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B Abstract The primary function of bacterial recombination systems is the
nonmutagenic repair of stalled or collapsed replication forks. The RecA protein plays
acentral rolein these repair pathways, and its biochemistry must be considered in this
context. RecA protein promotes DNA strand exchange, a reaction that contributes to
fork regression and DNA end invasion steps. RecA protein activities, especialy
formation and disassembly of its filaments, affect many additional steps. So far,
Escherichia coli RecA appears to be unique among its nearly ubiquitous family of
homologous proteins in that it possesses a motorlike activity that can couple the
branch movement in DNA strand exchange to ATP hydrolysis. RecA is aso a
multifunctional protein, serving in different biochemical roles for recombinational
processes, SOS induction, and mutagenic lesion bypass. New biochemical and
structural information highlights both the similarities and distinctions between RecA
and its homologs. Increasingly, those differences can be rationalized in terms of
biological function.
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INTRODUCTION: THE REPAIR OF STALLED
REPLICATION FORKS

Bacteria replication forks are halted at the sites of DNA damage or other
barriers. Halting of the replication fork occurs often even under normal aerobic
growth conditions, perhaps during every replication cycle (1-7). The nonmuta-
genic repair of stalled replication forks involves an elaborate collaboration
between enzymes from every mode of DNA metabolism. Recombination
enzymes remodel the DNA structures at the broken fork to regenerate a viable
fork structure. Repair DNA polymerases fill in gaps as needed. Specialized
complexes to restart replication (independent of the origin) reestablish normal
DNA replication. The proposed pathways involved are truly myriad (Figure 1),
determined to a degree by the type of damage or barrier encountered. Work to
date has served to classify these pathways collectively as a mgjor new DNA
repair process, and has advanced an appreciation for the extraordinary degree of
integration that exists among all facets of bacterial DNA metabolism (4-7).
Recent reviews have detailed what is currently known about the genetics and
biochemistry of nonmutagenic recombinational repair of stalled replication forks
(1-8). This modern synthesis of bacterial DNA metabolism has both a rich and
interesting history (9) and along list of questions to enliven future research (10).
The repair of staled replication forks is probably a significant function of
recombination systems in eukaryotes as well where recombination has critical
roles in a number of other processes (11, 12).

It is now possible to define two major classes of fork repair pathways. If a
replication fork encounters a DNA strand break, repair is shunted into a set of
pathways that can be quite distinct from those enlisted when the collision
involves DNA lesions or other nonreplicable barriers [such as a stalled RNA
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Figure 1 A sampling of proposed pathways for the recombinational DNA repair of
replication forks. The likely path varies according to the type of lesion encountered and its
location (leading or lagging strand). One mgor division in the pathways concerns the
encounter of (A) a strand break [which creates a double-strand break (DSB)] versus (B) an
encounter with a blocking lesion or other barrier. The pathways shown may be oversim-
plified deficient in the case of blocking lesions, with many additional paths proposed in the
references cited in the text.
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polymerase (13)]. A collison with a strand break creates a double-strand break
(DSB) separating one branch of the fork from the parental DNA (Figure 1A). In the
DSB repair pathways, the broken end is processed to generate a 3' single-strand
extension, and this end must then be used in a homol ogy-dependent strand invasion
step to reconnect the branch with the rest of the chromosome. In contrast, acollision
with alesion can leave single-strand gapsin thefork structure (Figure 1B). Gap repair
may often involve a facilitated migration of the branched fork structure. Movement
of the fork backward, so asto reanneal the original template strands and displace the
newly synthesized strands, is called fork regression. The displaced strands may
themselves anneal, generating a Holliday structure with a short arm (14), a structure
recently dubbed the “chicken foot” (15). Fork regression may occur spontaneoudly in
some situations (15), and is dso promoted enzymaticaly by the RecG, RuvAB, and
RecA proteins in Escherichia coli. The chicken foot can be processed, by a second
branch migration in the opposite direction (logically called fork progression) or by
digestion of the short arm of the chicken foot, to restore a forklike structure (16).
Alternatively, the four-way junction may be cleaved, shunting the repair into the
DSB repair pathways (7). The scheme in Figure 1B illustrates only one of the
potential structures that might be present in a fork stalled at a barrier, and many
variations of these repair pathways may exist to accommodate other structural
stuations (10). In general, the major pathways for replication fork repair make use
of some subset of the bacterial recombination functions, as well as the origin-
independent replication restart system featuring the restart primosome (17).

Most of the available repair paths appear to make use of the bacterial RecA
protein at one step or another (Figure 1). The bacterial RecA protein is the
first-known member of a still-expanding list of the family of proteins sharing the
capacity to catalyze DNA strand exchange reactions. The family is arich source
of enlightening structural and functional comparisons. The family includes the
UvsX protein of bacteriophage T4 (18, 19), the archaeal RadA protein (20), and
the eukaryotic Dmcl (21) and Rad51 (22, 23) proteins, al characterized in vitro.
Dmcl protein forms octameric rings that so far appear to be its functional form
(24). All of the other proteins form a filament on DNA with a strikingly similar
appearance in the electron microscope (20, 22, 25, 26). This nucleoprotein
filament then aligns the bound single strand with a homologous duplex, and
promotes a strand exchange between them. The most common model systems
used for DNA strand exchange in vitro are shown in Figure 2.

Although considered both structural and functional homologs, the RecA,
Rad51, and other proteins exhibit structural and functional differences that have
been highlighted in recent work. The primary sequence conservation is seen in
the core domain of the RecA protein (Figure 3). The bacterial RecA proteins
include a carboxyl-terminal domain not found in the others, while the RadA,
Rad51, and Dmcl proteins al have an amino-terminal domain not shared by
RecA protein (27, 28). ATP is hydrolyzed by the UvsX and RecA proteins some
one to two orders of magnitude faster than by the other proteins. All the proteins
promote the basic process of DNA strand exchange, without a requirement for
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Figure 2 The major models of DNA strand exchange used to explore RecA protein
function in vitro. DNA substrates for the three- and four-strand exchange reactions (A and
B) are generally derived from bacteriophage DNAs. Roman numerals refer to distinct
phases in the reactions that are detailed in the text. The D-loop formation reaction (C)
probably mimics RecA function in the repair path for double-strand breaks shown in Figure
1A.

ATP hydrolysis (29-35). The bacterial RecA protein is unique so far in
augmenting this process with an ATP-driven motor function, as detailed below.
Bacterial RecA proteins such as that of E. coli are also multifunctional. In
addition to the direct role in recombination manifested in its DNA strand
exchange activity, RecA protein has two other distinct activities. (a) The RecA
protein has a regulatory role in the induction of the SOS response, where RecA
filaments on the DNA promote the autocatalytic proteolysis of the LexA
repressor, the UmuD protein, and certain other proteins (36). (b) The RecA
protein is required for the mutagenic bypass of DNA lesions during the SOS
response, a reaction catalyzed by DNA polymerase V (37, 38).

If the primary function of bacterial recombination is the repair of stalled
replication forks, then the biochemistry of bacterial recombination proteins is
best considered in this light. This review focuses on the bacterial RecA protein,
incorporating information about RecA homologs where that information pro-
vides insight into RecA function. Activities are presented in the context of
replication fork repair, emphasizing the DNA strand invasion and strand
exchange functions, with a detailed listing of potential RecA effects on repair
pathways for replication forks provided at the end. The roles of the RecA protein
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Figure 3 Comparison of structural domains in the E. coli RecA protein with the
bacteriophage T4 UvsX, yeast (Saccharomyces cerevisiae) Rad51 and Dmcl, and the
archaeal (Sulfolobus solfataricus) RadA proteins. Core domain conservation is depicted
with diagonal lines. N-terminal domain conservation between Rad51, Dmcl, and RadA is
shown as a spotted region. Regions with no sequence homology include the light gray
shaded regions of the N-terminal domains and all regions C-terminal to the core domain,
including the C-terminal domains of the E. coli RecA and T4 UvsX proteins.

in SOS induction and in SOS mutagenic lesion bypass have recently been
reviewed (36, 38), and are not considered further here.

RecA PROTEIN ACTIVITIES

Fundamentals

The RecA protein of E. coli is DNA-dependent ATPase and an ATP-dependent
DNA binding protein. It comprises 352 amino acid residues and has a calculated
molecular weight of 37,842 after the initiating methionine residue is removed.
The measured isoelectric point of the protein is 5.6 (27).

DNA Binding

Binding to DNA is a fundamental aspect of the role of RecA protein in DNA
metabolism, and is a multistep process that results in the establishment of a
nucleoprotein filament. The first step consists of the nucleation of a RecA
monomer onto the DNA. This is the slow step of the binding process (39-41).
Nucleation is considerably faster on single-stranded DNA (ssDNA) than on
double-stranded DNA (dsDNA), and the most effective nucleation site on a
chromosome would be an ssDNA gap. The binding of RecA to dsDNA is slower
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at physiological pH and above than at pH values below 6.5, and the lag in binding
at the higher pH values is due to slow nucleation (39—41). Nucleation to
dsDNA can be facilitated by distortions in the DNA structure, especially DNA
unwinding (40).

Once nucleation has occurred, monomers are added in an extension phase to
form the nucleoprotein filament. Monomers polymerize rapidly and coopera-
tively in the 5’ to 3" direction (Figure 4) (42—44). The cooperativity of DNA
binding complicates the measurement of binding affinity by classical biochem-
ical techniques.

In general, the binding of RecA to DNA is nonspecific with respect to
sequence, but it apparently exhibits an enhanced binding affinity for poly(dT)
polymers greater than 50 nucleotides in length (45-47) and for some GT-rich
sequences that are similar to the recombination hot spot Chi (48, 49). Further-
more, nucleation is hindered by stacked purine sequences and secondary struc-
ture (50).

RecA Nucleoprotein Filaments

In the presence of ATP, dATP, or an adenine nucleotide analog with a triphos-
phate-like structure (ATPyS or ADP-AIF, ), RecA monomers polymerize on
ssDNA to form an extended nucleoprotein filament. Electron microscopy anal-
ysis has shown this “active” form is a right-handed helical filament with a pitch
of 95 A, an axial rise per nucleotide of 5.1 A, a diameter of 100 A, six RecA
monomers per turn, and three nucleotides per RecA monomer (51-54). When
RecA is bound to dsDNA, the same extended filament is observed and the DNA
is underwound relative to the B-form helix (55, 56). In contrast, the RecA
filament formed on DNA in the absence of cofactor or with ADP is the
“collapsed” nucleoprotein filament. This compact, “inactive” form exhibits a
helical pitch of 64 A and an axial rise of 2.1 A per nucleotide (57, 58).
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RecA protein filaments both assemble and disassemble in a filament end—
dependent manner, with disassembly also occurring 5’ to 3’ on ssDNA (59) and
at the end opposite to that of assembly (44, 60). The rate of disassembly is
approximately 70 min~* on ssDNA at 37°C (61). ATP hydrolysis occurs
uniformly throughout the filament (62), with no enhancement at a filament end.
Some exchange of RecA monomers has been detected within filament interiors
under some conditions (63), although this might be attributed to DNA ends
present at filament discontinuities.

DNA Strand Exchange Reactions

The homologous recombination of DNA in vivo is studied in vitro by areaction
that can be broken down conceptually into distinct steps (Figure 2). Thereis an
ordered binding of ssDNA first, followed by the dSDNA substrate, focusing the
reaction on single-strand gaps and ends where repair is likely to be needed. In
phase I, RecA forms a nucleoprotein filament stoichiometrically on ssDNA, as
described above. In the four-strand exchange reaction, the protein nucleates on
the single-stranded region of a gapped duplex molecule but can readily extend
into the duplex portion of the molecule. Phase Il is characterized by the
alignment of homology. The nucleoprotein filament recruits a linear dsDNA
molecule and the homology between the two DNAs is aligned. In the four-strand
reaction, this pairing occurs within the single-stranded region of the gap. Several
hundred base pairs of hybrid DNA are formed in phase |11 as the aligned DNA
strands are rapidly switched. Branched DNA intermediates are migrated by the
displacement of the like strand in the duplex molecule (Figure 2). Only the
binding of ATP, and not its hydrolysis, is required for phases|, 11, and 111 of the
three-strand reactions (30, 33-35). The four-strand reactions do not occur
without ATP hydrolysis (31). The segment of hybrid DNA formed in phase I11
is extended in phase IV of the reaction. This RecA-facilitated migration of
branched intermediates (extension) proceeds in the 5" to 3’ direction (with
respect to the initiating strand) until products are formed and requires ATP
hydrolysis (64).

DNA Pairing

The homologous alignment that occurs in phase |1 deserves some elaboration, as
it represents one of the central processes of recombination. The mechanism by
which RecA mediates homologous pairing remains a focus of investigation, and
new complexities continue to be reveaed that have not yet been fully explained.
Analysis of the kinetics of DNA pairing with short oligonucleotides reveals at
least two steps, a rapid second-order alignment of the two homologous DNA
molecules, followed by a slow first-order process (65-67). The initial alignment
may involve base flipping by some bases in the duplex (especially A and T bases)
to aign the DNAs via Watson-Crick pairing, as revealed for the human Rad51
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protein (68). In this mechanism, the slow first-order process may be a completion
of the strand switch to include all remaining base pairs over an extended region.

The fundamental process of DNA pairing and strand transfer occurs within the
filament groove, an arrangement originally proposed by Paul Howard-Flanders
(69). The DNA pairing promoted by the E. coli RecA features an ordered binding
of DNA substrates, in which a single strand is bound first and the homologous
duplex is drawn in second. An active site constructed to promote this reaction
should in principle be able to promote the same process in the opposite direction.
An inverse reaction has been reported for the E. coli RecA protein, in which the
duplex DNA is bound first and the single strand is drawn in (70). The reaction
has been demonstrated only for short duplex DNA substrates (63 base pairs) in
which RecA protein filaments are stabilized by the presence of long circular
single strands contiguous with the duplex.

In principle, the duplex could approach the ssDNA within the filament via
either its major or minor groove. Within the major-groove-first path, a novel
triplex DNA intermediate, formed prior to a strand switch or base flipping, has
been proposed. This triplex has been caled R-form DNA (71, 72). In the
alternative minor-groove-first path, homologous alignment would involve only
the standard Watson-Crick base pairing provided by base flipping. As the duplex
bound, it would be extended and underwound such that its bases would be free
to rotate and “sample”’ the bound ssDNA for complementarity. Both the RecA
and Rad51 proteins promote DNA strand exchange readily with DNA substrates
heavily substituted with base analogs that disrupt many of the interactions
proposed to stabilize the R-form triplex asit has been presented (73-75). Overall,
the weight of the evidence currently supports a minor-groove-first pathway for
DNA pairing that excludes an R-form triplex intermediate (68, 76—81), although
arguments for a major-groove-first path have also appeared (82). The RecA
filament appears to stabilize the products of DNA strand exchange, using binding
energy to promote the strand switch (83).

The “search for homology” involves the transient underwinding of the duplex
DNA substrate, an effect that can be observed with heterologous DNA substrates
(84). In addition, the binding of a heterologous duplex DNA to a RecA-ssDNA
complex activates the duplex for a strand exchange reaction with a homologous
single strand introduced external to the filament (85). This strand exchange in
trans is a much weaker reaction than the conventional strand exchange, and has
been demonstrated only for short oligonucleotides. At a minimum, interesting
structural changes are conferred on a duplex DNA when it binds to a RecA
nucleoprotein filament, and the alterations are likely to facilitate strand exchange
reactions in general.

ATPase Activity

The RecA protein hydrolyzes ATP to ADP and inorganic phosphate. As with
DNA binding, ATP binding and hydrolysis is a cooperative process. Except at
very high salt concentrations (85a) ATP hydrolysis is DNA-dependent. RecA
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monomers in the filament hydrolyze ATP with arate of catalysis (k) of about
30 min~* on ssDNA. This agrees with the measured ATPase rate during phase
| (see above) of a three-strand exchange reaction. The rate of ATP hydrolysis
drops to about 16—20 min~* when the duplex molecule is added to the reaction
(phase 11) or when a filament is formed on dsDNA. The role of ATP hydrolysis
in RecA-mediated strand exchange is explored below.

RecA PROTEIN STRUCTURE

Sequence Alignments

The bacterial RecA protein is a highly conserved polypeptide chain. Primary
sequence alignments of the RecA proteins from 67 bacterial species have
been published in two independent reports (27, 86). Based on these align-
ments, a consensus sequence for all bacterial RecA proteins was generated
(Figure 5). With the E. coli RecA protein as a reference, the percentage of
identical amino acid residues in bacterial homologs ranges from 49% for
Mycoplasma pulmonis to 100% for Shigella flexneri. Additionally, many
nonidentical aligned residues retain chemical similarity (Figure 5). In the
following discussion, all amino acid residue numbers refer to the E. coli
protein sequence for simplicity.

Structural Information from X-Ray Crystallography

There are four reported X-ray crystal structures of bacterial RecA proteins, two
from E. coli (87, 88) and, more recently, two from Mycobacterium tuberculosis
(89). Even though M. tuberculosis RecA is only 62% identical to E. coli RecA,
the structures are nearly identical with aroot mean squared deviation (RMSD) of
only 0.6 to 1.1 A, depending on the extent of alignment. All of these structures
lack DNA, but one E. coli structure includes an ADP cofactor and one M.
tuberculosis structure includes a nonhydrolyzable ATP analog. The RecA struc-
tures have revealed a central core domain and two smaller domains at the amino
(N) and carboxyl (C) termini (Figure 6).

The core domain of the RecA protein is structurally homologous to several
proteins, to which it bears very little to no sequence similarity. The structural
units of hexameric helicases are RecA-like domains (90). Furthermore, 120
a-carbon atoms of the core domain of RecA can be spatially aligned with the
mitochondrial F;-ATPase and the cobalamin nucleotide loop assembly protein
CobU, with an RMSD of less than 2 A (91, 92).

The crystal structures provide information about both the RecA monomer
and the filaments it forms. Polymerization of RecA monomers in the absence
of DNA has been observed in vitro and in the crystal structure. In the crystal,
monomers are packed so as to form a right-handed helical filament with six
monomers/turn (Figure 6). Thus, the monomer structure (Figure 6) is a
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Figure5 Bacteria RecA primary sequence alignment. The bacterial RecA consen-
sus sequence (Bact) based on 67 sequence alignments was generated by determining
the residue most conserved in that position. Above this consensus sequence is a
summary (Sum) of the most conserved residues. A capital letter above aresiduein the
consensus sequence means it is invariant across all bacterial RecA proteins in the
alignment. A lowercase letter refers to those residues whose identity is conserved
more than 90% of the time. A small ¢ denotes aresidue that is chemically conserved
in more than 90% of the aligned sequences, based on the following criteria: aromatic
(FWY), hydrophobic (ILMV), hydrophilic (ST), small aiphatic (AG), amides (NQ),
acidic (DE), and basic (HKR). The consensus sequence is listed directly above the
RecA proteins from E. coli (Ecali). Although the average length of al the sequences
aligned is 352 amino acid residues (the range was 318 residues in Bacteroides fragilis
to 388 residues in Streptococcus pneumoniae), the consensus sequenceis, on average,
one residue longer on the N terminus and two residues shorter on the C terminus
relative to the E. coli RecA protein. The numbers refer to the residues of the E. coli
protein from the N terminus to the C terminus with the initiating methionine residue
omitted.

representative unit of the polymer and not the monomeric form of the protein.
The core domain of the RecA protein (residues 34-269) is the part of
the protein most highly conserved among bacterial species. This conserva-
tion also extends to eukaryotic homologs. In the crystal structures, this
domain consists of a mixed, eight-stranded, twisted B-sheet flanked by four
a-helices.
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Figure 6 The structure of RecA protein and its filaments. A RecA monomer is
shown in ribbon form at the bottom, with B-sheets numbered and «-helices lettered
according to the established conventions used in the text. The N- and C-termina
domains are circled, and a bound ADP is seen at the bottom of the structure within
the core domain. A RecA filament with 24 monomersis shown in the inset at the top,
with one monomer shown in a darker color. In the background is an electron
microscope (EM) image showing a RecA protein filament formed on a circular
duplex DNA molecule in the presence of ATPyS. The helical groove in the filament
is manifested by striations in the EM image.
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The Monomer-Monomer Interface

Steitz and coworkers determined those residues whose solvent-accessible surface
area decreased significantly upon polymerization (87). In the filament visualized
by X-ray crystallography, B-strand 3, the loop C-terminal to g-strand 2, and
a-helix D of the core domain form one surface that packs against a-helix A and
B-strand O (the N-terminal domain) of an adjacent monomer. The molecular
details of this monomer/monomer interface are generally supported by mutagen-
esis studies. Residues 95, 97, and 99 have solvent-accessible surface areas that
decrease by more than 15 A2 upon polymer formation (87), and the RecA
His97Ala mutant is deficient in polymerization (93). The region of residues
117-128 is aso highly conserved; many of these residues contribute to the
monomer/monomer interfacein the crystal structure, and the Ser117Phe mutation
affects RecA polymerization (94). The region of a-helix G and amino terminal
side of B-strand 6 (residues 214-227) is another well-conserved segment. The
crystal structures implicate this region in monomer/monomer contacts from the
same face as the N terminus itself. Additionally, Knight and coworkers have
shown that Lys216, Phe217, and Arg222 are critical residues in stabilizing the
RecA polymer (95-97).

ATP Binding Site

The core domain region of residues 47—74 is quite well conserved with 14
invariant residues. It contains the nucleotide binding loop between B-strand 1 and
a-helix C. The E. coli sequence GPESSGKT matches the consensus sequence of
amino acids (G/A)XXXXGK(T/S) for the Walker A box (98) (also referred to as
the P-loop) found in a number of nucleoside triphosphate (NTP)-binding pro-
teins. The RecA Lys72Arg mutant protein is ATPase deficient while retaining
nucleotide binding (33, 34).

Other parts of the ATP binding site are also highly conserved, including
residues 140-150. This region contains six invariant residues and includes
another nucleotide binding motif, the Walker B box (98). This motif is found at
B-strand 4 in the RecA structure (residues 140-144). The Walker B box is
characterized by four hydrophobic amino acids followed by an acidic residue
(usually aspartate). Interestingly, a non-prolyl cis-peptide bond was found
between Aspl44 and Serl45 in the structure. This uncommon peptide bond
configuration was also found in both subunits of the F;-ATPase as well as the
CobU protein. Thisislikely a conserved motif that is a feature of the RecA-like
fold of the core domain, and it will be interesting to see if thisis conserved in
more structural homologs of the RecA protein as they are discovered.

Nucleotide specificity and additional ATP binding interactions are contributed
by the amino acid residues at B-strand 2 and the loop C-terminal to that strand
(residues 90—100), al of which are greater than 90% conserved among bacterial
RecA proteins. Alads is amost completely conserved and is responsible for
stabilizing the non-prolyl cis-peptide bond described above through amain chain
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hydrogen bond. Glu96 is thought to activate a water molecule for in-line attack
of the y-phosphate of ATP, and mutation of this residue to an aspartate renders
the protein ATPase deficient (99). Asp100 forms a hydrogen bond with the N°
amino group of the adenosine base (88). This specificity can be changed from
ATPto ITP, which has an N° carbonyl group, by replacing the aspartate with an

asparagine (100).

DNA Binding

In the absence of aRecA-DNA co-crystal, much of the discussion about the DNA
binding sites of RecA protein has focused on two loops within the highly
conserved regions of residues 151-176 and 190—227. These loops, disordered in
the crystal structure, are commonly referred to as L1 (residues 157-164) and L2
(residues 195-209). Both of these regions are moderately well conserved among
bacterial RecA proteins, athough the conservation does not extend to the
archaeal and eukaryotic homologs. Although the loops are disordered in the
crystal structure, it seems likely that they may become ordered upon DNA
binding. The implication of a DNA binding function for these loops stemsin part
from the location of the peptide endpoints deep within the filament groove (87)
that was determined by Egelman and coworkers, using electron microscopy, to
be the primary DNA binding site (101). It is worthwhile to note that residues that
make up L1 in MtRecA are ordered in that structure and, in fact, L1 is oriented
into the groove (89). A number of mutagenesis and DNA cross-linking studies
have further implicated these regions in DNA binding (for a review see 27).
Detailed mutagenesis of loops L1 and L2 have been carried out by the Knight
(102) and Camerini-Otero (103) groups, respectively. DNA cross-linking studies
have supported a role for these loops in DNA binding (104, 105). Conversely,
residues outside of these regions, such as Tyr103 (106), Lys183 (106, 107), and
in the region of residues 233-243 (107), have also been shown to cross-link to
DNA. Many details of the RecA-DNA interaction remain to be elucidated.

The Carboxyl Terminal Domain

The C-terminal domain of the RecA protein (residues 270-352) exhibits the | east
amount of sequence conservation. This domain folds into a-helices H, 1, J and
B-strands 9 and 10 and is positioned distal to the filament axis in the polymer
structure (Figure 6). This solvent-exposed domain appears as lobes on the
exterior of the filament in the electron microscope. Recently, Egelman and
coworkers have observed C-terminal domain movement relative to the core
domain that may be responsible for (or diagnostic of) the active or inactive state
of the RecA filament (26). The last 25 residues of the RecA protein are
disordered in the crystal structure. This region includes a high concentration of
negatively charged residues. In fact, while there is little sequence identity in the
C terminus of bacterial RecA proteins, most bacterial RecA sequences display a
concentration of negatively charged residues. Other ssDNA binding proteins
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such as SSB of E. coli (108) and the gene 32 protein of phage T4 (109) also have
highly negatively charged C-terminal regions. Upon C-terminal truncation to
remove these negative charges, RecA, SSB, and the gene 32 protein show
increased dsDNA affinity relative to the intact protein (108—-111; SL Lusetti &
MM Cox, unpublished data). It has been proposed that the negatively charged C
terminus of RecA regulates the direct binding of RecA to dsDNA (in the primary
binding site) by electrostatically repelling the phosphate backbone of the DNA
(110, 111).

During strand exchange, RecA protein generaly forms a filament on an
ssSDNA. The RecA-ssDNA nucleoprotein filament must then bind a homologous
dsDNA molecule. The proposed binding site for this second DNA moleculeisin
the RecA filament cleft between the C-terminal domain at B-strand 9 and a-helix
| and the core domain at B-strand 7 (113-115).

THE MOLECULAR FUNCTION OF RecA PROTEIN-
MEDIATED ATP HYDROLYSIS

There are many differences between RecA protein and homologs like the Rad51
and RadA proteins. Few are as dramatic as the utilization of ATP by the RecA
protein. Comparisons in this review focus on the Rad51 protein, since in most
cases the key experiments have not yet been attempted for the Dmc1 and RadA
proteins. As already noted, RecA protein catalyzes a much faster hydrolysis of
ATPand dATP. ATP hydrolysis has two clear functions. First, it is coupled to the
5’ to 3" end-dependent disassembly process (44, 59, 61). ATP hydrolysis by the
monomer at the 5" proximal end of the filament may result in dissociation, with
the overdl likelihood determined by pH and other solution parameters (44).
Second, ATP hydrolysis is directly coupled to DNA strand exchange.

Although DNA pairing and some strand exchange can occur in its absence,
ATP hydrolysis confers several new properties to the RecA-promoted reaction.
The movement of DNA branches during the late stages of strand exchange is
rendered unidirectional (34, 64). RecA can promote extensive (multi-kilobase-
pair) DNA strand exchanges much more efficiently (34, 64). The strand exchange
can bypass heterologous insertions or other barriers that may extend for a few
hundred base pairs (32, 34). Finaly, the reaction can accommodate four DNA
strands (31, 34, 116).

Extensive DNA strand exchange is promoted by the yeast and human Rad51
proteins in the absence of high levels of ATP hydrolysis (75, 117). It is not yet
clear if ATP hydrolysis is coupled to dissociation of Rad51 protein from DNA.
However, the Rad51 protein cannot promote DNA strand exchange through
significant heterologous insertions (118, 119) or promote four-strand exchange
reactions (P Sung, personal communication), whether or not ATP is hydrolyzed.
The biasin the direction of DNA strand exchange seen in some studiesis largely
accounted for by a requirement for short single-strand extensions at the end
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where strand exchange is initiated (118, 120), as opposed to an active process in
the RecA filament driving the reaction in one direction. ATP hydrolysis appears
to play no role in the polarity of a Rad51-mediated DNA strand exchange
reaction. Thus, Rad51 appears to lack much of the functionality that requires
ATP hydrolysis in the RecA system.

The coupling of ATP hydrolysisto DNA strand exchange by RecA protein, as
manifested in the activity enhancements noted above, suggests the presence of a
motor function in RecA protein that Rad51 protein appears to lack. The proposal
that RecA protein possesses a motor function has evolved over the last 15 years
(3, 34, 121-124). The current iteration may help to explain RecA function at a
stalled replication fork.

THE RecA MOTOR

To explain the coupling of ATP hydrolysis to RecA protein-mediated DNA
strand exchange, a model must explain (a) the requirement for ATP hydrolysis
to bypass heterologous insertions (32, 34), (b) the requirement for ATP hydro-
lysis in four-strand exchange reactions (31, 34), (c) the apparent limitation for
facile coordination of only three DNA strands within the RecA filament (125—
130), and (d) the known disposition of RecA protein filaments during DNA
strand exchange reactions in vitro (131, 132). Some ideas for the use of ATP
hydrolysis by RecA (69, 133, 134) can be eliminated based on one or more of
these criteria (most were proposed prior to the experimentation that established
the criteria). Note that al of these models have elements unrelated to ATP
hydrolysis that still contribute prominently to current thinking.

Two modelsfor the coupling of ATP hydrolysisto DNA strand exchange have
retained a capacity to explain most current data. One involves a simple redistri-
bution of RecA monomers within a filament coupled to ATP hydrolysis (30, 33,
35). This proposal obviates the need for amotor by explaining most experimental
observations in terms of a simple DNA association/dissociation carried out by
RecA monomers. The other involves a motor function in which the ATP
hydrolysisis coupled to arotation of the two DNA substrates about one another
(3, 121, 123).

The RecA Redistribution Model

This model posits that the only limitation to extensive DNA strand exchange
comes in the form of filament discontinuities. When ATP is not hydrolyzed (e.g.,
when a non-hydrolyzed analog such as ATPyS replaces ATP), these disconti-
nuities halt DNA strand exchange. ATP hydrolysis alows the dissociation and
redistribution of RecA monomers to fill in these discontinuities. An exchange of
RecA monomers between free and bound forms occurs during DNA strand
exchange (135), as predicted by this model. The model aso provides a mecha
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Figure 7 A model for the bypass of a heterologous insertion via RecA protein redistri-
bution. Duplex DNA is paired with the RecA-ssDNA complex on both sides of the
insertion, and strand exchange proceeds up to the insertion on one side. Dissociation of
RecA protein then releases underwound DNA. With no way to eliminate the DNA torsional
stress via rotation of the DNA at an end (the DNAs are circular and thus tethered), the
torsional stress can be transmitted to the insertion and used to unwind it. Strand exchange
can then proceed again on the opposite side of the unwound insertion. Note that if the
substrate single strand is linear rather than circular, the torsional stress resulting from RecA
dissociation can in principle be dissipated by DNA rotation at the ends.

nism for strand exchange to bypass heterologous insertions in the duplex DNA
substrate (Figure 7) (136). In brief, strand exchange would proceed in an
ATPase-independent way up to the heterology. The homologous duplex DNA
would be taken into the filament on both sides of the heterology. Since
RecA-bound DNA is highly unwound, ATPase-dependent dissociation of RecA
monomers would release underwound DNA. If the superhelicity of thisDNA was
not dissipated by free rotation of the DNA at an end (and it would be so
constrained in the standard circular DNA substrates), the resulting torsional stress
could be transmitted into an unwinding of the duplex DNA within the heterol-
ogous insertion. This strand separation would allow strand exchange to continue
on the other side of theinsertion. In effect, the bypass of a heterologous insertion
requires only that the RecA protein bind so as to underwind the DNA and
dissociate in a reaction coupled to ATP hydrolysis.

There are now four experimental tests that conflict to some degree with the
RecA redistribution model. First, in the absence of ATP hydrolysis, the addition
of excess RecA protein (to fill in any filament discontinuities) is not enough to
remove the obstacles to extensive DNA strand exchange with long DNA
substrates (34). This test is limited in that the DNA exposed within filament
discontinuities may not always occur in multiples of the three-nucleotide binding
site needed by RecA. Second, the exchange of RecA protein into and out of
filaments during strand exchange is not enough in itself to complete strand
exchange and bypass heterologous insertions. In mixed filaments that include
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small amounts of the RecA mutant K72R, which binds but does not hydrolyze
ATP, DNA strand exchange can be blocked, athough some RecA monomer
exchange dtill occurs (135). Third, the mechanism of Figure 7 predicts that
heterology bypass should not occur if both of the DNA strand exchange
substrates are linear. Free rotation at the ends would dissipate the superhelical
stress in the DNA released by RecA and thus prevent the needed unwinding of
the insert DNA. However, heterologous insertions are bypassed on linear DNA
substrates as well as in a reaction using circular ssDNA (124). Finally, mutant
RecA proteins with short C-terminal deletions exhibit nearly normal ssDNA
binding, DNA extension, ATPase, DNA dissociation, and DNA strand exchange
activities (110, 111, 137; S. L. Lusetti & M. M. Cox, unpublished data). These
mutants exhibit somewhat enhanced binding to dsDNA (110, 111, 137; S. L.
Lusetti & M. M. Cox, unpublished data). These proteins can thus bind to and
extend DNA, and dissociate in a reaction coupled to ATP hydrolysis. However,
this is clearly not enough to bypass a heterologous insertion, as these proteins
have greatly reduced or absent bypass activities. The deletion mutants also
cannot promote a four-strand exchange reaction (S. L. Lusetti & M. M. Cox,
unpublished data).

Another problem is the lack of a proposa to explain the requirement for ATP
hydrolysis in four-strand exchange reactions within the RecA redistribution moddl.

The Facilitated DNA Rotation Model

This model (a RecA motor) posits instead that the barrier to extensive RecA-
mediated DNA strand exchange in vitro is the occurrence of unproductive DNA
pairing or other interactions between the RecA-ssDNA complex and the duplex
DNA subgtrate. When DNA strand exchange is initiated with a RecA-class recom-
binase, extension of the initial segment of hybrid DNA requires a continued spooling
of the duplex DNA into the filament. A secondary DNA pairing event, or a
nonspecific interaction of the duplex with the filament, can halt the exchange (Figure
8A) (34, 75, 117). In the case of RecA protein, these loops of DNA outside the
filament can be acted on and rotated about the outside of the filament, in a reaction
coupled to ATP hydrolysis. This mode postulates a set of DNA binding sites on the
outside and extending longitudinally along the surface of the filament. With six RecA
monomers per turn in the helical filament, one postulates six of these exterior binding
sites per filament, with DNA passed unidirectiondly from one to another as ATP is
hydrolyzed (Figure 8B and Figure 8C). This unidirectional rotation would generate
a unidirectional DNA strand exchange.

Like al molecular motors, the facilitated DNA rotation model postulates a
precise relationship between ATP hydrolysis and the motion it affects, in this
case the branch movement during DNA strand exchange. If DNA isrotated in six
steps around the outside of the filament, then each RecA monomer should
hydrolyze one ATP during each 360-degree rotation of the DNA. Since the DNA
within a RecA filament is underwound to approximately 18 base pairs (bp) per
turn, that same rotation should move the branch by 18 base pairs. Thus, the
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Figure 8 The facilitated DNA rotation model for RecA protein-mediated DNA strand
exchange. (A) In this model, extensive DNA strand exchange in the absence of ATP
hydrolysisis blocked by secondary DNA pairing events that leave segments of the DNA on
the exterior of the filament. When ATP is hydrolyzed, these loops are rotated about the
filament axis and about the bound DNA within the filament. The rotation results in
unidirectional movement of the DNA branch. (B and C) The model posits a degree of
organization of ATP hydrolytic events, such that the actions of every sixth monomer are
coordinated as shown (i.e., the darkly colored monomers would hydrolyze ATP at the same
time). The filament structure may have 6.2 RecA monomers per turn rather than the 6
shown, and in this case the “stripe” of ATP hydrolytic events would spiral somewhat about
the filament axis rather than proceed longitudinally as seen here.

turnover number for ATP hydrolysis during strand exchange (in units of min~%)
should be related to the rate of branch movement (in units of bp min~%), by a
factor of 18 bp. Both parameters were examined carefully over the widest
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temperature range possible, to generate the Arrhenius plot shown in Figure 9
(138). The lines described by each set of data are parallel within experimental
error. More important, the lines drawn in the figure are separated by a factor of
exactly 18 bp, substantiating a key prediction of the model. Work with the S69G
mutant RecA protein, which affects the rate of nucleoside triphosphate (NTP)
hydrolysis, has also demonstrated that increases or decreases in the rates of ATP
hydrolysis can result in similar changesin the rate of DNA strand exchange. This
provides more evidence for a direct link between ATP hydrolysis and branch
movement in this system (139).

The model makes some additional predictions. The rotation of one DNA about
the other should, in some circumstances, generate torsional stress that could be
used to unwind DNA. The predicted generation of torsional stress can be seenin
an indirect helicase activity demonstrated for RecA (124) and in the bypass of
double-strand breaks during a four-strand exchange reaction (116) (Figure 10).
The generation of torsional stressis also necessary for the bypass of heterologous
insertions in the duplex DNA substrate in a three-strand exchange (140),
athough in this case such stress would be predicted by either the RecA
redistribution or the facilitated DNA rotation models.

The DNA binding sites on the exterior of the filament, as predicted by the
model, have not been identified. However, the carboxyl-terminal lobe of RecA
protein is positioned so that it could be part of such externa binding sites (26).
As aready mentioned, short deletions in the C-terminal domain of RecA largely
eliminate what we have defined as motor functions (the capacity to bypass
heterologous insertions or to carry out four-strand exchanges) while affecting
few other RecA activities. The absence of a comparable C-terminal domain in
Rad51 is consistent with the lack of heterology bypass or four-strand exchange
activities in Rad51. This work suggests that the C-terminal domain plays a
significant role in the coupling of ATP hydrolysis to DNA strand exchange.
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Figure 10 An indirect helicase function of RecA protein. In a four-strand exchange
reaction such asthat illustrated (with the exchanged strand in the gapped duplex longer than
the linear duplex substrate), complete exchange is observed and requires a helicase-like
activity of RecA protein. This type of strand separation is needed to bypass strand breaks
in a four-strand exchange as shown.

THE MOLECULAR FUNCTION OF RecA PROTEIN AT
STALLED REPLICATION FORKS

On the basis of the activities of RecA protein characterized to date, one can
propose at least six different ways that RecA protein could affect the repair of
stalled replication forks. Some of these are firmly based in experimentation in
vitro and to some extent in vivo. Others are hypothetical and a few are just new
ideas. There are many key reaction types among the pathways of Figure 1, and
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RecA can contribute to or affect, at least in principle, asurprisingly diverse array
of them.

3’ End Invasion

In the DSB repair pathways, the RecA protein promotes 3’ end invasion. The free
dsDNA end is processed by the RecBCD enzyme to generate a 3’ single-strand
extension. The RecBCD enzyme loads the RecA protein onto the single-stranded
DNA (141, 142). This RecA nucleoprotein filament then promotes the strand
invasion at asite in the dsDNA that is homologous with the bound single strand.
Thisis perhaps the most established activity of RecA protein at replication forks,
as well as the classical RecA function during conjugation and a variety of other
recombinational processes. In the context of fork repair, strand invasion would
occur at the site of a double-strand break generated by a fork encounter with a
strand break as shown in Figure 1A. The RecA protein and al of its homologs
promote the formation of D-loops in vitro (Figure 2C), a reaction that probably
accurately mimics the 3’ end invasion process. There is no apparent need for a
motor function in this process, and RecA mutant proteins that bind but do not
hydrolyze ATP can adequately promote this reaction. The key advantage of a 3’
end invasion is that the 3’ end can subsequently be used as a replication primer.

5" End Invasion

The RecA-mediated formation of D-loops in vitro exhibits a strong 3’ end bias
(143, 144). This reflects the RecA filament assembly and disassembly process
rather than a distinct end preference, since 5' ends can also be used if RecA
protein can be stabilized there (145, 146). In particular, the 3’ end bias is
generally eliminated in the presence of the RecO and RecR proteins (147).
Rosenberg and Hastings have proposed a split-end model for recombination
(148, 149) that might be applied to double-strand break repair at a damaged fork.
A 5" end invasion could come in other forms as well. Since RecBCD requires
nearly flush ends with less than 25 bp nucleotides of single-stranded DNA (150),
any broken end with a 5’ extension longer than this would require a different
repair path. Such ends might be generated by the action of exonuclease |11 or by
the occurrence of a strand break within a single-strand gap. A RecAOR filament
could provide the alternative to RecBCD needed for the repair of such ends.

Fork Regression of a Stalled Fork with a
Leading Strand Gap

When a blocking DNA lesion is encountered by the replication fork on the
leading strand, the lesion can be left in along (~1 kilobase) single-strand gap
(151), as illustrated in Figure 1B. An often-postulated pathway for repair of
stalled forks of thiskind is viafork regression. The original template strands are
reannealed, and the newly synthesized strands are displaced, forcing the fork
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backward. At least three plausible pathways have been identified for fork
regression. Theseinclude a spontaneous, topology-driven process (151), catalysis
by a branch helicase such as the RecG (13, 152) or RuvAB proteins (7), and
catalysis by the RecA protein. Given a long gap in the leading strand, RecA
protein promotes in vitro the regression of DNA substrate models for stalled
forks (153). The reaction appears to be entirely dependent on ATP hydrolysis
(153) and represents a potential application of the postulated RecA motor
function. In a stalled fork, rotation of one branch about the other, in the manner
prescribed by the polarity of RecA filament assembly in a leading strand gap,
leads to recongtitution of the double helix of the origina template and to fork
regression. In vivo, such afork regression reaction presumes the involvement of
topoisomerases downstream to eliminate the DNA tangles that would result.

Fork Regression with a Lagging Strand Gap

RecA appearsto berequired for fork regressionin vivo in cells deficient in DnaB
function (154), lending further support to the idea that RecA protein is involved
in at least some fork regression reactions. However, the involvement of the DnaB
helicase, which travels along the lagging strand, suggests arole on lagging rather
than leading strand gaps. The RecA protein cannot promote regression of a fork
with a lagging strand gap by the kind of reversal of branch migration illustrated
in Figure 1B. This is because the polarity of the RecA filament assembly on the
lagging strand template, and any subsequent DNA strand exchange, would be in
the same direction as normal fork progression (not regression). This does not
exclude RecA from arolein fork regression from alagging strand gap; it simply
changes the nature of the reaction that must occur. What would have to happen
isillustrated in Figure 11. RecA filaments would form in the lagging strand gap,
and assembly would proceed up to (and perhaps beyond) the branch at the fork
itself. The filament would then promote strand invasion of the single strand in the
gap into the leading strand duplex. There would be no free DNA endsin such a
reaction, and topology would prevent a net strand exchange without the assis-
tance of either anuclease or atopoisomerase. The hypothetical pathway outlined
in Figure 1 represents what might occur by the combined action of RecA and a
topoi somerase. Radding and colleagues have demonstrated that areaction such as
that depicted can be promoted with RecA protein and the E. coli topoisomerase
| invitro (155). In effect, the DNA strand exchange would create a bubble behind
the fork, and the bubble (including the stranded fork itself) would move forward
(in the direction of normal fork movement) until al newly synthesized DNA had
been displaced. At that point, the newly synthesized DNA would become the
short branch of a “chicken foot” intermediate, while the separated template
strands in the bubble would reanneal. The end result would be the same as the
regression process already described, but the pathway bringing it about would be
quite distinct. Given the topological barriersinvolved, the motor activity of RecA
postulated above could, in principle, be needed to force this reaction in the
needed direction.
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Figure 11 A proposal for RecA protein—-mediated fork regression at a lagging
strand gap. RecA protein binds in the gap and initiates DNA pairing. Since no
suitable DNA ends are present, a net strand exchange requires the coordinated
activity of a DNA topoisomerase. The polarity of the lagging strand gap dictates that
RecA filament assembly, and the subsequent DNA strand exchange, progress toward
the branch point of the fork. The movement of the resulting exchange “bubble” would
gradually strip the newly synthesized DNA strands from the template. Bubble
movement would entail the indirect helicase activity of RecA (Figure 10). When
separation is complete, the newly synthesized strands would become the short branch
within a new “chicken foot,” and the bubble (now consisting of separated but
complementary single strands) would collapse to re-form template duplex DNA.

Topology-Driven Progression of a Regressed
Replication Fork

If regression of afork with aleading strand gap is carried out by RecA protein, there
is a potentially interesting side effect. The DNA within the RecA filament is
extensively underwound. As the chicken foot structure is formed and proceeds to the
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Figure 12 The potential for topology-
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end of the RecA filament, and the short branch is filled in by a polymerase, one
branch of the new four-way junction (the one with the reunited template strands)
remains underwound within the RecA filament. If this DNA is released by RecA
dissociation, the underwound DNA would remain constrained by the four-way
junction and its contiguous linkage with the larger chromosome. The only nonen-
zymatic path to eliminating the trapped underwinding would be rotation of the end
of the short arm. If a topoisomerase were again available to eiminate tangles
resulting from rotation of the two fork branches about each other, relaxation of the
DNA in front of the fork would in principle drive a fork progression that would
reverse the regression process and restore the fork structure (Figure 12). In effect, if
the poditive supercoiling generated by replication ahead of the fork can promote
spontaneous fork regression (15), then negative supercoiling ahead of the fork
generated by RecA protein binding may promote spontaneous fork progression. The
extent of the fork progression would depend on the length of the RecA filament
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promoting the regression process. This idea has not been tested thoroughly, but
RecA-mediated underwinding can be trapped in DNA via RecA-promoted fork
regression of model DNAs and the formation of chicken foot structuresin vitro (ME
Robu, RB Inman, & MM Cox, unpublished results).

RecA Filament Blockage of Replication Initiation

The 3’ end invasion reaction promoted by RecA protein introduces a 3’ end that
can be used as areplication primer. However, the 3’ end is buried within a RecA
filament. To make the end accessible to DNA polymerases, the RecA filament
must dissociate. This circumstance has been demonstrated in vitro (K Marians,
personal communication). It illustrates the importance of obtaining a better
understanding of RecA filament assembly and disassembly, and the enzymes that
modulate these processes. It also helps illustrate how little is known about the
replication/recombination interface in recombinational DNA repair, where
recombination enzymes must hand off to replication enzymes and vice versa.
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