
(24). q5X174(+) was prepared by a modification of the method of 
Pagano and Hutchison (25). Extinction coefficients of E82 = 5.9  (26) 
and E% = 15.1  (27) for recA protein and  SSB protein, respectively, 
were used to determine  protein  concentrations. The concentration of 
ssDNA was determined by direct quantitation of the  total phosphate 
concentration in  the DNA solution (28) or by assuming a concentra- 
tion of 36  pg/ml when = 1.0. These values differed by less than 
10%. Concentrations of DNA are reported as  total nucleotides. 

M13oriC26(+) was prepared by infecting E. coli K37, grown in LB 
(volumes ranged from 40  ml to 6 liters) to  an Asso = 0.45, with 
M13oriC26 phage at a multiplicity of infection of 1000. This was then 
incubated with aeration at 37 "C overnight. The cells were  removed 
by pelleting. To  the cleared supernatant was added '/5 volume of a 
solution containing 20% PEG 8000 and 2.5 M NaCl (final 4% PEG 
8000, 0.5 M NaC1) and held at  0°C for 4 h to precipitate the phage. 
After centrifugation at 10,000 X g for 5 min, the precipitated phage 
was resuspended in 10 mM Tris (80% cation, pH 7.5), 1 mM EDTA 
(TE buffer) at 1/500 the original volume. The phage was then banded 
in CsCl density gradients (1.3 g CsCl/ml, 5 ml total volume) in a 
Beckman SW50.1 rotor at 40,000 rpm, 24 h, 5 "C. Phage  bands were 
collected with a syringe, pooled (several gradients produced 2-3 ml), 
and dialyzed twice against 1 liter of TE buffer for at least 4 h. To 
extract the DNA, Proteinase K and sodium dodecyl sulfate were 
added to the phage preparations to final  concentrations of 100 pg/ml 
and 0.1%, respectively, followed  by incubation for 60 min at 37  "C. 
The resultingpreparation was heated at 55 "C for 10 min, then diluted 
2.5-fold with T E  buffer and cooled to room temperature. It was then 
extracted twice with an equal volume of phenol (previously equili- 
brated to   TE buffer) and  then  three times with an equal volume of 
ether. The phage DNA was then precipitated with ethanol and 
resuspended in a volume of TE buffer sufficient to yield a final AZG0 
of 5.0 to 20.0. 

ATPase Assay-The hydrolysis of ATP by  recA protein was mon- 
itored  by a previously described assay employing 3H-labeled ATP (29) 
or by a spectrophotometric coupled assay (5). Results obtained with 
either assay were equivalent. 

recA Protein Exchange Reactions-To form a recA. ssDNA com- 
plex, 8.8  hi ssDNA and 2.2 pM recA protein were incubated with an 
ATP-regenerating system for 5 min at 37 "C in 20 mM Tris (80% 
cation, pH 7.5), 10 mM  MgC12, 10 mM  KC1, 1 mM dithiothreitol, 5% 
glycerol. A mixture of ATP  and  SSB were added to final  concentra- 
tions of 4 mM and 0.88 p ~ ,  respectively, and incubation was continued 
for 10 min. This is the preincubation mixture referred to in the text. 
The ATP-regenerating system contained 2 mM phosphoenolpyruvate 
and 2 units of pyruvate kinase/ml of preincubation mixture. This 
maintained the ADP/ATP  ratio <0.05 for at least 60 min. 

Experiments designed to measure exchange of  recA protein be- 
tween two recA . ssDNA complexes were carried out according to  the 
following protocol. In one preincubation mixture, 35S-labeled  recA 
protein was used to form complexes with q5X174(+), and in  another 
preincubation mixture unlabeled recA protein was used to form 
complexes with M13oriC26(+), or vice versa. Although the two  DNA 
molecules differ in size, the concentration of ssDNA in nucleotides 
and  the concentration of recA protein were kept  constant.  For ex- 
change experiments, equal volumes (which varied according to  the 
number of samples to be taken  in the course of the experiment) of 
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each of the preincubation mixtures were combined (t(min) = 0) and 
incubated at  37 "C. Aliquots (160 pl) were removed at the times 
indicated and reactions were stopped by adding ATPyS  to a final 
concentration of 0.2 mM. After all samples had been collected, 150 pl 
of each was layered onto a separate sucrose density gradient. To 
determine the  starting point for each  experiment a t  t = 0, control 
experiments were carried out in which ATPyS was added prior to 
combining the two preincubation mixtures. The absence of exchange 
in  these  controls additionally served to confirm that  the  ATP+ 
solution employed in a given experiment effectively halted the reac- 
tion.  These  controls proved to be a sensitive indicator for the presence 
of contaminating ATP or ADP in  an ATP+  preparation.  Such 
contamination occasionally resulted in a significant apparent ex- 
change reaction at t = 0, and  this often coincided with an unusual 
distribution of Iabeled recA protein  throughout the gradient. In every 
case where the  apparent exchange at t = 0 involved more than 10% 
of the labeled recA protein,  all data from the experiment was dis- 
carded. 

A similar protocol was used to measure exchange of recA protein 
between recA.ssDNA complexes and pools of free recA protein. In 
this case, the ssDNA and  SSB were eliminated from one preincuba- 
tion mixture. The rest of the procedure was carried  out as described 
above. Free recA protein (35S-labeled or unlabeled) was therefore 
preincubated with ATP  and  then combined at t = 0 with recA (or 
35S-labeled recA) . ssDNA complexes. Concentrations of recA protein 
in  the two preincubation  mixtures were identical and equal volumes 
were combined at t = 0. Total reaction volumes were again adjusted 
according to  the number of samples (in this case, 125 pl each) to be 
taken  in  the experiment. ATPyS was added to each  timed aliquot to 
halt  the reaction as described above, and 100 pl of this material was 
layered onto a sucrose density gradient. As described above, control 
reactions were carried out in which ATPrS was added before com- 
bining the preincubation mixtures. Experiments were again discarded 
if this control revealed an  apparent exchange involving more than 
10%  of the labeled recA protein. 

Sucrose Gradient Sedimentation-Preformed sucrose gradients 
(10-40%, 11 ml total),  containing 25 mM Tris (80% cation, pH 7.51, 
1 mM dithiothreitol, 1 mM MgCl,, and 0.2 mM ATPyS, were used to 
separate the recA.ssDNA complexes. These were centrifuged in an 
SW40Ti  rotor a t  38K rpm, 5 "C for 3.5 h. recA.ssDNA complexes 
were separated from free recA protein  on preformed 5-15% sucrose 
gradients (5 ml total, composition otherwise identical) by centrifuging 
for 1 h at 40,000 rpm, 5 "C, in an sW50.1 rotor. Three-drop  fractions 
(-14Op1) were collected from the bottom of each gradient  onto What- 
man GF/A filters. These were then dried and assayed for radioactivity 
by liquid scintillation. In some cases the fractions were collected 
directly into scintillation vials and dissolved in Aquasol  (New Eng- 
land Nuclear). 

The fraction of 35S cpm in  each of two partially  separated gradient 
peaks representing the two different sized recA-ssDNA complexes 
was determined by peak height analysis (30). Quantitation by this 
method results  in a 3% error when the peaks are clearly visible. When 
one of the peaks is less than 20%  of the total, the error increases. 

Separation of the recA . ssDNA complexes from free recA protein 
was always complete and  the  total radioactivity in each peak was 
determined by adding the counts in all peak fractions  after  subtrac- 
tion of background. Background radioactivity was determined by 
averaging 10-15 fractions which were at  least 4 fractions distant from 
a detectable peak. Peak fractions were taken  as all  fractions with a 
total radioactivity greater than 2-fold above background. Background 
radioactivity was approximately equivalent tb that observed in meas- 
urements employing 140 pl of reaction buffer to which no radioactivity 
had been added. 

RESULTS 

Formation  and  Stoichiometry of recA . SSDNA Complexes- 
recA protein forms stable, stoichiometric complexes with 
ssDNA in  the presence of SSB and ATP. The composition 
and  properties of these complexes have been previously stud- 
ied by Soltis and Lehman  (3) employing sucrose density 
gradients. The integrity of the complexes during centrifuga- 
tion,  both  in  the earlier  study and  in  the present work, depends 
on the prior  addition of ATPyS. We determined that complex 
stability is further improved if ATPyS is present  in the 
gradient. ATPyS halts  most  reactions of recA protein and 

promotes very tight binding to ssDNA (18,24, 31). 
It is possible that  the addition of ATPyS affects the com- 

position of the complexes, and several experiments were done 
in order to compare the complexes formed in these experi- 
ments with the recA. ssDNA complexes studied by other 
methods. Again as previously observed (3), formation of a 
recA. ssDNA complex which could be detected in  a sucrose 
density gradient was almost completely dependent on the 
presence of SSB (Fig. 1). When recA protein, ssDNA, and 
ATP were incubated together for any period of time, at 
concentrations at which 1 recA monomer was present for 
every 4 nucleotides of ssDNA, no peak corresponding to a 
recA. ssDNA complex  was observed after centrifugation, 
Complexes formed in  the absence of SSB were not  stable 
enough to survive sedimentation  in  these gradients, even 
though ATPrS was added before centrifugation. Instead the 
35S-labeled recA protein was found as  a slowly migrating peak 
at  the  top of the gradient, in  a position corresponding to free 
recA protein (Fig. IC).  In contrast, when SSB was added prior 
to  the addition of ATPyS, virtually all of the recA protein 
was found in  a single peak which migrated much faster in an 
identical gradient (Fig. L4). Stoichiometric concentrations of 
3H-labeled ssDNA (4 nucleotides/recA monomer) co-migrated 
with this peak (data  not shown). SSB-stabilized complexes 
are therefore efficiently detected in  these experiments. If 
greater concentrations .of recA protein were used in  the ex- 
periment with SSB, two peaks corresponding to free and 
bound recA protein were observed (Fig. 1B). 

Several additional experiments (data  not shown) were car- 
ried out to determine the amounts of recA protein which could 
be incorporated into  these complexes and  the amount of SSB 
required to stabilize them.  These experiments revealed that 
the complexes contained 1 recA monomer/4 nucleotides of 
ssDNA, in good agreement with other  results (5, 18, 32,  41). 
Any  recA protein  in excess of this stoichiometry migrated in 
the position of free recA protein. In  another series of experi- 
ments, the stoichiometry was set  at 1 recA monomer/4 nu- 
cleotides and  the amount of SSB was varied. The amount of 

bottom top bottom top bottom 

Fraction of Grodient (%) 

FIG. 1. Effect of SSB on recA-ssDNA complexes. Complexes 
of 35S-labeled recA protein and ssDNA were formed in  the presence 
of ATP  at  the indicated protein-to-nucleotide ratios, and  the com- 
plexes were sedimented in 5-15% sucrose gradients as described under 
"Materials and Methods." Free recA protein migrated at the  top of 
the gradients. recA protein. ssDNA complexes migrated in a peak at  
approximately the middle of the gradient under these conditions. 
Conditions employed in  these  experiments were: A, recA protein 
monomers:nucleotides = 1:4, SSB protein monomers:nucleotides = 
l:l& B, recA protein monomers:nucleotides = 1:3, SSB protein mon- 
omers:nucleotides = 1:1& C, recA protein monomers:nucleotides = 
1:4, no SSB present. The ssDNA concentration  in each case was 8.8 
PM. 
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recA protein complexed to ssDNA was found to be linearly 
dependent  on the concentration of SSB (Fig. 2). One SSB 
monomer was required for the binding of 5 recA monomers, 
until a concentration was reached which corresponded to 1 
SSB monomer/20 nucleotides of ssDNA. At this  concentra- 
tion,  all of the recA protein was found in  the rapidly migrating 
recA. ssDNA complex. Increasing the concentration of SSB 
by as much as %fold had no effect on  this result. At  subsa- 
turating levels of SSB, the recA protein was divided between 
the peak corresponding to  the  saturated complex and  the 
position corresponding to free recA protein, with none at 
intermediate positions. These  results confirm that  the com- 
plexes observed in  this study  exhibit a composition and prop- 
erties  consistent with those observed for recA-ssDNA com- 
plexes employing other methods. 

Exchange of recA Protein between Stable Complexes-The 
following experiments were designed to detect  transfer of recA 
protein between stable complexes. 

SSB-stabilized complexes were formed on two different 
circular ssDNA molecules: 4x174 (5,386 base pairs)  and 
M13oriC26  (12,173 base pairs). The two complexes,  which 
differ in size by more than 2-foid, were separable in sucrose 
density  gradients  under conditions described under “Materials 
and Methods.” A diagram of the experiment designed to detect 
exchange of recA protein between complexes is shown in Fig. 
3. Results are presented  in Fig.  4. When  stable complexes 
were formed on a mixture of these two DNA molecules, both 
present  in equal concentrations  in  terms of total nucleotides, 
two peaks were distinguished on the gradients and  the labeled 
recA protein was distributed nearly equally between them 
(Fig. 4A). 

In these experiments, 35S-labeled recA protein was used to 
form stable complexes on M13oriC26 ssDNA and unlabeled 
recA protein was used to form stable complexes on  9x174 
ssDNA. The two sets of complexes were then mixed together, 
and  ATPyS was added at  the appropriate  time to halt  any 
reaction. When ATPyS was added prior to mixing, no ex- 
change of labeled recA protein from the M13oriC26  complexes 
to  the  4x174 complexes was observed up to 60 min after 
mixing (Fig. 4B). This control  demonstrates that no exchange 

0. I 0.2 0.3 0.4 

SSB monomers/nucleotide 
FIG. 2. Titration of 36S-labeled recA protein-ssDNA com- 

plexes with SSB protein. Complexes of %-labeled recA protein 
and ssDNA at  a protein monomer-to-nucleotide ratio of  1:4 were 
formed in the presence of ATP  and  the concentrations of SSB 
indicated  on the graph. The complexes were sedimented in  the 5- 
15% sucrose gradients. Details are described under  “Materials and 
Methods.” Bound recA protein was calculated as  the per  cent of the 
total =S cpm present in  the rapidly migrating peak. The ssDNA 
concentration  in each experiment was 8.8 PM. In  the reaction lacking 
SSB (open  circle), the indicated level of rapidly migrating recA protein 
was found as a broad band  extending between the gradient positions 
for recA.ssDNA complexes and free recA protein. In  the points 
denoted by closed circles, the indicated level of recA protein was 
entirely included in a sharp, rapidly migrating peak. 

recA  35S-recA 

u - L  
0 

0 0  

1 protein protein 

0 o +  

L S S B ,  ATP SSB, ATP 

1 incubate, 37OC 

~ A T P ~ S  

sucrose gradient  sedimentation 

FIG. 3. Outline of experimental  protocol  used  to  detect ex- 
change  between  recA*ssDNA  complexes. See text for details. 

of  recA protein occurs after  ATPyS addition. When com- 
plexes were  mixed prior to addition of ATPrS, however, 
transfer of labeled recA protein from one set of complexes to 
the other was  observed. Results obtained after incubation of 
the mixture for 15 and 30 min prior to  the addition of ATPyS 
are shown in Fig.  4, C and D. At the apparent reaction 
endpoint, approximately 50% of the labeled recA protein was 
present  in each complex.  If unlabeled recA protein  is omitted 
from the experiment so that uncomplexed 9x174 ssDNA is 
mixed with the M13oriC26 stable complexes, no transfer of 
the labeled recA protein is observed up  to 30 min after mixing 
(Fig. 4E). This is consistent with results obtained in earlier 
work (1) which demonstrated that recA protein does not 
migrate from complexes  made in  the presence of ATP and 
SSB  to uncomplexed ssDNA added as a challenge. A slight 
shoulder present  in Fig.  4, B and E was also observed in 
gradients within the same set of experiments in which recA. 
ssDNA complexes formed on M13oriC26(+) DNA  were sedi- 
mented  without the addition of 4X174(+) DNA. Each of these 
experiments was repeated 2-4 times. Equivalent results were 
obtained when 35S-labeled  recA protein was used in  the  4x174 
complexes and unlabeled recA protein was  used in  the 
M13oriC26  complexes. 

Using results from many experiments, an approximate time 
course for exchange between complexes is presented in Fig. 5 .  
An inability to achieve complete separation of the peaks 
corresponding to  the two sets of complexes in  these gradients 
precluded a quantitative examination of this exchange of  recA 
monomers between complexes. The greatest error occurred at 
early times in the reaction. While the reaction clearly ap- 
proaches an equilibrium in which approximately 50% of the 
labeled recA protein is present  in each set of complexes, we 
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FIG. 4. Exchange  of  recA  protein  monomers  between  com- 
plexes. Mixtures of complexes of %-labeled recA protein. 
M13oriC26(+) and unlabeled recA protein. +X174(+) were sedi- 
mented in 10-40% sucrose gradients. Experimental conditions and 
procedural details  are described under  “Materials and Methods.” 
Experiments  illustrated are: A, 35S-labeled recA protein, unlabeled 
recA protein, M13oriC26(+), bX174(+), ATP,  and SSB were incu- 
bated in  the same  preincubation  mixture before addition of ATPrS. 
Peaks from Zeft to right correspond to complexes on M13oriC26(+) 
and $X174(+), respectively. B-D, %-labeled recA protein. 
M13oriC26(+) complexes and recA protein. $X174(+) complexes 
were preincubated separately and  then mixed. The reactions were 
stopped with ATPrS at: B, t = 0 min (ATPrS added before mixing); 
C, t = 15 min after mixing; D, t = 30 min after mixing. E, 35S-labeled 
recA protein. M13oriC26(+) complexes were  mixed with 4X174(+) 
preincubated in the absence of SSB and recA proteins. ATP+ was 
added 30 min after mixing. 

cannot conclude that  the approach to equilibrium follows first 
order kinetics or accurately determine the half-time for such 
a process. If the assumption is made that  first order kinetics 
applies, we estimate from many experiments that  the half- 
time falls between 3 and 7 min under the  standard  set of 
conditions employed in these experiments. If a  half-time of 4 
min is used in  the calculations, an  apparent  first order rate 
constant of 0.09 min-l for transfer of recA protein from one 
complex to  another is obtained under this single set of con- 
ditions. The calculation employs the additional assumption 
that  the  rate of transfer  is  the same in  both directions, so that 
the observed rate  constant (0.18 min-l) is the sum of the 
forward and reverse rate  constants (33). 

Exchange between  Complexes and a Pool of Free recA Pro- 
tein-The  recA protein exchange between complexes could 
occur via a free recA protein solution intermediate  or by a 
direct  transfer between adjacent complexes. Results shown in 
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FIG. 5. Time courses of recA  protein  exchange  reactions. 

Points indicate the per  cent of total 35S-labeled recA protein which 
has migrated from one state  to another at  the time indicated. Each 
point  represents a separate experiment. Experimental procedures and 
conditions are described under “Materials and Methods.” Q“0, 
migration of recA protein from 6x174 complexes to M13oriC26 
complexes; U, migration of recA protein from M13oriC26 com- 
plexes to  6x174 complexes. 
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FIG. 6. Lack  of  exchange  between  bound  and free recA 

protein. Points represent the per cent of total 35S-labeled recA 
protein which has migrated from recA.ssDNA complexes to  the free 
pool of recA protein (U), or from the free pool to complexes 
(.“-.) at  the time indicated. Experimental procedures and condi- 
tions are described under  “Materials and Methods.” 

Fig. 6 indicate that most of the observed exchange occurs 
between adjacent complexes. In  this  set of experiments, recA. 
ssDNA complexes  were formed with dX174(+) as described 
above. In  the following discussion, this will  be designated as 
solution 1. Solution 2 was identical in all respects except that 
it contained no ssDNA or SSB. Mixing equal volumes of 
solutions 1 and 2 results  in  a mixture containing approxi- 
mately equal concentrations of free  and complex-bound recA 
protein. Equal concentrations of ATP and buffer components 
in solutions 1 and 2 ensure that these  parameters do not 
change upon mixing. As described under “Materials  and 
Methods,” exchange of  recA protein between the complexes 
and  the free pool  was monitored by employing 35S-labeled 
recA protein for solution 1 and unlabeled recA protein for 
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solution 2, or vice versa. Any labeled recA protein which 
dissociates completely from the complexes should be diluted 
in  the pool of unlabeled free recA protein. Reactions were 
again halted by the addition of ATPyS  to a final concentra- 
tion of 0.2 mM at various times  after mixing solutions 1 and 
2. Controls to determine the  extent of exchange at t = 0 are 
described under  “Materials and Methods.” 

As shown in Fig. 6, very little exchange was observed 
between recA. ssDNA complexes and  the free recA protein 
pool. A modest level of exchange ( S % )  was usually observed 
in the t = 0 control. About 10% of the recA protein  in the free 
pool generally migrated to  the recA. ssDNA complexes in  the 
first 10 min when labeled recA protein was  employed in 
solution 2. No significant increase in  this exchange was  ob- 
served in subsequent time  points collected 20 and 30 min 
after combining solutions 1 and 2. When labeled recA protein 
was employed in solution 1 in  a parallel experiment, little or 
no migration of recA protein from complexes to  the free pool 
was observed. In these  experiments the proportion of labeled 
recA protein  present  in the free pool  was comparable to  that 
observed in  the t = 0 controls even 30 min after combining 
solutions 1 and 2. The limited migration of recA protein from 
the free pool to complexes may reflect an uncharacterized 
aggregation of free recA protein with complexes. In any case, 
exchange of  recA protein between free and complex-bound 
forms cannot account for the exchange of recA protein be- 
tween complexes described above.  We conclude that most or 
all of the observed exchange between complexes  does not 
proceed via a free recA protein solution intermediate. Instead, 
most exchange between complexes must occur between adja- 
cent complexes. Complete equilibration between free and 
complex-bound recA protein was never observed. 

ATP Hydrolysis during Exchange Reactions-The rate of 
ATP hydrolysis was also measured in  these experiments. The 
apparent  turnover number (kcat) for recA protein-promoted 
ATP hydrolysis under the  set of conditions employed to 
observe exchange between complexes is 21.4 mine‘ (average 
of 5 measurements). Under the conditions employed to ob- 
serve exchange between free and complex-bound recA protein, 
the apparent kcat for ATP hydrolysis was 12 min-l. This 
reflects the fact that only one-half of the recA protein  in  these 
reactions  has access to  the ssDNA and again agrees well with 
other measurements.’ 

Given the  rate of recA monomer exchange between com- 
plexes described above, approximately 200 ATP molecules are 
hydrolyzed for every observable transfer of  recA monomer 
from one complex to another. While this  estimate may be in 
error by a  factor of 2-3 (due to  the uncertainty  in the exchange 
rate  calculation), it is not  in  error by two orders of magnitude. 
The excess hydrolysis may indicate that exchange is  not 
tightly coupled to ATP hydrolysis. Alternatively, the excess 
hydrolysis may reflect repeated dissociation and reassociation 
with the same complex. 

We have not  attempted to make the large extrapolations 
and  assumptions necessary to compare ATP hydrolysis and 
exchange of recA protein between free and bound forms. The 
rate of exchange is a t  least an order of magnitude slower than 
that observed between complexes and  this must be compared 
with the  rate of ATP hydrolysis described above. In  the 30 
min following the combination of solutions 1 and 2, approxi- 
mately 360 ATPs are hydrolyzed for every recA monomer in 
the reaction mixture. It is clear that a  tight coupling does not 
exist between ATP hydrolysis and association or dissociation 
of  recA protein if dissociation is  taken to mean the production 
of recA monomers with complete diffusional freedom. The 

S. Morrical,  unpublished  data. 

hydrolysis of thousands of ATPs  must occur to produce the 
complete dissociation of 1 recA monomer from a recA . ssDNA 
complex formed in the presence of SSB under these condi- 
tions. 

DISCUSSION 

Our principal conclusion is that recA protein does exchange 
between recA . ssDNA complexes even though it will not effi- 
ciently migrate from a complex to a free molecule of ssDNA. 
This exchange does not generally proceed  via a free recA 
protein  intermediate,  but  instead usually involves adjacent 
complexes. Since the  rate of ATP hydrolysis exceeds the rate 
of observable exchange by  two orders of magnitude, either the 
exchange is not coupled to ATP hydrolysis or rapid exchange 
(impossible to detect in  these  experiments) is occurring within 
single complexes. Every complex  involves  more than 1000 
recA monomers, and  the  latter possibility does not seem 
unreasonable since a hypothetical intracomplex exchange 
should be much more efficient than  the intercomplex ex- 
change we are measuring. We speculate that a rapid rear- 
rangement of  recA monomers coupled to  ATP hydrolysis may 
be occurring within these complexes. The same reaction would 
permit exchange of recA monomers between different com- 
plexes at times when two  complexes are adjacent. Complete 
dissociation of recA protein from a complex appears to be a 
rare event under these conditions. 

While the functional significance of such an exchange 
within a complex is unclear in  the context of a DNA strand 
exchange reaction, these results provide arguments against 
several models currently under consideration. Particularly 
important  in  this discussion is  the role of ATP hydrolysis in 
recA protein-promoted reactions. It has been suggested (13, 
15, 18) that ATP hydrolysis is coupled to association/disso- 
ciation of  recA protein from filamentous complexes formed 
on DNA, and  that  this  in  turn is coupled in some way to DNA 
strand exchange. In these experiments, the  rate of ATP 
hydrolysis exceeds the  rate of exchange between free and 
bound forms of  recA protein by at least  three orders of 
magnitude. Complete dissociation of recA protein from a 
complex is therefore not  a required feature of any  step of the 
ATP hydrolytic cycle. This  in  turn implies that treadmilling 
is not occurring in  these complexes. All quantitative  treat- 
ments of treadmilling in  tubulin or actin filaments (34-38) 
are based, in  part, on the implicit assumption that dissociation 
of a monomer from a filament results  in equilibration with an 
existing pool of free monomer. In  the case of  recA protein, 
measurable exchange occurs only between adjacent com- 
plexes. recA protein-promoted ATP hydrolysis is, therefore, 
not coupled to treadmilling under these conditions. If a mod- 
ified form of treadmilling occurs in recA complexes,  some 
mechanism exists to keep most of the migrating recA protein 
within the complex.  We have postulated above that  an ATP- 
driven rearrangement of  recA protein occurs within a com- 
plex. Whatever form this may take, it does not appear to  be 
treadmilling in  the classical sense. 

Even though the conditions used in  these experiments are 
optimal for recA protein-promoted DNA strand exchange, we 
cannot  yet directly extrapolate our results to  the complete 
strand exchange reaction. The possibility exists that rapid 
dissociation and reassociation of  recA protein might occur 
when homologous duplex DNA is added to these complexes 
and DNA strand exchange is allowed to proceed. If  we assume 
this does not occur, then  the results  constitute evidence 
against models for DNA strand exchange which  involve tread- 
milling of recA monomers in  a complex or any  other form of 
association/dissociation coupled to  ATP hydrolysis. 
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Several additional  characteristics of the reaction must be 
better understood before the significance of this exchange 
reaction can be properly evaluated. We do not know whether 
the exchange involves recA monomers at  the ends of com- 
plexes or whether every  recA monomer in  the complex has an 
equal probability of exchange. Indeed, it  is  not clear that 
stable complexes formed on circular ssDNA molecules have 
distinct ends. Electron micrographs of such complexes gen- 
erally reveal a uniform filamentous structure which coats the 
entire circle (39, 40). Recent evidence indicates that  ATP 
hydrolysis is  not  restricted to recA monomers located at  the 
ends of filamentous complexes.3 

The coupling of ATP hydrolysis to any  other molecular 
event which could begin to explain the overall process of recA 
protein-promoted  branch migration remains to be demon- 
strated. A coupling of ATP hydrolysis to  an undefined rear- 
rangement of recA protein  within  a complex is only one of 
many possibilities. If our rationalization of these results is 
correct, the measurable rate of exchange of recA monomers 
between complexes and  the  apparent efficiency of this ex- 
change in  terms of ATP hydrolyzed should increase as  a 
function of the concentration of complexes in  the solution. 
Given the limitations  encountered  in  these experiments, this 
is a prediction we cannot yet test quantitatively. 

The properties of stable complexes revealed in  these exper- 
iments  are  consistent with those defined by other methods 
(18, 41). The stoichiometry of recA protein is 1 monomer/4 
nucleotides of ssDNA, which is similar to previous reports. 
The amount of SSB required to produce detectable complexes 
(1/20 nucleotides) is also consistent with other measurements 
(5). SSB has  not been detected in  these complexes in experi- 
ments similar to ours (3), but studies utilizing spectroscopic 
methods indicate it remains bound to  the complex (5). The 
lack of detection in  sedimentation experiments indicates it 
may not be bound to  the complex tightly enough to survive 
centrifugation. 

A secondary aspect of this work is  the  further characteri- 
zation of one effect of SSB on recA protein complexed to 
ssDNA. SSB is required simply to observe recA.ssDNA com- 
plexes in  these experiments. This implies that SSB affects 
the stability of the complexes in some manner. In principle, 
this could reflect the removal of secondary structure  in ssDNA 
as suggested elsewhere (7). A complex in which the ssDNA is 
completely coated with recA protein may be intrinsically more 
stable than  the shorter recA filaments which might form 
between regions of secondary structure  in the absence of SSB. 
The amount of recA protein incorporated into  recA-ssDNA 
complexes in  these experiments, however,  was linearly de- 
pendent upon the concentration of SSB present  until  a  satu- 
rating level  was reached (at 1 SSB monomer/20 nucleotides) 
which is sufficient to saturate  the ssDNA with SSB under 
these conditions (5). If SSB acted only to eliminate secondary 
structure  in ssDNA and was then displaced by recA protein, 

a Brenner et al., unpublished  observations. 

the reaction might be expected to exhibit  a less stringent 
requirement for lower, catalytic levels of SSB. Recent evi- 
dence indicates that SSB remains continuously associated 
with recA.ssDNA complexes under some conditions (5) and 
suggests that SSB may directly enhance the cooperative in- 
teractions  in the complex. Taken together, these results sug- 
gest that  the role of SSB is not limited to  the removal of 
ssDNA secondary structure. More work is required to fully 
elucidate the mechanism by which SSB enhances the stability 
of recA. ssDNA complexes and  the efficiency with which they 
react. 
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