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Abstract. While the E. coli RecA protein has been the most intensively studied enzyme of homologous recombina- 
tion, the unusual R e c A - D N A  filament has stood alone until very recently. It now appears that this protein is part  
of  a universal family that  spans all of  biology, and the filament that is formed by the protein on D N A  is a universal 
structure. With RecA's  role in recombination given new and greatly increased significance, we focus in this review 
on the energetics of  the RecA-mediated strand exchange and the relation between the energetics and recombination 
spanning heterologous inserts. 
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Introduction 

The RecA gene ofE.  coli was first identified over 28 years 
ago v and the RecA protein has been the object of  intensive 
genetic, biochemical and structural studies for the past  15 
years. These studies have led to a model for RecA function 
in which this 38kDa molecule polymerizes on either a 
single- or double-stranded D N A  molecule to form a 
helical nucleoprotein filament. Within this filament, the 
D N A  is greatly stretched and untwisted from its native 
form: both single and double-stranded D N A  are 
stretched to about  a 5.1 A, rise per base or base pair  4a, and 
double-standed D N A  is untwisted to about  18.6 base 
pairs per turn 46. This picture of  the active RecA filament 
has been the core of  the 'RecA paradigm' .  However, until 
quite recently, there has never been any evidence that this 
remarkable nucleoprotein filament would have any rele- 

vance to recombinat ion in organisms other than bacteria. 
This situation has now dramatical ly changed. 
Electron microscopic observations have now established 
that the yeast Rad51 protein 35 and the bacteriophage T4 
UvsX protein 5s both form nucle0protein filaments that 
are nearly identical to those formed by the RecA protein 
(see fig. 1). Further,  the human 44, mouse 44 and chicken 
homologs 2 of  the yeast Rad51 protein have been found, 
and the sequence comparisons strongly suggest that the 
filament formed by the yeast protein will be formed by 
the mammal ian  and avian analogs (see also Heyer in this 
issue). 
How does this affect our picture of  the RecA protein? For  
one thing, it shows that  the formation of  similar helical 
nucleoprotein filaments is the key determinant of  biolog- 
ical similarity for this class of  molecules. For  example, the 
T4 UvsX protein is so weakly homologous in pr imary 

Figure 1. Comparison of helical nucleoprotein filaments formed by E. coli RecA (left), S. cerevisiae Rad51 (centre) and the 
bacteriophage T4 UvsX protein (right) on ds DNA. The rendered surfaces are from three-dimensional reconstructions of electron 
micrographs. The RecA reconstruction is from Yu and Egelman 57, the Rad51 reconstruction is from Ogawa et al. 35, and the UvsX 
reconstruction is from Yu and Egelman (manuscript in preparation). The Rad51 protein lacks approximately 90 C-terminal residues 
that are present in RecA and UvsX, and this corresponds to the lack of subunit lobes in the Rad51 reconstruction. 
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sequence to the RecA protein that two different published 
alignments between RecA and UvsX are very differ- 
ent 19,4~. The finding that the weakly related sequences 
form nearly identical three-dimensional structures 58, sug- 
gests that structure is conserved more strongly than 
sequence, but this is not a novel finding. Most impor- 
tantly, these results suggest that the particular features of 
the RecA-DNA filament, including the unwinding and 
stretching of the DNA, may be the main force in the 
conservation of the structure of these filaments between 
prokaryotes and humans. 
Can we now say that it was inevitable that RecA-like 
structures were to be found in eukaryotes? We think 
not. There are many structures and mechanisms that 
exist in prokaryotes that have no analog in eukaryotes, 
and vice versa. For example, bacterial motility is ex- 
tremely interesting, but we know that the prokaryotic 
flagellum, based upon the single protein flagellin, has no 
apparent relationship to any eukaryotic systems based 
upon actin, myosin, tubulin, dynein or other eukaryotic 
proteins. Both the structures and mechanisms of motil- 
ity appear to be totally unrelated. The fact that RecA- 
like filaments are found in eukaryotes, however, 
suggests that particular features of this complex must be 
conserved far more strongly than motility across evolu- 
tion. It also may suggest that unlike motility, where 
many different mechanisms may exist for mechano- 
chemical transduction, the recognition and exchange of 
DNA strands between homologous molecules may be 
quite limited in the number of different paths available. 
Now that the RecA filament has received its apotheosis, 
in the form of being elevated from a prokaryotic curiosity 
to a universal biological structure, more attention will be 
paid to this filament, since it appears that what we learn 
about RecA may be directly applicable to repair, recom- 
bination and neoplastic transformation in humans. We 
will not attempt to summarize the biochemistry and 
genetics of RecA, the focus of several recent re- 
views 29'37'41'55. W e  will concentrate instead on three 

questions: the relation between the structure of RecA- 
DNA complexes and the RecA crystal, the function of 
ATP hydrolysis in RecA reactions, and how RecA 
exchanges strands between partially heterologous DNA 
molecules. 

The relation of the RecA crystal to the structure of 
functional RecA-DNA complexes 

Most of our knowledge about the structure of the active 
RecA-DNA-ATP filament has come from electron nil- 
croscopy. We will not attempt to review what is known 
about RecA structure, since that is the subject of two 
recent articles 15,17. The most important new development 
has been the solution of a crystal structure for the RecA 
protein 51. However, questions about the interpretation of 
the functional state of RecA in the crystal exist, since it 

has been shown that the RecA filament in the crystals is 
much more similar to the inactive RecA filament that 
forms in the absence of a nucleotide cofactor, with or 
without single-stranded DNA, than it is to the active 
ternary complex of RecA, single- or double-stranded 
DNA, and ATP 56. Yu and Egelman 56 have also shown 
that the inactive RecA filament appears to bind single- 
stranded DNA with a different stoichiometry (5 bases per 
RecA) than the active filament (3 bases per RecA), which 
may help explain why these two different filament forms 
are not interconvertible 3~ 
Nevertheless, the crystal structure provides the first 
atomic-level model for RecA structure, and will serve as 
a starting point for understanding the conformational 
changes that occur in RecA as a result of the binding of 
ATP and DNA. An additional limitation of the crystal 
structure is that the putative DNA-binding sites are not 
seen, presumably due to the disorder of two loops. It has 
been suggested that the first loop in the sequence, L1 is 
the binding site for the second DNA molecule, while the 
second loop, L2, is the primary binding site for the DNA 
molecule that becomes ensconced in the presynaptic 
filament 51. Supporting evidence of this assignment has 
come from studies of a co-complex of the RecA-DNA- 
ATP filament with a non-cleavable mutant LexA repres- 
sor 57. The co-complex shows that the LexA repressor 
binds deep within the helical groove of the RecA filament, 
but also shows that one of the two main regions of contact 
between the LexA repressor and RecA maps quite well 
onto loop L1 of the RecA crystal structure, the putative 
secondary DNA binding site. This can explain observa- 
tions that excess single-stranded DNA can inhibit the 
RecA-mediated cleavage of the LexA repressor TM 52, since 
both DNA and LexA appear to be competing for the same 
or neighboring binding sites, and supports the DNA- 
binding assignment of Story et al. 51. 

Role of ATP hydrolysis in the RecA-mediated 
recombination reaction 

The earliest in vitro studies of RecA showed that an 
ATPase activity accompanies the ongoing strand reac- 
tion 9. It was demonstrated that the RecA ATPase is 
induced when RecA forms complexes with D N A  34'4~ 
Since the RecA-mediated strand exchange reaction is a 
multistage process, it was important to determine which 
stage of the reaction requires the energy of ATP hydro- 
lysis. A prerequisite for the strand exchange reaction 
is the formation of a so-called presynaptic complex 
with a single-stranded DNA (or double-stranded DNA 
molecules containing single-stranded gaps). The DNA 
molecules in the presynaptic complexes are maintained 
in a configuration ready for homologous recognition. 
The bases of these DNA molecules are exposed for 
contacts with protein-free double-stranded DNA 
molecules approaching the presynaptic filaments 12. Var- 
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ious electron microscopic studies demonstrated that the 
structure of the presynaptic complex was essentially the 
same when ATP was replaced by the very slowly hydro- 
lyzable analog, ATP-7-S 16,1s,2~ In both cases, the com- 
plexes were extended, deeply grooved helical filaments. 
However, complexes which were formed in the absence 
of a nucleotide cofactor did not show these features and 
were in the form of compact filaments 14. Using morpho- 
logical criteria it was therefore possible to conclude that 
while a nucleotide cofactor is needed, ATP hydrolysis is 
not required for the formation of the extended presy- 
naptic filaments. Once presynaptic filaments are assem- 
bled, the next step of the reaction is the search for 
homology. In 1985 two independent papers showed that 
presynaptic filaments formed in the presence of ATP- 7- 
S have the selective ability to bind homologous duplex 
DNA molecules 2~ It was therefore demonstrated that 
the process of homologous recognition does not require 
the energy obtained from ATP hydrolysis. The same 
two papers concluded, though, that the subsequent 
steps of the strand exchange reaction, i.e., the actual 
formation and extension of the newly formed heterodu- 
plex regions, do require ATP hydrolysis. 
Five years later proper conditions were found for the in 
vitro strand exchange reaction to be performed in the 
presence of ATP-7-S 31' 42. Studying such reactions oc- 
curring between full size linear double-stranded and 
circular single-stranded M13 DNA molecules, Menetski 
et al. 31 observed joint molecules with heteroduplex re- 
gions extending for more than three thousand base 
pairs. However, despite extensive heteroduplex forma- 
tion, no complete strand exchange was seen in these 
reactions. This raised the possibility that the long het- 
eroduplex regions observed in part of the molecules 
resulted from a spontaneous branch migration between 
fully homologous DNA strands. To produce a signifi- 
cant proportion of complete products of the strand 
exchange reaction (nicked circular dsM13 and linear 
ssM13), one would need to move the branch point by 
more than 7 kilobases (from one end to the other of 
linear M13 DNA). A random bidirectional process of 
spontaneous branch migration should be rather ineffec- 
tive in pushing branch migration through long 
stretches 23 and that could be why Menetski et a l .  31 did 
not observe the final products of the reaction. 
In 1981 Cox and Lehman 9 proposed that the function 
of ATP hydrolysis was to drive a directional branch 
migration, converting short and unstable heteroduplex 
regions that would initially form into stable products of 
the strand exchange reaction. Therefore, it was impor- 
tant to determine if the RecA-mediated strand exchange 
occurring in the absence of ATP hydrolysis can have a 
preferred polarity in converting substrates into products 
of the reaction. Rosselli and Stasiak 42 showed that the 
polarity of the RecA-mediated strand exchange is main- 
tained when ATP is replaced with ATP-7-S. In the same 

paper using short, palindrome-free oligonucleotides (to 
avoid trapping secondary structure of ssDNA within 
presynaptic filaments formed in the presence of ATP-7- 
S) it was also demonstrated that in these reactions 
almost 100% of the substrate molecules can be con- 
verted into products of the strand exchange reaction. 
This means that the extent of strand exchange reactions 
in the absence of ATP hydrolysis is not determined by 
the thermodynamic equilibrium between substrates and 
products. Therefore, RecA protein in the absence of 
ATP hydrolysis has the ability to push the reaction in 
one direction. What kind of energy can be used by 
RecA to achieve this? 
Analysis of the in vitro strand exchange reaction per- 
formed in the presence of ATP-7-S revealed that RecA 
protein becomes tightly bound to the products of the 
reaction4L Thus, RecA-DNA binding energy can be 
utilized for the complete conversion of substrates into 
products of the reaction. Figure 2 illustrates how the 
DNA binding energy can be used to drive sequential 
steps of the in vitro recombination reaction. The self 
assembly of presynaptic complexes is a simple conse- 
quence of a high affinity of RecA-nucleoside triphos- 
phate molecules for ssDNA. According to this model, in 
the presynaptic complexes assembled on ssDNA a sec- 
ond binding site for another DNA molecule becomes 
available 22,33. Homologous recognition can be then 
driven by protein-DNA and DNA-DNA binding en- 
ergy. When the second DNA binding site is very close 
to the already bound ssDNA, then residues of the 
resident ssDNA can interact positively (e.g., hydrogen 
bonds) and negatively (e.g., steric clash) with the ds- 
DNA molecule occupying the second binding site. 
Thus, binding of homologous DNA by the second bind- 
ing site may be much stronger than the binding of 
unrelated sequences. The actual strand switch from 
substrate to product configuration can also be driven by 
the energy of protein-DNA interactions. If after the 
strand switch the configuration of DNA strands within 
the RecA-DNA complex is such that it allows a better 
fit and stronger binding between protein and DNA, 
then this will cause the strand exchange to proceed till 
the end of a homologous molecules for simple energetic 
reasons. 
One of the consequences of such a model would be the 
increasing stability of RecA-DNA complexes during 
sequential stages of the reaction. Indeed, electron mi- 
croscopy studies of ATP-7-S complexes with post-ex- 
change arrangements of DNA strands revealed that 
these complexes appeared more stable than complexes 
formed during earlier stages of the reaction 42. In the 
absence of ATP hydrolysis the reaction stops at the 
stage where the product DNA molecules are tightly 
bound by RecA. Only upon hydrolyzing ATP can RecA 
dissociate from these stable complexes, releasing the 
DNA products of the reaction. After renewed binding 
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Figure 2. Cycle of the RecA reaction. In this schematic represen- 
tation of the recombination reaction, DNA molecules and RecA- 
DNA complexes are seen in cross section. Only a short segment 
corresponding to a one base pair step is shown. At the beginning 
of the reaction, ATP or ATP-7-S play the function of allosteric 
effectors required for the structural change in the protein that 
leads to the formation of the active presynaptic filament. In the 
presence of ATP or ATP-7-S, the reaction can proceed through: 
I) formation of presynaptic complexes; II) homologous recogni- 
tion; and III) DNA strand exchange. These three steps of the 
recombination reaction are driven by the RecA-DNA binding 
energy. Therefore, RecA-DNA complexes become more and 
more stable after each of these steps and their free energy be- 
comes lower (the free energy proceeds from the highest at the 
top of the cycle to the lowest at the bottom). At the end of the 
reaction, it is necessary to dissociate the stable postsynaptic 
RecA-DNA complexes (IV). ATP hydrolysis is necessary for this 
dissociation, which brings RecA and DNA back to the starting 
free energy level (top of the drawing), thus closing the cycle of 
the RecA reaction. ATP-?-S will maintain the filament in the 
high-affinity state, and will not produce the last step of the 
reaction. 

of  a nucleoside triphosphate the dissociated RecA pro- 
tomers are capable of  forming new presynaptic com- 
plexes, ready to promote another round of  the 
recombination reaction 42. 
The finding that the energy of  ATP hydrolysis is only 
needed for the very last stage of  the strand exchange 
between completely homologous single- and double- 
stranded D N A  molecules has raised the question why 
RecA is constantly hydrolyzing ATP during the reac- 
tion, instead of  having an ATPase activity induced only 
upon completion of  the strand switch process. It is 

probable that in in vivo reactions the energy of  ATP 
hydrolysis is also needed during the earlier stages of  the 
reaction. The in vitro strand exchange between com- 
pletely homologous D N A  molecules is isoenergetic: for 
every base pair opened in the substrate molecules a new 
base pair is formed in the product molecules. The isoen- 
ergetic strand exchange can be driven to completion by 
the relatively small amount  of  free energy of  RecA- 
D N A  binding. However, in the case of  strand exchange 
between partially heterologous D N A  molecules, the re- 
action is not isoenergetic, as not every base pair opened 
in the substrate molecules is compensated for by the 
formation of  a new base pair in the products. In such 
cases the energy of  RecA-DNA binding might not be 
sufficient to push the strand exchange through het- 
erologous regions. Since the biological purpose of re- 
combination reactions is to exchange strands between 
partially heterologous D N A  molecules, RecA needs to 
have the ability to push the strand exchange through 
heterology 3. 
Two recent papers have directly tested whether ATP 
hydrolysis is required for strand exchange between par- 
tially heterologous double- and single-stranded D N A  
molecules. Rosselli and Stasiak 43 demonstrated that 
ATP hydrolysis is required to allow RecA to push 
strand exchange through heterologous inserts as small 
as 6 base pairs. Kim et al. 26 showed that in reactions 
performed in the presence of  ATP-7-S the branch mi- 
gration halts abruptly upon reaching a heterologous 
region. In another paper, Kim et al. 27 studied the en- 
ergetic requirements of  strand exchange between two 
double-stranded D N A  molecules. They demonstrated 
that in contrast to reactions between double- and single- 
stranded DNA, ATP hydrolysis was required for recip- 
rocal stra~ad exchange even in the case of complete 
homology. 
In the reactions performed in the presence of  ATP-7-S 
the strand exchange between gapped duplex and linear 
duplex stopped exactly at the end of  the gap where 
reciprocal strand exchange was presumed to start. Ap- 
parently, under the conditions used for the reciprocal 
strand exchange between two homologous duplexes 
(isoenergetic type of  reaction), the RecA-DNA bind- 
ing energy was insufficient to overcome the activation 
barrier needed for the simultaneous opening of  base 
pairs in two duplexes. It is probable that the strand 
exchange reaction in vivo needs to overcome some 
additional obstacles. For example, different proteins 
bound to D N A  may impede strand exchange. Also, the 
rotation of  D N A  molecules which is needed for 
the strand exchange 21 may be quite difficult in a 
crowded, viscous cellular interior. Therefore, signifi- 
cant force may be needed to drive the strand ex- 
change reaction in vivo. Perhaps one function of  the 
constitutive ATPase activity of  RecA is to provide such 
a force. 
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Intermediates formed during strand exchange reaction 
between homologous double- and single-stranded DNA 
molecules 

There is a growing consensus that the model of 
Howard-Flanders et al. 2a describes the general features 
of homologous recognition and strand exchange be- 
tween homologous single- and double-stranded DNA 
molecules quite well. According to this model, the 
RecA-ssDNA complex has the ability to recognize 
protein-free homologous duplex DNA in a process 
which involves the incorporation of both strands of 
substrate duplex DNA into the helical RecA filament. 
The actual mechanism of homologous recognition is not 
yet known, although several recent papers propose that 
additional hydrogen bonds leading to DNA triplex for- 
mation can be responsible for initial homologous recog- 
nition (reviewed in 45). 
The model of Howard-Flanders et al. 22 was partially 
based and subsequently confirmed and extended by EM 
studies from several laboratories ls,3s,47,49 which allowed 
for the reconstruction of the sequence of events during 
in vitro strand exchange reactions between homologous 
double-stranded linear and single-stranded circular 
DNA molecules (fig. 3, a-d) .  These studies revealed 
that the prerequisite for the reaction is polymeriz- 
ation of RecA on substrate single-stranded DNA mole- 
cules. The complexes formed have a regular helical 
structure and are called presynaptic filaments 18, 53. These 
filaments, in which ssDNA is in a configuration suitable 
for homologous recognition, play an active role in the 
process of homologous recognition and strand ex- 
change. At the beginning of the reaction the presynaptic 
filaments show the ability to bind short regions of 
protein-free duplex DNA molecules (fig. 3b). This bind- 
ing seems to be reversible when the sequences in the 
resident single-strand and in the bound duplex DNA 
are not in a homologous register. However, when the 
contacting sequences happen to be in a homologous 
register then the initial contact site gets extended and 
the duplex DNA gets progressively enveloped into the 
helical RecA-DNA filament, whereby homologous reg- 
ister is apparently maintained (fig. 3c). Electron micro- 
graphs 47's~ suggested that this envelopment of the 
protein-free linear duplex DNA by the RecA-ssDNA 
complex progresses bidirectionally from the site of the 
productive initial contact. However, envelopment in a 3' 
to 5' direction (as related to the polarity of the resident 
ssDNA) seems to be much quicker and this ensures 
that the proximal end of the linear duplex (the end 
which contains the 5' end of the strand to be displaced 
in the reaction), is quickly brought into coaxial ho- 
mologous alignment with the single strand resident in 
the complex. 
For the strand exchange reactions between double- 
stranded linear and single-stranded circular DNA mole- 

cules it has been shown that the displaced strand disso- 
ciates from joint molecules beginning from its free 5' 
end 9,25,54. Only after the proximal portion of the sub- 
strate linear duplex has been wrapped around the resi- 
dent single-strand are there no more topological 
difficulties in the separation of the displaced strand and 
the newly formed duplex region. In reactions performed 
with the addition of SSB protein, SSB was shown to 
bind to the displaced s t r and  18,38,47 and seemed to pull it 
out from the synaptic complexes (fig. 3d). In the pres- 
ence of SSB protein the strand displacement is appar- 
ently a faster reaction. Electron micrographs from such 
reactions show strand displacement progressing in 5'-3' 
direction, quickly reaching the point where the linear 
duplex entered the synaptic complex. In reactions per- 
formed in the absence of SSB strand displacement 
seems to be slow, and this leads to the envelopment of 
the distal portion of the linear duplex by the synaptic 
complex before strand displacement reaches the point 
where the duplex entered the synaptic complex. When 
this point is reached, the strand exchange seems to 
proceed further without the coaxial alignment of the 
protein-free linear duplex with the ssDNA resident in 
the complex (fig. 3e). SSB protein binds to the displaced 
strand and RecA seems to help anneal the strand being 
exchanged with the ssDNA resident in the complex. The 
reaction can then proceed in this manner till the distal 
end of the linear duplex is reached 47. 
The EM studies presented in figure 3 indicate that there 
are two distinct mechanisms of strand exchange operat- 
ing at different stages of the reaction and at different 
regions of the substrate DNA molecules. Early in the 
reaction the strand exchange occurs between portions of 
single- and double-stranded DNA molecules which are 
accommodated together within the synaptic filaments 
(as in the model of Howard-Flanders et al.22). This type 
of reaction, occurring within the RecA complex, oper- 
ates on those portions of the substrate linear duplex 
which extend from the point of their initial homologous 
contact until their proximal end (fig. 3c). However, in 
distal portions of ds linear DNA strand exchange oper- 
ates by a mechanism which does not seem to place 
substrate duplex DNA within the RecA-DNA complex 
(fig. 3e). 

How does RecA exchange strands between partially 
heterologous DNA molecules? 

Branch migration between completely homologous 
DNA molecules is, in principle, a simple reaction; every 
base pair opened in the substrate molecules leads to a 
new base pair formed in the product molecules. This 
type of reaction can also occur spontaneously in de- 
proteinized DNA. However, the strand exchange reac- 
tion between partially heterologous single- and 
double-stranded DNA molecules seems to be much 
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more complicated. For example, when the substrate 
duplex contains a heterologous insertion, this has to 
undergo complete strand separation without the com- 
pensatory formation of base pairs in the product DNA 
molecules. In addition, heterologous insertions in sin- 
gle- or double-stranded DNA molecules disrupt ho- 
mologous alignment, hindering the progression of 
strand exchange. Therefore, after the complete strand 
separation within the heterologous insert, both of its 
strands have to be somehow looped out to allow for the 
reestablishment of homologous alignment after the het- 
erologous insert. 
How RecA manages to perform these complicated ma- 
neuvers is not yet known. There are only a small num- 
ber of systematic studies devoted to heterologous strand 
exchange and their results are not entirely consistent. 
One of the first models was put forward by Bianchi and 
Radding 3. These authors concluded that RecA can span 
heterologous insertions in ssDNA with a higher 
efficiency than those in dsDNA. They showed that while 
a 1308 bp long heterologous insertion in duplex DNA 
reduced the strand exchange to the background level of 
the reaction, the same heterologous insertion placed in 
single stranded DNA was spanned with up to 40% 
efficiency (as compared with the homologous control). 
According to the model that they proposed, a het- 
erologous insertion in single-stranded DNA would be 
simply folded or looped out, thus allowing strand ex- 
change to span the insertion. 
In the case of the insertion in double-stranded DNA a 
more complicated process would be required. A com- 
plete base-pair separation of the insert needs to precede 
a looping of the separated strands in order to reestab- 
lish homologous register behind the heterologous insert. 
The model proposed by Bianchi and Radding 3 did not 
account for the fact that the ssDNA is a part of a 
presynaptic complex. This RecA-ssDNA presynaptic 
filament is 10-fold more rigid than ds DNA ~6, suggest- 
ing that the folding or looping out of RecA-covered 
ssDNA in presynaptic complexes would be rather 
difficult. In addition, a simple looping model of ssDNA 
did not explain other experimental findings of the same 
paper, namely that short heterologous insertions in ds- 
DNA were better spanned by RecA than the same 
length insertion in ssDNA. 

In a more recent study, Jwang and Radding 24 placed a 
110 base pair insert in various locations within a linear 
duplex. They concluded that it is required that the 
heterologous insert be flanked on both sides by substan- 
tial homologous regions for the strand exchange to 
proceed efficiently through heterology. The authors pro- 
posed a model explaining how the strands of the het- 
erologous insert can be separated in advance of the 
actual strand exchange. According to this model, both 
portions of the linear duplex flanking the heterologous 
insertion would interact with homologous portions of 
ssDNA in the synaptic filament. While a portion of the 
duplex before the heterologous insert would be fixed 
within the synaptic complex, the portion beyond the 
heterologous insertion would undergo a rotation 
around the synaptic filaments. This could bring about a 
complete unwinding of the heterologous insertions. One 
mechanism by which this rotation could be achieved 
was proposed earlier by Cox et al.H. According to this 
proposal, duplex DNA could be moved around RecA 
filaments by sequential transferring between putative 
DNA binding sites spaced regularly around the external 
perimeter of the RecA filament. The model proposed 
by Jwang and Radding 24 did not elaborate on how 
insertions in ssDNA are bypassed by RecA, and how 
separated strands of the heterologous insert in double- 
stranded DNA are folded or looped out to allow branch 
migration to pass through the heterology. 
In a very recent work by Morel et al. 32 the effect of the 
location of the heterologous insertions on the efficiency 
of strand exchange was studied. It was noticed that 
heterologous insertions of up to 150 bp were efficiently 
spanned by RecA when these insertions were located at 
the proximal end of duplex DNA. In the case of medial 
insertions, RecA's ability to span these decreased as the 
location of the heterologous insertion was moved from 
the proximal end toward the distal end of a linear 
double-stranded substrate. And finally, insertions as 
small as 22 bp placed on the distal end of linear duplex 
blocked the progress of strand exchange. Combining 
these observations with previous EM studies showing 
that proximal portions of linear duplexes exchange 
strands upon envelopment by the synaptic complexes 
while distal portions exchange strands without entering 
into synaptic complexes, Morel et al. 32 put forward a 

Figure 3. Electron micrographs and accompanying models of an in vitro strand exchange reaction between double-stranded linear and 
single-stranded circular ~bX174 DNA. 
a, b and c Aliquots taken from early time points (up to 10 min) of the reaction mediated by RecA only. Notice that due to 
glutaraldehyde fixation the helical structure of the presynaptic and synaptic complexes is not visible. Accompanying models present 
RecA-DNA complexes as deeply grooved helical filaments. The sequence of pictures is intended to illustrate the progress of the reaction. 
Early in the reaction a ssDNA gets covered with RecA while dsDNA remains protein-free. Later b presynaptic complex interacts with 
incoming duplex DNA and upon homologous recognition c, the proximal end of the linear duplex gets enveloped by the synaptic 
complex. 
d and e Aliquots taken from reaction performed in the presence of RecA and SSB. Notice that the displaced single strand gets covered 
by SSB protein d and this helps to unravel the displaced strand from its coaxial arrangement with the newly formed duplex region, e 
Strand displacement reaches the point where the distal portion of the linear duplex contacts the RecA-ssDNA filament. After this, strand 
exchange can continue without the envelopment of duplex DNA by the RecA-ssDNA complex. Figure based on Stasiak and Egelman 47. 
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Figure 4. Molecular model of strand exchange reaction between 
completely homologous DNA molecules. In this schematic repre- 
sentation the substrate duplex DNA is drawn as white, while the 
substrate single-stranded DNA is drawn as black. RecA proto- 
mers in presynaptic or synaptic complexes are depicted only as 
contours. Coaxial alignment of DNA molecules, their extension 
and partial unwinding within RecA-DNA complexes are as pro- 
posed in Howard-Flanders et alY. SSB proteins on the displaced 
single strand are drawn as small tetrameric blobs on a scale much 
smaller than that of RecA and DNA. 
a Initiation of strand exchange. Initial pairing of the interacting 
DNA molecules can occur at any point of mutual homology (it is 
not essential for the model presented if the initial pairing occurs 
by homology-specific triplex formation or by direct Watson-Crick 
base pairing between the resident strand and the locally open 
region of the homologous duplex). Shortly after homologous 
recognition strand exchange commences in the region of initial 
pairing and progresses toward the proximal end of the linear 
duplex (notice that within synaptic complexes base pairing con- 
nects the strands which will form the new duplex molecule). 
b Strand exchange in the proximal portion of the linear duplex. 
Duplex DNA gets progressively enveloped into the synaptic com- 
plex in a 3'-5' direction in relation to the resident single strand. 
Within the enclosure of the RecA filament the strand exchange 
reaches the proximal end of the linear duplex. 
c Spatial separation of the displaced strand. Starting from its 5' 
end the displaced strand can unravel from its coaxial arrangement 
with the newly formed recombinant duplex. SSB binds the dis- 
placed strand while RecA dissociates from the DNA. 
d Strand exchange without coaxial alignment of homologous 
regions. In distal portions of the linear duplex the strand exchange 
and the actual strand displacement are coupled with each other 
and proceed toward the 3' end of the displaced strand. SSB 
protein binds the displaced strand and RecA helps to anneal 
strands of the nascent recombinant duplex. 

unified model explaining homologous and heterologous 
strand exchange by essentially the same mechanism. 
According to this model, the envelopment of dsDNA by 
the synaptic RecA-DNA filament leads to strand sepa- 
ration of the duplex DNA. It was proposed that this 
strand separation does not start from a proximal end of 
double-stranded DNA (as in some earlier models), but 
that it starts from the point of initial homologous 
recognition and then progresses toward the proximal 
end of the linear duplex. In the case of strand exchange 
between homologous DNA regions, each open base pair 
in the incoming duplex allows for the immediate forma- 
tion of a new base pair in the recombinant duplex being 
formed. Such strand exchange reactions are thus practi- 
cally isoenergetic, and can occur in the absence of ATP 
hydrolysis 31,42. The proposal that strand separation can 

initiate internally in the duplex DNA, and that it does 

not need the energy of ATP hydrolysis when the strand 
exchange occurs between homologous DNA regions, is 
supported by the recent studies of the chemical sensitiv- 
ity of DNA enclosed within synaptic complexes 1. These 
studies revealed that in reactions performed in the pres- 
ence of the slowly hydrolyzable analog of ATP (ATP-7- 
S) the incoming duplex within the synaptic complex was 
in a post-exchange state, i.e., one strand was paired with 
the resident ssDNA and the second was left unpaired. 
The conversion to post-exchange state also occurred 
when the paired region of duplex was flanked by het- 
erologous regions which did not undergo strand separa- 
tion in the reaction performed in the absence of ATP 
hydrolysis. 
Figure 4a shows how Morel et al. 32 depict strand ex- 
change between completely homologous D N A  mole- 
cules. It is indicated that in the region between the 
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initial point of contact and the proximal end of  the 
linear duplex the process of  strand switching proceeds 
in a 3' 5' direction (as related to the polarity of the 
resident ssDNA). However, strand switching is not fol- 
lowed by an immediate strand displacement. Only when 
strand switching reaches the proximal end of  linear 
duplex can the actual strand displacement start and 
proceed in a 5' 3' direction. In accord with EM obser- 
vations (ref. 47 and fig. 3) it is postulated that SSB 
protein binds to the displaced strand and helps to 
unravel it from its coaxial arrangement with the other 
two strands, while RecA protein dissociates from the 
newly formed duplex region. When strand displacement 
reaches the point of  initial homologous recognition, the 
reaction proceeds further in a 5 ' -3 '  direction, toward 
the distal end of  the linear duplex DNA. However, in 
this distal portion of  joint molecules strand switching 
leads to immediate strand displacement: the substrate 
duplex does not seem to get taken into the synaptic 
filament. 
Figure 5 presents a model for the progress of  strand 
exchange between partially heterologous D N A  mole- 
cules. In the case shown the heterologous insertion 
happened to be between the point of  initial homologous 
recognition and the proximal end of  the linear duplex. 
At the beginning, such a reaction can proceed in the 
same way as depicted in figure 3. However when the 
progressing strand separation reaches a heterologous 
insert the process of  strand switching is blocked since 
opening of  base pairs in the heterologous insert cannot 
be followed by immediate base pair formation in the 
product DNA. The model of  Morel et al. 32 postulates 
that from the point where heterology starts the two 
strands of  the incoming duplex remain separated. The 
strand to be exchanged in the reaction would be rela- 
tively free to move within the filament, while the other 
strand would be firmly bound by RecA. This proposal 
is supported by the DNase I protection studies of indi- 
vidual D N A  strands in RecA filaments during the pro- 
cess of strand exchange 5,6. These studies showed that in 
contrast to the resident strand and the strand to be 
displaced, which were both well protected against 
DNase attack, the strand to be exchanged in the reac- 
tion was very sensitive to DNase as if it were only 
weakly bound by RecA. 
To span a heterologous insert in a double stranded 
DNA, the whole length of  the heterologous insertion 
has to undergo strand separation, at least for a short 
moment. Keeping two complementary strands apart 
requires, in addition to the substantial energetic input 
needed for the strand separation (supplied by ATP 
hydrolysis), a high stability of  the synaptic filament. 
However, the structure of  RecA filaments formed in the 
presence of  ATP is rather dynamic. ATP hydrolysis is 
constantly going on in the synaptic filaments and RecA 
protomers lose temporarily their affinity for ssDNA 
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Figure 5. Schematic representation of how strand exchange can 
resolve medial heterology placed proximally to the point of initial 
pairing. 
a Duplex is enveloped into a complex from the point of initial 
homologous recognition towards the proximal end. Initially, 
strands get exchanged, but in the region of heterology base pairing 
is opened without the possibility of corresponding base pair 
formation in the new duplex region. Since the ability of RecA to 
maintain open regions of duplex DNA is limited, the portion of 
linear duplex somewhat behind the heterologous insert is still in 
the original base pairing. 
b Strand to be exchanged undergoes a lateral slippage within the 
open domain of duplex DNA. This slippage can be spontaneous 
(driven by thermal motion) or might be driven by ATP hydrolysis. 
Depending on the direction of slippage, heterologous insertions or 
deletions in duplex DNA can be bypassed by this mechanism. 
Complementarity is found as a result of the slippage, and the first 
base pairing is formed at the base of the folded loop. 
c Base pairing propagates in a 3' 5' direction in relation to initial 
single strand. A lateral slippage mechanism helps to move the two 
strands of initial duplex with respect to each other. When base 
pairing extends to the proximal end of the linear duplex the 
spatial separation of product molecules can start, and the reaction 
can proceed further in a 5' 3' direction as depicted in figure 4 
c,d,e. 

after each cycle of  ATP hydrolysis (reviewed in 28). At 
those regions of the synaptic complex where several 
adjacent RecA protomers lose affinity to ssDNA, the 
separated strands can snap back. This would limit the 
extent to which long heterologous regions could be 
processed by RecA. Under the experimental conditions 
used by Morel et al. 32 the biggest heterologies success- 
fully spanned by RecA were of  the order of 150 bp. 
Thus, a stretch of synaptic filament which interacts with 
about 150 bp may represent an upper limit of a complex 
size in which all RecA promoters are in the high affinity 
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state. In longer stretches of the synaptic complexes, 
which contain separated strands of a heterologous in- 
sert, some internal reannealing will always occur and 
this would keep product molecules unresolved, limiting 
the size of a heterology which could be productively 
processed by RecA protein. Within the open domain of 
dsDNA the weakly bound strand could undergo a local 
stretching (up to a total extension of about 7 ~ per bp) 
in one region combined with compensatory compres- 
sion or looping out in another region. Such longitudinal 
movements within synaptic filaments could help to 
reestablish homologous register between the strand to 
be exchanged and the resident strand in the synaptic 
complex. 
In the case of a heterologous insertion in dsDNA, 
stretching of the region behind the heterologous inser- 
tion can bring about compression and looping out of 
the heterologous region. This can allow for spanning 
this insertion by complementary base pair formation 
(fig. 5), In the case of a heterologous insertion in 
ssDNA, stretching progressing from the beginning of 
heterology would be needed to allow for spanning this 
type of insertion. The movement of DNA strands in the 
search for complementarity can be driven by RecA 
using the energy obtained from ATP hydrolysis. Upon 
finding complementarity between the resident strand 
and the strand to be exchanged the process of strand 
switching can progress without further difficulties, since 
every base pair separated in the substrate duplex can be 
followed by new base pair formation in the product 
molecule. When such a strand switch reaction reaches 
the proximal end of the linear duplex the actual strand 
displacement can begin and the reaction could change 
direction and progress further as depicted in figure 
4 c,d,e. 
Clearly, the strand separation and lateral slippage of 
DNA strands are energetically costly and that is why 
ATP hydrolysis is necessary for the strand exchange 
between partially heterologous DNA molecules 26,43. 
Morel et al. 32 proposed that the efficient strand separa- 
tion and the lateral strand slippage aided by ATP hy- 
drolysis can take place only within the recombinational 
scaffold of RecA filaments, Proximal ends are always 
enveloped by RecA synaptic filaments, and thus can be 
efficiently opened and manipulated by RecA. Medial 
insertions can be enveloped into synaptic complexes 
when the initial homologous recognition occurs in the 
portion of DNA between the distal end and the het- 
erologous insertion. A heterologous insertion which 
happened to be located between the site of initial recog- 
nition and the distal end will lead to RecA's attempt to 
exchange strands without enveloping the heterologous 
duplex by the synaptic complex. Therefore, the proba- 
bility of envelopment of medial insertions into synaptic 
complexes and their successful opening would decrease 
with their distance from the proximal end of the linear 

substrate. In distal portions of linear duplex, which are 
not taken into synaptic complexes, the strands of het- 
erologous inserts have difficulty being separated. The 
fact that 22 bp long heterologous inserts at the distal 
end block the progressing strand exchange suggests that 
only short duplex regions can be opened there 32. 
It is probable that the spontaneous end breathing of 
duplex DNA can be slightly enhanced by RecA or SSB 
and thus utilized to complete the strand exchange and 
to detach product DNA molecules from each other. In 
this respect it is important to note that RecA was shown 
to have a weak strand separation activity when binding 
to short duplex regions 4. The largest separated fragment 
had a size of about 25 bp 4, which is similar in size to the 
largest distal heterology which could be opened by 
RecA. 
In the process of homologous recombination in vivo 
other proteins can help or even replace RecA in pushing 
branch points of recombination intermediates. Al- 
though purified RecA, without the participation of 
other proteins, is able to promote branch migration, 
this branch migration is rather slow (on the order of 
10 bp per second, ref. 10) and inefficient (with respect to 
the amount of ATP consumed per base pair exchanged 
in typical in vitro reactions). Functional analysis of 
various gene products involved in the process of recom- 
bination showed that the RuvB protein in association 
with the RuvA protein is very efficient in promoting 
branch migration, and that it can also promote branch 
migration through heterology 36. The RecG protein was 
also shown to have a branch migrating activity (re- 
viewed in Mfiller and West, in this issue). In contrast to 
the RecA protein, which acts stoichiometrically in the 
process of strand exchange, RuvB protein acts catalyti- 
cally. Therefore, small contaminations of RuvB protein 
in RecA preparations (both proteins have almost the 
same molecular weight) could explain why in some 
earlier studies RecA was shown to be very efficient in  
promoting branch migration through heterology 3. This 
highlights the fact that to comprehend the mechanism 
of homologous recombination one needs to study and 
understand both the simpler reactions performed by 
individual proteins as well as the multistage reactions 
catalyzed by a set of collaborating proteins (see Mfiller 
and West, Kowalczykowski in this issue). 
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