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m Abstract DNA damage encountered during the cellular process of chromosomal
replication can disrupt the replication machinery and result in mutagenesis or lethality.
The RecA protein ofEscherichia coliis essential for survival in this situation: It
maintains the integrity of the arrested replication fork and signals the upregulation of
over 40 gene products, of which most are required to restore the genomic template and
to facilitate the resumption of processive replication. Although RecA was originally
discovered as a gene product that was required to change the genetic information
during sexual cell cycles, over three decades of research have revealed that it is also
the key enzyme required to maintain the genetic information when DNA damage
is encountered during replication in asexual cell cycles. In this review, we examine
the significant experimental approaches that have led to our current understanding of
the RecA-mediated processes that restore replication following encounters with DNA

damage.
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INTRODUCTION: REPLICATION RECOVERY IN
UV-IRRADIATED BACTERIA: THE REQUIREMENT
FOR RecA

All cells must faithfully replicate their entire genomic template in order to re-
produce. Incomplete replication in any domain of the genome portends genomic
instability, if not lethality, for the cell in which it occurs. Although normal cellular
DNA replication is extremely processive, damage to the DNA template can prevent
the replication machinery from accurately completing its task. DNA damage that
arrests replication can result in deletions or genomic rearrangements if DNA syn-
thesis resumes from the wrong sites, point mutations when an incorrect nucleotide
is incorporated opposite a lesion in the template, or lethality when the block to
replication cannot be overcome in some manner.

Replication forks encounter a variety of hurdles that might be expected to hin-
der their progression through the genome. These include endogenous lesions such
as abasic sites from spontaneous depurination; oxidative lesions such as thymine
glycol and 8-oxo-guanine; bulky chemical DNA adducts; photoproducts due to
UV exposure; interstrand DNA crosslinks; single- and double-strand DNA breaks
as a consequence of ionizing radiation; and possibly single-strand interruptions
due to excision-repair events in progress. These biologically important lesions im-
pose structurally diverse constraints on the DNA template and the translocating
replication machinery. The recovery of replication in the face of these qualitatively
differentimpediments must require different subsets of repair enzymes and diverse
mechanistic pathways. For instance, thymine glycol is thought to block replication
whereas 8-oxo-guanine does not (44, 197). However, 8-oxo-guanine frequently
mispairs with adenine and can lead to mutagenesis when not repaired (19, 197).
Both of these oxidative lesions are removed from the DNA template primarily
through the action of glycosylases that specifically recognize these altered bases
and remove them to initiate base excision repair (64, 177). Bulky base adducts, such
as benza{)pyrene, also block the progression of the replication machinery but are
repaired predominantly through the more general pathway of nucleotide excision
repair (7,72,102, 161). In this case, the “abnormalities” in the DNA template are
recognized and excised as part of a roughly 12-nucleotide segment, a repair patch
is synthesized utilizing the intact strand as template, and the patch is then ligated to
the contiguous parental DNA (148). DNA interstrand crosslinks such as those gen-
erated bycis-platin or photoactivated psoralens present a unique dilemma for the
replication machinery, since the lesion prevents the unwinding of the duplex DNA
and presumably prevents the polymerase from even reaching the lesion. Further-
more, because both strands of the DNA template are damaged, the lesion cannot
be repaired simply by excision and resynthesis of the complementary strand, so
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the repair process may include a recombinational event with an intact homolo-
gous duplex DNA. Although several models have been proposed (80, 115, 183),
the mechanism of interstrand crosslink repair remains partially speculative. In the
case of single-strand interruptions in the DNA template, it has been proposed that
replication through these regions could lead to the formation of double-strand
breaks and the collapse of the replication fork (91). In fact, in an early study it was
suggested that such fork disruption might occur at the site of an excision-repair
event in progress (59). However, it is still not known whether replication forks
in Escherichia colinormally attempt translocation through regions that contain
single- or double-strand breaks on the chromosome.

Considering the diversity of replication impediments and the corresponding
repair pathways to deal with them, it becomes a daunting task to approach the
general question of how the DNA template is accurately replicated in the presence
of DNA damage. In order to understand how cells maintain genomic stability, it
is important to understand how each of these impediments is processed. In this
review, we focus upon the specific question of how replication forks respond and
recover following encounters with the lesions produced by ultraviolet (UV) irradi-
ation. It is hoped that an understanding of this situation will provide more general
insights.

UV irradiation has served as a useful model to dissect many aspects of the gen-
eral question of how replication recovers when itis blocked by DNA damage in one
of the two parental strands. UV irradiation (at 254 nm) produces two primary DNA
lesions, thesis, syn-cyclobutane pyrimidine dimer (CPD) and the more structurally
distorting pyrimidine-6-4-pyrimidone photoproduct (6-4 PP) (121, 122). Both of
these intrastrand pyrimidine dimers are formed in the DNA of bacteria (or other or-
ganisms) following exposure to sunlight. Although these lesions arrest progression
of the DNA replication machinery (17, 156), growing culturessofcoli survive
after UV exposures that produce thousands of these lesions per genome (71), sug-
gesting that there must be very efficient mechanism(s) to deal with the crisis when
replication is arrested. It was observed over four decades ago that replication is
transiently inhibited irE. coli following a moderate dose of UV irradiation, but
that it efficiently resumes following a recovery period (63, 156, 157). In fact, pho-
toreactivation (which specifically reverses the CPDs) was shown to shorten the
recovery period (61). ThavrA, uvrB, anduvrC genes ofE. coli are required to
initiate nucleotide excision repair of UV-induced DNA lesions (reviewed in 148).
E. colistrains mutated in any one of these genes are extremely sensitive to UV irra-
diation and unable to remove either CPDs or 6-4PPs from DNA. Furthermore, the
recovery of DNA replication is severely impaired in these mutants (27,71, 157).
Therefore, one may conclude that the pathway of excision repair is essential for
the efficient recovery of replication and survival of UV-irradiatedcoli.

The RecA protein is also central to the recovery of replication in UV-irradiated
E. coli. Purified RecA cooperatively binds to single-strand DNA and then pairs it
with homologous duplex DNA in vitro. The product of this reaction yields a RecA
protein filament bound in a three-stranded DNA structure (for reviews see 86,
143, 165). RecA also binds to the single-strand regions generated at a replication



614

COURCELLE = HANAWALT

fork when it is impeded from progressing normally (142, 150). The bound RecA is
“activated” and then serves as a transactivator for the upregulation of over 40 genes
(31) that operate to maintain the integrity of the replication fork, repair the DNA
lesions, carry out translesion DNA synthesis, and prevent premature cell division
until the problems have been resolved (reviewed in 35, 49). This cellular response
to replication arrest by exposure to UV irradiation, or many other agents that block
replication, has been collectively termed the SOS response, after the international
distress signal (138). The observation that non-growing culturé&s ocbli do not
induce a strong SOS response following UV irradiation supports the notion that
active replication forks are critical for signaling the response (150). RecA bound
to DNA functions as an activator through a two-component system that includes
the LexA repressor (10, 93). LexA binds to a 20 base pair consensus sequence in
the operator region of most of the DNA damage-inducible genes, suppressing their
expression (11, 93, 189). Derepression of these genes occurs because RecA bound
to single-strand DNA changes to a conformationally active state that promotes the
autocatalytic cleavage of the LexA repressor (92). As the cellular concentration
of LexA diminishes, the genes normally suppressed by LexA are more frequently
transcribed.

Several of the genes upregulated by the SOS response are devoted to the task
of clearing the lesions from the DNA template and restoring processive repli-
cation. Included among these are the gene products/i and uvrB that are
required for recognizing UV-induced lesions in the DNA template (48, 82). In
fact, the upregulation of these genes is required for efficient global genomic re-
pair of CPDs (36). A functional homolog afvrC, ydjQ (now termedcho), is
also upregulated butvrCis not (45, 123). UvrC and Cho are enzymes that carry
out the incision step for nucleotide excision repair. Other genes upregulated by
RecA activation includeolB, dinB, andumuCplusumuDthat encode DNA poly-
merases Pol Il, Pol IV, and Pol V, respectively. These alternative polymerases can
facilitate replication through lesions that block the normal replication machinery
(3,8,18,73,79,81, 130,137,174, 188).

The act of RecA binding to the single-stranded DNA regions at blocked replica-
tion forks serves not only to “sense” that replication is blocked, but also to maintain
the structural integrity of the replication fork itself until replication can resume
(21, 71). It is well established tha#cA mutants are extremely hypersensitive to
DNA damage. Following UV irradiatiorrecA mutants not only fail to recover
replication but additionally exhibit a rapid degradation of the genomic DNA in a
striking manner termedéc-less” degradation (68, 151).

Thus, the simple binding of a complex protein, RecA, plays a critical role in
directing the response when replication is in trouble. It serves both a structural
role in protecting the replication fork DNA from degradation and as the trigger to
upregulate genes that are responsible for restoring the DNA template and replica-
tion forks (Figure 1). It is the failure to accurately replicate the genomic template
in the presence of DNA damage, whether spontaneous or induced, that is thought
to produce most of the genetic instability and mutagenesis observed in cells of
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Figure 1 Regulation of SOS genes by RecA/LexA following UV-induced DNA
damage.

all types. In addition taecA a large number of candidate genes, when defective,
also impair the accuracy and processivity of replication in the presence of DNA
damage. Considering the severe consequences when replication goes awry, there
is an intense interest to understand the molecular events that allow replication to
accurately duplicate the genomic template when DNA damage is present. The
functional mechanism of DNA replication is highly conserved among evolution-
arily diverged organisms, makirig. coli an extremely valuable and appropriate
system for dissecting the molecular mechanisms by which replication recovers
from DNA damage, as it is likely that these mechanisms will also extend to eu-
karyotes, including humans. In the following sections, we examine significant
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experimental approaches that have led to our current understanding of the enzy-
matic activities and processing that can occur when replication forks encounter
DNA damage.

MODELS AND CONCEPTS

Recovery by Recombination

Arecentreview states that “Replication forks frequently break and must be repaired
by recombination” (98) and several recent opinions and perspectives have put forth
this notion as well (32, 34,89, 104, 113, 117). If one accepts that RecA is required
for recombination irE. coliand if the above statement were rigorously true, then
recA mutants should be inviable. While there is some lethal-sectorimgdA
mutants, most of the bacteria survive, arguing that recombination is not generally
essential for completing genomic replicatiordncoli. This conceptis discussed in
more detail in the section on Enzymes with Potential Roles Following Replication
Arrest.

Although RecA plays a critical role in the recovery of arrested replication forks,
therecAgene was not initially discovered through studies directed to this question.
InsteadrecAwas isolated in an attempt to determine the gene(s) responsible for
the generation of genetic diversity during sexual cell cycles. In order to under-
stand the mechanism by which genetic recombination occurs, Clark & Margulies
utilized the sexual cycle of conjugation i colito isolate mutants that could not
undergo recombination during mating (21). Using this technique, they identified
recAand, subsequently, several additional genes that are involved in the formation
of recombinant molecules during bacterial sex. They observed that, in the absence
of recA no recombinant genomes were formed during conjugation, demonstrating
that RecA was absolutely required for some step in the formation of recombinant
DNA molecules. For many years following that seminal work, it has been assumed
that the most important role of RecA is in genetic recombination.

In those initial studies, Clark & Margulies also made the critical observation
thatrecAmutants, although viable, were extremely sensitive to UV light and to
ionizing radiation during the normal asexual reproductive cycle. Howard-Flanders
& Theriot in conjunction with Clark made the profound suggestion that recom-
bination and DNA repair may involve common enzymatic steps (22, 70). Since
recombination was the only activity known to be associated vt they pro-
posed that RecA may also promote recombination during the asexual cell cycle as
an alternative mechanism to the excision repair of DNA damage. A scheme termed
postreplication repair was proposed, in which lesions in the template DNA were
skipped over by the replication machinery to leave gaps in the product, and then
those gaps were later closed through recombination with the partially replicated
sequences from homologous undamaged regions (Figure 2). This process was later
renamed daughter-strand gap repair to more precisely describe what was actually
repaired, since, unlike excision repair, the process does not remove lesions from
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cation recombination repair promoted by
RecA.

the DNA (62). In that sense, this response should be considered a lesion-tolerance
process rather than a repair pathway.

Additional experimental observations supported many features of this recom-
bination model for overcoming replication blocks. It was shown that a mutation in
recAfurtherincreased the sensitivity ofiarAmutantto UV irradiation (Figure/)

(71). It was concluded that sincerA mutants are unable to remove UV-induced
lesions from the genome, the limited survival wfrA mutants following UV
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Figure 3 Experiments that have been interpreted to support the ideaett¥apro-

motes recombination repair during replicati@n. The number of CPDs per genome
that result in lethality for each bacterial strain is plotted, as calculated from (71). The
extreme hypersensitivity oEcA mutants led to the conclusion that recombination is
important for repairB. DNA labeled withlthymidine during the 2 minutes before

or after UV irradiation inuvrA cultures is subsequently analyzed by alkaline sucrose
gradient sedimentation to determine the relative fragment size of the nascent DNA. Fol-
lowing UV irradiation, the limited amount of observed DNA synthesis is in the form of
short fragments, compared with that in unirradiated controls. This observation has been
interpreted as replication skipping over DNA lesions and resuming downstream and as
evidence that replication continues through DNA damage leaving gaps in the nascent
DNA [data provided by C.T. Courcelle, essentially as described in (E1By trans-
ferring irradiated cells into media containing 5-bromouracil in place of thymine after
irradiation, the postirradiation DNA synthesis can be separated from the DNA made
before irradiation, based on differences in its buoyant density in CsCI gradients. One
hour after irradiation, the DNA made by UV-irradiatedrA cultures contains a higher
proportion of intermediate density DNA than that from unirradiated control cultures.
That observation has been interpreted to represent exchanges between parental and
daughter DNA and as evidence that recombination repair is occurring [data provided
by J.C., as described in (26)].

irradiation must be due to the ability of RecA to catalyze recombination following
replication. It was also observed that whenAcultures were not replicating, they
were more resistant to UV irradiation, again consistent with the ideagbAtvas
required to “patch up” problems generated during replication.

Another observation supporting the recombination model was that the DNA
synthesized immediately after UV irradiationurrA mutants consisted of short
fragments that roughly corresponded in size to the average interlesion distance
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(146). This was shown by separating the DNA fragments through zone sedimen-
tation in alkaline sucrose gradients, and the results were consistent with the view
that replication could skip over lesions in the template (FiglBg Baving gaps

that were later filled.

A third observation suggested that, at later times, high frequencies of DNA
strand exchanges were occurring in these UV-irradiateadmutants (147). By
growing cells in different isotopic media before and after irradiation, the DNA
made before and after irradiation could be separated in isopycnic CsCl gradients
by differences in buoyant densities. To test whether recombination is induced by
UV photoproductsyvr mutants were irradiated with low-UV doses and allowed to
recover for an hour. Compared with that in unirradiatedmutants, the irradiated
cultures contained more DNA of an intermediate density, an observation that was
interpreted to represent exchanges between parental and daughter DNA, and as
evidence that recombinational “repair” was occurring (Figucg 3

However, all of these observations were carried ouninmutant strains oE.
coli. The rationale for doing this was that by eliminating the capacity for excision re-
pair, the observed phenotypes could be entirely attributed to the proposed recombi-
national mechanism of repair. In addition, at the time these studies were conducted,
the SOS response and the processes of translesion DNA synthesis were not known
and so the concepts that upregulation of excision repair and translesion DNA syn-
thesis may be involved inthe RecA-dependentresponse were not considered. These
and several subsequent studies are all consistent with the original model proposed
in Figure 2. Due to the extreme hypersensitivityreEA mutants to DNA dam-
age, the general view evolved that the proposed recombinational mechanism must
represent a major repair pathway, required for cell survival and genomic stability.

However, this original recombination model for DNA repair did not account for
several other experimental observations. Although RecA promoted limited survival
in uvrA mutants, the survival of cells synergistically increased in the presence of
excision repair (Figure &) (27,29, 71). Fundamental genetics would argue that
the contributions of truly independent pathways should be additive. Yet the UV
survival of cells reduced to almost zero in the absence of either gene, suggesting
that the major mechanism of recovery that operates in wild-type cells also involves
excision repair. From a practical point of view, the survival curves suggested that
if recAdid promote DNA repair by recombination, it certainly did not operate with
high efficiency in the absence ofrA

The recombination model also did not account for the observations that repli-
cation was strongly inhibited by UV-induced DNA lesions, that the inhibition was
more severe, and that replication failed to significantly recover in efdwor
uvrA mutants (27, 156). The recombinational model would otherwise imply that
replication should continue at normal or near-normal rates through the lesion-
containing parental DNA, leaving gaps at the lesion sites. Yet the actual amount
of DNA synthesized in the form of short fragments following UV irradiation is
estimated to represent synthesis extending only past one or two lesions before
replication is inhibited (51-53).
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According to the recombination-based models, one would predict that in the
presence of DNA damage, the more strand exchanges that occur, the better off
the cell should be. It was therefore difficult to explain the general observation that
whenever significant levels of strand exchanges were detected in populations of
cells (i.e.,uvr mutants) there was a corresponding high level of cell death and mu-
tagenesis. Inthe original study in which strand exchanges in irradiatedutants
were detected, no further growth was observed in the cell population (71, 146, 147).
By contrast, in wild-type cells, which were able to recover and survive much higher
levels of damage, the evidence for strand exchange or recombinational interme-
diates indicated that these events occurred at much lower frequencies (26, 27).
This suggests that the recombination that was occurring might be detrimental to
genomic stability, rather than a mechanism for maintaining it.

Following up on these early studies, a large amount of information about the bio-
chemical and cellular functions of RecA has been obtained, but the fundamental
idea that RecA always operates in a recombination mode to repair damage en-
countered by replication forks persists in the literature today. An important caveat
must be added: We are discussing particular types of damage (i.e., photoproducts
caused by UV) that only affect one DNA strand and are known to arrest the DNA
replicase. Some types of damage affect both DNA strands within a spacing too
short to accommodate excision repair. Thus, as noted earlier, processing of DNA
lesions such as interstrand DNA crosslinkage or double-strand breaks may require
both a recombinational event and some of the steps of excision repair. If a repli-
cation fork were to encounter a single-strand break in the duplex parental DNA
(such as at a partially completed excision repair site) that would be expected to
lead to a double-strand break—if the fork were allowed to pass through such a
site (59).

Recovery Without Recombination, Maintaining the
Arrested Replication Forks

In the nearly four decades since the recombination model was originally proposed,
a large amount of information has accumulated about the complex phenotypes and
activities associated with RecA, including its role in the upregulation of additional
DNA polymerases and the excision repair genes, as well as the biochemical charac-
terization of its strand-pairing and exchange activities. Additional genes have also
been identified that are thought to have potential roles in the recovery of replication
(for reviews, see 35, 86, 143, 165, 189). In order to incorporate these observations
and to resolve some earlier discrepancies, the repair-by-recombination model has
been revised to suggest that the strand-pairing activity of RecA is not required to
rearrange the strands near replication forks, but rather to maintain the integrity
of these arrested replication forks until they can resume DNA replication after
the offending lesion has been removed (Figure 4) (26, 27,29). A role in main-
taining the integrity of blocked replication forks until repair can occur is more
consistent with the observation that the survival promoterebs synergistically
increases when excision repair is also functional (Fig@)&3L1). This observation
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indicates that alarge number of the RecA-catalyzed events are also dependent upon
the removal of the DNA lesions. This model also better explains the inhibition of
replication that occurs after UV irradiation in all cell types, including the severe
lack of recovery that occurs in eithexcA mutants or nucleotide excision repair
mutants (FigureA) (71, 83, 157). Lastly, a model in which RecA simply maintains

the fork until replication can resume is consistent with the observations that high
levels of recombination are generally not observed nor beneficial to the asexual
cell cycle.

The basic theme for this model was suggested by experiments carried out at
approximately the same time that the recombinational repair model was proposed.
Horii & Suzuki observed that following UV irradiatiomecA mutants rapidly
degrade most of their genomic DNA, a phenomenon terreedess degradation
(Figure B) (68). This extensive DNA degradation did not occur in wild-type cells
nor did it occur inuvrA mutants, despite the fact thatrA mutants were similarly
hypersensitive to UV. They also observed that the degradation was largely specific
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Figure 5 Experiments that have been interpreted to support the model for UvrA-
dependent recovery of replicatiofl. Using the same assay described for Figue 3
replication fails to recover in the absence of eitberA or recAafter a UV dose from
which wild-type cells would completely recover. This observation has been interpreted
to indicate that nucleotide excision repair is required for the RecA-promoted recovery
of replication [data provided by J.C. as described in (2B)[The degradation of the
nascent and bulk DNA that occurs following UV-irradiation is examined by adding
BHthymidine for 10 seconds #&*Clthymine-prelabeled cells immediately before the
cells are filtered and irradiated with 25 J/m2 UV in nonradioactive medium. The loss of
bulk 14C DNA (open squaréscan be compared with the loss of the nascent 3H DNA
(closed circles The bulk DNA in wild-type cells or imvrAmutants remains protected
following UV irradiation, and only limited degradation of the nascent DNA is detected.
By contrastrecA mutants extensively degrade the bulk and nascent DNA following
UV irradiation. That observation has been taken to indicate that RecA is required to
maintain the integrity of replication forks following UV-induced DNA damage (data
provided by J.C., as described in 30).

to bacterial cultures that were actively replicating DNA at the time the damage was
incurred; based upon pulse labeling of nascent DNA, the degradation appeared to
initiate at the replication forks themselves. These observations, in combination,
led Horii & Suzuki to propose that RecA played a role in maintaining the integrity
of replication forks that encounter DNA damage.

A second line of investigation, consistent with the idea that excision repair
plays an important role in the RecA-promoted recovery process, comes from the
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characterization of a phenomenon that was termed “long patch excision repair
(23, 24, 164). While characterizing the lengths of DNA that are excised and resyn-
thesized at repair sites following DNA damage (often referred to as the “patch
size”), it was observed that the size distribution of the excision repair patches
in UV-irradiatedE. coliwas bimodal. Short patches appeared at early times and
correlated with the now-known 10-12 nucleotide patch size of normal nucleotide
excision repair. However, at times correlating with the robust recovery of replica-
tion, much longer “patches” of DNA synthesis were observed in a process depen-
dent upon botlecAand the nucleotide excision repair genes. These long patches
were shown to localize primarily near DNA replication forks and were found to

be either approximately 1500 bases or greater than 9000 bases in length. The
long patch repair synthesis was also shown to be dependent upon SOS induction,
as is the requirement to efficiently repair CPDs and resume replication (23). At
the time, the authors concluded that these excision repair-dependent long patches
were associated with the efficient recovery of replication (23). However, the size
distribution of these “long patches” correlates well with those of the nascent DNA
of lagging and leading strand synthesis, respectively, during normal replication. It
is tempting to speculate that the long patches may represent the initial replication
recovery following the removal of the blocking lesions by excision repair.

A model in which RecA functions to maintain the replication fork until the
lesion can be repaired is consistent with several of the phenotypes associated with
the recovery process. This model is also attractive when one characterizes several
other gene products that function at the replication fork (see next section), although
there are some shortcomings. If replication were always arrested by DNA lesions,
that would suggest that no DNA synthesis should be detected following UV irradi-
ation. However, as originally observed in the post-replication repair studies, short
stretches of DNA synthesis equivalent to replication past approximately one or two
lesions are observed at times immediately following UV irradiation (51, 53, 145,
146). Although most of these studies were carried ouvinmutants, short nascent
fragments can also be detected in wild-type cells at times immediately following
UV irradiation (our unpublished observations). This suggests that although most
UV-induced lesions arrest replication, not every lesion blocks replication. More
recent studies, using defined substrates, suggest that this may indeed be the case
and a possible explanation is offered to account for the limited synthesis that is
observed (see section on The Arrested Replication Fork Substrate).

OTHER PROTEINS ACTING AT ARRESTED
REPLICATION FORKS

In addition to RecA, several other gene products have been identified that operate
at blocked replication forks following UV irradiation. These include the gene
products in the RecF pathway, RecF, RecO, and RecR. Several lines of evidence,
both in vivo and in vitro, suggest that they operate at a common step in promoting
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RecA's ability to maintain the blocked replication fork structure, by stabilizing the
activated form of the RecA filament bound to single-strand DNA. Mutants lacking
any one, or all three, of these gene products are equally sensitive to DNA damage,
although the sensitivity is not as great as that conferred by a mutaticec

(67, 85,101). Mutations imecF, recQ, or recRalso delay the induction of gene
expression regulated by LexA following DNA damage (65, 178, 194), consistent
with the idea that there is less activated RecA present at early times if RecF-O-R
proteins are absent. In vitro, RecF, RecO, and RecR can physically interact and,
under some conditions, these proteins enhance the ability of RecA to bind and form
filaments on single-strand DNA that is coated with single-strand binding protein
(SSB) (180, 181, 192). In addition, these proteins have also been reported to limit
the extension of RecA filaments into double-stranded DNA and to prevent RecA
filaments from disassembling at DNA ends (9, 77,159,192, 193), as consistent
with the general view that these proteins can enhance and stabilize RecA filaments
intheir activated and bound form. Also, strikingly similarécAmutants, theecF,

recO, andrecRmutants severely fail to recover replication following UV-induced
DNA damage (26, 140, 145).

Using a technique to differentially label the overall genomic DNA and the
nascent DNA at the blocked replication forks in wild-type UV-irradiated cultures,
it was observed that arrested replication forks normally undergo a limited amount
of nascent DNA degradation at times prior to the recovery of replication (26, 60).
However, when this same technique is applied to erthef, recO, orrecRmutants,
the nascent DNA degradation is much more extensive (K. H. Chow & J. Courcelle,
unpublished results, 26), suggesting that these proteins are required along with
RecA to maintain the integrity of the blocked replication fork. By contrast, although
uvrA mutants also fail to recover replication, the nascent DNA remains protected
and is not degraded more extensively than in wild-type cells (27). This observation
is also consistent with the idea that RecF-O-R and RecA are able to protect and
maintain the integrity of the replication fork. However, it suggests that when the
blocking lesion cannot be removed, the replication machinery remains unable to
efficiently resume synthesis of DNA.

Other proteins, associated with the RecF pathway, are involved in processing
the replication fork before replication resumes. The nascent DNA degradation that
occurs in wild-type cells and the more extensive degradation that occreshn
recO, or recRmutants have been shown to result from the combined action of the
3-5 helicase, RecQ, and the-8 single-strand exonuclease, RecJ (28, 30). Based
upon the extent of nascent DNA degradatioreic-mutants (30), the polarity of the
helicase and nuclease in vitro (99, 182), and the preferential loss of nascent lagging-
strand DNA at the fork (30), it was suggested that RecJ and RecQ specifically de-
grade the nascent lagging strand at replication forks when replication is blocked.
In the absence of either gene product, the nascent DNA degradation does not oc-
cur, irrespective of whether RecF-O-R are present to maintain the replication fork
(K. H. Chow & J. Courcelle, unpublished results, 28, 30). It is speculated that the
RecJRecQ-mediated degradation generates a much more extensive substrate upon
which RecA may bind and stabilize, thereby ensuring that replication resumes from
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the same site at which disruption occurred. Consistent with this view, mutations in
eitherrecQor recJalter the frequency and sites at which recombination occurs on
the chromosome (58, 162). By analogy, theQ homologs in yeast, Drosophila,

and humans play critical roles in maintaining processive replication and suppress-
ing DNA strand exchanges (37,42,54,78,125,153,171, 190,191, 199).

The E. coligenome also encodes three damage-inducible DNA polymerases,
polB(Pol ), dinB(Pol IV), andumuC(Pol V), that are known to operate following
DNA damage (3, 8,18,73,79,81,130,137,174,188). In vitro, these polymerases
are able to incorporate nucleotides opposite specific DNA lesions with higher
efficiency than the replicative polymerase, Pol Ill. Of course, the trade-off of
utilizing a damaged template for replication is the potential for “misincorporation”
and mutagenesis (3, 79). By placing either an N-2-acetylaminofluorene guanine
(AAF), abenzo-a-pyrene (BaP), or a 6-4 PP lesion at a defined position on a plasmid
template, it has been observed that the frequency of mutations and the mutation
spectrum are different ipolB, dinB, or umuCmutants, respectively, indicating
that these polymerases are functioning at sites of DNA damage in some cases
(50, 126,187, 188). Furthermore, by pulse labeling with radioactive thymine, it
has been shown that Pol Il and Pol IV contribute to the postirradiation DNA
synthesis that occurs during the recovery period (139, 140).

The complexity of the RecA participation in processes of replication recovery is
abundantly illustrated by the example of translesion synthesis by Pol V. In addition
tothe requirementfor RecA inthe upregulation oftineuCandumuDgenes, RecA
also participates directly in the proteolytic cleavage of UmuD to its active form
UmuD' (131) and translesion synthesis by Pol V (UnuDmuC) on the lesion-
containing template (133, 141). During translesion synthesis, RecA interactions
with Pol V both stimulate nucleotide incorporation and cocatalyze the bypass of the
lesion in the DNA template (133). It is not presently known if the other translesion
polymerases also require the presence of RecA for translesion synthesis.

However, the recovery of replication is not severely impaired in the absence
of any or all of these inducible polymerases (J.C., unpublished observations).
Furthermore, onlyyumuC, umulPol V) mutants rendeE. coli even moderately
sensitive to UV-irradiation (R. Fuchs, personal communication; J.C., unpublished
observations). This implies that these polymerases are not required to function
at replication blocking lesions, although it does not preclude the likelihood that
they can function at these sites in some cases. The modest effects upon survival
and recovery may suggest that they function at alternative sites such as lesions
that do not block the progression of the replication machinery, as discussed in the
following section.

THE ARRESTED REPLICATION FORK SUBSTRATE

For clarity, diagrams of the replication machinery and the replication fork DNA are
often drawn to comparable sizes. However, in the cell, the replication holoenzyme
is a comparative giant relative to the DNA in the replication fork complex. Studies
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of replication in vitro suggest that the polymerase generally will replicate all
the way up to the nucleotide prior to the location of the blocking lesion (124).
This raises the question, How does the repair machinery or a secondary DNA
polymerase gain access to the blocking lesion when the replication machinery is
sitting on top of it?

A potential strategy is suggested from the results of transcriptional studies. It is
well established that a similar situation arises when an RNA polymerase encounters
a blocking lesion in the transcribed strand (116, 154, 155). In this situation, the
presence of the RNA polymerase prevents the excision repair machinery from
gaining access to the lesion. Before repair can occhr. ooli, a special helicase-
like protein (but it does not operate as a helicase), encodeufllyis needed
to displace the RNA polymerase and the nascent RNA transcriptfdmutants,
transcription-blocking lesions are not rapidly repaired and the cells are moderately
UV sensitive (116). By analogy, one could expect that repair of a replication
blocking DNA lesion might also require that the DNA polymerase and nascent
DNA be transiently displaced. Using two-dimensional agarose gel analysis to
examine replicating plasmids & coli, a transient reversal of the replication fork
is observed following UV irradiation (28). The regressed fork structure is not
maintained irrecF, recO, or recRmutants, although it is partially restored when
eitherrecJor recQis also inactivated. Many of the regressed substrates are less
than fully replicated in length. However, since RecQRecJ are thought to target
the nascent lagging strand, it can be inferred that the regressed intermediate may
often contain a lagging-strand extension. Also of interest to note from this study is
that the intermediate persists for a period that correlates with that for the repair of
lesions and the resumption of replication. It remains to be determined whether such
a structure also occurs on the chromosome in vivo. However, a similar structure
has been observed on the chromosome in yeast following hydroxyurea treatment
(166). Hydroxyurea is thought to stall the DNA replication machinery by reducing
the available pools of nucleotide precursors (134, 200).

A combination of in vitro and in vivo approaches has helped to define the
substrates produced when the replication fork encounters a DNA lesion in the
template. Interestingly, but not surprisingly, the situation appears to depend on
which strand contains the DNA lesion. Following reconstitution of the replication
holoenzyme on a plasmid substrate, a block to the leading-strand polymerase was
found to arrest the entire replication machinery (P. McInerney & M. O’Donnell,
personal communication). The replication fork arrested with the leading-strand
synthesis at the block site. However, lagging-strand synthesis continued on beyond
the block site before arrest occurred. The replication arrest was observed when the
polymerase was blocked either by the incorporation of a dideoxynucleotide in the
nascent DNA or by an abasic site in template of the leading strand. By contrast,
when the block to the polymerase was placed in the lagging-strand template, no
significant disruption in the rate of incorporation was observed (P. Mclnerney &
M. O’Donnell, personal communication). Similar observations are seen in vivo,
by examining the replication products produced when a plasmid that contains a
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specific AAF adduct in either the leading- or the lagging-strand template (50, 132).
In both cases, DNA synthesis on the strand without a lesion continued past the site
of the lesion on the other strand.

These studies indicate that the replication fork arrests when a block to the lead-
ing strand polymerase is encountered, but can continue when a block to the lagging
strand polymerase is encountered. Studies using SV40 plasmids in mammalian sys-
tems have suggested that the eukaryotic replication machinery behaves similarly
(25,172,173,185, 186). Based upon our understanding of the dynamic structure
of the replication holoenzyme coordination of leading- and lagging-strand synthe-
sis, it seems reasonable to suggest that the leading-strand block arrests replication
because there is no mechanism to allow priming and resumption of replication
downstream of the lesion. By contrast, the lagging-strand polymerase must peri-
odically release and reinitiate synthesis as new primers arise on the lagging-strand
template. This implies that when the lagging-strand polymerase is blocked before
completing an Okazaki fragment, it may simply release and reinitiate from the
next downstream primer, leaving a gap in the nascent lagging strand (potentially
a prime substrate for a translesion DNA polymerase).

These observations also provide a potential explanation for the limited amount
of nascent DNA that is produced following UV irradiation. Assuming that the le-
sions are randomly distributed in the leading and lagging strands, half of
the replication forks will encounter a lesion in the leading strand first, whereas
the other half of the replication forks will pass over one or more lesions in the lag-
ging strand prior to replication arrest. Thus, based upon our current understanding,
in a population of UV-irradiatedt. coli cells, it is believed that replication forks
arrest with the leading strand blocked at the lesion and the nascent lagging strand
extending some distance ahead of it. In addition, the nascent lagging strand may
contain one to a few gaps, depending upon how many lesions in the lagging-strand
template have been encountered before alesion is encountered in the leading strand
template (Figure 6).

OTHER IMPEDIMENTS TO REPLICATION AND
THE FREQUENCY OF DISRUPTION

RecA is thought to be required for cell survival whenever replication is disrupted.
This concept was inferred from the original studies of Howard-Flanders and col-
leagues with UV-irradiated. coli. They noted that if the DNA lesions cannot

be repaired (e.g., in avrA mutant), then a UV dose that produced only 1-2 le-
sions per genome was sufficient to inactiveteAmutants (71). This implied that

in the absence of RecA, replication disruption would be lethal. Surprisingly, in
the absence of any exogenous DNA damagei mutants grow remarkably well
(Figure B) (13-16, 119, 170). Viability is reduced approximately 20%, although
the extent to which growth is impaired varies depending on strains and growth
conditions. This suggests to us that the baseline frequency at which replication is
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Figure 6 Likely substrates generated following replication
encounters with DNA lesions in the leading-strand template or
lagging-strand template.

normally disrupted in the absence of externally imposed DNA damage must be
relatively low. It must be significantly less than 50% of the time each generation,
if recAmutants are to survive and form colonies.

It then becomes interesting to consider that replication forks must encounter
a wide variety of hurdles that may hinder their progression through the genome.
These may include unusual secondary structures in the DNA, proteins bound to
the DNA, or even translocating RNA polymerases. Clearly, the viabilityeoA
mutants would argue that either these events do not normally disrupt replication
or that they do not require RecA-mediated restoration. Rather, it suggests that the
replication apparatus is comparatively stable and may react to many of these imped-
iments by pausing, slowing down, or stalling. In vitro, Pol lll holoenzyme remains
stably bound to the DNA for more than 20 minutes when nucleotides are depleted
(P. Mclnerney & M. O’'Donnell, personal communication). SimilamgcA cul-
tures are able to resume replication normally following transient resuspensions in
buffers that stall replication due to a lack of nucleotide precursors, suggesting that
pausing without disruption is an option for the replication machinery (26, 27).

This idea contrasts with the prevalent view that replication is frequently dis-
rupted during genomic duplication and must be repaired through recombination
[for some recent reviews expressing this viewpoint see (32, 34, 89, 98,104, 113,
117)]. This viewpoint arose as a means to explain the poor growth and low
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Figure 7 The phenotypes displayed lycF andrecBC mutants, emphasizing the
need to characterize UV-sensitive and growth-impaired mutants in #ivohe UV
sensitivity of wild-type,recA recF, andrecBC mutants is showrrecF mutants and
recBCmutants are equally sensitive to UB. The growth ofrecA recF, andrecBC
mutants is plotted over time as measured by the relative optical density of the culture.
In the absence of DNA damage, the growth and viabilitegBCmutants is impaired
relative to that ofecAor recF mutantsC. Recovery of replication determined directly

by using the assay described in Figui@: 3he recBC mutants recover replication
normally. By contrastrecF mutants are severely impaired in their ability to resume
replication following DNA damage, yet they grow normally in the absence of DNA
damageD. By examining the degradation of the nascent and bulk DNA following UV-
irradiation as described in Figur®5the extensive degradation of the nascent DNA in
recF mutants also implicates this gene in the recovery of replication. By contrast, the
nascent and bulk DNA remain protectedé&eBCmutants and in wild-type cells. Bulk

14C DNA (open squargs nascentH DNA (closed circles (Data provided by J.C.)
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viability of mutants that are also associated with impaired recombination profi-
ciency, such asecBCmutantspriA mutants, oruvABrecGiriple mutants, among
others. In most cases, the impaired growth and viability of these mutants is much
more severe than that afcA (Figure B). However, virtually all of the proposed
recovery models are absolutely dependant upon RecA for either recombination
or the re-establishment of a replication fork. Then, the comparative health and
viability of recAmutants in relation to these other mutants argues against this in-
terpretation. Instead, the viability problems of these mutants may suggest that they
are required for additional roles during the cell cycle other than the recombination
process by which they were originally identified. This, of course, does not pre-
clude the possibility that the gene products also participate in the re-establishment
of replication following disruption. Alternatively, these gene products could con-
tribute to the stability of replication machinery itself such that disruption occurs
more frequently in their absence. Importantly, however, many of the genes that
have been proposed to be involved in the recovery of blocked replication forks
have yet to be examined directly. The operation of the replication fork is but one of
a large number of critical activities that are required for cellular reproduction. An
important approach would be to examine precisely where and when the defects in
each of these mutants are manifested during the normal reproductive cycle.

In the absence of exogenous DNA damage, it is estimated that the need for
RecA-mediated recombination is extremely low. Using an analysis based upon
chromosome linkage during replication, Steiner & Kuempel estimated the fre-
guency of sister chromatid exchangebncoli based on the frequency that repli-
cation generated circular dimer chromosomes rather than monomers (170). Using
5-bromodeoxyuridine to density label and isolate the chromosomes, they estimated
that an exchange event occurs in only 15 percet @lireplication cycles. The
actual value is likely to be much lower considering that 5-bromodeoxyuridine is
also known to stimulate sister chromatid exchanges in bacterial cells. The toxicity
of 5-bromodeoxyuridine is thought to be due in part because the analog is not
incorporated with the same efficiency as the natural thymine by the replication
machinery (57) and also because the bromine group on the analog is somewhat
labile and this leads to the initiation of uracil glycolyase-induced nicks in the DNA
(87). This results in total failure of replication and cell death within approximately
two rounds of replication. Thus, the cell cultures in which these exchange events
were measured is not destined for high viability.

ENZYMES WITH POTENTIAL ROLES FOLLOWING
REPLICATION ARREST

RecBCD

RecB, RecC, and RecD form a helicase/nuclease complex that is required for
the repair of double-strand DNA breaksHn coli. recB andrecC mutants were
originally isolated based upon their severely impaired ability to form recombinant
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molecules during conjugation and transduction (43). In addition, howee&and
recCmutants exhibit very low viability (much lower than that ofecAmutant!),

and they are hypersensitive to forms of DNA damage that do not directly produce
double-strand breaks (16, 43). The RecBCD enzyme complex can bind, translocate,
and unwind DNA from a double-strand DNA end (144, 175). The unwinding is
associated with a nuclease activity that preferentially degrade$-#regd strand

until it encounters a Chi sequencéGETGGTGG3, at which point the strand
specificity of degradation switches to theeéhded strand (39, 135, 176). The Chi
sequences and a 5-10-kb region upstream of the Chi sequence are hotspots for
recombinational crossovers (167-169). In vitro, the processing of DNA ends by
RecBCD promotes loading of RecA filaments and joint molecule formation, and

it is postulated that this function also serves to initiate recombination and strand
exchange in vivo (1, 144). However, it remains to be determined whether RecBCD
also participates in the later steps of double-strand break repair or whether it is
additionally active upon other substrates in vivo.

As a possible way to explain the UV-sensitive phenotype and poor viability of
recBCmutants, it was speculated that replication forks may frequently “collapse”
to form double-strand breaks at replication-blocking impediments (6, 90, 91). If
true, then it was predicted that RecBCD would be required to process the prod-
ucts of the collapse in order to allow replication to recover. In support of this
model, using pulse field gel electrophoresis to examine the overall integrity of the
genomic DNA, double-strand breaks were seen to accumulate in the genome of
certain thermosensitive DNA replication mutants following extended incubation
at the nonpermissive temperature (118). Using this type of assay for double-strand
breaks as a model “lesion” that impairs replication progression, elevated levels of
double-strand breaks are detected inEheoli genome for a number of replica-
tion impaired mutants, includingp, dnaBts dnaEts dnaNts holDts anddnaGts
(46,47,56, 118). The level of double-strand breaks is higher if the cells additionally
are deficient irrecBrecGC indicating that RecBCD plays a role in the prevention
or repair of double-strand breaks that arise under these conditions.

Based upon these observations, it was speculated that the loss of certain repli-
cation proteins may mimic the replication disruption caused by some DNA lesions
and that this event may require RecBCD to enable the replication forks to resume
(118). However, when this possibility was tested directly in UV-irradi&edoli,
the absence of RecBC or RecD did not affect the nascent DNA processing at ar-
rested replication forks (30). In addition, unlitecF, -O, or -RmutantsrecBCand
recD mutants recovered replication normally following UV-induced DNA damage
(26, 30, 83). Furthermore, whamaBtsmutants are shifted to the restrictive tem-
perature, the nascent DNA at the replication forks is degraded independently of
RecD function. The nascent DNA degradation in this case is also independent of
RecJ and RecQ function, unlike following UV irradiation, and it occurs even when
RecF is functional (J.J. Belle & J. Courcelle, unpublished observations). Lastly,
double-strand breaks do not accumulate in the genomezfmutants as they do
in recBCmutants (118). Taken together, these observations indicate that the events
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and enzymes operating at DNA lesion-blocked replication forks are different from
those that occur in the absence of certain replication proteins.

Other differences between these various forms of replication inhibition also
should be taken into account when estimating their biological significance. In the
case of UV irradiationk. colicultures are capable of surviving events that produce
thousands of lesions per genome, implying that there is a very efficient mechanism
operating in the cell to allow replication to deal with these events successfully. By
contrast, cells lacking replication proteins are not in the process of recovering.
Although clearly revealing interesting enzymology, it is important to consider that
the missing replication proteins are undoubtedly required in the normal recov-
ery process. It then seems reasonable to infer that the ensuing enzymology may
be revealing events that take place when recovery cannot occur. Furthermore, it
has not yet been determined where or how the double-strand breaks arise in the
genome. Are they even at the sites of replication forks? It remains an interest-
ing question as to when and upon which substrates RecBCD acts during both the
normal reproductive cycle and following DNA damage. The poor viability in the
absence of DNA damage and the UV hypersensitivityeeBC mutants indicate
that this enzyme complex plays an important role in promoting cell survival. How-
ever, as the recovery of replication following UV irradiation demonstrates, the
function of this enzyme complex is not required for arrested replication forks to
resume (26).

Other curious observations associated with the RecBCD enzyme include its
role in suppressing lytic replication in phage lambda and phage P22 (136), its
suppression of rolling circle replication on plasmids (88, 163), and its predomi-
nance to act in the terminal region of the chromosome (69). It is also interesting
that, for as-yet undefined reasons, Chi sequences are predominantly oriented in
the direction of the progressing replication forks and that predominance is more
heavily biased closer to the chromosomal origin of replication (12; J.C., unpub-
lished observations). It will be important to incorporate these observations as the
cellular roles of this multifaceted enzyme continue to be characterized.

RuvABC

RuvA, RuvB, and RuvC form an enzymatic complex that functions as a “resolva-
some” that is active on Holliday junctions, which form during the processes of
recombination and replication. In vitro, RuvA, a junction-specific binding protein,
and RuvB, which forms a hexameric ring, interact and cataylze branch migration
on three-arm and four-arm (Holliday) junctions (66, 74, 179). RuvC interacts with
RuvA and B and encodes an endonuclease that is specific for Holliday junctions,
producing symmetric cuts at the point of crossover to resolve joint molecules (5,
75, 158). Mutants lacking any one or all three of these genes are moderately sen-
sitive to DNA damage and also exhibit reduced recombination frequencies during
conjugation or transduction (96, 160). Due to the structural similarities between
three- and four-arm Holliday junctions and replication forks, it has been proposed
that RuvABC may function in vivo to catalyze the reversal of replication forks
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blocked at DNA lesions (112, 152). Such reactions have been shown to occur on
synthetic replication fork structures in vitro (112).

In vivo, ruvABor ruvC mutants recover replication at times similar to those for
wild-type cells following UV-induced DNA damage (J. R. Donaldson & J. Cour-
celle, unpublished results). In addition, the absence of these genes does not result
in extensive degradation of the replication fork DNA, nor does it prevent the degra-
dation from occurring if RecF, -O, or -R proteins are not present (J. R. Donaldson
& J. Courcelle, unpublished results). These observations suggest that if RuvABC
does catalyze replication fork regression, then the regression is not required for
the normal resumption of DNA synthesis or processing of the nascent DNA at
the replication fork. Curiously, when replication is inhibited through the loss of
thermosensitive replication proteins (e.g., DnaB), the formation of double-strand
breaks depends on the RuvABC function, suggesting that double-strand breaks
that arise in this situation are formed through the RuvABC cleavage of Holliday
junctions (152). Also noteworthy is the observation that following UV irradiation
of ruvABmutants, although plasmid replication resumes normally in vivo, the syn-
thesis produces large multimeric recombination structures (J.R. Donaldson & J.
Courcelle, unpublished observations), indicating that these genes participate in the
resolution of Holliday structures that form in some stage of the recovery process
following DNA damage. Precisely when and upon which substrates this enzyme
complex acts in vivo remain to be characterized.

RecG

Similar to RuvAB, the RecG helicase also catalyzes branch migration on forked
DNA structures, andecG mutants confer a modest sensitivity to DNA damage
and a moderate reduction in recombination frequency (103, 195). Using various
synthetic substrates, purified RecG has been suggested to cataylze branch migra-
tion on 3- or 4-stranded junctions in a manner that can promote or abort strand
exchange (195). It is also capable of promoting the displacement of the lead-
ing strand of the replication fork and the lagging strand of the replication fork
(109,114,111). Based primarily on survival curvesr@éG mutants in various
genetic backgrounds, RecG has been widely speculated to participate in a num-
ber of replicational recovery pathways (38, 55,110,113, 111). The idea that RecG
may be required to displace arrested replication machinery and nascent DNA has
also been suggested, based upon analogies to transcriptional encounters with DNA
damage (29, 154). This concept is especially tempting consideringttashares
regions of homology wittmfd (2, 97), the helicase-like protein that is required to
displace the RNA polymerase and transcript prior to repairing lesions at blocked
sites of transcription (154).

However, following UV-induced DNA damagegecG mutants recover repli-
cation with kinetics similar to those of wild-type cells (J. R. Donaldson &
J. Courcelle, unpublished results). Similar to the case witAB, howeverrecG
is not required to maintain the integrity of the replication fork, nor does it af-
fect the nascent DNA degradation that normally occurs prior to recovery
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PriA

(30; J. R. Donaldson & J. Courcelle, unpublished results). Although these as-
says do not preclude a role for RecG at arrested replication forks, they do indicate
that RecG is not essential for resumption of replication following disruption by
UV-induced DNA damage. Further characterization of the in vivo substrates and
functions for RecG is necessary before a role for this gene product can be deter-
mined with confidence.

PriA is a factor required for primosome assembly during the initiation of replica-
tion on the single-strand phage @X174 in vitro (196). It functions together with
PriB, PriC, and DnaT in a reaction that promotes the loading of the replication
helicase, DnaB, and then primase, DnaG. During chromosomal replication, the
primasome (DnaB and DnaG) tracks along the lagging-strand template and serves
to unwind and repeatedly prime the template DNA for lagging-strand DNA synthe-
sis (reviewed in 105). In vitro, PriA and the other primasomal assembly proteins
are not required to initiate replication awiC plasmids. However, they are re-
quired for replication on other templates, including ColE1 plasmids, suggesting
that PriA is essential for replication in some cases (120). Furthermore, several
phenotypes associated wighiA mutants suggest that PriA contributes to the sta-
bility or processivity of the replication machinery in vivo as it progresses through
the genome. Mutants lacking PriA exhibit low viability, slow growth, and chronic
SOS induction, the latter result being indicative of an abnormal replication fork
structure (107, 149, 196). In additiopriA mutants are impaired for replication-
mediated forms of recombination and are hypersensitive to DNA-damaging agents
(95,107,108, 149, 196). The poor growth and low viabilitpoA mutants are of-
ten taken to indicate that replication forks are frequently disrupted even in the
absence of exogenous DNA damage and require genes spiih éar restoration
of the replication fork (32, 33, 89, 98, 100). Consistent with this view, elegant bio-
chemical studies have shown that PriA can participate in a reaction that facilitates
loading of the DnaB helicase at replication fork structures in vitro, in a reaction
similar to that thought to occur at the origin of replication on Eheoli chromo-
some (76, 94, 104, 106, 127-129, 198). However, as mentioned above, all models
for the recovery of disrupted replication forks also require the pairing activities of
RecA for strand invasion. Thus, the comparative healtteoA mutants suggests
that PriA may have a more fundamental role in preventing disruption during normal
DNA replication. PriA is required for replication in some reconstituted systems,
and its phenotypes in vivo are consistent with the idea that it may contribute to
replication processivity or the stability of priming events in some situations.
Although further characterization of the defect responsiblepfok mutant’s
poor growth and low viability is required, this does not exclude the likelihood that
this protein also participates in the resumption of replication following disruption.
Several in vitro experiments have shown that PriA can promote the loading of
the replicative helicase, DnaB, at sites such as D-loops (76, 94, 104, 106, 127-
129, 198), which could arise at sites of replication arrest or at recombinational
intermediates. Based upon these studies, it has been proposed that one possible
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mechanism to resume replication when it is blocked by DNA damage would be to
reprime the leading-strand template beyond the blocking lesion and re-establish a
replication fork from this downstream site. This is a viable model but it remains
to be documented in vivo.

CONCLUDING REMARKS

RecA fulfills an essential role in the restoration of processive replication following
arrest of the replication fork at sites of DNA damage. That role is likely to vary
significantly depending upon the nature of the offending lesion. In the case of
UV-induced DNA lesions, RecA functions both to maintain the DNA strands
at the fork and to upregulate genes that help remove or tolerate the lesions. The
experimental evidence currently supports the idea that excision repairis the primary
mechanism to deal with the arresting lesions at blocked replication forks. It also
suggests that translesion DNA synthesis can function as a competitive alternative
to lesion removal and can additionally function as the primary mechanism for
dealing with an as-yet-undefined subset of lesions that are encountered during
replication. It will be important in the immediate future to determine the preferred
substrates for these respective mechanisms. Furthermore, several experimental
observations suggest that recombinational strand exchange is unlikely to play a
significant role following UV-induced DNA damage, unless these initial options
have failed, and at that point cellular survival will have already been severely
compromised.

Although an immense amount of information about the functionecAand
other recombination genes has been generated over the past 35 years, the concep
tual realization that these genes may function to maintain the strands of genetic
information rather than rearrange them during chromosome replication has been
relatively recent (26, 84). This novel perspective has generated much discussion
and the question of how replication recovers following disruption has received an
intensified amount of study over the past six years. With this interest and enthusi-
asm, there has sometimes been a tendency to implicate (or perhaps overimplicate)
many genes in this process, simply because the respective mutants grow poorly
or render cells hypersensitive to UV. Although this may represent a good starting
point for investigation, the recovery of replication is not the only process required
for successful reproduction. Unless growkhgolihave been subjected to external
agents that inflict replication-arresting damage, it would appear that the functions
of RecA are not frequently required, or that some of those functions can be accom-
modated by other proteins. Several of the other proteins discussed in this review
have either been shown to be nonessential for the recovery of arrested replication
forks or they have not been tested directly for that process. However, most of these
gene products clearly contribute to survival and/or genomic stability when DNA
damage is present. In addition, there exist several potential candidate genes that
have not yet been considered, including most of the 43 genes that are upregulated
in the SOS response following replication arrest, as well as several others that,
when mutated, render cells hypersensitive to DNA damage.
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The scope of this review has been restricted to the few genes for which there
is evidence for a direct involvement in the recovery of DNA replication. Clearly,
there are many functions that are essential for maintaining genomic stability and
survival in the presence of DNA damage. Other critical phenomena that, to date,
have not been extensively investigated, include how nonblocking-DNA lesions are
processed at replication forks; how replication accurately completes replication at
its doubling point; how the cell senses, partitions, and resolves the chromosomes
once replication has been completed; and how the cell maintains access to all
regions of the genome. Each of these processes is specific to the DNA metabolism
and would not necessarily be expected to affect the recovery of DNA replication
following disruption, but would certainly have an impact upon cellular viability in
the presence of DNA damage.

Each of these processes invokes highly specialized, although possibly related,
enzymatic pathways. We still need to focus upon the special roles that the less-
studied genes may play, including those for which we have essentially no infor-
mation at all. It will be exciting to develop new cellular assays to dissect the many
unigue problems that are manifested during the cell’'s attempts to accurately copy
and pass on its genomic legacy to the next generation.

The Annual Review of Genetics online at http://genet.annualreviews.org

LITERATURE CITED

1.

Anderson DG, Kowalczykowski SC. 1993. Resolution of Holliday junctions by

1997. The translocating RecBCD en-
zyme stimulates recombination by direct-
ing RecA protein onto ssDNA in a chi-
regulated manne€ell 90:77—-86

. Ayora S, Rojo F, Ogasawara N, Nakai

S, Alonso JC. 1996. The Mfd protein of
Bacillus subtilis168 is involved in both
transcription-coupled DNA repair and
DNA recombination.J. Mol. Biol. 256:
301-18

. Bagg A, Kenyon CJ, Walker GC. 1981.

Inducibility of a gene product required
for UV and chemical mutagenesis lits-
cherichia coli Proc. Natl. Acad. Sci. USA
78:5749-53

. Barbour SD, Clark AJ. 1970. Biochemi-

cal and genetic studies of recombination
proficiency inEscherichia coli . Enzy-
matic activity associated with reeBand
recG+ genesProc. Natl. Acad. Sci. USA
65:955-61

. Bennett RJ, Dunderdale HJ, West SC. 11.

RuvC resolvase: cleavage specificity and
DNA distortion.Cell 74:1021-31

. Bierne H, Michel B. 1994. When replica-

tion forks stopMol. Microbiol. 13:17-23

. Blakey DH, Douglas GR. 1990. The role

of excision repair in the removal of tran-
sient benzo[a]pyrene-induced DNA le-
sions in Chinese hamster ovary celu-
tat. Res236:35-41

. Bonner CA, Hays S, McEntee K, Good-

man MF. 1990. DNA polymerase Il is
encoded by the DNA damage-inducible
dinA gene ofEscherichia coliProc. Natl.
Acad. Sci. USRB7:7663-67

. Bork JM, Cox MM, Inman RB. 2001.

The RecOR proteins modulate RecA pro-
tein function at 5ends of single-stranded
DNA. EMBO J.20:7313-22

. Brent R, Ptashne M. 1980. The lexA gene

product represses its own promoteroc.
Natl. Acad. Sci. USX7:1932-36
Brent R, Ptashne M. 1981. Mechanism



RecA-DEPENDENT REPLICATION RECOVERY

637

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

of action of the lexA gene produd®roc.
Natl. Acad. Sci. USX8:4204-8

Burland V, Plunkett GR, Daniels DL, 23.

Blattner FR. 1993. DNA sequence and
analysis of 136 kilobases of th&s-
cherichia coli genome: organizational
symmetry around the origin of replication.
Genomicd 6:551-61

Capaldo FN, Barbour SD. 1975. The
role of the rec genes in the viability
of Escherichia coliK12. Basic Life Sci.
5A:405-18

Capaldo FN, Barbour SD. 1975. DNA
content, synthesis and integrity in dividing
and non-dividing cells of rec- strains of
Escherichia colK12.J. Mol. Biol.91:53—
66

Capaldo FN, Ramsey G, Barbour
SD. 1974. Analysis of the growth of
recombination-deficient strains &sch-
erichia coli K-12. J. Bacteriol.118:242—
49

Capaldo-Kimball F, Barbour SD. 1971.
Involvement of recombination genes in
growth and viability ofEscherichia coli
K-12.J. Bacteriol.106:204—12

Chan GL, Doetsch PW, Haseltine WA. 28.

1985. Cyclobutane pyrimidine dimers and
(6-4) photoproducts block polymeriza-
tion by DNA polymerase IBiochemistry
24:5723-28

Chen H, Bryan SK, Moses RE. 1989. 29.

Cloning the polB gene dEscherichia coli
and identification of its productl. Biol.
Chem.264:20591-95

Cheng KC, Cahill DS, Kasai H, Nishi-
mura S, Loeb LA. 1992. 8-Hydroxy-
guanine, an abundant form of oxidative
DNA damage, causes G—T and A-C sub-
stitutions.J. Biol. Chem267:166—72
Deleted in proof

Clark AJ, Margulies AD. 1965. Isolation
and characterization of recombination-
deficient mutants dEscherichia colK12.
Proc. Natl. Acad. Sci. USA53:451-
59

Clark AJ, Volkert MR, Margossian LJ.
1979. Arole for recF in repair of UV dam-

24,

25.

26.

27.

30.

31.

32.

age to DNA.Cold Spring Harbor Symp.
Quant. Biol.43(Pt. 2):887-92

Cooper PK. 1982. Characterization of
long patch excision repair of DNA in
ultraviolet-irradiatedescherichia cotian
inducible function under rec-lex control.
Mol. Gen. Genet185:189-97

Cooper PK, Hanawalt PC. 1972. Hetero-
geneity of patch size in repair replicated
DNA in Escherichia coli J. Mol. Biol.
67:1-10

Cordeiro-Stone M, Zaritskaya LS, Price
LK, Kaufmann WK. 1997. Replication
fork bypass of a pyrimidine dimer block-
ing leading strand DNA synthesik.Biol.
Chem272:13945-54

Courcelle J, Carswell-Crumpton C, Hana-
walt PC. 1997. recF and recR are required
for the resumption of replication at DNA
replication forks irEscherichia coliProc.
Natl. Acad. Sci. USAR4:3714-19
Courcelle J, Crowley DJ, Hanawalt PC.
1999. Recovery of DNA replication in
UV-irradiated Escherichia colirequires
both excision repair and recF protein func-
tion. J. Bacteriol.181:916-22

Courcelle J, Donaldson JR, Chow KH,
Courcelle CT. 2003. DNA damage-
induced replication fork regression and
processing inEscherichia coli Science
299:1064-67

Courcelle J, Ganesan AK, Hanawalt PC.
2001. Therefore, what are recombination
proteins there forBioEssay®3:463-70
Courcelle J, Hanawalt PC. 1999. RecQ
and RecJ process blocked replication
forks prior to the resumption of replication
in UV-irradiated Escherichia coli Mol.
Gen. Genet262:543-51

Courcelle J,Khodursky A, Peter B, Brown
PO, Hanawalt PC. 2001. Comparative
gene expression profiles following UV ex-
posure in wild-type and SOS-deficidfd-
cherichia coli Geneticsl58:41-64

Cox MM. 2001. Recombinational DNA
repair of damaged replication forks in
Escherichia coli questions.Annu. Rev.
Genet.35:53-82



638

COURCELLE = HANAWALT

33

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

. Cox MM. 2001. Historical overview:
searching for replication help in all of the

rec places.Proc. Natl. Acad. Sci. USA
98:8173-80

Cox MM. 2002. The nonmutagenic repair 45.
of broken replication forks via recombi-
nation.Mutat. Res510:107-20

Crowley DJ, Courcelle J. 2002. Answer-
ing the call: coping with DNA damage
at the most inopportune timd. Biomed.
Biotechnol 2:66—-74

Crowley DJ, Hanawalt PC. 1998. Induc-
tion of the SOS response increases the effi-
ciency of global nucleotide excision repair

of cyclobutane pyrimidine dimers, but not 47.
6-4 photoproducts, in UV-irradiateBs-
cherichia coli J. Bacteriol. 180:3345—

52

Davey S, Han CS, Ramer SA, Klassen
JC, Jacobson A, et al. 1998. Fission yeast48.
rad12+ regulates cell cycle checkpoint
control and is homologous to the Bloom'’s
syndrome disease gendol. Cell. Biol.
18:2721-28

Dillingham MS, Kowalczykowski SC.
2001. A step backward in advancing DNA 50.
replication: rescue of stalled replication
forks by RecGMol. Cell 8:734-36

Dixon DA, Kowalczykowski SC. 1993.
The recombination hotspot chiis aregula-
tory sequence that acts by attenuating the
nuclease activity of the E. coli RecBCD
enzymeCell 73:87-96

Deleted in proof

Eggleston AK, West SC. 2000. Cleavage
of Holliday junctions by theEscherichia
coli RuvABC complex.J. Biol. Chem.
275:26467-76

Ellis NA, Groden J, Ye TZ, Straughen
J, Lennon DJ, et al. 1995. The Bloom’s
syndrome gene product is homologous to
RecQ helicase<ell 83:655-66

Emmerson PT. 1968. Recombination de-
ficient mutants ofEscherichia coliK12
that map between thy A and arg&enet-
ics60:19-30

Evans J, Maccabee M, Hatahet Z, Cour-54.
celle J, Bockrath R, et al. 1993. Thymine

46.

49.

51.

52.

53.

ring saturation and fragmentation prod-
ucts: lesion bypass, misinsertion and im-
plications for mutagenesidviutat. Res.
299:147-56

Fernandez de Henestrosa AR, Ogi T, Aoy-
agi S, Chafin D, Hayes JJ, et al. 2000.
Identification of additional genes belong-
ing to the LexA regulon inEscherichia
coli. Mol. Microbiol. 35:1560-72

Flores MJ, Bierne H, Ehrlich SD, Michel
B. 2001. Impairment of lagging strand
synthesis triggers the formation of a
RuvABC substrate at replication forks.
EMBO J.20:619-29

Flores MJ, Ehrlich SD, Michel B. 2002.
Primosome assembly requirement for
replication restart in th&scherichia coli
holDG10 replication mutanMol. Micro-
biol. 44:783-92

Fogliano M, Schendel PF. 1981. Evidence
for the inducibility of the uvrB operon.
Nature289:196-98

Friedberg EC, Walker GC, Siede W. 1995.
DNA Repair and Mutagenesig/ashing-
ton, DC: Am. Soc. Microbiol.

Fuchs RP, Koffel-Schwartz N, Pelet S,
Janel-Bintz R, Napolitano R, et al. 2001.
DNA polymerases Il and V mediate
respectively mutagenic (-2 frameshift)
and error-free bypass of a single N-
2-acetylaminofluorene addudBiochem.
Soc. Trans29:191-95

Ganesan AK. 1974. Persistence of pyrimi-
dine dimers during post-replication repair
in ultraviolet light-irradiatedEscherichia
coli. J. Mol. Biol.87:103-19

Ganesan AK, Seawell PC. 1975. The ef-
fect of lexA and recF mutations on post-
replication repair and DNA synthesis in
Escherichia coliK-12. Mol. Gen. Genet.
141:189-205

Ganesan AK, Smith KC. 1971. The du-
ration of recovery and repair in excision-
deficeint derivatives oEscherichia coli
K-12 after ultraviolet light irradiation.
Mol. Gen. Genetl13:285-96

Gray MD, Shen JC, Kamath-Loeb AS,
Blank A, Sopher BL, et al. 1997. The



RecA-DEPENDENT REPLICATION RECOVERY

639

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Werner syndrome protein is a DNA he-
licase.Nat. Genet17:100-3

Gregg AV, McGlynn P, Jaktaji RP, Lloyd
RG. 2002. Direct rescue of stalled DNA
replication forks via the combined action
of PriA and RecG helicase activitiggol.
Cell9:241-51

Grompone G, Seigneur M, Ehrlich SD,
Michel B. 2002. Replication fork rever-
sal in DNA polymerase Il mutants &s-
cherichia coli a role for the beta clamp.
Mol. Microbiol. 44:1331-39

Hackett PJ, Hanawalt P. 1966. Selectiv-67.

ity for thymine over 5-bromouracil by
a thymine-requiring bacteriunBiochim.
Biophys. Actal23:356-63

Hanada K, Ukita T, Kohno Y, Saito K,

Kato J, lkeda H. 1997. RecQ DNA heli- 68.

case is a suppressor of illegitimate recom-
bination in Escherichia coli Proc. Natl.
Acad. Sci. USA®4:3860—-65

Hanawalt PC. 1966. The U.V. sensitivity 69.

of bacteria: its relation to the DNA repli-
cation cycle.J. Photochem. Photobiol. B
5:1-12

Hanawalt PC, Brempelis 1. 1967. Se-
lective degradation of newly-replicated
DNA after inhibition of DNA synthesis
in Escherichia coliProc. 7th Int. Congr.
Biochem., Jpnp. 650 (Abstr.)

Hanawalt PC, Buehler J. 1960. Photoreac-
tivation of macromolecular synthesisin
coli. Biochim. Biophys. Act87:141-43
Hanawalt PC, Cooper PK, Ganesan AK,
Smith CA. 1979. DNA repair in bac-
teria and mammalian cellAnnu. Rev.
Biochem48:783-836

Hanawalt PC, Setlow RB. 1960. Effect
of monochromatic ultraviolet light on
macromolecular synthesis Escherichia
coli. Biochim. Biophys. Actd1:283-94
Hatahet Z, Kow YW, Purmal AA, Cun-
ningham RP, Wallace SS. 1994. New
substrates for old enzymes. 5-hydroxy-
2-deoxycytidine and  5-hydroxy=2
deoxyuridine are substrates foEs-
cherichia coliendonuclease 11l and for-
mamidopyrimidine DNA N-glycosylase,

65.

66.

70.

71.

72.

73.

74.

while 5-hydroxy-2-deoxyuridine is a
substrate for uracil DNA N-glycosylase.
J. Biol. Chem269:18814-20

Hegde S, Sandler SJ, Clark AJ, Madiraju
MV. 1995. recO and recR mutations de-
lay induction of the SOS responseHs-
cherichia coli Mol. Gen. GeneR46:254—
58

Hiom K, Tsaneva IR, West SC. 1996. The
directionality of RuvAB-mediated branch
migration: in vitro studies with three-
armed junctionsGenes Cell4:443-51
Horii ZI, Clark AJ. 1973. Genetic analysis
of the recF pathway to genetic recombi-
nation inEscherichia coliK12: isolation
and characterization of mutants. Mol.
Biol. 80:327-44

Horii ZI, Suzuki K. 1968. Degradation
of the DNA of Escherichia colK12 rec-
(JC1569b) after irradiation with ultravio-
let light. Photochem. Photobid8:93-105
Horiuchi T, Fujimura Y, Nishitani H,
Kobayashi T, Hidaka M. 1994. The DNA
replication fork blocked atthe Ter site may
be an entrance for the RecBCD enzyme
into duplex DNA.J. Bacteriol.176:4656—
63

Howard-Flanders P, Theriot L. 1966. Mu-
tants ofEscherichia colK-12 defective in
DNA repair and in genetic recombination.
Genetic$3:1137-50

Howard-Flanders P, Theriot L, Stedeford
JB. 1969. Some properties of excision-
defective recombination-deficient mu-
tants ofEscherichia coliK-12. J. Bacte-
riol. 97:1134-41

lvanovic V, Weinstein IB. 1980. Ge-
netic factors inEscherichia colithat af-
fect cell killing and mutagenesis induced
by benzo(a)pyrene-7,8-dihydrodiol 9,10-
oxide.Cancer Res40:3508-11

Iwasaki H, Nakata A, Walker GC, Shina-
gawa H. 1990. Th&scherichia colpolB
gene, which encodes DNA polymerase I,
is regulated by the SOS systeidnBacte-
riol. 172:6268-73

Iwasaki H, Takahagi M, Nakata A, Shina-
gawa H. 1992Escherichia colRuvA and



640

COURCELLE = HANAWALT

75.

76.

77.

78.

79.

80.

81.

82.

83.

RuvB proteins specifically interact with
Holliday junctions and promote branch
migration.Genes Dew6:2214-20

Iwasaki H, Takahagi M, Shiba T, Nakata
A, Shinagawa H. 1991Escherichia coli
RuvC protein is an endonuclease that re-
solves the Holliday structureeMBO J.
10:4381-89

Jones JM, NakaiH. 200&scherichia coli

PriA helicase: fork binding orients the he- 86.

licase to unwind the lagging strand side
of arrested replication forkg. Mol. Biol.
312:935-47

Kantake N, Madiraju MV, Sugiyama T,
Kowalczykowsk SC. 2002Escherichia
coli RecO protein anneals ssDNA com-
plexed with its cognate ssDNA-binding
protein: a common step in genetic re-
combination.Proc. Natl. Acad. Sci. USA
99:15327-32

Karow JK, Chakraverty RK, Hickson ID.
1997. The Bloom’s syndrome gene prod-
uctis a 3-5 DNA helicaseJ. Biol. Chem.
272:30611-14

Kato T, Shinoura Y. 1977. Isolation
and characterization of mutants &fs-
cherichia coli deficient in induction of
mutations by ultraviolet lightMol. Gen.
Genet.156:121-31

Keller KL, Overbeck-Carrick TL, Beck

DJ. 2001. Survival and induction of SOS 90.

in Escherichia colitreated with cisplatin,
UV-irradiation, or mitomycin C are de-

pendent on the function of the RecBC and 91.

RecFOR pathways of homologous recom-
bination.Mutat. Res486:21-29

Kenyon CJ, Walker GC. 1980. DNA- 92.

damaging agents stimulate gene expres-
sion at specific loci inEscherichia coli
Proc. Natl. Acad. Sci. USA7:2819-23
Kenyon CJ, Walker GC. 1981. Expression
of theE. coliuvrA gene is inducibleNa-
ture 289:808-10

Khidhir MA, Casaregola S, Holland IB.
1985. Mechanism of transient inhibition

of DNA synthesis in ultraviolet-irradiated 94.

E. coli: inhibition is independent of recA
whilst recovery requires RecA protein

84.

85.

87.

88.

89.

93.

itself and an additional, inducible SOS
function.Mol. Gen. Genet199:133-40
KogomaT. 1996. Recombination by repli-
cation.Cell 85:625-28

Kolodner R, Fishel RA, Howard M. 1985.
Genetic recombination of bacterial plas-
mid DNA: effect of RecF pathway mu-
tations on plasmid recombination Es-
cherichia coli J. Bacteriol.163:1060—66
Kowalczykowski SC, Dixon DA, Eggle-
ston AK, Lauder SD, Rehrauer WM.
1994. Biochemistry of homologous re-
combination inEscherichia coli Micro-
biol. Rev.58:401-65

Krasin F, Hutchinson F. 1978. Strand
breaks and alkali-labile bonds induced
by ultraviolet light in DNA with 5-
bromouracil in vivo.Biophys. J24:657—
64

Kusano K, Nakayama K, Nakayama
H. 1989. Plasmid-mediated lethality and
plasmid multimer formation in arks-
cherichia colirecBC shcBC mutant. In-
volvement of RecF recombination path-
way genesJ. Mol. Biol.209:623-34
Kuzminov A. 2001. DNA replication
meets genetic exchange: chromosomal
damage and its repair by homologous re-
combinationProc. Natl. Acad. Sci. USA
98:8461-68

Kuzminov A. 1995. Instability of inhib-
ited replication forks irE. coli. BioEssays
17:733-41

Kuzminov A. 1995. Collapse and repair of
replication forks irEscherichia coliMol.
Microbiol. 16:373-84

Little JW, Edmiston SH, Pacelli LZ,
Mount DW. 1980. Cleavage of thEs-
cherichia colilexA protein by the recA
protease.Proc. Natl. Acad. Sci. USA
77:3225-29

Little JW, Mount DW, Yanisch-Perron
CR. 1981. Purified lexA protein is a re-
pressor of the recA and lexA gené&soc.
Natl. Acad. Sci. US&X8:4199-203

LiuJ, Marians KJ. 1999. PriA-directed as-
sembly of a primosome on D loop DNA.
J. Biol. Chem274:25033-41



RecA-DEPENDENT REPLICATION RECOVERY

641

95

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106

. LiuJ, XuL, Sandler SJ, Marians KJ. 1999.
Replication fork assembly at recombina-
tion intermediates is required for bacte-
rial growth. Proc. Natl. Acad. Sci. USA
96:3552-55

Lloyd RG, Benson FE, Shurvinton CE.
1984. Effect of ruv mutations on recom-
bination and DNA repair irEscherichia
coli K12. Mol. Gen. Genet194:303-9

organization and nucleotide sequence of
the recG locus oEscherichia coliK-12.

J. Bacteriol.173:6837—-43

Lovett ST. 2003. Connecting replication

and recombinatiorMol. Cell 11:554-56 109.

Lovett ST, Kolodner RD. 1989. Identifica-
tion and purification of a single-stranded-
DNA-specific exonuclease encoded by
the recJ gene oEscherichia coli Proc.
Natl. Acad. Sci. US86:2627-31

Lusetti SL, Cox MM. 2002. The bacte-
rial recA protein and the recombinational

DNA repair of stalled replication forks. 111.

Annu. Rev. Biochen71:71-100

Mahdi AA, Lloyd RG. 1989. Identifica-
tion of the recR locus oEscherichia coli
K-12 and analysis of its role in recombi-
nation and DNA repaitMol. Gen. Genet.
216:503-10

Sims P. 1977. Effect of DNA repair on
the cytotoxicity and mutagenicity of poly-

cyclic hydrocarbon derivatives in normal 113.

and Xeroderma pigmentosutmuman fi-
broblastsMutat. Res43:117-38
Mandal TN, Mahdi AA, Sharples GJ,

Lloyd RG. 1993. Resolution of Holli- 114.

day intermediates in recombination and
DNA repair: indirect suppression of ruvA,
ruvB, and ruvC mutations]. Bacteriol.
175:4325-34

Marians KJ. 2000. PriA-directed repli-
cation fork restart inEscherichia coli
Trends Biochem. S&5:185-89

Marians KJ. 1984. Enzymology of DNA
in replication in prokaryotesCRC Crit.
Rev. Biocheml7:153-215

. Masai H, Arai KI. 1996. DnaA- and PriA-

107.

Lloyd RG, Sharples GJ. 1991. Molecular108.

110.

Maher VM, McCormick JJ, Grover PL, 112.

115.

dependent primosomes: two distinct repli-
cation complexes for replication d&s-
cherichia colichromosomefront. Biosci.
1:48-58

Masai H, Asai T, Kubota Y, Arai K, Ko-
goma T. 1994Escherichia colPriA pro-
tein is essential for inducible and consti-
tutive stable DNA replicationEMBO J.
13:5338-45

McCool JD, Sandler SJ. 2001. Effects of
mutations involving cell division, recom-
bination, and chromosome dimer resolu-
tion on a priA2::kan mutantProc. Natl.
Acad. Sci. USA®8:8203-10

McGlynn P, Lloyd RG. 1999. RecG
helicase activity at three- and four-
strand DNA structuredNucleic Acids Res.
27:3049-56

McGlynn P, Lloyd RG. 2000. Modulation
of RNA polymerase by (p)ppGpp reveals
a RecG-dependent mechanism for repli-
cation fork progressiorCell 101:35-45
McGlynn P, Lloyd RG. 2001. Rescue of
stalled replication forks by RecG: simul-
taneous translocation on the leading and
lagging strand templates supports an ac-
tive DNA unwinding model of fork rever-
sal and Holliday junction formatiofroc.
Natl. Acad. Sci. USA8:8227-34

McGlynn P, Lloyd RG. 2001. Action of
RuvAB at replication fork structuresl.
Biol. Chem276:41938-44

McGlynn P, Lloyd RG. 2002. Genome
stability and the processing of damaged
replication forks by RecGIrends. Genet.
18:413-19

McGlynn P, LIoyd RG, Marians KJ. 2001.
Formation of Holliday junctions by re-
gression of nascent DNA in intermedi-
ates containing stalled replication forks:
RecG stimulates regression even when
the DNA is negatively supercoile@roc.
Natl. Acad. Sci. USA8:8235-40

McHugh PJ, Spanswick VJ, Hartley
JA. 2001. Repair of DNA interstrand
crosslinks: molecular mechanisms and
clinical relevanceLancet Oncol2:483—
90



642

COURCELLE = HANAWALT

116.

117.

118.

119.

120.

121.

122.

123.

124,

125.

126.

Mellon |, Hanawalt PC. 1989. Induction127
of theEscherichia coliactose operon se-
lectively increases repair of its transcribed
DNA strand.Nature342:95-98

Michel B. 2000. Replication fork ar-

rest and DNA recombinationTrends 128.

Biochem. Sci25:173-78

Michel B, Ehrlich SD, Uzest M. 1997.
DNA double-strand breaks caused by
replication arrestEMBO J.16:430-38

Miller JE, Barbour SD. 1977. Metabolic 129.

characterization of the viable, residu-
ally dividing and nondividing cell classes
of recombination-deficient strains &fs-
cherichia coli J. Bacteriol.130:160—-66
Minden JS, Marians KJ. 1985. Replica-
tion of pBR322 DNA in vitro with purified
proteins. Requirement for topoisomerase |

in the maintenance of template specificity.131.

J. Biol. Chem260:9316-25

Mitchell DL, Haipek CA, Clarkson JM.
1985. (6-4)Photoproducts are removed
from the DNA of UV-irradiated mam-

malian cells more efficiently than cy- 132.

clobutane pyrimidine dimer#/utat. Res.
143:109-12
Mitchell DL, Nairn RS. 1989. The biol-

ogy ofthe (6-4)photoprodud®hotochem. 133.

Photobiol.49:805-19

Moolenaar GF, van Rossum-Fikkert S,
van Kesteren M, Goosen N. 2002. Cho,
a second endonuclease involved Eis-
cherichia colinucleotide excision repair.
Proc. Natl. Acad. Sci. US89:1467-72
Moore PD, Rabkin SD, Strauss BS. 1982.
In vitro replication of mutagen-damaged
DNA: sites of terminationBasic Life Sci.
20:179-97

Murray JM, Lindsay HD, Munday CA,
Carr AM. 1997. Role ofSchizosaccha-
romyces pombRecQ homolog, recombi-

nation, and checkpoint genes in UV dam-136.

age toleranceMviol. Cell Biol.17:6868-75
Napolitano R, Janel-Bintz R, Wagner J,
Fuchs RP. 2000. All three SOS-inducible
DNA polymerases (Pol Il, Pol IV and Pol

V) are involved in induced mutagenesis.137.

EMBO J.19:6259-65

130.

134.

135.

. Ng JY, Marians KJ. 1996. The ordered as-
sembly of the phiX174-type primosome.
I. Isolation and identification of interme-
diate protein-DNA complexes]. Biol.
Chem.271:15642-48

Ng JY, Marians KJ. 1996. The ordered as-
sembly of the phiX174-type primosome.
Il. Preservation of primosome composi-
tion from assembly through replication.
J. Biol. Chem271:15649-55

Nurse P, Liu J, Marians KJ. 1999. Two
modes of PriA binding to DNAJ. Biol.
Chem.274:25026-32

Ohmori H, Hatada E, Qiao Y, Tsuji M,
Fukuda R. 1995. dinP, a new genelie-
cherichia colj whose product shows simi-
larities to UmuC and its homologuédu-
tat. Res347:1-7

Opperman T, Murli S, Smith BT, Walker
GC. 1999. A model for a umuDC-
dependent prokaryotic DNA damage
checkpoint.Proc. Natl. Acad. Sci. USA
96:9218-23

Pages V, Fuchs RP. 2003. Uncoupling of
leading- and lagging-strand DNA replica-
tion during lesion bypass in viv&cience
300:1300-3

Pham P, Seitz EM, Saveliev S, Shen X,
Woodgate R, et al. 2002. Two distinct
modes of RecA action are required for
DNA polymerase V-catalyzed translesion
synthesis.Proc. Natl. Acad. Sci. USA
99:11061-66

Platz A, Sjoberg BM. 1980. Construction
and characterization of hybrid plasmids
containing theEscherichia colinrd re-
gion.J. Bacteriol.143:561-68

Ponticelli AS, Schultz DW, Taylor AF,
Smith GR. 1985. Chi-dependent DNA
strand cleavage by RecBC enzynaell
41:145-51

Poteete AR, Fenton AC, Murphy KC.
1988. Modulation of Escherichia coli
RecBCD activity by the bacteriophage
lambda Gam and P22 Abc functionk.
Bacteriol.170:2012—-21

Qiu Z, Goodman MF. 1997. ThEs-
cherichia colipolB locus is identical to



RecA-DEPENDENT REPLICATION RECOVERY

643

138.

139.

140.

141.

142.

143.

144.

145.

146

dinA, the structural gene for DNA poly-
merase |l. Characterization of Pol Il pu-
rified from a polB mutantJ. Biol. Chem.
272:8611-17

inducible mutagenic DNA repair pathway
in Escherichia coti SOS repair hypothe-
sis. InMolecular and Environmental As-

pects of Mutagenesi®d. L Prakash, F 148.

Sherman, M Miller, C Lawrence, HW Ta-

bor, pp. 128-42. Springfield, IL: Charles 149.

C Thomas

Rangarajan S, Woodgate R, Goodman
MF. 1999. A phenotype for enigmatic
DNA polymerase II: a pivotal role for pol

Il in replication restart in UV-irradiated 150.

Escherichia coli Proc. Natl. Acad. Sci.
USA96:9224-29
Rangarajan S, Woodgate R, Goodman

MF. 2002. Replication restart in UV- 151.

irradiatedEscherichia colinvolving pols

I, 11, V, PriA, RecA and RecFOR pro-
teins.Mol. Microbiol. 43:617-28

Reuven NB, Arad G, Stasiak AZ, Stasiak

A, Livneh Z. 2001. Lesion bypass by the152.

Escherichia coliDNA polymerase V re-
quires assembly of a RecA nucleoprotein
filament.J. Biol. Chem276:5511-57
Roberts JW, Phizicky EM, Burbee DG,
Roberts CW, Moreau PL. 1982. A brief
consideration of the SOS inducing signal.
Biochimie64:805-7

structure, function, and role in recombina-
tiona repairProg. Nucleic Acid Res. Mol.
Biol. 56:129-223

Roman LJ, Dixon DA, Kowalczykowski
SC. 1991. RecBCD-dependent joint
molecule formation promoted by thes-

cherichia coli RecA and SSB proteins. 156.

Proc. Natl. Acad. Sci. USA88:3367—
71
Rothman RH, Kato T, Clark AJ. 1975. The

beginning of an investigation of the role 157.

of recF in the pathways of metabolism of
ultraviolet-irradiated DNA irEscherichia
coli. Basic Life Sci5A:283-91

. Rupp WD, Howard-Flanders P. 1968. Dis158.

Radman M. 1974. Phenomenology of ai47.

153.

Roca Al, Cox MM. 1997. RecA protein: 154.

155.

continuities in the DNA synthesized in an
excision-defective strain oEscherichia
coli following ultraviolet irradiation.J.
Mol. Biol. 31:291-304

Rupp WD, Wilde CE, Reno DL, Howard-
Flanders P. 1971. Exchanges between
DNA strand in ultraviolet-irradiatedEs-
cherichia coli J. Mol. Biol.61:25-44
Sancar A. 1996. DNA excision repair.
Annu. Rev. Biocheng5:43-81

Sandler SJ, Samra HS, Clark AJ. 1996.
Differential suppression of priA2::kan
phenotypes inEscherichia coli K-12
by mutations in priA, lexA, and dnaC.
Geneticsl43:5-13

Sassanfar M, Roberts JW. 1990. Nature
ofthe SOS-inducing signal iBscherichia
coli. The involvement of DNA replication.

J. Mol. Biol.212:79-96

Satta G, Gudas LJ, Pardee AB. 1979.
Degradation oEscherichia coIDNA: ev-
idence for limitation in vivo by protein X,
the recA gene producklol. Gen. Genet.
168:69-80

Seigneur M, Bidnenko V, Ehrlich SD,
Michel B. 1998. RuvAB acts at arrested
replication forksCell 95:419-30

Sekelsky JJ, Brodsky MH, Rubin GM,
Hawley RS. 1999. Drosophila and human
RecQ5 exist in different isoforms gener-
ated by alternative splicinglucleic Acids
Res.27:3762—69

Selby CP, Sancar A. 1993. Molecular
mechanism of transcription-repair cou-
pling. Science260:53-58

Selby CP, Sancar A. 1994. Mechanisms
of transcription-repair coupling and mu-
tation frequency declinéMicrobiol. Rev.
58:317-29

Setlow RB, Swenson PA, Carrier WL.
1963. Thymine dimers and inhibition of
DNA synthesis by ultraviolet irradiation
of cells.Sciencel42:1464—66

Setlow RB, Carrier WL. 1964. The disap-
pearance of thymine dimers from DNA:
an error-correcting mechanisnProc.
Natl. Acad. Sci. USA1:226-31

Shah R, Bennett RJ, West SC. 1994.



644

COURCELLE = HANAWALT

159.

160.

161.

162.

163.

164.

165.

166.

167.

Genetic recombination ik. coli RuvC 168. Stahl FW, Stahl MM. 1977. Recombina-

protein cleaves Holliday junctions at res-
olution hotspots in vitroCell 79:853—64

Shan Q, Bork JM, Webb BL, Inman RB, 169.

Cox MM. 1997. RecA protein filaments:
end-dependent dissociation from ssDNA
stabilization by RecO and RecR proteins.
J. Mol. Biol. 265:519-40

Sharples GJ, Benson FE, llling GT, Lloyd170.

RG. 1990. Molecular and functional anal-
ysis of the ruv region ofEscherichia
coli K-12 reveals three genes involved in
DNA repair and recombinatioMol. Gen.
Genet221:219-26

Shen X, Sayer JM, Kroth H, Ponten
I, O'Donnell M, et al. 2002. Efficiency
and accuracy of SOS-induced DNA poly-
merases replicating benzo[a]pyrene-7,8-
diol 9,10-epoxide A and G adducts.
Biol. Chem277:5265-74

Shiraishi K, Hanada K, Iwakura Y, lkeda
H. 2002. Roles of RecJ, RecO, and RecR
in RecET-mediated illegitimate recombi-
nation in Escherichia coli J. Bacteriol.
184:4715-21

Silberstein Z, Cohen A. 1987. Synthesis
of linear multimers of OriC and pBR322
derivatives inEscherichia colK-12: role

of recombination and replication func-
tions.J. Bacteriol.169:3131-37

Smith CA, Cooper PK, Hanawalt PC.174.

1981. Measurement of Repair Replica-
tion by Equilibrium Sedimentation, In
DNA Repair: A Laboratory Manual of Re-
search Proceduregd. EC Friedberg, PC

Hanawalt, I(Part B);289-305. New York: 175.

Marcel Dekker

Smith GR. 1988. Homologous recom-
bination in procaryotesMicrobiol. Rev.
52:1-28. Erratum. 1988Mlicrobiol. Rev.
52(2):304

Sogo JM, Lopes M, Foiani M. 2002.
Fork reversal and ssDNA accumulation at

stalled replication forks owing to check- 177.

point defectsScience297:599-602

Stahl FW. 1979. Special sites in gener-
alized recombinationAnnu. Rev. Genet.
13:7-24

171.

172.

173.

176.

tion pathway specificity of ChiGenetics
86:715-25

Stahl FW, Stahl MM. 1974. A role for
recBC nuclease in the distribution of
crossovers along unreplicated chromo-
somes of phage lambdslol. Gen. Genet.
131:27-30

Steiner WW, Kuempel PL. 1998. Sister
chromatid exchange frequencies ks-
cherichia coli analyzed by recombina-
tion at the dif resolvase sitd. Bacteriol.
180:6269-75

Stewart E, Chapman CR, Al-Khodairy F,
Carr AM, Enoch T. 1997. rgh#, a fis-
sion yeast gene related to the Bloom’s
and Werner's syndrome genes, is required
for reversible S phase arre€EMBO J.
16:2682-92

Svoboda DL, Briley LP, Vos JM. 1998.
Defective bypass replication of a leading
strand cyclobutane thymine dimer in xero-
derma pigmentosum variant cell extracts.
Cancer Res58:2445-48

Svoboda DL, Vos JM. 1995. Differential
replication of a single, UV-induced le-
sion in the leading or lagging strand by
a human cell extract: fork uncoupling or
gap formationProc. Natl. Acad. Sci. USA
92:11975-79

Tang MJ, Shen X, Frank EG, O’Donnell
M, Woodgate R, Goodman MF. 1999.
UmuD'(2)C is an error-prone DNA poly-
merasekscherichia colpol V. Proc. Natl.
Acad. Sci. USAR6:8919-24

Taylor A, Smith GR. 1980. Unwinding
and rewinding of DNA by the RecBC en-
zyme.Cell 22:447-57

Taylor AF, Schultz DW, Ponticelli AS,
Smith GR. 1985. RecBC enzyme nicking
at Chi sites during DNA unwinding: lo-
cation and orientation-dependence of the
cutting.Cell 41:153-63

Tchou J, Kasai H, Shibutani S, Chung
MH, Laval J, etal. 1991. 8-oxoguanine (8-
hydroxyguanine) DNA glycosylase and
its substrate specificityeroc. Natl. Acad.
Sci. USA88:4690-94



RecA-DEPENDENT REPLICATION RECOVERY

645

178.

179.

180.

181.

182.

183.

184.

185.

186.

Thoms B, Wackernagel W. 1987. Regui87.

latory role of recF in the SOS response
of Escherichia coti impaired induction
of SOS genes by UV irradiation and
nalidixic acid in a recF mutantl. Bac-
teriol. 169:1731-36

Tsaneva IR, Muller B, West SC. 1992.188.

ATP-dependent branch migration of Holl-
iday junctions promoted by the RuvA and
RuvB proteins oE. coli. Cell69:1171-80
Umezu K, Chi NW, Kolodner RD.
1993. Biochemical interaction of tHes-
cherichia coli RecF, RecO, and RecR
proteins with RecA protein and single-
stranded DNA binding proteinProc.
Natl. Acad. Sci. USAR0:3875-79

Umezu K, Kolodner RD. 1994. Protein
interactions in genetic recombination in
Escherichia coli Interactions involving
RecO and RecR overcome the inhibition
of RecA by single-stranded DNA-binding
protein.J. Biol. Chem269:30005-13
Umezu K, Nakayama K, Nakayama H.
1990.Escherichia coliRecQ protein is a
DNA helicaseProc. Natl. Acad. Sci. USA
87:5363-67. Erratum. 199®roc. Natl.
Acad. Sci. USR87(22):9072

Van HB, Gamper H, Holbrook SR, Hearst192.

JE, Sancar A. 1986. Action mechanism of
ABC excision nuclease on a DNA sub-

strate containing a psoralen crosslink at
a defined positionProc. Natl. Acad. Sci.

USA83:8077-81

Vaze MB, Pellicioli A, Lee SE, Ira G,
Liberi G, et al. 2002. Recovery from
checkpoint-mediated arrest after repair of
a double-strand break requires Srs2 heli-
caseMol. Cell 10:373-85

Veaute X, Mari-Giglia G, Lawrence CW,

Sarasin A. 2000. UV lesions located on
the leading strand inhibit DNA replication

but do notinhibit SV40 T-antigen helicase195.

activity. Mutat. Res459:19-28

Veaute X, Sarasin A. 1997. Differ-
ential replication of a single N-2-
acetylaminofluorene lesion in the leading

or lagging strand DNA in a human cell 196.

extract.J. Biol. Chem272:15351-57

189.

190.

191.

193.

194.

Wagner J, Etienne H, Janel-Bintz R, Fuchs
RP. 2002. Genetics of mutagenesis in
E. coli: various combinations of transle-
sion polymerases (Pol Il, IV and V) deal
with lesion/sequence context diversity.
DNA Repairl:159-67

Wagner J, Gruz P, Kim SR, Yamada M,
Matsui K, et al. 1999. The dinB gene en-
codes a noveE. coli DNA polymerase,
DNA pol 1V, involved in mutagenesis.
Mol. Cell 4:281-26

Walker GC. 1984. Mutagenesis and in-
ducible responses to deoxyribonucleic
acid damage irEscherichia coli Micro-
biol. Rev.48:60-93

Watt PM, Hickson ID, Borts RH, Louis
EJ. 1996. SGS1, a homologue of the
Bloom'’s and Werner's syndrome genes, is
required for maintenance of genome sta-
bility in Saccharomyces cerevisia@e-
netics144:935-45

Watt PM, Louis EJ, Borts RH, Hick-
son ID. 1995. Sgsl: a eukaryotic ho-
molog of E. coli RecQ that interacts with
topoisomerase Il in vivo and is required
for faithful chromosome segregatid®ell
81:253-60

Webb BL, Cox MM, Inman RB. 1995.
An interaction between th&scherichia
coli RecF and RecR proteins dependent
on ATP and double-stranded DNA Biol.
Chem.270:31397-404

Webb BL, Cox MM, Inman RB. 1997.
Recombinational DNA repair: the RecF
and RecR proteins limit the extension
of RecA filaments beyond single-strand
DNA gaps.Cell 91:347-56

Whitby MC, Lloyd RG. 1995. Altered
SOS induction associated with mutations
in recF, recO and recRMol. Gen. Genet.
246:174-79

Whitby MC, Vincent SD, Lloyd RG.
1994. Branch migration of Holliday junc-
tions: identification of RecG protein as a
junction specific DNA helicas&MBO J.
13:5220-28

Wickner S, Hurwitz J. 1975. Associa-
tion of phiX174 DNA-dependent ATPase



646 COURCELLE = HANAWALT

activity with anEscherichia coliprotein, recombination intermediatedJol. Cell
replication factor Y, required for in vitro 11:817-26
synthesis of phiX174 DNAProc. Natl. 199. Yamagata K, Kato J, Shimamoto A, Goto
Acad. Sci. USA2:3342-46 M, Furuichi Y, Ikeda H. 1998. Bloom’s
197. Wood ML, Dizdaroglu M, Gajewski E, and Werner's syndrome genes suppress
Essigmann JM. 1990. Mechanistic studies hyperrecombination in yeast sgs1 mutant:
of ionizing radiation and oxidative mu- implication for genomic instability in hu-
tagenesis: genetic effects of a single 8— man disease®roc. Natl. Acad. Sci. USA

hydroxyguanine (7-hydro-8-oxoguanine) 95:8733-38

residue inserted at a unique site in a viraR00. Yeh YC, Tessman |. 1978. Differen-

genomeBiochemistry29:7024-32 tial effect of hydroxyurea on a ribonu-
198. Xu L, Marians KJ. 2003. PriA medi- cleotide reductase systeth.Biol. Chem.

ates DNA replication pathway choice at 253:1323-24



