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Photochemical cross-linking has been used to identify
residues in the Escherichia coli RecA protein that are
proximal to and may directly mediate binding of DNA.
Ultraviolet irradiation promotes specific and efficient
cross-linking of the RecA protein to poly(deoxythymi-
dylic) acid. Cross-linked peptides remaining covalently
attached to the polynucleotide following proteolytic di-
gestion with trypsin correspond to amino acids 61-72,
178-183, and 233-243 of the RecA protein primary se-
quence. Their location and surface accessibility in the
crystal structure, along with the behavior of various
recA mutants, support the assignment of the cross-
linked regions to the DNA binding site(s) of the RecA
protein. Functional overlap of amino acids 61-72 with an
element of the ATP binding site suggests a structural
mechanism by which nucleotide cofactors allosterically
affect the RecA nucleoprotein filament.

Genetic recombination is a universal occurrence that serves
to generate genetic diversity, to preserve genomic integrity,
and to ensure proper partitioning of chromosomes. Because of
its basic role in DNA metabolism, elucidating the mechanism of
this cellular process is of considerable importance. The product
of the RecA gene is virtually indispensable to genetic recombi-
nation in Escherichia coli (1, 2), and extensive analysis has
revealed a unique and critical enzymatic activity: the RecA
protein promotes the recognition and exchange of strands be-
tween homologous DNA molecules (3-6). Consequently, by pro-
viding a model system for investigating biochemical steps cen-
tral to genetic recombination, characterization of the RecA
protein has laid the foundation for the discovery of both struc-
tural (7, 8) and functional analogues not only from eubacteria
but also from organisms ranging from bacteriophage to higher
eukaryotes (for review see Ref. 9 and references therein).

Interaction of the RecA protein with DNA and a nucleotide
triphosphate cofactor, such as ATP, is fundamental to its abil-
ity to catalyze homologous pairing and subsequent transfer of
strands between a variety of DNA substrates in vitro (10, 11).
The functional species of the RecA protein is a helical nucleo-
protein filament assembled through cooperative polymeriza-
tion on either single-stranded DNA or duplex DNA containing
a single-stranded gap or tail. Nucleoprotein filament formation
requires stoichiometric amounts of the RecA protein and the
binding of ATP to induce an active conformation in which the
DNA assumes a highly extended and unwound state (12-14).
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This unusual DNA conformation appears to be universal to the
mechanism of genetic recombination because homologs such as
the uvsX and Rad51 proteins from T4 bacteriophage and Sac-
charomyces cerevisiae, respectively, form complexes with DNA
that are structurally (15, 16) and functionally analogous
(17, 18).

The manner by which the RecA nucleoprotein filament rec-
ognizes sequence homology within a duplex DNA target re-
mains unknown. Understanding of this mechanism would be
greatly facilitated by definition of those regions within the
RecA protein polymer that interact with DNA and are conse-
quently central to the recognition process. Despite the resolu-
tion of a crystal structure (19, 20), the sites responsible for
DNA binding within the RecA protein remain undefined. Struc-
tural and mutational analyses substantiate that the production
of covalent linkages between nucleotide bases and amino acids
through the action of ultraviolet irradiation is a general ap-
proach to probe the molecular interactions between species at
the immediate interface of protein-nucleic acid complexes (for
review see Refs. 21 and 22 and references therein). Covalent
bond formation is thought to occur by a free radical mechanism
in which a hydrogen atom from a favorably positioned amino
acid is abstracted by a photoexcited nucleic acid base (21).
Although model studies demonstrate differences in photo reac-
tivity (23), it is presumed that all amino acids can in principle
be cross-linked to nucleic acid bases through the absorption of
ultraviolet light provided that the participating functional
groups are in close proximity.

In this study, we employ photochemical cross-linking to dis-
cern those amino acid residues within the RecA nucleoprotein
complex that are intimately associated with and may poten-
tially mediate binding of single-stranded DNA. We show that
specific cross-linking of the RecA protein to polydeoxythymi-
dylic acid is efficient and saturates at an apparent stoichiom-
etry consistent with direct single-stranded DNA binding stud-
ies. These studies both complement and extend the recently
reported cross-linking of the RecA protein to oligonucleotides
(24). The peptides within the primary structure of the RecA
protein that are covalently linked to poly(dT) have been iden-
tified, and their possible involvement in the binding of DNA is
discussed. The cross-linking of a peptide that coincides with a
portion of the nucleotide binding site may provide further in-
sight as to how conformational changes in the RecA nucleopro-
tein filament elicited by the binding and hydrolysis of ATP are
directly transduced to regions implicated in DNA binding.

MATERIALS AND METHODS

RecA protein was purified from E. coli strain JC12772 (25) using a
modified preparative protocol* based on spermidine precipitation (26);
its concentration was determined using an extinction coefficient of 2.7
X 10* m~* cm™* at 280 nm. Single-stranded polynucleotides, poly(dT)
and poly(dA) acids, were purchased from Pharmacia Biotech Inc. The
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Fic. 1. A, photochemical cross-linking

of the RecA protein to poly(dT). Samples
containing RecA protein and poly(dT)
were prepared under conditions that ei-
ther support (100 mm NacCl binding, lanes
1-6) or prohibit complex formation (1000
mm NaCl nonbinding, lanes 7-12) and
were irradiated with shortwave UV light
for the times indicated. B, proteolytic sen-
sitivity of cross-linked RecA protein-
poly(dT) complexes. After ultraviolet irra-
diation for 120 s, cross-linked complexes
were incubated in the absence (lane 2) or
the presence (lane 3) of trypsin. As a con-
trol, poly(dT) was also subjected to tryp-
sin (lane 1).

poly(dT) -.E 1

f the E. coli RecA Protein 11997
"Binding" "Non-Binding" B
recA/poly(dT) recA/poly(dT) Trypsin
100mM NaCl 1000mM NaCl
+ — +
| I 1
°B5233°85833
12 3
Time of UV Irradiation (seconds) Lane #

concentration of poly(dT) (average length, 300 nucleotides) and poly(dA)
(average length, 390 nucleotides) was determined using an extinction
coefficients of 8520 m~* (nucleotide) cm™* at 260 nm and 8600 m~*
(nucleotide) cm~* at 257 nm, respectively. ATPyS? was purchased from
Boehringer Mannheim and dissolved as a concentrated stock at pH 7.5
in TE buffer (10 mm Tris-HCI, 1 mm EDTA); its concentration was
determined using an extinction coefficient of 1.54 X 10* m~*cm~* at 260
nm.

Photochemical Cross-linking of RecA Protein

Gel Assay—Reactions contained 10 um RecA protein, 70 um 2P
5'-end labeled poly(dT), 25 mm Tris-HCI (pH 7.5), 6 mm MgCl,, 0.1 mm
dithiothreitol, and either 100 mm or 1000 mm NaCl. Samples (50 ul
total) were incubated at 37 °C for 10 min. Irradiation of 25-ul aliquots
was done on parafilm at a 7-cm height using a Spectroline XX-15F lamp
(Amax 254 Nm; average intensity, 1.05 X 102 J/sec:cm?). Samples were
prepared for proteolysis by the addition of urea to a final concentration
of 8 m, followed by microdialysis against 0.4 m NH,HCO, (pH 8.0) and
8 M urea. To ensure complete denaturation, samples were reduced and
carboxymethylated with excess dithiothreitol and iodoacetic acid, re-
spectively. Prior to the addition of trypsin (Boehringer Mannheim,
sequencing grade) at a 1:25 (w/w) ratio relative to RecA protein, sam-
ples were diluted with water to yield a final urea concentration of 2 m.
Incubations were conducted in the presence of 0.1 mm CacCl, for 8 h at
37 °C. Samples were adjusted to 250 mm NacCl, denatured with 0.5%
SDS, 25 mm EDTA, and made 0.025% bromphenol blue and xylene
cyanol before electrophoresis on a 1.5% agarose gel and
autoradiography.

Single-stranded DNA-dependent ATP Hydrolysis Assay—Samples
(50 wl) containing RecA protein alone or in the presence of polynucle-
otide were irradiated as described for the gel assay. Following irradia-
tion, samples were immediately placed on ice. The ATP hydrolysis
activity of the RecA protein (um ATP hydrolyzed/minute) was measured
spectrophotometrically (27) using 30-ul aliquots of irradiated samples.
Assays were done in a 300-ul reaction volume at 37 °C in a final buffer
consisting of 25 mm Tris-HCI (pH 7.5), 6 mm MgCl, 0.1 mm dithiothre-
itol, 100 mm NaCl, 0.5 mm ATP (Pharmacia), 0.2 mg/ml NADH, 20
units/ml of both pyruvate kinase and lactate dehydrogenase, and 2 mm
phosphoenolpyruvate (all from Sigma). The RecA protein ATP hydrol-
ysis activity stimulated by saturating amounts of polynucleotide is not
affected by addition of irradiated polynucleotide (data not shown).
Thus, to ensure that any inhibition of single-stranded DNA-dependent
ATP hydrolysis caused by ultraviolet irradiation was intrinsic to the
RecA protein all assays included an excess of appropriate polynucle-
otide (7 um). The percentage of ATP hydrolysis activity was determined
by normalizing the rates of ATP hydrolysis measured for irradiated
samples to those of nonirradiated samples. Because irradiation of the
RecA protein either alone (100 mm or 1000 mm NacCl) or in the presence
of polynucleotide under conditions that prohibited binding (1000 mm
NacCl) resulted in equivalent amounts of inhibition, it was defined as
background. Therefore, the percentage (differential) of inhibition in

2 The abbreviations used are: ATPvS, adenosine 5'-[y-thio] triphos-
phate; ssDNA, single-stranded DNA.

ATP hydrolysis activity specifically due to the extent of RecA protein
cross-linking was calculated by subtracting the amount of inhibition
caused by irradiation of samples in the presence of 1000 mm NaCl
(“nonbinding” conditions) from that observed in the presence of 100 mm
NaCl (“binding” conditions).

Isolation and lIdentification of Cross-linked Peptides of the RecA
Protein

Preparative amounts (reaction volume, 500 ul) of RecA protein-
poly(dT) complexes were formed and exposed to shortwave ultraviolet
light for 2 min, as described previously, with the only difference being
that for samples containing 500 um ATP+S irradiation was conducted
for 3 min. Samples were prepared for proteolysis as detailed for Fig. 1
with the exception that after being denatured with 8 m urea the buffer
of irradiated samples was exchanged to 0.4 m NH,HCO; (pH 8.0), 2 m
urea using a G-25 Sephadex fast desalting column (Pharmacia). Prior to
reduction and carboxymethylation steps, samples were concentrated
4-fold by vacuum drying. Proteolytic digestions were conducted as de-
scribed for the gel assay for a 24-h period with a second equivalent of
trypsin being added after 12 h. Complexes of poly(dT)-cross-linked
peptides were isolated in the void elution of a Superosel2 column
(Pharmacia) using 0.1 m NH,HCO, (pH 8.0), 2 m urea, and 1 m NaCl and
then desalted into 10 mm Hepes (pH 8.0), 10 mm NaCl. Amino acid
sequences of cross-linked peptides were determined using an auto-
mated HPG1000A liquid phase protein sequencer. In the absence or the
presence of ATPvS, control samples were irradiated in the presence of
1000 mm NacCl or 8 m urea, respectively. The controls were otherwise
processed in parallel to cross-linked samples and yielded no amino acid
sequence.

RESULTS

Cross-linking of the RecA Protein—Shortwave ultraviolet
light promotes cross-linking of the RecA protein to polydeoxy-
thymidylic acid as demonstrated directly by a decrease in elec-
trophoretic mobility of poly(dT) under denaturing conditions
(Fig. 1A). Consistent with product yield being contingent on the
extent of cross-linking, the shift in polynucleotide mobility is
dependent on the ultraviolet dosage and saturates over a range
of 60 to 120 s of exposure (lanes 1-6). Sensitivity of the re-
tarded species to proteolytic digestion by trypsin confirms the
photochemical cross-linking of the RecA protein to poly(dT)
(Fig. 1B). Although the active conformation of the RecA pro-
tein-ssDNA complex requires the binding of nucleotide cofac-
tor, such as ATP, the RecA nucleoprotein filament is too dy-
namic for examination by cross-linking due to the potential for
multiple ssDNA binding states that occur during the ssDNA-
dependent hydrolysis of ATP (10, 28). However, use of the
relatively nonhydrolyzable ATP analogue, ATPyS, permits sep-
aration of nucleotide binding and hydrolysis, thereby allowing
for analysis of a stable form of the active RecA protein polymer
assembled on ssDNA. Photochemical cross-linking between the
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It is conceivable that photoactivated species that are gener-
ated in solution may collide to yield stable, yet spurious, cova-
lent complexes; however, cross-linking to poly(dT) in either the
absence or the presence of ATP+S is not observed when the
RecA protein is denatured prior to irradiation, indicating that
only the native RecA protein can be cross-linked (data not
shown). To further address whether the observed cross-linking
is due to a specific interaction between the RecA protein and
the single-stranded polynucleotide, several control experi-
ments were conducted. Similar to most protein-nucleic acid
complexes (29), the stability of RecA protein-ssDNA complexes
decreases with increasing salt concentrations (28). In agree-
ment, photoinduced cross-linking of the RecA protein to
poly(dT) is sensitive to the salt concentration as ultraviolet
irradiation under conditions that prohibit complex formation
(i.e. 1 m NaCl) fails to produce a species with reduced electro-
phoretic mobility (Fig. 1A; lanes 7-12). Conversely, cross-link-
ing to poly(dT) is restored at 1 m NaCl in the presence of ATPyS
(data not shown) due to the induction of the high affinity
single-stranded DNA binding state of the RecA protein (28).
Finally, photoadducts between the RecA protein and poly(dT)
are not formed when either or both of the macromolecules are
irradiated separately before mixing (data not shown).

Ultraviolet irradiation inhibits the single-stranded DNA-de-
pendent ATP hydrolysis activity of the RecA protein in a dosage-
dependent manner. As depicted in Fig. 2, equivalent amounts
of “background” photoinactivation are observed when the RecA
protein is irradiated either alone or in the presence of poly(dT)
under conditions (1000 mm NaCl) that prohibit binding; how-
ever, inhibition is increased under conditions that permit
formation and thus cross-linking of RecA protein-poly(dT) com-
plexes. Therefore, photochemical cross-linking to polynucle-
otide results in a differential inhibition of the ATP hydrolysis
activity of the RecA protein.

As shown in Fig. 3A, irradiation of RecA protein complexes
formed with either poly(dT) or poly(dA) causes a differential
inhibition of its ATP hydrolysis activity (defined as the inhibi-

[Poly(dT)], UM nucleotides

Fic. 3. Differential inhibition of ATP hydrolysis activity due to
photochemically induced cross-linking between RecA protein
and polynucleotides. ATP hydrolysis activity was measured, and
differential inhibition was calculated as described under “Materials and
Methods.” A, the type of polynucleotide influences the extent of RecA
protein cross-linking. Samples containing 10 um RecA protein and 70
um nucleotides of either poly(dT) (triangles) or poly(dA) (squares) were
exposed to ultraviolet irradiation for the times indicated. B, the extent
of RecA protein cross-linking determined as a function of the poly(dT)
concentration. Samples comprised of 10 um RecA protein and various
amounts of poly(dT) (0, 30, 50, 70, 90, and 150 um nucleotides) were
irradiated with ultraviolet light for 2 min.

tion caused by ultraviolet light under conditions permitting
complex formation (100 mm NaCl) minus that observed under
conditions prohibiting complex formation (1000 mm NacCl)). In
each case, the amount of ultraviolet exposure required to
achieve maximal extents of differential inhibition (cross-link-
ing) is approximately 70 s and is consistent with that estimated
for poly(dT) using gel electrophoresis (Fig. 1A). Furthermore,
the greater extent of RecA protein cross-linking to poly(dT)
(~16%) relative to poly(dA) (~4%) agrees with previous studies
that reveal thymine to be the most photoreactive nucleotide
base (21). The quantitative relationship between photochemi-
cal cross-linking of the RecA protein and inhibition of its ATP
hydrolysis activity is supported by chromatography studies
that demonstrate that ~20% of the total RecA protein elutes
from a strong anion exchange column associated with poly(dT)
(data not shown). Therefore, these results indicate that forma-
tion of photoadducts between RecA protein and polynucleotides
correlates to a loss in enzymatic activity. When studied as a
function of poly(dT) concentration (Fig. 3B), the differential
inhibition of ATP hydrolysis saturates at an apparent stoichi-
ometry (7 £ 1 nucleotides per RecA protein monomer), which
parallels that obtained using an assay that directly measures
the binding of the RecA protein to single-stranded DNA (28,
30). Because ATP+S inhibits the ATP hydrolysis activity of the
RecA protein and induces a high affinity ssDNA binding state
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Fic. 4. Regions of RecA protein pho-
tochemically cross-linked to poly(dT).
The three-dimensional structure of the
RecA protein monomer is represented as
a ribbon drawn along the peptide back-
bone (19). B-Strands within the major
central domain are numbered 1-8 accord-
ing to their order of occurrence in the
primary sequence. Disordered loops be-
tween amino acids 157-164 (L1) and 195-
209 (L2) are indicated by dashed lines.
The position of ADP (white) is defined by
diffusion into the crystal (20). Modeling
was done using RasMol Molecular Visual-
ization software (version 2.5). Tryptic
peptides of the RecA protein covalently
cross-linked to poly(dT), either in the ab-
sence or the presence of ATP«S, are la-
beled as follows: green, lleg,-Val-Glu-lle-
Tyr-Gly-Pro-Glu-Ser-Ser-Gly-Lys,,;
red, Leu,,g-Ala-Gly-Asn-Leu-Lys, 45; blue,
Glu,;-Gly-Glu-Asn-Val-Val-Gly-Ser-
Glu-Thr-Arg,,;. The amino acid residues
in bold type above were identified through
amino acid sequencing.

of the RecA protein stable out to concentrations of NaCl greater
than 2 m, neither ATP hydrolysis nor ion exchange chromatog-
raphy were used to characterize cross-linking of the RecA pro-
tein to poly(dT) in the presence of the relatively nonhydrolyz-
able cofactor.

Identification of Cross-linked RecA Peptides—Identification
of regions of the RecA protein closely associated with single-
stranded DNA was accomplished following extensive proteo-
lytic digestion of cross-linked complexes with trypsin. Based on
their covalent linkage to poly(dT), cross-linked peptides were
isolated by size exclusion chromatography. The mixed amino
acid sequences obtained were in approximately similar propor-
tions and did not vary in the presence of ATP+S; they corre-
spond to three unique tryptic peptides that spanned amino
acids 61-72, 178-183, and 233-243 of the RecA protein (Fig. 4
legend). The cross-linking of lysine 183 is inferred by a dra-
matic reduction of the expected derivative in the sixth sequenc-
ing cycle; the ability to sequence beyond lysine 183 suggests
that cross-linking not only inhibits cleavage by trypsin but
involves the a-carbon or side chain constituents. Despite a
distinct signal originating from amino acids 61-72, a specific
site of cross-linking is uncertain and may result from multiple
interactions within this region. The balance of sequence data
matches the initial four to five residues of a tryptic peptide
comprised by amino acids 233-243 of the RecA protein. The
abrupt diminishment in repetitive yield of this sequence sug-
gests that the peptide backbone is involved in cross-linking.

DISCUSSION

Comparison to the RecA Protein Crystal Structure—The crys-
tal structure of the RecA protein has been solved at atomic
resolution (19). The repeating unit cell is comprised of a single
helical turn of six protein monomers (19) that forms a polymer
structurally similar to images derived from electron micro-
scopic examination of RecA protein-DNA filaments (31, 32).
Flanked by two smaller subdomains at the amino and carboxyl
termini, the major central domain of the RecA protein contains

the nucleotide binding domain identified by diffusion of ADP
into crystals (20) and two regions of weak electron density,
loopl (L1) and loop2 (L2) (Fig. 4), that were proposed to be
involved in DNA binding (19). Although not encompassed in
either L1 or L2, the three regions identified through photo-
chemical cross-linking to poly(dT) vertically traverse the major
domain between these disordered loops (Fig. 4), suggesting one
possible path for bound DNA. Though the disposition of DNA
within the RecA protein filament is unknown, the location of
amino acids 61-72 and 233-243 on the lower monomer surface
within the interior of the polymer (Fig. 5, A and C) is consistent
with both DNA residing near the axis of the filament (33, 34)
and a most likely helical path for DNA binding (19, 35). In
contrast, lysine 183 is distant from the polymer axis because it
protrudes from the upper surface of the monomer that borders
the deep groove formed between successive turns of the helical
polymer (Fig. 5, B and C). Assuming that each monomer sub-
unit equivalently contacts DNA, the path length defined along
lysine 183 residues through one complete helical turn of the
RecA protein polymer (Fig. 5B) cannot be easily accommodated
by the internucleotide spacing of DNA within the nucleoprotein
filament. One possible reservation is that because the x-ray
structure is of an inactive, compact form of the RecA protein
that was crystallized in the absence of both DNA and ATP (36),
lysine 183 may be positioned differently within the active con-
formation of the protein. However, this explanation is not fully
applicable, because specific cross-linking of lysine 183 to
poly(dT), as well as the other peptides, is observed both in the
absence and the presence of ATPyS, arguing that these same
regions are proximal to and may interact with sSDNA despite
the structural changes elicited throughout the RecA protein
polymer by nucleotide cofactor binding. In agreement, lysine
183 is contained within a peptide that cross-links to oligo(dT),,
(24). Thus, either the RecA protein monomer or polymer un-
dergoes substantial structural alterations upon DNA binding
(33) or a region proximal to bound DNA is located away from



12000 DNA Binding Site(s) of the E. coli RecA Protein

Fic. 5. Location of cross-linked re-
gions within the RecA protein poly-
mer. A space-filling representation of a
single turn of the helical polymer formed
by six RecA protein monomers in the crys-
tal structure (19, 20) is shown as viewed
parallel to (both directions, A and B) and
perpendicular to (C) the helical axis (Ras-
Mol, version 2.5). Alternating monomers
of the RecA protein are colored yellow and
orange, whereas ADP is white. Cross-
linked amino acids 61-72, lysine 183, and
233-243 of the RecA protein are high-
lighted in green, red, and blue,
respectively.
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the helical axis; if the latter possibility is correct then not every
monomer within the RecA nucleoprotein filament would nec-
essarily interact with the same DNA molecule. Alternatively,
the specific cross-linking of lysine 183 may represent the loca-
tion of a secondary DNA binding site within the protein fila-
ment. Consequently, recognition between two DNA molecules
may be mediated through binding sites comprised by the op-
posed surfaces that border the helical groove of the RecA pro-
tein polymer (Fig. 5, A, B, and C). The accessible nature of the
groove within the RecA nucleoprotein filament may facilitate
the transient and necessarily random contacts between DNA
molecules that are central to the homology search process.
Regardless of the specific binding mode for ssDNA, identifica-
tion of indistinguishable patterns of cross-linking in both the
absence or the presence of ATP+vS indicates that these same
regions of the RecA protein represent, at least in part, the
binding site(s) for ssDNA whether the RecA nucleoprotein fil-
ament is in an inactive collapsed or an active extended
conformation.

Comparison to Mutant RecA Proteins—In support of their
assignment as regions that are in close proximity to and may
mediate binding of DNA, mutations within or adjacent to cross-
linked peptides affect both the specificity and affinity of the
RecA protein for nucleic acids. Within the first peptide, the
putative involvement of amino acids proline 67, glutamic acid
68, and serine 69 of the RecA protein in the interaction with
DNA is consistent with these residues being highly conserved
(7, 8) and being oriented toward the axis of the RecA protein
filament (19) (Fig. 5, A and C); furthermore, extensive mu-
tagenesis reveals that these positions have a unique and rather
strict set of constraints needed to preserve functionality in vivo,
leading to the proposal that these side chains are bound to
DNA (37). Indeed, the RecAP67W (proline 67 to tryptophan)
protein can be activated by DNA oligomers that normally do
not support the formation of an active wild-type nucleoprotein
filament (38). Preliminary analysis indicates that the enhanced
activities displayed by the RecAP67W protein can be attributed
to an increased affinity for single-stranded DNA.3

In the second peptide, a potential role for lysine 183 in the
interaction with DNA is implicated by our photochemical cross-
linking data and that of Morimatsu and Horii (24). A previous
sequence comparison among a limited set of eubacterial RecA
proteins implied that a positively charged residue at position
183 may be essential to function because substitutions for
lysine are accompanied by the simultaneous change of the next
amino acid to arginine or lysine (see Ref. 7 for compilation).
Currently, a more extensive alignment of 62 RecA protein
sequences from a diverse range of bacterial sources indicates
that although lysine at residue 183 is not conserved, the most
common amino acid at position 184 is either lysine or arginine
(39); because exceptions to this conservation of amino acid 184
are most common within enterobacteria, it is conceivable that
both structural and functional demands are preserved in the E.
coli RecA protein by the presence of a positive charge at the
preceding amino acid. Although such primary sequence rela-
tionships are suggestive, the fact that single substitutions for
residues at positions 183 or 184 have dramatic effects on RecA
protein-promoted activities substantiates the idea that this
region is functionally significant. Substitution of lysine 183 by
methionine confers a recA™ phenotype and results in a protein
that is diminished in both DNA binding and DNA-dependent
ATP hydrolysis, is sensitive to inhibition by the E. coli single-
stranded DNA binding protein, and is incapable of promoting
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DNA strand exchange.* Moreover, mutation of the adjacent
residue, glutamine 184, to lysine in the RecA1202 protein pro-
duces a variant that can be activated by either atypical nucleic
acid substrates, such as rRNA and tRNA, or alternate nucleo-
tide cofactors (40, 41). Located on an exterior surface that
borders the helical groove of the RecA protein filament (Fig.
5C), amino acid residues 183 and 184 contribute to the inter-
molecular association between adjacent polymers within the
crystal (19). This observation lead to the proposal that bundling
of polymers may serve to regulate RecA protein binding to DNA
(i.e. dissociation of bundles activates the RecA protein) (19).
Although many aggregate forms of the RecA protein have been
documented (42—-44), the species fundamental to its interaction
with DNA is unclear; nevertheless, specific cross-linking of
lysine 183 within the interfilament contact region implies that
binding to DNA is competitive with the bundling of a DNA-free
form of the RecA protein.

Whereas initial residues (233-238) of the third identified
region exhibit little amino acid conservation, glycine 239 is
invariant among eubacterial RecA proteins (7, 8) and thus may
allow for favorable interactions between DNA phosphates and
polypeptide backbone amide NH groups. The terminal arginine
residue (amino acid 243) is also conserved among eubacterial
RecA proteins (7, 8), and its mutation to alanine results in a
RecA protein with a lower apparent affinity for single-stranded
DNA but that retains self-assembly properties indistinguish-
able from the wild-type protein (45). Furthermore, arginine 243
is included in a region (residues 243-310) of the RecA protein
originally predicted to be important for interaction with DNA
based on a primary sequence alignment among several proteins
that bind cooperatively and with high affinity to single-
stranded DNA (46). Based on structural analysis of filamen-
tous bacteriophage gene 5 proteins (47, 48), a portion of this
region within the RecA protein (residues 243-257) is proposed
to be comprised of a set of antiparallel B-sheets that constitute
a binding surface for single-stranded DNA, referred to as a
“DNA binding wing.” Whereas arginine 243 is located within
one of the primarily parallel arranged B-sheets of the major
central domain of the RecA protein (Fig. 4), the balance of this
region (residues 247-257) is an interconnecting loop segment
that contributes to the extensive interface formed between
monomers in the RecA protein polymer (19). Thus, although it
may include a portion of the DNA binding site of the RecA
protein, any similarity of this region (residues 243—-257) to the
DNA binding wing of other single-stranded DNA binding pro-
teins appears coincidental and is not manifest in conservation
of structure.

Allosteric Mechanism—Nucleotide cofactors allosterically
modulate both the stability (28, 49) and structure (12-14) of
RecA protein-DNA complexes. ATP increases the affinity of the
RecA protein for DNA while inducing an active extended nu-
cleoprotein filament; conversely, ADP produces a low affinity
binding state of the RecA protein and a compact inactive fila-
ment (10). Consequently, the DNA-dependent ATP hydrolysis
activity of the RecA protein regulates its binding to and disso-
ciation from DNA. Moreover, the utilization of ATP by the RecA
protein bears a mechanistic resemblance to that of both trans-
lation elongation factor Tu and the signal-transducing ras p21
protein of the G-protein family in that NTP hydrolysis serves
as a molecular switch that allows conversion between active
(ATP-bound) and inactive (ADP-bound) conformations. Struc-
tural determination reveals that each of these diverse proteins
contains a nucleotide binding fold comprised in part of a struc-
turally conserved phosphate binding loop (20) or “A” site motif

4 E. Zaitsev and S. C. Kowalczykowski, personal communication.
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having the consensus sequence (G/A)X,GK(T/S) (50). In the
case of the ras p21 (51-53) and EF-Tu proteins (54-56), the
nature of the conformational change induced by the exchange
of GTP for GDP was established by comparing the crystal
structures of both active and inactive conformations, respec-
tively. In general, structural changes, elicited by direct con-
tacts with the terminal phosphate of bound GTP, propagate to
other effector regions within the molecule. Story and Steitz (20)
have advanced an analogous allosteric mechanism for the RecA
protein in which glutamine 194 (terminal residue in B-sheet 5;
Fig. 4) interacts with the y phosphate of bound ATP to stabilize
a conformation of the disordered loop L2 (residues 195-209)
that has a high affinity for DNA. Although no peptides corre-
sponding to the L2 region of RecA protein are detected in
cross-linking to polydT, our results are consistent with and
support the proposal based on the crystal structure. One of the
peptides of the RecA protein identified by photochemical cross-
linking (amino acids 61-72) coincides with the A site motif
(66GPESSGKT-3) and is situated very close in the monomer
structure to both the disordered L2 region and the immediately
preceding residue, glutamine 194. Consequently, the structural
proximity of regions functioning in the interaction with the
pyrophosphate moiety of a bound nucleotide cofactor and DNA
may not only account for the correlation between the extent of
RecA protein cross-linking and inhibition of ATP hydrolysis
activity but also provides mechanistic insight into the allosteric
properties exhibited by the RecA nucleoprotein filament. It is
readily apparent that changes in interactions between either
the phosphate binding loop (amino acids 6673, specifically
lysine 72 (57)) and glutamine 194 (20) with bound nucleotide
cofactor that are elicited through the binding and hydrolysis of
ATP could mediate a set of different interactions between re-
gions of the RecA protein (amino acids 61-72 and the disor-
dered L2 region) and DNA. Such a direct mechanism for allos-
teric regulation of DNA binding affinity may have general
applicability to many other NTP-dependent nucleic acid bind-
ing proteins (58).
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