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MINIREVIEW
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As a result of the work of many laboratories, a new paradigm
describing the manner by which bacteria respond to repair
DNA damage has emerged. This paradigm holds that under
any growth condition, essentially all replication forks formed at
oriC encounter DNA damage and either stall or collapse be-
fore they can complete synthesis of the genome. Maintenance
of cell viability therefore requires both correction of the DNA
lesion via the action of the DNA repair enzymes and replica-
tion fork restart via the combined action of the DNA recom-
bination and replication enzymes. A proposal has been ad-
vanced to distinguish this pathway, which operates as a
housekeeping function in the absence of exogenous insult to
the cell and is likely to be inherently nonmutagenic, from the
SOS response, which is induced by exogenous DNA damage
and includes error-prone repair, that it be named CPR for
coordinated processing of damaged replication forks (M. M.
Cox, M. F. Goodman, K. N. Kreuzer, D. J. Sherratt, S. J.
Sandler, and K. J. Marians, submitted for publication). In this
minireview, we will describe the central role of PriA in the
replication fork restart step of CPR.

THE BEGINNINGS

PriA was discovered because of its requirement for the syn-
thesis of the complementary strand of bacteriophage fX174
single-stranded DNA in vitro (42, 49). This reaction could be
divided into two steps: synthesis of a RNA primer and elon-
gation of that primer to make the complementary strand. The
latter step was catalyzed by the replicase of Escherichia coli, the
DNA polymerase III holoenzyme. The former step required a
number of proteins, now referred to as the fX-type primo-
somal proteins. These were ultimately resolved into PriA, PriB,
PriC, DnaT, DnaB, DnaC, and DnaG (26, 27).

The priming step required the assembly of a replication
intermediate on the DNA that was capable of both movement
along the single strand and synthesis of the primer. This pro-
tein machine was named the primosome (2). Assembly of the
primosome on DNA was specific in that only bacteriophage
DNAs that used the fX-type primosomal proteins for replica-
tion could support assembly of the primosome. This specificity
resided in PriA, which recognized and bound to a site on fX
DNA to serve as a scaffold for assembly of the primosome (7,
42). This site was named a primosome assembly site (PAS) (27)
and shown to be a region of the DNA that could assume a
stable hairpin structure (42).

Intensive biochemical studies revealed many interesting fac-
ets of primosome assembly and function. DnaB and DnaG
were demonstrated to be the cellular replication fork DNA
helicase (3, 17, 32) and Okazaki fragment primase (4, 48),
respectively. DnaG interacts distributively with the preprimo-
some (the primosome without DnaG) through a specific inter-
action with DnaB (45, 51). PriA also has 39359 DNA helicase
activity (16, 20), which is the opposite directionality of the
DnaB helicase activity (17). Thus, the preprimosome is capable
of both bidirectional translocation along single-stranded DNA
and bidirectional DNA helicase activity (21).

The primosome concept—an enzyme or a group of enzymes
that exist as a complex and that can both unwind duplex DNA
and catalyze the synthesis of short oligoribonucleotide prim-
ers—was an attractive way to provide two of the necessary
activities at a replication fork. Indeed, the fX-type primosome
was shown to be able to provide just those activities at repli-
cation forks during both rolling-circle DNA replication, using
specialized tailed form II DNA templates (32, 51), and the
replication of ColE1-type plasmid DNAs (31).

However, the relationships of PriA, PriB, PriC, and DnaT to
cellular DNA replication were unclear. Whereas the primo-
some activities would seem to be necessary for DNA replica-
tion, none of these proteins were required for oriC-directed
replication of small plasmid templates reconstituted with pu-
rified proteins (10) and none of the genes encoding these
proteins have been identified in exhaustive searches for DNA
replication mutants with a slow stop phenotype. These seem-
ingly contradictory data can be reconciled by recent studies
showing that whereas these proteins are unlikely to be present
in a primosome formed at oriC through the action of DnaA,
they are crucial for completing chromosomal DNA replication.
In fact, the combination of PriA, PriB, PriC, and DnaT appears
to play a role similar to that of DnaA in that they load DnaB
into the forming replisome. Whereas DnaA does this at oriC,
as discussed below, PriA, PriB, PriC, and DnaT do this at
recombination intermediates.

GENETICS AND MODELS

The gene encoding PriA was molecularly cloned by reverse
genetics (19, 35). The open reading frame specified a protein
of 732 amino acids having a calculated molecular mass of 81.7
kDa. PriA has the seven amino acid motifs common to most
DNA helicases and falls into the SF2 superfamily, where it
defines its own subgroup (6). Between helicase motifs IV and
V is an extensive Cys metal-binding motif. This is an unusual
insertion in a DNA helicase and presumably is responsible for
some of the unique properties of the protein.

Several interesting priA missense mutant genes have been
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isolated and/or constructed by site-directed mutagenesis on
plasmids so that the mutant proteins could be overproduced,
purified, and studied in vitro. In some cases, these alleles have
been transferred to the chromosome (S. J. Sandler, P. Nurse, J.
Liu, and K. J. Marians, unpublished data). Some conclusions
from these studies include the following. (i) PriA is a multi-
functional protein with both ATPase, helicase, and translocase
activities. These are genetically separate from its primosome
assembly activity (54). (ii) Only the primosome assembly func-
tion is apparently uniquely needed for the role of PriA in the
cell (14, 39, 54). (iii) The cysteine-rich region thought to be
involved in Zn21 binding is important for helicase activity (55)
and interactions with at least one other primosome assembly
protein, PriB (23).

In order to assess the role of PriA in chromosomal DNA
replication, disruptions of priA were constructed (18, 37).
priA1::kan has the kanamycin resistance-encoding gene in-
serted downstream of codon 405 accompanied with a deletion
of codons 406 to 466 (18). priA2::kan has the gene encoding
kanamycin resistance inserted between codons 154 and 155, 70
amino acids upstream of the nucleotide-binding motif (37).
The strains with both of these disruptions are devoid of PriA
replication activity as measured biochemically.

The priA disruption strains had severely reduced viability
and filamented extensively (18, 37). Lee and Kornberg (18)
noted that priA1::kan strains were UV sensitive. We found that
priA2::kan strains were constitutively induced for the SOS re-
sponse and that some viability could be restored if a sulA
mutation was also present (37). Complete suppression of SOS
induction could be achieved if the priA300 allele was provided
in trans (54). This mutant gene encodes PriA K230R, a PriA
protein that is no longer a DNA helicase but can still assemble
a primosome (54). To account for the observed induction of
SOS in the absence of exogenous DNA-damaging agents, we
proposed that PriA primosome assembly activity was required
to restart replication forks that had stalled because of encoun-
tering endogenous DNA damage (37, 53). The mechanism of
replication fork assembly emerged as a result of subsequent
investigation of the phenotypes of priA mutants.

priA strains have a very complex phenotype. In addition to
those listed above, they are sensitive to rich media (28) and are
defective in homologous recombination (14, 39), both induc-
ible and constitutive stable DNA replication (iSDR and cSDR,
respectively) (28), and in the repair of both double-strand
breaks (14) and UV-damaged DNA (14, 18, 39). As was the
case for the induction of the SOS response, all of these phe-
notypes could be suppressed by providing priA300 in trans. As
discussed below, it is likely that all of these phenotypes arise
either as a result of a failure to assemble replication forks at
recombination intermediates or because of the accumulation
of recombination intermediates in the cell.

priA null mutants also acquire suppressor mutations rapidly
that restore viability, recombination proficiency, and UV and
X-ray resistance to wild-type levels (14, 39). Seventeen inde-
pendent suppressor mutations have all been mapped to dnaC
(39). DnaC is another primosomal protein that forms a com-
plex with DnaB in solution (50) and facilitates the delivery of
DnaB to single-stranded DNA.

How to explain all of these phenotypes based on the loss of
the PriA primosome assembly activity? A common thread
among many of these phenotypes is that they involved recom-
bination. Sensitivity to rich media presumably results from the
added complexities of having multiple chromosomes in the
same cell, providing a rich milieu for recombination. Models of
repair of double strand breaks and some modes of repair of
UV-damaged DNA (43) involve the use of sister chromosomes

to recover the lost genetic information via the establishment of
recombination intermediates. Both iSDR and cSDR require
recA. iSDR also requires other recombination genes such as
recB, recC, and recF, whereas cSDR does not require any other
recombination genes (13). This engendered proposals that
PriA was directing the assembly of the fX-type primosome at
recombination intermediates which, in turn, led to the estab-
lishment of a replication fork (14, 39).

The defect in homologous recombination during such pro-
cesses as P1 transduction could be explained in one of two
ways. Either replication fork assembly at recombination inter-
mediates is an obligatory step for resolution (i.e., “ends-out”
RecBCD-mediated recombination [44]) or the presence of re-
combination intermediates themselves block replication fork
progression, creating a requirement for restart.

Masai et al. proposed that the initiating structures during
iSDR and cSDR were a D loop and a R loop, respectively,
targeted by PriA (28). A genetic interaction between recG and
priA also suggested that D loops were the target for PriA (1).
RecG is required for wild-type levels of recombination and
repair (25). This protein is a 39359 DNA helicase that recog-
nizes Holliday junctions and three-strand junctions such as
those found in D loops (47). RecG can catalyze branch migra-
tion in vitro so as to drive the invading strand in a D loop in the
39359 direction into the donor duplex, thereby helping to
establish Holliday intermediates (46).

Suppressors of the recombination and repair defects of recG
mutations, named srgA, were found to be allelic with priA (1).
Because priA1 overexpressed from a multicopy plasmid had a
dominant-negative effect on srgA suppression of recG mutant
phenotypes and overexpression of priA300 did not, Al-Deib et
al. (1) concluded that the necessary event for creation of a
suppressor was a reduction in the helicase activity of PriA.
These researchers envisioned that at a Holliday structure, the
two enzymes could catalyze branch migration in opposite di-
rections. When RecG was present, the net result was positive
for DNA repair. When the helicase activity of RecG was ab-
sent but that of PriA was present, the net result was counter-
productive for DNA repair. Whether PriA has this function in
recG1 cells remains to be determined. Nevertheless, the affin-
ity of PriA for a D loop has been demonstrated biochemically
and is central to its ability to direct replication fork restart.

PriA-DIRECTED REPLICATION FORK ASSEMBLY
AT D LOOPS

McGlynn et al. (29) first showed that PriA could specifically
bind a D loop composed of short oligonucleotides, whereas it
did not bind the corresponding bubble structure. Our subse-
quent analyses indicated that PriA binding of the D loop was
by virtue of its affinity for bent DNA at three-strand junctions
(36). The affinity of the protein for junctions with a 59 tail was
very high, with an equilibrium dissociation constant (KD) of 1.3
nM, 30-fold greater than the affinity for a junction with a 39 tail.
In a D loop with a 39 invading strand, this places PriA at the
junction formed by the 39 end of the invading strand and the
target DNA (Fig. 1). Preferential binding of PriA to three-
strand junctions was also noted by Jones and Nakai (9).

For replication fork assembly to occur on a D loop, the
39-OH of the invading strand can be used as the leading-strand
primer. The direction of replication fork propagation then
requires that the functional primosome be bound to and mov-
ing on the displaced strand (Fig. 1). DNA footprinting studies
showed that PriA actually bound to all three strands of the D
loop at the three-strand junction (22). Although a footprint of
a complete primosome on D-loop DNA could not be obtained,
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alterations in nuclease sensitivity indicating that unwinding of
the D loop had occurred confirmed that PriA could direct the
assembly of a primosome on this structure (22). Unwinding of
the D loop was consistent with DnaB being loaded onto the
displaced strand. The disposition of the other primosomal pro-
teins in the complex remains unclear. Jones and Nakai (9) have
also demonstrated fX-type primosome-dependent unwinding
of a three-strand junction during phage Mu replicative trans-
position.

Using a circular, nicked, double-stranded template carrying
a D loop, we demonstrated that PriA could direct replication
fork assembly at this structure (24). Replication fork formation
required the action of all the primosomal proteins in the pres-
ence of the single-stranded DNA-binding protein (SSB), al-
though the dependence on PriC was weak (see below for a
possible interpretation of this). That a bona fide replisome had
formed was supported by the observation that rapid replication
fork propagation required the protein-protein interaction be-
tween DnaB and the t subunit of the DNA polymerase III
holoenzyme. This interaction has been shown both to define
the replisome, directing which one of the two polymerase cores
in the holoenzyme becomes the leading-strand polymerase (11,
52), and to stimulate the unwinding rate of DnaB (12, 52).

Replication fork assembly proceeded as well in the presence
of the PriA K230R protein as in the presence of the wild-type
PriA protein (24). Because provision of priA300 in trans sup-
presses all of the priA2::kan phenotypes, this suggests that the
ability of PriA to direct replication fork assembly at a recom-
bination intermediate like a D loop is likely to represent its
primary role in the cell. This is also supported by the properties
of the DnaC810 protein (L. Xu and K. J. Marians, submitted
for publication). This protein is encoded by dnaC810, a natu-
rally arising suppressor of all of the phenotypes of the
priA2::kan allele (39).

DnaC810 was able to bypass the action of PriA, PriB, PriC,
and DnaT and assemble a replication fork on the D-loop
template in the presence of only DnaB and the holoenzyme
(24). Because the presence of DnaC in a DnaB-DnaC complex
prevents DnaB binding to single-stranded DNA and transfer of
DnaB to SSB-coated DNA cannot occur, access of DnaB to the
DNA in the cell is effectively limited to targeting by mecha-
nisms that involve additional DNA replication proteins to gen-
erate a SSB-free region of single-stranded DNA for DnaB

binding. Two mechanisms that operate in vivo are known to do
this: DnaA-directed initiation of DNA replication at oriC (10)
and PriA-directed assembly of a primosome at recombination
intermediates such as a D loop as described above. The un-
derlying gain-of-function of the mutant DnaC810 is an ability
to transfer DnaB from a DnaB-DnaC complex directly to SSB-
coated DNA (Xu and Marians, submitted).

A key feature of DnaC810-mediated bypass of PriA function
that remains to be illuminated is whether this protein has also
assumed the targeting role provided by PriA in bringing DnaB
to the D loop. For complete primosome assembly, the speci-
ficity of PriA for binding to the D loop assures proper target-
ing. Does DnaC810 have a similar specificity, or is another, as
yet unknown protein(s) needed?

The importance to the cell of replication fork assembly at
recombination intermediates is underscored by the biochemi-
cal properties of the DnaC810 protein and by recent data
indicating the existence of multiple parallel pathways for rep-
lication fork restart.

MULTIPLE PATHWAYS OF REPLICATION FORK
RESTART

Assembly of the fX-type primosome on fX174 viral DNA is
an ordered process. As analyzed by gel mobility shift and
enhanced chemiluminescence-Western analyses using a 304-
nucleotide single-stranded DNA carrying the PAS from fX
DNA as the substrate, PriA-directed primosome assembly pro-
ceeded in discrete steps resulting in, sequentially, the following
protein-DNA complexes (33): (i) PriA-PAS DNA, (ii) PriA-
PriB-PAS DNA, (iii) PriA-PriB-DnaT-PAS DNA, (iv) PriA-
PriB-DnaT-DnaB-PAS DNA (the preprimosome), and (v)
PriA-PriB-DnaT-DnaB-DnaG-DNA (the primosome). The as-
sociation of DnaG with the preprimosome is transient and is
governed by a protein-protein interaction between DnaG and
DnaB (45). Although PriC was not required for stable prepri-
mosome assembly on the 304-nucleotide PAS DNA substrate,
it was found as a component of preprimosomes assembled on
and isolated bound to full-length fX viral DNA (34). Thus, it
is possible that PriC plays a role in stabilizing the primosome
on DNA, rather than being required in an absolute fashion for
primosome assembly. Is this the pathway of primosome assem-
bly at recombination intermediates in the cell? Probably not.

The pathway of assembly of the fX-type primosome out-
lined above predicted that mutations in priB and priC would
display phenotypes identical to those of priA2::kan. This was
not the case. Neither the DpriB302 nor priC303::kan mutations
exhibit any of the phenotypes of the priA2::kan mutation, al-
though the priB mutant does shows a twofold decrease in
homologous recombination (38). Remarkably, however, when
the mutations were combined, the priB priC double mutant was
barely viable and grew even more slowly than strains carrying
the priA2::kan mutation. Like priA2::kan strains, the priB priC
strains also acquired suppressor mutations rapidly.

Partial phenotypic rescue occurs when dnaC809 (resulting in
the same amino acid substitution as dnaC810) is combined
with DpriB302 and priC303::kan. These triple-mutant strains
were SOS induced and recombination defective similar to
priA2::kan strains but were UVr and as viable as the wild type.
A second suppressor mutation was selected in the triple-mu-
tant background that restored the strain to essentially wild-
type properties. This suppressor was found to also arise in
dnaC (the doubly mutated gene is called dnaC809,820). The
dnaC820 mutation maps just two codons downstream of the
dnaC809 mutation. These results suggested that priC and priB
encoded redundant functions in parallel pathways (Fig. 2). It is

FIG. 1. PriA-directed replisome assembly at a D loop. (Top) Relative posi-
tions of PriA and DnaB on D-loop DNA during assembly of the primosome, as
deduced from DNA footprinting studies. (Bottom) Direction of subsequent
replication fork progression. The invading strand is used as the primer for
leading-strand synthesis, whereas Okazaki fragment synthesis is primed as a
result of the periodic interaction of DnaG with DnaB as the helicase moves
59339 along the lagging-strand template.
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very likely that the selective activity of dnaC809 and
dnaC809,820 reflects the fact that they are compensating for
the absence of different, redundant pathways of replication
fork assembly at recombination intermediates.

A strong case can be made that PriA is the major force in
directing replication fork restart in E. coli. However, why, then,
is priA2::kan not lethal to the cell? One possibility is that there
are multiple pathways of replication fork restart. As suggested
by the data described above, different pathways may utilize
different assortments of the fX-type primosomal proteins. In
their ongoing studies of mechanisms that lead to the genera-
tion of double-strand breaks in vivo, Seigneur et al. (41) dem-
onstrated that rep recB combinations were lethal and suggested
that the absence of Rep led to more-frequent replication fork
arrest. This group had shown previously that fork arrest led to
the production of double-strand breaks (30). At this level,
however, replication fork arrest cannot be distinguished from
the failure to restart, so it was not a total surprise that Seigneur
et al. (41) also reported that the rep priA combination was also
lethal.

Like PriA, Rep is a 39359 DNA helicase. Interestingly, rep
was identified as a gene that, when mutated, did not support
the growth of fX174 (5), and biochemical analysis showed that
it could form a replication fork with the fX gene A protein and
the holoenzyme that was responsible for viral strand produc-
tion during the phage life cycle (40). Replication forks in rep
mutants have been reported to travel at one-half the speed of
the wild type (15). This is consistent with a role for Rep in
replication fork restart.

Using an indirect selection technique, we have searched for
synthetic lethality between PriA and other primosomal pro-
teins. We confirmed that priA rep formed a lethal combination
and further demonstrated that the priA priC combination was
also lethal, whereas both the priA priB and the priC rep com-
binations were viable (S. J. Sandler, unpublished data). More-
over, the dnaC809,820 mutation, but not the dnaC809 muta-
tion, could suppress either synthetically lethal combination.

Taken together, this suggests that there are both PriA-depen-
dent and -independent pathways of replication fork restart at
recombination intermediates. The PriA-dependent pathway
requires at least PriA and either PriB or PriC, whereas the
PriA-independent pathway requires at least both PriC and
Rep. One model for how these pathways might function is
given in Fig. 2. This model may also explain why the require-
ment for PriC during primosome assembly on fX DNA in
vitro is weak.

PERSPECTIVES

It is now clear that replication fork restart is an essential
cellular function. Given that the role of the fX174-type pri-
mosome is now reasonably well established within the process
of fork restart, it seems appropriate to suggest that it be iden-
tified by a name that is more descriptive. We therefore propose
to call the primosome that requires PriA, PriB, PriC, DnaT,
DnaB, DnaC, and DnaG for assembly the replication restart
primosome. Even so, the complete picture detailing replication
fork reactivation must still be elucidated. What are the other
players in the PriA-dependent and -independent pathways?
This should become clear from an approach combining bio-
chemical and genetic methods. Clearly in vitro systems are now
required that reconstitute, e.g., double-strand break repair.
Further genetic dissection of the restart pathways may be aided
by screens for suppressors of priA point mutations that we have
recently transferred to the genome and which recapitulate the
phenotypes of priA2::kan (Sandler et al., unpublished).

Are PriA and Rep functional equivalents? If they are, is
there a role for the Rep DNA helicase activity during fork
restart? At the moment, this seems unlikely because the
priA300 Drep::kan combination is viable (Sandler, unpub-
lished). It would be interesting to see whether this pair of
mutations could be combined with recG mutations. Interest-
ingly, unlike the case with replication fork restart, PriA DNA
helicase activity is required for growth of phage Mu (8). It has
been suggested that the PriA helicase first operates to create a
single-stranded region on the Mu recombination intermediate
to which DnaB can then bind (9).

How does the type of recombination intermediate and/or the
assortment of recombination proteins present on the interme-
diate influence the choice of restart pathway taken? These are
murky waters. There are currently clear differences between
the biochemical phenotypes of the DnaC suppressor proteins
and the phenotypes of their respective alleles. DnaC810
cleanly bypasses PriA, PriB, PriC, and DnaT function in rep-
lication fork assembly on the D-loop template (24) and can
deliver DnaB to SSB-coated DNA without the aid of other
proteins (Xu and Marians, submitted), yet the genetic obser-
vations suggest a PriC dependence (38; Sandler, unpublished
data). And in vitro, DnaC810,820 shows a PriC dependence in
replication reactions containing a SSB-coated template, DnaB,
DnaG, and the holoenzyme (L. Xu and K. J. Marians, unpub-
lished data), whereas the genetics would argue against this
requirement (38; Sandler, unpublished; Sandler et al., unpub-
lished). It seems likely that this apparent disparity relates to
the fact that our biochemical systems are not yet complex
enough to mirror the situation in vivo with complete accuracy.
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FIG. 2. Multiple pathways of replication fork assembly at recombination
intermediates. One possible set of pathways, based on the genetic data discussed
in the text, involves the replication restart primosomal proteins and Rep during
replication fork assembly at recombination intermediates. Each column denotes
one possible pathway. The steps separated by vertical arrows in each column
represent the order of action of particular proteins during assembly of the restart
primosome. This order of assembly is based on biochemical data discussed in the
text. The bifurcation in the PriA-dependent pathway indicates that PriA can
interact with either PriB or PriC (and Rep?). Question marks indicate that the
action of this protein in the pathway is unclear. Regardless of which proteins are
present on the recombination intermediate as a final protein-DNA complex, the
object of each pathway is to place DnaB in position on single-stranded DNA so
that a new replication fork can form.
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