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A key step in homologous recombination is the formation of a heteroduplex joint between
double-stranded DNA and single-stranded DNA by the homologous pairing and strand-
exchange, and this step is also important in recombinational repair of damaged DNA in
various organisms. The homologous pairing and the strand-exchange are promoted in vivo
and in vitro by RecA protein of Escherichia coli or its homologues of bacteria, virus, and
lower and higher eukaryotes. A central question on the mechanism of homologous recom-
bination is how RecA protein (and its homologues) recognizes homologous sequences
between single-stranded DNA and double-stranded DNA. Recent studies suggest that RecA
protein promotes homologous recognition between these DNA molecules by the formation
of a transient and additional pairing of identical sequences via non-Watson-Crick interac-
tions to the Watson-Crick-type duplex DNA, and that RecA protein uses three non-equiva-
lent DNA-strand-binding sites in this reaction.

Key words: genetic recombination, homologous pairing, non-Watson-Crick interactions,
RecA protein, triplex DNA.

Homologous recombination is a general process in various
organisms by which genetic information is re-arranged to
create genetic variations. Homologous recombination plays
crucial roles in the repair of damaged DNA in various
organisms, and is essential to reductive cell-division (meio-
sis) in eukaryotes. An apparatus for homologous recom-
bination has to find homologous sequences within entire
genomic DNA to form inter-molecular duplex joints
("heteroduplex joints") that are general intermediates for
recombination (I). In 1979, it was discovered that the
Escherichia coli recA gene product, RecA protein, recog-
nizes and pairs homologous sequences between single-
stranded DNA and double-stranded DNA to form stable
heteroduplex joints, through a Mg*+- and ATP-dependent
reaction in vitro (2, 3). This reaction consists of two
successive steps, "homologous pairing" and "strand-ex-
change. " The homologous pairing is the formation of small
heteroduplex joints, and the strand-exchange is unidirec-
tional elongation of the heteroduplex joints (4, 5). Recent-
ly, eukaryotic homologues of RecA protein were found from
yeast to human as proteins of the Rad51 - family (6-9), and
these proteins were shown to promote the homologous
pairing and the strand-exchange (10). Thus, RecA protein-
promoted homologous pairing and the strand-exchange are
generally important for homologous recombination.
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Homologous pairing promoted by RecA protein is divided
into two phases: the presynaptic phase and synapsis (Fig. 1;
11). In the presynaptic phase, RecA protein first binds to
single-stranded DNA with ATP as a cofactor (the primary
binding; Fig. 1; 12, 13), to form helical nucleoprotein
filament called "presynaptic filament" (14-16). By the
presynaptic filament-formation, hydrogen bonds maintain-
ing a folded structure of single-stranded DNA are disrupted
(17, 18), and the single-stranded DNA is extended up to
1.5-folds longer than the B form DNA (15). Then, in the
synapsis, the presynaptic filament binds to double-stranded
DNA forming a three-component complex without homol-
ogous alignment (the secondary binding; Fig. 1; 12, 19,
20). Homologous sequences of single-stranded DNA and
double-stranded DNA are aligned in the three-component
complex, and the heteroduplex joints maintained by the
intermolecular Watson-Crick base-pairs are formed with-
out net interwinding of the two strands (paranemic joint;
Fig. 1; 21, 22). When a terminus of a DNA- strand involved
in the complex is located within a homologous sequence or
a topoisomerase is present in the reaction mixture, RecA
protein promotes interwinding of the two strands of the
heteroduplex joints to form a plectonemic joint (21, 23,
24), followed by the strand-exchange (4, 5).

How are homologous sequences recognized by RecA
protein in the three-component complex? This is a central
question to be solved for understanding of the molecular
mechanism of homologous recombination. In this review,
we focus on DNA-DNA interactions in the three-compo-
nent complex and on the DN A-binding sites of RecA protein
involved in the recognition. Other aspects and comprehen-
sive view of RecA protein were described in other recent
reviews (25-28).
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Fig 1 Steps in the homologous pairing by RecA protein. The
mechanism of the recognition of homologous sequences between
double-stranded DNA and single-stranded DNA has been explained
by either of two models: Base-pair model and Base-triplet model

RecA protein
RecA protein is an acidic protein of 38 kDa consisting of

352-amino acid residues (29, 30), and has activities to
promote DNA-dependent ATP-hydrolysis (31, 32) and
unwinding of double-stranded DNA (19, 33, 34) in addition
to the homologous pairing and the strand-exchange in vitro.
RecA protein promotes proteolytic cleavage of a group of
proteins such as lambda repressor (35-37) by an ATP- and
single-stranded DNA-dependent fashion, but the proteoly-
tic reaction is not dealt with in this review. Unwinding of
double-stranded DNA by RecA protein requires ATP or its
analogue, ATPyS, and associates with the polymerization
of RecA protein along the DNA-strands. The filament
formed along single-stranded DNA and that formed along
double-stranded DNA are indistinguishable by electron
microscopy, since both have the same striated profile and
dimensions. Either single-stranded or double-stranded
DNA is located in an inner part of the filament (38). Even
without ATP and DNA, RecA protein forms a filamentous
polymer with the similar apparent structure (39, 40). Two
kinds of RecA filaments have been recognized by electron
microscopic studies; an extended filament (95-100 A of
pitch) that represents the active state induced by the
binding of ATP (or ATPyS) and DNA, and a compressed

filament (70-75 A of pitch) that represent an inactive state
without ATP (15, 41-43). Three-dimensional structures of
free and ADP-bound RecA proteins have been solved by
X-ray crystallography (44, 45). In the crystal, RecA
protein forms a head-to-tail polymer that has helical
periodicity of six monomers per turn with the pitch of 82.7
A.

Although amino acid-sequences are not very well con-
served, virus analogue, UvsX protein of coli phage T4 (46)
and proteins belonging to the Rad51-family (including
those of yeast and human; 47, 48) also formed filaments
along DNA with the same morphology as RecA protein of E.
coli. These findings suggest a general role of protein-single-
stranded DNA filament in homology search between the
single- stranded DNA and double-stranded DNA for homol-
ogous recombination in living organisms.

Mechanistic models for the homologous recognition
To explain molecular mechanisms of homologous recog-

nition in the three-component complex of single-stranded
DNA, double-stranded DNA, and RecA protein, two models
have been proposed; i.e., (i) Base-pair model (Fig. 1) in
which parental duplex DNA is partially melted prior to
pairing, and then homologous sequences are searched for by
the intermolecular Watson-Crick interactions between
complementary base-sequences; and (ii) Base-triplet model
(Fig. 1) in which homologous sequences are searched for by
trials to form a triplex joint without the disruption of the
parental Watson-Crick pairing, followed by base-pair-
switch and strand separation (from the Watson-Crick
pairing in parental duplex DNA to paring in heteroduplex
joints) to form heteroduplex joints.

The base-pair model
The base-pair model is a straightforward explanation for

the fidelity of homologous recognition (Fig. 1). This model
had been supported by the following observations: (i) RecA
protein catalyzes ATP-dependent renaturation of comple-
mentary strands (Fig. 2; 49). (ii) The double-stranded
DNA in the three-component complex formed with ATPyS
was shown by a topological technique to be unwound by
RecA protein without homologous alignment (19), and (iii)
electron microscopic observations of RecA-double-strand-
ed DNA complex showed that the helical pitch of double-
stranded DNA in the complex is extended 1.5 times longer
than the B-form DNA, supporting the unwinding of the
double-helix by RecA protein (33, 41). Unwinding is an
obligatory consequence of melting of base-pairs in the
double-helix, and thus, these observations suggested the
melting of double-strands by RecA protein, (iv) Consistent
with this suggestion, although it can only melt double-
strands at most 20 bps, RecA protein was shown to have a
helicase activity (50).

However, contradictory results have been accumulated
later. By a chemical probing method using dimethylsulfate
that methylates DNA bases at functional groups involved in
the Watson-Crick interaction (guanine N7, adenine N3, and
cytosine N3), Di Capua and Muller have shown that the
Watson-Crick base-pairs of the double-stranded DNA in
the complex are not separated by the binding of RecA
protein (52). The same conclusion was obtained from
neutron-scattering and ultraviolet linear dichroism obser-
vations of RecA-double-stranded DNA complex (52).
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Fig. 2. Non-equivalent three DNA-binding sites on RecA
protein functional to the homologous pairing. RecA protein has
three non-equivalent DNA-strand-binding sites as indicated. RecA
protein forms the presynaptic filament by use of site 1. Then, strands
of double-stranded DNA bind to site 2 and ate 3. Site 2 accepts
DNA-strand only in anti-parallel to the DNA-strand bound to site 1.
First, identical sequences are searched for between the strand in site
3 and that in site 1 by non-Watson-Cnck interactions. Once single-
stranded DNA and double-stranded DNA are aligned at a candidate
sequence for homologous one, then Watson-Crick base-pairs of the
parental duplex DNA are switched to pair the strand in site 1 and the
strand in site 2 to try to form a heteroduplex joint. Double-stranded
DNA bound to the presynaptic filament could be bent to have the
maximum contact with single-stranded DNA. dsDNA, double-strand-
ed DNA; ssDNA, single-stranded DNA; W, Watson-strand; C, Crick-
strand

Furthermore, under the conditions for the homologous
pairing including ATP, Ohtani et al. indicated that most of
the unwinding of double-stranded DNA is initiated by the
homologous pairing (34, 53). Makino et al. found that an
anti-RecA monoclonal IgG, ARM193, severely inhibits and
even reverses the unwinding of double-stranded DNA by
RecA protein, but does not the RecA protein-promoted
homologous pairing (54, 55). These results imply that the
recognition of homology in the homologous pairing and the
unwinding of the double-henx by RecA protein are indepen-
dent of each other.

The base-triplet model
Base-triplet model in which the homologous sequences

are searched for by additional hydrogen bonding without
disrupting the original Watson-Crick base-pairs is more
favorable to explain quick search for homologous sequences
(Fig. 1). This model was supported by evidences for the
formation of triplex DNA by RecA as described below.

When circular single-stranded DNA and linear double-
stranded DNA are substrates, following the homologous
pairing, RecA protein promotes strand-exchange in which a
strand of the parental duplex DNA is replaced by the
partner single-stranded DNA. The final product of this
reaction is nicked circular heteroduplex DNA and linear
single-stranded DNA (4, 5). The strand-exchange promot-
ed by RecA protein proceeds only in a direction of 5'
(proximal) to 3' (distal) as to the parental single-stranded
DNA. The presence of sequence heterology at the proximal
end of double-stranded DNA allows the homologous pair-
ing, but blocks the strand-exchange by preventing the
separation of the strand of the parental duplex DNA to be
replaced. Even after RecA protein is removed, the joint
molecules formed under these conditions can survive the
incubation at a temperature at which the Watson-Crick
base-pairs are melted (up to 80°C; 56, 57). The abnormal
stability of the joint molecules suggests the presence of a
novel joint structure other than the normal Watson-Crick
pairing. A study involving the probing by PI nuclease that
specifically cleaves single-strands showed that all three
strands in the joint molecules were protected from the
attack by PI nuclease, suggesting the formation of homol-
ogy dependent triplex DNA by RecA protein (58). Studies
on the structure of the deproteinized joint molecules by
chemical or PI nuclease probing methods supported the
presence of triplex structures, but revealed that the triplex
DNA was not intermediates for the search for homology.
Diethylpyrocarbonate (DEPC) modifies unpaired purine
residues, and KMnO4 or OsO4 modifies pyrimidine residues
in single-stranded DNA. The results from the chemical
probing-experiment using these reagents showed that the
stable Watson-Crick base-pairs were formed between
single-stranded DNA and its complementary strand from
the double-stranded DNA (58, 59). This conclusion implies
that the triplex DNA detected is not an intermediate for the
homologous recognition but a product.

Jain et al. studied triplex DNA inside RecA-filament by
chemical cross-Unking experiments before the removal of
the protein, followed by the electron-microscopic observa-
tions (60). The study indicated that the three-stranded
DNA cross-linked by a psoralen derivative was detected
only in the RecA-filament and only when heteroduplex
joints were formed with ATP (not with an unhydrolyzable
analogue, ATPyS) and the strand-exchange was inhibited
by placing heterologous sequence at the proximal end. On
the other hand, when the psoralen derivative reacted after
the removal of RecA protein, only heteroduplex DNA was
cross-linked but triplex DNA was not. They suggested that
the structure of the triplex DNA in the RecA-filament is
different from that detected after the removal of RecA
protein, and since the triplex DNA detected by them was
ATP hydrolysis-dependent and the homologous pairing did
not require ATP-hydrolysis, they doubted that the triplex
structure was an intermediate for the homology search
(60).

Therefore, at present triplex structures responsible to
the homology search between single-stranded DNA and
double-stranded DNA have not been directly detected.

RecA protein promotes non-Watson-Crick interac-
tions

If triplex DNA is an intermediate for homologous recog-
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nition, non-Watson-Crick interactions between single-
stranded DNA and double-stranded DNA have to be includ-
ed. As a non-Watson-Crick-interaction, the Hoogsteen
base-pairing was first considered. The Hoogsteen base-
pairing was found in a canonical triplex DNA formed non-
enzymatically {61-63). Substitutions of 7-diazaguanine for
all guanines in double-stranded DNA that prevent Hoog-
steen base-pairing, did not affect the RecA protein-promot-
ed homologous pairing (64). This result suggests that the
Hoogsteen base-pairing is not involved in homologous
recognition by RecA protein. Similar results were obtained
by experiments using methylated DNA at N7 of guanine
bases (65). Furthermore, in the identified triplex DNA
consisting of Hoogsteen base-pairing, a pair of strands
connected by paring of identical bases is antiparallel, but in
genetic recombination, a pair of DNA-strands bearing an
identical sequence must be aligned in parallel, since the
cutting and rejoining in homologous recombination occur
between identical sequences of the strands with the same
polarity (seeRef. 66).

Rao and Radding found that the presynaptic filament of
RecA protein specifically recognized a 33-mer oligo-DNA
that has the identical sequence to the single-strand DNA
within the presynaptic filament and form a homologous
complex with the 33-mer (identical recognition; Fig. 2;
67). This finding suggests that RecA protein can pair
identical strands via non-Watson-Crick interactions. Based
on this finding, they proposed that the non-Watson-Crick
base-pairing between identical strands was a part of
base-triplets for the homologous recognition. A support of
this idea would be provided from a study involved in
mutant RecA proteins that are defective in the homologous
pairing yet proficient in the annealing reaction of comple-
mentary strands. We found that a chimeric RecA protein of
E. coli and Pseudomonas aeruginosa, the RecAc38 protein,
constructed by Ogawa et aL (68) exhibited such properties
in vitro. The RecAc38 protein causes partial deficiencies in
homologous recombination and the repair of UV damaged
DNA in vivo (68). The RecAc38 protein has nine amino
acids substitutions in the region of 58th to 109th amino acid
residues compared with the wild-type E. coli RecA protein.
The purified RecAc38 protein is proficient in the ATP-
stimulated annealing of complementary DNA-strands, the
single-stranded DNA-dependent hydrolysis of ATP, the
formation of the presynaptic filament along single-stranded
DNA with ATP, and the ATP-dependent extensive unwind-
ing of the double helix (69). We found, however, that the
RecAc38 protein is defective in both the homologous
pairing of single-stranded DNA and double-stranded DNA,
and the recognition of identical single-strands (Fig. 1; 69).
These observations include important findings; i.e., (i) the
recognition of identical sequences is likely to play a crucial
role in the RecA protein-promoted homologous pairing of
single-stranded DNA and double-stranded DNA; and (ii)
the DNA-binding sites responsible for the recognition of
identical strands are at least partly independent of those for
the recognition of complementary strands and those for the
formation of the filament along single-stranded DNA or
double-stranded DNA.

Considering the instability and short life of complexes
responsible for homology search, an approach toward the
further understanding of the homologous recognition by
RecA protein would be the analysis of tertiary structures of

DNA-strand-binding sites, which would determine spacial
configurations of three DNA-strands during homology
search.

DNA-binding sites of RecA protein
To form the three-component complex that is the appara-

tus for the homologous recognition by RecA protein, the
RecA-filament formed along single-stranded DNA has to
bind to double-stranded DNA (secondary DNA-binding),
and thus, an active unit of RecA protein has a site(s) for the
secondary binding of double-stranded DNA besides the site
for the primary binding to single-stranded DNA (12).
Howard-Flanders et al. proposed that a spiral RecA protein
filament had two equivalent DNA-binding sites within the
filament (70), and Horii proposed that the RecA-poly-
peptides with a single DNA-binding site form a symmetric
dimmer as an active unit (71). Takahashi and co-workers
proposed that RecA protein has three DNA-binding sites by
a study using a chemically modified DNA substrates (72).

Biochemical experiments, however, have shown the
nonequivalence of the DNA-binding sites of RecA protein.
As described, the RecAc38 protein is proficient in the
formation of the presynaptic filament (primary binding),
but was defective in the homologous pairing. The deficiency
of the RecAc38 protein in the homologous pairing was
attributable to the defective formation of the three-com-
ponent complex (secondary binding; 69). These indicate
that the RecAc38 protein is proficient in the site for
primary binding, but is defective in the site for secondary
binding of double-stranded DNA.

On the other hand, the annealing of complementary
DNA-stands is mediated by two pathways (73): (i) anneal-
ing between locally concentrated protein-free complemen-
tary sequences that occur under the condition for "aggrega-
tion of single-stranded DNA" by RecA protein (20) and is
the same mechanism of annealing by histone HI or ethanol;
and (ii) annealing between saturated RecA protein-single-
stranded DNA complex (identical to the presynaptic fila-
ment) and protein-free single-stranded DNA, which is the
same mechanisms for the homologous pairing of single -
stranded DNA and double-stranded DNA. In the annealing
by the latter mechanism, three component complex con-
sisting of RecA protein and two single-stranded DNAs is an
intermediate (74, 75), and since the RecAc38 protein is
proficient in the annealing reaction, the presynaptic fila-
ment of RecA38 protein should have a proficient DNA-
binding site for the secondary binding of single-stranded
DNA. In contrast to the annealing, the presynaptic filament
of the RecAc38 protein is defective in the recognition of
identical strands (76). A simple interpretation of these
observations is as follows: (i) the presynaptic filament of
RecA protein and single-stranded DNA has two kinds of
sites for the secondary DNA-binding; one of them (site 2)
is responsible for the recognition of the complementarity
between two single-strands by the Watson-Crick interac-
tion and the other (site 3) for the recognition of the identity
through non-Watson-Crick interactions; and both the sites
are required for the secondary binding of double-stranded
DNA. (ii) The RecAc38 protein has proficient site 2 and
defective site 3 besides the proficient site (site 1) for the
primary DNA-binding (three-sites model; Fig. 2; 76).

Our three site model includes an assumption that site 1
and site 2 are not equivalent and this assumption is
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supported by the following observations: we found that a
mutant RecA protein having a single substitution of Arg243

by Gin (RecAR243Q) is proficient in the presynaptic
filament formation, single-stranded DNA-dependent hy-
drolysis of ATP, and the recognition and complex formation
of the identical DNA-strands, but is defective in both the
homologous pairing of single-stranded DNA and double-
stranded DNA and the annealing reaction of complemen-
tary single-strands (H.K. et al., unpublished observation).
This observation indicates that RecAR243Q protein has
proficient site 1 and site 3 and defective site 2, and that the
formation of the stable heteroduplex joints requires also
the RecA protein-promoted (not spontaneous) Watson-
Crick interaction. An important role of Arg243 in the binding
of RecA protein to DNA had been reported previously (77).

Location of DNA-binding sites on the RecA-polypep-
tide

DNA-binding sites on the RecA-polypeptide were first
located by similarity or homology of the amino acid-se-
quence to other DNA-binding proteins. An example is
"DNA-binding wing" (Arg243-Gln257) suggested by the
comparison of the amino acid sequence of RecA protein
with the DNA-binding wings of the gene V-encoded single-
stranded DNA-binding proteins of filamentous bacterio-
phages {77-79).

When RecA protein forms filament along single-stranded
DNA or double-stranded DNA, the DNA was located at the
center of the filament, and both DNA molecules were shown
to bind to the same binding sites (38). Just after the
homologous pairing, both double-stranded DNA and single-
stranded DNA are included within the same RecA filament
(60, 80, 81). These observations suggested that RecA
filament has two or perhaps three sites for the DNA-bind-
ing inside the filament. A crystal structure of RecA protein
revealed two loop-regions (Loop-1, the 157th to 164th
amino acid residues counted from the N-terminus; and
Loop-2, the 195th to 209th amino acid residues) that
included clusters of highly conserved amino acid residues
and lay near the polymer axis. Story et al suggested that
these loops consist of the primary and secondary DNA-
binding sites (44). Mutations in these loops were shown to
cause deficiencies in the formation of the presynaptic
filament (82, 83), the ATP-dependent renaturation of
complementary strands (83), the displacement of single-
stranded DNA-binding protein (SSB) from single-stranded
DNA (84), the homologous pairing and strand-exchange
(84, 85). These observations are consistent with a role of
both loops for the DNA-binding. It is very likely that either
or both loops are involved in the primary DNA-binding. On
the other hand, photochemical crosslinking experiments
and a fluorescence study suggested the involvements of
other regions of the RecA-polypeptide in the DNA-binding
(77).

At the first stage of the homologous recognition, double-
stranded DNA outside the presynaptic filament (of RecA
protein and single-stranded DNA) has to find "gate-way" to
contact with the single-stranded DNA at the center of the
filament. On the other hand, RecA protein efficiently
recognizes homologous sequences between DNA molecules
independent of termini of DNA-strands (21, 22, 53, 86).
Since the absence of terminus of both DNA molecules
within a homologous sequence prevents extensive inter-

winding of the two molecules, coaxial complexes with
extensive interwinding of parental DNA molecules are an
unlikely candidate for intermediates for homology search.
Thus, an internal region of double-stranded DNA outside
the presynaptic filament has to contact with the single-
stranded DNA inside the filament for each trial to search
for homology. We assumed that amino acid residues in the
gate-way would play a primary role in the secondary
DNA-binding and that the residues locate in regions facing
outside or an opening of the filament to help this trial.

Our guide to select amino acid residues to be studied as
candidates of the sites for the secondary DNA-binding was
the mapped epitopes of anti-RecA protein IgGs, ARM414
(within 233rd to 250th amino acid residues) and ARM191
(the 280th to the 320th amino acid residues) both of which
prevent the binding of double-stranded DNA (87, 88).
Especially, ARM191 prevents homologous pairing by RecA
protein and the binding of the protein to double-stranded
DNA, but little affects the single-stranded DNA-dependent
ATP-hydrolysis by the protein (89). Since the binding of
a large IgG to small RecA protein is likely to cause an
extensive alteration of the tertiary structures of the
protein, and may not directly interfere the DNA-binding,
we more seriously consider possible locations of the gate-
way described above. We looked especially at basic amino
acid residues that were (i) located in regions for a possible
gate-way and (ii) well conserved among proteins of the
RecA-family (see Ref. 25). In this assumption, site 2 and
site 3 are not really "sites" but paths in which DNA-strands
have multiple contacts with amino acid residues.

We replaced conserved Arg and Lys by Gin and Asn,
respectively, in a such region suggested by modeling
derived from the crystal structure of RecA protein (A.
Sarai and H.K., an unpublished work), so that the replace-
ments kept hydrophilicity of the region to give the least
effect to the tertiary structure of the protein. We found
some replacements of conserved basic amino acid-residues
in a region starting from Arg243 to Lys302 caused deficiencies
in homologous pairing but did not affect the ATP-dependent
formation of the presynaptic filament along single-stranded
DNA and single-stranded DNA-dependent hydrolysis of
ATP. Based on these observation, we studied a purified
polypeptide consisting of amino acid sequence from Val238

to Asn332 (RecA23S-332) that included all the residues
mentioned above. We found that this polypeptide was able
to bind to either double-stranded DNA or single-stranded
DNA, and that the effects of the replacements of amino acid
residues that caused deficiencies in the nucleation of the
binding of RecA protein to double-stranded DNA were well
reproduced by the polypeptide (H.K. and H. Aihara,
unpublished observation). These results suggest that this
region of the RecA-polypeptide has at least a part of the
sites for the secondary DNA-binding.

This suggestion is consistent with the results of photo-
chemical cross-linking experiments that implied the region
between 233rd and 243rd amino acid residues (W.M.
Rehrauer and S.C. Kowalczykowski, personal communica-
tion) and that between 257th and 280th amino acid residues
(90), in the DNA-binding. The chemical cross-Unking
experiments that show proximity of an amino acid residue
to a DNA-strand but are not necessary to indicate func-
tional significance are complementary to the mutational
approaches.
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Concluding remarks
Biochemical studies have provided insights and sugges-

tions for the understanding of the homologous recognition
by RecA protein as follows: (i) RecA protein forms homol-
ogy dependent triplex DNA, (ii) the presynaptic filament of
RecA protein recognizes identical single-strands via non-
Watson-Crick interactions, and (iii) the non-Watson-Crick
interactions are crucial for homologous recognition between
single-stranded DNA and double-stranded DNA in the
homologous pairing. The lower stringency in the identical
recognition and weak pairing between identical strands
might be favorable for quick search for a homologous
sequence between DNA molecules (91). To understand the
mechanism of homologous recognition by RecA protein, it is
important to find out the tertiary structure of the interme-
diates and the DNA-binding sites of RecA protein. Recent
advances of NMR spectroscopy and X-ray crystallography
would enable us to analyze the tertiary structures of the
RecA-DNA complex and DNA molecules in the RecA-
filament.
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