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For several decades, research into the mechanisms of genetic
recombination proceeded without a complete understanding of its
cellular function or its place in DNA metabolism. Many lines of
research recently have coalesced to reveal a thorough integration
of most aspects of DNA metabolism, including recombination. In
bacteria, the primary function of homologous genetic recombina-
tion is the repair of stalled or collapsed replication forks. Recom-
binational DNA repair of replication forks is a surprisingly common
process, even under normal growth conditions. The new results
feature multiple pathways for repair and the involvement of many
enzymatic systems. The long-recognized integration of replication
and recombination in the DNA metabolism of bacteriophage T4 has
moved into the spotlight with its clear mechanistic precedents. In
eukaryotes, a similar integration of replication and recombination
is seen in meiotic recombination as well as in the repair of
replication forks and double-strand breaks generated by environ-
mental abuse. Basic mechanisms for replication fork repair can now
inform continued research into other aspects of recombination.
This overview attempts to trace the history of the search for
recombination function in bacteria and their bacteriophages, as
well as some of the parallel paths taken in eukaryotic recombina-
tion research.

N onmutagenic replication fork repair can be defined as all of
the reactions required to enable a stalled replication fork to
restart synthesis, while not compromising genomic integrity
(1-4). The progress of a replication fork may be halted by a DNA
lesion, a template strand break, a bound protein complex, or
other barriers. In many of these instances, repair of the stalled
fork requires recombination functions. It recently has become
clear that the repair of stalled replication forks is the primary
function of bacterial recombination systems. Under normal
aerobic growth conditions, most bacterial replication forks un-
dergo recombinational repair at some stage in the replication
cycle. The pathways for repair are varied and redundant, re-
flecting the multitude of DNA structures that might be found at
a stalled fork and the importance of nonmutagenic repair. The
complete process includes a halt in replication, the action of
recombination functions, and the reinitiation of DNA replica-
tion (restart) in an origin-independent manner. All of the
recombination and replication restart steps are entrusted to
enzymatic functions that are both specialized and complex. Some
pathways for replication fork repair are concisely illustrated in
Fig. 1.

This general picture of replication fork repair in bacteria is
itself part of a larger convergence in our understanding of
recombination and replication in all organisms. Recombination-
dependent replication (RDR) is seen in bacterial conjugation or
transduction, meiotic recombination in eukaryotes, the repair of
replication forks and miscellaneous double-strand breaks in
eukaryotes, the life cycle of bacteriophage T4, telomere main-
tenance in eukaryotic cells lacking telomerase, and many other
contexts.

www.pnas.org/cgi/doi/10.1073/pnas.131004998

The new awareness of links between replication and recom-
bination was highlighted in a major National Academy of
Sciences symposium held Nov. 10-12, 2000 at the Beckman
Center in Irvine, California. The breadth of the topic is clear
from the talks presented at the conference and the papers in this
issue of PNAS (see summary article by Kuzminov, ref. 204). This
report is an attempt to outline the historical paths leading to the
new focus on the role of recombination at stalled replication
forks. I am regularly reminded and readily acknowledge that
links between replication and recombination extend well beyond
the re-establishment of replication forks. However, nonmuta-
genic replication fork repair provides a uniquely compelling
rationale for the evolution of recombination functions. In a
world where frequent nucleic acid damage was prescribed, viable
paths for the maintenance of replication forks without sacrificing
genome integrity may have been a prerequisite for the evolution
of large genomes. Fork repair now also provides a uniquely
informative and unifying framework for the discussion of re-
combination mechanisms in all contexts. Some molecular steps
in fork repair pathways, such as DNA strand invasion and RDR,
are widespread features of recombination reactions.

Research into recombination mechanisms was originally mo-
tivated by the need to understand the genetic information
transfers that underpinned so much of the science of genetics.
However, it was clear even at the outset that genetic exchange
was not the major cellular function of these processes (reviewed
in refs. 5-8). Alan Campbell provided a clear definition of the
problem in his summary remarks at the 1984 Cold Spring Harbor
Symposium on genetic recombination (9):

The function of general recombination has hardly sur-
faced at this symposium. Perhaps there was nothing
constructive to say on the subject. I am left uncertain as
to how many investigators in that area consider that the
function is too obvious to require discussion, how many
think that general recombination serves no useful func-
tion, and how many consider the question uninteresting
or intractable.

But there is a real question that needs to be answered
some time. Our immediate interest in learning that new
recombination-deficient mutants have been character-
ized. (etc.). .. derives from our interest in recombina-
tional mechanisms. But we all know that the immediate
selective value of those genes and products does not
depend on their role in reshuffling genes in natural
populations. The typical mutant deficient in general
recombination is either sick or dead. Many recombina-
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tion proteins play essential roles in replication or re-
pair. . . Even in the case of the highly ordered process of
recombination at meiosis, prevention of nondisjunction
may be a more direct advantage than recombination
itself.

Recent advances in thinking about this topic came from many
sources and will be presented as a dozen parallel threads. This
number is somewhat arbitrary and could profitably be expanded
but for space constraints. Some of the threads were, until
recently, independent lines of research. Others were closely
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Fig. 1. Pathways for recombinational DNA repair of a stalled replication
fork. A pathway involving fork regression is shown for gap repair (a-f), and a
double-strand break repair path is shown for the repair of a fork collapsed at
the site of a DNA strand break (g-/). The pathways shown are intended to be
generic and do not incorporate all current ideas for fork repair. The dashed
line represents a pathway in which the Holliday junction is converted to a
double-strand break by the action of RuvABC, as observed by Michel and
colleagues (180) and others. Arrowheads on DNA strands denote 3’ ends. If a
DNA lesion (other than a strand break) is responsible for halting the progress
of areplication fork, note that replication fork repair does not entail repair of
the lesion itself. Instead, the recombination and replication steps set up the
lesion for repair by providing an undamaged complementary DNA strand. The
degree to which excision repair and other DNA repair processes are integrated
with the recombinational repair pathways is unknown.
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related and discussed at the same scientific gatherings, but not
put into proper functional context until recently.

Thread 1: The Discovery of Recombination Genes in Bacteria

As the discovery of bacterial conjugation by Lederberg and
Tatum in the mid-1940s (10) opened up the field of bacterial
genetics, bacterial genetics gave rise to the first insight into the
mechanics of the genetic exchanges that accompanied conjuga-
tion. The first gene known to be involved in recombination,
designated recA, was identified by Clark and Margulies (11, 12).
Additional genes soon identified in screens in several laborato-
ries were given the designations recB and recC (13).

In the beginning, sensitivity to DNA damaging agents was not
an anticipated property of recombination-deficient mutants
(12). However, a comment from Max Delbruck in a seminar and
some thought about the uvr mutants that had been isolated by
Howard-Flanders led Clark and colleagues (12, 14) to test their
first recA mutants for sensitivity to UV irradiation. The dramatic
sensitivity of rec4 mutants to UV light nevertheless came as a
surprise (12). Howard-Flanders and Theriot (15) soon demon-
strated that rec4 mutants were also sensitive to x-rays. Thus the
links between recombination and DNA repair were established
almost immediately after the identification of recombination
genes. This eventually contributed to further advances, including
hypotheses for postreplication DNA repair (16, 17) and the SOS
response (18).

The RecA protein is now known to have three distinct
functions important to the continuing discussion. First, RecA
protein has a direct role in the recombination process, promoting
a class of reactions called DNA strand exchanges. Second, RecA
protein promotes the autocatalytic cleavage of certain repressors
(particularly LexA protein), a reaction that induces the bacterial
SOS response to heavy DNA damage. Finally, RecA protein
plays a direct role in the mutagenic translesion synthesis of DNA
by DNA polymerase V (19). These different roles have often
complicated the interpretations of in vivo experiments using recA
mutations.

Thread 2: In Vivo Characterization of Bacterial Recombination
Functions

The isolation of recombination genes continues, with dozens of
bacterial genes now known to participate (20, 21). Clark (22)
went on to contribute the concept of distinct recombination
pathways. As more genes were discovered, the link between
recombination and DNA repair was strengthened. In most cases,
a null mutation in a recombination function results in sensitivity
to some or all DNA damaging treatments. Multiple pathways for
recombinational repair and functional overlap between the
activities of certain recombination proteins initially obscured the
importance of some recombination functions. The effects of
some single mutant genes (such as rec/, recG, and recQ) on
recombination and sensitivity to UV irradiation are modest.
However, the effects observed in double mutants are often large
and synergistic (23-26). The in vivo study of recombination
functions has provided a general appreciation for the complexity
of recombination systems in bacteria as well as their importance
for survival. Also, some rec™ mutants like recF had little effect
on conjugation in a wild-type background, but the same recF
mutant cell exhibited an enhanced sensitivity to DNA damaging
treatments like UV irradiation (27). More recently, genes orig-
inally defined as replication functions have been tied to recom-
bination and recombinational DNA repair by these studies
(28-31).

Investigation of the in vivo effects of mutations in recombi-
nation genes established some intriguing patterns. In general, the
results supported the idea that DNA damage was recombino-
genic and that recombinational DNA repair was critical for cell
survival. Mutations that tended to increase the number of
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unrepaired DNA strand breaks tend to produce a hyperrec
phenotype (32). Cells with such mutations are rendered inviable
when they also lack one of the key recombination functions
(33-37). DNA strand breaks are thus lethal when the appropriate
repair paths are not available. Oxidative damage accounts for the
major portion of DNA damage in cells grown aerobically (8,
38-40), and many of these double mutant cells can be grown
anaerobically (33, 41).

A better appreciation for the frequency of DNA damage to
genomes developed by the early 1990s (42), helping to increase
the focus on DNA repair. The gradual shifting of functional
emphasis to recombinational DNA repair advanced the discus-
sion of recombination function, but another significant jump was
needed to make a link to replication forks.

Thread 3: Early Links Between Replication Forks and
Recombinational DNA Repair

Hanawalt (43) was perhaps the first to suggest that replication
forks might be halted at the site of a DNA strand break. This
theme was elaborated by Skalka (44). Speculating on the ap-
parent replication deficiencies observed in mutants that elimi-
nated the red recombination system of bacteriophage A, she
proposed that a replication fork might collapse upon encounter
with a strand break. Going further, she proposed that the
resulting double-strand break could be processed by the RecBC
enzyme, followed by a DNA strand invasion using mechanisms
that had been proposed by Radding just a few years prior (44,
45). In a prescient statement near the end of the article, Skalka
also proposed that these general mechanisms might represent a
repair pathway to avoid replication disasters in the bacterial
genome.

Another proposal for a repair pathway for stalled forks was put
forward by Higgins and colleagues 2 years later (46). Working
with mammalian cells, those workers found short segments of
heavy/heavy DNA shortly after a pulse label of BrdUrd and
observed four-pronged replication forks in the electron micro-
scope (the same structures now sometimes called chicken feet;
ref. 47). To explain these observations, Higgins et al. (46)
proposed that stalled replication forks undergo regression and
repair according to a pathway much like the one featured on the
left side of Fig. 1.

The chicken foot seems to be a repair intermediate that has
been discovered numerous times and has simply awaited wider
acknowledgment. Several labs have suggested and/or presented
evidence for such structures since the mid-1970s (48-53), and
they also have been photographed (46, 49) (Fig. 2). In some cases
the apparent regression of replication forks may have been an
artifact of sample preparation, but it was clear that this type of
reaction could occur.

Some of the early links between recombination and replication
were merely circumstantial. For example, both the recR and recF
genes are part of operons that encode replication functions
rather than classical recombination functions (54-56). Others
exhibit a compelling cause and effect. In recBC mutant cells
thereby lacking the double-strand break repair pathway, elevated
levels of double-strand breaks are seen only if the cells are
actively replicating their chromosomes (57). Similarly, recA-
dependent repair of DNA gaps is seen only during active
chromosome replication (58, 59). Elevated levels of recombina-
tion can be observed as a product of DNA damage (17, 60—63),
or as a result of replication of the chromosomal region being
examined (64).

Additional links between recombination and replication be-
came apparent as a result of the study of bacteria under DNA
damaging conditions that induce the SOS response.
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Fig.2. Areplication intermediate from Drosophila embryos, photographed
by Inman (49). One of the apparently regressed forks has a single-stranded tail
(arrow). (Reprinted from Biochim. Biophys. Acta, 783, Inman, R. B., “Meth-
odology for the study of the effect of drugs on development and DNA
replication in Drosophila melanogaster embryonic tissue,” pp. 205-215, Copy-
right 1984, with permission from Excerpta Medica, Inc.; ref. 49.)

Thread 4: Studies of the Bacterial SOS System

DNA damaging treatments, such as exposure to high doses of
UV irradiation, lead to a complete cessation of DNA replication.
After 30—45 min, replication resumes. The resumption is gen-
erally referred to as replication restart (65). The cessation of
replication triggers induction of the bacterial SOS system, lead-
ing to a staged accumulation of enzymes involved in DNA repair
(3, 66-70). The stages reflect a measured response to different
levels of damage. The exploration of the mechanisms by which
replication is halted, and then restarted, have contributed a
wealth of insights to our current understanding of the repair of
replication forks.

It is now clear that the cessation of DNA replication during
SOS is a result of the collision of replication forks with sites of
DNA damage. The subsequent repair is a prerequisite to the
restart. Other possibilities have been explored.

Early studies of the effects of UV irradiation on bacterial
DNA suggested that damage could be bypassed by reinitiating
DNA synthesis downstream, before recombinational DNA re-
pair. Discontinuities detected in the DNA of U V-irradiated uvrA
mutant cells were attributed to DNA gaps left behind by
replication forks (16, 71). DNA exchanges appeared in UV-
irradiated wild-type cells that depended on recA function (17).
Models for recombinational DNA repair were built based on the
assumption that the replication fork had already continued
synthesis downstream (72).

Later work showed that the restart of replication depended on
the RecA protein (73, 74), a result broadly inconsistent with a
general resumption of replication before recombinational DNA
repair. It also became clear that DNA polymerases are halted by
many types of DNA damage both in vitro and in vivo (75-78).
Some limited bypass may occur in some instances (79). In
principle, there is more potential for the bypass of lesions on the
lagging strand (where clear mechanisms exist to initiate a new
Okazaki fragment upstream) than for bypass on the leading
strand. However, in a cell with many genomic lesions, it should
not take long for a replication fork to encounter one on the
leading strand.
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There are two general paths to replication restart (also called
induced replisome reactivation or IRR; ref. 73). Nonmutagenic
replication fork repair provides one way for a fork to bypass a
lesion, and mutagenic translesion DNA synthesis (principally by
the specialized DNA polymerase V) provides the other. Induc-
tion of the enzymes needed for each of these is organized
temporally during SOS so that nonmutagenic repair processes
are induced early, followed by mutagenic processes (3, 70). The
first enzymes to appear include the components of the excision
repair apparatus, DNA polymerase II, and the RuvAB complex
involved in the processing of branched DNA intermediates. The
RecA and RecN proteins, involved in nonmutagenic repair of
replication forks, follow close behind. The induction of DNA
polymerase V (umuCD), and its mutagenic translesion DNA
synthesis capacity (19, 80), is a late response. If these enzymatic
functions are insufficient to repair the DNA damage and restart
DNA synthesis, a final induction of colicins occurs to bring about
cell lysis.

An analysis of replication restart indicates that the nonmuta-
genic pathways are more important than the mutagenic trans-
lesion synthesis. Replication restart occurs readily in the absence
of DNA polymerase V function, but requires RecA as already
noted (73, 74). The phenomena of replication restart under SOS
conditions thus can now be seen as a ready source of observa-
tions relevant to an understanding of the nonmutagenic repair
of replication forks in general, with the major caveat that it is not
the only process at work. It has the advantage that all replication
is halted synchronously, and restart can be readily studied in
bacterial populations.

In eukaryotes, the repair of damaged DNA is facilitated by
damage checkpoints, which serve to halt DNA replication while
repair is underway (81, 82). A similar idea has been put forward
for bacteria (83), although there are many observations that
argue against a role for a checkpoint system in halting DNA
replication (reviewed in ref. 3). More recently, a checkpoint-like
phenomenon dependent on uncleaved UmuD protein has been
described (84). Although this may not affect the halt in repli-
cation brought about by DNA damage, it might play a role in the
inhibition of replication restart at some points in the SOS
process.

Thread 5: Work on Bacteriophage T4 DNA Metabolism

The connections between replication and recombination have
been consistently clear and abundant in the study of DNA
metabolism in bacteriophage T4 for over 30 years (85-87). Early
rounds of T4 DNA replication are origin-dependent, but then a
switch occurs to a new mode of RDR (88, 89). Although several
mechanisms have been elucidated (85), they generally involve
the invasion of a 3'-ending DNA strand into a homologous
duplex DNA to form a D loop (Fig. 1i). The invading end acts
as a primer for DNA synthesis, and a replication fork is estab-
lished. Because the T4 genome is terminally redundant, suc-
ceeding rounds of replication lead to the production of longer
concatemers. These eventually are cleaved and packaged, with
more than one genome-equivalent packaged into each phage
head. RDR was first documented in this system (90, 91), and T4
provided the first insights into the mechanism of this process (88,
92, 93). As will become evident in the continuing discussion, this
general mechanism of RDR has become generally relevant in
bacteria and eukaryotes. Similar replication initiation strategies
may even be operative in mitochondria (94). Unfortunately, the
RDR seen in bacteriophage T4 was, for over two decades,
generally viewed as a unique and unusual process, obscuring its
general significance.

Thread 6: Origin-Independent and RDR Restart During the SOS
Response

Kogoma and colleagues were among the first to extend the T4
paradigm, demonstrating that RDR also occurs in bacteria.
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Initiation of replication at the bacterial origin oriC requires
ongoing protein synthesis. In an effort to discover why, Kogoma
and Lark (95, 96) found that DNA replication could be initiated
without protein synthesis under conditions that induced the SOS
response. This was called stable DNA replication (SDR). Later,
SDR associated with the SOS response was designated induced
SDR (iSDR). Initially, the process received little attention. By
1990, it became clear that iSDR depended on recBC function
(97). RecA was implicated in 1984 (98), and a clear requirement
for the recombinase function of recA was demonstrated in 1993
(99). The expanding list of examples of RDR soon elevated the
process to acronym (RDR) status (100).

iSDR was soon seen as a form of RDR. In general, bacterial
RDR required the functions of the RecA, RecBCD, RecN, and
RecF proteins. Additional recombination functions were impli-
cated under at least some circumstances. Kogoma and colleagues
(100) showed that double-strand breaks triggered RDR. The
resulting models proposed that DNA ends were processed by
RecBCD, and D loops then were formed by the action of RecA
protein (100). Following up on observations and proposals by
Marians and coworkers (164), Kogoma and colleagues (28, 101,
102) also found that PriA protein and the ¢$X174-type primo-
some were required for iSDR and bacterial RDR in general.

In a few summarizing reviews, Kogoma (29, 103) suggested a
variety of functions for iSDR. These included an alternative
mode of replication during SOS that was damage-resistant,
error-prone replication, and adaptive mutation. Some of these
proposals may have reflected the complexity of events during the
SOS response. Indeed, Kogoma (103) noted that iSDR still
occurred in umuC mutant cells and was no longer mutagenic in
that background. Thus, nonmutagenic replication fork repair is
a major component of iSDR, and it is reasonable to link the two.
There are a few complexities in making this connection. The
apparent reliance of iSDR on novel replication origins (29, 103)
does not make sense in the context of replication forks stalled at
random sites in the genome. Also, Kogoma (103) noted a few
minor differences between the broader process of replication
restart during SOS, and iSDR, including some apparent differ-
ences in genetic requirements. However, Kogoma and colleagues
(29, 100, 103) recognized that whatever its main function, RDR
was ideally suited to the repair of stalled or collapsed replication
forks and suggested this as early as 1994.

Thread 7: Isolation and Characterization of RecA Protein and
Prokaryotic Recombination Proteins
RecA protein is a major player throughout this discussion, and
research into its functions and properties has affected the
broader development of models for replication fork repair.
Purified RecA protein was first described in 1978 as a DNA-
dependent ATPase activity (104, 105) that could promote the
cleavage of the LexA repressor (104). The DNA strand exchange
functions of RecA were soon elucidated in work dominated at
first by the Radding and Lehman laboratories (106-111). This
effort was joined somewhat later by Howard-Flanders and
colleagues (112) and many others. Over 20 years of intensive
studies have identified the three distinct functions for RecA
protein noted in thread 1, all recently reviewed (80, 113-118).
The list of recombination functions in bacteria is now counted
in the dozens, and elucidation of their properties (20, 115,
119-121) also has contributed to model-building efforts. The
functional complexity and universal occurrence of RecA and
multiprotein recombination systems in bacteria contributed to
early arguments that DNA repair was the primary function of
bacterial recombination (7, 8, 122).

Thread 8: Recombination Model Development

The decades-long refinement of models for recombination in
both prokaryotes and eukaryotes illustrates a gradually increas-
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Table 1. Enzymes involved in the nonmutagenic repair of stalled replication forks

Bacteriophage T4 E. coli Eukaryotes
Recombinase UvsX RecA Rad51/54
Dmcl

Single-strand binding Gene 32 SSB RPA
RMP(Rec) UvsY RecOR Rad52

RecBCD Rad55/57
Branch helicase UvsW RecG

RuvAB
End processing gp46/47 SbcCD, RecBCD Rad50, Mre11, Xrs2/Nbs1
Holliday junction resolution Endonuclease VIl RuvC/Rus
Replication restart RMP gp59 PriA + restart primosome
Replicative helicase gp41 DnaB
Polymerase T4 polymerase DNA pol II/11l Pol «, §, € RFC, PCNA, etc.

ing awareness of links between recombination and replication. A
particularly complete summary of the models advanced up until
1995 can be found in the excellent monograph by Kuzminov
(123), and only a few key points need be made here. Replication
has been a feature of recombination models at least since the
early constructs of Meselson and Weigle (124). Those workers
introduced the concept of strand invasion to prime DNA syn-
thesis. Following the cut-and-paste proposal of Holliday (125)
which focused attention on crossed strand intermediates, models
incorporating replication at some step were elaborated by
Hotchkiss (126) and Meselson and Radding (127), both of which
envisioned initiation at single-strand breaks.

The focus shifted to double-strand breaks in the constructs of
Boon and Zinder (128) and Resnick (129). DNA repair became
a dominant theme in the models of Skalka (44) and West et al.
(72). The influential double-strand break repair model of Szos-
tak et al. (130), and its more recent iterations (82, 131), now
dominate discussion of meiotic recombination, and very similar
processes are envisioned for transductional and conjugational
recombination in bacteria (132). These models include the
T4-like invasion of 3" ends, which are then used to prime DNA
synthesis. The demonstration of break-induced replication in
eukaryotes (133-136) provides a rather dramatic manifestation
of these processes and extends the list of organism classes where
RDR has been observed.

The basic mechanisms of end processing, 3’ end invasion,
and the priming of replication, could readily be derived from
a system that evolved originally to repair stalled replication
forks (137). In eukaryotes, the need to avoid chromosome
nondisjunction may have displaced fork repair as a primary
function in meiotic recombination. However, fork repair re-
mains a major molecular problem in eukaryotes. Human cells
may average about 10 replication-associated double-strand
breaks per cell division (137).

Thread 9: Eukaryotic Recombination Proteins

The recombinational DNA repair paradigm appears to be
universal. The pantheon of bacteriophage T4 and bacterial
recombinational replication fork repair enzymes is paralleled by
a functionally equivalent (but sometimes more complex) set of
enzymes in eukaryotes (Table 1). The Rad51 protein was
identified as a structural and functional homologue of RecA
protein early in the 1990s (138-140), followed by the Dmcl
protein (141, 142). Both proteins promote a RecA-like DNA
strand exchange reaction. The generally recognized list of
needed functions for the repair of stalled replication forks is
gradually being filled in for all classes of organisms.

The need for recombinational DNA repair in eukaryotes can
be seen in the phenotypes of cells mutant in the appropriate
repair functions. In eukaryotes, recombination plays a variety of
important roles in meiosis, mitosis, and DNA repair. The rad
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designation for many eukaryotic genes reflects their initial
isolation in yeast as mutants that were sensitive to radiation-
induced DNA damage. In mammals, homozygous null mutants
of Rad51 protein have an embryonic lethal phenotype (143-
145). Vertebrate cells lacking Rad51 protein function halt
growth at the G,/M phase interface of the cell cycle, and
accumulate double-strand breaks before dying (146). Several
proteins involved in mammalian carcinogenesis interact with
Rad51, including p53 (147), BRCA1 (148), and BRCA2
(145). Recombinational DNA repair is clearly important in all
organisms.

Thread 10: The Restart (¢»X174-Type) Primosome

The restart primosome plays a key role in the restart of repli-
cation after the recombination steps of repair, as seen in Fig. 1.
This protein complex originally was defined as a factor required
for the in vitro initiation of DNA synthesis on ¢$X174 DNA circles
(149, 150). The complex consists of seven proteins, with histor-
ical names given in parentheses: PriA (protein n’, factor Y), PriB
(protein n), PriC (protein n'’), DnaT (protein i), DnaC, the
DnaB helicase, and the DnaG primase. Although defined as a
system for the replication of a bacterial parasite, all of these
proteins were encoded by Escherichia coli. There was every
expectation that this complex would function as the lagging
strand primosome in the replication of the bacterial chromosome
(see, for example, p. 411 in ref. 151). However, when the
initiation of replication at the bacterial origin oriC was recon-
stituted in vitro (152, 153), the DnaB, DnaC, and DnaG proteins
were required, but the remaining components of the $X174-type
primosome were not (153, 154). A consensus gradually devel-
oped that the ¢pX174-type primosome did not play a role in the
function of replication forks initiated at oriC (155-157). In
coming to this conclusion, Seufert and Messer (156) made the
remarkable (for the time) suggestion that this primosome might
play a role in the reinitiation of replication when replication had
stalled for some reason. Based on a demonstrated requirement
for DnaT function in stable DNA replication (158, 159), those
workers also suggested that the ¢X174-type primosome might
have a role in Kogoma’s iSDR.

Further advance required in vivo analysis of the genes. The
genes for the PriA, PriB, and PriC proteins never turned up in
a screen for genes defective in chromosomal replication, rein-
forcing the impression that they lacked a function in oriC-
mediated replication. The genes were finally cloned by reverse
genetics (160, 161). Despite the apparent lack of a function in
oriC-mediated replication, null mutants of pri4 proved to be only
marginally viable, suggesting an important cellular function
(162-164). The priA mutants also induced the SOS response
under normal growth conditions (163). From here, it was not too
hard to connect a few dots. One year earlier, Sassanfar and
Roberts (165) had demonstrated that SOS was induced only in
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cells with active replication forks. Marians and colleagues (163,
164) reasoned that if PriA was not needed at oriC, perhaps these
replication forks were stalling at DNA damage. The fork that
completed DNA replication thus might not be the same one that
initiated it. Picking up on the suggestion of Seufert and Messer
(156), Marians and colleagues (163) proposed that PriA and the
$»X174-type primosome might be necessary to get replication
going again. Most important, to explain the marginal viability of
the priA mutants, this would have to be happening in a substan-
tial fraction of the cellular replication forks under normal growth
conditions (163, 166). This was the first indication that bacterial
replication forks underwent a frequent demise, and that restart
was a critical cellular function even in the absence of SOS-
inducing conditions. This eventually led Sandler and Marians
(31) to rename this protein complex the restart primosome. All
that remained in the early 1990s was to link this fork repair to
recombination, a process already well underway.

Thread 11: Tying the Threads Together, Genetically and
Biochemically

In the mid-1990s, multiple lines of research produced results
leading to models for the recombinational repair of replication
forks. One path arose from an examination of the function of the
RecBCD enzyme. RecBCD degrades and unwinds a linear DNA
molecule from one end. When this enzyme encounters an
asymmetric 8-bp DNA sequence called Chi in the correct
orientation, it no longer degrades the 3’ ending strand and
produces the 3’ single-strand extensions needed for RecA-
mediated strand invasion. Chi sites increase the survival of linear
DNAs in bacteria (167, 168). It was clear by the early 1990s that
Chi sites were overrepresented in the E. coli genome (169, 170).
Furthermore, the Chi sites were not randomly oriented, but
overwhelmingly situated so as to modulate the function of a
RecBCD enzyme moving through the DNA toward oriC. To
explain this pattern, Kuzminov ef al. (168) noted that a double-
strand break produced by the collision of a replication fork with
a single-strand interruption would produce only one DNA end
(Fig. 1h). RecBCD would bind to this end and travel back toward
oriC. They suggested that the Chi sites had evolved primarily to
handle collapsed replication forks, and they presented a model
for how the repair of collapsed forks could occur (168). This
model was developed further by Kuzminov in the following year
(171). A subsequent series of reviews and monographs by
Kuzminov and colleagues (3, 123, 172-174) provided a stimu-
lating source of insights and ideas that have been instrumental
in focusing this developing field.

Further exploration of the phenotypes of rec™ strains led to
new advances. Horiuchi and coworkers (175, 176) examined the
fate of blocked replication forks in vivo. They observed a growth
dependence on RecA and RecBCD function in their strains and
independently suggested that stalled forks generate double-
strand breaks that must be repaired before replication restart
(176). The role of RecBCD was also explored by Michel and
colleagues (177, 178), who had earlier noticed the connection
between recombination and the pausing of replication forks.
They found that double-strand breaks occurred at elevated levels
in cells lacking recBCD or recA function (57). Most important,
the increase did not occur in the absence of replicating chro-
mosomes, linking the breaks to active replication. Subsequent
investigations by this group have begun to elucidate the functions
of proteins at stalled forks and have led to increasingly refined
models for fork repair (179-181). A similar path has been
followed by Lloyd and colleagues (182) in their studies of RecG
protein, a helicase that acts at branched recombination inter-
mediates. A connection to replication forks was established with
the finding that suppressors of recG™ mutations mapped in the
priA gene. Subsequent investigations of RecG function have led
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to new proposals for the molecular situations that can trigger the
collapse and repair of a replication fork (183).

Not all of the work has focused on the double-strand break
repair pathway. In the context of replication fork repair, the gap
repair pathway mediated by RecF and other proteins appears to
be as important as the double-strand repair pathway initiated by
RecBCD enzyme (39, 184). Potential pathways for replication
fork repair without double-strand breaks have been advanced,
making use of the fork regression process first postulated by
Higgins et al. (46) and McGlynn and Lloyd (183) (Fig. 1 a—f).

Biochemistry increasingly complements the in vivo efforts.
The PriA protein binds specifically to branched DNA mole-
cules, establishing another link to intermediates likely to be
found during recombinational DNA repair (30, 185, 186). This
function is necessary for normal bacterial growth (186). The
action of RecBCD and RecA protein in processing a DNA end
and forming a D loop has been reconstituted by Kowalc-
zykowski and colleagues (187, 188). Late steps in recombina-
tional processes mediated by the Holliday junction processing
enzymes RuvA, RuvB, And RuvC have been reconstituted by
West and colleagues (189). The RecA protein promotes a fork
regression reaction that may play a role in several pathways for
fork repair (190).

When all of these results were put together with the earlier
results, it was evident during the last half of the 1990s that the
recombinational repair of stalled replication forks was a signif-
icant function within bacterial DNA metabolism. To gauge its
importance, one now had to determine how often it happened.

Thread 12: XerCD and Frequency Estimates

In terms of frequency of use, the nonmutagenic repair of stalled
replication forks is the most important function of the bacterial
homologous genetic recombination systems (1, 113, 191, 192). It
can thus be argued that this is the primary function of bacterial
recombination systems. Under normal growth conditions, rep-
lication appears to be the main source of lesions needing
recombinational DNA repair, as elaborated above. Conjugation
and transduction, which also involve recombination, are nor-
mally very rare processes.

Part of this conclusion was derived from an analysis of the
XerCD site-specific recombination system, which resolves chro-
mosomal dimers created by the recombinational DNA repair of
replication forks (1, 39, 193, 194). This work helped to establish
the lower limit (about 15%) for the part of a bacterial cell
population that undergoes repair of a stalled fork (1, 192, 195).
The higher estimates for recombinational repair of replication
forks come from a consideration of the effects of rec4 and pri4
mutant cells (1, 192, 195). The priA mutants, as already men-
tioned, are especially compromised, but not dead. Because all
replication fork repair should involve a restart step, this suggests
that most, but not all, cells have forks that undergo recombina-
tional DNA repair under normal growth conditions. However,
there appear to be some minor and pri4-independent pathways
for replication fork restart (196). These may permit the survival
of priA mutant cells and obscure an even higher frequency of
fork stalling and repair.

The End Marks a Beginning

A new understanding of the function of recombination has, more
than anything else, revealed how little we really know. The range
of events that can occur when a replication fork meets an
insurmountable barrier is not known. The structure of stalled
forks has been examined in only a very few instances (197, 198).
We do not know how long repair takes. Multiple pathways are
known only in outline form. We do not have a good understand-
ing of the rates and types of DNA damage as a function of growth
conditions. Our view of the roles of the enzymes involved is
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changing rapidly as this new paradigm becomes established, and
new protein components seem likely to emerge (199-202).
Nevertheless, the paradigm promises to help us understand
where recombination came from and what we can do with it.
Even in eukaryotes, where recombination function is even more
complex, one can argue that recombination evolved from a need
to repair the molecular train wrecks created by the encounter of
replication forks with DNA damage (137). RecA protein arose
in bacteria or their predecessors a very long time ago (114, 198,
199) and may have been the precursor of a now-important class
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