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Following arrest by UV-induced DNA damage, replication is restored through a sequence of steps that involve partial resection
of the nascent DNA by RecJ and RecQ, branch migration and processing of the fork DNA surrounding the lesion by RecA and
RecF-O-R, and resumption of DNA synthesis once the blocking lesion has been repaired or bypassed. In vitro, the primosomal
proteins (PriA, PriB, and PriC) and Rep are capable of initiating replication from synthetic DNA fork structures, and they have
been proposed to catalyze these events when replication is disrupted by certain impediments in vivo. Here, we characterized the
role that PriA, PriB, PriC, and Rep have in processing and restoring replication forks following arrest by UV-induced DNA dam-
age. We show that the partial degradation and processing of the arrested replication fork occurs normally in both rep and primo-
some mutants. In each mutant, the nascent degradation ceases and DNA synthesis initially resumes in a timely manner, but the
recovery then stalls in the absence of PriA, PriB, or Rep. The results demonstrate a role for the primosome and Rep helicase in
overcoming replication forks arrested by UV-induced damage in vivo and suggest that these proteins are required for the stabil-
ity and efficiency of the replisome when DNA synthesis resumes but not to initiate de novo replication downstream of the lesion.

PriA, PriB, and PriC were originally identified as proteins re-
quired for replication of single-strand �X174 phage DNA in

vitro and in vivo (70, 71). In vitro, the proteins function as a com-
plex that is required for processive priming to occur behind the
replicative helicase, DnaB (1, 2). PriA initially binds a hairpin
structure on the �X174 chromosome, followed by PriB, DnaT,
and PriC. The resulting complex then recruits DnaC, which loads
the DnaB helicase onto the chromosome. The DnaG primase is
then able to associate with DnaB to synthesize RNA primers.
While DnaG and DnaB are sufficient for primer synthesis on
�X174 DNA (1), specific and processive priming of single-
stranded DNA binding protein-coated phage DNA requires PriA
(2). In vivo, conversion of �X174 from its plus-strand form to its
minus-strand replication intermediate requires PriA and other
Escherichia coli host proteins (40). E. coli strains lacking PriA have
reduced viability, growth rates, and culture densities relative to
wild-type cells (36). priA mutants are also constitutively induced
for the SOS response, and cells lacking PriA produce filaments
extensively (49). Taken together, these observations led early re-
searchers to propose that the primosomal proteins promote effi-
cient priming for Okazaki fragments during lagging-strand repli-
cation (35, 38).

rep was originally identified as a mutant that was unable to
support replication of DNA of several double-stranded phage, in-
cluding �X174 (19, 20, 33, 56, 62). rep was subsequently shown to
encode a DNA helicase that tracks on the leading-strand template
and is essential to reconstitute replication of double-stranded
phage in vitro (55). rep mutants are modestly hypersensitive to UV
irradiation compared to wild-type cells (9) and were reported to
have longer doubling times, abnormal nucleoids, and a reduced
rate of replication fork movement (3, 33, 34). Recent studies have
shown that Rep helicase is needed to facilitate replication fork
progression along transcribed DNA or protein-bound DNA (4, 7,
24), suggesting the helicase plays a role in clearing impediments to
leading-strand synthesis during replication.

Replication forks must deal with a variety of obstacles that may
impede their progress, including DNA-bound proteins, second-
ary structures, strand breaks, and adducts or damage to the DNA
bases themselves. With respect to DNA base damage, UV irradia-
tion with 254-nm light has often served as a model to address the
question of how replication recovers following encounters with
this form of impediment. UV irradiation induces two primary
photoproducts, cis, syn-cyclobutane pyrimidine dimers (CPDs)
and 6,4 pyrimidine-pyrimidone photoproducts (6-4 PPs) (59, 67,
68). Although these lesions block DNA polymerases and arrest
replication (28, 58), growing E. coli cultures survive doses that
produce more than 2,000 lesions per genome (30), indicating that
cells contain efficient mechanisms to process these lesions when
they are encountered during replication.

The recovery of replication following arrest by UV-induced
DNA damage occurs through a sequence of well-characterized
steps. Following arrest, the nascent lagging strand is partially de-
graded by the combined action of the RecJ nuclease and RecQ
helicase. This processing is thought to restore the lesion-contain-
ing region to a double-stranded form that can be accessed and
repaired by the nucleotide excision repair complex (17). Consis-
tent with this, in the absence of either repair or nascent DNA
degradation, the recovery of replication is delayed, and both sur-
vival and recovery become dependent on translesion synthesis by
DNA polymerase V (12, 13). RecF, RecO, and RecR limit the RecJ/
RecQ-mediated degradation and enhance the formation of RecA
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filaments at the arrested region (11, 14, 60, 64). Biochemical char-
acterizations suggest that the RecA filament formed in the pres-
ence of RecFOR is capable of promoting branch migration at the
fork in a manner that could promote regression away from the
lesion and subsequently reset the 3= end of the fork once the im-
pediment has been removed or overcome (47, 60, 64, 69). In vivo,
cells lacking any one of these gene products fail to resume DNA
synthesis, and the DNA at the replication fork is extensively de-
graded (11, 14, 15).

Several lines of evidence suggest that Rep and the primosome
also participate in restoring replication following arrest at a UV-
induced lesion, either through direct resumption of the arrested
replisome or de novo initiation of a replisome downstream of the
arrest site. Both priA and rep contribute to the DNA synthesis that
occurs during recombinational processes (26, 32, 41, 52, 65). Al-
though no single gene by itself is essential for viability, double
mutants in priA and priC or priA and rep are lethal, and both priA
and rep mutants are hypersensitive to DNA damage (53). It has
also been widely postulated that frequent replication disruptions
by endogenous DNA damage in vivo account for the poor growth
and low viability of priA and rep mutants (8, 45, 57). In addition,
one study has reported a delayed recovery of DNA synthesis in
PriA mutants following low doses of UV light (51). In vitro, the
addition of PriA and PriB, PriA and PriC, or PriC and Rep allows
DNA synthesis to occur at synthetic DNA fork structures in the
presence of the other core replication proteins (25, 26). However,
the role of PriA, PriB, PriC, and Rep in the progressive steps of
resection, processing, or resumption following replication arrest
at UV-induced DNA damage has not been directly examined in
vivo. Here, we characterize the molecular events that occur during
the progressive steps associated with the recovery of replication in
UV-irradiated cultures of mutants lacking each of these gene
products.

MATERIALS AND METHODS
Bacterial strains. The parent of all strains used in this study is SR108, a
thyA36 deoC2 derivative of W3110 (44). The priB302 allele from SS138

(54) was linked to kanamycin resistance in two steps. First, the kanR gene
was inserted 40 bp downstream of yjfC using PCR insertion with the
primers priBpostyjfC-kanF (5=GAATGTTTTAGCAATCTCTTTCTGTC
ATGAATCCATGGCATATGGACAGCAAGCGAACCG) and priBpost-
yjfC-kanR (5=GTCTCCCTCCATCAATGGCAGTCACCATTAGTATGG
TCACATCAGAAGAACTCGTCAAGAAG), followed by recombineering
into DY329 to generate CL1631 (75). yjfC::kan, from CL1631, next was trans-
duced into SS138 using standard P1 transduction methods. The priB302 allele
is 72% cotransducible with yjfC::kan. The priC gene was replaced from
codons 3 to 175 with cat, conferring chloramphenicol resistance, using PCR
replacement with the primers PriC-CatF (5=TAACAATTATCATTTCATT
GAGGTCTTATCGTGAAAACCATGAGACGTTGATCGGCAC) and
PriC-CatR (5=TTCCAGTGACATATTCTCTCCATTGCTAGCGGGTTA
AACGCTTTCGAATTTCTGCCATTC), followed by recombineering
into DY329. The rep gene was replaced from codons 3 to 673 with kanR,
conferring kanamycin resistance, using PCR replacement with the prim-
ers Rep-KanF (5=TCCCCCCGTTCGAAGATTGAGCAATACACCTATG
CGTCTATATGGACAGCAAGCGAACCG) and Rep-KanR (5=GCTGAC
GCATCTTTTCCGGCCTTGATTATTTCCCTCGTTTTCAGAAGAACT
CGTCAAGAAG), followed by recombineering into DY329. Strains
isogenic to SR108 and lacking priA2, priB302, priC, rep, recF, and recA
were made using standard P1 transduction methods. Cells were trans-
formed with plasmid pBR322 for experiments involving two-dimensional
agarose gel electrophoresis. A list of the strains constructed and used in
this study is shown in Table 1. Genotypes for all strains were confirmed by
PCR and Southern blot analysis. UV sensitivity was assessed in every ex-
periment to monitor priA2 strains for possible suppressors.

Degradation of nascent and genomic DNA. UV irradiation used a
15-watt germicidal lamp (254 nm) at an incident dose of 0.9 J/m2/s (0.005
J/m2/s for doses below 5 J/m2). Overnight cultures were diluted 1:100 and
grown in 10 ml Davis medium with 0.4% glucose, 0.2% Casamino Acids, and
10 �g/ml thymine (DGCthy medium) supplemented with 0.1 �Ci/ml of
[14C]thymine to an optical density at 600 nm (OD600) of 0.4 in a shaking
incubator at 37°C. Cultures were pulse labeled with 1 �Ci/ml [3H]thymidine
for 5 s, filtered onto 0.45-�m Fisherbrand general filtration membranes,
washed with NET buffer (100 mM NaCl, 10 mM EDTA, pH 8.0, 10 mM Tris,
pH 8.0), and resuspended in 10 ml of prewarmed, nonradioactive DGCthy
medium. Cultures were immediately UV irradiated at 27 J/m2. At the indi-
cated time points, duplicate 0.2-ml aliquots (triplicates for the zero time
point) were precipitated in cold 5% trichloroacetic acid (TCA; Fisherbrand).

TABLE 1 E. coli K-12 strains used

Strain Relevant genotype Reference or construction

SR108 �� thyA36, deoC2 IN(rrnD-rrnE)1 rph 44
DY329 �lacU169 nadA::Tn10 gal490 �cI857 �(cro-bioA) 75
JC19008 priA2::kan dnaC809 (parent DM4000) 52
SS138 priB302 54
CL1070 �lacU169 nadA::Tn10 gal490 �cI857 �(cro-bioA) priC::cat DY329 � PCR fragment (priC-cat primers)
CL1073 �lacU169 nadA::Tn10 gal490 �cI857 �(cro-bioA) rep::kan DY329 � PCR fragment (rep-kan primers)
CL1631 �lacU169 nadA::Tn10 gal490 �cI857 �(cro-bioA) yjfC::kan DY329 � PCR fragment (priB-postyjfC-kan primers)
CL1633 priB302 yjfC::kan SS138 � P1 (CL1631)

Strains isogenic to SR108
HL921 recA::Tn10 14
CL530 pBR322 16
CL579 recF6206::tet 16
CL583 recF6206::tet pBR322 16
CL1102 priC::cat SR108 � P1 (CL1070)
CL1105 rep::kan SR108 � P1 (CL1073)
CL1122 priA2::kan SR108 � P1 (JC19008)
CL1638 priB302 yjfC::kan SR108 � P1 (CL1633)
CL1465 priC::cat pBR322 CL1102 transformed with pBR322
CL1467 rep::kan pBR322 CL1105 transformed with pBR322
CL2013 priB302 yjfC::kan pBR322 CL1638 transformed with pBR322
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The precipitate was collected on Millipore glass fiber filters, and the amount
of 3H and 14C on each filter was determined by scintillation counting.

Two-dimensional agarose gel electrophoresis. Cultures containing
the plasmid pBR322 were grown overnight in the presence of 100 �g/ml
ampicillin. Aliquots (0.2 ml) of the overnight cultures were collected by
centrifugation, resuspended in 20 ml of DGCthy medium, and grown
without ampicillin to an OD600 of 0.5 in a shaking incubator at 37°C. At
this time, cultures were irradiated at 50 J/m2 and transferred to a fresh,
prewarmed flask. At the indicated times, a 0.75-ml aliquot of culture was
transferred to an equal volume of NET (100 mM NaCl, 20 mM EDTA, pH
8.0, 10 mM Tris, pH 8.0), pelleted, resuspended in 0.15 ml of lysis solution
(2 mg/ml lysozyme, 0.5 mg/ml RNAse A in 10 mM Tris [pH 8.0], 1 mM
EDTA [pH 8.0]), and incubated for 30 min at 37°C. After this step, 0.01 ml
each of 20% Sarkosyl and 10 mg/ml Proteinase K was added to the sam-
ples, and incubation continued for an additional 30 min at 37°C. Samples
were then extracted once with four volumes of phenol-chloroform fol-
lowed by one extraction with four volumes of chloroform, dialyzed
against 200 ml of TE (2 mM Tris [pH 8.0], 1 mM EDTA [pH 8.0]) for 1 h
on floating 47-mm Millipore 0.025-�m pore disks, and then digested with
PvuII restriction endonuclease (Fermentas) overnight at 37°C. Samples
were then extracted with two volumes of chloroform and loaded directly
on a 0.4% agarose gel in 1� TBE (Tris-borate-EDTA, pH 8.0) buffer.
Genomic DNA was initially separated in this first dimension at 1 V/cm for
15 h. For the second dimension, lanes were excised, rotated 90°, recast in
a 1% agarose gel in 1� TBE, and electrophoresed at 6.5 V/cm for 7 h. DNA
in the gels was transferred to a HybondN� nylon membrane by standard
Southern blotting, and the plasmid DNA was detected by probing with
32P-labeled pBR322 that was prepared by nick translation (Roche) using
[�-32P]dCTP (MP Biomedicals) and visualized using a Storm Phosphor-
Imager with its associated ImageQuant analysis software (GE Life-
Sciences).

DNA synthesis and accumulation. Overnight cultures were diluted
1:100 and grown in DGCthy medium supplemented with 0.1 �Ci/ml of
[14C]thymine to an OD600 of precisely 0.3, at which point half of the
culture was mock irradiated while the other half received an incident dose
of 27 J/m2. At the times indicated, duplicate 0.5-ml aliquots of culture
were pulse labeled with 1 �Ci/ml [3H]thymidine for 2 min at 37°C. Cells
were then lysed and the DNA precipitated in cold 5% TCA. The precipi-
tate was collected on Millipore glass fiber filters, and the amount of 3H and
14C on each filter was determined by scintillation counting. The relative
rate of synthesis was determined by normalizing the amount of 3H incor-
porated at each time point to the amount of 3H incorporated 10 min
before UV irradiation (�10 min post-UV). The relative amount of total
DNA was determined by normalizing the amount of 14C incorporated at

each time point to the amount of 14C incorporated 10 min before UV
irradiation.

UV survival assays. Fresh overnight cultures were diluted 1:100 in
DGCthy medium and grown to an OD600 between 0.4 and 0.5 (approxi-
mately 6 � 108 cells/ml). Ten-�l aliquots of serial 10-fold dilutions were
spotted in triplicate on Luria-Bertani plates containing 10 �g/ml thymine
and UV irradiated at the indicated doses. Viable colonies were counted
following overnight incubation at 37°C.

Growth rates. Fresh overnight cultures were10-fold serially diluted in
DGCthy medium, and 0.2-ml aliquots then were plated in duplicate into
the wells of a sterile 96-well microtiter dish. The microtiter cultures were
then agitated at 37°C, and the OD600 for each culture was measured over
time using a BIO-Whittaker ELx808 plate reader. The number of viable
colonies per ml in each overnight culture was determined at the start of
every experiment.

RESULTS
Mutants lacking PriA, PriB, PriC, or Rep partially degrade the
nascent DNA following arrest by UV-induced DNA damage,
similar to wild-type cells. To determine what effect the absence of
PriA, PriB, PriC, or Rep has on the DNA at UV-arrested replica-
tion forks, we monitored the amount of DNA degradation occur-
ring at the arrested replication fork compared to that occurring on
the overall genome for mutants in each of these genes. To this end,
isogenic mutants of priA2, priB302, priC, and rep were constructed
into the parental strain SR108. Cultures prelabeled with [14C]thy-
mine were pulse labeled with [3H]thymidine for 5 s and then im-
mediately transferred to nonradioactive medium and UV irradi-
ated with 27 J/m2. The amounts of 3H and 14C remaining in the
DNA were then monitored over time. This approach allowed us to
measure the amount of cellular degradation occurring at the nas-
cent DNA strands (Fig. 1A, 3H label) of the replication fork as well
as in the total genomic DNA (14C label).

Following UV irradiation of wild-type cultures, very little deg-
radation of the total genomic DNA is observed (Fig. 1B). How-
ever, in the pulse-labeled nascent DNA, some limited degradation
occurs at times prior to when replication resumes, consistent with
our previous observations (11, 14, 17). The amount of detectable
degradation is restricted to 40 min post-UV irradiation, and an
increase in 3H-labeled DNA is actually observed at later times after
DNA synthesis resumes. Although in principle the amount of pre-

FIG 1 Primosomal proteins and Rep do not act directly on UV damage-arrested replication forks. (A) [14C]thymine-labeled cultures were pulse labeled with
[3H]thymidine for 5 s, filtered, rinsed, and resuspended in nonradioactive medium and immediately UV irradiated with 27 J/m2. (B) The fraction of total DNA,
14C (Œ), and nascent DNA, 3H (�), remaining in the culture at each indicated time point is plotted. Graphs represent averages from at least three independent
experiments. Error bars represent one standard deviation. The initial values for 3H and 14C ranged from 1,300 to 4,000 cpm and 700 to 2,100 cpm, respectively,
for all experiments.
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cipitable radioactivity should either remain constant or decrease
over time, an increase in radioactivity is consistently observed in
wild-type cells and other strains at times after replication resumes.
The increase in 3H is likely due to the remaining intracellular pools
of labeled nucleotides that we are unable to wash out (14, 17).
Unlike wild-type cultures, in UV-irradiated recF cultures, which
fail to resume DNA synthesis, the nascent DNA degradation is
more extensive and continues, with approximately half of the 3H-
labeled nascent DNA degrading over the time course (Fig. 1B).

When we examined UV-irradiated cultures of priA2, priB302,
priC, or rep mutants, we observed that in each case, little degrada-
tion occurred in the overall genomic DNA, and the degradation of
the nascent DNA ceased within 40 min after UV irradiation, sim-
ilar to wild-type cells (Fig. 1B). Following this initial degradation,
we observed that intracellular pools began to be reincorporated at
the fork after the 40-min time point, similar to wild-type cells, in
all mutant strains examined. We interpret these observations to
suggest that PriA, PriB, PriC, and Rep are not required for the
initial processing or degradation of the nascent DNA after the
arrest of replication. The observed reincorporation of radionucle-
otides after 40 min in each strain also suggests that these mutants
are able to synthesize some new DNA, and that the synthesis ini-
tially resumes at a time comparable to that observed in wild-type
cultures.

Although degradation of 3H-labeled nascent DNA ceased and
reincorporation of 3H-labeled nucleoside precursors resumed at
times similar to those of wild-type cells, a modestly higher fraction
of the nascent DNA was degraded in priA2 and priB302 mutants
(approximately 25% in these strains compared to 13% in wild-
type cells). This could be explained by basal replication in these
mutants being modestly impaired and less DNA initially labeled in
the 5-s pulse. Alternatively, it could suggest that the newly synthe-
sized lagging-strand DNA in these mutants contains more frag-
ments or DNA ends, which are susceptible to degradation by RecJ
and RecQ.

Following arrest by UV-induced DNA damage, replication
forks are processed normally in the absence of PriB, PriC, or
Rep. In vivo, the processing of replication forks following UV-
induced arrest involves a transient regression of the fork structure
that is catalyzed by RecFOR and RecA. The regressed structure
persists until a time that correlates with when the lesions are re-
paired and replication resumes (11, 16). The structural interme-
diates that occur at the replication fork during the recovery pro-
cess can be visualized on replicating plasmids such as pBR322 in
vivo.

To determine whether the absence of the primosome or Rep
helicase affects replication fork processing prior to the recovery of
DNA synthesis, we examined the structural intermediates of rep-
licating pBR322 plasmids in these mutants following UV irradia-
tion using two-dimensional agarose gel analysis. To this end,
strains containing the plasmid pBR322 were UV irradiated at 50
J/m2. This dose produces an average of one lesion per plasmid
strand. At various times after irradiation, total genomic DNA was
purified and digested with PvuII, which linearizes the plasmid just
downstream from its origin of replication. The structural inter-
mediates were then separated in two-dimensional agarose gels and
visualized by Southern analysis. In the absence of UV damage,
nonreplicating plasmids migrate through the gel as a linear 4.4-kb
fragment, forming the large predominant spot observed in these
gels (Fig. 2A). Replicating plasmids form simple Y-shaped struc-

tures that migrate more slowly through the gel due to their larger
size and nonlinear shape. These structures form an arc that ex-
tends out from the linear fragments toward the origin of the gel.
Following UV irradiation, the processing of replication forks by
RecA and the RecF pathway proteins produces transient interme-
diates that are observed as double-Y- or X-shaped structures (11,
16). These complex, nonlinear shapes migrate through the gel at a
lower rate and are observed in a cone region above the arc of
replicating Y-shaped structures.

In wild-type cultures, only Y-shaped replication intermedi-

FIG 2 UV-arrested replication forks are processed normally in cells lacking
priB, priC, or rep. (A) The predicted migration pattern of PvuII-digested
pBR322 plasmid observed by two-dimensional agarose gel analysis and subse-
quent visualization with 32P-labeled pBR322 is diagrammed. Nonreplicating
plasmids run as a linear 4.4-kb fragment. Replicating plasmids form Y-shaped
structures that migrate slower than nonreplicating DNA, forming an arc that
extends above the linear region. Following UV irradiation, double-Y- or X-
shaped intermediates are observed that migrate in the cone region behind the
arc of Y-shaped molecules. (B) Two-dimensional agarose gels from wild-type,
recF, priB302, priC, and rep cultures containing pBR322 at the indicated times
following UV irradiation.
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ates are observed at times prior to irradiation (Fig. 2B). Within
15 min after UV irradiation, a transient accumulation of Y-
shaped and cone region intermediates are observed. These UV-
induced intermediates begin to decrease after 30 min and re-
turn to preirradiation levels within 60 min of UV exposure. In
recF mutants, the processing of the arrested replication forks
does not occur and the cone region intermediates are not ob-
served. Instead, the arrested forks remain and accumulate as
simple Y-shaped structures (Fig. 2B).

When we examined irradiated cultures of priB302, priC, and
rep mutants, we observed that in each case, the UV-induced rep-
lication intermediates transiently appeared and were resolved in a
manner that was similar to that observed in wild-type cells (Fig.
2B). These observations indicate that PriB, PriC, and Rep are not
required for the replication fork processing that occurs following
UV-induced replication arrest.

Consistent with previous reports (36, 49), we were unable to
derive stable pBR322 transformants in priA2 mutants and there-
fore were unable to evaluate these mutants by two-dimensional
agarose gel analysis. This is likely due to the requirement for PriA
in the initiation of pBR322 lagging-strand synthesis (46). Some
priB mutations have also been reported to affect the stable repli-
cation of plasmids (6), although this occurs to a more modest
degree than with priA2. Irrespective of the basal plasmid replica-
tion capacity of these mutants, the priB302 mutation did not affect
the processing that occurred after UV irradiation on replicating
plasmids.

The absence of PriA, PriB, or Rep impairs the resumption of
DNA synthesis after disruption by UV-induced damage. Al-
though the precise composition of the arrested replisome remains
uncharacterized, the lack of synthesis and accessibility of the nas-
cent lagging-strand DNA to nucleolytic degradation suggests that
some components of the replisome are partially disassembled fol-

lowing arrest. Reestablishing or reactivating the replisome de-
pends on the initial processing and repair by RecA and the RecF
pathway genes and is thought to require other gene products as
well. To characterize the role that the primosome and Rep helicase
have in restoring an active replisome, we monitored the rate at
which replication recovered following UV-induced arrest in
priA2, priB302, priC, and rep mutants. Cultures grown in the pres-
ence of [14C]thymine were split and then either UV irradiated at
27 J/m2 or mock irradiated. At various times after irradiation,
duplicate aliquots of each culture were pulse labeled for 2 min with
[3H]thymidine before the cells were lysed and the amount of ra-
dioactivity incorporated into the DNA was determined. In this
way, both the total accumulation of genomic DNA (14C label) and
rate of DNA synthesis (3H label) could be monitored in the cul-
tures concurrently over time. To monitor the ability of each strain
to replicate in the absence of damage and ensure that any observed
effects were due specifically to UV, a mock-irradiated control was
included in each case.

In wild-type cultures, the rate of DNA synthesis decreased im-
mediately after UV irradiation by more than 90%, but it began to
recover within 20 min and continued to increase until it ap-
proached unirradiated levels by the end of the time course (Fig. 3).
At this time, the overall DNA accumulation in the irradiated wild-
type cultures also approached that of the unirradiated cultures. In
comparison, in UV-irradiated cultures of recF mutants, the rate of
DNA synthesis remained low, and no further DNA was seen to
accumulate following the inhibition of replication (Fig. 3), con-
sistent with previous studies showing that the processing of the
fork by RecF and RecA is required for the resumption of DNA
synthesis following arrest (14, 15).

When we examined UV-irradiated cultures of priA2, priB302,
or priC mutants, we observed that following the initial inhibition,
the rate of DNA synthesis began to recover within the first 20 min

FIG 3 Primosomal proteins PriA and PriB, but not PriC, and Rep are required for the recovery of replication following UV irradiation. [3H]thymidine was added
to [14C]thymine-prelabeled cultures for 2 min at the indicated times following either 27 J/m2 UV irradiation (filled symbols) or mock irradiation (open symbols)
at time zero. The amount of total DNA at each time point relative to �10 min post-UV treatment, 14C (Œ), and DNA synthesis/2 min, 3H (�), is plotted. Graphs
represent averages from at least three independent experiments. Error bars represent one standard deviation.
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of irradiation in each strain (Fig. 3), similar to wild-type cultures.
However, following an initial burst of DNA synthesis where the
rate increased, the recovery appeared to stall in both priA2 and
priB302 mutants. In priA2 mutants, the recovery of DNA synthesis
remained stalled for the duration of the time course. In priB302
mutants, on the other hand, any further recovery of DNA synthe-
sis was delayed for approximately 60 min, at which time a more
robust recovery of synthesis was observed. In comparison, no de-
fect in the recovery of DNA synthesis was detected in priC mu-
tants, and DNA synthesis was restored with kinetics that were
similar to those of wild-type cultures, suggesting that PriC is not
necessary for the resumption of synthesis. We interpret the stalled
recovery of synthesis in priA2 and priB302 mutants to indicate that
cells are able to resume some DNA synthesis but fail to reestablish
or reset an efficient replisome after the disruption or arresting
event. Consistent with this interpretation, suppression of priA2 by
dnaC809, which is thought to bypass the requirement for PriA in
reestablishing a bona fide replisome from disrupted replication
fork substrates (39), completely restores the ability of these cells to
resume replication after UV-induced DNA damage (see Fig. S1A
in the supplemental material).

The impaired replication in priA2 mutants explains the appar-
ent difference between the extents of inhibition observed in the
wild-type and priA2 cells. priA2 mutants are impaired in their
ability to replicate in the absence of DNA damage, which, based on
the accumulation of DNA (Fig. 3, 14C-label), occurs at 32% of the
rate of wild-type cultures. Based on the raw counts of [3H]thymi-
dine incorporated during the 2-min pulse, the rate of replication
was inhibited to a similar extent in both wild-type cells and priA2
mutants after UV irradiation, 2,178 and 2,286 cpm, respectively.
However, prior to irradiation, the incorporation of [3H]thymi-
dine in wild-type cultures was much higher than in priA2 cultures,
33,902 versus 7,217 cpm. Thus, although the difference between
the replication rate before and after inhibition by UV is less in
priA2 than in wild-type cultures, the actual amount of synthesis
remaining in both cultures after UV irradiation was similar. Not-
withstanding the inherent basal replication defect in priA2 mu-
tants, the apparent lack of a sustained recovery in the rate of DNA
synthesis after UV irradiation suggests that PriA function is
needed to reset or reestablish an active replisome following arrest
at UV-induced damage.

In UV-irradiated Rep mutants, the recovery of DNA synthesis
was also delayed until 60 min postirradiation (Fig. 3). The delayed
recovery in rep cultures was more severe than would be expected
based on the amount of DNA accumulating in these mutants, and
it was not as robust as that observed in wild-type cultures. This
result suggests that while replication can recover in cells lacking
functional Rep protein, it proceeds at a much lower rate than in
wild-type cells.

In the absence of exogenous DNA damage, the replication
competence of strains other than priA2 was similar to that of wild-
type cultures (Fig. 3, 14C-labeled DNA). Based on the total DNA
accumulation, wild-type cultures doubled once every 45 min un-
der our conditions. In comparison, in recF, priB302, priC, and rep
cultures, DNA doubled at a rate that was 104, 88, 85, and 89% of
that observed in wild-type cells, respectively.

The UV hypersensitivity of priA2 and rep mutants mirrored
their defective or delayed ability to resume DNA synthesis (Fig. 4).
However, the delayed recovery of replication in priB302 mutants
did not translate into a UV-hypersensitive phenotype. Both

priB302 and priC mutants were as resistant to UV irradiation as
wild-type cells, as was the dnaC809-suppressed priA2 mutant (Fig.
4; also see Fig. S1B and S2 in the supplemental material). These
results are generally consistent with those previously reported for
these mutations and confirm that PriA and Rep contribute to cell
survival after UV irradiation (9, 22, 54). It is noteworthy that the
hypersensitivity of priA2 was nearly identical to that of a recA
mutant and had a mean (37%) lethal dose (LD37, or e�1 survival)
occurring at 0.2 J/m2 or 	6 lesions per genome (Fig. 4; also see Fig.
S2). Previous studies have shown that recA is essential for survival
when replication encounters a UV-induced lesion (14, 15, 29, 31).
Thus, analogous to recA, the hypersensitivity of priA2 is consistent
with the idea that PriA is nearly essential for survival when repli-
cation encounters a UV-induced DNA lesion.

priA2 mutant cells are impaired for growth and viability in
the absence of damage. Of the primosomal mutants examined,
only priA2 mutants reduced the quantity of DNA replicated by the
cell in the absence of exogenous DNA damage. However, it is
possible that the absence of the other primosomal proteins or Rep
helicase impairs the overall integrity of the DNA or increases DNA
strand exchanges or rearrangements that would compromise the
cell’s ability to grow or divide. To assess this, we compared the
growth rate and viability of wild-type cells to those of isogenic
priA2, priB302, priC, and rep mutants as well as recA mutants.
Viable cells (105) were used to inoculate media, and the culture’s
growth at 37°C was monitored over time by examining the absor-
bance at 600 nm.

The maximum rate of growth for wild-type cells under our
conditions was 0.0164 A600/min (Fig. 5A). In comparison, the

FIG 4 PriA and Rep are required for cell viability following UV irradiation.
(A) The survival of wild-type (�), priA2 (�), priB302 (o), priC (�), rep (�),
and recA (�) cultures after UV irradiation at the indicated doses. (B) The
survival of wild-type (�), priA2 (�), and recA (�) cultures replotted on a
different scale. Graphs represent averages from at least three independent ex-
periments. Error bars represent one standard deviation. A comparison of the
viability of all strains across a range of UV doses used is shown in Fig. S2 in the
supplemental material.
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maximal growth rates for priB302, priC, and rep were similar to
those of wild-type cultures, with rates of 0.0161, 0.0191, and
0.0160 A600/min, respectively. recA mutants reached a maximal
growth rate of 0.0119 A600/min (73% of wild-type cells) after nor-
malization for cell viability, consistent with previous reports for
recA mutants (10). In contrast, the absence of priA2 caused a se-
vere growth impairment under normal conditions even after nor-
malizing for the low cell viability in this strain, reaching a maxi-
mum of 0.0061 A600/min (37% of the rate of wild-type cells). This
rate of growth closely mirrors the reduced rate of replication seen
in this strain. Growth in the priA2 mutant was restored to wild-
type rates by dnaC809 (see Fig. S1C in the supplemental material).

In addition, the relative viability of priA2 mutants, as measured
by CFU per OD600 and CFU per ml, was reduced by approximately
10- to 20-fold, similar to what was previously reported for a priA1
mutant (37), whereas the viability of recA and all other mutants
was within 2-fold of that of wild-type cultures (Fig. 5B; also see
Fig. S1D in the supplemental material). Thus, although both PriA
and RecA are nearly essential for survival following arrest by UV-
induced damage, only PriA affects the viability and growth in the
absence of DNA damage, consistent with its proposed role in
maintaining efficient lagging-strand synthesis during replication
(35, 38).

DISCUSSION

In this study, we characterized the molecular events occurring at
UV-arrested replication forks in priA2, priB302, priC, and rep mu-

tants. Following arrest by UV-induced DNA damage, we observed
that the arrested forks are initially processed normally in the ab-
sence of the primosome or Rep helicase. The nascent DNA is par-
tially degraded, and a transient regression and resetting of the
replication fork DNA occurs with normal kinetics. In addition,
DNA synthesis initially begins to resume in each of the UV-irra-
diated primosomal protein and Rep mutants at times similar to
those for wild-type cultures, as evidenced by the reincorporation
of [3H]thymidine pools when the nascent DNA degradation
ceases (Fig. 2) and an increase in the DNA synthesis rate at early
times after fork arrest (Fig. 3). However, the recovery of synthesis
stalls in the absence of PriA, PriB, or Rep, and it is less robust when
it does resume. These observations indicate that the primosome
and Rep helicase operate at a late step in the recovery or reestab-
lishment of an active replisome after arrest by UV-induced DNA
damage.

Two models that have been proposed for how the primosome
and Rep helicase participate in restoring an active replisome fol-
lowing arrest by DNA damage are summarized in Fig. 6. Both
models propose late functions for the primosome and Rep heli-

FIG 5 PriA is required for robust growth in the absence of DNA damage. (A)
The OD600 of wild-type (�), priA2 (�), priB302 (o), priC (�), rep (�), and
recA (�) strains is plotted over time. (B) The number of viable cells in over-
night cultures of wild-type, recA, priA2, priB302, priC, and rep strains is indi-
cated in CFU � 106/ml and CFU � 106/OD.

FIG 6 Two models for primosome and Rep function following disruption by
DNA damage. (A) A model proposing that PriA and Rep function specifically
to reinitiate DNA synthesis following disruption events. (i) Following the dis-
ruption of the replication machinery (grayed circles) by DNA damage (^), (ii)
PriA or Rep functions in a reaction to transiently load DnaB and DnaG to
prime the leading strand and then (iii) stably load DnaB and DnaG on the
lagging strand (22, 27). (iv) The leading-strand primer allows for the de novo
formation of an active replisome downstream from the site of disruption. (B)
A model in which PriA and Rep are required by the replisome to maintain
efficient replication. (i) Following disruption by DNA damage, the recovery of
DNA synthesis requires that the lesion is either repaired (ii) or bypassed (iii) by
translesion synthesis (not shown), as found in previous studies (13). (iv) Since
PriA and Rep are needed to maintain replication in the absence of damage,
PriA and Rep would also be required for an active replisome to be maintained
once the replisome is reestablished and DNA synthesis resumes.
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case but differ in the mechanism by which they promote replica-
tion recovery. The first model proposes that following arrest, the
replisome and helicase are disrupted. Combinations of either
PriA, PriB, or Rep with PriC participate in the displacement of the
nascent lagging strand. These proteins then facilitate a transient
loading of the helicase and primase complex on the leading-strand
template, which serves as a primer, allowing a replisome to reini-
tiate downstream from the site of arrest (Fig. 6A). This model
arose from the observation that, in vitro, the helicase activity of
either PriA or Rep was capable of displacing the strands of a syn-
thetic replication fork structure. In the presence of the helicase
loader, DnaC, this is sufficient for the helicase and primase to
prime the resulting single-stranded regions that are generated on
the leading- and lagging-strand templates in vitro (22, 27).

The second model proposes that the primosome’s primary
contribution relates to enhancing the replisome’s stability or
priming efficiency during basal replication. Following arrest by
UV-induced DNA damage, the helicase remains associated with
the lagging strand, but other components of the holoenzyme may
be displaced or disrupted. RecQ and RecJ contribute to the dis-
placement and partial degradation of the nascent lagging strand,
while the RecFOR proteins, together with RecA, process the fork
DNA such that the lesion can either be repaired or bypassed. Once
the block to replication has been overcome, the replisome can
resume from the original arrest site. However, reestablishing an
efficient replisome requires the primosome protein PriA and, to a
lesser extent, PriB and PriC to coordinate the helicase/primase
complex with the progressing replisome. The Rep helicase may
also contribute to this reaction by helping to clear the region of
other protein factors, such as recombination proteins, repair en-
zymes, or translesion polymerases, that may impair or compete
with the replisome’s ability to bind its forked substrate (Fig. 6B).

We interpret the in vivo observations presented here to be more
consistent with the second model. A prediction of the first model
is that the absence of PriA or Rep would result in attenuation of
the nascent DNA unwinding and degradation at the arrested rep-
lication fork. However, the absence of the primosomal proteins or
Rep does not impair the degradation of the nascent DNA, suggest-
ing that these proteins do not contribute to the displacement of
the nascent lagging strand in vivo (Fig. 3). The observation that
DNA synthesis initially resumes and then stalls in the primosome
and Rep mutants is also more consistent with a model in which the
polymerase resumes from the existing 3= end on the leading-
strand template where replication was originally arrested. Reiniti-
ation from a primer synthesized in a PriA- or Rep-dependent
manner would predict that the initial resumption of DNA synthe-
sis is severely delayed or fails to occur in the absence of these
proteins.

The first model also speculates that the DnaB helicase is dis-
rupted following encounters with UV-induced damage and sug-
gests that new helicases are reloaded onto both the leading and
lagging strands of DNA. This would necessitate that the helicase
on the leading strand is also removed somehow, since its presence
and polarity on this strand would lead to replication initiating in
the wrong direction (Fig. 6A). However, other studies have ob-
served that DnaB forms an unusually stable complex with its DNA
substrate and remains associated with the DNA following encoun-
ters with UV damage in vitro (42, 43). Further, disruption of the
DnaB helicase in vivo using a thermosensitive protein results in the
degradation of the nascent DNA by exonuclease I and produces

extensive single-stranded intermediates that are unlike any of the
intermediates observed during the processing and recovery of rep-
lication at UV-induced lesions (5). These observations argue
against the idea that the helicase dissociates or is able to transiently
associate on the leading DNA strand following arrest by UV-in-
duced damage.

Considering that PriA and Rep are both needed to maintain
replication in the absence of DNA damage, we propose that their
requirements after replication disruption relate more to their roles
in maintaining efficient genome duplication. In this capacity, PriA
reloads the primase and helicase on this template after disruption,
while Rep helicase activity clears protein-bound replication fork
DNA following repair (Fig. 6B). In effect, the loss of these activities
would prevent or delay robust replication from resuming in their
absence, as is observed experimentally.

Although these experiments do not exclude the possibility of de
novo reinitiation, there is good evidence to suggest that in vivo,
replication frequently resumes from the original site of disrup-
tion, as proposed in Fig. 6B. In the absence of nucleotide excision
repair, the recovery of DNA synthesis in the presence of blocking
lesions is severely impaired and results in high rates of DNA rear-
rangements and cell lethality in vivo, suggesting that lesions must
be removed prior to the reestablishment of the replication fork
(12–16, 21, 58). Further, a dramatic observation we consider im-
portant to this question is that in the absence of fork processing by
RecJ or nucleotide excision repair, which allows the blocking le-
sion to be removed, the recovery of DNA synthesis becomes en-
tirely dependent on translesion synthesis by DNA polymerase V
(13). The dependence of recovery, in vivo, on a DNA polymerase
that polymerizes through a blocking lesion strongly suggests that
replication is frequently resuming from the site of the original
blocking lesion rather than reinitiating de novo downstream of the
lesion.

While both priA2 and recA mutants are extremely hypersensi-
tive to DNA damage, only priA2 mutants exhibit a severe growth
and replication impairment in the absence of damage. This obser-
vation indicates that PriA must have a more fundamental role in
maintaining efficient chromosome replication, consistent with a
number of previous studies. In vitro, PriA, together with PriB and
PriC, enhances the processivity of priming by DnaB and DnaG
and is required for minus-strand �X174 DNA synthesis in vivo
and in vitro (2, 40, 61, 72). In addition, priA mutants are unable to
maintain colE1-, R1-, or oriC-based plasmids (36, 49). The small
size and high copy number of these minichromosomes make it
unlikely that replication disruption events alone account for this
phenotype and suggest a more basal function for PriA in their
replication. Finally, a number of point mutants in other known
subunits of the core replication complex, including the beta slid-
ing clamp DnaN, the primase DnaG, and the proofreading exo-
nuclease DnaQ, exhibit reduced viability, growth defects, and
chronic SOS induction similar to priA mutants (23, 48–50, 63). In
contrast, mutants such as recF, recO, recR, and recJ that are im-
paired in their ability to restore replication after disruption by
DNA damage are not diminished for growth and are not chroni-
cally induced for the SOS response (14, 17). These observations
argue that the chronic SOS induction in priA2 is the result of a
fundamental deficiency in maintaining efficient chromosomal
replication rather than frequent disruption by DNA damage.

Recent studies have shown that Rep functions as a motor to
remove protein bound to DNA during replication (4, 7, 24, 26).
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Considering that the absence of Rep does not alter the initial pro-
cessing or resetting of the disrupted fork, we hypothesize that the
observed delay and slow kinetics of resumption are the result of a
requirement to clear bound proteins from the template DNA.
Candidate proteins that might be bound to the template DNA
following lesion removal include DNA repair proteins such as
UvrC, which has been shown to have a slow turnover rate follow-
ing incisions at the 5= and 3= ends of DNA lesions (18, 66). This
interpretation may also partially explain the inviability of uvrD rep
cells, since the absence of both of these proteins would be expected
to inhibit the dissociation of repair enzymes from damaged sites
on the DNA template and the subsequent reassembly of the repli-
some (7, 24). Such a role would also be consistent with recent
studies demonstrating that the impaired replication phenotypes
of rep mutants relate to their inability to resolve conflicts and
remove proteins ahead of the fork during replication and is unre-
lated to PriC-directed replisome assembly (3, 24, 73).

Based on models similar to those shown in Fig. 6, recent bio-
chemical approaches focusing on the ability of PriA, PriB, PriC,
and Rep to prime and initiate replication de novo have observed
that priming promoted by these factors occurs relatively nonspe-
cifically, with partial redundancy, or even in the complete absence
of the primosome or Rep proteins (3, 24, 73, 74). The observation
that nascent DNA processing ceases and that DNA synthesis re-
sumes in vivo, albeit inefficiently, in cells lacking PriA, PriB, PriC,
or Rep argues that de novo priming either is not required or can
occur in their absence. However, the impaired ability of rep, priA2,
and priB302 mutants to reestablish a replisome that is capable of
efficient, sustained DNA replication suggests that it is of interest to
examine whether the presence of these proteins contributes to the
overall stability of the replisome, its processivity, or its priming
efficiency in vitro.
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