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The RecA protein plays a central role in recombinational processes in Es-
cherichia coli. In this capacily, it binds to two DNA molecules and aligns ho-
mologous sequences within them. It then promotes a DNA strand-exchange
reaction that creates branched DNA recombination intermediates. The pro-
tein also has a regulatory function, serving as part of the system that induces
the SOS response to DNA damage. As a regulatory function, RecA protein
facilitates the autocatalytic cleavage of the LexA repressor, the N repressor,
and a few other proteins. Because RecA does not participate as a classical
protease in this reaction, the elfect of RecA on repressor cleavage is usually
referred to as the coprotease function. RecA also plays a direct role in a
process called SOS mutagenesis. This review focuses largely on the recom-
binational activities of RecA protein.

. The RecA protein has been found in all bacteria in which ithas been care-
fully sought, including Mycoplasma with its minimal genome (1). The recA
gene has been sequenced in over 60 bacterial species. The wide distribution
of bacterial recA genes, in classes of bacteria that took separate evolutionary
paths during precambrian times, indicates that the protein evolved very ear-
ly. Structural homologs of RecA protein have been found in Archaeans? (2)
and in eukaryotes from yeast to humans (3-5). The RecA protein of E. coli is
a 352-aminoacid polypeptide of M_37,842. This modestly sized polypeptide
has separate binding sites for at least three stands of DNA, ATP, the LexA
and \ repressors, and other RecA monomers: The active species of RecA pro-
- tein implicated in most of its activities is a structure in which RecA protein
monomers are assembled into a right-handed helical filament on DNA. Its
multitude of functions is reflected in a complex enzymology that still has sig-
nificant chapters unwritten.

I. On the Function of Homologous Genetic
Recombination in Bacteria
In the summer of 1984 at the Cold Spring Harbor Laboratory, there was
a symposium entitled “Recombination at the DNA Level.” Tt focused broad-

ly on recombinalion mechanisms and covered what was then known about

2 Qur description of molecalar taxonomy {ollows the recommendations of Woese et al. (24d).
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the mechanisms of homologous genetic recombination, site-specilic recom-
bination, and transposition in a marathon of over 90 presentations. One ol
the most memorable presentations was the final one, in which Alan Camp-
bell was asked to summarize the entire meeting. A paper outlining his re-

marks was later published in the symposium volume (6). Following an inex-
orable tide of papers on recombination mechanisms, the following comments
on general recombination stood out:

The function of general recombination has hardly surfaced in this Sym-
posium. Perhaps there was nothing constructive to say on the subject. I am
left uncertain as to how many investigators in that area consider that the func-
tion is too ‘ebvious to require discussion, how many think that general re-
combination serves no useful function, and how many consider the question
uninteresting or inlractable.

But there is a real question that needs to be answered sometime. Our im-
mediate interest .. . [is] ... in-recombinational mechanisms. But we all know
that the immediate selective value of those [recombination] genes and prod-
ucts does not depend on their role in reshufling genes in natural populations.

The passage reflects a persistent temptation to study the mechanism of
recombination without adequately considering its biological functions. The
interest in mechanism is easily explained. Homologous genetic recombina-
tion is the cellular process underlying most classical and many modern meth-
ods of molecular genetics. A sexual union of two individuals of any species
is accompanied by genetic recombination, resulting in new combinations of
genetic alleles in the offspring. In the laboratory, introduction of DNA into a
cell is also often accompanied by recombination, leading to an insertion of
the DNA into the cellular genome. The recombination associated with ge-
netic crosses allowed Gregor Mendel to ask and answer new questions about
inheritance. Today it allows gene hunters to isolate the genes responsible for
human genetic diseases. Recombination generates genetic diversity and the
generation of diversity allows us to study genomes. Without the inherent ca-
pacity of homologous chromosomes to come together and exchange genetic
information via recombination, it is hard to imagine where our understand-
ing of chromosomes, genes, and their functions might be. As we learn more
about genomes, we seek to change them by genetic engineering and human
gene therapy. Changing a genome requires recombination. Requiring further

pretext or context for pursuing an understanding of recombination mecha- .

nisms seems almost gratuitous.

However, Campbell’s point is not irrelevant or éven esoteric. A real un-
derstanding of the recombination mechanism is impossible without an ap-
preciation for recombination function. The function most important to a cell
is not necessarily the function most important to geneticists. The absence of
talks on recombination function at the 1984 symposium (6) did not reflect a

Tn_ J— I. PR
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dearth of ideas on the subject. Key ideas about recombination function were
simply not represented. :

A. The Function of Homologous Genetic Recombination
in Bacteria Is Recombinational DNA Repair

In addition to its role in the generation of genetic diversity, homologous
genetic recombination is required for recombinational DNA repair and is in-
volved in the successful segregation of chromosomes at cell division in all or-
ganisms. Which of these [unctions can account for the maintenance of re-
combination systems in all cells? One place to look for a discussion of this
question is in the literature addressing one of the most intractable questions
in evolutionary biology: the evolution of sex. “Sex” is commonly defined as

either genital union, gender, or mixis. Mixis is more or less synonymous with

recombination, and this is the context for our discussion. In higher eukary-
otes, recombination is closely linked to reproduction.

A number of researchers have argued that the creation of genetic diver-.

sity is the primary function of recombination in eukaryotes, providing the se-
lection pressure for the maintenance of recombination systems (7-10).
Viewed in this context, there are several major advantages to recombination
(7, 10). Recombination allows rapid adjustment of phenotypes to meet a
changing environment. Beneficial mutations from different lineages can be
readily combined, and deleterious mutations can be eliminated. All of these
factors may help account for the limited distribution of asexual eukaryotes,
in which genomic change is largely limited by the rate of mutation. Without
sex, the combination of two beneficial new mutations would require two in-
dependent mutational events. Most mutations are bad, and an inability to

eliminate deleterious mutations by recombination may be especially impor-

tant in resticting the distribution of asexual species. A small sexual popula-
tion lacking a mutant-free phenotype can always generate one by recombi-
nation. A similar asexual population can generate a mutant-free phenotype
only by back mutation. A detailed theory of the consequences of deleterious
mutations on asexual populations was presented by Muller (11), and has been
given the name “Muller’s ratchet” (7, 10, 12). Mutation loads may even limit
the size of the genome of asexnal organisms (10). -

However, recombination comes at a price. For every 100 offspring, asex-
ual organisms will contribute 100 individuals that can reproduce in the next
generation. Sexual females will contribute only 50. The maintenance of
males, along with the processes of meiosis and syngamy, represents a sub-
stantial energelic cost that must be borne by sexual species. Recombination
may break up the same favorable combinations of mutant alleles that it cre-
ates. Recombination also does not provide a means for two or more rare
genes, individually deleterivus but benelicial when grouped, to spread
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through a population together. The costs of recombination can lead to a
short-term advantage for asexual populations over sexual ones. For these and
other reasons, there has been a search for additional functions of recombi-
nation. One view holds that mechanisms for sexual genetic exchange arose
atleast in part from parasitic genetic elements (e.g., transposons) (13). A num-
ber of other researchers have argued that the primary [unction of eukaryot-

3¢ recombination is to repair DNA (14-18). A significant advantage of this

idea is that it provides a clear selective pressure for the maintenance of re-
combination systems at the level of individual organisms. The recent demon-
stration that the gene responsible for Bloom’s syndrome in humans is a ho-
molog of the bacterial recQ gene (19) [encoding a helicase involved in
homologous recombination (20, 21)] provides an interesting link between re-

‘combination and DNA repair in eukaryotes. The gene for Werner’s Syndrome

also exhibits significant similarity to recQ (22).
The function of recombination and the selective advantage of sex in eu-

karyotes remain controversial. The major theses outlined above are not mu-.

tually exclusive, and several or all of the factors cited may have played a sig-
nificant role in the evolution of eukaryotic sex.

The situation in bacteria is quite diflerent. There is a broad consensus
that recombination originated in bacteria or their progenitors as a DNA re-
pair process (7-10, 14, 16, 18, 23-27). The requirement for DNA repair prob-

“ably remains the major selection pressure for the universal maintenance of

homologous recombination systems in bacteria (26). Sex is not linked to re-
production in bacteria. Sexual genetic exchanges are generally quite rare
(28-30), and it is harder to invoke the creation of genetic diversity as a fac-
tor in the origin or maintenance of bacterial fecombination systems. On the
other hand, potentially mutagenic DNA lesions are virtually omnipresent (25,
26). Each bacterial cell growing aerobically in a rich laboratory broth suffers
on average several thousand DNA lesions of all types in every generation (26,
31). When a bacterial cell lacks [unctional copies of key genes involved in re-

combination, the prototypical phenotype is an extreme sensitivity to DNA-

damaging agents. Many cells mutant for recombmatxon functions are very
sick or dead (26, 32).

Recombinational DNA repair is a specmll?ed process.directed at DNA
damage only when it occurs in certain contexts. Much DNA repair is made
possible because DNA is double stranded. If one strand contains a lesion, a
segment of the strand containing the lesion can be removed. The second
strand can then be used as a template for replacement of the damaged strand
segment. No recombination is required. However, there are important situa-
tions in which a second DNA strand is not available to direct repair. In some
cases, cross-links or double-strand breaks produce damage in hoth strands.
Alternatively, a DNA lesion can be located in a single-stranded wglon ol the
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DNA. In these situations, the information for faithful DNA repair must come
from a different homologous DNA molecule via recombination.

Some current models for recombinational DNA repair are presented in
Fig. 1. Each of the pathways is directed at a different type of damage, but
there are a number of common themes. First, the pairing of two DNA mole-
cules involves one single-stranded DNA and one duplex DNA. If single-
stranded DNA is not already present, early stages of recombination are dom-
inated by enzymes that produce it (helicases and nucleases). The pairing is
likely to involve the transient formation of a novel triplex DNA intermediate.
Second, pairing is followed by a strand exchange in which the single strand
is paired with its complement in the duplex, and the like strand in the duplex
is displaced. The product duplex is referred to as heteroduplex DNA if it con-
tains one or more mismatches or lesions, or hybrid DNA if it does not. Third,
the strand exchange usually results in the formation of branched DNA in-
termediates. Because they are formed from homologous DNA molecules, the
branches can move in a process known as branch migration. Branch migra-
tion can continue into regions where both DNA molecules are duplex, form-
ing the branched recombination intermediate first proposed by Holliday (33),
and thus called the Holliday intermediate. Finally, repair is completed by en-
zymes that process the branched DNA intermediates, including specialized
helicases and nucleolytic activities, DNA polymerases, and DNA ligase.>

Consider in more detail what is likely to happen when a replication fork
encounters an unrepaired DNA lesion (Fig. 1A). DNA polymerases will not
insert nucleotides opposite the lesion, so the replication halts. Whether or not
replication resumes at some point further along the template, the lesion is left
in a single-stranded DNA gap and must be repaired in a process known as
postreplication DNA repair: The repair pathway shown is based on that pro-
posed by Howard-Flanders and colleagues (34). The single-stranded DNA in
the gap is paired with homologous duplex DNA derived from the other side
of the replication fork. Nucleolytic processing of the donor duplex leads to
formation of the branched recombination intermediate, and branch migra-
tion across the DNA lesion provides an undamaged complementary strand
at that location. By rendering the DNA surrounding the lesion double-strand-
ed, the lesion can be repaired by the excision repair pathways. Although the

3Tn Chapter 1 of his recent book (33a), Kuzminov has provided a detailed and lucid description
of the evolution of thought about models for recombinational repair.

Fic. 1. Models for recombinational DNA repair. The postreplication repair model is adapt-
ed from West et al. (34). The double-strand cross-link repair pathway is based on a model by

Cheng et al. (414). The double-strand break repair model shown is based on models presented

by Szostak et al. (35) and Smith (29). See text lor details.

e
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details difler for the repair of double-strand breaks and cross-links, the same
general sequence of steps is evident. The double-strand break-repair path-
way (Fig. 1B) is also similar to the pathways proposed for most meiotic re-
combination.in eukaryotes (35) and conjugational recombination in bacte-
ria (29). '

The central recombination activity in bacteria is the RecA protein. RecA
is found in all bacteria, and clear structural and functional homologs have
been identified in eukaryotes, from yeast to humans. RecA is broadly re-
sponsible for facilitating recombination steps involving DNA pairing and
branch migration. To initiate, regulate, and complete recombinational ex-
changes, RecA is augmented by over a dozen additional proteins. The over-
all system is complex, sophisticated, adaptable to different repair and re-
combination scenarios, and -critical for cell survival. Escherichia coli cells
lacking a functional recA gene grow poorly. About 50% of the cells in a typ-

ical culture are dead and 10% contain no DNA (32). Cells containing both a |

recA null mutation and an additional mutation tending to increase DNA
strand breaks (lig, dam, xth, ung, and polA) are inviable (36-38). Recombi-
nation and recombinational repair are all but eliminated in a recA cell.

A dramatic example of the relationship between recombination and re-
pair can be seen in recent work on the bacterium Deinococcus radiodurans,
which can survive a dose of radiation several thousand times that required to
kill other organisms. This extraordinary radiation resistance depends com-
pletely on an intact recA gene (39-41). Homologous chromosomes in these
bacteria may be arranged in pairs, with each pair permanently linked by
many Holliday junctions to facilitate rapid repair of DNA breaks (41). This
same mechanism may explain the resistance of D. radiodurans to DNA
strand breaks caused by prolonged desiccation (42). '

B. The Initiation of Recombination in an Escherichia
coli Cell Normally Requires DNA Damage

Intracellular recombination in bacteria exhibits a demonstrable depen-
dence on DNA damage. Some ol the literature on which this statement is
based has been reviewed (25, 26). New work continues to reinforce the
theme. During infection of homoimmune E. coli lysogens, undamaged non-
replicating N phage DNA circles undergo very little recombination. Prior ul-
traviolet (UV) irradiation of phages dramatically elevates recombinant fre-
quencies (43-45). The initiation of X recombination is dependent to a large
extent on the exonuclease Functions associated with- methyl-directed mis-
match repair, suggesting that it is the generation of single-strand gaps in the
DNA that leads to the initiation of recombination (45).

Other ohservations correlale a reguirement for RecA protein with oxida-
tive DNA damage. Oxidative damage accounts for the major portion of the

u,‘_j;‘,
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thousands of genomic DNA lesions suffered by every E. coli cell in every gen-
eration when grown aerobically (26, 31). Introduction of a mutation in the
fur gene produces an iron overload, leading to much increased oxidative
stress and DNA damage, including lethal and mutagenic lesions (46). Dou-
ble fur recA mutants die after a shift from anaerobic to aerobic conditions.
Functional recombinational repair is therefore necessary for protection from
the killing effects of aerobic environments, but SOS induction is not (46).

The prevalence of oxidative damage can also be correlated directly with
the frequency of intracellular recombination. A duplication strain carrying a
lac* allele between two direct-order flanking sequence repeats generates
lac™ clones by‘'recombination. Among 40 mutants isolated by J. Roth and col-
leagues that did not produce lac™ recombinants, 3 had mutations in the recA
gene as expected. Unexpected was the finding that many mutations that elim-
inate recombination also cause phenotypes suggesting a block in oxidative
metabolism (e.g., the citrate cycle and/or electron transport). These results
suggest that intermediates or by-products (e.g., oxygen radicals) might be im-
portant in the generation of initiating substrates (nicks, breaks), which are a
prerequisite for recombination (46a).

It is not the DNA damage per se that leads to the initiation of recombi-
nation, but the double-stranded DNA ends and single-stranded gaps that ap-
pear as a result of the damage. For example, the RecBCD enzyme is a key ac-
tivity in bacterial double-strand break repair. RecBCD does not bind to DNA
lesions; it binds to DNA ends created by DNA damage. Similarly, RecA fila-
ment formation is not stimulated by DNA lesions. Instead, RecA filaments
form on single-stranded DNA gaps made available by other processes. The
importance of the DNA gaps and breaks associated with damage as opposed
to the damage itself can be seen in another RecA activity, the induction of
the SOS response. Filamentous phages defective in minus-strand synthesis
cause an induction of the SOS response when used to infect E. coli cells,
whereas the wild-type phage did not (47). The single-stranded phage DNA,
in the absence of DNA damage, was sufficient to induce the SOS response
in vivo.

Recombination that occurs during the rare sexual exchange can be
viewed as a by-product of the inherent recombinational repair processes.
However, initiation of recombination during conjugation or transduction
does not require DNA damage. During conjugation or transduction, the dou-
ble-strand break-repair path (RecBCD) is simply appropriated to bring about
- an efficient genetic exchange. This appropriation comes about because the
processes of conjugation and transduction present the cell with the sub-
strates, DNA ends, and single-stranded DNA gaps, required to initiate re-

combination- efficiently. The RecF pathway may be appropriated the same

way in certain conjugational contexts. The process of conjugational recom-
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bination is as efficient as it is because its evolution was shaped by the bio-
logical imperative to repair DNA.

Il. The Structure of RecA Protein

A. General Properties

Bacterial strains engineered to produce the RecA protein at very high lev-
els are widely available. The RecA protein is easily purified in large quanti-
ties (48-53), although care must be taken to remove persistent contamina-
tion with exonuclease I (54). The protein is quite soluble in agueous buffers
and is stable for many months if stored at —70°C. The isoeleciric point of the
purified protein has been measured in at least six studies, giving pl values
from 5.0 (55) to 6.2 (56). Averaging all the measurements (53, 55-59) gives
aplof5.6.In solution, the protein has a tendency to aggregate into oligomers,
filaments, and bundles of [ilaments (60-63). The aggregation state of a giv-
en solution of the protein is affected by pH, ionic strength, and temperature.
Concentrated solutions of the protein can appear almost opalescent.

The structure of RecA protein has been determined at 2.3 A resolution
(64, 65). There is a major central domain flanked by two smaller subdomains
at the N and C termini (Fig. 2). Monomers in the crystal are packed to form
a continuous spiral filament, with six monomers per right-handed helical
turn (Fig. 3). These results are consistent with other studies showing that
RecA protein forms a helical nucleoprotein filament on DNA. The filament
exhibits a deep helical groove. A variety of physical studies (detailed below)
indicate that the groove can accommodate up to three DNA strands. The
structure was solved in two forms, one with bound ADP (65) and the other
with no nucleotide (64). Both are highly informative, although some work in-

dicates that they represent an inactive (ADP-bound) form of the protein (3,

66-68).

B. Sequence Alignments

Sequence alignments of related proteins from different species are com-
monly used to identify functionally important segments of a protein’s primary
structure (69). In a previous review, we published a multiple sequence align-
ment of 16 bacterial RecA proteins (70). This and other alignments helped to
identify and elucidate the functions of several conserved regions of the RecA
- protein. For example, the Walker A motif defined by the sequence analysis
- of nucleotide binding proteins (including RecA) (71) has subsequently been
shown to bind the phosphates of NTPs in the crystal structures of proteins
such as Ras p21 (72), EfTu (73), and RecA (65). RecA alignments have also
helped identify RecA homologs in other classes of organisms (4).
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Fic. 2. A ReeA monomer, based on the structure determined by Story et al. (65). The a-
helical regions are labeled A through J; the 8 strands are labeled 0 through 10. Dashed lines
denote regions that are disordered in the erystal structure.

F1c. 3. A ReeA filuuent, based on the structiure published by Steitz and colleagues (64, 65).
Four turns of o helical filament are shown in a space-filling vepresentation. There are 6 RecA

monomers per lurn, or 24 altogether in the slructure presented. Two monomers are shaded dark.
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Several recent advances recommend a renewed examination of RecA se-
quences as an avenue for generating insights into structure—function rela-
tionships in this protein. First, the number of available bacterial RecA se-
quences has increased more than fourfold since the original alignment was
published. The data set is now suflicient to use for phylogenetic analysis (74,

*75). Second, the availability of the structure of the RecA protein, including

an ADP-bound form (64), provides an enhanced context for sequence analy-
sis. Third, the Rad51 protein of yeast has been identilied as a structural (3)
and functional (76) homolog of RecA. Finally, several additional eukaryotic
RecA homologs have been advanced based on sequence identities, notably
Dmecl of yedst (77) and Rec2 of Ustilago (78). Together, these sequences have
the potential to eliminate noise in the alignments and focus attention on
structural motifs that are essential and perhaps unique to RecA function.

An expanded set of alignments is presented here, along with an analysis
of some of the information to be derived [rom it. The results focus attention
on a segment of the RecA primary structure that has been litte explored to
date, and that is likely to play a role in coupling ATP hydrolysis to a protein
conformational change. The results also suggest the existence of a RecA ho-
mologue in E. coli.

1. BACTERIAL RecA ALIGNMENT

The alignment of 64 {ull-length bacterial RecA homologs is depicted in
Fig. 4. The sequences are from the GenBank and EMBL data bases and the
respective accession numbers are given at the end of each sequence. Four of
the sequences, indicated by dates, are personal communications. There were
27 sequence errors corrected during the preparation of this alignment (A. I.
Roca, unpublished data). The summary lines at the top of Fig. 4 provide an
overview of the conserved features of the alignment. For example, the Walk-
er A box (involved in ATP binding) from residues 66 to 73 is highly conserved
with six invariant residues (pointed out in the “iden” summary line) and two
positions where nonconservative amino acid substitutions occur. This region
is flanked by positions where chemically conservative changes occur, such
as aromatic side chains at position 65 and hydrophobic residues at position
75, shown in the “chm1” and “chm2” summary lines-The alignment s placed
within the context of the secondary structural elements (“stru” summary line)
defined by the RecA crystal structure (64). For instance, the Walker A box is
a loop that occurs between B-strand 1 and a-helix C. Finally, the fifth sum-
mary line (“prof”) is a consensus sequence for bacterial RecA proteins cal-
culated as the highest scoring residue at that position of the weighted align-
ment in the RecA profile (see Fig. 4 legend).

In general, the RecA protein is very well conserved. The percent identity




ReCA PROTEIN , 141

with respect to the E. coli sequence ranges from 49% for Mycoplasma pul-
monis to 100% for Shigella flexneri. Proteins with identity as low as 30% can
be structurally related (79), so it is likely that the structure of the bacterial ho-
mologs will resemble that of the E. coli RecA crystal structure (64). Indeed,
electron microscopy shows that the RecA nucleoprotein filament from Ther-
mus aqualicus is very similar in structure to that produced by the E. coli RecA
protein (80). There are 59 residues that are invariant among the 64 bacteri-
al sequences. Based on two slightly different sets of assumptions (chm1 ver-
sus chm2 summary lines), either 100 or 106 residues were identilied where-
in changes are restricted to chemically conservative substitutions.

Fic. 4. Multiple sequence alignment of 64 bacterial RecA protéins. In the alignment, a dash
() represents a gap introduced in a sequence to optimize the alignment with the other RecA pro-

teins. A period () indicates a residue identical io the amino acid found in the E. coli RecA se-

quence at the top of the alignment. An asterisk (+) marks the position of a protein intron found
in the RecA proteins of Mycobacterium tuberculosis and Mycobacterium leprag (91). The Gen-
Bank accession numbers for the different published sequences are given at the end of the align-
ment (GenBank release 86 and EMBL release 41). Sequences with dates Hsted are personal com-
munications. Above the alignment are several summary lines, calculated with a C program
(frmMSA) written by A. 1. Raca. Here stru provides information on the secondary structural el-
ements {rom the E. coli RecA crystal struclure, where “a” denotes a-helices, “b” denotes B-
strands, “17 denotes functional loops, and “?” denotes disordered regions (64). Each secondary
structural element is uniquely designated by a letter or number placed at the second character
in the string ol characters defining the elemenL. The o helices are labeled A to ], the B strands
are labeled 0 to 10, and the loops are labeled 1 and 2 (64). Next, iden represents the 58 residues
identical in all the sequences ol the alignment; chm1 lists 105 chemically conservative residue
substitutions based on the following classification: acidic (DE), small aliphatic (AG), amides
(NQ), aromatic (FWY), basic (HKR), cysteine (C), hydrophilic (ST), hydrophobic (ILMV), and
proline (P) (M. Gribskov, personal communication). Then chm@ enumerates 99 chemically con-
servative residue substitutions based on a different classification: acidic (DE), aliphatic (AGILV),
amides (NQ), aromatic (FWY), basic (HKR), sulfur (CM), hydroxyl (ST), and imine (P) (415). In
the chm1 and chm2 summary lines, the corresponding residue of the E. coli RecA protein se-
quence is the one listed. Also, invariant residues in these same summary lines are indicated by
a period () lor clarity. Finally, prof'is a weighted consensus sequence of bacterial RecA proteins,
generated by the PROFILEMAKE program of the GCG package using the BLOSUMG2 sym-
bol comparison table for scoring different amino acid substitutions (416). PROFILEMAKE is
an implementation of profile analysis (95). The alignment of bacterial RecA sequences was gen-
erated with the PILEUP program of the GGG Wisconsin Sequence Analysis Package (Release
8.0, Genetics Compuiter Group, Inc) (417) using default parameter values. PLLEUP produces a
progressive, pairwise alignment of sequences (418). A few manual adjustments:of-small gaps
were performed after visual inspection of Lhe alignment. The numbering of resiclues begins at
alanine—the N-terminal residue found in the mature E. coli K-12 RecA protein (419). Amino acid
positions cited throughout the text refer Lo the sequence of E. coli RecA unless stated otherwise.
The bacterial alignment was weighted using an unpublished program (M. Gribskov, personal
communication) that is based on a madified version of the Felsenstein algorithm (420).
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150 : ALBERTO 1. ROCA AND MICHAEL M. COX

Figure 5 shows the invariant and chemically conserved residues mapped
onto the crystal structure of the RecA protein with ADP bound (64). The con-
served residues cluster in three areas corresponding to the major central do-
main and flanking two smaller subdomains (64). In Fig. 5, the N-terminal
subdomain corresponds to the gray residues near the top lelt comer of
monomer a, whereas the C-terminal subdomain is in the bottom left corner
of the same monomer. Complementary information is presented in Fig. 6.
Figure 6A outlines the major regions of secondary structure in RecA, along
with two loop regions (L1 and L2) that are undefined in the crystal structure.
A similarity curve that highlights regions of sequence conservation among
bacterial RecA proteins is presented in Fig. 6B. Figure 6C shows the trends
in the charge conservation in the RecA family and may provide insight into
those regions of the crystal structure that are disordered and hence hinder
the calculation of electrostatic potential surfaces. As expected, wherever
there is low sequence conservation (Fig. 6B) there is high charge variability,
e.g., the carboxyl-terminus region (Fig. 6C). Interestingly, there are a few
places where there is strong sequence conservation yet also some charge vari-
ability, such as around position 290. ‘

Finally, Fig. 6D is a difference plot showing the change in molecular sur-
face area per residue in the RecA monomer crystal structure (64) in the pres-
ence of different ligands. These values are delined by the calculated interac-
tions of residues with an imaginary spherical probe having a radius of 1 A.
These calculations can provide a general sense of the ligand interactions with
respect to the RecA protein sequence. If a ligand blocks or impedes the
probe’s interaction with a given amino acid residue, there is a decrease in the
molecular surface area that registers as a peak in Fig. 6D. There is a limita-
tion to this approach. These calculations-can overestimate interactions, i.e., a
peak does not necessarily represent a van der Waals contact. For example,
Tyr-264 does not make substantial contacts with ADP in the crystal struc-
ture. However, the cavity between Tyr-264 and ADP cannot accommodate
the probe and therelore a signal is generated in the plot. Nevertheless, most
of the peaks in Fig. 4D reflect identifiable interactions seen in the crystal
structure.

Because key regions in the interior of the RecA filament are disordered
(e.g.. loops L1 and L2), it is impossible to calculate an electrostatic potential
surface (81) in much of the region where DNA binding is known to occur.
Keeping this caveat in mind, it was still interesting to visualize the distribu-
tion of positive and negative surfaces of the RecA filament as seen in the crys-
tal structure. Figure 7 shows that there is an asymmetric distribution of
charge with respect to the long axis of the filament. Namely, the 5" end of the
filament with respect to bound single-stranded DNA (ssDNA) (smooth face)
is predominantly positive, whereas the 3’ end (lobes) is predominantly neg-

.
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Fic. 5. Conserved residues in the baclerial alignment mapped onlo the RecA crystal struc-
ture (Brookhaven entry 2REB). An 18-subunit right-handed RecA filament (left) has three sym-
metry-related subunits in gray. Each of these monomers (labeled a, b, and ¢) is enlarged on the
right. If one is looking down from the top of the filament, monomer b is rotated 60° in a clock-
wise direction from monomer a. Monomer ¢ is rotated 180° from monomer a. Hence, monomer
a is the inside face of RecA with respect to the filament axis. The rodlike protrusion at the top

left part of monomer a is a-helix A (see Figs. 2, 4, and 6A). Note that =15% of the RecA prolein _

is disordered in the crystal structure and therefore is not visible. The identical residues in the
alignment are in dark gray, the chemically conserved residues are in light gray, and the ADP
molecule is black. Monomers a and ¢ show all of the identical and conserved residues that are
visible on the protein faces shown. Monomer b shaws only the conserved residues in class I (ADP
binding) (4). Conserved residues in this figure are based on an analysis of 58 bacterial RecA se-
quences, excluding Bbur, Ctra, Cper, Reap, Samb, and Sy79, which were not available when the
figure was generated. This representation of the RecA proteins was generated with the help of
David Gondsell (Seripps Research Institute) using a black and white rendering technique that
he developed (421). The filament is oriented with the end nearest the 5 end of a bound single
DNA strand oriented toward the top.
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ative. Support for this calculation comes from the measurement of a large
permanent dipole in a RecA—dsDNA complex (82). The positively charged
amino terminus (see Iig. 6C) contributes to the basic surlace seen in Fig. 7.
The primary role of the amino terminus is in forming part of the

picted as horizontal lines. (B) A similarity plot showing the conserved regions in the bacterial
RecA (Fig. 4) and the RecA/Rad51-like alignments (Fig. 9B). Interesting regions of the RecA pro-
tein are marked as follows: (a) MAW motif; (b) Walker A box (P-loop); (c) Glu-96; (d) Walker B
box; (e) Asn-193; ([) Gly-211 and Gly-212; (g) RecA signature; (h) proposed DNA-binding wing;
(i) Tyr-264; (j) C-terminal end of Rad51 and Dmel. The similarity plots were generated using
the PLOTSIMILARITY program of GCG. For the unweighted alignment of bacterial RecA pro-
Leins in Fig. 4, a window size of 10 residues was used. This is approximately the average length
of secondary structural elements in the RecA crystal structure. The BLOSUMG62 table was used
to calculate sequence similarities. Values were scaled from 0 {o 1, where 1 is the maximum pos-
sible score. Only that part of the curve corresponding Lo the E. coli RecA sequence is shown,
i.e, 350 residues out of the approximately 400 residues (columns) in the multiple sequence
alignment. The PLOTSIMILARITY program is not sensitive to weights such that the entire
RecA/Rad51-like alignment could not he used to generate a similarity curve. To alleviate the
problem caused by the overrepresentation of bacterial RecA sequences, a subset of the align-
ment, using only the following sequences, was used: Ecol, Rad51, and Dmcl of S. cerevisiae,
and Sms, Rad57, Rad55, Mei3, Rec?, and UvsX. The same window size, symbol comparison
table, and scaling were used as described above. Also, only the values corresponding to the E.
coli RecA sequence are shown, i.e., the values corresponding to the gap insertions in the E. coli
RecA protein (Fig. 9B) were omitted in the plot. (C) Charge density plot of the RecA alignment.
The average of all 64 bacterial sequences is graphed. The most basic (Afac, full length calcu-
lated pI = 9.5) and the most acidic (Cglu, pI = 4.9) RecA proteins are also portrayed. Instead of
plotting the data from the other 62 RecA sequences, the variance in the data is shown below the
charge density curves. As before, only those parts of the curve corresponding to the E. coli RecA
protein are shown. The Protean program (Version 3.04, DNAStar, Inc.) was used to calculate
charge. This method sums charge at pH 7 over a defined window size using standard pK tables
(422). A window size of 19 residues was used. This larger window size was used to reduce noise
in the data. (D) Molecular surface area changes due to ADP, adjacent subunits, or a neighbor-
ing filament interacting with a RecA monomer in the crystal structure. A positive peak reflects
a decrease in molecular surface area, and therelore potential contacts between the RecA
monomer and the respective ligand. Note that there is no signal for the Walker B box, because
the v phosphate of ATP is not present in the RecA crystal structure (65). The solvent accessible
molecular surface (423) was calculated for one RecA monomer in the crystal structure (65) us-
ing the DMS program ol the MIDAS 2.0 system (424). In short, an.imaginary spherical probe
is rolled over the entire surface ol a macromolecule, thereby generating a molecular surface.
This molecule surface is smoother than a van der Waals surface because small crevices cannot
accommodate the rolling probe. The smallest probe possible (radius =1 A) was used to gener-
ate a surface revealing the most features. The defaudt values for atomic radii were used. Values
for the surface area (in A%) for each nondisordered residue were obtained. Caleulations were re-
peated in the presence of each ol the lollowing interacting ligands: ADP bound by the RecA
monomer, subunits abutting the RecA monomer within the filament, and monomers in a neigh-
horing filamenl making interfilament contacts. The decrease in molecular surface area due to
the presence of the ligand is plotted.

. N — -——v —_— *—I

e

e




154 ALBERTO L. ROCA AND MICHAEL M. COX

P2

Fic. 7. Electrostatic potential surface of an 18-monomer RecA f{ilament calculated using
the program GRASP with default settings (425). The gradient of electrostatic potential values
ranges [rom —4 to +4 kyt and is represented from black to white, respectively. The orientation
of the filament is the same as that in Fig. 5. On the right are' two views looking down the long
axis of the filament from the 5' end (fop) and 3’ end (bottom). A color version of this figure is
available using the following URL: httpw/atahualpabiochem.wisc.edu/.

monomer—monomer interface within a RecA filament (see Fig. 6D and 83),
but part of it is exposed in the filament groove. The overall dipole is a signif-
icant feature of the helical entrance to the central DNA binding pocket of the
RecA filament. It is interesting to speculate that the dipole may play an in-
direct role in DNA binding or in the mechanism by which secondary DNA
molecules enter and exit a nucleoprotein filament formed on ssDNA.
Conserved regions may be best described in the context of the crystal
structure. Four classes of conserved residues have been defined (4). Class
I residues are involved in making ADP contacts in the crystal structure (Fig.
6D), and possibly catalyzing ATP hydrolysis and mediating the induced
conformational switch induced by ATP hydrolysis (4). Class II residues are
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involved in the hydrophobic packing of the RecA monomer. Many of the
conserved but not necessarily invariant residues are evident in the central
domain of monomers a and c¢ in Fig. 5. Class III residues lie at Lhe sub-
unit-subunit interface (Fig. 6D). The Class IV residues constitute a “struc-
turally unusual” part of the RecA protein (4), described in more detail be-
low. No conserved residues have been uniquely associated with DNA
binding.

The amino-terminal subdomain has conserved residues qulroundmg
B-strand 0 (Figs. 4 and 6B) that fall into class III. The carboxyl-terminal sub-
domain has conserved residues near B-strands 9 and 10 and the beginning
of a-helix I Figure 6D shows that this region is involved in interfilament con-
tacts in the crystal structure (64). Most of the conserved residues are in the
major central domain. This domain comprises the inside face of the filament,
which is where important RecA activities such as DNA strand exchange are
thought to take place. Monomer a in Fig. 5 shows the inside face of the RecA
protein. Many of the conserved residues on the inside face are involved in
ADP binding, and monomer b in Fig. 5 shows only the class I residues. They
surround the bound ADP molecule (shown in black). Monomer ¢ in Fig. 5
shows that the outside face of the RecA monomer has conserved residues
also. There are other conserved residues, but they are not visible in these il-
lustrations because they are buried in the crystal structure. Additional infor-
mation about many of the conserved residues can be found in several recent
reviews (70, 84, 85).

In some cases, sequence similarities are found in clusters (Fig. 6B) that
correspond to known motifs such as the Walker A box (71), now called the
P-loop motif (86). In the RecA alignment, the motif is 66-GpESsGKT-73
(invariant residues are capitalized), which most resembles the motifs found

in Ras p21 proteins, elongation factors, myosins, and thymidine kinases-

(GxxxxGK[TS], where x represents any residue and the residues in brackets
refer to mutually exclusive choices) (86). This loop binds the phosphates of
nucleotides.

Another ATP-binding motif that is less well defined among dilferent pro-
tein families is. the Walker B box (71). The consensus sequence is four hy-
drophobic residues followed by an aspartate, which in the crystal structures
of Ras p21 (72) and E[Tu (73) is a conserved aspartate at the end of a
B-strand. In the RecA alignment this occurs at B-strand 4, whose sequence is
140-vivvD-144. It has been proposed that the conserved aspartate interacts
with the y-phosphate of ATP, although this moiety i not present in the crys-

tal structure of the RecA protein (65).

The PROSITE data base includes a unique RecA signature sequence

based on a smaller RecA alignment (87). The signature occurs at 214-ALK-

—
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FyasvR-222 and the new signature based on the expanded alignment in Fig,
4is 21-A-L-K-F-[FY]-{AS}-{DST}-ILMQV]-R-222. From the crystal structure,
this site makes contacts with an adjacent monomer in the RecA filament (64),
as seen in Flig, 6D. Another substantial region of conservation is found to the
N-terminal side of the Walker A box. This region, spanning residues 42-65,
is described in more detail below.

Regions ol substantial divergence in the alignment occur in loops
(residues 30-40 and 230~-240), at the ends of secondary structural elements
(residues 85-90, 110-113, 130-135, 180-190, 280-285 and 295-300), and
at the amino and carboxyl termini (Fig. 6B). Two of these divergent regions
(vesiclues 110-113 and 130-135) correspond to parts of the monomer—-monomer
interface in the RecA [ilament (64). Four of these areas (residues 30~40,
180-190, 280-295, and 295-300) form part of the interfilament contact re-
gions seen in the crystal structure (Fig. 6D) (64, 88). Divergence at these sites
indicates that the interfilament contacts are either serendipitous interactions
unique to the crystal, or that there is species specialization in forming such
interfaces. '

Unique insertions relative to the . coli RecA protein occur in loops such
as those made up of residues 295-300 and 195-209 (loop L2) as well as at
the end of B-stand 6. Especially notable insertions are the unrelated protein
introns [called “inteins” (89)] of M. tuberculosis and M. leprae found in the
turn between B-strands 7-8 and in loop L2, respectively (Figure 4) (90, 91).
Interestingly, it has been found that an unprocessed Mycobacterium tuber-
culsosi RecA protein (containing a 440-residue insertion) will negatively
complement processed, i.e., functional, M. tuberculosis RecA protein. This
suggests that the unprocessed M. tuberculosis RecA protein folds properly so
that it can form mixed filaments with wild-type RecA protein and then inac-
tivate RecA function (90, 92).

The first two residues of the amino terminus and the last 24 residues of
the carboxyl terminus are disordered in the crystal structure and presumably
are solvent-exposed. The amino terminus varies in length and is not well con-
served (Fig. 6B), although almost all of the amino termini of the bacterial pro-
teins are long enough to span a-helix A of the E. coli RecA crystal structure.
The sequence of the amino terminus of a mature RecA protein is not always
certain due to the presence of alternative start codons at the 5’ end of recA
genes (93). The carboxyl terminus is also poorly conserved in the alignment
(Fig. 6B). Though the sequences may not be similar, there is a general pat-
tern ol negatively charged residues (Fig. 6C), with some interesting excep-
tions. Figure 8 shows a plot of the length of the carboxyl termini versus their
caleulated isoelectric point. In general, the carboxyl termini average 50
residues in length and have an acidic character (pI = 5).

—
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Fic. 8. Distribution of bacterial RecA carboxyl-terminal length versus calculated pl. For this
analysis, the carboxyl terminus of the RecA protein is defined as starting at the invariant glycine,

-which occurs at position 301. Isoelectric (pl) points were calculated using the GCG ISOELEC-

TRIC program with default parameters. The average carboxyl-terminal length and calculated pl
are 49 + 9.5 and 4.9 * 1.9, respectively. The pI values reported are for comparison purposes only
and are not intended to reflect an experimentally determined pl for-an equivalent polypeptide.

2. RecA ALIGNMENTS INCLUDING BACTERIOPHAGE
AND EUukARYoTiC RecA HoMoOLOGS

An alignment of bacterial RecA proteins and known structural (3, 4) and
functional (76, 94) homologs is presented in Fig. 9A. This expanded align-
ment focuses attention on a subset of the residues conserved in the bacteri-
al alignment. In general, these. residues are involved in ATP interactions,
monomer-monomer contacts, and the hydrophobic core of RecA (64). Note
that the summary lines represent conserved residues from all of the
RecA/Rad51-like sequences. Bacterial RecA protein sequences other than
E. coli RecA are not shown in the listing of sequences, to conserve space.
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The bacterial RecA alignment was used as a basis to search for addition-
al RecA homologs in the data base. As described in the Fig. 9 legend, pro-
teins exhibiting sequence similarities confined to the ATP binding motifs
were discarded in the analysis. Proteins found with the Profile (95) and
BLAST (96) searches are aligned with the bacterial RecA and eukaryotic
Rad51 proteins in Fig. 9B. The similarity curve for this alignment is shown

F16. 9. Alignment of 64 bacterial RecA proteins with RecA/Rad51-like homologs. (A) Bac-
terial RecA afigned with Dmel and Rad51 homologs. (B) RecA, Dmcl, and Rad51 proteins
aligned with RecA/Rad51-like candidate homologs. See Fig. 4 legend for explanation of align-
ment format. Due to the larger number of gaps in these alignments, spaces represent gaps lor
clarity. The dash () identifies gaps in the summary lines wilh respect to the E. coli RecA se-
quence. The locations of the MAW molif and Walker A and B boxes are indicated. Note that the
other 63 bacterial RecA proteins are not shown due lo space constraints. However, the summary
lines were calculated using those sequences. Thercfore, some residues do not appear in the sum-
mary lines, .2, Leu-51 is not conserved due to Thr (Apyr, Tmar) and Met (Sy70) substitutions
in sequences not shown. Also, nowhere in the Rec2 insertion could a reasonable catalytic glu-
tamale (corresponding to E. coli position 96) be found that is in the same context as the other
Rad51-like proteins. A weighted RecA profile was first generated with the PROFILEMAKE pro-
gram using the BLOSUMG2 table. The RecA profile was used to search the SwissProt data base
(Release 30) for RecA-like sequences using the PROFILESEARGH program and the following
optimal parameters: no averaging, gap penalty = 17, and gap length weight penalty = 1.7. The
strength of the structural similarity is reported as a Z score (standard normal deviate, where un-
related sequences have a mean of 0 and a standard deviation of 1). The Z scores above 6 are an
indication of significant structural similarity (112). In an analysis of small structural features such
as the helix-turn~helix motif, it was found that significant Z scores were around 10 (426). Us-
ing the RecA profile, it was found that full-length “normal” bacterial RecA sequences, i.¢., non-
partial sequences and nonprotein intron-containing sequences, had standardized Z scores
greater than 120. The Dmcl and Rad51 homologs had Z scores around 40. Except for Rad55,
all the search hils with Z scores between 6 and 9.5 were ATP-binding proteins with the highly
conserved A-box (P-loop) motif (86). Those sequences were ignored in the following analysis.
Search hits with Z scores abave 9.5 (except Rad55, Z = 8.2) were used to generate an alignment
of RecA/Rad51-like proteins. Many of these proteins were known to have similarity to RecA (5,
78, 109). Pairwise comparisons of the profile consensus and profile search dala base hits were
generated with the PROFILEGAP program. BLAST searches (96) were also performed with the
profile consensus and various individual RecA or Rad51 sequences, but this did not yield any
new hits. It is difficult to automatically align sequences with low sequence identity (79). For ex-
ample, two different alignments of bacteriophage T4 UvsX protein with the E. coli RecA have
been reported (70, 427). Thereflore, to generate the alignments of the Dmcl and Rad51 proteins,
these sequences were first automatically aligned using PILEUP. This alignment was manually
merged with the previously generated RecA alignment. The structural alignment of Dmel with
the RecA crystal structure was used as a guide during this process (4). The alignment in A dif-
fers stightly from the structural alignment in the L2 loop region. This region is disordered in the
crystal structure and poorly conserved among RecA/Rad5 1-like proteins. Each of the remainin g
RecA/Rad5 1-like sequences were manually added using the BLAST and the pairwise PROFILE-
GAP alignments as guides. The Rec2 protein (78) has a very large insertion between the Walker
A and B boxes that is not found in the other RecA/Rad51-like proteins. This insertion is not
shown here for the sake of clarity.
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in Fig. 6B. Four conserved structural elements are highlighted by the simi-
larity curve for this alignment. Three of these areas are involved in ATP in-
teractions: the A box, Glu-96, and the B box. The fourth region involves
residues 42—65, discussed further below.

Proteins identified in the search for RecA homologs include a number of
proteins previously shown to have some similarity to RecA and to have some
role in recombination processes. One is the UysX protein of bacteriophage
T4, a protein with a well-studied structural (4, 97, 98) and functional
(99-10I) relationship to RecA. The RecA-like protein of Arabidopsis
thaliana chloroplasts is very similar to bacteiial RecA proteins (over 50%
identity) (102). This reflects the widely held view that chloroplasts originat-
ed from cyanobacterial ancestors (103). Mei3 and Rec2 are believed to be
Rad51 homologs from Neurospora crassa (104) and Ustilago maycdlis (78), re-
spectively. In Saccharomyces cerevisiae, Rad55 and Rad57 are in the same
genelic pathway for radiation repair as Rad51 (105, 106). Both proteins act
downstream of Rad51 in the RAD50-RADS57 epistasis group (107). Recent-
ly, it has been shown that Rad51 and Dmel colocalize in prophase nuclei,
and it has been suggested that both proteins may interact to form compo-
nents of recombination nodules (108). Last, mutations in the sms gene of E.
coli result in sensitivity to the DNA-damaging agent, methylmethane sul-
fonate (109). : . .

We also analyzed the RadA protein sequence of Sulfolobus solfataricus
(110), a member of the Archaea domain (111). This protein is the first demon-
stration of a RecA homolog in this domain (110), whereas homologs have
been characterized in both the Bacteria and Eucarya domains. The major
ATP interaction motifs of RecA protein are present in the RadA protein.

The only region with substantial sequence conservation in Fig. 9B that
is not clearly involved with ATP binding and/or hydrolysis occurs on the N-
terminal side of the Walker A box. This region is largely buried in the crystal

structure (Fig. 61). Some class IT residues and all of the class IV residues fall -
into this region, spanning residues 42-65 and encompassing a-helix B and -

most of B-strand 1. The sequence in this region is not similar to any other
known motifs found in data bases such as PROSITE (87) or validated Pro-
files (112). Sequence conservation in this region has been noted previously in
virtually all studies making use ol RecA sequence alignments, but no func-
tion has been assigned.

C. Expanded Discussion of ,
Structure-Function Relalionships

Structure—function analysis with respect to the primary structure is in-
complete, and some conflicts exist with respect to reported functional as-
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signments for individual amino acid residues. The overall effort to relate
structure to function is bolstered by an array of over 400 available mutants,
over 35 of which have been purified and studied in vitro (70, 85). The dis-
cussion here is limited to activities with a role in the recombinogenic func-
tion of RecA. '

1. ATP BINDING-

The single binding site for ATP or ADP within the central domain of the
RecA structure represents the most highly conserved and clearly identified
substructure’in the RecA protein. At least three of the structural elements
making up this binding site are generally present in bacterial RecA proteins
and in the eukaryotic homoldgs. These elements include the P-loop (86),
spanning residues Gly-66 through Thr-73 in E. coli RecA, with the RecA con-
sensus seqience being GpESsGKT; the Walker B box, spanning residues
140-vivwD-144; and the single residue Glu-96. The interaction of these three
structural elements with ATP and ADP is also generally well-supported by
the published structure (65). The structure provides additional information.
The following class-I residues mediate additional interactions with ADP. Asp-
94 is believed to stabilize the loop containing Glu-96 by a hydrogen bond to
the backbone NH of residues 96 and 97. Asp-144 is thought to interact with
the y-phosphate of ATP and the bound Mg2* ion via a water molecule. This
residue has an unusual cis peptide bond between it and Ser-145. Gln-194 has
also been proposed to interact with the y-phosphate of ATP and mediate a
conformation change on ATP hydrolysis between ATP and a-helix G and loop
L2. Additional contacts between RecA protein and bound ADP occur at Asp-
100, Tyr-103, and Gly-265. There is limited amino acid residue conservation
at these positions.

The P-loop has been analyzed extensively by mutagenesis. Essentially no

amino acid substitutions are permitted at positions 66 and 68, and only a few_

are permitted at position 69, whereas permitted changes at position 70 are
restricted to amino acids with small side chains (113). At positions 71-73, lim-
ited mutagenesis indicates that there is little tolerance for changes, because
all changes introduced to date produce a rec™ phenotype.

A notable mutation is K72R, which creates a RecA protein that binds but
does not hydrolyze ATP (114). In vitro, this mutant RecA protein forms nu-
cleoprotein filaments on DNA, carries out a limited DNA strand-exchange
reaction, and facilitates cleavage of the LexA protein (114, 115). The protein
is therefore at least minimally functional in standard RecA activities in vitro.
However, the mutant gene conlers a rec™ phenotype equivalent to a recA
deletion (113). The properties of this mutant in vivo and in vitro have become
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important in efforts to sort out the function of RecA-mediated ATP hydro-
lysis.

~ Other interesting P-loop mutations occur at position 67, because some of
the changes at this position permit a mutagenic separation of RecA [unctions
(116). A Pro to Trp change at position 67 creates a RecA protein that has a
high constitutive coprotease activity, but affects recombination {unctions
only modestly. Glu and Asp substitutions dramatically reduce recombination
functions but leave a low-level constitutive coprotease activity. Changes to
Lys or Arg, in contrast, eliminate the coprotease activity, but generally have
minimal effects on recombination functions.

9. DNA BINDING

To organize the discussion, we point out at the outset that RecA [ilaments
can bind up to three DNA strands within the [ilament groove, with three dis-
tinct DNA strand binding sites (117-120). Ample data suggest that four DNA
strands cannot be bound in the center of the filament (121). A variety of evi-
dence serving to define the three sites will be presented in a number of sec-
tions below. The sites are usually called simply I, I, and I1I (117-120). Site I
has the highest alfinity for a DNA strand and is generally the site at which
ssDNA is bound to RecA proteins. Site II is the site generally occupied by a
strand complementary to that in site I, although heterologous sequences are
tolerated. Site III would then be the site occupied by a DNA strand displaced
during DNA strand exchange. The numbering of these sites varies from
group to group. When strands of identical ssDNAs are added successfully to
a RecA filament, site III actually binds to the DNA with the second highest
alfinity. In some schemes, site 111 is therelore called site 11, and vice versa
(117-119).

Because there is no RecA—DNA cocrystal, the DNA binding sites of RecA
protein have been difficult to define structurally. On the basis of the crystal-
lographic studies, Steitz and co-workers proposed that two loops that are un-
defined in the crystal structure, L1 (residues 157-164) and L2 (residues
195-209), are involved in DNA binding (64). They further suggested that L2
might be part of the single-strand DNA binding site (site I), whereas L.1 might
be involved in the binding of duplex DNA (site 1I) (64). There is some se-
quence conservation in these regions among the bacterial RecA proteins. The
conservation breaks down when the alignments are extended beyond bacte-
ria. Loop L1 displays a fairly well-conserved net negative charge among the
bacterial proteins (Fig. 6C). The charge density in loop 2 is less conserved. It
has been suggested that the polypeptide backbone of these loops might con-
tact DNA, obviating a need for amino acid conservation (4, 122). If the L1
and L2 loops are involved in DNA binding, the crystallographic studies pro-
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vide no information to indicate whether they are involved in DNA interac-
tions at sites I, I, or II, or in more than one of these sites.

The loop L1 region has also been targeted for mutagenesis, and has ex-
hibited significant mutational flexibility (122). Pro-151 and Glu-154 are up-
stream of the L1 loop. Pro-151 can accept a Ser substitution and maintain
activity. Glu-154 is a critical residue and all changes except a conservative as-
partate substitution result in a recA~ phenotype. A number of substitutions
can be made at Gly-157 (at the beginning of the L1 loop) and display partial
wild-type activity.

Camerini-Otero and co-workers have carried out studies that tend to sup-
port the idea ‘that the loop L2 region is involved in DNA binding at DNA
strand-binding site I. These include proteolysis mapping (123) and cross-link-
ing studies (124), as well as studies of the weak but. measurable DNA bind-
ing and DNA pairing properties of a 20-amino acid peptide that includes
L2 (125).

The recent protein—-DNA cross-linking studies have been intriguing, but
have not yet clarified the picture. One study demonstrated cross-linking be-
tween bound DNA containing the photoreactive analog 5-iodouracil (IdU)
and amino acid residues in the L1 and L2 loops (124), generally supporting
the proposal of Story et al. (64). A more detailed examination by Wang and
Adzuma indicated that the L1 and L2 loops were involved in binding to
different DNA strands at sites I and II, respectively (126). Binding of IdU-
containing ssDNA to RecA prolein, [ollowed by irradiation, resulted in cross-
linking to Met-164, in loop L1. When RecA was first bound to a nonphoto-
reactive oligonucleotide, then chased with an IdU-containing oligo to place
it in site II, cross-linking occurred at Met-202 or Phe-203, in loop L2. This
work supports the general proposal of Steitz and co-workers (64) for DNA
binding motifs, but it conflicts with the idea that loop L2 is part of site I
(125).

Two studies involving direct UV cross-linking of RecA protein to bound
DNA yielded different results. In one, Tyr-103 was cross-linked to DNA in
the absence of nucleotide cofactor (127). When ATPyS was added to the re-
action mixture, Tyr-103 was again cross-linked, along with another residue
in the region between residues 178 and 183 (127). Neither of these cross-links
occurs within loops L1 or L2. In another study, cross-links were found in the
regions of residues 61-72, 178-183 (probably Lys-183), and 233-243 (128).
The cross-link at residue 183 is intriguing because it is located near the ex-
terior of the RecA filament, far from the filament axis region where DNA is
presumed to bind. In evaluating the various results, it must be kept in mind
that RecA protein must have binding sites for three DNA strands, and may
have additional DNA interaction sites on the filament exterior to facilitate
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the movement of DNA into and out of the filament core. In effect, the vari-
ous DNA binding studies and proposals need not be mutually exclusive, and

+ all of them may reflect a protein~-DNA interaction important in some con-

text of RecA action. Even if they are all informative, we may still have an in-
complete outline of the protein-DNA interaction scheme in a RecA fila-
ment.

Roles in DNA binding have also been proposed for the N and C termi-
ni (129-131). These proposals have not yet been substantiated by further
studies, and are presently dilficult to evaluate. Circular dichroism spec-
troscopy was used to show that a synthetic peptide representing the first 24
residues of the RecA protein amino terminus does interact electrostatically
with ssDNA (129). However, the lack of sequence or charge conservation
(Fig. 6) in the amino terminus suggests that this is not a general DNA bind-
ing mechanism used by RecA proteins. The carboxyl terminus has been im-
plicated in modulating dsDNA binding through the hypothesized mecha-
nism of electrostatic repulsion with the double helix (130, 131). However, the
existence of basic carboxyl termini in some RecA proteins challenges the uni-
versality of this model. It is interesting to note that Myxococcus xanthus has
two RecA proteins—one with an acidic C terminus (Mxal) and one with a ba-

. sic G terminus (Mxa2). Also, all of the Streptomyces RecA proteins have long

basic carboxyl termini (Fig. 8).

Finally, a DNA binding role has been assigned to various aromatic and
charged amino acids between residues 240 and 310 on the basis of sequence
similarities among ssDNA-binding proteins, such as E. coli SSB and GVP of
bacteriophage IKe (132). Based on NMR studies (133), a structural model for
a “DNA-binding wing” of GVP has been proposed, which consists of an an-
tiparallel B sheet made of two B strand separated by a turn. It has been pro-
posed that an analogous DNA-binding wing may exist from residue 243 to
257 of the RecA protein (133). Although this region of the bacterial RecA
proteins is conserved and positively charged (Fig. 6, B and C), the eukaryot-
ic RecA-like proteins do not retain this motif. This motif was dismissed as
having a role in DNA binding because of its location in the structure relative
to the filament axis and its involvement in the monomer—monomer interface
(Fig. 6D) (64). :

An aspect of the DNA binding problem not addressed by any of these pro-
posals is the extension and underwinding of DNA that accompanies binding
(134-136). Intercalators promote the binding of RecA to DNA (137-139), and

intercalation of aromatic amino acid side chains could provide a mechanism

for disrupting base-stacking interactions. It has been suggested that some ss- -

DNA-binding proteins use aromatic residues for intercalation (140). Howev-
er, neither the tryptophans nor tyrosines of RecA protein are involved in DNA
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intercalation (I41, 142). It remains a formal possibility that phenylalanine
residues are involved in DNA binding. Phe residues at positions 191 and 217
are invariant in the bacterial alignment, but the former is buried in the
monomer crystal structure and the latter is involved in monomer-monomer
contacts in the filament (Fig. 3D) (64). Other phenylalanines are chemically
well conserved in the bacterial alignment (positions 21, 92, 203, and 255),
but only position 92 is conserved among all of the eukaryotic RecA-like ho-
mologs. This residue is buried in the crystal structure (64). The phenylala-
nine at position 203 is part of loop L2, but it is not intercalated into the DNA
(143).

Binding to mulUple DNA strancls is the essence of RecA function, and the

lack of conserved residues that can be associated with DNA binding is some-
what surprising. Any discussion of the molecular mechanism of RecA bind-
ing to DNA currently entails a high degree of uncertainty. In general, the
DNA binding proposals made to date are not well-supported by the align-
ments presented above. The best proposals so far presented are hkely to de-
fine only a portion of the overall DNA binding problem.

3. THE MONOMER-MONOMER INTERFACE

Residues Leu-114, Ile-128, and Ala-148 are involved in monomer—

monomer contacts (see Figures 2 and 6D). Specifically, Leu-114 belongs to
the class I1I residues as defined by Story et al. (4). Residues Ser-172, Arg-176,
Lys-250, and Pro-254 are the invariant residues making monomer—
monomer contacts at the amino-terminal side of the monomer in the RecA
filament. Residue 248 also forms part of the polymerization interface at the
amino terminus of the RecA monomer. A RecA mutant (K248A) (144) shows
no activity for ssDNA binding, ssDNA-dependent ATPase, filament formation,

and strand exchange. In vivo, this mutant shows a UV-sensitive phenotype.

Other data have demonstrated the involvement of parts of the N-terminal 33
amino acids in monomer—monomer interactions (83).
Skiba and Knight have reported on an extensive mutagenic analysis of

part of the monomer-monomer interface within the RecA filament (145). -

The region they chose is coincident with the RecA signature described above.
Weak partial activity is maintained with a number of substitutions at Lys-216,
Phe-217, and Arg-222. Arg-222 is in the amino-terminal polymerization in-

“terface of the filament, and is hydrogen bonded to Glu-63. Lys-216 is hy-

drogen bonded to the main chain carbonyl of Ala-95 on the adjacent
monomer (145). Phe-217 makes van der Waals contacts with Thr-150 and Ile-
155 of the adjacent monomer. Ar g-222 is hydrogen-bonded to His-97 of the
adjacent monomer. They proposed that the effect of ATP is propagated
through the filament by the interaction of Glu-63 and Arg-222.

T
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4. Tueg MAW MoTir

The structural motif between residues 42 and 65 in the E. coli RecA se-
quence is conserved among all RecA homologs. Only two mutants have
been isolated in this region: RecA13 (L51F) and RecA56 (R60C). In vivo,
both mutants display null phenotypes. The E. coli harboring recA 13 are sen-
sitive to UV light, are recombination delective (146-149), and cannot induce

X prophage (147) or participate in the autocatalytic cleavage of the LexA re- -

pressor (150).

The recA56 strains have similar phenotypes with respect to recombina-
tion deficiency, UV sensitivity, and prophage induction (148, 151, 152), along
with the inability to induce the SOS response (153, 154) or promote SOS mu-
tagenesis (155). In vitro, both mutants can bind ssDNA in the absence or pres-
ence of ADP. However, neither can bind ssDNA in the presence of ATP. In
addition, neither mutant protein can hydrolyze ATP. These mutants do not
display the allosteric effect enabled by ATP (or ATPS) binding, i.e., they can-
not adopt an active conformation for strand exchange in the presence of
ATP (156).

The “structurally unusual” class IV residues (4) occur within this region
at positions 42, 48, 54, and 55. Thr-42 makes a hydrogen bond with Asp-48,
which is completely buried (Fig. 6D). In the alignment, both are conserva-
tively substituted by Ser and Asn, respectively. The invariant Gly-54 and Gly-
55 have unusual ¢ and  torsion angles and stack on top of Asp-48. Conse-
quently, there is no room for side chains at these two positions, explaining
the lack of residue substitutions in the alignment. Finally, the amide back-
bone of Gly-54 makes a hydrogen bond with the carbonyl of Asp-48.

Additional residues conserved in this region include Ala-50, Gly-52, Pro-
57, and Glu-63, which are invariant. Glu-63 is in a tract of conserved hy-

drophobic residues (Ile-61, Val-62, lle-64, and Tyr-65). The Leu residues at -

positions 47 and 51 are also notable. Leu-47 is chemically conserved in the
analysis at the top of Fig. 4. Leu-51 is found in 61 of 64 bacterial RecA se-
quences, and does not appear to be chemically conserved only because of
one Met and two Thr substitutions in the alignment. Curiously, both of the
Thr substitutions are in the RecA proteins of thermophilic bacteria, where an
overall decrease in the content of polar residues is observed (157). A leucine
residue corresponding to Leu-51 occurs in all of the RecA homologs exam-
~ ined to date (Fig. 9B). Based on the crystal structure (4), residues Leu-47,
Leu-51, lle-61, and He-64 were assigned to class II (part of the hydrophobic
core of the RecA protein). Leu-47 and Ile-64 make van der Waals contacts
with ‘both Leu-75 and Ile-225 (158). Thus, residues in this region interact
with different parts of the RecA protein on either side of the ATP binding qlte,
at least in the conformation illustrated by the crystal structure.

e -
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This area of the RecA protein is therefore likely to be involved in an ATP-
induced conformational switch, consistent with one of several functional sug-
gestions advanced by Kowalczykowski (84). We suggest that the region en-
compassing residues 42 to 65 be defined as a unique RecA structural motif
with the acronym MAW, [or Makes ATP Work. The MAW motif is summa-
rized in Fig. 10 (42-tgxxxldxalxxGGlxxgxivEiy-65) and its struclure is depict-
ed in Fig. 11. '

Conservation of a protein sequence motif across all bacterial and eu-
karyotic domains often correlates with a ligand-binding function, as seen
with the RecA motifs associated with ATP binding. No ligand-binding func-
tion has been suggested for the MAW motil, in part because most of the mo-
tif is buried in the RecA structure.

5. MISCELLANEOUS CONSERVED RESIDUES
IN THE RecA PROTEIN

To our knowledge, no information exists for residues Gly-22, Ala-50, Gly-
52, Pro-57, Glu-63, Gly-108, Glu-123, Ala-147, Leu-149, Ala-168, Ala-174,
Pro-206, Arg-226, Gly-267, and Gly-288. With respect to the functional sig-
nificance of other conserved amino acid residues in the RecA structure, we
focus primarily on work carried out since our previous review (70).

The crystallographic studies shed light on the function of a number of
other residues (4, 64, 65, 141, 142). Gly-122 is at the beginning of a-helix E.
Val-146 is a class II residue involved in the hydrophobic core of the RecA
monomer. All of these residues are excellent candidates for site-directed mu-
tagenesis studies.

6. INCORPORATION OF TRYPTOPHAN REPORTER
GRouUPS INTO THE RecA PROTEIN

This allows the use of [Tuorescence assays to monitor the conformation-
al changes that occur on nucleotide and/or DNA binding. Morimatsu et al.
© (159) replaced Tyr-103 and Tyr-264 with tryptophan. Previous studies (65,
160, 161) showed that these residues interact with ATP andror ADP. In vivo,
both mutants retain wild-type levels of UV resistance. In vitro, the mutant

proteins exhibit a modest reduction in DNA strand exchange aclivity. The .

fluorescence of each tryptophan is quenched in the presence ol ADP or ATP,
However, the quenching of YI03W in the presence of ADP is greater than
that of Y264W. This can be rationalized by noting that the Tyr side chain
stacks next to the adenosine base of ADP in the crystal structure (65). Inter-
estingly, complete quenching was not observed when the Y103W was bound
to ATP, suggesting that there might be diflerent binding modes for ADP and
ATP. A quenching of the [Tuorescence signals was observed for both mutants
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in the presence of different DNA substrates. This suggests that these residues
form part of the binding site or are involved in a conformational change as-
sociated with DNA binding. As controls, alanine substitutions at both posi-
tions were also studied. In vivo, these mutants were UV sensilive whereas in
vitro they were not competent for strand-exchange activity.

In a similar study, His-163 was changed to Tip; this mutant could be used.

as a diagnostic tool to monitor the conformational state of the RecA protein
(162). This work is considered in the following discussion of the RecA
ATPase activity. Finally, Phe-203 of the L2 loop was replaced by a trypto-
phan (143).

7. THE Sms ProOTEIN

All of the universally consefved RecA sequence motifs occur in this pro-
tein, advancing the interesting possibility that a second protein with RecA-
like function exists in E. coli. This notion is supported by the sensitivity of
sms null mutants to alkylating agents, suggesting that Sms has some role in
DNA repair. The sms gene is cotranscribed with the serB gene, which en-
codes a component of the serine biosynthesis pathway. It has been suggest-
ed that the Sms protein may be involved in the repair of endogenous alky-
Jation damage (109). The C-terminal region of the Sms protein, not shown
in Fig. 9B, also has sequences similar to the Lon protease of E. coli. The sms
gene is identical to radA, mutations in which confer sensitivity to UV- and
X-irradiation when logarithmic phase cells are grown in rich media (163,
163a). Because Sms lacks significant sequence similarity to RecA protein in
regions beyond RecA residue 150, an in vitro analysis of Sms activities could
help elucidate the function of the MAW motif, as well as the function of
structural motifs in RecA beyond residue 150, such as the L1 and L2 loops.
The sequence similarity between Sms and RecA is noted in another review

(163b).

lll. RecA Protein Interactions with lts Ligands in Vitro;
Biochemical Approaches

A. DNA Binding
In the context of recombinational DNA repair, RecA protein brings two
homologous DNA molecules together and promotes a DNA strand-exchange

reaction between them. Binding of the first DNA can be thought of-as pri- -

mary binding, involving either ssDNA to strand-binding site I or dsDNA to
sites I and IL Binding of the second DNA can be called secondary binding,

» When ssDNA is bound at site I, secondary binding can involve dsDNA bind-
ing at strand binding sites II and I1I or the binding of a second ssDNA at site

|
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Fic. 11. (A) Schematic representation of the crystal structural of the RecA monomer in the
ADP-bound conformation. This view shows the inside face of the RecA monomer. The o helices
and B strands are indicated by coils and arows, respectively. The disordered loops L1 and L2
are indicated by dashes. The ADP molecule is displayed as a ball-and-stick figure. The MAW
motil (black) is in the center of the structure. The Walker A box is at the turn that immediately
follows B-strand 1. The Walker B box is located at B-strand 4, which is behind the Walker A box.
(B) A close-up of the structure of the MAW motif. The conserved residues from Fig. 10 are

shown. The hydrogen bond between Thr-42 and Asp-48 is represented by a dashed line. The

figures were generated using the program MOLSCRIPT (428).

11 (117~120). This discussion covers only the primary binding of RecA pro-
tein to single-stranded, gapped, and double-stranded DNA substrates.

1. BINDING TO SINGLE-STRANDED DNA _

Early studies detected direct binding of RecA protein only to single-
stranded DNA (ssDNA) (164, 165). In the absence of nucleotide cofactor or
with ADP, RecA protein binds to ssDNA to form a “collapsed” {ilament. The

resulting structure has a helical pitch of 64 A and an axial rise of 2.1 A per
nucleotide (166, 167). In the presence of ATP, dATP, ATPS, or ADP-AIF7g,

.
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Fic. 11. (continued)

an extended [ilament is formed. This is a right-handed helical form with six
RecA monomers per turn, a pitch of 95 A, and a diameter of 100 A (66,
168-170). There are three nucleotides of ssDNA per RecA monomer in this
filament. The DNA is bound along the ribose-phosphate backbone, with the
DNA bases displayed in the filament groove (137, 171, 172). This single strand
of DNA binds to a specific site within the filament, deep within the groove
and near the filament axis (173), which has been called strand-binding site I
(117, 118, 120). RecA binding to ssDNA is generally nonspecific with respect
to sequence, although the protein exhibits an enhanced affinity to certain ho-
mopolymers such as poly(dT) (174, 175a). Optimal binding of wild-type RecA
protein to poly(dT) generally occurs only with polymers more than 50 nu-
cleotides long (176). '

Although most measurements indicate a RecA to ssDNA stoichiometry
of one monomer per three nucleotides, some titration experiments provided
a stoichiometry twice as high (177-180). These results could be explained by
an intrinsic site size of six nucleotides per RecA monomer, with the lower site
size resulting from the binding of a second set of RecA monomers to the first.
Alternatively the intrinsic site size could be three nucleotides per monomer,
and the higher site size could reflect the binding of a second DNA strand to
site Il within the filament. The larger site size is observed only when the titra-
tion involves a DNA-based signal, such as a [luorescence change arising from
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RecA binding to a suitably modified ssDNA. The issue has been resolved in
favor of the latter interpretation by Brenner and colleagues (181). Their re-
sults are also in broad agreement with a range of observations {rom electron

microscopy (3, 173, 182, 183).

2. BINDING TO DOUBLE-STRANDED DNA

The barrier for RecA binding to double-stranded DNA (dsDNA) turned
out to be kinetic rather than thermodynamic. At pH values above neutrality,
the rate-limiting step in dsDNA binding is the nucleation of [ilament forma-
tion (184-186). Once nucleated, filament extension is rapid and the resulting
filaments-are stable as long as ATP is regenerated. The nucleation step is high-
ly pH dependent. It occurs rapidly at pH 6.0, making this the preferred pH
for many studies of RecA interaction with dsDNA.

Kinetic analysis has divided the nucleation step into two parts (185). A
preequilibrium has been detected in which RecA protein binds weakly to na-
tive DNA. This phase involves the net release of one proton, and exhibits lit-
tle dependence on temperature or DNA length. The rate-limiting nucleation
then occurs, accompanied by partial DNA underwinding (185). This phase is
accompanied by the uptake of three protons (or a net uptake of two protons
for the overall process), explaining the sharp decrease in nucleation rates as
pH is increased (55, 185).

The nucleation phase is also very temperature dependent, exhibiting an
Arrhenius activation energy of 39 kcal mol~! (185). Larger DNAs provide
bigger targets for nucleation, and thus stimulate the overall binding process.
Also, nucleation is accompanied by DNA underwinding, so any alteration in
DNA structure that tends to unwind the DNA [negative superhelicity, single-
strand gaps, DNA lesions, increased temperature (70)] enhances the rate of
nucleation (I85). Reports of enhanced RecA binding to DNAs containing
DNA lesions (187-189a) thus do not reflect a special RecA affinity for DNA
lesions. Instead, they are readily accommodated into a general model for
RecA binding to dsDNA in which structural perturbations of the DNA by the
lesions enhance the rate of the nucleation step in the binding pathway (185).
Reports that RecA protein binds more readily to Z form DNA (190, 191) have
been explained by a similar kinetic perturbation in the general DNA binding
pathway (191, 192). The filaments (ormed after RecA binds to Z DNA are still
right-handed in their helicity (191, 192).

Unlike the case with ssDNA, binding to dsDNA occurs only in the i)res- ‘

ence of ATP or ATP analogs such as ATPyS (184, 185). Therefore, only the
extended form of the filament is ohserved when RecA is bound to dsDNA.
Within the RecA filament, the dsDNA is also extended and underwound. The
approximately 1.5-fold extension gives a pitch of 100 A (the same as for bind-

|
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ing to ssDNA), and an axial rise per base pair of 5.1 A. the DNA is under-
wound by 43% in the presence of ATPyS (135), with a small reduction to
39.6% underwinding when ATP is used and is being hydrolyzed (136). This
level of underwinding corresponds to about 18 bp per turn of the nucleo-
protein filament helix. The degree of dsDNA underwinding observed within
filaments actively hydrolyzing ATP varies very little from one filament to an-
other, implying a broad structural homogeneity in these complexes (136). No-
tably, the structural limit of DNA extension is 70% (193, 194).

Like ssDNA, dsDNA is bound along the phosphate-ribose backbone and
the minor groove (137, 141, 171, 172). The major groove is evidently displayed
in the filament.groove. The binding does not involve the intercalation of Trp
or Tyr residues (141, 195). The mechanism by which the DNA is extended
within RecA filaments has not been elucidated. The bases of the DNA are
oriented perpendicular to the filament axis (195, 196). It has been argued, on
the basis of a variety of experiments, that the two strands are still base-paired
to each other (172, 195-198),i.e., underwinding does not translate into strand
separation within the filament.

Two studies using oligonucleotides modified with the fluorescent chro-
mophore (+)anti-benzo(a)pyrene-7,8-dihydrodiol-9,10-epoxide (BPDE) pro-
vided evidence that all three strands that can bind to a RecA filament inter-
act (199, 200). There is a-clear homology dependence seen in the signal
changes evoked when additional DNA strands are added to filaments with a
DNA strand already bound at site I. However, the work also indicates that
the base pairing in duplex DNA is not as tight as in B-form DNA (199, 200).
The dsDNA is located deep within the filament groove (201), at a site that
should include DNA strand binding sites I and II. ’

3. BinpING TO dsDNA witH ssDNA GAps

A single-strand gap of 50 nucleotides or more is the best way to circum-
vent the slow nucleation step in RecA binding to dsDNA at neutral pH val-
ues and above. Nucleation occurs in the gap, and the filament is rapidly ex-
tended to encompass the adjacent dsDNA. The entire filament exhibits a
structural polarity that reflects the orientation of the strand in the gap (183).
The two strands of the dsDNA are also bound asymmetrically. The strand in
the gap apparently is bound in the site normally occupied by ssDNA, and thus

~ can be considered bound at site I. The strand bound at site I is better pro-

tected [rom nuclease digestion than its complement (bound in site II) by fac-
tors of 2-3 (202, 203), providing one experimental distinction helping to de-

- fine sites I and I1. This reflects the different fates of each strand. During strand

exchange reactions, the strand in site I remains in the filament throughout the
process, while its complement is exchanged out of the filament.




176 ALBERTO I. ROCA AND MICHAEL M. COX

B. Polar Assembly and Disassembly of RecA
Filaments, and the Importance of 3' DNA Ends

Distinct nucleation and extension phases ol RecA [ilament assembly on
DNA can be discerned when either ssDNA or dsDNA is the lattice on which
assembly occurs. On ssDNA, both phases are rapid and the kinetics have not
been analyzed in sullicient detail to provide rates for individual steps. On ss-
DNA circles over 8000 nucleotides long, {ilament formation is completed in
less than 2 min at 37°C. If nucleation is sufficiently rate limiting as to restrict
the process to only one nucleation event per circle, we can infer a rate of fil-
ament extension of over 1100 RecA monomers per minute. The active bind-
ing unit or protomer (monomer, dimer, or hexamer?) has not been defined.
Rods of RecA protein are a predominant structural form under conditions
commonly used to monitor RecA reactions in vitro (60).

The single-stranded DNA binding protein (SSB) of E..coli plays an im-
portant role in the assembly process. RecA protein does not readily bind
to regions of secondary structure in ssDNA. When RecA binds to ssDNA
molecules with significant secondary structure, such as the DNA derived
from bacteriophage M13, binding does not lead to full coating of the DNA
circle. Added SSB greatly stimulates binding and facilitates the creation of a
contiguous and stable filament that coats the entire DNA molecule
(204-209). The effects of SSB are best explained by a mechanism in which
SSB binds to and melts out the secondary structure in the ssDNA, and is then
displaced by RecA protein (210, 211). In effect, the RecA protein and SSB
compete for binding sites on the ssDNA. When bound to ATP, RecA protein
can displace SSB from the DNA. However, SSB aflects the steps of filament
formation differently. SSB strongly inhibits the nucleation of RecA filament
formation, while it is readily displaced [rom the ssDNA during the filament
extension phase. This leads to an order-of-addition effect. When RecA is
added first to a solution containing ssDNA, it binds to regions lacking sec-
ondary structure. The best stimulation of RecA filament formation occurs
when SSB is added alter RecA protein, where it removes secondary structure
in the DNA and is displaced by extension of the RecA [ilaments already
bound (207, 210-212). However, when SSB is added before RecA protein it
completely covers the ssDNA and there is a substantial lag in RecA protein
filament formation (207, 212) explained by the inhibition of filament nucle-
ation. : '

The properties of the RecA filament assembly process have played a
prominent role in the developmentol models to explain the function of RecA
and RecBCD proteins in the initiation of recombinational processes. Many
recent efforts to reconstitute portions of homologous recombination reac-
tions in vitro have stressed the importance of prepared regions of single-

e
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- stranded DNA with free 3' ends in the initiation of genetic exchanges

(213-215). In bacteria, the in vivo evidence that 3' ends are more recom-
" binogenic or invasive is limited. The observation that sheB mutations, which
alfect the 3’ to 5' exonuclease I, restore recombination levels in re¢cBC mu-
tants (27, 216-218) has often been cited as evidence that the generation and
protection of 3' ends is important. However, some mutations or deletions that
eliminate exol function do not restore recombination in recBC mutants (219),
calling the importance of 3’ ends into question. The key in vitro observation
relevant to the role of 3’ ends in recombination has been the polarity of the
RecA filament assembly reaction.

On ssDNA, filament extension after nucleation is polar and proceeds 5'
and 3' (220). On circular ssDNA, the process continues until the DNA is com-
pletely encompassed. On linear ssSDNA, nucleation is presumed to occur vir-
tually anywhere and to proceed to the 3’ end. The 3' end is therefore much
more likely, than the 5" end to be coated with RecA protein. The observation
is readily incorporated into models in which 3" .ends exposed by the action
of nucleases or helicases are more recombinogenic or invasive than 5’ ends.
A greater propensity for RecA filaments on ssDNA to promote DNA pairing
at the 3’ end of a linear ssDNA has been directly demonstrated in vitro (213,
291-224). However, as detailed below, the final chapter on the molecular ori-
gin of these effects and their implications for recombination in vivo has not
yet been written.

Filament assembly is also polar on dsDNA. With linear dsDNA, the slow
nucleation step is readily circumvented with 5’ single-strand extensions but
not by 3 extensions (203, 225, 226). The single-stranded DNA in a 5 sin-
gle-strand extension or a single-strand gap becomes the initiating strand in
filament formation. The filament extension then encompasses the adjacent
dsDNA, proceeding 5 to 3’ along the initiating strand.

The major pathway for disassembly of RecA filaments is also unidirec-
tional and end dependent. On dsDNA,; RecA monomers dissociate from the
end opposite to that at which assembly occurs (226). Filament disassembly
therefore proceeds with the same polarity as assembly, 5’ to 3’ relative to the
DNA strand in site I. The rate of disassembly is highly pH dependent. Below
pH 6.75, linear RecA filaments exhibit little or no net disassembly. Above pH
6.75, end-dependent disassembly is observed, increasing in rate with in-
creasing pH until a maximum is observed above pH 8.1 (203). The maximum
rate may approach 200 monomers min~* (203).

Filament assembly must have the equivalent equilibrium constants for
subunit addition at either end, unless assembly or disassembly at one end is
coupled in some manner to an input of chemical energy. Inasmuch as as-
sembly and disassembly of RecA filaments can occur at different filament
ends in one test tube under a single set of conditions, one process or both
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must be facilitated by ATP hydrolysis. Assembly occurs readily with ATP
analogs that are not hydrolyzed, but disassembly does not, indicating that
end-dependent filament disassembly is coupled to ATP hydrolysis. The dis-
assembly process accounts for only a small fraction of the ATP hydrolyzed
by a filament. In the filament interior, ATP is hydrolyzed by each monomer

~but protein—protein interactions on both sides of the monomer apparently

prevent dissociation most of the time. On the disassembly end, the probabil-
ity that the monomer will dissociate as a result of ATP hydrolysis is a func-

- tion of pH.

More recently, a 5" to 3’ disassembly of RecA (ilaments from linear
ssDNA has also been documented (227). Net disassembly is observed only in
the presence of SSB. As RecA monomers or protomers dissociate, they are
replaced by SSB, which setves to inhibit renucleation of new filaments. Be-
cause the filament extension process displaces SSB but proceeds 5' to 3', the
SSB bound to growing segments of the DNA. at the disassembly end is not
readily displaced by RecA (227). This disassembly. process must contribute
to the observed bias for RecA-mediated DNA pairing at the 3’ end of the lin-
ear ssDNA. Not only can filaments nucleate at points away from the 5’ end,
but the disassembly process will actively remove RecA protein from the 5’
end. The rate of disassembly from ssDNA and its pH dependence have not
yet been analyzed in detail, but at pH 7.5 the rates are comparable to those
observed from dsDNA under the same conditions. It should be noted that
disassembly is prevented if dATP replaces ATP as nucleotide cofactor, or if
the E. coli RecO and RecR proteins (described in Section V,B) are present
(227). In the presence of the RecO and RecR proteins, RecA filaments stably
coat linear ssDNAs contiguously from the 5’ to the 3' ends. It can be argued,
therefore, that free 5" DNA ends should participate in RecA protein-mediat-
ed DNA pairing processes as readily as 3’ ends in any cell that contains the
RecO and RecR proteins. : :

RecA monomers in the interior of filaments formed on ssDNA exhibit
only a very modest exchange reaction with free RecA monomers, and no ex-
change at all when dATP replaces ATP (228). Some direct transfer of RecA
monomers or protomers between adjacent RecA nucleoprotein filaments is
observed (229), but ATP hydrolysis rarely results.in simple dissociation of a
RecA monomer from the filament interior. :

When [ilaments are formed on dsDNA, however, a relatively robust ex-
change between bound and free RecA monomers in the filament interior is
observed (228). This indicates that there is a change in the state or confor-
mation.of the filament when a second DNA strand is added at site II. Ex-
periments probing the interaction of DNA strands within the RecA filament
with BPDE-labeled oligonucleotides also suggest a change in filament state
when strand-binding sites Il andvor 111 are occupied (199, 200).

Bl .,__.__"T.#A ___._I
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The mechanism of the exchange observed [or monomers in the RecA fil-
ament interior is not yet known. It could involve simple dissociation and re-

placement by other monomers. Alternatively, it could represent an exchange

between RecA nucleoprotein filaments and unbound aggregates or [ilaments
of RecA protein with which they come into transient contact. The latter
process could be mechanistically related to the direct transfer of RecA pro-
tomers between RecA—ssDNA filaments (229), or from nucleoprotein fila-

ments to unbound DNA (177, 230). Conformation changes observed within -

bundles of RecA filaments associated with slow hydrolysis of ATPyS might
be interpreted as a side-by-side exchange of RecA monomers between fila-
ments (231). . ' '

C. ATP Hydrolysis

The RecA protein is a DNA-dependent ATPase. Rates ol ATP hydrolysis
are modest. The maximum reported value for k /K, at 37°C is about 2 X
10* sec—* M~, some 104 that of the diffusion-controlled limit. The activi-
ty is affected by the structure of the bound DNA and by monomer-monomer
interactions within the filament. The kinetics are complicated by coopera-
tivity, and the K, is more accurately reported as S, .

Two methods are commonly used to monitor ATP hydrolysis by RecA.
One employs labeled ATP, and thin-layer chromatography to separate ATP,
ADP, and P, (232, 233). The other is a spectrophotometric assay in which
ATP hydrolysis is enzymatically coupled to an NAD-NADH interconversion
(203, 212, 233-235).

1. DNA-INDEPENDENT ATP HypROLYSIS

RecA-mediated ATP hydrolysis in the absence of DNA is slow but de-
tectable (232). Under conditions used to monitor many RecA-mediated
processes in vitro, with the aggregate concentration of salt and buffers atless
than 150 mM, the DNA-independent ATPase activity peaks at about pH 6.0
with ak_, of 0.1 min~ I, At pH 7.5, the k,, drops to 0.015 min—?1. The rate

of ATP hydrolysis increases as a third- to lourth-order function of salt con--

centration. At very high (1.5-2 M) concentrations of a wide variety of salts,
the rates of ATP hydrolysis become comparable to rates observed in the pres-
ence of DNA (236, 237). The nature of the salt dependence and observed
changes in circular dichroism spectra at high salt concentrations (238, 238a)

~ suggest that salt can [acilitate a conformation change that to some degree

mimics that induced by the binding of DNA to RecA protein.

9. DNA-pEPENDENT ATP HypRrOLYSIS

Accurate measurement of RecA-mediated ATP hydrolysis on ssDNA

depends either on the use of DNA cofactors that lack secondary structure:
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[such as poly(dT)] or on the presence of SSB, which serves to eliminate sec-
ondary structure and permit uniform DNA binding by RecA (as already de-
scribed). When bound to ssDNA, RecA protein hydrolyzes ATP with a ko
of 28—30 min~" at 37°C. The ATPase aclivity exhibits no dependence on pH
between 5.5 and 9.0 (232). The effects of temperature between 25 and 45°C
produce a linear Arrhenius plot, from which an Arrhenius activation energy
of 11.8 * 0.3 kcal mol~* can be derived (233) for the reaction.

The ATP hydrolysis occurs uniformly throughout the RecA filament, with
no enhancement at [ilament ends (176, 212, 239). As ssDNA is titrated into
a reaction mixture, the observed rate of ATP hydrolysis generally increases
linearly until sufficient DNA is present (three nucleotides per RecA
monomer) to bind all of the RecA protein present. This direct relationship
between ATP hydrolysis and DNA binding is observed under most, but not
all, conditions. The rate of ATP hydrolysis can be a convenient method to
monitor DNA binding if appropriate controls and corroborating methods are
included in the data set. :

ATP is hydrolyzed to ADP and P,. ADP acts as a competitive inhibitor of
ATP hydrolysis. Another common inhibitor is the ATP analog ATPyS [adeno-
sine 5'-O-(3-thio)triphosphate), which is bound but not appreciably hy-
drolyzed by RecA protein and acts as a potent competitive inhibitor. The in-

hibition patterns in both cases are greatly complicated by additional effects

of these two nucleotides (240, 241). As already described, each tends to sta-
bilize cooperatively different forms of a RecA {ilament.

A variety of INTPs and ANTPs are hydrolyzed by RecA protein (232, 242,
943). Among them are dATP, UTP, PTP (purine ribonucleoside triphos-
phate), and dUTP, which serve.as cofactors in at least some RecA-mediated
reactions (178, 232, 243). Others, including ITP, CTP, dCTP, and GTP, are
hydrolyzed with a nearly normal V, ., but do not support DNA strand ex-
change. Bryant and colleagues have pointed out that although a number of
nucleotide triphosphates are hydrolyzed, only those with a measured S, 5 be-
low 100 M serve as cofactors in the DNA strand-exchange reaction (243,
944). The reactions with dATP are particularly notable. With dATP, hy-
drolytic rates are increased about 20% relative to ATP hydrolysis. RecA fila-
ment stability and the rates of DNA strand exchange are also enhanced (115,
178, 228). The RecA mutant, RecA K72R, which binds but does not hy-
drolyze ATP, will promote a limited DNA strand-exchange reaction only il
dATP is used as the nucleotide cofactor (114, 115). :

“When RecAr protein is bound to dsDNA, the k, for ATP hydrolysis is
reduced to 20-22 min~!. The rates again exhibit no dependence on pH
between 5.5 and 9, as long as RecA filaments are fully formed on the DNA
(184).

-
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3. MEcHANISTIC AspECTS oF ATP IyproLysis: CONFORMATION
CHANGES AND COOPERATIVITY

As already described, three different forms of RecA filaments have been
defined structurally, principally by electron microscopy. When bound to ATP
or to certain ATP analogs, the resulting nucleoprotein filament on ssDNA is
extended. With either ADP or no nucleotide cofactor, the filament forms are
described as collapsed, although they are distinct. The structure derived from
crystallographic studies probably most closely approximates the ADP-bound

form. The same three filament forms can also be defined on the basis of DNA .

binding stidies. The affinity of RecA protein for ssDNA is increased by ATP
and decreased by ADP, with a form exhibiting intermediate aflinity present
in the absence of nucleotide cofactor (245, 246). The ADP-bound and no-
nucleotide {ilament forms are inactive in DNA pairing and strand-exchange
activilies.

Based on the extrapolation that these RecA species represent conformations
occurring during the normal ATP hydrolytic cycle, these observations have in-
spired a number of models [or ATP hydrolysis. One proposal suggested that
ATP hydrolysis would be coordinated in the monomers along the filament, lead-
ing to an accordion-like extension and retraction of the filament structure (166,
167). However, a detailed examination of conlormations observed during the
slow hydrolysis of ATPyS (66) indicated that hydrolysis resulted in no collapse
to anything resembling the ADP-bound filament form. The degree of DNA un-
derwinding wilhin a [ilament actively hydrolyzing ATP is quite uniform from
one filament to the next, contributing to a picture in which there is a broad
structural homogeneily between filaments (136, 203, 227). Complementary
studies on the RecA ATPase inhibition patterns observed with ADP and ATPYS
demonstrated that conversion of the ADP filament form to the ATP form pro-
ceeded with a transient phase during which the ADP filaments were disas-
sembled and reassembled in the ATP form. The two forms are mutually exclu-
sive. The observed ATP and ADP filament forms are therefore not directly

interconvertible in the sense of the entire filament alternaling between them,

and the accordion model has been eliminated from consideration.

The possibility remains that within a [ilament actively hydrolyzing ATP,
a subset of the RecA monomers might exist at any moment in a conforma-
tion equivalent to the ADP filament conformation defined by the studies car-
ried out with ADP alone. ATP hydrolysis in individual monomers could re-
sult in cycling between the ATP and ADP filament foims, with the filament
as a whole representing a dynamic mixture of these and perhaps other con-
formations. As suggested (5, 85), this could lead to a cycling between con-
formations with high and low affinities for ssDNA, effectively coupling the
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ATP hydrolysis to an association/dissociation cycle. This would solve the
molecular dilemma posed by the compeling requirements of a protein like
RecA to bind tightly to DNA to promote some reaclion, yet dissociate when
the reaction was completed (5, 85). In support, studies on the end-dependent
disassembly of RecA filaments provide evidence that ATP hydrolysis is in-
volved in the dissociation of RecA monomers (or larger protomers) from one
filament end (5, 85, 226, 227). 4

However, there is no obligate coupling of ATP hydrolysis to RecA disso-
ciation, and dissociative processes rarely account for more than a minute frac-
tion of the ATP hydrolyzed. When RecA filaments are bound to ssDNA cir-
cles, there is very little exchange between [ree and bound RecA, and none at
all if dATP is used as the nucleotide cofactor (228). On linear ssDNA, ATP-
mediated dissociation is observed at the filament end nearest the 5’ end of
the DNA, but ATP hydrolysis in the filament interior does not result in dis-
sociation. Even the end-dependent dissociation is suppressed on ssDNA
when dATP is used (227). A picture emerges in which dissociation in the fil-
ament interior is limited by interactions with RecA monomers on either side,
while dissociation at the “disassembly” end would occur with a probability
influenced by the nucleotide cofactor used and other factors (203, 227).

As of this writing, it is unclear whether the inactive RecA filament con-
formation observed in the presence of ADP alone represents a conformation
that occurs even transiently in individual monomers during the normal ATP
hydrolytic cycle. New probes of RecA conformation changes are clearly need-
ed. A particularly promising approach involves the RecA H163W mutant
protein, with the change located in loop L1 (162, 247). The substitution does
not appear to affect appreciably any aspect of RecA function. However, the
new tryptophan residue provides a fluorescence signal that is quenched on
the binding of nucleotide colactors: ADP addition to a RecA—ssDNA com-
plex leads to a small quenching of the [luorescence signals, providing new
evidence that the ADP filament form is conformationally distinct from the
form present in the absence of nucleotide (162). ATP addition leads to a much
greater quenching of the fluorescence signal (162, 247). The change in sig-
nal refllects a first-order process that occurs with a rate constant equivalent
to the k_, for ATP hydrolysis (E. Stole and F. R. Bryant, personal communi-
cation). The signal is also closely associated with the conformation-change to

an extended [ilament form that accompanies ATP binding, ITP is hydrolyzed

by RecA protein with a k_, equivalent to that [or ATP, but it does not sup-
port DNA strand exchange, it does not promote the conformation change to
the extended filament, and its binding does not cause the quenching of the
fluorescence signal brought about by ATP (247). The signal change observed
with ATP is similar under at least some conditions to that brought about by
ATP+S binding (E. Stole and F. R. Bryant, personal communication).

T
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These observations are leading to a dissection of steps in the ATP hy-
drolylic cycle. The rate-limiting step is a first-order process and thus follows
ATP binding. The absence of a burst of ATP (or ATPvS) hydrolysis indicates
that the rate-limiting step precedes the hydrolytic step. Filament extension
occurs with a first-order rate constant identical to the k_, for ATP hydroly-
sis. However, the rate-limiting step and filament extension are not equivalent,
because ITP hydrolysis appears to share the same rate-limiting step with ATP
hydrolysis, yet does not support {ilament extension. The result is a scheme in
which NTP binding is followed by a slow transition, possibly a conformation
change that does not aflect the fluorescence properties of the H163W mu-
tant proteim.If ATP is the nucleolide cofactor, the slow transition is accom-
panied by or rapidly followed by filament extension. A relatively fast hy-
drolytic step then follows (F. R. Bryant, personal communication). The steps
involved in dissociation of ADP and P, are not yet defined, but do not limit
the rate of the reaction. RecA protein does not promote a detectable exchange
of [PHJADP = ATP, HPO} = H,'80, or HP'30, = H, O (248). Thus, ATP hy-
drolysis is neither macroscopically nor microscopically reversible on the en-
zyme. :

Once extended, the [ilament remains in this state as long as ATP is re-
generated. Filament collapse and disassembly occur only when the ADP/ATP
ratio exceeds 1.0 (240, 241, 246, 248). As previously indicated, the degree of
extension and associated DNA underwinding is essentially the same whether
the extension is brought about by ATP+S, or within a filament actively hy-
drolyzing ATP. The RecA monomer conformation observed in all monomers
in filaments bound to ADP must be populated for a very small [raction of the
time required for the entire ATP hydrolytic cycle. Alternatively, this confor-
mation may not occur at all during the hydrolytic cycle. Monomer-monomer
interactions within the filament may constrain each monomer to maintain an
extended conformation even when ADP is transiently bound. Individual

monomers might go through a series of conformation changes during the hy-

drolytic cycle, but the conformation present when ADP was transiently
bound would be distinct from that observed when the entire filament was
formed in the presence of ADP. Inhibition studies show that ATPyS and ADP
are antagonistic inhibitors of ATP hydrolysis, and that the ATP and ADP fil-
ament forms are structurally incompatible (240). Whereas filaments form on
ssDNA in the presence of either ATP or ADP, the incompatibility of the two
filament forms results in nearly total dissociation when a 50/50 mixture of
ATP and ADP is present, with each nucleotide antagonizing the filament
form stabilized by the other (241).

A reasonable hypothesis is that the binding of ATP to a sufliciently large
subfraction of the monomers in a {ilament results in the formation of a stat-
ic and extended structural core conformation maintained by certain seg-
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ments of the RecA monomer structure and reinforced cooperatively through
monomer—monomer interaclions. Outside of this core structure, other ele-
ments of the structure of each monomer may undergo conformation changes
in concert with the ATP hydrolytic cycle to effect the late stages of DNA
strand exchange. When ATP hydrolysis occurs in a monomer or a segment
of monomers at the disassembly end of a filament, a momentary collapse of
the core structure to the ADP form could lead to dissociation at that point.
These ideas incorporate some aspects of the active cluster hypothesis pro-
posed by Kowalczykowski (242, 246).

These ideas and observations imply a high degree of cooperativity be-
tween monomers within a RecA filament. The cooperativity is manifested by

Hill coefficients greater than 1.0 for ATP hydrolysis observed under many

conditions (249), and a cooperativity parameter, w, of 50 * 10 for binding to
ssDNA (245). It is also manifested by unusual kinetic effects. For example,
RecA-mediated GTP hydrolysis is greatly stimulated by low concentrations
of ATP (250). Also, very low concentrations of ATPyS actually stimulate the
hydrolysis of ATP under some conditions (240).

Cooperativity must play a role in the filament disassembly reaction. With-
in RecA filaments formed on dsDNA, individual monomers hydrolyze ATP
with a turnover of about 20 min~*, or about 1 ATP every 3 sec. If the ATP
hydrolytic cycles of adjacent RecA monomers were entirely independent,
ATP hydrolysis would occur in the monomer at the disassembly end about
1.5 sec (on average) after the previous monomer dissociated. If ATP hydrol-
ysis and end-dependent dissociation are coupled, the maximum rate of dis-
sociation would be one every 1.5 sec, or 40 monomers per minute. Howev-
er, the maximum observed rates of [illament disassembly are at least three
times this. This implies that the ATP hydrolytic cycle of adjacent monomers
are coupled and temporally offset from one another, leading to waves of hy-
drolysis proceeding down the filament from the disassembly to the assembly
ends (70, 226). To reconcile the observed rates of filament disassembly with

_the ATPase turnover rates, the waves must be coordinated and spaced every

6-12 monomers (70, 226). In the filament interior, a new wave must reach a
given monomer every 3 sec. More accurate measurements of end-dependent
filament disassembly rates are needed to refine this picture.

IV. RecA Protein-mediated DNA Strand Exchange

A. Overview of the Reaction

Typical DNA strand-exchange reactions used to study RecA [unction in
vitro are illustrated in Fig. 12. The reactions shown are arranged for conve-
nience, because it is easy to distinguish products from substrates with a wide
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Fic. 12. RecA protein-mediated DNA strand-exchange reactions.

range of assays. DNA substrates are usually derived from bacteriophages, of-
ten M13 or its derivatives. The reaction can involve either three or four DNA
strands, as shown, and it nicely mimics several of the putative steps in re-
combinational DNA repair. A Holliday intermediate is formed transiently in
the four-strand reaction. The discussion remains organized around the con-
cept of three DNA strand-binding sites in the RecA filament, in spite of the
capacity of RecA filaments to promote the four-strand exchange.

There are at least four experimentally or at least conceptually distin-
guishable phases of a RecA protein-mediated DNA stand-exchange reaction.

~ The first is the formation of a RecA nucleoprotein filament that completely

coats the single-stranded or gapped DNA substrate. In the discussion below,

this DNA substrate is called DNAL, and it binds at the DNA strand-binding

site delined as sile I. The resulting nucleoprotein filament is effectively a se-

quence-specilic DNA-binding entity, with the sequence specificity deter- |

" mined by the bound DNA. Phase 1 is also called presynapsis. The bound sin-

gle strand is aligned with a linear duplex DNA (DNA2) in the second phase
of the reaction. DNAZ2 is brought into the filament at DNA strand-binding
sites Il and I11. In the third phase, there is a rapid strand switch to create 1000

. bp or more of hybrid DNA. This often produces the branched molecules

shown in Fig. 12. Phase 3 requires ATP but not its hydrolysis. In reactions iri-
volving four DNA strands, the DNA pairing and strand switching in phases
2 and 3 are limiled to the single-strand gap in the gapped duplex DNA (115,
251). In other words, the [undamental DNA pairing process in RecA fila-
ments will accommodate only three DNA strands. Phases 1-3 can result in
the formation of thousands ol base-pairs of hybrid DNA without ATP hy-
drolysis. However, under most conditions, the completion of DNA strand ex-
change requires a fourth phase in which the nascent hybrid DNA is extend-
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ed in a [acilitated branch migration reaction that proceeds until products are
formed. This final phase requires ATP hydrolysis and will accommodate four
DNA strands. For a variety of reasons, phases 2 and 3 are dilficult to distin-
guish experimentally. Phases 1 and 4 are readily distinguished and experi-
mentally defined relative to the DNA pairing in phases 2 and 3.

The RecA f(ilament formed in phase 1 hydrolyzes ATP with a k_,, of 30
min~!. On addition of a homologous duplex DNA, the rate of ATP hy(h oly-
sis decreases rapidly to a turnover of 20-22 min~* (239). The decline is de-
pendent on the length of homology in the duplex DNA, and therefore reflects
a change brought on by DNA pairing (239). The apparent efficiency of the
strand-exchange reaction is low, with about 100 ATPs hydrolyzed [or every
base pair of hybrid DNA formed under typical reaction conditions.

The branch migration in phase 4 is unidirectional (5’ to 3" with respect
to the single strand initially bound), and proceeds at a rate of 380 bp min~*
at 37°C (233). This polarity affects the elficiency with which DNA pairing
occurs at the two ends of the duplex DNA substrate. The end of the duplex
at which a complete strand exchange would normally be initiated (the 5’ end
with respect to the displaced strand) is therefore called the proximal end, and
the other end is called the distal end. Phase 4 proceeds readily past mis-
matches, lesions, and even heterologous inserts (up to a few hundred base
pairs in length) in one or both DNA substrales, a capability that may be crit-
ical to its function in recombinational DNA repair (115, 252-255).

The DNA binding and filament formation that occurs in phase 1, as well .

as the properties of the resulting filaments, has already been described in Sec-
tion ITLA. The discussion below focuses on the DNA pairing (phases 2 and
3), and the hybrid DNA extension that occurs in phase 4.

B. DNA Pairing

DNA pairing occurs within the {ilament, as originally propoéed by Paul -

Howard-Flanders (256) and confirmed over the past decade in a wide range
of studies. However, the four-stranded DNA pairing intermediate suggested
is yielding to models in which DNA pairing within the RecA filament is re-
stricted to three strands. The initial pairing interaction in these reactions al-
ways involves alignment of a single strand with a homologous duplex DNA.
Holliday structures involving reciprocal strand exchange among four DNA
strands are created via branch migration [ollowing a three-stranded DNA pair-
ing event. Although four-stranded DNA structures have often been promot-
ed as potential recombination intermediates (5, 256-260), there is no unam-
biguous evidence for such an intermediate in RecA reactions and much
evidence against it (121).

Consider the DNA binding properties of RecA protein reviewed above.
RecA binds readily to ssDNA, but very slowly to dsDNA. Many of the en-
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zymes identified as functioning early in recombinational processes are heli-
cases and nucleases (Rec], RecQ, RecBCD) that help generate a single-
stranded DNA substrate for RecA (29, 85, 217). A wide range of biochemical
and biophysical studies highlight the ease with which three DNA strands are
incorporated into the major groove of a RecA filament, and the general ab-
sence of evidence for the incorporation of a fourth DNA strand (117, 119, 121,
199, 261-264). The DNA strand binding site III can be distinguished by
some of the same experimental approaches used to distinguish site I from site
I For example, a DNA strand bound at site II is more sensitive to nuclease
degradation than strands bound at site I or III (196). When combined with
in vivo work ‘demonstrating the importance of single-stranded DNA in initi-
ating recombination, a simple picture emerges. In most situations requiring
homologous recombination, the major DNA pairing event involves a single-
stranded DNA bound by RecA protein and a homologous duplex DNA.
The mechanism of the DNA pairing process in the DNA strand-exchange
reaction has not been worked out in detail. However, several experimental
facts seem clear and consistent over a range of studies in different laborato-
ries. First, the DNA pairing process does not require ATP hydrolysis. Second,
DNA pairing does require the extended RecA filament conformation brought
about by binding to ATP or ATPyS. Finally, the product of the reaction is a
complex in which the hybrid DNA product of a strand switch is stabilized in
the filament, probably with the displaced strand remaining within the fila-
ment, wound around the hybrid DNA but not necessarily interacting with it.

1. KINETICS

The kinetic mechanism of DNA pairing is surprisingly poorly understood.
DNA pairing can, in principle, be broken down into a number of steps. The
RecA nucleoprotein {ilaments on ssDNA will bind at least weakly to duplex
DNA whether it is homologous or not (118, 119). Nonhomologous interac-
tions with the duplex DNA substrate would be a presumed first step. These
interactions lead to the formation of extensive aggregated networks of DNA
when RecA protein is mixed with heterologous duplex DNA (265, 266).
Rapid DNA pairing can occur within these networks when the DNA is ho-
mologous, although incubation of RecA nucleoprotein filaments with com-
pletely heterologous DNA can block pairing of homologous DNA added lat-
er (266).

The presence of heterologous DNA sequences [lanking a homologous se-.
quence in the duplex DNA did not enhance the raté of DNA pairing in one
study using contiguous RecA filaments formed on ssDNA in the presence of
SSB (267). However, another study demonstrated an enhancing effect of
flanking heterologous DNA when the more fragmented filaments [ormed in
the absence of SSB were used (265). Pairing, in the sense of an initial ho-
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mologous alignment, can occur anywhere along the length of either DNA
substrate, and is generally completed within a few minutes (239, 268, 269).
Formation of a paired DNA species retaining significant stability when RecA
protein is removed can take somewhatlonger and generally requires the pres-
ence of a DNA end allowing a net exchange of DNA strands (268, 269).
There is still much to be learned about this process by careful kinetic stud-

ies. One effort in this direction has recently been reported (270). The use of
very short single-strand oligonucleotides (suboptimal for RecA binding un-
der most conditions) and an unusual mixture of ATPYS and ADP in this study
produced rather slow rates of pairing, making the results difficult to compare
with other RecA studies. However, this and most other studies done to date
contribute to the present consensus that the homologous alignment of the
two DNA substrates (roughly the process described above as phase 2) does
not limit the overall rate at which stably paired complexes are formed. This
suggests that some aspect of the strand swilch in phase 3 is rate limiting.

2. DNA STRUCTURES AND PROPOSED INTERMEDIATES

A more vigorous elfort has been directed at the DNA structural aspects
of the pairing reaction. The central idea guiding much of this effort is the pos-
sible involvement of a novel DNA triplex structure, sometimes referred to as
R-form DNA (271). Perhaps the first mention of a recombination triplex DNA
intermediate was put forward by Lacks (272), and the structures of DNA
triplex intermediates suggested by a variety of studies are remarkably con-
sistent with the original proposal by Lacks. A consideration of possible paths
of DNA pairing reveals two reaction stages during which a DNA uiplex could
occur (Fig. 13). In one path, the duplex DNA would enter the RecA filament
groove and align via its major groove with the ssDNA. This would form what
has been called a prestrand switch triplex (273). The strands of the duplex
substrate would retain their Watson—Crick base pairing in this intermediate.
Rotation of the DNA bases to pair the ssDNA with its complement to make
a hybrid duplex would subsequenUy place the displaced DNA strand into the
minor groove of the hybrid. In the second path, the duplex DNA would en-
ter the filament and interact with the ssDNA initially through its minor
groove. Rotation of the bases would generate a-hybrid DNA and leave the
displaced DNA strand in the major groove to form a poststrand switch triplex.
In a poststrand switch triplex, the hybrid DNA strands would be paired in a
Watson~Crick conformation. A variety of models have been proposed for the

location of the third strand in either triplex, with the most probable involv-

ing secondary hydrogen bonds to groups in the major groove (271, 274-277).

A current proposal for base triplets in an R-form triplex is presented in

Fig. 14.
The first pathway in Fig. 13 is particularly attractive, because it provides
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F16. 13. Possible DNA pairing pathways during DNA strand exchange in the RecA protein
filament. Nucleotide bases are represented by circles; the small attached filled circles denote lo-
. cation of the covalent bonds to deoxyribose. Pathway 1 is one in which the major groove of the
dsDNA substrate is presented first in the [ilament groove. Rotation of the bases then results in
the displaced strand positioned in the minor groove of the hybrid DNA product. Pathway 2 js a
“minor groove first” path. In' this case, the displaced DNA strand is positioned in the major
groove of the hybrid DNA. DNA strand binding sites would be numbered as shown in the in-
sets for the two pathways. Potential DNA triplex structures in which the extra DNA strand is ar-
rayed in the major groove of the Watson-Crick duplex is indicated.

a clear structural mechanism whereby the two DNA molecules can be ho-
mologously aligned. However, there is no evidence for a prestrand switch
triplex in RecA reactions. Most studies have detected only the hybrid DNA
present after the strand switch has taken place. The RecA filament appears
to stabilize the products of DNA strand exchange, using binding energy to
promote the strand switch. The existence of a triplex DNA intermediate on
the reaction pathway remains controversial. Experiments probing the struc-
ture of paired DNA species formed within RecA filaments in the presence of
ATP+S suggest a Watson—Crick pairing relationship between the two strands
of the hybrid DNA product (198). When distal joints are formed with ATPS,
and cross-linked with psoralen derivatives prior to deproteinization, only the

. two strands corresponding to the product hybrid duplex are cross-linked
(278), consistent with the result of Adzuma (198). These results do not pro-
vide information about the Jocation of the displaced DNA strand.

- A series of recent chemical probing and cross-linking studies (279-281)
has provided strong support for the second pathway in Fig. 13. The duplex
DNA appears to enter the groove of the filament and align via its minor
groove with the ssDNA. A rotation of the DNA bases produces hybrid DNA.,
The results of one of these studics suggest that the displaced strand is with-
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Fic. 14. I’ropoéed DNA triplets for the R-form DNA. Reprinted from Cox (121), with per-
mission.

in the RecA f{ilament, but somewhat displaced from the major groove of the
hybrid duplex and not hydrogen-bonded to it (281). However, some direct
evidence that all three strands that can bind to a RecA [ilament are close
enough to interact has been provided by studies using BPDE-labeled

oligonucleotides (199, 200). An important implication of this work is that

there is no homologous, recognition between the two DNA molecules prior
to the strand switch. ' -

All three strands are cross-linked only in distal joints formed within a
RecA filament while ATP was being hydrolyzed (278, 282). This structure
may represent a triplex DNA species, but the cross-linking patterns are also
consistent with a dynamic structure in which the two alternative duplexes are
Jocally interconverted as ATP is hydrolyzed, or a structure in which regions
of hybrid DNA alternate with regions that have not undergone a strand
switch (278, 282). When distal joints were formed with ATP, but cross-link-
ing was carried out after the RecA protein was removed, cross-links were lim-
ited to the two strands corresponding to the hybrid duplex (278). At a mini-
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mum, this indicates that the DNA structure changes when RecA protein is
removed.

In distal joints formed within the RecA filament, the third strand appears
to be at least transiently displaced when ATP is hydrolyzed. This strand is
susceptible to degradation by exonuclease I (54). When pairing is restricted
to the distal end of the duplex DNA, the addition of exonuclease I results in
areverse strand-exchange reaction, in which the hybrid DNA is stabilized by
the progressive enzymatic removal of the displaced stand (54).

Much of the evidence for a poststrand switch triplex involves the charac-
terization of a putative stable triplex species that persists after the RecA fila-
ment is removed (276, 277; 283-285). The stable triplex is detected only

- when DNA pairing is restricted to the distal end of the duplex DNA substrate.

The putative triplexes remaining after the removal of RecA protein cannot
be extended as they must be within the RecA filamént, and their potential re-
lationship to the species present in the filament can be debated. The triplex
structure itself, however, could represent a novel DNA conformation with in-
teresting evolutionary significance. The triplexes have been defined by their
thermal stability (distal joints appear to be more stable than proximal joints),
and by the resistance of all three strands to various nucleolytic and chemical
probes (277, 283-285). To function in recombination, an R-form triplex must
have like strands arranged in parallel, and the structure must form in a se-
quence-independent manner. These features set it apart [rom the stable
triplex DNA species characterized to date (286, 287).

Early models for R-form DNA placed the third strand in the major groove,
stabilized in part by hydrogen bonds to the N-7 guanine (which is not in-
volved in Watson—Crick base pairing) and secondary hydrogen bonds to
groups involved in Watson—Crick pairing. However, substituting 7-deaza-
guanine for guanine in both strands of the duplex DNA substrate had no ef-
fect on the rate or efficiency of the DNA strand-exchange reaction (275). This
was also true when three of four strands were substituted in a four-strand re-
action. This.result has been extended to DNA substituted with 7-deazaade-
nine, and DNA with both purine N-7 substitutions (S. K. Jain and M. M. Cox,
unpublished results). These results argue against triplex models that rely on
hydrogen bonding to purine N-7 for significant stabilization, and have been
reinforced by methylation protection experiments done on the structures re-
maining after RecA deproteinization (277). Recent computer modeling pre-
dicts that stable triplex structures can be assembled without involving purine
N-7 (271).

The formation of stable triplex DNA species has proved difficult to con-
firm by electron microscopy (EM). The triplexes have a reported thermal sta-
bility at least as great as duplex DNA (277, 283, 284), and the methods used
for spreading DNA do not denature duplexes. Nevertheless; no triplexes have
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been observed in many EM trials, using conditions inspired by the various
published reports (278; R. B. Inman and M. M. Cox, unpublished results).
Any triplexes present in these reaclions are disrupted by surface tension or
some other factor associated with DNA spreading.

There has been only one report of results suggesting the spontaneous for-
mation of an R-form DNA triplex (288). However, the DNA species studied
have a T of only about 30°C. Many of the studies of stable DNA species
formed after removal of RecA protein have been carried out at higher tem-
peratures. This further suggests that any triplexes left behind after RecA re-
moval exhibit some hysteresis in their formation.

Within the “minor groove first” pathway (Fig. 13), the formation of a DNA
triplex, even lransienlly, remains altractive as a structural device to [acilitate
homologous recognition between the two DNA substrates. The one viable al-
ternative is a pathway in which the RecA filament catalyzes the conversion
of the duplex substrate to a duplex hybrid DNA without a triplex intermedi-
ate of any kind. In this last scenario, homologous recognition would be me-
diated by Watson—Crick base-pairing alone, with the homology search in-
volving iterative rotation of bases in the duplex substrate followed by
dissociation until homologous alignment was established. This part of the
RecA-mediated DNA strand-exchange mechanism is still in need of further
definition.

3. ENERGETICS

Whatever the detailed pathway for the pairing reaction, it is clear that it
results in an efficient [ormation of hybrid DNA and does not require ATP
hydrolysis. The strand switch and stabilization of the hybrid DNA product
are facilitated by binding energy within the major RecA filament groove.
This has been demonstrated in several studies. First, a limited DNA strand-
exchange reaction (producing 1-2 kbp of hybrid DNA) can occur under
some conditions in the presence of ATPYS (251, 255, 289-291). A similar
DNA strand-exchange reaction is promoted by the RecA K72R mutant pro-
tein, with an alteration in the consensus ATP binding site that allows it to bind
but not hydrolyze ATP (114, 115). It has been further demonstrated that it is
merely the filament conformation conferred by ATP that is required for DNA
strand exchange, because an NTP cofactor is not needed if this conformation
can be established (292). These resulls are in line with the fact that DNA
strand exchange between homologous DNA molecules is not an energetically
demanding reaction. It occurs under some conditions in the complete ab-
sence of proteins (293), and is promoted by a variety of eukaryotic proteins
that do not hydrolyze ATP and (in many cases) have no role in recombina-
tion (5, 294).

The reaction observed in the absence of ATP hydrolysis is generally lim-
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ited to formation of 1-2 kbp of hybrid DNA (289, 291). The reason for this
limitation is not clear. It has been proposed that the limitation reflects dis-
continuities in the RecA filaments (114, 298, 292). Addition of excess RecA
protein does not overcome the limitation (115), but small discontinuities
might still be present. An alternative proposal is presented in Fig. 15. The dis-
continuities could be not in the filaments but in the DNA pairing interme-
diate.

Efficient DNA pairing in the absence of ATP hydrolysis requires the ad-
dition of Mg2™" in significant excess to (hat required to saturate the available
NTP cofactor as Mg-NTP (115). Initiation of pairing at one point in the fila-
ment would:lead to propagation as the filamenl binding energy drew in ad-
ditional DNA. The propagation would be accompanied by rotation of the fil-
ament and the duplex DNA, as a by-product of the binding energy-facilitated
incorporation of more DNA. As propagation continued, DNA pairing at oth-
er localions within the filament would be an intramolecular and potentially
favorable process. Pairing at some distance from the point where the initial
pairing inleraction was being propagated would create a topologically
trapped external loop of substrate duplex DNA (Fig. 15). Multiple loops of
this type might be created. Once RecA protein was removed, the stable hy-
brid DNA would be defined by the DNA between the end of the substrate
duplex and the first external loop. Because moving these loops would require
disruption of paired regions to extend others, and would have to involve ro-
tation about the RecA filament, such loops might well be immobile without
an active mechanism to produce the required rotation or disassembly of
RecA filaments in these locations.

The effects of Mg2™ on the DNA strand-exchange reaction in the absence
of ATP hydrolysis may be instructive. When Mg?* concentrations are simi-
lar to the NTP concentration so that the concenlration of free Mg®* is min-
imal, the formation of paired DNA is reduced considerably. The limited pair-
ing that does occur, however, can slowly generate completely exchanged
hybrid DNA products over 7 kbp in length at significant yields (115). 1f the
probability of pairing is reduced, the probability of the secondary pairing
events needed to form the loops must also be reduced. Hence, the pairing
that does.occur generates longer hybrid DNAs. The capacity of the filaments
to generate the longer hybrid DNAs under these conditions also tends to ar-
gue against the idea that limitations to the length of the hybrid DNA at high-
er Mg2* concentrations are brought about by filament discontinuities. The
effects of high Mg2?* concentrations in blocking DNA strand exchange are
not relieved if RecA K72R filaments are formed at low Mg?* concentration,
followed by raising the latter (115). :

The DNA strand-exchange reaction-through phase 3 is probably suffi-
cient to explain the role of RecA protein in genetic recombination during con-
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jugation or transduction. However, the limitations of the pairing reactions de-
scribed above are not only manifested in the length of the hybrid DNA gen-
erated. Without ATP hydrolysis, DNA strand exchange also is bidirectional
(223, 291), will not bypass structural barriers in the DNA (115, 254, 255), and
will not accommodate four DNA strands (115, 251). A unidirectional DNA
strand exchange capable of bypassing structural barriers in the DNA could
be useful in the context of recombinational DNA repair, and herein lies a
function for ATP hydrolysis. '

C. Unidirectional Extension of the Hybrid DNA
and the.Role of ATP Hydrolysis

NTPases can generally be classilied according to one of three biological
functions: motor proteins, molecular iming devices, or recycling functions
(295). The ATPase activity of RecA is most commonly portrayed as a recy-
cling function (5, 85, 257, 295), causing the dissociation of RecA monomers
from the filament after DNA strand exchange has occurred. As already noted,
there is evidence that the end-dependent dissociation of RecA monomers
from RecA lilaments is at least one of the functions of RecA-mediated ATP
hydrolysis (226). :

However, we have also noted that disassembly of RecA filaments rarely
accounts for more than a minute fraction of the ATP hydrolyzed in RecA fil-
aments. ATP is hydrolyzed uniformly by RecA monomers throughout the fil-
ament (176, 212, 239), and under some conditions ATP or dATP hydrolysis
proceeds in the absence of measurable RecA dissociation (228, 229).

Defining the role of the RecA ATPase can be divided into two parts: bio-
chemical function and mechanism. The observation that DNA strand ex-
change proceeds in the absence of ATP hydrolysis provides an opportunity
to further define function. In effect, the limitations of the reaction in the ab-
sence of ATP hydrolysis elucidate biochemical functions provided by the
ATPase activity. When ATP is hydrolyzed, the DNA strand-exchange reac-

Fic. 15. A model to explain the cessation of DNA strand exchange in the absence of ATP
hydrolysis after formation of 1-2 kbp of hybrid DNA. Formation of a discontinuous DNA pair-

ing intermediate is illustrated in (ive steps. (I) Pairing is initiated at one end of a duplex DNA -

substrate. Extension ol the paired region requires the rotation of both the filament and the du-
plex DNA, as shown by circular arrows. (I1) As the paired region lengthens, some probability ex-
ists for an intramolecular pairing interaction elsewhere in the filament (black arrow). (I11) Pair-
ing at the new location creates a new point for continued spooling of the duplex DNA into the
filament. However, a segment of DNA is left outside of the filament as an external loop by the
second pairing initiation. (IV). Multiple loops can form (e.g., segments B~C and D-E), with
paired segments (e.g., C-D) between them. (V) Resolution of the loops requires their rotation
about the axis of the RecA nucleoprotein lilament. Reprinted from Shan et al. (115), with per-
mission.
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tion becomes unidirectional (223, 291), will bypass substantlial structural bar- .

riers in the DNA substrates (115, 2564, 255), and will accommodate four DNA

strands (115, 251). All of these become properties defining a fourth phase of

DNA strand exchange, a phase involving the active and ATP-dependent con-
version of the DNA pairing intermediales generated in phase 3 to [ully ex-
changed DNA products.

The molecular mechanism by which the hydrolysis of ATP confers these
properties on the strand-exchange reaction is more difficult to resolve. At
least three ideas have been proposed for how ATP hydrolysis might effect
DNA strand exchange at the molecular level. Konforti et al. (223) proposed
that ATP*hydrolysis caused dissociation of RecA from the hybrid DNA, with
the overall reaction rendered unidirectional by unidirectional assembly of a

~ new [ilament on the displaced strand. This mechanism provides no explana-

tion for the RecA-mediated bypass of short heterologous insertions during
strand exchange. In addition, in reactions carried out in the presence of SSB,
the RecA protein involved can be quantitatively accounted for in a complex
with the hybrid dsDNA long after DNA strand exchange is complete (296).

Other results have shown that the SSB is bound to the displaced DNA

strand (297). No net disassembly of the RecA filament is required during uni-

directional DNA strand exchange, nor is assembly of RecA filaments on the
displaced strand. The results eliminate the mechanistic proposal that DNA
strand exchange is driven by dissociation of RecA monomers from the initial
filament followed by a unidirectional reassembly of the filament on the dis-
placed strand. However, they do not rule out a localized redistribution of
RecA monomers within the filament.

The two remaining models are both consistent with existing data. The
first is derived from the proposal that ATP hydrolysis is coupled to dissocia-
tion of RecA monomers from filaments at the point where strand exchange
is taking place (256). In its original form, this proposal did not provide an ex-
planation for RecA-mediated bypass ol DNA structural barriers during strand
exchange. This idea has been updated with the suggestion (289) that dis-

_continuities in the RecA [ilament limil the progress of ATP-independent

DNA strand exchange. ATP hydrolysis would then be required simply to re-
distribute the RecA protein (114, 289, 292). Continued extension of the hy-
brid DNA would depend on available conliguous RecA filament, remaining
largely ATP independent.

The second model (298) is der 1ved from the fact that if DNA strand ex-
change is to take place, the two DNA substratés must rotate (Fig. 16). The
most straightforward way to facilitate strand exchange is to couple ATP hy-

drolysis directly to this rotation. This could involve external loops of DNA -

with the RecA protein [acilitating the rotation shown in panel V of Figure 15.
If one of the two DNA substrates binds to the outside of the filament, even
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FiG. 16. A DNA strand exchange between two duplex DNA molecules. To move the DNA
branch, the molecules must be rotated.

over a short region, the rotation can be effected by passing this external seg-
ment between monomers in a ratchetlike action coupled to ATP hydrolysis

(298). There are six RecA monomers per turn in the filament. Each 360° ro-

tation would occur in six steps, with one-sixth of the RecA monomers in the
filament participating in each step. Because DNA within a RecA filament is
underwound to 18 bp per turn, each complete rotation would move the DNA
branch by 18 bp. A unidirectional rotation would necessarily result in unidi-
rectional strand exchange. A rotation of this kind coupled to ATP hydrolysis
would resolve any external loops of DNA such as those depicted in Fig. 15.

This model has been called the facilitated DNA rotation model (298). It
requires that ATP hydrolysis in the filament be organized into waves that
would be separated by perhaps six monomers and travel unidirectionally

‘through the filament, much as was suggested in Section I11,C, describing the

ATP hydrolytic activity of RecA protein. The model has the problem that no
DNA binding sites have been defined on the filament exterior, although kit-
tle effort has been directed at this possibility. A different version of a facili-
tated DNA rotation model has recently been proposed (298, 299). In this al-
tered version, the DNA is rotated, but all strands remain within the filament.

Both the RecA redistribution and facilitated DNA rotation models pro-
vide an explanation for how heterologous sequences are bypassed during
DNA strand exchange in an ATP-dependent manner. Bypass requires that the
heterologous DNA sequences be unwound. Radding and colleagues demon-
strated that a nick in the heterologous region prevents bypass, indicating that
the bypassed DNA is unwound indirectly through the application of torsion-
al stress (299). The underwound state of DNA bound by RecA is the key to
understanding how redistribution of RecA monomers might facilitate bypass

(Fig. 17). RecA must be bound to a homologously paired three-stranded com- -

plex on both sides of the heterologous insertion. Disassembly of part of the
RecA filament on one side of the insertion would lead to the release of un-
derwound DNA. If free rotation of the remaining filament ends was pre-
cluded (as it would be in the circular nucleoprotein filaments commonly used
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Fic. 17. Mechanisms for the bypass of heterologous DNA insertions in the duplex DNA sub-
strate during DNA strand exchange (A) Bypass by filament disassembly. DNA strand exchange
proceeds up to the homology—heterology boundary without the aid of ATP hydrolysis. DNA
bound within the RecA filament is extended and underwound by about 40%. Dissociation of

some RecA monomers (ovals) results in the release of some underwound DNA. Because the fil- -

ament is formed on a DNA circle and has no ends free to rotate, the underwinding in the DNA
can be translated into unwinding of the DNA in the heterologous insertion. DNA strand ex-
change can then be continued beyond the insertion without the aid of ATP hydrolysis. This mod-
el is based on ideas communicated to us by S. Kowalezykowski. (B) Bypass by facilitated DNA
rotation. If RecA protein is bound to the DNA with the filled strand, and promotes the DNA ro-
tation shown by a mechanism described elsewhere (298), the DNA within the heterologous in-
sertion will be unwound as a result of the rotation.
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in these experiments), then the underwinding in the released DNA could be

translated into strand separation, with as many as 8 bp separated for every
six RecA monomers dissociated. A modest degree of filament disassembly in
a stalled strand-exchange complex could therefore explain the bypass. In the
facilitated DNA rotation model, continued rotation of the exchanging DNAs
stalled at the insertion would directly translate into unwinding of thé DNA
in the insertion, as shown in Fig. 17.

The RecA redistribution model predicts that the bypass of heterologous
insertions requires dissociation of part of the adjacent [ilament, while main-
taining the underwound state of the released DNA so that it can be translat-
ed into unwinding of the insertion. A linear filament of RecA protein, un-
constrained and free to rotate at the ends, should be unable to promote
bypass if the model is correct. However, RecA filaments formed on linear ss-
DNA promote an eflicient bypass of heterologous insertions (K. MacFarland
and M. M. Cox, unpublished results). In addition, the rate of filament as-
sembly of a RecA [ilament is generally {aster than disassembly at the other
end, making it unlikely that a gap in the [ilament large enough to facilitate
the unwinding of 50 to 100-bp heterologous inserts would appear on a cir-
cular DNA substrate with any reasonable probability. However, there is an
exchange of RecA monomers between [ree and bound forms that is observed

when the RecA is bound to duplex DNA or during DNA strand exchange -

(228; Q. Shan and M. M. Cox, unpublished results). This could signal the kind
of RecA redistribution required by the model under strand-exchange condi-
tions, and an evaluation of the role of this exchange process must await a de-
finition of its mechanism. :

The facilitated DNA rotation model has the unique virtue of providing a
quantitative accounting of the ATP hydrolyzed by RecA protein during DNA
strand exchange. There are two relevant calculations. First, to bring about a
360° rotation by the [acilitated rotation mechanism (298), every RecA
monomer in the filament would hydrolyze 1 ATP. In a typical [ilament con-
taining 2000 RecA monomers, this translates into 2000 ATPs to move the
DNA branch by 18 bp, or 100 ATPs per base pair of hybrid DNA created.
This is the efficiency observed under optimal conditions in vitro. The evident
inefficiency can be rationalized as an energetic surplus that permits the by-

pass of structural barriers during repair. Notably, DNA repair processes tend -

to be profligate consumers of chemical energy (26). Consider, for example,
the chemical energy invested in the degradation and replacement of a strand
of DNA, 1 kb or more in length, to repair one DNA mismatch (300).

Second, if ATP hydrolysis and DNA rotation are coupled, the rate of -

branch movement should have a predictable relationship to the rate of ATP
hydrolysis. A given monomer will hydrolyze ATP every time the external
DNA molecule passes, so that each hydrolytic event corresponds to one ro-
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tation. During strand exchange, each monomer hydrolyzes about 20 ATPs

per minute. The resulting 20 rotations should move the branch 20 X 18 bp, .
- or 360 bp.

This predication has been tested in a detailed study ol the temperature
dependence of the DNA strand-exchange reaction and the ATP hydrolysis
that accompanies it. Arthenius plots were conslructed for strand exchange
and RecA-mediated ATP hydrolysis during strand exchange, based on ex-
periments carried out from 25° o 45° (233). The plots were linear and par-
allel over the entire temperature range, providing another piece of evidence
consistent with a direct coupling of ATP hydrolysis to the last phase of DNA
strand exchange (233). Perhaps more significantly, the distance between the
lines corresponded to a factor of about 18 bp.

The role of ATP hydrolysis in the DNA strand-exchange reaction remains
a controversial topic. However, the potential exists {or the redefinition of the
RecA ATPase activity in terms of a novel motor function in recombinational
DNA repair. Resolution of the various issues remaining in defining the func-
tion and mechanism of ATP hydrolysis will continue to be a challenge.

D. Exchange Reactions with Four DNA Strands

ATP hydrolysis is required for the promotion of a reciprocal DNA strand
exchange involving four DNA strands. This is perhaps the observation most
difficult to rationalize in terms of the RecA redistribution proposal. If a RecA
filament can bind only three DNA strands within its major groove, and the
filament cannot promote a four-strand DNA exchange reaction without ATP
hydrolysis, redistribution of the monomers within the filament is unlikely to
produce a dilferent result. The [acilitated DNA rotation model provides a
mechanism for the promotion of a four-strand exchange reaction. Once pair-
ings were initiated in the single-strand gap as a three-strand reaction, as re-
quired, homologous DNA in the flanking four-strand regions would effec-
tively be aligned as well. DNA rotation as depicted in Fig. 16 would inevitably
spool one strand of the duplex region and the gapped DNA substrate out of
the filament ahead of the point where a strand was being brought into the
filament from the second duplex substrate. By this mechanism, only two
DNA strands would occupy the interior groove-of a RecA filament at any
point during the four-strand portion of an exchange reaction.

V. Interaction of RecA Protein with Other Proteins

The RecA protein promotes only a few stages of recombinational process-
es in which over a dozen other proteins may take part. The list below is ad-
mittedly selective and focuses on proteins with a demonstrated effect on
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RecA activities in vivo and/or in vitro. The discussion is also limited to pro-
teins involved in the recombinational functions of RecA protein. A particu-
larly complete listing and description of bacterial recombination functions
appears in another review (85).

A. The Single-Strand DNA Binding Protein

Some effects of the single-strand DNA binding prolein (SSB) on RecA
protein binding to ssDNA have already been noted. SSB and RecA compete
for binding sites on the DNA. SSB inhibits the nucleation of RecA filaments,
but not extension. When RecA protein is added before or concurrently with
SSB, some RecA protein will bind to ssDNA regions lacking DNA secondary
structure. The SSB will melt out regions of secondary structure, then will be
displaced from the DNA by RecA f(ilament extension (210, 211). A relatively
nonspecific binding to ssDNA is the only biochemical activity of SSB.

The ssh gene was [irst detected by virtue of the effects of gene defects on
DNA replication (301). Several mutant alleles have been studied. In addition
to effects on DNA replication, ssb mutants also confer a sensitivity to DNA-

“damaging agents such as UV light, and a reduction in recombination profi-

ciency (302). One allele, ssb-3, confers a UV sensitivity approaching that ob-
served for recA deletions (303). The wild-type gene encodes a protein with
177 amino acids with a combined molecular weight of 18,843 (304).

The DNA-binding properties of SSB have been reviewed in detail (305,
306). SSB generally binds to DNA as a tetramer. At least four distinct bind-
ing modes have been detected, with transitions between them occurring as
a function of solution conditions. The various SSB species have binding site
sizes ranging from 35 to 65 nucleotides of ssDNA. The species predominat-
ing at low salt concentrations and relatively high SSB binding densities is
SSBg;. The smaller site size in this DNA binding mode reflects an interac-
tion of only two of the tetramer subunits with the DNA. This form of SSB is
characterized by a high level of cooperativity in DNA binding (305, 306), giv-
ing rise to a fairly uniform coating of SSB on the DNA (307). The DNA con-
tour length is reduced by about 60% when complexed with SSB, < (307). At
very high salt concentrations or low SSB binding densities, the SSBy, species
predominates. This form is characterized by a more limited cooperativity re-
flecting interactions between two tetramers to form octamers, but no higher
order structures (308). In the electron microscope, the octamers give rise to
a “beads on a string” appearance to the SSB-DNA complexes (307). The con-
tour length of the ssDNA is reduced about 78% when complexed to SSB,
(307). A prominent intermediate DNA binding mode is SSB, with many
properties similar to SSBy,,, including a beaded appearance on ssDNA when
viewed in the electron microscope. Another species detecled in some stud-
ies, SSB,,, has nol been characterized in detail. SSByy, is the predominant

e
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3

species under the conditions used lor most in vitro experiments with RecA

protein (309), and is the species responsible for the enhancement of RecA
protein filament formation (307, 310, 31I). Bound RecA protein tends to be
displaced by SSB under conditions favoring the formation of SSB, (311).

The maintenance ol contiguous extended RecA filaments (hydrolyzing _
- ATP) on random secuence ssDNA requires a continuous presence of SSB

(311). This could be explained by a cycle of partial RecA dissociation followed
by SSB-facilitated rebinding. Alternatively, it could reflect a stabilizing in-
teraction of SSB with RecA filaments. The former explanation is favored by
the observation that other single-strand DNA-binding proteins that should
not interact with RecA protein, including the gene-32 protein of bacterio-
phage T4 and even the yeast protein yRPA, will facilitate RecA filament for-
mation. In addition, there is no indication that SSB is present in RecA fila-
ments formed in the presence of SSB when visualized by electron microscopy
(307, 312; R. B. Inman and M. M. Cox, unpublished results).

However, it has already been noted that RecA [ilaments on ssDNA exhibit
little exchange between {ree and bound RecA monomers in the presence of
SSB, as might be expected in the dissociation/rebinding model. A direct and
apparently specific interaction between SSB and RecA protein is suggested
by changes in the intrinsic fluorescence of SSB (234) and by immunopre-
cipitation studies (310). In addition, the SSB that promotes the formation of
RecA filaments in one reaction mixture is not immediately available to pro-

. mote formation of new RecA filaments when .combined with a second

RecA—-ssDNA reaction mixture incubated without SSB (M. M. Cox, unpub-
lished results). The latter experiments suggest that SSB is sequestered in a
weak interaction with RecA filaments.

We postulate that a relatively weak interaction between SSB and RecA
filaments exists that is subject to disruption with the methods used to spread
RecA protein for electron microscopy. The functional significance of such an
interaction is not clear. It must be inconsequential for the formation of RecA
filaments ‘in vitro, because other single-strand binding proteins can substi-
tute for SSB in this function. Many studies indicate that the elimination of
secondary structure in the ssDNA is the unique function of SSB in presy-
napsis. Once RecA filaments were formed, an-SSB interaction with them
might have a modest effect in preventing the dissociation of RecA monomers
in the interior of RecA filaments. Indeed, these filaments undergo a gradual
partial disassembly when SSB is removed (311). However, the most Iikely role
of an SSB-RecA interaction would come in the later stages of DNA strand-
exchange reactions. SSB binds to the displaced single strand as it is generat-
ed and tends to prevent secondary DNA pairing reactions involving it (297).
In vitro, an interaction of SSB with the RecA filament might not provide an
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enhancement of SSB binding to the displaced DNA strand. However, an ad-
vantage might be realized in the more complex in vivo environment if the
same RecA-SSB interaction helped sequester SSB and position it for bind-
ing to the displaced DNA strand. Over a billion years of coevolution has pro-
vided ample opportunity for the development of both weak and strong in-
teractions between proteins involved in recombinational processes, to better
organize events in recombinational DNA repair.

B. The RecF, RecO, and RecR Proteins

RecA protein may never- act by itsell as a uniform filament of RecA
monomers in‘the cell. Evidence is accumulating that a number of proteins
not only affect the assembly and disassembly of RecA filaments, they also re-
main intimately associated with the filament and may affect its function. Pri-
mary candidates at present are the RecF, RecO, and RecR proteins. The
RecO and RecR proteins have already been shown to interact with RecA fil-
aments in a way that facilitates assembly and blocks disassembly.

The recF gene was [irst detected in 1973 (152) as a UV:sensitive, recom-
bination-deficient mutant in a recBC sbe¢BC background. The gene is con-
tained in an operon that also includes the dnaN gene, an arrangement that
seems to suggest some link with replication. It is speculated that RecF is part
of a system that diverts ssDNA from being a template for replication to be-
ing a substrate for recombination (27). The RecO and RecR proteins de-
scribed below are included in this hypothesis. The sequenced recF gene en-
codes a 357-amino acid polypeptide (40.5 kDDa). The RecF protein has been
purified by atleast four research groups and characterized in vitro (313-318).
The protein contains a consensus nucleotide-binding fold (Walker A box).
Recl protein alone has no stimulatory effect on any RecA activity tested to
date. At sufficiently high concentrations, it inhibils RecA binding to DNA and
RecA protein-mediated DNA strand exchange (314, 316). The RecF protein
possesses a very weak ATP hydrolytic activity (k_,  about 0.3 min~1) (318).

In vivo, recF mutant bacteria exhibit a delayed activation of the SOS re-
sponse that might reflect slow formation of the RecA filaments required to
facilitate LexA cleavage (319). The E. coli strains in which SSB is overex-
pressed exhibit a recF-like phenotype (320). Mutationsin recF are suppressed
by certain recA mutations, such as recA441 and recA803 (319, 321). The
RecA441 (previously tif) and RecA803 proteins exhibit an enhanced capac-
ity to displace SSB and bind ssDNA in vitro (322, 323). This suggests some
sort of in vivo interaction between RecF protein and RecA protein, although
the [unction of RecF has not yet been elucidated. ,

The recO gene was identified in 1985 (324). Itis situated in a operon with
the rnc gene, which encodes ribonuclease 111, and the era gene, which en-
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codes a GTP-binding protein with sequence similarities to the yeast RAS pro-
teins (325). The sequenced recO gene encodes a prolein with 242 amino
acids (26,000 Da) (326, 327). A predicated nucleotide-binding fold in the
RecO protein (326) is not conserved among the limited number of other
RecO sequences available (A. I. Roca, unpublished results). No l’\ecO medi-
ated ATP hydrolysis has been detected.

The purified RecO protein has been character 17ed in several smdles (227,
316, 317, 328, 329). It binds to both ssDNA and dsDNA and behaves as a
monomer in solution. It promoles an ATP-independent renaturation of com-
plementary DNA strands (328). A weak assimilation of ssDNA [ragments into
homologous supercoiled duplexes to form D-loops is catalyzed by RecO pro-
tein (329).

The recR gene was identified in 1989 (330 331).Itis located on the E. coli
chromosome near the dnaX gene and shares an operon with a small open
reading frame of unknown function called orf-12. The sequenced gene en-

codes a 201-amino acid protein with a predicted molecular mass of 21,965

Da. A RecR sequence alignment with the two other available RecR sequences
(A. L. Roca, unpublished resulls) does not show a canonical Walker A box,
contrary to the reported existence of a nucleotide-binding fold (332). There
is a highly conserved Cys cluster (CxxCxgCxxC), which may chelate zinc as
in other proteins (332a). Zinc fingers are required for DNA damage recog-
nition by UvrA (333). The RecR protein migrates in SDS-PAGE as a 26-kDa
protein.

The purified protein has been studied in concert with the RecF and RecO
proteins (227, 316-318). The RecR protein from Bacillus subtilis has also
been purified (332). The B. subtilis RecR protein binds to dsDNA, and the
binding is stimulated by DNA damage, ATP, and divalent cations. The B. sub-
tilis and E. coli genes exhibit a 43% sequence identity.

Several lines of evidence indicate that the RecF, RecO, and RecR proteins
function at the same stage of recombination, possibly as part of a single com-
plex. The phenotypes of mutations in the three genes are very similar, delin-
ing them as an epislalic group (27, 334). Mutalions in all three genes are sup-
pressed by recA44] and recA803 mutations (335). In addition, a gene in
bacteriophage A, called orf, which can replace reeF, recO, and recR functions
in lambda recombination has been identified (336).

An interaction has been detected between the RecF and RecR proteins
in vitro. In the presence of ATP, RecF protein binds to dsDNA very weakly,
and RecR protein does not bind to dsDNA by'itself at all. When both pro-
teins are added to a reaction together, RecF protein binds to dsDNA much
more readily and appears to coal the DNA if enough protein is present (318).
RecR protein is present in these complexes. The ATPase activity of RecF pro-
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tein is also stimulated two- to threefold by RecR protein under some condi-
tions (318). The functional significance of these reactions has not yet been
worked out. Alone, RecF binds prelerentially to gapped DNA (336a).

The RecF, RecO, and RecR proteins have been examined together in vi-
tro in two studies (316, 317). The RecO and RecR proteins, either with or with-
out RecF protein, stimulated RecA protein binding to ssDNA coated with
SSB. None of the proteins was active on its own. Although RecF protein was
not required for the stimulatory effect, the presence of RecO and RecR
seemed to nullify the inhibitory effect seen when RecF was used alone. RecO
and RecR proteins remain bound to the DNA after formation of the RecA fil-
ament. The resulting filament has only 70% of the RecA of a normal [ilament,
but it can still promote DNA strand exchange (317). Significant amounts of
RecO, RecR, and SSB remained associated with RecA nucleoprotein fila-
ments formed on ssDNA (317).

The effects of RecO and RecR proteins do not end once the RecA filament
is assembled. As already noted, the RecO and RecR proteins completely block
the end-dependent disassembly of RecA filament from ssDNA (227). The pro-
teins may remain bound as part of a joint {ilament with the RecA protein. Both
proteins are required in amounts equivalent to about 1 monomer of each for
every 50 monomers of RecA prolein (227). This may reflect a kind of regula-
tory function for RecO and RecR. At a stalled replication fork where recombi-
national DNA repair is required, the ssDNA will generally be bound with SSB.

The RecO and RecR proteins greatly facilitate the binding of RecA to an
SSB-bound DNA substrate, and they prevent disassembly once bound. This
may give the filament a sufficient lifetime to carry out an efficient DNA
strand-exchange reaction to effect repair (see Fig. 1). The filament must even-
tually be disassembled and the replication fork restarted. Recent genetic
studies indicating overlapping functions for the PriA protein (involved in the
assembly of the replication primosome) and RecF protein are consistent with
a role for RecF in the reassembly of an active replication fork (337). Addi-
tional work on priA has served to highlight the important role of DNA repli-
cation in many recombinational processes (338).

A DNA repair perspective may be especially useful in constructing hy-
potheses for the function of the RecF, RecO, and RecR proteins that can be
addressed experimentally. Mutations of the recF, recO, and recR genes ex-
hibit a substantial defect in recombination only when they appear in recBC
shc genetic backgrounds (27, 85, 217). Single mutations in some of these
genes do affect plasmid recombination, but nearly normal levels of conjuga-
tional DNA recombination can be achieved without them. However, cells
that contain mutations in any of these genes in an otherwise wild-lype back-
ground are sensitive to DNA-damaging agents such as ionizing radiation,
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mitomycin C, or UV light (152, 331, 339-343). All of these gene products
appear to have a fundamental role in DNA repair. '

C. The RuvA and RuvB Proteins

Some mechanism must exist for the disassembly of RecA filaments in
vivo, especially if they are stabilized by the RecO and RecR proteins. RecA
filaments may be displaced from the DNA by the combined action of two
other proteins, the RuvA and RuvB proteins. '

The first ruv mutants were isolated in 1974 (344). Two separate genes,
ruvA and ruvB, were subsequently found at the ruv locus in a single, LexA-
regulated operon (345). The ruvC gene is nearby. The ruvA gene encodes a
203-amino acid polypeptide with a molecular mass of 22 kDa. The protein
migrates in SDS-PAGE at the position expected for a protein of. 27 kDa. The
ruvB gene encodes a 306-amino acid polypeptide of 37 kDa; the sequence
includes a consensus nucleotide-binding fold. As with the RuvA protein,
RuvB migrates in SDS-PAGE at a position expected for a slightly larger pro-
tein (41 kDa). The fact that these proteins are induced during SOS provides
another suggestive link with DNA repair. The RuvA protein structure has
been determined (345a). '

The RuvA and RuvB proteins were [irst purified by the Shinagawa and
West groups (346, 347), and some of their in vitro activities have been de-
scribed. The proteins act together to process branched DNA strand-exchange
intermediates created by the RecA protein. -

RuvA protein binds to DNA, binding most tightly to Holliday intermedi-
ates and cruciform structures (348). One proposed role is that of a molecu-
Jar matchmaker (348, 349), targeting the RuvB protein to the DNA. RuvB
protein exhibits a DNA-dependent ATPase activity and catalyzes the branch
migration of Holliday intermediates (346, 348, 350, 351). Both activities are
stimulated by RuvA protein. The requirement for RuvB protein decreases
when RuvA protein is present, and the optimal conditions for ATP hydroly-
sis or branch migration change. Reported rates of ATP hydrolysis are greater
when RuvB is bound to circular dsDNA, suggesting that it is coupled to a
processive movement along the DNA (352, 353). RuvB protein binds weak-
ly to ssDNA or dsDNA, but the binding can readily be measured in the pres-
ence of high (>10 mM) levels of Mg?*.

RuvB protein is also a helicase (351, 354), although detectable helicase
activity is observed only in the presence o[ RuvA protein. RuvB protein moves
5' to 3' along one DNA strand that is partially single stranded, displacing a
short complementary strand. Complementary strands nearly 600 nucleotides
long can be displaced, although the elficiency falls off more or less linearly
as the length of the strand increases from 100 to 600 nucleotides {(354). No
unwinding of fully duplex DNA has been observed, even for duplexes as short
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as 50 bp. The helicase is thought to have an unspecific mechanistic role in
the branch migration activity. The helicase activity is enhanced at DNA
branch points (351). .

Under some conditions, the RuvB protein binds to dsDNA as a dode-
camer (440 kDa), forming back-to-back hexameric rings with D, symmetry
(355). The DNA takes a path through the center of the {used rings, much like
the situation with the B subunit of DNA polymerase III (356). The openings
at either end of this donutlike structure have a diameter of about 20 A. More
recent results indicate that the active [orm of RuvB protein is hexamer (352).
The functional structure may be similar to that of some other helicases, such
as the SV40 T-antigen (357, 358), the rho transcriptional terminator
(359-364), and the DnaB protein (356). An analysis of the RuvB ATPase ac-
tivity indicates the presence of nonequivalent ATP hydrolytic sites within a
RuvB hexamer (353). ATP hydrolysis in individual subunits is likely to be
coupled to conformation changes that modulate the interaction of each sub-
unit with DNA so as to effect movement along the DNA.

Overall, the RuvA protein is thought to bind to branched recombination
intermediates and facilitate the binding of RuvB. The RuvB protein (or a
RuvAB complex) then promotes a branch migration reaction that has been
advanced as the major RuvAB function in vivo. EM observations and other
work have led West and colleagues to propose a model in which a RuvA pro-

tein is bound to a Holliday junction, sandwiched between two RuvB hexam-

ers (366, 367). In the model, two branches of the Holliday structure are pro-
pelled outward through the hexameric RuvB rings to promote branch
migration (366, 367). These proteins may also modulate in some way the
binding and cleavage of Holliday intermediates by RuvC protein (348, 368).

When added to RecA protein-mediated DNA strand-exchange reactions,
the RuvA and RuvB proteins greatly enhance the bypass of heterologous in-
sertions in the duplex DNA substrate. The combined action of these proteins
permits significant bypass of inserts that are 1 kbp in length (369). When bar-
riers that cannot be bypassed are encountered, the RuvA and RuvB proteins
promote an efficient reversal of the DNA strand-exchange reaction carried
out by RecA protein (370). Based on in vitro results, RuvA and RuvB could act
as antirecombinase activities under some condilions, reversing potentially
deleterious intrachromosomal recombinational events (370). Although the ex-
istence ol a protective antirecombination pathway has been postulated (371),
the idea that RuvA and RuvB might be involved has not been tested in vivo.

It has been directly demonstrated that the RuvA and RuvB proteins will
displace RecA filaments {rom dsDNA under some conditions (372). This may
be a general pathway for RecA filament disassembly in the cell, but many
questions remain about where RecA protein leaves off and RuvA and RuvB
take over in a recombinational process. The issue is complicated by the pres-
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ence of another protein in E. coli, RecG protein, with functions that at least
partially overlap those of RuvA and RuvB (368, 373, 374).

D. Other Proteins Affecting RecA Activities

A number of other proteins can affect RecA protein-mediated DNA
strand-exchange reactions. Kowalczykowski and colleagues have reconsti-
tuted a DNA pairing reaction that is dependent on the concerted action of
the RecBCD enzyme, SSB, and RecA proteins (213, 214, 375, 376). The re-
action is also dependent on the recombinational hotspot sequence, chi. The
system provides an importlant model system for the presumed early steps in
the double-strand break recombinational repair pathway.

RecA function in vitro is also affected by some nucleases. Rec] is a 63-
kDa protein with a 5’ to 3" exonuclease activity (377, 378). It is involved in
the RecF and RecE pathways for genetic recombination (379-381). Under
some conditions, the Rec] exonuclease enhances the RecA protein-mediated
strand exchange by degrading the displaced DNA strand (382). Exonuclease
Lis a3’ to 5’ exonuclease specific for ssDNA (383). Some mutant alleles of
the gene encoding exonuclease I (sbcB) suppress the recombination-deficient
phenotype of recBC mutations (384). In concert with the RecA protein,
exonuclease I will facilitate a DNA strand-exchange reaction with a polari-
ty opposite to that normally promoted by RecA protein (54). As with Rec],
the reaction is accompanied by digestion of the displaced DNA strand. Ex-
onuclease I copurifies with RecA protein through a wide range of chro-
matographic resins, suggesting a rather strong association of the two proteins
(54). However, there has been no demonstration that the interaction is spe-
cific, and no function has been suggested or demonstrated.

- VL Other Functions of RecA Protein in Vivo

The role of RecA protein in DNA metabolism is remarkably diverse. In
its various capacities, RecA protein exhibits enzymatic activities not de-
scribed above and interacts with a number of proteins not linked with re-
combination. These other functions are summarized briefly below.

A. The RecA Coprotease Function

In the early 1960s and early 1970s, a series of observations had suggest-
ed the existence of an elaborate pathway for DNA repair and mutagenesis
that was induced by DNA damage (385, 386). The observations and ideas
were unified under the SOS hypothesis in 1974 by Radman (387). The first
. activity RecA protein was associated with in vitro was the cleavage of the bac-

teriophage X repressor as a biochemical step in the induction of the bacteri- -
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al SOS response (3 88) Later, it became clear that the LexA repressor was in-

activated by RecA-mediated proteolylic cleavage as well (389). Repressor

cleavage was also the first functional assay used to guide the purilication of
RecA protein (388). '

The SOS induction pathway has been worked out in some detail
(390-393). High levels of DNA damage cause an interruption of leplication
The single-stranded DNA created as one result of the interruption is the pri-
mary signal for SOS induction (47). RecA protein binds to the ssDNA, perhaps
aided by the RecF, RecO, and RecR proteins. The bound RecA protein as-
sumes the extended filament conformation in the presence of ATP, and this fil-
ament form facilitates an autocatalytic cleavage of the LexA repressor, the bac-
teriophage X repressor, and a few other proleins. The result is a general
induction of over 20 genes repressed by LexA and induction of any bacterio-
phage X lysogens present. The induced gene products include a variety of en-
zymes with functions in DNA repair, replication, recombination, and a spe-
cialized pathway for mutagenesis. RecA protein is induced as an SOS function.

Facilitating the autocatalytic cleavage of LexA protein involves the bind-
ing of LexA deep within the groove of a RecA filament (394). The binding
site generally spans two adjacent RecA monomers (394). The form of RecA
protein bound on ssDNA has often been referred to as an activated species,
or RecA? (390-393). It is likely that this RecA species is identical to the ex-
tended RecA filament involved in recombinational processes (394). The use
of ssDNA as the molecular signal for SOS induction may be a simple mani-
festation of the fundamental DNA binding properties of RecA protein. The
propensity of RecA to bind ssDNA almost exclusively under physiological
conditions serves to target RecA protein to ssDNA gaps created by the in-
terruption of replication. There is evidence that RecA protein mutants that
bind more readily to dsDNA exhibit a phenotype in which SOS is constitu-
tively induced (131, 395), pr esumably because RecA protein is constantly and
nonselectively bound to DNA as an extended filament. Binding of LexA in
the groove-of a RecA filament blocks DNA strand exchange by excluding the
dsDNA substrate (395a,b).

B. SOS Mutagenesis

Heavy DNA damage leads to the induction of a specialized system for mu-
tagenic DNA lesion bypass as a part of the SOS system (392, 396-398). The
existence of the system can be rationalized as a pathway permitting replica-
tion restart in an environment where replication would otherwise be impos-
sible (398). The deleterious mutagenic effects of replicative bypass of lesions
would be balanced by the survival of a few cells that would otherwise perish.
The pathway may also permit a resistance to DNA lesion for which no ef-
fective repair pathways exist (393, 398). RecA protein has at least three roles

-
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in SOS mutagenesis. First, some of the required activities are induced as part
of the SOS response. Second, at least one of the required proteins is proteo-
lytically processed in a reaction facilitated by RecA protein, Finally, RecA
protein participates directly in the lesion bypass.

Replicative lesion bypass in SOS mutagenesis requires the combined ac-
tivities of proteins, including the UmuC, UmuD’, and RecA proteins, along
with DNA polymerase TT (398, 399). UmuD)’ is a processed form of the
Uimud» proteir drought about by @ Reo\ elitated proteolvins cloavage
(400-402). Several studies have provided evidence that RecA protein has a
direct role in this process (403-405), and an in vitro replication bypass re-
quiring all of these proteins has been demonstrated (399). However, the pre-
cise molecular role of RecA in this process remains obscure.

C. Chromosome Parfitioning

The abnormal chromosome complement in cells lacking 7ecA function
has led to a proposal that RecA prolein has a role in the proper partitioning
of chromosomes at cell division (406). Part of the role of RecA in partitioning
may be indirect, mediated by the protection of chromosomes from the nu-
clease digéstion that occurs in the absence of RecA (407). RecA could also be
required to produce in concatemers of daughter chromosomes the tension
needed for partitioning (406), mirroring the need for genetic recombination
for the proper partitioning of chromosomes in cell d1v151or1 in eukaryotes.

. Induced Stable DNA Replication

DNA damage brings about elevated levels of DNA replication that are not
dependent on initiation at the bacterial replication origin, oriC. This phe-
nomenon is called induced stable DNA replication, or iSDR (338, 408-410).
The replication is closely linked to recombination functions and recombina-
tional DNA repair (338, 408-410). To some extent, it may reflect replication
that must accompany many of the kinds of recombinational DNA repair
processes outlined in Fig. 1. It has been suggested that single-strand 3" ends
involved in an early stage of recombinational processes might, after being
paired with a new complementary strand, act as primers fm this DNA syn-

thesis (411). .

VII. Epilogue: Relating RecA Biochemistry
to DNA Repair

Many aspects of RecA enzymology remain conhoversml The DNA pair-
ing pathway is still in need of molecular definition, and the role of ATP hy-

. drolysis continues to be debated. Another key challenge for the future is the
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elucidation of the collaborative roles of the various recombination proteins.
In parlicular, a better understanding is needed of where one activity leaves
off and another takes over.

These issues are interrelated. For example, it can be argued that a hybrid
DNA extension reaction coupled to ATP hydrolysis would in any case be of
limited physiological significance (85, 348, 412). The RuvA and RuvB pro-
teins promote the extension of hybrid DNA (a DNA branch migration) sig-
nificantly faster than RecA protein, and they promote the bypass of long het-
erologous insertions that cannot be bypassed by RecA alone (369). There
seems little need for RecA in this capacity.

At a minimurn, it is clear that the ATPase activity of RecA protein is bio-
logically important, in spite of the existence of a range of proteins that pro-
mote DNA strand exchange without ATP (5). The ATP binding site in RecA
protein is the most conserved part of the protein structure. Also, the RecA
K72R mutant protein, which binds but does not hydrolyze ATP and promotes
a significant strand-exchange reaction in vitro, produces a recA null pheno-
type in vivo (113; R. Devoret, personal communication).

We have postulaled that RecA-mediated ATP hydrolysis provides a .

molecular motor that augments an intrinsic ATP-independent DNA strand-
exchange process, rendering it unidirectional and capable of barrier bypass
in the context of efficient recombinational DNA repair. The prediction aris-
es that it should be possible to find recA mutants that confer a repair-defi-
cient, recombination-proficient phenotype. Such mutants would have an in-
tact strand-exchange capability within the filament, but the motor required
to direct this process past DNA lesions during recombinational DNA repair
would be compromised. Searching for such mutants is complicated by the
{act that RecA protein is required to induce the SOS response to DNA dam-
age. A repair deficiency can therefore result from a defect in the coprotease
activity rather than a defect in recombinational repair.

The mutant in question should therefore conler a recombination-profi-
cient, repair-defective, and coprotease-constitutive phenotype (or the mutant
should retain the repair deficiency when the SOS response is induced by oth-
er genetic devices). One mutant of this kind has been found and character-
ized (413). It is designated RecA423, or RI69H (in a-helix F). Cells contain-
ing recA423 are nearly as proficient in conjugational recombination,
transductional recombination, and recombination of \ red™ gam~ phage as
are wild-type cells. Al the same time, the mutant cells are deficient in intra-
chromosomal recombination and nearly as sensitive to UV irradiation as are
recA deletion strains. ‘

RecA423 is coprotease constitulive, so the repair defect does not reflect
alack of SOS repair functions. In vitro, the mutant protein exhibits a reduced
capacity to bind DNA, and promotes DNA strand exchange and ATP hy-
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drolysis at much reduced rates. The strand exchange is blocked by short bet-
erologous insertions in one of the DNA substrates (413). The results demon-
strate that a RecA mutant protein with a significantly compromised DNA
strand-exchange capacity can suffice completely in conjugational and trans-
ductional recombination. However, the structural and energetic require-
ments for recombinational DNA repair are clearly more stringent, because
the mutant cells are almost completely devoid of recombinational DNA re-
pair function. The work provides experimental support for the idea that many
of the biochemical features of the RecA protein evolved to address the re-
quirements of DNA repair. It also argues that RuvA and RuvB do not com-
pensate for a reduced RecA strand-exchange function in DNA repair.

The models for recombinational DNA repair presented in Fig. 1 are quite
similar to current models drawn for homologous recombination carried out
to generate genetic diversity. A focus on the mechanisms of conjugational
and transductional recombination can then be viewed as a means of eluci-
dating the mechanisms of homologous genetic recombination in all contexts.
However, the biological conlext within which research is carried out can
greatly affect the outcome of the research, and a focus on recombination as
a means to generate genetic diversity has not always been fruitful. A decades-
long and fruitless search for four-stranded DNA pairing intermediates in re-
combination was undertaken. Work on RecBCD enzyme and RecA protein
proceeded at a fast pace in the late 1970s and 1980s, while many other in-
teresting bacterial recombination functions were left in relative obscurity
over this same period, perhaps due in part to their perceived involvement in
secondary recombination pathways. The ATPase activity of RecA protein is
still evaluated in the context of the minimal energetic requirements for ho-
mologous DNA strand exchange evident in the conjugational recombination
pathway. »

In thinking about the function of proteins involved in recombination, and
their mechanisms of action, a recombinational DNA repair paradigm is like-
ly to have a predictive value superior to that provided by a paradigm centered
on conjugational and transductional recombination. An understanding of
protein functions in recombinational DNA repair should facilitate a more
rapid advance in the understanding of all recombination processes.
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