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ABSTRACT: The bacterial RecA protein participates in a remarkably diverse set of functions,
all of which are involved in the maintenance of genomic integrity. RecA is a central component
in both the catalysis of recombinational DNA repair and the regulation of the cellular SOS
response. Despite the mechanistic differences of its functions, all require formation of an active
RecA/ATP/DNA complex. RecA is a classic allosterically regulated enzyme, and ATP binding
results in a dramatic increase in DNA binding affinity and a cooperative assembly of RecA subunits
to form an ordered, helical nucleoprotein filament. The molecular events that underlie this ATP-
induced structural transition are becoming increasingly clear. This review focuses on descriptions
of our current understanding of the molecular design and allosteric regulation of RecA. We
present a comprehensive list of all published recA mutants and use the results of various genetic
and biochemical studies, together with available structural information, to develop ideas regarding
the design of RecA functional domains and their catalytic organization.
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INTRODUCTION

The bacterial RecA protein is a central catalytic
and regulatory component in the process of homol-
ogous genetic recombination, a process that is of
fundamental importance to the maintenance of ge-
nomic integrity. RecA is traditionally known for its
ability to catalyze the exchange of genetic informa-
tion between two DNA molecules and to regulate the
expression of its own gene and many other DNA
repair genes in response to DNA damage. Orig-
inally discovered by Clark and Margulies (1965)
in their search for mutants that showed defects in
both general recombination as well as survival fol-
lowing exposure to UV light, recA has since been
the subject of intensive study. RecA is a multifunc-
tional enzyme that carries out several activities that
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have little mechanistic similarity, yet all are inte-
grated to ensure efficient repair of damaged DNA.
We now have a good understanding of most of the
basic mechanistic features of RecA, as will be dis-
cussed in this review. Important questions remain
as to how the protein coordinates the functions of
its various domains to carry out its regulatory and
catalytic activities.

A major catalytic function of RecA is the catal-
ysis of recombinational DNA repair. RecA creates
crossover structures between homologous DNAs,
e.g., sister chromatids, in which the undamaged
DNA is used as a template to restore genetic in-
formation in the damaged partner. In this role the
functional form of RecA is a helical nucleoprotein
filament that is created by the directional polymer-
ization (5’ to 3") of RecA monomers bound to ATP
onto single-stranded DNA. Recombinational repair
comes into play in many instances where regions of
single-stranded DNA arise inappropriately, either by
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virtue of direct external insults to DNA, e.g., the cre-
ation of double strand breaks (DSBs) by exposure to
ionizing radiation, or as a result of replication fork
collapse when the polymerase complex encounters
various lesions that it cannot use as template. In
fact, a significant amount of work over the past sev-
eral years has greatly improved our understanding of
the mechanistic contribution of RecA to the reini-
tiation of replication following fork collapse (re-
viewed in Cox, 1998; Kowalczykowski, 2000; Cox
et al., 2000; Courcelle et al., 2001; Lusetti and Cox,
2002a). A simplified general model of the steps in
the strand exchange mechanism for the repair of a
DSB is shown in Figure 1. DSBs are processed by
exonucleases, e.g., RecBCD, leaving ssDNA ends.
In the presence of single-stranded DNA binding pro-
tein (SSB), which binds to these ends and removes
regions of secondary structure, RecA will efficiently
polymerize on ssDNA to form a RecA nucleopro-
tein filament, also referred to as the presynaptic fil-
ament. These events are referred to as the “initia-
tion phase.” The active nucleoprotein filament will

then incorporate a duplex DNA molecule and begin
the next phase of the reaction, “homologous pairing
and DNA strand exchange,” resulting in formation
of heteroduplex DNA. This step can involve acces-
sory proteins such as RecF, RecO, and RecR that
appear to assist in the regulation of RecA filament
assembly and disassembly (see below), although the
RecFOR complex is widely considered to have its
major role in RecA-mediated repair of DNA gaps
that can result when a replication complex stalls at
a lesion but reinitiates further downstream (Kowal-
czykowski, 2000). The crossover structures, or Hol-
liday junctions, will migrate (“branch migration”) in
a directional fashion as a result of either the motor
function of RecA and/or the helicase activity of the
RuvB protein complexed with RuvA. Resolution of
the crossover structure is catalyzed by the RuvC
protein in complex with RuvAB.

Prior to publication of the E. coli RecA pro-
tein structure (Story et al., 1992), electron micro-
scopic studies had shown that the oligomeric fila-
ment structure of RecA assumed two general forms,
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FIGURE 1. Model of recombinational repair of DNA double-strand breaks. This model shows only a
basic image of DSB repair via homologous recombination and includes proteins important to each
step. The pathway is divided into 4 general steps, and those proteins involved in the initiation”
and homologous pairing” steps are discussed in this review. The RecFOR* complex plays a role
in regulating the assembly and disassembly of the RecA nucleoprotein lament (see text), but is
widely considered to have its major role in gap repair rather than DSB repair.
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a compressed “inactive” filament and an extended
“active” filament. The inactive filament is defined
as that formed by protein alone, by protein with
DNA but in the absence of any nucleotide, or by a
protein/DNA complex with bound ADP. The inac-
tive filament has 6.2 subunits/turn and the helical
pitch (distance between helical turns) is approxi-
mately 68 A. The active filament is defined as that
formed by a complex of RecA, ss- or dsDNA, and
ATP or an ATP analog. This filament also has ~6.2
subunits/turn, but the pitch is approximately 95 A
(Egelman and Stasiak, 1993). In the crystal structure
of E. coli RecA the filament has 6 subunits/turn and
a helical pitch of 82.7 A for the protein alone (Story
et al., 1992), and 83.1 A in the presence of Mg”-
ADP (Story and Steitz, 1992). Because this pitch is
intermediate between the inactive and active forms,
and because the structure contains ADP, it has been
considered to be more representative of the inactive
form of RecA. An image of the E. coli RecA crys-
tal structure is shown in Figure 2. An unfortunate
problem that persists to this day is that no group—
and many have tried—has been successful in solv-
ing a structure of a RecA/ATP/DNA complex, the

active form. Several additional X-ray structures of
the Mycobacterium tuberculosis and M. smegmatis
RecA proteins in either the absence or presence of
NTP analogs are now available (Datta et al., 2003a,
2003b), but in each case the helical pitch approxi-
mates 72.5 A and more closely resembles the inac-
tive filament form. Therefore, numerous mutational,
biochemical, and electron microscopic studies using
the current structures as models have been directed
at providing a detailed molecular description of how
the active RecA filament carries out its various ac-
tivities. Models regarding the dynamic nature of the
protein and its allosteric mechanism have been pro-
posed based on these studies and will be discussed
in this review.

We also present the first comprehensive listing
of all known recA mutants. Using a number of these
mutants and various published analyses we focus
our discussions on a current understanding of the
design and mechanistic abilities of the RecA pro-
tein. We begin with descriptions of individual pro-
tein domains. Models of the molecular mechanisms
by which the functions of these domains are coor-
dinated are then discussed in an attempt to provide

C-terminal domain

\

FIGURE 2. Two turns of helical RecA protein lament. Twelve subunits in this image are colored in
alternating teal and beige. This lament is oriented such that the 5’ end of bound DNA is at the top
and the 3’ end at the bottom (Story et al., 1992). The C-terminal domain is de ned as residues 270—
352, and the part visible in the structure (residues 270—328)is indicated. This image was created
using main chain and side chain atoms in 2REB (Story et al., 1992). (Figure appears in color online

at www.crbmb.com)
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some insight into the allosteric regulation of RecA
activity. Finally, we describe work that now provides
a better understanding of the physical interactions
between RecA and other proteins involved in homol-
ogous recombination and damage-inducible DNA
repair, and how this contributes to RecA function
and the overall process of DNA repair.

DNA BINDING DOMAINS

The DNA binding domains remain undefined
in specific structural terms despite the number of
RecA structures currently available (Story et al.,
1992; Datta et al., 2000, 2003a, 2003b). Residues
which make up the primary and secondary DNA
binding sites, as well as a region in the C-terminal
part of the protein that may assist in binding the sec-
ondary DNA substrate, have been proposed based
on these structures as well as mutational and bio-
chemical studies. Also, recent structures of M. tu-
berculosis RecA reveal for the first time the general
location of regions of the protein likely to make
up the DNA binding domains (Datta et al., 2003a).
In discussing these domains we will use the terms
“primary” and “single-stranded”” DNA binding sites
interchangeably; similarly, we use the terms “sec-
ondary” and “double-stranded” DNA binding sites
interchangeably as well. This derives from a tra-
ditional mechanistic description of RecA strand ex-
change activity in which a RecA/ssDNA/ATP nucle-
oprotein filament serves to initiate strand invasion of
the secondary DNA substrate, a homologous DNA
duplex.

Early efforts to identify DNA binding domains
using sequences of protein mutants defective for
particular activities gave way to a somewhat clearer
identification of these domains when the first crys-
tal structure of E. coli RecA was published by Story
et al. (1992). Despite the fact that the regions most
likely to interact with DNA were unresolved in this
structure, the authors proposed that two of the dis-
ordered regions, loop 2 (L2; residues 195-209) and
loop 1 (L1; residues 157—-164), are likely to be the
primary and secondary DNA binding sites, respec-
tively. This proposal was supported by the fact that
these regions lie close to the polymer axis, and pre-
vious electron microscopic studies had shown that
DNA lies on the inside surface of the RecA filament
(Egelman and Yu, 1989). Also, a Gly204Ser substi-
tution in the RecA430 protein, now known to be in
the L2 region, had been shown to have a lower affin-
ity for ssDNA than wild-type RecA (Menetski and
Kowalczykowski, 1990). Very recently, the Vijayan
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lab has published a series of structures of M. tuber-
culosis RecA in complex with various nucleotides,
and these reveal the positions of the L1 and L2 re-
gions for the first time (Datta et al., 2003a). In the
MtRecA-ATPy S structure the main chain within L.2
is now visible, as are the positions of the follow-
ing side chains: GIn194, Ile195, Pro206, Thr208,
Thr209, and the C8 of Glu207 (numbering in terms
of E. coli RecA). Only main chain atoms are vis-
ible for other positions in L2 (Figure 3). Despite
the relatively high B-factors and absence of DNA in
this structure, it is clear that the loop is positioned
within the inner core of the filament in a position to
make contact with DNA (Figure 4). In the MtRecA-
(Mg?*-ATPyS) structure the main chain of L1 is
visible, as are the following side chains: Glul56,
Gly157, Glul58, Gly160, His163, Val164 (Met in E.
coliRecA), Gly165, and the CS of residues Met159
(Ile in E. coli RecA), Aspl61, and Serl62 (num-
bering in terms of E. coli RecA; see Figure 3). The
authors note that His163 is oriented toward the cen-
tral groove such that it can make contact with DNA
phosphates. However, this proposed interaction is
unlikely to be important because both Trp and Leu
substitutions are tolerated (see Table 1; Stole and
Bryant, 1994; Nastri and Knight, 1994). As for the
L2 region in the MtRecA-ATPy S structure, the B-
factors are high but, as expected from the E. coli
RecA structure, L1 assumes a general position that
would allow interaction with DNA along the top
edge of the filament surface (Figure 4). Given that
Figures 3 and 4 were made as composites of two dif-
ferent but very similar structures that show either L1
or L2—1MO5 (MtRecA/Mg>*-ATPy S) and IMO4
(MtRecA-ATPy S), respectively—it is possible that
the positions of L1 and L2 may be somewhat dif-
ferent in a structure in which they are both vis-
ible. However, their general position is in agree-
ment with that discerned from the E. coli RecA
structure. Comparison of the various MtRecA struc-
tures shows that NTP binding induces subtle confor-
mational changes in L2 and surrounding residues,
whereas no conformational differences are observed
in L1. This is consistent with idea that binding of
NTP induces a high affinity DNA binding confor-
mation of the primary DNA binding site (Silver
and Fersht, 1982; Menetski and Kowalczykowski,
1985).

An extensive mutagenesis study of a DNA
binding region has been conducted by Hortnagel
et al. (1999) in which they created all possible
single substitution mutants at positions within L2
(residues 195-209) and flanking residues 193, 194,
210, 211, and 212. Using genetic screens for phage
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FIGURE 3. Structure of M. tuberculosis RecA protein showing the L1 and L2 regions. Main chain
atoms of RecA are shown in teal, in complex with ATPyS. The «-carbons and side chains of L1
(residues 156—164)and L2 (194—210)re colored by atom (C, yellow; O, red; N, blue). This image
was made using a composite of 1IMO4 and 1MO5 from Datta et al. (2003a). (Figure appears in color

online at www.crbmb.com)

A recombination and recombinational DNA repair,
they identified the following residues as nonmutable
and, therefore, critical to these functions: Asn193,
GIn194, Arg196, Thr209, Gly211, and Gly212. This
coincides with a very high degree of sequence iden-
tity for these residues across 64 bacterial RecA se-
quences, with each being identical in at least 63 of
the 64 sequences (Karlin and Brocchieri, 1996; Roca
and Cox, 1997).

Using a series of peptides derived from various
regions of the RecA protein sequence, Camerini-
Otero’s group defined a 20-residue peptide contain-
ing the L2 region (positions 193-212) as the mini-
mal unit capable of binding ssDNA from this region
of the protein (Gardner et al., 1995). They went on
to demonstrate that this peptide bound ssDNA co-
operatively and promoted joint molecule formation
between single-stranded oligonucleotides and a ho-
mologous site on dsDNA (Voloshin et al., 1996).
Additionally, the peptide assumes a J-structure
on binding DNA or ATP (Wang et al, 1998;
Voloshin et al., 2000). The authors proposed that
the biochemical functions and ATP/DNA-induced
structural transitions observed for the L2 peptide

simulates what occurs in the intact protein, and
that through interpeptide interactions the B-hairpin
structure formed by neighboring L2 regions may re-
sult in an extended B-sheet throughout the length of
the RecA filament core (Wang et al., 1998; Voloshin
et al., 2000). The arrangement of the polypeptide
chain within L2 in the M. tuberculosis RecA struc-
tures supports this idea (Datta et al., 2003a). In
other work, Sugimoto (2000) has shown a related
24-residue peptide to bind ssDNA and not dsDNA,
thus supporting the model in which the L2 region is
the primary DNA binding site.

To this point few studies have been published
analyzing the effects on DNA binding by muta-
tions in the L1 region. Most accounts support the
idea that L1 is part of the secondary DNA binding
site (see section called “Coprotease Activity” be-
low), but several studies also suggest that it plays
some role in binding of the primary DNA substrate.
For example, crosslinking of photoreactive oligonu-
cleotides shows contacts with residues in both the L1
and L2 regions (Malkov and Camerini-Otero, 1995;
Wang and Adzuma, 1996) and studies of two mutant
proteins with either a Glu207GIn or Glu207Lys
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L1

FIGURE 4. M. tuberculosis RecA protein lament showing L1 and L2 regions. This image shows
one turn of a RecA lament with the six subunits colored in alternating teal and beige. L1 residues
are shown in red and L2 in green. This image was created using a composite of 1IMO4 and 1MO5
from Datta et al. (2003a). (Figure appears in color online at www.crbmb.com)

mutation suggest that the major effect is on binding
of the secondary DNA (Cazaux et al., 1998). Re-
cent biochemical studies of a double mutant with
changes in L1 residues (Glul56Leu/Glyl57Val)
suggest that L1 may participate in binding to both
the primary and secondary substrates (Mirshad and
Kowalczykowski, 2003a). Therefore, it appears that
the L1 region has either a direct effect on binding of
the primary DNA or that there may be more crosstalk
between the two DNA binding domains that previ-
ously appreciated.

Shibata and colleagues have proposed that the
C-terminal domain of RecA (residues 270-352)
forms part of a “gateway” through which dsDNA
gains access to the core of the presynaptic filament
(Kurumizaka et al., 1996). They showed that mu-
tations at several basic residues in this region pre-
vented homologous pairing by specifically blocking
binding of dsDNA. Using a series of truncation
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mutants, Cox and colleagues have recently pro-
vided strong evidence that the extreme C-terminus
of RecA (residues 329-352), which is unresolved in
all current RecA structures, plays an important role
in regulating binding of dsDNA to the secondary
DNA binding site (Eggler et al., 2003; Lusetti et al.,
2003a). Their data suggest that in the absence of
Mg?* a network of salt bridges forms between neg-
atively charged side chains at the C-terminus (Asp
at positions 336, 340, 341, and 351, and Glu at
343, 347, and 350) and basic residues elsewhere in
the structure, perhaps those studied by the Shibata
group (Kurumizaka et al., 1996). This results in what
they refer to as a “closed” conformation of the C-
terminus. In the presence of 6-10 mM Mg>* these
salt bridges are disrupted, resulting in an “open”
conformation that promotes access of dsDNA to the
presynaptic filament and hence strand exchange ac-
tivity (Lusetti ef al., 2003a).
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TABLE 1
Comprehensive Listing of All Known E. coli recA Mutants

Mutant Res Change  Phenotype Ref. Mutant Res Change Phenotype Ref.
recAE4K8 4 E—>A rect, prt!, 63 recA6608 66 G—Q rec” 16
8§ K—>A cI*, D! recA6609 66 G—>H rec” 16
recAK6A 6 K—>A rect 38 recA6610 66 G—D rec” 16
recAK6D 6 K—>D rect 38 recA6611 66 G—E rec” 16
recAK6D/D139R 6 KD rec* 38 recA6612 66 G—R rec” 16
139 D—R recA6613 66 G— A rec” 16
recA453 7 operator ND 7 68 E—~D
base recA6614 66 G— A rec” 16
change 74 T— A
recA99 7 Q—amb rec” 7,11 recA6615 66 G— A rec” 16
recAQ16/K19 16 Q—A  rect,prtt, 63 68 E—G
19 K—A cl', D! 70 S—F
recA727 18 E-K  prt 24 recA6616 66 G—P rec” 16
204 G—S 70 S—A
recA1222 25 S—»F rect, prt 10, 45 recA6617 66 G—S rec” 16
recAR28A 28 R— A rect 38 67 P—L
recAR28D 28 R—D  rect 38 recA6618 66 G—T rec” 16
recAR18D/D112R 28 R—D rect 38 70 S— A
112 D—R recA6619 66 G— N rec” 16
recAR28N 28 R—>N rect 38 76 T— A
recAR28N/N113R 28 R—N rect 38 recA6620 66 G— Q rec” 16
113 N—R 72 K—>T
recA629 32 D—>G rect, cold 9,10 recA6621 66 G—R rec” 16
38 E—~>K sens 70 S—F
208 1>V recA6622 66 G—R rec” 16
recAR33D36 33 R—A  rect,prt, 63 72 K—>T
36 D—A cl, D! 76 T—A
recA803 37 V->M rect, srf 56 recAl14 67 P—>L rect 17
recA730 38 E—->K rect, prt°, 1,11, 30 69 S— A
srf recApolyAl 67 P> A rect 76
recA85 38 E—->K  rect,prt 15 69 S—A
recAl1211 38 E->K  rect,prt® 10 70 S—> A
recAd441 (tif) 38 E—->K rect, prt®t,  2,9,44,8 74 T—S
298 I—-V srf recApolyA2 67 P—>A rect 76
recA718 33 E->K  rect, prt 55 69 S— A
126 L—>V 70 S— A
recA1235 39 T—1 rect, prt 10 74 T—A
recA720 39 T—1 rect, prt, 24 recApolyA3 67 P—> A rect 76
srf 68 E—~>A
204 G—S 69 S— A
recAS44L 44 S—L  rect, 67 70 S— A
UmuR 74 T— A
recAl3 51 L—>F rec” 11 recApolyA4 67 P—> A rect 76
recA56 60 R—>C rec” 2,11,57 68 E— A
recA207 66 G—>A  rec” 17 69 S— A
67 P—>S 70 S— A
recA208 66 G—R rec” 17 74 T—F
72 K—1 recApolyAS 67 P—> A rect 76
recA229 66 G—>V rec” 17 68 E—~A
72 K—R 69 S— A
73 T—S 70 S— A
recA6601 66 G—>T rec” 16 74 T—S
recA6602 66 G—>F rec” 16 recAHF1 67 P>H rec” 76
recA6603 66 G— A rec” 16 69 S—M
recA6604 66 G—>L rec” 16 70 S—C
recA6605 66 G—C rec” 16 74 T—F
recA6606 66 G—S rec” 16 recAl15 67 P—A rect 17
recA6607 66 G—N rec” 16 70 S— A

(Continued on next page)
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TABLE 1

Comprehensive Listing of All Known E. coli recA Mutants (Continued)

Mutant Res Change  Phenotype Ref. Mutant Res Change Phenotype Ref.
recAl16 67 P—S rec™ 17 recA6714 67 P—K rect, prt—, D' 16,78, 79

70 S—>A recA6715 67 P—E rect, prtc, D~ 16,78,79
recAl117 67 P—S rect 17 recA6716 67 P—R rect, prt™,D' 16,78,

75 L—A 79
recA126 67 P—A rect 17 recA6717 67 P—>V rec” 16

70 S—A recA6718 67 P—1 rec” 16

74 T—>S recA6719 67 P—A rec*t 16
recA209 67 P—>K rec” 17 68 E—P

71 G—>D recAP67G/E68A 67 P—G 64
recA210 67 P—K rec” 17 68 E— A

73 T—>S recA6721 67 P—S rec” 16
recA211 67 P—K rec” 17 68 E—L

73 T—->P recA216 68 E—D rec” 17
recA212 67 P—K rec” 17 70 S—Y

73 T—L recA6720 67 P—>S rec” 16
recA213 67 P—R rec” 17 71 G—D

74 T—->M recA217 68 E—~Q rec” 17
recA214 67 P—R rec” 17 75 L—M

74 T—R recA234 68 E—~G rec” 17
recA215 67 P—R rec” 17 72 K—E

75 L—>R 73 T—A
recA230 67 P—>Q rec” 17 recA301 68 E—~A rec” 17

68 E—K recA302 68 E—D rec” 17

73 T—P recA312 68 E—> A rec*t 17
recA231 67 P—>T rec” 17 75 L—->M

69 S—A recA313 68 E—D rec*t 17

73 T-—>S 75 L—>V
recA232 67 P—>T rec” 17 recA6801 68 E— N recT, prt*™ 16,78

69 S—>Y recA6802 68 E—P rect, prtt 16,78

74 T—-M recA6803 68 E— A rect, prtt 16,78
recA233 67 P—Q rec” 17 recA6804 68 E—S rect, prt™ 16, 78

70 S—>Y recA6805 68 E—H rect, prtt 16,78

72 K—>T recA6806 68 E—T rect, prtt 16,78
recA308 67 P—A rect 17 recA6807 68 E—~M rec” 16

68 E—A recA6808 68 E—C rec” 16
recA309 67 P—Q rect 17 recA6809 68 E—~L rec” 16

70 S—>C recA6810 68 E—F rec” 16
recA311 67 P—S rec® 17 recA6811 68 E—G rec” 16

74 T—>V recA6812 68 E—~R rec” 16
recA315 67 P—>T rect 17 recA6813 68 E—Q rec” 16

74 T—>G recA6814 68 E—V rec” 16

75 L—->M recA6815 68 E—1 rec” 16
recA316 67 P—R rec® 17 recA6816 68 E—W rec” 16

74 T—S recA6817 68 E—>Y rec” 16

75 L—->M recA6818 68 E—K rec™ 16
recA6701 67 P—H rect, prt* 16, 78 recA6819 68 E—H rect 16
recA6702 67 P—N rect, prt™ 16,78 76 T— A
recA6703 67 P—T rec™, prtt 16,78 recA6820 68 E—S rect 16
recA6704 67 P—>Q rect, prt™ 16, 17,78 69 S— A
recA6705 67 P—A rec™, prt™ 16, 17,78 70 S— A
recA6706 67 P—S rect, prt™ 16,17,78 recA6821 68 E—~L rec” 16
recA6707 67 P—L rect, prt™ 16, 17,78 75 L—->M
recA6708 67 P—>G rect, prt°, D' 16,78 recA6822 68 E—C rec” 16
recA6709 67 P—>C rect, prt*™ 16,78 76 T—R
recA6710 67 P—W  rect, prt®,D° 16,78,79 recA6823 68 E—S rec” 16
recA6711 67 P—F rect, prtt 16,78 76 T—R
recA6712 67 P—>Y rec*, prt™ 16, 78 recA6824 68 E—T rec™ 16
recA6713 67 P—D rect, prt, D~ 16,78, 79 74 T—K
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TABLE 1

Comprehensive Listing of All Known E. coli recA Mutants (Continued)

Mutant Res Change  Phenotype  Ref. Mutant Res Change Phenotype Ref.
recA6825 68 E—D rec” 16 recA6923 69 S— A rec” 16

69 S—F 76 T—R
recA6826 68 E—K rec” 16 recA6924 69 S—P rec” 16

70 S—A 76 T—R
recA6827 68 E—K rec” 16 recA6925 69 S—T rec™ 16

75 L—P 70 S—C
recA6828 68 E—R rec” 16 recA6926 69 S—E rec” 16

72 K—>T 70 S—F
recAl118 69 S—>C rect 17 recA6927 69 S— K rec™ 16

70 S—A 70 S— A
recA119 69 S—A rect 17 recA7001 70 S— A rect, prtt 16, 17,78

74 T-—S recA7002 70 S— C rect, prt™ 16, 17,78
recA120 69 S—A rect 17 recA7003 70 S— G rect,prtt 16,78

75 L—>V recA7004 70 S—T rect, prt™ 16, 17,78
recA218 69 S—A rec” 17 recA7005 70 S— N rec™ 16

72 K—>R recA7006 70 S—V rec” 16
recA219 69 S—F rec” 17 recA7007 70 S—Q rec” 16

73 T—S recA7008 70 S—1 rec™ 16
recA220 69 S—F rec” 17 recA7009 70 S—L rec” 16

75 L—>V recA7010 70 S—F rec” 16
recA221 69 S—>T rec” 17 recA7011 70 S—P rec” 16

75 L—>P recA7012 70 S—M rec™ 16
recA235 69 S—>T rec” 17 recA7013 70 S—Y rec™ 16

70 S—F recA7014 70 S—>D rec” 16

73 T—>P recA7015 70 S—E rec™ 16
recA236 69 S—A rec” 17 recA7016 70 S—R rec” 16

72 K—>T recA121 70 S—C rect 17

73 T—1 74 T—S
recA237 69 S—A rec” 17 recA122 70 S— A rect 17

72 K—=D 75 L—>V

73 T—P recA123 70 S—T rect 17
recA6901 69 S—A rect, prt™ 16, 17,78 75 L—>V
recA6902 69 S—G rec™, prt™ 16,65,78  recAl24 70 S—»T rect 17
recA6903 69 S—>M rect,prtt 16,78 75 L—>Q
recA6904 69 S—C rect, prtt 16,78 recA222 70 S—C rec” 17
recA6905 69 S—D rec” 16 72 K—G
recA6906 69 S—F rec” 16 recA223 70 S—C rec™ 17
recA6907 69 S—E rec” 16 73 T—1
recA6908 69 S—L rec” 16 recA224 70 S—F rec™ 17
recA6909 69 S—>P rec” 16 73 T—S
recA6910 69 S—K rec” 16 recA225 70 S— A rec™ 17
recA6911 69 S—>V rec” 16 73 T—S
recA6912 69 S—I rec” 16 recA238 70 S—C rec™ 17
recA6913 69 S—>W rec” 16 73 T—1
recA6914 69 S—T rec” 16 75 L—->M
recA6915 69 S—N rec” 16 recA239 70 S—C rec” 17
recA6916 69 S—>Q rec” 16 72 K— A
recA6917 69 S—>Y rec” 16 73 T—F
recA6918 69 S—H rec” 16 recA314 70 S—C rect 17
recA6919 69 S—A rect 16 75 L—E

70 S—A recA202 71 G—>V rec” 17
recA6920 69 S—A rect 16 recA203 71 G—D rec” 17

74 T—->M recA227 72 K— N rec™ 17
recA6921 69 S—A rect 16 73 T—P

74 T—G recAK72R 72 K—R rec™ 16, 39,
recA6922 69 S—A rec” 16 59, 60

72 K—N recAK72T 72 K—T rec™ 16

(Continued on next page)
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TABLE 1

Comprehensive Listing of All Known E. coli recA Mutants (Continued)

Mutant Res Change Phenotype Ref. Mutant Res Change Phenotype Ref.
recA204 72 K—N rec” 17 recAC90Y 99 C—Y rec,prt™ 23
recA7202 72 K—T rec” 16 recAC90K 90 C—K rec,prt” 23
74 T—K recAI93C 93 I—-C rect,prt 37
recA7203 72 K—T rec” 16 recA93C/F217C 93 I—C  rect, prt¢ 37
74 T—R 217 F—-C
recA7204 72 K—N rec” 16 recAA95C 95 A—C rect,prt™ 37
74 T—>S recAH95C/F217C 95 A—C rect,prt” 37
recA205 73 T—S rec” 17 217 F—C
recAT73A 73 T—A rec™ 16 recAE96D 96 E—D rect, prt 45
recA304 74 T—M rect 17 recAH97TA 97 H—A rec” 34
recA7401 74 T—S rect,prtt 16,17,78 recAH97R 97 H—R rect, prt¢ 45
recA7402 74 T—F rect,prt®, 16,78,79 recAH9TW 97 H—W rec™ 77
D' recAH97G 97 H—G rect 77
recA7403 74 T—C rec*, prt™ 16,78 recAH97P 97 H—P rec” 77
recA7404 74 T—L rect prtt 16,17,78 recAH97E 97 H—E rec” 77
recA7405 74 T—G rect, prtc, 16,17,78,79 recAH97S 97 H—S rec*t 77
D~ recAH971 97 H—1 rec” 77
recA7406 74 T—A rect, prt™  16,17,78 recAH97TM 97 H—>M rect 77
recA7407 74 T—Y rect, prtt 16,78 recAH97F 97 H—F rect 77
recAT7408 74 T—D rec” 16 recAH97Q 97 H—Q rec*t 77
recA7409 74 T—R rec” 16, 17 recAH9TN 97 H— N rect 77
recA7410 74 T—K rec” 16 recAH97D 97 H—S rec” 77
recA7411 74 T—V rec” 16 recAH97L 97 H—L rec” 77
recA7412 74 T—1 rec™ 16 recAD100N 100 D—N ND 27
recA7413 74 T—P rec” 16 recAI102Y103 102 T— A rec”,prtf, 63
recA7414 74 T—>N rec” 16 cI*, D*
recA7415 74 T—H rec” 16 103 Y—>A
recA7417 74 T—A rec” 16 recAY103W 103 Y — W rec*, prt 31
75 L—>P recAY103A 103 Y—> A rec” 31
recA7418 74 T—W rec” 16 recAR105/K106 105 R— A rect, prtt, 63
75 L—P cI*, D!
recA125 74 T—S rect 17 106 K— A
75 L—>Q recA1622 111 I-M rec*, prt 3
recA228 74 T—M rec™ 17 184 Q—K
75 L—1 recAD112R 112 D—R rect 38
recA7416 74 T—S rect 16 recAD112A 112 D— A rec™ 38
76 T— A recAD112G 112 D> G rect, UmuR 67
recA110 75 L—Q rec” 17 recAN113A 113 N— A rec* 38
recAlll 75 L—S rect 17 recAN113K 113 N— K rec*, UmuR 67
recAl112 75 L—F rect 17 recAL114V 114 L—»V rect, UmuR 67
recAl13 75 L—M rect 17 recAC116L 116 C—L rec, prti 23
recAR85E86 85 R—A rect, prt, 63 recAC116M 116 C—»M rect 23
cli, D! recAC1161 116 C—1 rect 23
86 E—A recAC116Q 116 C—Q rect,prt— 23
recAE86GH97TL 86 E—G rec™ 77 recAC116S 116 C—S rec*, prt 23
97 H—L recAC116T 116 C—>T rec* 23
recAT89A 89 T—A rect 38 recAC116Y 116 C—Y rec™,prt™ 23
recAT89V 89 T—V rect 38 recAC116F 116 C—F rec” 23
recAC90A 90 C—A rect 23 recAC116P 116 C—P rec™ 23
recAC90T 90 C—T rect 23 recAC116H 116 C—H rec” 23
recAC90S 90 C—S rect,prt 23 recAC116K 116 C—K rec,prt™ 23
recAC90Q 90 C—Q rect, prtt 23 recAC116R 116 C—R rec™ 23
recAC90F 90 C—F rec*t 23 recA1730 117 S—F rec”,prtt 7,36
recAC90L 90 C—L rec,prt™ 23 recAS117P 117 S—P rect, prt¢ 45
recACOOV 99 C—V rec” 23 recA432 119 P—S prt°, D¢ 15
recAC90I 909 C—1 rec” 23 recAD120C 120 D— C unstable 37
recAC90E 90 C—>E rec” 23 recA2020 121 T—1 rect,stf 58
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TABLE 1

Comprehensive Listing of All Known E. coli recA Mutants (Continued)

Mutant Res Change Phenotype Ref. Mutant Res Change Phenotype Ref.
recAT121C 121 T—C rect,prt® 37 recAN4 152 K—S rect,prtt 19
recAT121C/F217C 121 T—C rect,prt® 37 recANS 152 K—H rect,prtt 19
217 F—-C recAN6 152 K—T rect,prtt 19
recA142-6 124 Q—L rect 29 recAN7 152 K—N rect,prtt 19
225 1V recAN41 152 K—R rect,prtt 19
recAA125C 125 A—C rect, prt 37 153 A—>G
recAA125C/F217C 125 A—C rect, prt— 37 recAN126 152 K—N rec ,prt™ 19
217 F—>C 153 A—>V
recAI128T 128 I—->T rect,prt® 45 recAN127 152 K—N rec™,prt— 19
recA1203 128 I—1 rec”, prt® 10 154 E—G
169 R—C recAN128 152 K—T rec,prt™ 19
recA1601 128 T—-1  rec,prt® 10 155 1I-T
301 G—S recAN42 152 K—R rect,prtt 19
recAC129L 129 C—L rect,prt 23 155 I—>L
recAC1291 129 C—1 rect 23 recAN43 152 K—E rect,prt® 19
recAC129V 129 C—»V rect 23 155 I—-K
recAC129Q 129 C—Q rec, prtt 23 recAN44 152 K—N rect,prtt 19
recAC129S 129 C—S rect,prtt 23 155 I—-L
recAC129Y 129 C—Y rec,prt— 23 recAN112 152 K—R rect, prt® 19
recAC129E 129 C—E rec™ 23 153 A—D
recAC129K 129 C—K rec,prt™ 23 163 H—Y
recAC129M 129 C—>M rec™ 21 recAN134 152 K—A rec ,prt™ 19
recA1636 132 L—->Q rect,prtt 3 153 A—>P
184 Q—K 154 E— A
recAD139A 139 D> A rect 38 recAN135 152 K=Y rec,prt™ 19
recAD139K 139 D—K rect 38 153 A—S
recA1626 139 D—>G rect,prt® 3 155 I-M
184 Q—K recAN136 152 K—T rec”,prt™ 19
recAS145C 145 S— C unstable 37 153 A—D
recA1647 145 S—T rect,prt® 3 166 L— A
184 Q—K recAN137 152 K—Q rec,prt™ 19
recAS145C/F217C 145 S— C no protein 37 154 E—V
217 F—>C 155 I—>S
recAN125 147 A—V rec ,prt™ 19 recAN138 152 K—1 rec ,prt™ 19
153 A—>V 154 E—D
recAA148C 148 A — C unstable 37 155 I—-L
recAA148C/F217C 148 A — C no protein 37 recAN139 152 K—1 rec,prt™ 19
217 F—>C 154 E—>V
recAT150C 150 T—C rect,prtt 37 163 H—>Y
recAN91 150 T—S rect, prti 19 recAN146 152 K—Y rec ,prt™ 19
155 I—-F 153 A—>T
recAT150C/F217C 150 T—C rect,prt® 37 154 E—K
217 F—>C 155 I-M
recAN40 151 P—S rect, prti 19 recAN149 152 K—N rec ,prt™ 19
153 A—S 153 A>T
recAN108 151 P> Q rect,prtt 19 154 E—G
152 K—S 155 I-V
158 E—>V recA1641 152 K—T1 rect,pt 3
recAN148 151 P—A rec”,prt™ 19 184 Q—K
152 K—E recANS8 153 A—S rect,prtt 19
154 E—K recAN9 153 A—P rect,prtt 19
155 I->M recAN10 153 A—T rect,prtt 19
156 E—»V recAN11 153 A=V rect,prtt 19
recAN1 152 K— A rect,prtt 19 recAN12 153 A—L rect,prtt 19
recAN2 152 K—R rect,prt 19 recAN13 153 A—Q rect,prtt 19
recAN3 152 K—Q rect,prtt 19 recAN14 153 A—G rect,prtt 19
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TABLE 1

Comprehensive Listing of All Known E. coli recA Mutants (Continued)

Mutant Res Change Phenotype Ref. Mutant Res Change Phenotype Ref.
recAN84 153 A—E rect, prt¢ 19 recAN57 155 I-L rect, prti 19
recAN129 153 A—T rec™, prt~ 19 162 S—F
154 E—-Q recAN96 155 T-M rec®, prt¢ 19
recAN48 153 A—S rect, prtt 19 164 M—1
155 1>V recAI155C/F217C 155 1—C  rec®, prt® 37
recAN49 153 A—T rect, prt! 19 217 F—C
1551—>V recAN27 156 E—~R rec™,prt, D¢ 19,20
recAN93 153 A— V rect, prt¢ 19 recAN29 156 E— K rec™,prt, D¢ 19,20
155 1->M recAN23 156 E—1 rect,prt, D' 19,20
recAN94 153 A— S rect, prti 19 recAN24 156 E—~V rect,prt”, D' 19,20
155 1—F recAN25 156 E— A rect, prti, D¢ 19,20
recAN50 153 A—T rect, prtt 19 recAN26 156 E— G rect,prt, D' 19,20
156 E—D recAN28 156 E—D rect,prt, D¢ 19,20
recAN51 153 A—T rect, prt! 19 recAN97 156 E— G rec®, prt® 19
156 E—V 157 G—>A
recAN52 153 A— V rect, prti, D¢ 19,20 recAN98 156 E—>V rec?, prt¢ 19
157 G— S 157 G—=D
recAN53 153 A— T rect, prti 19 recAN99 156 E—>L rect, prt¢ 19
158 E— N 157 G—>V
recAN5S4 153 A— S rect, prti 19 recAN113 156 E—>V rect, prti, D¢ 19,20
161 D—N 157 G— A
recAN140 153 A—T rec™, prt~ 19 158 E—~D
154 E—>Y recAN58 156 E—> A rect, prt! 19
155 1—-F 158 E—~D
recAN141 153 A—P rec™, prt~ 19 recAN59 156 E—~R rec™, prt° 19
154 E—D 158 E—>V
155 1—-L recAN60 156 E—~ Q rect, prt° 19
recAN142 153 A—V rec™, prt~ 19 158 E— A
154 E— A recAN61 156 E—~L rec™,prt 19
156 E—>V 158 E—~R
recANS5 154 E—D rect, prt, D' 19,20 recAN62 156 E—L rect,prt! 19
recAN121 154 E—~ Q rec™, prt—, D¢ 19,20 158 E—~1
recAN122 154 E—~ K rec™, prt—, D™ 19,20 recAN63 156 E—> G rec™, prt~ 19
recAN123 154 E—~R rec™,prt—,D™ 19,20 158 E—>Q
recAN95 154 E— D rec®, prt! 19, 20 recAN64 156 E—V rect, prt™ 19
155 1—-M 158 E—»>V
recAN130 154 E—~ G rec, prt~ 19 recAN100 156 E—>D rect, prti 19
155 1—-F 158 E—>Y
recAN131 154 E—V rec™, prt~ 19 recAN101 156 E—>D rect, prti 19
158 E—>V 158 E—~1
recAN171 154 E—~ D rec?, prt® 19, 20 recAN65 156 E—Q rect, prt! 19
158 E—G 159 I-W
recAN55 154 E—D rect, prt! 19, 20 recAN66 156 E—~L rec™,prt¢ 19
162 S—F 159 1-Q
recAN132 154 E— Q rec™, prt~ 19 recAN67 156 E—~ G rect, prti 19
163 H— L 159 I-M
recAN18 155 1Y rect,prt, D¢ 19,20 recAN68 156 E—1 rect,prt 19
recAN19 155 1> M rect,prt¢, D° 19,20 159 I-M
recAN15 155 I—-C rec*,prt, D! 19,20,37 recAN69 156 E—~D rect, prt! 19
recAN16 155 T—H rect,prt, D! 19,20 159 1->F
recAN17 155 1—-F rect, prti, D' 19,20 recAN102 156 E—D rect, prt! 19
recAN20 155 1—V rect,prt, D' 19,20 159 I->Y
recAN21 155 1— A rect,prt, D' 19,20 recAN103 156 E—V rect, prt! 19
recAN22 155 1—L rect, prti, DI 19,20 159 I->T
recAN86 155 1N rect, prt, D' 19,20 recAN114 156 E— A rec®, prt® 19
recAN56 155 I— A rect, prt! 19,20 157 G—>V
158 E—~D 158 E—~L
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TABLE 1

Comprehensive Listing of All Known E. coli recA Mutants (Continued)

Mutant Res Change Phenotype Ref. Mutant Res Change Phenotype  Ref.

recAN77 156 E— Q rect, prt® 19 recAN119 157 G—V rect, prt¢ 19
157 G—S 158 E—K
159 I1-M 159 I-M

recAN143 156 E—>H rec, prt™ 19 recAN144 157 G—V rec™, prt” 19
157 G—>V 158 E—V
159 I-H 159 I—->L

recAN78 156 E—V rect, prt 19 recAN120 157 G—C rec?, prt! 19
158 E—~L 158 E—D
159 1>V 163 H—L

recAN79 156 E—»V rect, prti 19 recA1201 157 G—D rec™, prt° 10
158 E—~L 301 G—S
159 I—-L recAN30 158 E— K rec™, prt, D¢ 19,20

recANSO 156 E—Q rec™, prt 19 recAN31 158 E—Q rec™, prts, D¢ 19,20
158 E—>V recAN32 158 E—L rect,prt, D! 19,20
159 I—-V recAN33 158 E— N rec™, prt, D¢ 19,20

recANS81 156 E— G rect, prt 19 recAN162 158 E—R rect, prt®, D¢ 20
158 E—>V recAN163 158 E— A rech, prt®, D¢ 20
159 I-V recAN164 158 E—D rect,prt, D' 20

recAN115 156 E—V rec, prt 19 recAN165 158 E—V rect,prti, D° 20
158 E—~F recAN166 158 E—F rect,prt, D' 20
159 I—-»V recAN167 158 E—1 rect, prti, D¢ 20

recAN116 156 E—~D rect, prti 19 recAN168 158 E—Y rect,prt, D' 20
158 E—~D recAN169 158 E—->W reci,prti,DC 20
159 I—-L recAN170 158 E—T rect,prt, D 20

recAN147 156 E— K rec™, prt™ 19 recAN74 158 E—Q rec™, prti 19
157 G—>C 159 I—-V
158 E->K recA1219 158* E— K rec™, prt° 10
159 I-K recAN71 158 E—S rec’,prt 19

recA1602 157 G—D rect, prt° 10 159 I-M

recAN87 157 G— C rect, prt, D¢ 19, 20 recAN72 158 E—D rect, prti 19

recANSS 157 G—D rec*, prt, D 19, 20 159 I—-F

recAN150 157 G—R rect, prt¢, D¢ 20 recAN73 158 E— A rec’, prt° 19

recAN151 157 G—> A reci,pnc,DC 20 159 I-M

recAN152 157 G— K rec?t, prt®, D¢ 20 recAN107 158 E—G rect, prt¢ 19

recAN153 157 G— S rec*, prtt, D¢ 20 160 G—S

recAN154 157 G—V rect, prt®, D¢ 20 recAN145 158 E—Q rec™, prt™ 19

recAN155 157 G—>L rect, prt¢, D¢ 20 159 I—-L

recAN156 157 G—T rec*,prtc, D¢ 20 160 G—R

recAN157 157 G— Q rect, prt®, D¢ 20 recAN34 159 I—-V rect,prt 19

recAN158 157 G— N rec*, prti, D¢ 20 recAN35 159 I—-M rect, prti 19

recAN159 157 G—H rec*,prt', D¢ 20 recAN36 159 I—-F rect,prt 19

recAN160 157 G— W rec*, prt, D' 20 recAN75 159 I—-V rect, prti 19

recAN161 157 G—P rec™,prt—, D™ 20 164 M—1

recAN105 157 G— A rect, prti 20 recAN133 159 I—-V rec”,prt” 19
158 E—~>Q 165 G—S

recAN70 157 G—C rec™, prt° 19 recAl 160 G—D rec™ 11, 12,
158 E—~ K 61

recAN106 157 G—S rect, prt 19 recAG160N 160 G— N rec” 6
158 E—»V recAN124 160 G— A rec™, prt™ 19

recAN104 157 G— A rect, prt 19 recAN37 161 D—Q rec*,prt 19
158 E—D recAN45 161 D—V rec?, prt 19

recAN117 157 G— W rec*, prti 19 recAN38 162 S—F rect, prti 19
158 E—>Q recAH163A 163 H— A rec™ 5
159 1>V recAN9Q 163 H—L rect,prt 19

recAN118 157 G—R rect, prt, D¢ 19,20 recAH163W 163 H— W rec’ 35
158 E—»D recAN39 164 M—L rect, prt 19
159 I-V recA423 169 R—H rec™ 33
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TABLE 1

Comprehensive Listing of All Known E. coli recA Mutants (Continued)

Mutant Res Change Phenotype Ref. Mutant Res Change Phenotype  Ref.
recAR176K177 176 R— A rec™,prt~, 63 recAQ194L 194 Q—L rec,prt” 28, 40
cI-,D~ recAQ194C 194 Q—C rec,prt” 28, 40
177 K— A recAQ194M 194 Q—M rec™ 28
recA1630 177 K—Q rec*, prti 3 recAQ194H 194 Q—H rec™,prt” 28,40
184 Q—K recAQ194R 194 Q—>R rec,prt- 28,40
recA1206 177 K—K rec™,prt® 4,10 recAQ194K 194 Q— K rec™,prt” 28, 40
301 G—D recAQ194D 194 Q—D rec,prt” 28, 40
recA1212 179 A—V rect,prt® 10 recAQ194E 194 Q—E rec™,prt” 28, 40
recAl1213 179 A—V rec,prt® 10 recAQ194S 194 Q—S rec,prt” 28, 40
recA1623 182 L—E rec,prt™ 3 recAQ194N 194 Q— N rec,prt” 28, 40
184 Q—K recAQ194A 194 Q— A rec,prt” 28, 40
recA2183 183 K—M rec,prt”— 26 recAQ194P 194 Q—P rec,prt” 28, 40
recA1202 184 Q—K rect,prt® 4,10 recAQ194G 194 Q—G rec,prt” 28, 40
recA1633 184 Q—K rec,prt” 3 recAI195F 195 I-F rec” 28
recA1625 184 Q—K rect,prt® 3 recAI195V 195 T-V  rec”’ 28
187 T—A recAI195Y 195 I—-Y rect 28
recA1624 184 Q—XK rect,prt® 3 recAI195T 195 I-T  rect 28
208 T—N recAI195W 195 T-W rec 28
recA1634 184 Q—>K rect,prt® 3 recAI195L 195 I-L rec* 28
213 N—K recAI195C 195 I-C rec” 28
recA1649 184 Q—K rect,prtt 3 recAI195M 195 I-M rect 28
214 A—S recAI195H 195 I-H rec 28
recA1628 184 Q—K rect,prtt 3 recAI195R 195 I—-R rec 28
231 V—E recAI195K 195 - K rec 28
recA1642 184 Q—K rect,prtt 3 recAI195D 195 IT-D rec 28
238 V—E recAI195E 195 - E rec 28
recA1627 184 Q—K rect, prti 3 recAI195Q 195 T—-Q rec 28
244 V—>E recAI195S 195 I—>S rec 28
recA1620 184 Q—K rec,prt® 3 recAI195N 195 I—- N rec 28
275 V—D recAI195A 195 I—- A rec 28
recA1631 184 Q—K rec ,prt™ 3 recAl195P 195 I—-P rec 28
284 I—N recAl195G 195 I-G rec 28
recAN1931 193 N—1 rec™ 28 recAR1961 196 R—>1 rec 28
recAN193F 193 N—F rec” 28 recAR196F 196 R—F rec 28
recAN193V 193 N—>V rec™ 28 recAR196V 196 R—V rec 28
recAN193Y 193 N—Y rec™ 28 recAR196Y 196 R—>Y rec 28
recAN193T 193 N—T rec™ 28 recAR196T 196 R—>T rec 28
recAN193W 193 N—>W rec™ 28 recAR196W 196 R—W rec 28
recAN193L 193 N—L rec” 28 recAR196L 196 R—L rec 28
recAN193C 193 N—C rec™ 28 recAR196C 196 R—C rec 28
recAN193M 193 N—->M rec™ 28 recAR196M 196 R—>M rec 28
recAN193H 193 N—H rec™ 28 recAR196H 196 R—H rec 28
recAN193R 193 N—>R rec™ 28 recAR196K 196 R—K rec 28
recAN193K 193 N—-K rec” 28 recAR196D 196 R—D rec 28
recAN193D 193 N—D rec™ 28 recAR196E 196 R—E rec 28
recAN193E 193 N—E rec™ 28 recAR196Q 196 R—>Q rec 28
recAN193Q 193 N—-Q rec™ 28 recAR196S 196 R—S rec 28
recAN193S 193 N—S rec” 28 recAR196N 196 R—>N rec 28
recAN193A 193 N—A rec” 28 recAR196A 196 R— A rec 28
recAN193P 193 N—>P rec” 28 recAR196P 196 R—P rec 28
recAN193G 193 N—G rec” 28 recAR196G 196 R— G rec 28
recAQ1941 194 Q—1 rec,prt™ 28,40 recAM1971 197 M—1 rect 28
recAQ194F 194 Q—F rec™,prt™ 28,40 recAM197F 197 M—F rect 28
recAQ194V 194 Q—V rec,prt” 28,40 recAM197V 197 M—V rec* 28
recAQ194Y 194 Q—Y rec™ 28 recAM197Y 197 M—Y rect 28
recAQ194T 194 Q—T rec” 28 recAM197T 197 M—T rec*t 28
recAQ194W 194 Q—W rec,prt™ 28,40 recAM197TW 197 M— W rec*t 28
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TABLE 1

Comprehensive Listing of All Known E. coli recA Mutants (Continued)

Mutant Res Change Phenotype Ref. Mutant Res Change Phenotype Ref.
recAM197L 197 M—L rec* 28 recAG200W 200 G—>W rec” 28
recAM197C 197 M—C rect 28 recAG200L 200 G—L rect 28
recAM197H 197 M—H rect 28 recAG200C 200 G—C rect 28
recAM197R 197 M—R rec™ 28 recAG200M 200 G—>M rect 28
recAM197K 197 M—K rec™ 28 recAG200H 200 G—>H rect 28
recAM197D 197 M—D rec™ 28 recAG200R 200 G—R rect 28
recAM197E 197 M—E rec™ 28 recAG200K 200 G—K rect 28
recAM197Q 197 M—Q rec” 28 recAG200D 200 G—-D rec” 28
recAM197S 197 M—S rec™ 28 recAG200E 200 G—>E rec” 28
recAM197N 197 M—N rec” 28 recAG200Q 200 G—Q rec*t 28
recAMI197A 197 M— A rec™ 28 recAG200S 200 G—S rect 28
recAM197P 197 M—P rec™ 28 recAG200N 200 G— N rect 28
recAM197G 197 M—G rec™ 28 recAG200A 200 G— A rect 28
recAK 1981 198 K—1 rec™® 28 recAG200P 200 G—P rect 28
recAK198F 198 K—F rec” 28 recAV2011 201 V—>I rect 28
recAK198V 189 K—Y rec™ 28 recAV201F 201 V—F rec* 28
recAK198Y 198 K—Y rec” 28 recAV201Y 201 V->Y rec* 28
recAK198T 198 K—>T rec’ 28 recAV201T 201 VT rec* 28
recAK198W 198 K—W rec™ 28 recAV201W 201 V>W rec” 28
recAK198L 198 K—>L rec™ 28 recAV201L 201 VL rec* 28
recAK198C 198 K—C rec” 28 recAV201C 201 V—>C rec* 28
recAK198M 198 K—>M rec™’ 28 recAV201M 201 VM rec* 28
recAK198H 198 K—H I'CCJ? 28 recAV201H 201 V—H reci 28
recAK198R 198 K—R rect 28 recAV201R 201 V>R rec”’ 28
recAK198D 198 K—D rec™ 28 recAV201K 201 VK rec” 28
recAK198E 198 K—E rec” 28 recAV201D 201 VD rec” 28
recAK198Q 198 K—>Q rec’ 28 recAV201E 201 V>E rec’ 28
recAK198S 198 K—S rec 28 recAV201Q 201 V—>Q rect 28
recAK198N 198 K—N rec_§ 28 recAV201S 201 V—S reci 28
recAK198A 198 K— A I'CC_§ 28 recAV201IN 201 V—N I'CC:t 28
recAK198P 198 K—P rec 28 recAV201A 201 V> A rec* 28
recAK198G 198 K N G rec—§ 28 recAVZO]P 201 V—P reci 28
recAT199F 199 I—>F rect 28 recAV201G 201 V-G rec” 28
recAI199Y 199 1Y I'CC_§ 28 recAM2021 202 M—1 rec™ 28
recAT199T 199 T>T  rec 28 recAM202F 202 M—>F  rec” 28
recAT199W 199 I->W rec 28 recAM202V 202 M-V rec” 28
recAI199L 199 I—-L rec* 28 recAM202Y 202 M—>Y rec* 28
recAI199C 199 I—»C rec—?i 28 recAM202T 202 M—>T I'CC+ 28
recAI199M 199 1M rec:t 28 recAM202W 202 M—-W reci 28
recA1199H 199 I—-H rec 28 recAM202L 202 M—L  rec™ 28
recAT199R 199 >R rec 28 recAM202C 202 M—C  rec* 28
recAl199K 199 I-K rec 28 recAM202H 202 M—H  rec* 28
recA1199D 199 T>D  rec 28 recAM202R 202 M—>R rec” 28
recATI99E 199 1>E  rec 28 recAM202K 202 M—K  rect 28
recAI199Q 199 I—-Q rec 28 recAM202D 202 M—D re(f% 28
recA1199S 199 I-S rec 28 recAM202E 202 M—E rec”’ 28
recAT199N 199 I-N rec 28 recAM202Q 202 M—Q  rec* 28
recAT199A 199 T->A rec 28 recAM202S 202 M-S rect 28
recAI199P 199 1-P rec 28 recAM202N 202 M—>N rec” 28
recAT199G 199 I-G rec 28 recAM202A 202 M— A rec* 28
recAT199V 199 1— Vi rec 8 recAM202P 202 M—P rec” 28
recA694 199 I— Vi rect,prtt 13,32 recAM202G 202 M—>G  rec* 28
recAG200I 200 G—1 rec™ 28 recAF2031 203 F—>1  rec* 28
recAG200F 200 G—~F rec 28 recAF203V 203 F—>V  rec* 28
recAG200V 200 G—V rect 28 recAF203Y 203 F—>Y rect 28
recAG200Y 200 G—Y rect 28 recAF203T 203 F>T rec” 28
recAG200T 200 G—>T rect 28 recAF203W 203 F—>W rec* 28

(Continued on next page)
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TABLE 1

Comprehensive Listing of All Known E. coli recA Mutants (Continued)

Mutant Res Change Phenotype Ref. Mutant Res Change Phenotype Ref.
recAF203L 203 F—>L rec* 28 recAN205P 205 N—P rec 28
recAF203C 203 F—>C rect 28 recAN205G 205 N— G rec 28
recAF203M 203 F>M rec* 28 recAN205S/Y218G 205 N— S rec* 77
recAF203H 203 F>H rect 28 218 Y- G
recAF203R 203 F—>R rec” 28 recAP2061 206 P—>1 rec*t 28
recAF203K 203 F>K rec’ 28 recAP206F 206 P—F rect 28
recAF203D 203 F>D rec™ 28 recAP206V 206 P—V rec*t 28
recAF203E 203 F—>E rec™ 28 recAP206Y 206 P—Y rect 28
recAF203Q 203 F—Q rec’ 28 recAP206T 206 P—T rect 28
recAF203S 203 F—>S rec™ 28 recAP206W 206 P> W rec™ 28
recAF203N 203 F—>N rec” 28 recAP206L 206 P—L rect 28
recAF203A 203 F>A rec’ 28 recAP206C 206 P— C rect 28
recAF203P 203 F—>P rec” 28 recAP206M 206 P—>M rect 28
recAF203G 203 F—>G rec™ 28 recAP206H 206 P—>H rect 28
recAF2041 204 G—>1 rec” 28 recAP206R 206 P>R rec’ 28
recAG204F 204 G—>F rec” 28 recAP206K 206 P— K rec 28
recAG204V 204 G—V rec” 28 recAP206D 206 P—>D rec 28
recAG204Y 204 G—>Y rec” 28 recAP206E 206 P>E rec’ 28
recAG204T 204 G>T rec™’ 28 recAP206Q 206 P—>Q rect 28
recAG204W 204 G—W rec” 28 recAP206S 206 P—S rect 28
recAG204L 204 G—L rec” 28 recAP206N 206 P—N rec*t 28
recAG204C 204 G—C rect 28 recAP206A 206 P— A rect 28
recAG204M 204 G—>M rec” 28 recAP206G 206 P— G rect 28
recAG204H 204 G—H rect 28 recAE2071 207 E—>1 rec 28
recAG204R 204 G—R rec” 28 recAE207F 207 E—»F rec 28
recAG204K 204 G—>K rec”’ 28 recAE207V 207 E—»V rec™ 28
recAG204D 204 G—>D rec” 28 recAE207Y 207 E—»>Y rec 28
recAG204E 204 G—E rec” 28 recAE207T 207 E—T rec 28
recAG204Q 204 G—>Q rec™’ 28 recAE207W 207 E— W rec*t 28
recAG204S 204 G—S rect 28 recAE207L 207 E—L rec 28
recA430 204 G—S rect, 8,13 recAE207C 207 E—C rec 28
prtt recAE207TM 207 E—>M rec 28
recAG204N 204 G—>N rec” 28 recAE207H 207 E—»H rec 28
recAG204A 204 G— A rec” 28 recAE207R 207 E—~R rec 28
recAG604 204 G—> A rect, 13,62 recAE207K 207 E— K rec™, pITi 28,32
prtt recAE207D 207 E—>D rec 28
recAG204P 204 G—>P rec” 28 recAE207Q 207 E—-Q rect 28
recAG204V 204 G— VI rec” 28 recA659 207 E—Q rect, prt™ 13,32
recA605 204 G— V* rec®, 13 recAE207S 207 E—»S rec 28
prt™ recAE207N 207 E—-» N rec” 28
recAN2051 205 N—1 rec™ 28 recAE207A 207 E—> A rec 28
recAN205F 205 N—F rec” 28 recAE207P 207 E—»P rec 28
recAN205V 205 N—V rec” 28 recAE207G 207 E—» G rec 28
recAN205Y 205 N—>Y rec” 28 recAT2081 208 T—1 rect 28
recAN205T 205 N> T rec™ 28 recAT208F 208 T—F rec” 28
recAN205W 205 N—>W rec™ 28 recAT208V 208 T—V rect 28
recAN205L 205 N—L rec” 28 recAT208Y 208 T—>Y rec™ 28
recAN205C 205 N— C rec* 28 recAT208W 208 T—W rec 28
recAN205M 205 N—M rec™ 28 recAT208L 208 T—L rec 28
recAN205SH 205 N—H rec” 28 recAT208C 208 T—C rec*t 28
recAN205R 205 N—R rec™ 28 recAT208M 208 T—>M rec 28
recAN205K 205 N—K rec” 28 recAT208H 208 T—H rec 28
recAN205D 205 N—D rec™ 28 recAT208R 208 T—>R rec 28
recAN205E 205 N—E rec™ 28 recAT208K 208 T— K rec 28
recAN205Q 205 N—Q rec” 28 recAT208D 208 T—>D rec 28
recAN205S 205 N—S rect 28 recAT208E 208 T—E rec 28
recAN205A 205 N— A rec*t 28 recAT208Q 208 T—Q rec” 28
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TABLE 1

Comprehensive Listing of All Known E. coli recA Mutants (Continued)

Mutant Res Change Phenotype Ref. Mutant Res Change Phenotype  Ref.
recAT208S 208 T—S rec” 28 recAG211D 211 G—-D rec™ 28
recAT208N 208 T—N rect 28 recAG211E 211 G—E rec” 28
recAT208A 208 T— A rec” 28 recAG211Q 211 G—Q rec™ 28
recAT208P 208 T—P rec™ 28 recAG211S 211 G—S rec” 28
recAT208G 208 T—G rec” 28 recAG211N 211 G— N rec™ 28
recAT2081/F217A 208 T—1 rec” 77 recAG211A 211 G— A rec” 22,28
217 F—> A recA611 211 G— A rec” 13,32
recAT2091 209 T—1 rec™ 28 recAG211P 211 G—>P rec” 28
recAT209F 209 T—F rec” 28 recAG2121 212 G—1 rec” 28
recAT209V 209 T—V rec” 28 recAG212F 212 G—>F rec” 28
recAT209Y 209 T—>Y rec” 28 recAG212V 212 G—V rec” 28
recAT209W 209 T—>W rec™ 28 recAG212Y 212 G—>Y rec” 28
recAT209L 209 T—L rec™ 28 recAG212T 212 G—>T rec” 28
recAT209C 209 T—C rec” 28 recAG212W 212 G— W rec™ 28
recAT209M 209 T—>M rec™ 28 recAG212L 212 G—>L rec” 28
recAT209H 209 T—H rec” 28 recAG212C 212 G— C rec” 28
recAT209R 209 T—R rec™ 28 recAG212M 212 G—> M rec™ 28
recAT209K 209 T—K rec” 28 recAG212H 212 G—H rec” 28
recAT209D 209 T—>D rec” 28 recAG212R 212 G—R rec” 28
recAT209E 209 T—E rec™ 28 recAG212K 212 G—K rec” 28
recAT209Q 209 T—Q rec™ 28 recAG212D 212 G—D rec™ 28
recAT209S 209 T—S rec” 28 recAG212E 212 G—>E rec” 28
recAT209N 209 T—N rec” 28 recAG212Q 212 G— Q rec” 28
recAT209A 209 T— A rec” 28 recAG212S 212 G—S rec” 28
recAT209P 209 T—P rec” 28 recAG212N 212 G— N rec™ 28
recAT209G 209 T—>G rec” 28 recAG212A 212 G— A rec” 28
recAT210L 210 T—>1 rec” 28 recAG212P 212 G—>P rec” 28
recAT210F 210 T—F rec” 28 recAG212S/Y218L 212 G— S rec™ 77
recAT210V 210 T—>V rect 28 218 Y=L
recAT210Y 210 T—>Y rec” 28 recAN213F 213 N—F rec', 18
recAT210W 210 T—W rec” 28 prtif
recAT210L 210 T—L rec” 28 recAN213K 213 N— K rec™, 18
recAT210C 210 T—C rect 28 prtit
recAT210M 210 T-=M rec” 28 recAN213T 213 N— T rect, prtif 18
recAT210H 210 T—=H rec” 28 recAN213C 213 N—C rec*, prtif 18
recAT210R 210 T->R rec” 28 recAN213S 213 N— S rect, prtif 18
recAT210K 210 T—->K rec” 28 recAN213G 213 N— G rec*, prtif 18
recAT210D 210 T—>D rec” 28 recAN213H 213 N—H rect, prtf 18
recAT210E 210 T>E rec” 28 recAN213M 213 N— M rec*, prtct 18
recAT210Q 210 T—>Q rec™ 28 recAN213A 213 N— A rect, prtﬁ 18
recAT210S 210 T—S rect 28 recAN213L 213 N—L rect, prtcf 18
recAT210N 210 T—=N rec” 28 recAN2131 213 N—1 rec*, prtif 18
recAT210A 210 T— A rec™ 28 recAN213V 213 N—V rect, prtf 18
recAT210P 210 T—P rect 28 recAN213R 213 N—R rect, prt'f 18
recAT210G 210 T—G rec” 28 recAN213G 213 N—E rec*, prtcf 18
recAG2111 211 G—>1 rec™ 28 recAN213P 213 N—P rect, pn"" 18
recAG211F 211 G—F rec” 28 recAN213K/Y218L 213 N— K rec* 77
recAG211V 211 G—V rec” 28 218 Y—L
recAG211Y 211 G—Y rec” 28 recAK216R 216 K— R rect, prtcf 18
recAG211T 211 G—=T rec” 28 recAK216H 216 K—H rect, prtCi 18
recAG211W 211 G— W rec” 28 recAK216C 216 K— C rec®, prtct 18
recAG211L 211 G—L rec” 28 recAK216M 216 K— M rec*, prtcf 18
recAG211C 211 G—>C rec™ 28 recAK216S 216 K— S rec*, prtCT 18
recAG211M 211 G—M rec” 28 recAK216A 216 K— A rect, prtcf 18
recAG211H 211 G—H rec” 28 recAK216Q 216 K— Q rec*, prtcf 18
recAG211R 211 G—R rec” 28 recA616 216 K— Q rect, prt! 32
recAG211K 211 G—K rec” 28 recAK2161 216 K—1 rec*, prtef 18

(Continued on next page)
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TABLE 1

Comprehensive Listing of All Known E. coli recA Mutants (Continued)

Mutant Res Change Phenotype Ref. Mutant Res Change Phenotype  Ref.
recAK216L 216 K—L rect,prtct 18 recAR222Q/L223V 222 R— Q rec* 77
recAK216Y 216 K—Y rect, prtf 18 223 L—>V
recAK216G 216 K— G rec*t, pITCT 18 recAR222G/1L.223V 222 R— G rec” 95
recAK216V 216 K—Y rect, precf 18 223 L—>V
recAK216F 216 K—F rect,prt™t 18 recAR222T/L223V 222 R— T rec” 95
recAK216D 216 K—D rec,prt—t 18 223 L—>V
recAK216E 216 K—E rec ,prt™ 18 recA2223 223 L—>M rects, prtt 26
recAK216T 216 K—=T rec, pITiT 18 recAl142 225 1—-»V rect, prti 7,29
recAK216N/F217M 216 K— N rec™ 77 recA91 229 G—S prtt 41
217 F>M recAK232E235 232 K— A rect,prtt, 63
recAF217Y 217 F—>Y rect,prtt 18 235 E—> A cI*, D
recAF217C 217 F—>C rec*, prt® 18,37 recAE233N236 233 E—> A rect, prti, 63
recAF217P 217 F—=P rect, prt—T 18 236 N— A cli, Di
recAF217R 217 F—R rect, prt—t 18 recAT242R243 242 T— A rect,prt, 63
recAF217K 217 F—> K rec*, pIT‘T 18 243 R— A cI*, D™
recAF217L 217 F—L rec*, prt"t 18 recA433 243 R—H prti, D~ 15
recAF217S 217 F—S rect, prtf 18 recA435 243 R—H prt}, D™ 15
recAF217E 217 F—>E rec*, prt’* 18 recA1734 243 R—L rect, pni 7
recAF217T 217 F—T rect,prt—t 18 recA44 246 V—M rec™,prt,ts 12
recAF217G 217 F—> G rec*, pIT‘T 18 recAV24TM 247 V—M rect, UmuR 67
recAF217Q 217 F>Q rec* 18 recAK248A 248 K— A rec” 34
recAF217A 217 F— A rec”, prt_T 18 recAN249T 249 N—T rect, prt¢ 45
recAF217M 217 F—M rec, prt’* 18 recAK250N 250 K— N rect, prt¢ 45
recAF217W 217 F—>W rec ,prt—f 18 recAK255S 255 F—N rect,prt® 45
recAF217V 217 F—=V rec,prt—T 18 recAK256Q257 256 K— A rect, prti, 63
recAT218G 218 Y= G rect,prtf 18 257 Q— A cl¢, D!
recAY218S 218 Y—>S rect, pITiT 18 recA801 257 Q—P rect, sif 58
recAY218A 218 Y— A rect,prtt 18 recAE259Q261 259 E— A rect, prt, 63
recAY218W 218 Y- W rect, prtCi 18 261 Q— A cl¢, D
recAY218H 218 Y—H rect, prtCT 18 recAY264F 264 Y—>F rec,prtt 14
recAY218C 218 Y—C rect,prtf 18 recAY264S 264 Y-S rec”,prtt 14
recAY218P 218 Y—>P rect, pIT‘T 18 recAY264G 264 Y -G rec”, prt” 14
recAY218K 218 Y—K rect, prt—t 18 recAY264W 264 Y —> W rec, prtt 31
recAY218D 218 Y—D rect,prt™t 18 recAY264A 264 Y —> A rec 31
recAY218L 218 Y—>L rec*, prt’* 18 recA664 264 Y —>E rec,prt™ 66
recAY218R 218 Y—R rect, prtf 18 recA665 264 Y—>H rec,prt” 66
recAY218E 218 Y—=E rec, pIT’T 18 recA2277 277 L—> N rectt, prt:ttS 26
recAY218N 218 Y= N rec,prt—t 18 recA2278 278 G—P rect™, prtt® 26
recAY218C/A219R 218 Y —C rec* 77 recA2278-5 278 G—T rect, prti 26
219 A—R 275 V—>F
recAY218G/A219R 218 Y -G rect 77 recAK280N/K282N 280 K — N rec* 25
219 A—-R 282 K—N
recAA219R 219 A—R rec” 77 recAK280E281K282 280 K— A rec™, prtt, 63
recAR222K 222 R—K rec*, pITCT 18 281 E— A cI*, D*
recAR222M 222 R—M rect, prtct 18 282 K— A
recAR2221 222 R—1 rect, prtCi 18 recA2283 283 L—>P rectt, 26
recAR222Q 222 R—Q rect,prtct 18 prtt
recAR222V 222 R—V rect,prtct 18 recA2283E 283 L—E rect,prtt 26
recAR222L 222 R—L rect, pITiT 18 recA2284 284 T—-D rec,prt” 26
recAR222N 222 R—N rect, prtif 18 recAE285K286 285 E— A rect,prtt, 63
recAR222A 222 R— A rec, prtCT 18 cI*, D*
recAR222D 222 R—>D rec*, prt’* 18 286 K— A protein
recAR222G 222 R—G rect, prtct 18 unstable
recAR222E 222 R—E rec*, prt’T 18 recAK286N 286 K— N rect 25
recAR222P 222 R—P rec,prt—t 18 recAW290T 290 W—T rect, prtt 68
recA1735 222 R—C pni 7 recAW?290F 290 W—F rec*, prti 68
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TABLE 1
Comprehensive Listing of All Known E. coli recA Mutants (Continued)

Mutant Res Change Phenotype Ref. Mutant Res Change Phenotype Ref.
recAW290H 290 W—H rect, prtt 68 recAQ300N304 300 Q— A rect,prt®, 63
recAW290T/W308F 290 W — T rec*, prt® 68 304 N—A  cI°,D°
308 W—F recAI207 301 G—»D rec,prt® 10
recAW290H/W308F 290 W — H rect, prtt 68 recAK302N 302 K— N rect 25
308 W—F recAW308F 308 W—F rect,prtt 68
recAW290F/W308F 290 W —F rect,prtt 68 recAK310D311 310 K— A rect, prtt, 63
308 W—F 311 D>A D
recAK294E318 294 K— A rect, prtt, 63 recAE314K317 314 E— A rect,prt, 63
cl*, DF 317 K—>A % D
318 E—~ A protein recAK317N 317 K- N rect 25
unstable recAK321E325 321 K— A rect, prti, 63
recAE296K297 296 E— A rect, prtt, 63 325 E— A cli, Di
297 K— A I, D! recAK324Q 324 R—>Q rect 25
recAK297N 297 K— N rect 25 recA750 Not determ. rect,prt 24

Key: Ref, citation in Appendix A; amb, translation termination codon; rec*t, activity similar to wild type; rec™,
no detectable activity; rect, intermediate activity; prt~, negative LexA coprotease activity; prt, LexA copro-
tease inducible, similar to wild type; prt*, intermediate, inducible LexA coprotease activity; prt, LexA copro-
tease constitutive; D=, UmuD prt—; D!, UmuD prt’; D*, UmuD prt*; D¢, UmuD prtS; eI, A cl prt~; cIf, & cI
prti; cI®, A cI coprt®; I, A clI coprt; srf, suppressor of recF; ts, temperature sensitive (typically function is
less at 42°C than 32°C); ts+, activated at elevated temp., see recA441; tif, temperature induced filamentation;
UmuR, these mutations block UmuD’C-mediated inhibition of recombination activity; *, additional base change in
3’ UTR; **, additional base change in the promoter; °, positive for A recombination proficiency but negative for re-
pair activity; f, unpublished result (M.C. Skiba and K.L.K.); * results differ between sources; ND, Phenotype not
determined. Mutants are listed according to codon number. Those with multiple substitutions are listed only in the order
of the N-terminal most codon with a mutation. rec phenotypes are taken from the citation indicated and in some cases
derive from DNA damage survival assays, e.g., survival following exposure to UV light or mitomycin C, and in other
cases from general recombination assays, e.g., host RecA-mediated plaque formation by a red~ gam~A phage. We do
not distinguish between these assays unless specific comparisons are made in the citation indicated, e.g., Hortnagel et al.
(1999). Other phenotypes, e.g., coprotease activity (LexA, UmuD and phage A cl), suppressor of recF mutations (srf),
suppressor of UmuD,C inhibition (UmuR), etc. are listed as described in the key. “Unstable” in the phenotype column
indicates that the steady-state cellular level of the mutant protein was far below that seen for wild-type RecA and a
phenotype could not be scored. “No protein” indicates that no detectable amount of protein was visible in cell extracts,
presumably due to extreme instability, and no phenotype was scored.

Related studies of these truncation mutants
show that the AC6, AC13, and AC17 proteins are
resistant to UV damage. However, the AC13 and
AC17 proteins show a marked sensitivity to DNA
damage induced by mitomycin C (Lusetti et al.,
2003b). Given that the repair of MMC-induced
interstrand crosslinks requires functions of RecA,
UvrABC, and pol I, the authors raise the possibility
that the C-terminus of RecA may play a special-
ized role for this type of repair, perhaps through
specific protein-protein interactions, a hypothesis
previously developed by Devoret and colleagues
(Ishimori et al., 1996).

Together, the currently available data suggests
that ssDNA within the active RecA nucleoprotein
filament interacts specifically with residues in the
L2 region, and that subsequent binding of the ho-
mologous duplex DNA to the L1 region involves
transfer of dsDNA through a “gateway” within the

C-terminal domain of RecA. There is also evidence
that the L1 and L2 domains interact in a functional
and perhaps physical sense. The regulated interac-
tion of these domains as a result of ATP-induced al-
losteric changes is discussed further in the sections
below.

ATP BINDING AND HYDROLYSIS
DOMAINS

Walker A Motif

The Walker A  motif, defined as
GXXXXGK(T/S) (Walker et al., 1982), spans
residues 66-73 in E. coli RecA. The sequence,
GPESSGKT, is very highly conserved and identical
in 61 of 64 bacterial RecA proteins (Karlin and
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FIGURE 5. RecA trimer showing ATP binding sites. This view of three subunits shows the inside
surface of the RecA lament. Subunits are colored in alternating teal and beige. Main chain of the
Walker A motif (P-loop; residues 66—72)js shown in green. Main chain and side chain of residues
72,73, 96, 100, 103, and 264 are colored by atom (C, green; O, red; N, blue). ADP is in red. This
image was created using 1REA from Story and Steitz (1992). (Figure appears in color online at

www.crbmb.com)

Brocchieri, 1996; Roca and Cox, 1997). This motif
is frequently observed in ATP and GTP binding
proteins, and its function typically involves stable
binding of NTP. It is also referred to as the P-loop
motif, named for its looplike secondary structure
and specific interaction with the phosphate groups
of bound NTPs (Saraste et al., 1990). In the RecA
structure, the ATP binding site, in particular the
Walker A motif, lies on the inside surface of the
protein filament (Figures 5 and 6).

Not surprisingly, extensive mutagenesis stud-
ies show that for the maintenance of any level of en-
zyme function the identity of the consensus residues,
Gly66, Gly71,Lys72, and Thr73 must be maintained
(Logan and Knight, 1993; Konola et al., 1994).
However, despite the high level of sequence identity
for the other residues in this motif across 64 bacterial
RecA sequences there is a surprising lack of muta-
tional stringency. For example, although identical
in 61 of 64 RecA sequences, substitution of Pro67
with any of 13 different polar, nonpolar, or charged
amino acid side chains still allows between 25% and
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100% of recombinational repair and general recom-
bination functions (Konola et al., 1994). Biochem-
ical studies of Ser69Gly and Pro67Gly/Glu68Ala
mutant proteins have provided mechanistic insights
into the coupling of ATP hydrolysis and various
steps in the strand exchange process catalyzed by
RecA (Nayak and Bryant, 1999; Nayak ez al.,2001).
Functions other than ATP binding have also been
suggested by mutagenesis studies. For example,
Pro67 has been identified as a likely residue for spe-
cific interaction with coprotease substrates (Nastri
etal., 1997; Konola et al., 1998; also see the section
called “Coprotease activity” below), and other stud-
ies suggest arole in DNA binding for Glu68 (Konola
et al., 1994). Despite the implications of these stud-
ies, however, the relative functional importance of
the wild-type side chains at nonconsensus P-loop
residues must be minimal. This point is made par-
ticularly clear in studies of mutants containing mul-
tiple substitutions. In fact, relative to wild-type
RecA, a mutant with four contiguous Ala substitu-
tions (GAAAAGKT) shows 90% recombinational
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Asp100

FIGURE 6. Detailed view of RecA ATP binding site. A close-up of the ATP binding site in a RecA
monomer is shown in a similar orientation and same coloring as the right-most subunit in Figure 5.
This was created using 1REA from Story and Steitz (1992). (Figure appears in color online at

www.crbmb.com)

repair and 60% LexA coprotease activities in vivo
and in vitro (J. T. Konola and K. L. Knight,
unpublished).

Studies of the Lys72Arg mutant have revealed
important mechanistic insights into RecA’s use of
a nucleoside triphosphate cofactor. While this con-
servative substitution inhibits all RecA activities in
vivo (Konola et al., 1994) the purified mutant pro-
tein is competent for activities in vitro that require
NTP binding and formation of an active nucleopro-
tein filament, but not activities that require NTP hy-
drolysis. The initial idea that RecA requires only
NTP binding and not hydrolysis to promote DNA
strand exchange (Menetski and Kowalczykowski,
1990) was clearly established when Rehrauer and
Kowalczykowski (1993) showed that the Lys72Arg
mutant protein carried out strand exchange up to
1.5 kilobase pairs but could not complete the reac-
tion. This occurred despite an approximate 700-fold
decrease in the rate of ATP hydrolysis. Curiously,
the mutant performed this limited strand exchange
only in the presence of dATP and not ATP, a re-

sult for which there is still no clear structural ex-
planation. This result demonstrated that the mutant
protein still responds allosterically to NTP bind-
ing to form a catalytically competent nucleoprotein
filament. Further studies using this mutant revealed
that ATP hydrolysis allows wild-type RecA to carry
out the strand exchange reaction in a unidirectional
fashion as well as through regions of DNA heterol-
ogy (Shan et al., 1996; Shan and Cox, 1997). Use
of this particular mutant also assisted in developing
a model of RecA serving as a motor protein during
the catalysis of strand exchange (Cox, 2000; Lusetti
and Cox, 2002a).

Walker B Motif

The Walker B-motif is defined by residues 139—
144, with Asp139 and Aspl44 surrounding 4 hy-
drophobic residues (Karlin and Brocchieri, 1996).
Aspl44 is identical across all 64 bacterial RecA
sequences (Karlin and Brocchieri, 1996; Roca and
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Cox, 1997) and the structure (Story and Steitz, 1992)
shows it to be positioned for interaction with the
Mg?* associated with bound ADP (Figure 6). Al-
though Asp139 is identical in 62 of 64 RecA se-
quences (Karlin and Brocchieri, 1996; Roca and
Cox, 1997), and the structure shows a well defined
ionic bond between Lys6 in one subunit and Asp139
in the neighboring subunit, mutational studies show
this interaction and the identity of residue 139 to be
unimportant for RecA function (Eldin et al., 2000;
also see the “Oligomeric Interface Domains” sec-
tion below).

In addition to the Walker A and B motifs, Karlin
and Brocchieri (1996) observed that residues 145—
149, which are immediately C-terminal to the B
motif, are identical in 63 RecA sequences. They
suggested that this region has some functional or
structural importance regarding ATP hydrolysis.
The recent structures of the MtRecA/NTP com-
plexes reveal that main chain atoms of residues
Val146 and Alal47 form hydrogen bonds with po-
sitions flanking L2, and Datta e al. (2003a) pro-
pose that this “connector” segment is involved in the
transmission of NTP-induced structural changes in

Nty

e

L2 to L1, thereby coordinating DNA binding to the
primary and secondary sites.

MAW MOTIF

Roca and Cox (1997) also noted a structural
motif defined by residues 42-65 that is conserved
in all RecA homologs (Figure 7). Eight of these
24 residues are identical among the 64 bacterial
RecA sequences (Ala50, Gly52, Gly54, GlyS5S,
Pro57, Gly59, Arg60, and Glu63), nonpolar residues
Leud7, Leu51, Ile61, and Ile64 are part of the hy-
drophobic protein core (Story et al., 1992), and
many other residues are chemically conserved. In-
teractions are seen between residues in this motif
and regions of the structure on either side of the ATP
binding site. Based on these observations, Roca and
Cox (1997) speculated that this region may be in-
volved in communicating ATP-induced conforma-
tional changes within the structure and have referred
to it as the MAW motif, which is short for “make
ATP work”. It has been noted that Glu63 forms an
ionic bond with Arg22?2 (Figure 7), a residue at the

FIGURE 7. Proposed MAW motif of RecA. The MAW motif (Make ATP Work) is de ned by the
aB/B1 regions (residues 45—65).Side chains are colored by atom (C, yellow; O, red; N, blue) as
shown in 1REA (Story and Steitz, 1992). (Figure appears in color online at www.crbmb.com)
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subunit interface that makes important cross-subunit
contacts (see the “Oligomeric Interface Domains”
section below) (Skiba and Knight, 1994). Together,
this information suggests that residues in this region
may play a role in the allosteric mechanism. How-
ever, only 3 mutants have ever been characterized
with substitutions in this region, two of which are
rec” (recAl3, Leu51Phe; recA56, Arg60Cys; see
Table 1) and the recAS44L allele, which has close
to wild-type recombination proficiency (Sommer
et al., 1998). Additional mutagenesis studies will
be required to test the idea that this motif serves a
specific function.

Residues Outside the Consensus
ATP Site Domains

Mutational studies suggest important roles for
other residues that are close to the ATP binding site
but not part of a defined motif. In the structures of
E. coli and M. tuberculosis RecA with bound nu-
cleotide, Asp100 is in position to make a hydrogen
bond with the amino group at the 6 position of the
adenine ring (Figure 6). Stole and Bryant (1996)
found that a DIOON substitution permits the use
of ITP as well as ATP as a cofactor for strand ex-
change, demonstrating that this residue is impor-
tant in determining NTP specificity. These same
structures also show a stacking interaction between
bound ATP analogs or ADP and Tyr103, a result
supported by fluorescence quenching experiments
using a Tyr103Trp mutant protein (Morimatsu ez al.,
1995). Other interactions that may provide some sta-
bilization of nucleotide binding are observed in the
M. tuberculosis RecA structures and include the fol-
lowing: H-bonds between the side chain hydroxyl
of Thr74 and the ribose oxygen and «-phosphate;
the side chain of Asn240 (Ser in E. coli RecA) and
ribose 3’ OH; and the main chain amide proton at
Gly265 and the purine N3 (Story and Steitz, 1992;
Datta et al., 2000, 2003a).

The identification of Tyr264 as the exclusive
site of photolabeling by 8-azidoATP suggested a
role for this residue in ATP binding (Knight et al.,
1984). However, the available structures show that
although this residue is close to the ATP binding
site, no contacts are seen between the bound ADP
or ATP analogs and any atom in this residue. Mutant
proteins carrying substitutions of Tyr264 to either
Gly, Ser, or Phe are unable to carry out strand ex-
change (Freitag and McEntee, 1991), an inhibition
that was attributed in large part to ATP binding and
hydrolysis defects. Although fluorescence studies of

a Tyr264Trp mutant protein supported the observa-
tion that Tyr264 lies near to or within the ATP bind-
ing site (Morimatsu et al., 1995) any specific role in
optimizing ATP binding or hydrolysis remains un-
clear. However, given that all current structures of
RecA, even those with bound ATP analogs (Datta
et al., 2000, 2003a), represent the inactive form of
the RecA filament, subtle structural changes that un-
doubtedly occur within the ATP binding site during
the catalytic cycle of ATP hydrolysis may position
the adenine C8 atom (the azido-modified position
in 8-azidoATP) close to Tyr264. In fact, this would
occur with only a slight rotation of the ribose C5-
phosphoester bond and minimal adjustments within
the ATP binding site to maintain Asp100 and Tyr103
in their appropriate positions (see Figure 6).

The position of Glu96 in the E. coli RecA struc-
ture suggests that it is in position to activate a wa-
ter molecule for in-line attack of the y-phosphate
of ATP (Story and Steitz, 1992). The biochemical
properties of the Glu96Asp mutant protein support
this idea (Campbell and Davis, 1999a, 1999b). This
mutant still shows cooperative ATP-mediated for-
mation of an active nucleoprotein filament that is
constitutively activated for LexA cleavage; and, al-
though it can initiate strand exchange in vitro, the
reaction does not go to completion, a result very
similar to that seen with the Lys72Arg mutant. In
addition to the roles proposed for Glu96 and Lys72
in ATP hydrolysis, Voloshin et al. (2000) have pro-
posed direct roles for GIn194 and Arg196 in this ac-
tivity. This idea, and discussion of the role of GIn194
as an allosteric switch, will be developed below in
the “Allosteric Mechanism of RecA” section.

OLIGOMERIC INTERFACE
DOMAINS

Early genetic studies using point mutants and
various truncation mutants revealed that the func-
tional form of RecA is oligomeric. Ogawa et al.
(1979) found that all wild-type RecA activities were
inhibited by coexpression of a rec™ allele, recAl.
Sedgewick and Yarranton (1982) found that the
DNA repair activity of wild-type RecA was inhib-
ited by coexpression of a truncation mutant that
carried only the N-terminal 77 residues (of 352 to-
tal), and a similar result was observed by Kiselev
et al. (1988) using a peptide corresponding to the
N-terminal 50 residues (Table 3). These studies not
only supported the idea that RecA functioned as
an oligomer, they also suggested that important de-
terminants of subunit self-association exist within a
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folded N-terminal domain. Dutreix et al. (1989) iso-
lated a Ser117Phe mutant (recA 1730) whose genetic
and biochemical properties suggested that it has a
specific defect in filament formation. All of these
results were readily explained when the structure
revealed numerous cross-subunit contacts made by
a clearly defined N-terminal domain. The structure
showed that Ser117 lies within an interface region
opposing this N-terminal domain in the neighboring
monomer, and a Ser117Phe mutation would result
in the loss of a hydrogen bonding interaction be-
tween the Ser—OH in one subunit and the main chain
carbonyl oxygen at position 25 in the neighboring
subunit (Story et al., 1992).

The complex oligomeric character of RecA first
became apparent from electron microscopic studies
of RecA in the absence and presence of ATP analogs
and either ss- or dSDNA. These images showed that
monomers of RecA assembled into a helical, head-
to-tail polymer that wrapped around the DNA (re-
viewed in Egelman and Stasiak, 1993; Egelman,
1993). RecA was observed to bind cooperatively
to gapped dsDNA when incubated in the presence
of ATPyS (West et al., 1980). Stasiak et al. (1981)
made the important observation that RecA binding
induces elongation of dsDNA by 50%, from an ax-
ial rise per base pair of 3.4 A for B-form DNA to
5.2 A forRecA/dsDNA complexes. A similar RecA-
induced elongation was also observed for ssDNA
(Koller et al., 1983). These results led to the idea
that one of the primary roles of RecA is to reveal
DNA bases in a way that facilitated strand switch-
ing during the catalysis of DNA strand exchange.
Subsequent EM studies defined the structural pa-
rameters of both the “active” and “inactive” forms
of the RecA filament, each having a helical filament
pitch of 68 and 95 A, respectively (see the “Intro-
duction” above). Given that the structure of E. coli
RecA shows a filament with an approximate 83 A
pitch (Story et al., 1992) and different structures of
the M. tuberculosis RecA each have a helical pitch
of approximately 72.5 A (Datta et al., 2000, 2003a),
some differences are likely to exist regarding cross-
subunit interactions seen in these crystal structures
and those that exist in the active filament form. The
E. coliand M. tuberculosis RecA proteins share 62%
sequence identity, and their X-ray structures show
a very high degree of similarity. Superposition of
all o-carbons gives a root mean square deviation
of 1.1 A (Datta et al., 2000), and many of the in-
tersubunit contacts in the E. coli RecA structure
are retained in the M. tuberculosis RecA structures
(Datta et al., 2000, 2003a). Residues involved in
cross-subunit contacts account for a significant per-
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centage of the conserved positions among 64 bacte-
rial RecA sequences (Karlin and Brocchieri, 1996;
Roca and Cox, 1997). In fact, a RecA “‘signature se-
quence” is noted by Roca and Cox (1997) and is de-
fined by a very highly conserved string of residues,
214-222, with 5 of the 9 residues being identical in
64 RecA sequences. Alignments show the consen-
sus to be 214Ala-Leu—Lys—Phe—[Phe/Tyr]—[Ala/Ser]—
[Asp/Ser/Thr]—[Ile/Leu/Met/Gln/Val]-Arg222, and
mutagenesis studies have revealed important struc-
tural and functional roles for residues in this group
(see below and Skiba and Knight, 1994; Kelley De
Zutter et al., 2001). Given that the overall pitch of
the filament in the crystal structure is somewhat less
than that of the active filament determined by EM,
it is expected that some cross-subunit interactions
important to the active filament will not be seen in
the structure. Therefore, a significant amount of mu-
tational and biochemical work has been performed
aimed at identifying residues located at the subunit
interface that play important roles in either stabiliz-
ing the filament structure or transmitting allosteric
information across the interface. Of course, these
two categories are not mutually exclusive.

The polymeric nature of the RecA filament re-
quires that each subunit has two opposing surfaces
that participate in oligomeric contacts. Residues
whose solvent accessible surface area decreases by
15 A2 or more upon polymer formation were pre-
dicted to play a role in subunit interactions (Story
et al., 1992). The 55 residues that fit this criterion
are shown in Figures 8 and 9. The area that shows
the largest decrease in solvent accessibility follow-
ing the monomer to oligomer transition is defined by
residues 213-222, and the structure shows that five
side chains in this area, Asn213, Lys216, Phe217,
Tyr218, and Arg222 make specific contact with po-
sitions in the neighboring subunit. The surface in
the neighboring subunit contacted by the residues
is made up of three regions: residues 94-98, 118-
123, and 148-156. Mutational analyses of these five
residues showed that a number of substitutions are
allowed at positions 213 and 218, indicating that
the contacts seen in the structure are not impor-
tant determinants of oligomer stability and function.
Of the other three, Phe217 showed the least toler-
ance to mutation, with a Tyr substitution as the only
one that retained significant function. However, the
critical need for a benzyl ring at position 217 was
not at all clear from the structure. The neighbor-
ing subunit provides only a minimal hydrophobic
surface opposite Phe217 that is largely defined by
Ile155, but a number of substitutions are tolerated
here, both polar and nonpolar, with no detriment to
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FIGURE 8. RecA monomer showing both surfaces of the subunit-subunit interface. Formation of
RecA laments involves two distinct surfaces of the protein. On one surface side chain atoms are
colored by atom (C, yellow; O, red; N, blue); on the other surface carbons have been shown in pink.
Labeled residues are for orientation purposes only and are not meant to indicate any functional or
structural importance. This image was created using 2REB in Story et al. (1992). (Figure appears

in color online at www.crbmb.com)

RecA function. Therefore, these results suggested
that important interactions between Phe217 and po-
sitions in the neighboring subunit are not apparent
in the structure. In fact, further study revealed that
Phe217 is important for transmitting ATP-mediated
allosteric information across the subunit interface,
and that its position in the active form of the RecA
filament is likely different from its position in the
structure (Skiba et al., 1999; Kelley De Zutter et al.,
2001; see also the “Allosteric Mechanism” of RecA
section below).

Substitutions at other positions in this region
of the interface, His97Ala in one subunit and
Lys248Ala in the neighboring subunit, each create
inactive proteins that are defective in filament for-
mation (Nguyen ef al., 1993). Although mutational
information for residues in this region of the inter-

face are in general agreement with contacts seen in
the structure, it is clear that some interactions impor-
tant to the function of the filament are not observed
in the structure.

Extensive intersubunit contacts are seen in two
other regions of the RecA structure. These are de-
fined by «-helix A and S-strand O in one sub-
unit (residues 3-30), and B-strand 3 and «-helix
E in the neighboring subunit (residues 111-140;
Figures 8 and 9). These two regions form comple-
mentary surfaces in which the cross-subunit inter-
actions are largely hydrophobic, including 6 nonpo-
lar side chains (LeulQ, Alal3, Leul4, Ile17, Phe21,
and Leu29) that are within van der Waals distance
(<4 A) of 7 nonpolar side chains (Ile111, Leul15,
Ile128, Alal31, Leul32, Alal37, and Vall38) in
the neighboring subunit. Several ionic and polar
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FIGURE 9. RecA dimer showing all residues involved in subunit-subunit interactions. Subunit 1 is
shown in teal with yellow interface residues; subunit 2 is in gray with pink interface residues and
at the same orientation as the monomer in Figure 8. This image was created using 2REB in Story
et al. (1992). (Figure appears in color online at www.crbmb.com)

interactions that flank this hydrophobic area are also
observed. Lys6 forms an ionic bond with Asp139,
and Arg28 is within hydrogen bonding distance
of positions in Aspl12 and Asnll13. Mutagene-
sis studies show that the Lys6-Asp139 and Arg28-
Aspl12/Asnl13interactions are only minimally im-
portant regarding formation and function of an ac-
tive RecA nucleoprotein filament; however, they are
far more important to the stability of free RecA
filaments, the inactive form (Eldin et al., 2000).
Pairwise Cys substitutions are tolerated at positions
6/139, 28/112, and 28/113, and Logan e? al. (2001)
showed that the efficiency of cross-subunit disulfide
formation for these pairs is different for the active
versus inactive filament forms. These data provide
a direct biochemical demonstration of ATP-induced
changes in cross-subunit interactions in this region
of the interface.

The above results supported earlier work by
Zaitsev and Kowalczykowski (1999) that suggested
cross-subunit hydrophobic interactions might ac-
count for most of the oligomeric stability in this re-
gion of the interface. They found that a Gln124Leu
substitution suppressed the rec™ phenotype of the
recA 142 allele, which carries an Ile225 Val mutation.
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GIn124 is within van der Waals distance of Phe21
across the subunit interface, and substitution with
a Leu would create a new cross-subunit hydropho-
bic interaction. Ile225 is part of the hydrophobic
core of the RecA monomer structure (Story et al.,
1992), and mutation to Val apparently results in a
deleterious rearrangement of cross-subunit contacts,
a defect that is compensated by enhancing inter-
subunit hydrophobic interactions. Remarkably, the
GIn124Leu mutation also suppressed the rec™ phe-
notype of amutant missing the N-terminal 9 residues
(recAA9; Table 2). Not only does this result sup-
port the idea that oligomeric stability in this region
occurs predominantly through hydrophobic inter-
actions but also that cross-subunit interactions me-
diated by residues 1-9, e.g., Lys6/Asp139, do not
play any significant role in either the structure or
function of the RecA filament (see the “Allosteric
Mechanism in RecA” section below).

Masui et al. (1997) have shown that the fold-
ing transition of the N-terminal region defined
by residues 1-33 are coupled to the filament
association-dissociation process. Using a truncated
mutant protein missing the N-terminal 33 residues
and a synthetic peptide corresponding to residues
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TABLE 2
RecA Peptides and Mutant Peptides

Peptide #res Region Residues Function Ref.

rec24 24 N term 1-24 ssDNA™ 50

rec24E 24 N term 1-24 ssDNA* 50
A12E

rec34 34 N term 1-34 ssDNA™ 50

1 34 N term 6-39 ssDNA™ 49

12 18 L1 Loop 152-169 49

2 35 L2 Loop 185-219  ssDNA™T 49

4 35 L2 Loop 185-219  ssDNA~™ 49
G211A

5 35 L2 Loop 185-219  ssDNA~™ 49
G204S

6 35 L2 Loop 185-219  ssDNA~™ 49
E207Q

FECO 20 L2 Loop 193-212  ssDNA™, dsDNA™ 49, 48, 53,52

WECO 20 L2 Loop 193-212

F203W
YECO 20 L2 Loop 193-212
F203Y
HECO 20 L2 Loop 193-212
F203H
AECO 20 L2 Loop 193-212
F203A
IECO 20 L2 Loop 193-212
F2031
WR196K 20 L2 Loop 193-212
R196K
WR196G 20 L2 Loop 193-212
R196G

L2-G 24 L2-G helix  195-218
WT-14 14 L2 Loop 196-209

wtw 15 L2 Loop 196-210
T-31 24 257-280
3 28 C term 302-329

ssDNA™T, dsDNA™, ATPT 48, 52

ssDNAT, dsDNAT 48,52
ssDNA~ 48, 52
ssDNA™ 48, 52
52
ATP* 47
ATP~ 47
ssDNAT, deDNA~ 46
ssDNA~ 49, 48, 52
ssDNA™ 46
ATPt 51
ssDNA™ 49

Key: ssDNA™, binds to single stranded DNA; ssDNA¥, binds to single stranded DNA; ssDNA™,
no binding to ssDNA; dsDNA™, binds to double stranded DNA; dsDNA ™, no binding to dsDNA;

ATP™*, binds ATP; ATP~, does not bind ATP.

Peptide fragments of E. coli RecA are listed according to their name as used by the authors in the
citation indicated (Peptide), the region of the RecA protein from which they are derived (Region),
and specific residue numbers contained in the peptide (Residues). Biochemical functions, e.g.,
ability to bind ssDNA, dsDNA, and ATP, are indicated.

1-33, their work suggested that RecA subunit dis-
sociation is coupled to a helix-coil transition in this
region. They also demonstrated that this N-terminal
region is involved in the kinetic regulation of RecA
self-association and proposed that this local folding
transition is relevant to RecA filament assembly and
disassembly in vivo.

Allosteric Mechanism of RecA

In the crystal structure of E. coli RecA the po-
sition of GIn194 suggests that it may play a key
role in sensing the presence of the y-phosphate
of bound ATP (Figures 10 and 11). Story et al.
(1992) have proposed that this interaction triggers
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FIGURE 10. RecA dimer showing residues involved in a proposed model for the allosteric mech-
anism. Main chain of subunit 1 is in beige with side chains of Q194 and F217 colored by atom (C,
green; O, red; N, blue); subunit 2 is colored teal with side chains of E96, D144, T150, and 1155
colored the same as subunit 1. This image was created using 1REA in Story and Steitz (1992).

(Figure appears in color online at www.crbmb.com)

allosteric activation of the L2 DNA binding re-
gion. Indeed, genetic analysis showed GIn194 to
be nonmutable (Kelley and Knight, 1997; Hortnagel
etal.,1999), and biochemical studies of GIn194Asn,
GIn194Glu, and Gln194 Ala mutant proteins showed
that each maintained basal RecA activities reminis-
cent of those carried out by the inactive form of
wild-type RecA, e.g., low affinity ssDNA binding
and slow ATP turnover. Each of these 3 mutant pro-
teins bound ATP with an affinity similar to wild-
type RecA, but showed no ATP-induced activation
of RecA functions (Kelley and Knight, 1997). This
data supported the idea that Gln194 acts exclusively
as an “allosteric switch” that signals ATP-mediated
increases in RecA function. However, subsequent
work by Voloshin et al. (2000) suggested that, in
addition to the allosteric role played by Gln194, both
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GIn194 and Arg196 play a direct role in the cataly-
sis of ATP hydrolysis by stabilizing a transition state
complex. Their data suggest that these side chains
act in ways very similar to the conserved Gln and
Arg residues in members of the G-protein family
(Sprang, 1997a, 1997b) and therefore serve as both
catalytic residues and regulators of an allosteric tran-
sition. While these two studies differ in some ways
regarding the biochemical properties of mutant en-
zymes, especially Gln194Asn, together they have
clearly identified GIn194 as a key allosteric switch.
Again, a more precise definition of the mechanistic
roles played by other residues in this region awaits
a structure of the active form of RecA.

Further investigation into the allosteric mecha-
nism led to the identification of Phe217 as a critical
residue at the subunit interface that regulates the
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FIGURE 11. Detail of region of the subunit interface involved in ATP-mediated transfer of allosteric
information. Phe217 is replaced here with Tyr, which is within hydrogen bonding distance of the
carbonyl oxygen of Ala95 and Ala148, and the —OHgroup of Thr150 in the neighboring subunit.
The Tyr side chain was repositioned slightly relative to the position of Phe217 in the coordinate
le to accommodate these three potential hydrogen bonds. No steric clashes resulted. This image
shows other cross-subunit interactions that may be involved in oligomeric stabilization, e.g., Lys216-
Ala95 and Arg222-His97. The image was created using 1REA in Story and Steitz (1992). This
model derives from work described in DeZutter et al. (2001). Coloring of side chains and overall
orientation of the subunit interface is the same as in Figure 10. (Figure appears in color online at

www.crbmb.com)

flow of ATP-mediated information throughout
the RecA filament. This position exhibits a high
mutational stringency, with only Phe or Tyr allowed
(Skiba and Knight, 1994). Subsequently, Kelley De
Zutter et al. (2001) demonstrated that the Phe217Tyr
substitution created a hypercooperativity mutant.
Remarkably, the simple addition of an—OH group to
Phe217 resulted in greater than a 250-fold increase
in the ability of RecA monomers to assemble into an
active filament in the presence of ATP and ssDNA.
The authors proposed a model in which ATP binding
adjusts the conformation of this region of the inter-
face such that Phe217 interacts stably with positions

in the neighboring subunit. This conformational
event is an important step in propagating related
changes throughout the RecA filament. Together
with other data, the following series of events were
suggested as depicted in Figures 10 and 11. The in-
teraction of GIn194 with the y -phosphate of bound
ATP serves to trigger a conformational change in L2.
Phe217 is within a small a-helix (residues 211-218)
that sits immediately downstream of L2. Therefore,
ATP-mediated conformational changes in L2 are
propagated through this helix, resulting in the move-
ment of Phe217 toward the neighboring subunit.
Residues within the neighboring subunit that could
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TABLE 3
Truncation Mutants of E. coli RecA

recA mutant Residues Phenotype Ref.
pMHI 1-77 rect 72
pDR1461 1-258 rect 72
recAA9 9-352 rec” 29
recAA9/Q124L 9-352 rect 29
Q124L
pTH6337 MKAF + 16-352 rec” 54
pTH6324 MKA + 29-352 rec” 54
pTH7299 MKA + 29-327 rec” 54
A33RecA 33-352 ND 42
pTH6311 MKAF + 42-352 rec” 54
pTH7248 MKAF + 42-327 rec” 54
pTH6293 MKAF + 60-352 rec” 54
pTH7268 MKAF + 60-327 rec” 54
pTH5076 1-76 + Q rec” 54
pTH6221 MKA + 132-352 rec” 54
recA99 Q7 — amb rec” 11
pTH5143 1-143 + KNH rec” 54
pTHS5328D Deletion of 180-203 rec” 54
pTH5203 1-204 +E rec” 54
recAl6 ~1-210 ND 70
pTH6131 MKATF + 222-352 rec” 54
recA214 1-214 rec”, prt” 74
pTHS5259 1-259 rec” 54
pTH5275 1-275 + KNH rec” 54
pTH5290 1-290 rec” 54
recA268-330 fM + 268-330 43
recAACS0 ~1-300 ND 69
recA5327 1-327 4+ Q rect, prt 54,73
recAAC18 1-334 ND 71
RecA335 1-335 recP™, prti 74, 75*
recAAC17/E38K 1-335 E38 K ND 80
recAACI13 1-339 rect 75
recAAC6 1-346 rect 75

Key: amb, translation termination codon; rec*, activity similar to wild type; rec™, no de-
tectable activity; rec*, intermediate activity; prt~, negative LexA coprotease activity; prt,
LexA coprotease inducible, similar to wild type; prt*, intermediate, inducible LexA co-
protease activity; prt®, LexA coprotease constitutive; D=, UmuD prt~; D, UmuD prt';
D*, UmuD prt*; D¢, UmuD prtS; cI-, A cI prt; cI', A cI prt'; cI¥, A cI coprt®; cIf,
A cl coprt®; srf, suppressor of recF; ts, temperature sensitive (typically function is less
at 42°C than 32°C); ts+, activated at elevated temp., see recA441; tif, temperature in-
duced filamentation; UmuR, these mutations block UmuD’C-mediated inhibition of re-
combination activity; *, additional base change in 3’ UTR; **, additional base change in
the promoter; *, positive for A recombination proficiency but negative for repair activity;
f, unpublished result (M.C. Skiba and K.L.K.); i, results differ between sources; ND, Pheno-
type not determined.

Mutants are described in terms of the residues contained in each truncation mutant (Residues).
The mutants listed as pTH. . . . refer to the plasmid name carrying the indicated truncated recA
gene under control of the lacUV5 promoter. The rec phenotype is indicated as described in
the legend to Table 1.
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accommodate a transient interaction with Phe217
include Ala95, Ala148, and I1e93. Story et al. (1992)
predicted that the Gly residues at 211 and 212, both
invariant in all RecA sequences and nonmutable
(Roca and Cox, 1997; Hortnagel et al., 1999), may
be directly involved in DNA binding or in mediating
ATP-induced conformational changes. This model
supports the idea that the flexibility of the polypep-
tide backbone at these positions is critical for the
propagation of conformational changes transmitted
from the ATP binding site to the subunit surface. The
increase in cooperative subunit interactions by a Tyr
substitution most likely results from new hydrogen
bonding opportunities, and several possibilities are
shown in Figure 11. Phe217 lies very close to the
ATP binding site of the neighboring subunit, and
cross-subunit interactions in this region would un-
doubtedly effect the position of residues within this
site involved in ATP binding and hydrolysis. This
idea is supported by the observation that ATP bind-
ing affinity and the rate of hydrolysis is increased
by the Phe217Tyr mutation (Kelley De Zutter et al.,
2001).

Recent work from the Egelman group using
a novel method for image analysis of electron
micrographs provides an alternative view of con-
formational differences between the active and in-
active filament forms of RecA within this region of
the subunit interface. Reconstructions of electron
micrographs of a RecA filament containing the
Glu96Asp mutant protein, dSDNA and ATP, were
used by VanLoock et al. (2003) to show that in
the active filament the C-terminal domain (residues
270-352) is in a significantly different position from
that seen in the RecA crystal structure, although
residues 329-352 are not visible in the crystal struc-
ture. In the crystal structure this domain extends
outward from the main body of the filament (see
Figure 2), whereas in the EM reconstructions the
C-terminal domain is closer to the rest of the fila-
ment. To generate this model the authors performed
arigid body rotation of a RecA subunit in the crystal
structure and manually docked the subunit volume
into the EM reconstruction while trying to match
the shape of the crystal subunit to that in the re-
construction. The resulting model shows the gen-
eral orientation of the subunit in the active filament
and also predicts that a number of residues will as-
sume positions in the active filament very different
from what is seen in the crystal structure. For ex-
ample, in the crystal structure Lys216, Phe217 and
Arg222 make specific cross-subunit contacts as de-
scribed above. However, in this new model these
residues make contact with ATP in the neighboring

subunit, and the authors propose that these interac-
tions play directroles in transmitting allosteric infor-
mation across the oligomeric interface (Figure 12).
While this is an intriguing possibility, the rigid body
rotation used to generate this model cannot explain
the atomic details of interactions at the subunit in-
terface. As stated by the authors, this is due to the
fact the rigid body rotation cannot account for con-
formational differences that undoubtedly exist be-
tween the subunit seen in the crystal structure and
that in the active filament. Despite the lack of res-
olution at the atomic level, this new model sets the
stage for further investigation of how NTP-induced
movements of the C-terminal domain are linked to
the overall allosteric mechanism of RecA.

In summary, the activation of RecA involves
a complex allosteric transformation of individual
subunits into an ordered, helical filament. The
data currently available suggest that virtually all
regions of the protein structure participate in this
conversion. Binding of ATP sets off a cascade
of conformational changes mediated primarily
by GIn194, the allosteric switch. This appears to
induce a coil to B-sheet structural transition in L2
which serves both to activate this region for DNA
binding and to propagate the allosteric transition
to the subunit interface near the region defined by
the RecA signature sequence, residues 214-222.
Changes in L2 may be detected by L1, perhaps via
signaling through the “connector” region immedi-
ately C-terminal of the Walker B motif. This may
contribute to the functional coupling of these two
DNA binding domains. The arrival of ATP may
also be communicated to other parts of the structure
via the MAW motif in which there are residues that
make direct connection from the ATP binding site
to the subunit interface, e.g., Glu63-Arg222. Now
NTP-induced changes in the C-terminal region
must be taken into account as well. Keeping in
mind that this process activates RecA for two
mechanistically unrelated functions—strand ex-
change and coprotease activity (see below)—much
remains to be learned about the molecular events
that coordinate these allosteric changes.

INTERACTIONS OF RECA WITH
OTHER PROTEINS INVOLVED IN
HOMOLOGOUS RECOMBINATION
AND DAMAGE-INDUCIBLE DNA
REPAIR

In addition to its inherent catalytic abilities,
RecA function is dependent on its interactions with

415



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/05/12
For personal use only.

FIGURE 12. Alternate model of subunit interface and ATP-mediated transfer of allosteric informa-
tion. As described by VanLoock et al. (2003), F217 and K216 of subunit 1 are proposed to interact
with ATP in the neighboring subunit (1INOS3). Coloring of side chains is same as Figure 10. See text
for details. (Figure appears in color online at www.crbmb.com)

other proteins involved either directly in DNA re-
pair or in the regulation of expression of DNA re-
pair genes. Continued efforts have further defined
domains in the RecA structure that participate in
these interactions, and have also revealed previously
undetected interactions that had been suggested by
earlier genetic and biochemical studies.

Single-Stranded DNA Binding
Protein (SSB)

SSB assists RecA-catalyzed strand exchange
in at least two distinct manners. First, by melting
out secondary structure in ssDNA, SSB promotes
RecA polymerization (Figure 1). However, because
SSB can compete with RecA for binding to ssDNA
(Tsang et al., 1985; Kowalczykowski and Krupp,
1987; Kowalczykowski et al., 1987), SSB can in-
hibit RecA-mediated strand exchange if allowed to
preincubate with ssDNA prior to the addition of
RecA in in vitro reactions (Cox and Lehman, 1982).
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Secondly, SSB promotes strand exchange by bind-
ing the displaced ssDNA strand in the later stages of
the reaction (Lavery and Kowalczykowski, 1992a).
There is currently no direct evidence for protein-
protein interactions between RecA and SSB, al-
though Roca and Cox (1997) suggest that weak in-
teractions between the two, especially toward the
later stages of strand exchange, would provide in-
creases in local concentrations of SSB, allowing it
to bind the displaced strand and prevent the initi-
ation of inappropriate secondary strand exchange
events more easily. However, no such interaction
has been established biochemically, and there are
no recA mutants whose phenotype suggests such an
interaction.

RecBCD Interacts Directly with
RecA

The RecBCD enzyme is a highly processive he-
licase and nuclease that is essential for the initiation
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of RecA-mediated repair of DSBs. Its nuclease func-
tion undergoes specific alterations when it encoun-
ters the sequence-specific recombination hotspot
chi, thereby generating 3’-terminal ssDNA, which
is the preferred substrate used by RecA, to initi-
ate strand exchange (reviewed in Kowalczykowski,
2000). Work from the Kowalczykowski group has
shown that in addition to its helicase and nucle-
ase functions, RecBCD also facilitates loading of
RecA onto the ssDNA that it produces. Their stud-
ies using mutant RecB proteins with single substitu-
tions in the C-terminal region (RecB Asp1080Ala;
recB2109-Thr8071le) suggested that this part of the
RecB protein may be involved in direct contacts
with RecA (Anderson et al., 1999; Arnold and
Kowalczykowski, 2000). In fact, new work by Spies
and Kowalczykowski (Spies et al., 2003) demon-
strates a direct interaction between this region of
the RecB protein and RecA. The authors speculate
that the RecA domain involved in this interaction is
likely to be within the core region of the RecA struc-
ture. Currently no known recA mutants have been
characterized regarding potential defects specific to
RecA-RecBCD interactions.

RecF, RecO, and RecR Proteins

Early genetic studies revealed that the recF,
recO, and recR gene products play subtle but sig-
nificant roles in repair of DNA damage, that their
activity is linked to RecA-mediated recombination,
and that they are likely to function as a distinct
complex of proteins (reviewed in Roca and Cox,
1997; Kowalczykowski, 2000). The current view is
that the RecF, RecO, and RecR proteins play im-
portant roles in RecA-mediated repair of gapped
DNA, lesions that most likely result when replica-
tion complexes stall at a DNA lesion (Webb et al.,
1997; Cox et al., 2000; Kowalczykowski, 2000;
Morimatsu and Kowalczykowski, 2003). Biochemi-
cal evidence suggested that RecFOR acts at an early
step in the recombination pathway, and that its pri-
mary function is to relieve SSB-mediated inhibi-
tion of RecA through direct interactions between
RecO and SSB. This allows more efficient clear-
ing of SSB by cooperative polymerization of the
RecA filament (Umezu et al., 1993; Umezu and
Kolodner, 1994). Although no direct interaction was
observed between RecA and RecFOR in this work,
recent studies suggest this possibility. Work in the
Cox group has more clearly established the idea that
RecFR and RecOR act as “alternative protein pair-
ings with potentially complementary ... functions”

(Webb et al., 1997). The RecOR pair is found to
be particularly efficient in assisting RecA loading
at a 5'-end of ssDNA, and the RecR protein re-
mains associated with RecA filaments (Bork et al.,
2001). Using DNA substrates that mimic gapped ds-
DNA, the RecFR pair was found to prevent exten-
sion of the RecA filament from the single-stranded
region into the double-stranded regions (Webb et al.,
1997). The data suggest that competitive associa-
tion of RecR with either RecO or RecF plays an
important role in regulating RecA filament assem-
bly and disassembly, and the authors go on to de-
scribe the potential importance of these interactions
for reinitiation of replication following fork col-
lapse. Additional recent data from Morimatsu and
Kowalczykowski (2003) support the idea that the
RecFOR complex is a structure-specific mediator
of RecA that targets recombinational repair to the
ssSDNA-dsDNA junctions in gapped DNA. The im-
portance of RecF and RecR in replication restart
had been demonstrated by Courcelle et al. (1997),
and new work by Xu and Marians (2002, 2003) sup-
ports the idea that the RecF, RecO, and RecR pro-
teins function by regulating RecA filament clear-
ance from recombination intermediates so that they
may be used to reinitiate replication. However, de-
spite the apparent stable interaction of RecR with
RecA filaments (Bork et al., 2001) direct protein-
protein interactions have not yet been demonstrated,
and no recA mutants have been characterized that
suggest this interaction. Several recA mutants have
been shown to suppress the UV-sensitive phenotype
of recF strains, e.g., recA441-Glu38Lys/Ile298Val,
recA730-Glu38Lys, recA803-Val37Met, recA2020-
Thr121Ile and recA80I1-GIn257Pro (Thoms and
Wackernagel, 1988; Wang et al., 1993), but bio-
chemical studies suggest that this results from in-
creased cooperative polymerization of the RecA
protein itself (Madiraju et al., 1988) and/or an in-
creased ability to displace SSB from ssDNA (Lavery
and Kowalczykowski, 1992b).

Coprotease Activity

In addition to its role as a strand exchange en-
zyme, RecA catalyzes a mechanistically unrelated
function termed coprotease activity. In this capacity
it potentiates the autoproteolytic inactivation of sev-
eral repressor proteins, e.g., LexA, phage X cI, and
phage ¢80 repressors (Little and Mount, 1982), as
well as the activation of the UmuD protein (Sutton
et al., 2000; also see below). The LexA protein re-
presses transcription of genes belonging to a DNA
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damage-inducible family referred to as the SOS reg-
ulon. Ideas regarding an inducible DNA system in
bacteria were advanced in the mid 1970s (reviewed
in Radman, 1974, 1975), and current genomics ef-
forts reveal that at least 48 genes are upregulated in a
LexA/RecA-dependent manner in response to DNA
damage (Courcelle et al., 2001; Khil and Camerini-
Otero, 2002).

RecA requires both a nucleotide and nucleic
acid cofactor for this activity (Craig and Roberts,
1980). Although it appears that the nucleoprotein
filament form of RecA is required for this activity,
the oligomeric requirements have not yet been de-
fined (see below). Initially it was thought that RecA
had the catalytic ability to serve as a protease, but
with the discovery by Little (1984) that the LexA
and A repressors undergo a specific autodigestion
reaction, the model shifted to one in which RecA
serves to bind the substrate proteins in such a way
that they became competent for autocleavage (Little,
1993; Luo et al., 2001).

The identity of a defined region within the RecA
structure that serves as the binding site for copro-
tease substrates remains elusive. However, electron
microscopic studies and several mutational analy-
ses have revealed areas of the structure, and spe-
cific residues within these areas, that serve as likely
docking sites. Before the first RecA structure was
solved, genetic studies had identified two mutants
that showed specificity for certain coprotease sub-
strates. RecA1734 (Arg243Leu) is active for cleav-
age of both the LexA and X cl repressors but inhib-
ited for cleavage of UmuD and the ¢80 repressor
(Dutreix et al., 1989). Subsequently an Arg243His
mutant was isolated (recA433/435) that showed a
similar specificity (Ennis ez al., 1995). Additionally,
recA91 (Gly229Ser) permits cleavage of A cl but
not the ¢80 repressor (Ogawa and Ogawa, 1986).
Both Gly229 and Arg243 are positioned within a
“notch” between adjacent subunits in the RecA fil-
ament, and Story et al. (1992) suggested that the
coprotease substrate binding site lies in this region
(Figure 13).

Genetic studies designed to pick up recA mu-
tants with altered coprotease function were car-
ried out by the Tessman group (Tessman and Pe-
terson, 1985a, 1985b), and DNA sequence analy-
sis of the constitutive alleles (coprt®) revealed that
mutations were clustered in 3 regions of protein
sequence (Wang and Tessman, 1986). Further ge-
netic and biochemical analysis of several of these
mutants gave rise to the idea that coprt® activ-
ity could result from structural changes in RecA
that allowed more promiscuous use of different
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NTPs and nucleic acids as cofactors (Wang et al.,
1988a, 1988b). For example, whereas wild-type
RecA cannot use NTPs other than ATP, dATP,
ATPyS, and UTP effectively as cofactors for LexA
cleavage, the recA1202 (GIn184Lys) and recA1211
(Glu38Lys) mutant proteins can also use CTP, dCTP,
GTP, and dGTP, as well as rRNA, tRNA, and
dsDNA, as nucleic acid cofactors more effectively
than wild-type RecA.

In support of the idea that relaxed NTP and nu-
cleic acid specificity can correlate with a coprt® phe-
notype, Konola et al. (1995) found that the Pro67Trp
protein uses all NTPs, dNTPs, and ddNTPs very
efficiently for in vitro LexA cleavage, and relative
to wild-type RecA can use shorter length oligonu-
cleotides as cofactors for cleavage of the A cI pro-
tein. Further analysis of different substitutions at
Pro67 provided striking evidence that this residue
may be involved in making specific contacts with
coprotease substrates. It was found that Asp and
Glu substitutions at Pro67 resulted in coprt® activ-
ity, whereas Lys and Arg substitutions blocked co-
prt activity (Konola et al., 1995). Later studies de-
termined that while the Asp and Glu substitutions
showed high levels of coprt® activity that was fur-
ther induced by DNA damage, these two mutants
were inhibited for UmuD cleavage activity in both
the absence and presence of DNA damage (Konola
et al., 1998). In contrast, the Pro67 Arg mutant pre-
vents LexA cleavage while allowing nearly 50% of
the wild-type level of DNA damage-induced cleav-
age of UmuD. These results are consistent with the
idea that Pro67 is located in a region of the RecA
structure that makes direct contact with LexA and
UmuD.

Electron microscopic analyses of RecA/DNA/
LexA complexes revealed that Lex A has two strong
points of contact with the RecA protein filament
(Yu and Egelman, 1993). One is within the heli-
cal filament groove (site A in Yu and Egelman,
1993), in support of the idea proposed by Story
et al. (1992). The second area includes the L1 re-
gion (residues 157-165; site B in Yu and Egelman,
1993). Subsequent biochemical evidence supported
the idea that L1 serves not only as part of the sec-
ondary DNA binding site, but as part of the copro-
tease substrate binding site as well. Studies from
the Kowalczykowski group showed that the recom-
bination and coprotease functions of RecA are mu-
tually exclusive (Harmon et al., 1996), and that
LexA cleavage is competitive with binding of the
secondary DNA (Rehrauer and Kowalczykowski,
1996). These results are entirely consistent with ear-
lier studies showing that RecA-mediated cleavage of
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FIGURE 13. Model of dimeric RecA showing residues of potential sites of contact with coprotease
substrates. The side chains of these residues all lie on the inside of the RecA lament and can be
accommodated within a continuous surface that runs the length of the lament. The main chain of
subunit 1 is colored beige and subunit 2 is teal. Residues 67, 154, 229, and 243 in each subunit are
shown in green. This image was created using 2REB in Story and Steitz (1992). (Figure appears

in color online at www.crbmb.com)

the A cI or LexA proteins is inhibited by either ex-
cess sSDNA or dsDNA in a concentration-dependent
manner (Weinstock and McEntee, 1981; Takahashi
et al., 1986; DiCapua et al., 1992). A large num-
ber of mutations in and around the L1 region have
been analyzed for specific effects on coprotease ac-
tivity, as well as differential effects on LexA versus
UmuD cleavage activity (Nastri and Knight, 1994;
Nastri et al., 1997). In two separate studies over
200 mutants were analyzed, and of the 67 single
mutants greater than 50% were constitutively acti-
vated for cleavage of either LexA, UmuD, or both.
Gly157 was identified as a hotspot for mutation-
induced coprt® activity as 10 of 14 and 12 of 14 sin-
gle mutants gave rise to coprt® activity toward LexA
and UmuD, respectively. Two mutants in particular
showed a clear preference for cleavage of UmuD,
recAN85 (Glul54Asp) and recAN121 (Glu154Gln).

Additionally, a significant number of mutants arose
having one or more secondary substitutions that sup-
pressed the coprt® activity toward either LexA or
UmuD seen in the primary mutant. Among these,
three second-site mutants were found that com-
pletely suppress coprt® activity toward LexA but had
little or no effect on the coprt® activity toward UmuD
(see recANS52, recAN113, and recAN118 in Table 1;
Nastri et al., 1997). The fact that a high frequency
of second-site suppressor mutations arose within
a small cluster of positions supports the idea that
these residues interact as a functional domain and,
together with the identification of mutants showing
differential effects on LexA versus UmuD, that this
domain is an important part of the coprotease sub-
strate binding site.

To further define sites of interaction between
RecA and coprotease substrates, Mustard and Little
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(2000) carried out a targeted mutagenesis study
in which Ala substitutions were placed at two
positions close together in the RecA sequence. Of
the 20 double Ala mutants analyzed, two were con-
stitutively activated for cleavage of A cl, but not
LexA or UmuD (recA K256Q257, recA E259Q261).
The RecA structures show that Lys256, GIn257,
Glu259, and GIn261 are positioned within the
“notch” region between subunits, similar to Gly229
and Arg243.

While it is assumed that coprotease activity re-
quires formation of a RecA/DNA/ATP nucleopro-
tein filament similar to that needed for catalysis
of strand exchange, this has not been specifically
demonstrated. In fact, several pieces of evidence
suggest that much smaller oligomers of RecA may
be active for coprotease function. For example, wild-
type RecA can use polydT oligonucleotides as short
a 6 bases to achieve levels of LexA cleavage close
to those seen with much longer lengths of ssDNA
typically used in coprotease assays (Konola et al.,
1995). A 6 base oligonucleotide can maximally ac-
commodate only two RecA subunits, although it
was not determined in this study if these small
RecA/oligonucleotide complexes can stack to form
filament-like oligomers. Additionally, mutation of
residues at the RecA subunit interface gives rise to
a large number coprt® mutants (M. C. Skiba and
K. L. Knight, unpublished; see Table 1). For ex-
ample, each of 16 substitutions at Lys216 has been
shown to disrupt filament assembly by RecA in the
absence of DNA and ATP, and 11 of these mutants
are coprt®. Of 12 substitutions at Arg222 that dis-
rupt filament assembly, 9 are coprt®. Detailed in
vitro coprotease assays and binding studies have not
been done with these mutants, and each mutant may
be able to form stable nucleoprotein filaments that
carry out coprotease function, but this information
leaves open the possibility that a RecA nucleopro-
tein filament need not be the required oligomeric
state for this activity. This is especially interest-
ing given recent results regarding the oligomeric re-
quirements for RecA in translesion bypass assays,
where it appears that monomeric RecA may be all
that is needed for this activity (see section below on
RecA/pol V).

Clearly, there are several mechanisms by which
RecA mutations result in coprt® activity. In addition
to the possibility of selective increases in binding
affinity for specific substrates, other mechanisms
include relaxed specificity for NTP and nucleic
cofactors, which may result in the use in vivo of
cofactors not accessible to wild-type RecA. Story
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etal. (1992) also proposed a model in which mutants
that disrupt an aggregated storage form of RecA
may give rise to coprt® activity, but there is cur-
rently no evidence that such an inactive storage form
exists. Several studies from the Kowalczykowski
group support the idea that coprt® activity is due
to mutation-induced increases in the rate of associa-
tion with ssDNA, which correlates with an increased
ability to displace SSB from ssDNA. This has been
shown for RecA441, RecA730, RecA803 (Lavery
and Kowalczykowski, 1990, 1992b; Madiraju et al.,
1988, 1992), and recently for the Pro67Trp mutant
(Mirshad and Kowalczykowski, 2003b). For these
mutants one would anticipate that an increased abil-
ity to displace SSB from ssDNA would result in
coprt® toward all substrates. However, the fact that
certain mutations at Pro67 show a clear selectivity
for either Lex A or UmuD is more suggestive of a se-
lective interaction between RecA and the coprotease
substrate. Mirshad and Kowalczykowski (2003b)
also propose that coprt® activity in mutants with sig-
nificant recombination deficiencies may result sim-
ply from the accumulation of ssDNA that persists
due to the inability of the mutant RecA protein to re-
pair naturally occurring DNA damage. Their study
of recAN99 (Glul56Leu/Gly157Val) supports this
claim.

Taking all published information into account,
it appears that the coprotease substrate binding site
is a continuous surface formed by the L1 region and
the inside of the RecA filament that extends from the
position of the Walker A motif to a region between
subunits in which Gly229 and Arg243 are positioned
(Figure 13). This surface can easily accommodate
binding of a protein the size of LexA, UmuD, and
other repressor substrates. Given the flexibility of
the L1 region, binding to a repressor substrate may
pull this region further toward the filament core than
is apparent in current structures.

RecA/polV

The UmuD),,C complex (pol V) is one of several
known error-prone polymerases involved in restor-
ing genomic structural integrity following DNA
damage (reviewed in Goodman, 2002). The price
for using low fidelity polymerases is the introduc-
tion of numerous mutations, and in bacteria this
process was termed SOS mutagenesis or UV muta-
genesis (Witkin, 1976; Walker, 1984). RecA’s role
in UV mutagenesis involves its coprotease activity
for both the induction of the SOS gene family, to
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which umuC and umuD belong, and for process-
ing of UmuD to the form active in UV mutagen-
esis, UmuD’. But genetic evidence had suggested
that RecA also collaborates in a direct way with the
UmuC and UmuD’ proteins to promote UV mutage-
nesis, and this idea was further supported with the
discovery of recA mutants that were active for re-
combination and coprotease functions but were defi-
cient for UV mutagenesis: recA1730 (Ser117Phe) in
Dutreix et al. (1989), and recA430 (Gly204Ser) and
recA727 (Glul8Lys/Gly204Ser) in Sweasy et al.
(1990). A direct physical interaction between RecA
and the UmuCD complex was also demonstrated
in vitro (Freitag and McEntee, 1989; Frank et al.,
1993).

Elevated intracellular levels of the UmuD,C
complex had been shown to inhibit RecA-mediated
activities in vivo, and Sommer et al. (1998) exploited
this to isolate recA mutants that were resistant to
UmuD,C-dependent inhibition, referring to these

as UmuR mutants. Six different point mutants were
isolated, with five of the substitutions occurring at
positions within the subunit interface (Asp112Gly,
Asnl13Lys, Leul14Val, Serl17F, and Val247Met;
see Figure 14). These mutants also had reduced lev-
els of UV mutability. The idea that these mutations
disrupted specific RecA/ UmuD,C interaction sup-
ported an earlier hypothesis that UmuD,C is po-
sitioned at the site of DNA damage by interacting
with the end of a RecA filament (Sommer et al.,
1993, Boudsocq et al., 1997). It is interesting to
note that residues 112, 113, 114, and 117 all reside
on the surface of the subunit interface that would be
at the 3’ end of DNA, the end where pol V would
act (Figure 14). Recently, Frank ef al. (2000) pro-
vided direct evidence for this model by showing that
UmuD;,C prefers to bind to the ends of RecA fila-
ments. Thus, it now appears that specific protein-
protein interactions between RecA and UmuD,C
serve to target pol V to the site of DNA damage.

FIGURE 14. Potential sites of interaction between RecA and UmuD;, C (pol V). Mutations at each of
these positions were selected as UmuR mutants. Four of the v e residues shown (Asp112, Asn113,
Leu114, and Ser117) are on the surface of the subunit interface that would be at the 3’ end of bound
DNA (Story et al., 1992). This image was created using 2REB in Story et al. (1992). (Figure appears

in color online at www.crbmb.com)
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Recent findings by Pham et al. (2002) suggest
that while a RecA filament may serve to initially tar-
get UmuD,C to the site of damage in vivo, a nonfil-
amentous form of RecA is perfectly capable of pro-
moting DNA replication across adamaged template.
In fact, this study indicated that monomeric RecA
is able to carry out this function. Thus, a productive
protein-protein interaction appears not to require an
oligomeric form of RecA and again raises the pos-
sibility that other activities of RecA, e.g., copro-
tease, may not necessarily require an extended fila-
ment of RecA (see the “Coprotease Activity” section
above).

RecX and Dinl

The recX and dinl genes are part of the SOS
regulon, and the proteins appear to be involved in
attenuation of the SOS response following DNA re-
pair by direct inhibition of RecA function. First de-
scribed in Pseudomonas aeruginosa (Sano, 1993),
the recX gene lies downstream of recA in E. coli and
its expression is SOS regulated (Pages et al., 2003).
Studies in P. aeruginosa, Mycobacterium smegma-
tis, Streptomyces lividans, and Xanthomonas oryzae
revealed that RecX is required to prevent deleteri-
ous effects caused by DNA damage-induced overex-
pression of recA (Sano, 1993; Papavinasasundaram
etal., 1998; Vierling et al., 2000; Sukchawalit et al.,
2001), although in an E. coli recX deletion strain
RecA overexpression is not harmful (Pages et al.,
2003) and in Neisseria gonorrhoeae RecX appears
to be required for normal RecA function (Stohl and
Seifert, 2001). RecX from both Mycobacterium tu-
berculosis and E. coli binds directly to RecA and
inhibits its ATPase and strand exchange activities
(Venkatesh er al., 2002; Stohl et al., 2003) as well
as coprotease function (Stohl et al., 2003). Recent
structural studies using three-dimensional recon-
struction of electron micrograph images now reveal
that E. coli RecX binds to the inactive form of the
RecA filament as opposed to LexA, which binds to
the active form of RecA (VanLoock et al., 2003a).
This result is entirely consistent with genetic and
biochemical results, showing that RecX serves to
inhibit RecA activity.

The E. coli dinl gene was discovered by Yasuda
et al. (1996) as a suppressor of a cold-sensitive mu-
tant in dinD, one of several DNA damage-inducible
genes isolated by Kenyon and Walker (1980). Over-
expression of Dinl blocks RecA-mediated cleavage
of both LexA and UmuD (Yasuda et al., 1998).
Voloshin et al. (2001) have shown that Dinl binds di-
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rectly to the L2 region of RecA. RecA mutants carry-
ing substitutions within L2, R196M, or K198M and
do not bind Dinl. Also, mutant Dinl proteins carry-
ing Ala substitutions at negatively charged residues
in the C-terminal «-helix are inhibited for binding
to wild-type RecA. Based on these biochemical data
and the NMR structure of Dinl (Ramirez et al.,
2000), a model was proposed in which the nega-
tively charged side chains in this C-terminal «-helix
mimic the negatively charged backbone of ssDNA
and compete with DNA for binding to the L2 re-
gion of RecA (Ramirez et al., 2000; Voloshin et al.,
2001). Further studies show that binding of Dinl
to RecA is enhanced upon RecA filament formation
and suggest that Dinl blocks RecA coprotease activ-
ity by competing with cleavable repressor substrates
for binding to the deep helical groove in RecA fila-
ments (Yoshimasu et al., 2003).

CONCLUSION

The bacterial RecA protein functions in a num-
ber of mechanistically distinct processes, all of
which contribute to the maintenance of genomic in-
tegrity. RecA is a classical allosterically regulated
enzyme, in that ATP binding induces conforma-
tional changes that appear to propagate to virtually
all regions of the protein structure. These structural
changes are clearly inter-related and result in high
affinity DNA binding, increased cooperative fila-
ment assembly, communication between primary
and secondary DNA binding sites, and an increased
association with other proteins such as coprotease
substrates and the pol V complex. We now have a
significant understanding of the molecular design of
the protein and how various structural and functional
domains coordinate their efforts to carry out these
diverse activities. And all this has occurred in the
absence of a detailed structure of the active form of
the protein. However, there are still many questions
that remain unanswered. For example, the structure
of the DNA binding domains and the residues within
them that make specific contact with DNA still re-
main largely undefined. Also, it appears now that
the primary and secondary DNA binding sites are
functionally and perhaps physically linked, and that
the C-terminal domain also plays an important role
in regulating the interaction between the RecA fil-
ament and the DNAs undergoing strand exchange.
The possibility of such an intricate functional asso-
ciation is intriguing, and the molecular details re-
main to be worked out.
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With the identification of Dmcl and Rad51
as RecA homologs in yeast (Bishop et al., 1992;
Shinohara et al., 1992; Story et al., 1993), and the
striking similarity of the filament structures formed
byRad51 and RecA (Story etal., 1993; Ogawaet al.,
1993), the stage was set for more detailed investiga-
tions into homologous recombination and recom-
binational DNA repair in higher organisms. Work
since that discovery has shown that there are RecA-
like proteins in all free-living organisms and, while
the overall process of Rad51/RecA recombination
is similar across all species, there are significant dif-
ferences in the fundamental mechanistic properties
of the proteins involved as well as the regulation of
their biochemical properties and catalytic abilities.
Several excellent reviews of double-strand DNA
break repair and homologous recombination in eu-
karyotes have appeared within the past three years,
and the reader is referred to these and additional cita-
tions within these works (Symington, 2002; Thomp-
son and Schild, 2002; van den Bosch et al., 2002;
Sonoda et al., 2001; Modesti and Kanaar, 2001).

The eukaryotic proteins involved in DSB re-
pair are members of the RADS52 epistasis group,
and it has been shown clearly that physical associa-
tion among certain members is required for optimal
function of the primary catalyst of DNA strand ex-
change, Rad51. In fact, continued examination of
several well-known bacterial proteins, e.g., RecA,
RecFOR, and RecBCD, now provides evidence that
specific protein-protein interactions play important
roles in their function.

This review has focused on the molecular de-
sign of RecA and how various studies of mutant
proteins have advanced our understanding of the
molecular organization of this complex enzyme.
Many excellent reviews have been written that pro-
vide further information on RecA, homologous re-
combination, and damage-inducible DNA repair in
prokaryotes (Lusetti and Cox, 2002b; Goodman,
2002; Courcelle and Hanawalt, 2001; Cox, 2000;
Kowalczykowski, 2000; Bianco and Weinstock,
1998; Roca and Cox, 1997; Eggleston and West,
1997; Clark, 1996).

Despite years of investigation, RecA remains a
fascinating study in the use of sophisticated molec-
ular design to accomplish a number of biologi-
cally related yet mechanistically distinct functions.
It will undoubtedly continue as a paradigm for stud-
ies of allosterically regulated enzymes in general,
as well as investigations into homologous recom-
bination and recombinational DNA repair in other
organisms.
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