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Collisions between DNA replication complexes (replisomes)
and barriers such as damaged DNA or tightly bound protein
complexes can dissociate replisomes from chromosomes pre-
maturely. Replisomes must be reloaded under these circum-
stances to avoid incomplete replication and cell death. Bacteria
have evolved multiple pathways that initiate DNA replication
restart by recognizing and remodeling abandoned replication
forks and reloading the replicative helicase. In vitro, the simplest
of these pathways is mediated by the single-domain PriC pro-
tein, which, along with the DnaC helicase loader, can load the
DnaB replicative helicase onto DNA bound by the single-
stranded DNA (ssDNA)-binding protein (SSB). Previous bio-
chemical studies have identified PriC residues that mediate
interactions with ssDNA and SSB. However, the mechanisms by
which PriC drives DNA replication restart have remained
poorly defined due to the limited structural information avail-
able for PriC. Here, we report the NMR structure of full-length
PriC from Cronobacter sakazakii. PriC forms a compact bundle
of �-helices that brings together residues involved in ssDNA and
SSB binding at adjacent sites on the protein surface. Disruption
of these interaction sites and of other conserved residues leads
to decreased DnaB helicase loading onto SSB-bound DNA. We
also demonstrate that PriC can directly interact with DnaB and
the DnaB�DnaC complex. These data lead to a model in which
PriC acts as a scaffold for recruiting DnaB�DnaC to SSB/ssDNA
sites present at stalled replication forks.

Replication of circular chromosomes found in many bacteria
is initiated by sequence-specific binding of the DnaA initiator

protein to the origin of replication, oriC, which promotes
duplex DNA melting (1– 4). Single-stranded DNA (ssDNA)4

exposed by DnaA unwinding is rapidly bound by the ssDNA-
binding protein (SSB). DnaA, along with the helicase loader
DnaC, then directs loading of the replicative helicase, DnaB,
onto the SSB-coated ssDNA (4 –7). The remaining replication
proteins are recruited through protein interactions to form the
full replication complex, termed the replisome (8 –12). With
each round of replication, two replisomes are loaded at oriC to
replicate bidirectionally around the chromosome until con-
verging at the terminator region (13).

Replisomes assembled at oriC frequently encounter physical
barriers, such as damaged DNA or genome-bound protein
complexes (e.g. transcription machinery), that can stall and/or
prematurely dissociate the replisome from the DNA template
(14). Estimates from studies in Escherichia coli suggest that very
few replisomes translocate to the replication terminus without
dissociating at least once during each replication cycle (15).
Because unrepaired premature termination events lead to
incomplete replication, genome instability, and cell death,
DNA replication restart mechanisms that reload replisomes
onto abandoned replication forks are essential in bacteria (16).
Due to the sporadic nature of replication failure, DNA replica-
tion restart pathways must recognize abandoned replication
forks in a structure-specific and sequence-independent manner
to enable reloading of the replicative helicase.

E. coli encodes three genetically defined DNA replication
restart pathways that rely on distinct subsets of proteins: PriA/
PriB/DnaT, PriC/Rep, and PriA/PriC (17). In vitro reconstitu-
tion of the PriA/PriB/DnaT pathway shows that it relies on a
complex multiprotein hand-off mechanism to reload the DnaB
helicase (18, 19). PriC, in contrast, is able to mediate DnaB
loading without a requirement for Rep or other restart proteins
in vitro (20). Although PriC is not well conserved among bac-
terial species, the simplicity of PriC-mediated DnaB loading
makes it an excellent system for probing the minimal require-
ments for replication restart.

Given that DnaB loading at oriC is heavily regulated, reload-
ing of the helicase at stalled forks is also likely to be a regulated
process to ensure that the replisome does not assemble at
improper sites. Accordingly, replication restart proteins are
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activated by recognition of appropriate replication fork sub-
strates (20). Recent advances in defining the mechanisms
underlying PriC-mediated replication restart have provided
insights into how fork recognition and remodeling occur. Inter-
action between PriC and SSB is required for both fork recogni-
tion and remodeling, whereas an interaction between PriC and
ssDNA is predicted to play a role in mediating fork recognition
(21–23). Despite these recent studies, a deeper understanding
of PriC replication restart mechanisms has been hampered by
the limited amount of structural information on PriC and the
lack of insights into how DnaB is recruited to PriC-bound rep-
lication forks.

To better define the mechanisms of DNA replication restart,
we have determined the NMR structure of PriC from Crono-
bactersakazakii.PriCconsistsofacompactbundleoffive�-heli-
ces with residues that mediate interactions with SSB and
ssDNA clustering together on the protein surface in adjacent
binding sites. A biochemical study of PriC variants with altered
conserved surface residues confirms the critical contribution of
the SSB and ssDNA binding sites for in vitro DnaB loading.

Moreover, conserved regions outside of these binding sites
were found to be essential for PriC function in vitro and in vivo.
Finally, we demonstrate that PriC directly binds to DnaB and
the DnaB�DnaC complex. Taken together, these data support a
model in which PriC acts as a scaffold that recruits DnaB to
SSB/ssDNA present at stalled replication forks.

Results

In Vitro and in Vivo Functions of CsPriC—To determine the
structure of full-length PriC, we initially attempted to crystal-
lize PriC proteins from several bacterial species. Although crys-
tals were not obtained for any of these targets, C. sakazakii PriC
(CsPriC; 41% identical, 55% similar to EcPriC (Fig. 1A)) dem-
onstrated better solubility characteristics than other PriC ho-
mologs, making it a potential target for structure determination
by NMR. The activity of CsPriC was therefore examined to
determine whether it retained the in vitro and in vivo activities
expected for a bona fide PriC.

We first measured CsPriC binding to a peptide comprising
the SSB C terminus (SSB-Ct) and to ssDNA, both of which are

FIGURE 1. In vitro and in vivo analysis of CsPriC. A, sequence alignment of EcPriC (top line) and CsPriC (bottom line). Secondary structural elements are
indicated above the sequence. Residues tested in this study as well as those involved in SSB and ssDNA binding are highlighted. B, ITC analysis of CsPriC�SSB-Ct
complex formation. Shown are heat-evolved (top) and binding isotherm (bottom) from titration of the SSB-Ct peptide into a solution of CsPriC. The dissociation
constant was derived from a fit of the data to a single-site model. C, fluorescence polarization analysis of CsPriC and EcPriC binding to 5 nM fluorescein-labeled
dT15 in the presence of 0 or 75 mM NaCl. Data are the mean polarization values from triplicate experiments with one S.D. value of the mean shown as error (error
bars). D, autoradiogram (bottom) of a DnaB-loading assay testing CsPriC activity. The positions of the substrate and product are indicated to the left. The asterisk
marks the location of the 32P label. Shown is a quantification (top) of the percentage of product unwound for each condition. The grid (middle) indicates which
reaction components were included (�) or omitted (�) in each lane. Data are the mean of three replicates with one S.D. shown as error. E, co-transduction
analysis demonstrating that CsPriC can complement a priC deletion in E. coli. Data are the number of co-transductants (�priB TetR) versus the total number of
TetR colonies tested. Linkages are obtained from 2– 4 individual transduction experiments. **, p � 0.001 in a �2 test using the transduction frequency for the
wild type as the expected value.
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activities that have been reported for EcPriC (21, 23). Isother-
mal titration calorimetry (ITC) analysis showed that CsPriC
bound to the SSB-Ct peptide with a Kd of 2.1 � 0.4 �M (Fig. 1B),
closely matching the Kd for the EcPriC�SSB-Ct complex mea-
sured under the same conditions (3.7 � 0.6 �M (23)). A fluores-
cence polarization-based ssDNA binding assay showed that
CsPriC also bound a 5�-fluorescein-labeled dT15 oligonucleo-
tide with Kd values of �5 nM in the absence of NaCl and 25.9 �
0.9 nM in the presence of 75 mM NaCl (Fig. 1C). EcPriC bound
the same DNA with Kd values of 9.2 � 2.6 and 52.8 � 3.7 nM,
respectively, under the same conditions (Fig. 1C).

We next utilized an in vitro assay to test whether CsPriC
could load EcDnaB onto a synthetic replication fork structure
as has been previously observed for EcPriC (20, 23). In this
assay, a radiolabeled forked DNA substrate is prebound by
SSB, which blocks spontaneous loading of DnaB from the
DnaB�DnaC helicase�loader complex. The addition of EcPriC
relieves this blockage and stimulates DnaB loading, as scored by
DnaB-mediated DNA unwinding. As expected for a bona fide
PriC, the addition of CsPriC to this reaction facilitated DnaB
loading onto the DNA (Fig. 1D).

Finally, CsPriC in vivo activity was assessed by determining
its ability to allow deletion of the priB gene from an E. coli �priC
strain. Ordinarily, the simultaneous deletion of both priC and
priB is lethal in E. coli, because this combination eliminates all
replication restart pathways (17). However, the presence of a
functional priC gene on a plasmid confers viability in chromo-
somal priC priB double mutant strains (23). Expression
plasmids encoding CsPriC or EcPriC (positive control) or lack-
ing a priC gene (negative control) were transformed into a
priC303::kan E. coli strain, where a kanamycin resistance
marker had been inserted to disrupt the priC locus. These
strains then underwent P1 transduction with a �priB donor
carrying a linked tetracycline resistance marker (TetR). TetR

colonies were screened for the successful co-transduction of
the �priB allele, which would indicate that the plasmid-borne
PriC is functional in vivo and can support the priB deletion. As
expected, 0 of the TetR colonies co-transduced the �priB muta-
tion in the negative control (empty vector), whereas �56% of
the TetR colonies co-transduced the �priB mutation in the pos-
itive control (EcPriC) (Fig. 1E). Consistent with its function in
vivo, �24% of the TetR transductants with the CsPriC-encoding
plasmid carried the �priB mutation (Fig. 1E). Although this
co-transduction frequency is lower than that of the positive
control, the fact that multiple colonies carried the priB dele-
tion indicates that CsPriC can complement EcPriC function.
Taken together, these data demonstrate canonical PriC
function for CsPriC, making it an appropriate target for
structure determination.

NMR Structure of Full-length CsPriC—We next used hetero-
nuclear 1H/13C/15N NMR data and residual dipolar coupling
measurements to determine the NMR structure of CsPriC. The
low energy bundle of NMR structures had a backbone root
mean square deviation of 0.62 Å in well folded regions. A
relatively high number of unambiguously assigned NOEs per
residue (14.0) and the use of residual dipolar coupling con-
straints contributed to the high precision of the final coor-
dinates (Table 1).

The CsPriC structure consists of five �-helices arranged in a
compact bundle, with an extended 20-residue loop connecting
�1 and �2 (Figs. 1A and 2). A search for proteins that share
structural similarity with CsPriC using the DALI server (24)
revealed over 4,000 related folds within other proteins or pro-
tein domains. This large number most likely arises from the
high frequency with which helical bundle folds are found in
proteins. Surprisingly, a previously reported NMR structure of
an N-terminal fragment of EcPriC (22, 25) was not identified in
the DALI search due to significant differences in the arrange-
ment of helices between the two structures (Fig. 3). In the
N-terminal EcPriC fragment structure, the N-terminal-most
helix, �1, substitutes for the position of �4 in the full-length
structure. The position of this helix may shift to compensate for
the absence of �4 in the N-terminal fragment structure.

Structural Insights into Protein and DNA Interaction Sites in
PriC—Previous studies have identified two residues in EcPriC,
Arg-121 and Arg-155 (Arg-121 and Arg-151 in CsPriC), that
are essential for stabilizing its interaction with SSB (Table 2
(23)). These residues were found in adjacent �-helices in the
CsPriC structure, with the helical arrangement placing the two
basic side chains in close proximity (Figs. 2 and 4A). Additional
EcPriC residues that have been implicated in mediating the SSB
interaction (Phe-118, Arg-129, and Tyr-152 in EcPriC (21);
Tyr-118, Arg-129, and Leu-148 in CsPriC) are also localized to
this region (Table 2 and Figs. 2 and 4A). The electrostatics of the
PriC SSB-Ct binding site resemble those observed in other SSB-
associated proteins in which basic residues bind to the �-car-
boxyl group of the C-terminal Phe and to the Asp side chains
within the SSB-Ct element (26 –30) (Fig. 2B). The PriC SSB
binding site is also evolutionarily well conserved (Fig. 2B), con-
sistent with the essential nature of the PriC/SSB interaction for
PriC-mediated DNA replication restart in vivo (23). Interest-
ingly, the SSB-Ct binding site in PriC differs from SSB binding
sites in other proteins in that it is much “flatter” than those
previously observed. Analysis by the program EPOSBP (31)
failed to identify pockets on the surface of CsPriC, whereas
SSB-Ct binding pockets in other binding proteins range from
330 (exonuclease I (29)) to 700 Å3 (PriA helicase (30)) in the
absence of SSB-Ct binding. It is possible that a structural rear-
rangement takes place in PriC to form the pocket needed for
accommodating the SSB-Ct element. A similar SSB-Ct depen-
dent rearrangement was observed for E. coli ribonuclease HI,
which lacks an apparent binding pocket in isolation but forms a
480-Å3 pocket in the ribonuclease HI�SSB-Ct complex (26).
The addition of an SSB-Ct peptide to high concentrations of
CsPriC causes the protein to precipitate, supporting the possi-
bility of an SSB-induced structural rearrangement but also pre-
cluding NMR studies of the CsPriC�SSB-Ct complex.

Previous mutagenesis studies have also identified PriC resi-
dues with roles in ssDNA binding, including Arg-107, Lys-111,
and Lys-165 (Table 2 (21)). The equivalent residues in CsPriC
(Arg-107, Arg-111, and Arg-161) and other basic residues on heli-
ces 2, 4, and 5 form a highly electropositive groove on the surface of
PriC that is adjacent to the SSB-Ct binding site (Figs. 2B and 4B).
Conservation of residues along helix 2 is low relative to those on
helix 4 and 5. DNA binding roles for EcPriC residues Phe-118 and
Arg-121 have been suggested as well (21), and these residues are
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adjacent to the previously identified basic cluster. It is possible that
ssDNA could extend across the surface of PriC.

It has also been reported that PriC can oligomerize and that
three Leu residues and a Val within the C-terminal helix mediate
self-association (Table 2 (22)). Mutation of these residues leads to
a predominantly insoluble protein (22). Our structure shows that
the side chains of two of these residues, Val-149 and Leu-156 (Ile-
145 and Leu-152 in CsPriC), form part of the hydrophobic core of
the protein, packing against �2 and �4, suggesting that these resi-
dues are not likely to mediate oligomerization directly. The side
chains of the remaining residues, Leu-163 and Leu-170 (Ile-159
and Leu-166 in CsPriC), are more surface-exposed and could
potentially be involved in oligomerization (Fig. 4C).

In addition to supporting data from previous studies, the
structure also highlights evolutionarily conserved PriC surfaces
that have not yet been investigated for their contribution to
activity (Fig. 2B, bottom row). One of these regions is the
extended loop, which includes the surface-exposed side chain
of Arg-33. Additionally, there are conserved residues located on
the C-terminal end of helix 3 (including Glu-89 and Arg-96)
that could also be important for PriC function. The effects of
altering these sites are explored further below.

E. coli PriC Interacts with DnaB and the DnaB�DnaC
Complex—In addition to binding SSB and ssDNA, PriC must
recruit the replicative helicase (DnaB) in complex with the heli-
case loader (DnaC) to abandoned replication forks, but the link

TABLE 1
Summary of structure quality factors
RMSD, root mean square deviation; RMS, root mean square; PDB, Protein Data Bank.

a Residues with sum of � and � order parameters 	 1.8 Ordered residue ranges: 5-23 Å,31-40 Å,45-97 Å,100-104 Å,108-168 Å.
b Residues selected based on user-defined residues. Selected residue ranges: 5-20 Å,46-65 Å,69-94 Å,108-135 Å,139-168 Å.
c With respect to mean and S.D. for a set of 252 x-ray structures � 500 residues, of resolution � 1.80 Å, R-factor � 0.25, and R-free � 0.28; a positive value indicates a

“better” score.
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connecting PriC to DnaB has not been established. A proteomic
study has shown that EcPriC co-purifies with affinity-tagged
DnaB, along with DnaC, suggesting that PriC may interact with
DnaB and/or the DnaB�DnaC complex (32). To test the possible
interaction between PriC and DnaB or DnaC, we first used a
yeast two-hybrid approach. Plasmids expressing the Gal4 DNA
binding domain fused to the N terminus of PriC (pGBD-PriC
(23)) and the Gal4 activation domain fused to the N terminus of
DnaB or DnaC (pGAD-DnaB, pGAD-DnaC) were co-trans-
formed into an S. cerevisiae strain in which expression of HIS3
and ADE2 is under control of the GAL1 and GAL2 promoters,

respectively. Interaction between PriC and DnaB or DnaC
would support expression of the HIS3 and ADE2 reporter
genes, allowing growth of the strain on His- and Ade-deficient
media. Consistent with a direct interaction between PriC and
DnaB, the strain transformed with pGBD-PriC and pGAD-
DnaB was able to grow on selective media (Fig. 5A). Control
transformations with plasmid pairs lacking either EcPriC or
EcDnaB failed to support growth. In addition, co-transforma-
tion of pGBD-PriC with pGAD-DnaC did not support growth,
suggesting that EcPriC interacts with DnaB but not EcDnaC
(Fig. 5A).

FIGURE 2. Structure of full-length CsPriC. A, stereo image of the 20 lowest energy NMR structures of CsPriC. B, schematic diagram (top), electrostatic surface
representation (middle), and conservation analysis (bottom) of full-length PriC from C. sakazakii. Scales for electrostatic charge and conservation are shown.
Known and predicted binding sites for SSB and DNA are indicated. Residues involved in SSB and ssDNA binding are shown (schematic diagram, top).
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Next, ITC was used to determine whether a direct interac-
tion between PriC and DnaB could be detected in vitro and to
measure the stability and stoichiometry of the complex. We
first tested PriC binding to the DnaB�DnaC complex because
this best represents the relevant cellular complex that PriC
would be expected to recruit to replication forks. PriC bound to

the DnaB�DnaC complex with a Kd of 64 � 21 nM and a stoichi-
ometry of 1.0 � 0.02 molecule of PriC per molecule of DnaB
(Fig. 5B). We next tested for binding between PriC and DnaB or
DnaC individually. Consistent with the yeast two-hybrid
results, no interaction was detected between PriC and DnaC
(data not shown). We were able to observe an interaction
between PriC and DnaB; however, the heat of dilution of DnaB
alone was so large that it prevented the reliable measurement of
binding parameters (data not shown). These data are consistent
with PriC binding directly to DnaB within the DnaB�DnaC
complex. Given that the stoichiometry of the DnaB�DnaC com-
plex is 6:6 (33) and PriC directly interacts with DnaB (Fig. 5A),
PriC appears to be able to bind to each DnaB subunit within the
DnaB�DnaC complex.

Mutagenesis Screening of the Surface of PriC—Examination of
the PriC structure showed that residues tested for activity thus
far are clustered near the SSB- and ssDNA-binding sites,
whereas the rest of the structure remains underexplored.
Moreover, contributions of the ssDNA-binding region to PriC-
mediated replication restart have not yet been characterized.
To expand our understanding of the roles of different surfaces
of PriC and to more precisely define the importance of residues
in proximity to known binding sites, we created a panel of sin-
gle-site EcPriC variants that alter conserved surface residues for
examination in vitro and in vivo (Fig. 6A). This panel included
PriC variants that alter residues near the ssDNA binding site
(K111A, H161A, and R175A) and others that map to regions
away from previously established binding surfaces on PriC
(R33E, W74A, E89A, and R96A). Each of the PriC variants

FIGURE 3. Comparison of full-length PriC structure with truncated PriC
N-terminal domain structure. Alignment of the full-length structure (gray)
with the previously solved N-terminal domain structure (purple) (25) (Protein
Data Bank entry 2RT6). The second and third helices align well between the
two structures; however, the placement of the first helix differs dramatically.
In the truncated structure, the N-terminal helix is located where the fourth
helix packs in the full-length protein.

TABLE 2
Summary of PriC protein variant activities
Variants with a 	75% decrease in activity relative to wild type are defined as not having in vitro activity in this table. ND, no data; smFRET, single-molecule FRET; FP,
fluorescence polarization; Y2H, yeast two-hybrid; GS, gel shift.

Residue variant SSB binding ssDNA binding
In vitro
activity

In vivo
activity Additional information Source

R33E Yes (ITC) Yes (FP) No No Interacts with DnaB (Y2H) This study
W74A Yes (ITC) Yes (FP) Partial Yes Interacts with DnaB (Y2H) This study
R88A Yes (Y2H) ND ND ND Ref. 23
E89A Yes (ITC) Yes (FP) No No Interacts with DnaB (Y2H) This study
R96A Yes (ITC, Y2H) Yes (FP) Yes No Interacts with DnaB (Y2H) This study, Ref. 23
K104A ND Yes (GS) ND ND Ref. 21
R107A ND �2-fold reduced (GS) ND ND Ref. 21
W108A ND Yes (GS) ND ND Ref. 21
R110A ND Yes (GS) ND ND Ref. 21
K111A Yes (ITC) 2-Fold reduced (FP, GS) Very low Yes Interacts with DnaB (Y2H) This study, Ref. 21
R112A ND Yes (GS) ND ND Ref. 21
F118A Weakened (ITC) �2-Fold reduced (GS) ND ND Ref. 21
R120A ND Yes (GS) ND ND Ref. 21
R121A No (ITC, Y2H) �2-Fold reduced (GS) No No Refs. 21 and 23
R123A ND Yes (GS) ND ND Ref. 21
R129A No (ITC) Yes (GS) ND ND Ref. 21
R130A ND Yes (GS) ND ND Ref. 21
R132A ND Yes (GS) ND ND Ref. 21
R135A ND Yes (GS) ND ND Ref. 21
R147A ND Yes (GS) ND ND Ref. 21
Y152A Weakened (ITC) Yes (GS) ND ND Ref. 21
R155A No (ITC, Y2H) Yes (GS, smFRET) No No Refs. 21 and 23
R158A Yes (Y2H) Yes (GS) ND ND Refs. 21 and 23
H161A Yes (ITC) Yes (FP) No Yes Interacts with DnaB (Y2H) This study
K165A ND �2-Fold reduced (GS) ND ND Ref. 21
R169A ND Yes (GS) ND ND Ref. 21
R172A ND Yes (GS) ND ND Ref. 21
R175A Yes (ITC) Yes (FP) No Yes Interacts with DnaB (Y2H) This study
NTD (residues 1–97) ND No ND ND Ref. 22
CTD (residues 96–175) ND Yes (GS) ND ND Ref. 22
V149S/L156S/L163S/L170S ND ND ND ND Does not oligomerize, very

unstable construct
Ref. 22
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bound SSB with approximately wild-type affinity, indicating
that any observed defects in DnaB loading are not due to the
disruption of the SSB interaction or to gross misfolding of the
variant (Table 3). In addition, the variants all bound to ssDNA
with an affinity similar to that of wild type PriC (Table 3 and Fig.
6 (B and C)). Under conditions lacking NaCl, all variants had Kd
values of �10 nM. The probe concentration in these experi-
ments was 5 nM, so our analysis of variant DNA binding could
only provide an upper limit for many of the Kd values. Under
conditions with 75 mM NaCl, ssDNA binding affinities were
weakened relative to the NaCl-free conditions and were similar
to that of wild type EcPriC. Only one variant, K111A, exhibited
a modest 2-fold weaker ssDNA binding affinity compared with
wild type EcPriC (Table 3 and Fig. 6 (B and C)). This suggested
that although this region plays a role in ssDNA binding, single
residue changes do not drastically alter the ability of PriC to
bind ssDNA.

We next tested the PriC variants in the reconstituted DnaB
loading assay. Interestingly, all but two of the EcPriC variants
displayed at least a 2-fold reduction in DnaB loading activities
(Fig. 6D). The decreased DnaB loading ability of the K111A
variant and others within the putative DNA binding tract could
suggest that DNA binding is important in PriC-mediated rep-
lication restart, although the impact of the mutation on DnaB
loading is clearly greater than that on DNA binding affinity. The
defects observed with the R33E and E89A variants indicate that
previously uncharacterized regions outside of the SSB and
ssDNA binding sites are also important in DnaB loading.

Because all of the variants tested retained their ability to bind
to SSB and ssDNA but demonstrated diminished abilities to
load DnaB in vitro, we sought to determine whether the vari-
ants interfered with PriC binding to DnaB. Mutations were
made in the Gal4-binding domain-PriC fusion plasmid (pGBD-
PriC (23)) to express each of the single-site PriC variants along
with the Gal4 activation domain-DnaB fusion protein in our
two-hybrid assay. All of the variants were able to support
growth when co-transformed with pGAD-DnaB, indicating
that these individual residue changes do not abolish DnaB/PriC
complex formation (Fig. 6E). Thus, the reduced in vitro DnaB

loading abilities of PriC variants are not due to their inability to
bind DnaB as measured by the two-hybrid assay.

To determine the in vivo functionality of the PriC variants,
each was screened for its ability to complement a priC deletion
and allow the deletion of priB as described earlier (24). Surpris-
ingly, R96A was found to be non-functional, despite demon-
strating wild-type levels of DnaB loading in vitro (Table 3 and
Fig. 6D). Of the variants that displayed a decreased ability to
load DnaB in vitro, only R33E and E89A were also unable to
complement in vivo (Table 3). This indicates that surfaces out-
side of the previously defined SSB and ssDNA binding sites are
essential for PriC function in vivo and that some variants with
reduced in vitro activity still retain in vivo functionality. In addi-
tion, the inability of PriC variants with normal in vitro functions
to complement priC cellular phenotypes suggests that current
models accounting for the activities required for PriC functions
in DNA replication restart are incomplete.

Discussion

DNA replication restart is an essential process in bacteria,
and PriC is unique among the restart proteins in its ability to
load DnaB from DnaB�DnaC complexes onto SSB-coated DNA
substrates without assistance from additional replication fac-
tors (20). This property makes PriC a model for defining the
minimal requirements needed for abandoned DNA replication
fork recognition and remodeling, as well as for DnaB reloading.
To better define the structural mechanisms underlying PriC-
mediated replication restart, we have determined the NMR
structure of the full-length C. sakazakii PriC. Our structure
reveals a compact monomeric fold for PriC that is defined by
five interacting �-helices. A biochemical analysis of PriC
revealed a direct interaction with the replicative helicase, DnaB,
in isolation and in DnaB�DnaC complexes. Our analysis also
identified conserved residues in previously unexplored PriC
surfaces that are essential for cellular function.

Previous proteolytic mapping studies suggested that EcPriC
could be a two-domain protein, comprising N-terminal (resi-
dues 1–97) and C-terminal (residues 98 –175) domains (22).
However, the NMR structure of full-length CsPriC is consistent

FIGURE 4. Known and putative binding sites on PriC. A, view of the SSB-Ct binding site. Residues that are essential (Arg-151 and Arg-121 in CsPriC) or
important (Arg-129, Leu-148, and Tyr-118 in CsPriC) for binding SSB-Ct are shown in orange. B, view of the putative ssDNA-binding site. Residues implicated in
binding to ssDNA (Arg-107, Arg-111, and Arg-161 in CsPriC) are shown in cyan. SSB-Ct-binding residues Tyr-118 and Arg-121 (orange) have also been implicated
in ssDNA binding. C, view of the putative oligomerization region. Residues suggested to play a role in oligomerization (Ile-145, Leu-152, Ile-159, and Leu-166
in CsPriC) are shown in green.
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with the protein forming a compact single domain with a con-
tinuous hydrophobic core (Fig. 2). The arrangement of helices
observed in an earlier solution structure of the EcPriC N-ter-
minal region differs significantly from that observed in the full-
length CsPriC structure (Fig. 3) (25). In the N-terminal EcPriC
fragment, the N-terminal-most helix, �1, substitutes for the
position of �4 in the full-length structure. This alters the terti-
ary structure and topology of the fragment to the extent that
similarity between the two structures is not recognized by the
DALI structural search algorithm. The position of this helix
may shift to compensate for the absence of �4 in the N-terminal
fragment. However, it remains possible that the differences
between the two structures reflect structural flexibility in PriC.

The full-length CsPriC NMR structure resolves the protein’s
binding sites for both SSB and ssDNA (21–23). Residues
involved in binding to these molecules map to two adjacent
regions on PriC. The SSB-Ct binding site, which is formed pre-
dominantly by residues from �4 and �5, shares electrostatic
similarities with other known SSB-Ct binding sites. These sim-
ilarities include conserved hydrophobic residues surrounded
by basic side chains that bind hydrophobic and electronegative
SSB-Ct elements, respectively, in other complexes (26 –30).
One distinguishing feature of the PriC SSB binding site is that it
is remarkably flat, which leads to the hypothesis that a confor-
mational rearrangement may be necessary to form a pocket for
SSB-Ct binding. A similar remodeling occurs in E. coli ribonu-
clease HI, which lacks an identifiable pocket in the absence of
SSB-Ct but creates a cavity to accommodate the peptide in the
complex (26).

Residues implicated in ssDNA binding map to an electropos-
itive tract that is adjacent to the SSB binding site. These include
Lys-111 (Table 3 and Fig. 6) (21) along with Arg-107 and Arg-
161 that were identified in an earlier study (21). Sequence
changes within this region lead to decreased DnaB loading
activity levels in vitro (Fig. 6D), suggesting that ssDNA binding
is important for PriC-mediated DNA replication restart. Slight
perturbations of PriC ssDNA binding affinity do not appear to
alter the activity of PriC in vivo (Table 3); however, it is possible
that PriC variants with more significantly reduced ssDNA bind-
ing affinities could have reduced cellular activity. It has been
reported that residues Arg-121 and Phe-118, which are impor-
tant for SSB binding, also contribute to ssDNA binding
(21). This could be important for the mechanism of PriC in
potentially facilitating a hand-off of substrates, or it could arise
from the similar electrostatic characteristics of SSB-Ct and
ssDNA binding sites.

Additionally, the structure illuminated additional regions of
conservation outside of the characterized ssDNA and SSB
binding sites. Mutation of conserved residues within these
areas of PriC demonstrated that these regions are important for
PriC activity both in vitro and in vivo (Table 3 and Fig. 6). Pos-
sible roles for these regions include direct binding to additional
cellular factors and/or productive coordination of PriC interac-
tions to facilitate DnaB reloading.

Our investigation further revealed an interaction between
PriC and the replicative helicase, DnaB. PriC appears to bind to
DnaB both in isolation and in the DnaB�DnaC complex (Fig. 5),
the latter being the form that would probably be most relevant
for replication restart. A simple model explaining the role of
PriC binding to DnaB�DnaC is that the interaction would help
in recruitment and loading of helicase�loader complexes at
abandoned replication forks. It is also possible that PriC bind-
ing to DnaB could stimulate release of DnaC from the
DnaB�DnaC complex to allow DnaB to be activated. A similar
mechanism has been noted for DnaG primase, in which binding
of DnaG stimulates DnaC release from DnaB�DnaC (34).

Integrating the results described here with previous observa-
tions leads to a refined model for PriC function (Fig. 7). Bacte-
rial DNA replication restart systems appear to share three core
functions: abandoned replication fork recognition, lagging
strand remodeling to generate a DnaB loading site, and DnaB

FIGURE 5. PriC interacts with DnaB within the DnaBC complex. A, yeast
two-hybrid assay in which the indicated plasmids were co-transformed and
spot-plated in a dilution series on selective medium. Growth on the selective
medium is dependent upon protein interactions. B, ITC analysis of the
PriC�DnaB�DnaC complex. Shown are heat-evolved (top) and binding iso-
therms (bottom) from titration of the DnaB�DnaC complex into a solution of
PriC. Fitting of the data to a single-site model provided the stoichiometry (N)
and dissociation constant for the interaction.
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reloading. PriC recognizes and remodels stalled forks through a
combination of interactions with SSB and ssDNA (21, 23). The
structure reported here shows that the respective binding sites
for these ligands are adjacent to one another on the PriC sur-
face. This arrangement could facilitate PriC binding to SSB and
ssDNA in a coordinated manner. Previous studies examining
the interaction between PriC and SSB indicated that complex
formation can unwrap ssDNA from SSB by altering the SSB
DNA binding mode to expose a potential site for DnaB loading

(23). It is also possible that once ssDNA is exposed, PriC no
longer binds the SSB-Ct and utilizes both the ssDNA- and SSB-
binding sites for coordinating ssDNA binding. Having both SSB
and ssDNA binding sites adjacent to one another on PriC may
aid in driving this process.

The final step of DNA replication restart is DnaB recruit-
ment and loading. One key component required for this activity
is a direct physical link connecting PriC with DnaB. We have
detected interactions between PriC and DnaB, both in isolation

FIGURE 6. Functionality of EcPriC single-site variants. A, surface rendering of CsPriC with the residues tested for DNA binding, SSB binding, and DnaB loading
highlighted in orange. Residue labels reflect the EcPriC sequence. B and C, binding curves generated from incubating increasing amounts of the EcPriC variants
with 5 nM fluorescein-labeled dT15 in the presence of 0 mM NaCl (B) or 75 mM NaCl (C). Data are the normalized mean polarization values from triplicate
experiments with one S.D. value shown as error (error bars). D, autoradiogram (bottom) of a representative DnaB-loading assay comparing wild-type EcPriC and
EcPriC variants. Shown is a quantification (top) of the percentage of product unwound for each condition. The black line indicates background levels in the
absence of PriC. The positions of the substrate and product are indicated to the left. The asterisk marks the location of the 32P label. The grid (middle) indicates
which reaction components were included (�) or omitted (�) in each lane. Data are the mean of three replicates with one S.D. value shown as error. E, yeast
two-hybrid analysis of EcPriC variants interacting with DnaB.
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and in DnaB�DnaC complexes. It could be that PriC first binds
to abandoned DNA replication forks and then recruits free
DnaB�DnaC to the loading site. Alternatively, it is possible that
free PriC binds to the DnaB�DnaC complex in cells and that this
ternary complex is recruited to abandoned forks through PriC/
PriC interactions mediated by oligomerization/cooperative
ssDNA binding. Either mechanism could explain how the PriC/
DnaB interaction functions in DNA replication restart.

Taken together, our data provide further insight into how
replication restart pathways function in the recruitment and
loading of DnaB. Although PriC is not well conserved among
bacterial species, similar steps could mediate the more well
conserved PriA-mediated restart pathways in bacteria. Interac-
tions between DnaB and either PriB or DnaT have not been
detected (35)5; however, these proteins form part of a larger
PriA�PriB�DnaT complex that may have the ability to bind
DnaB. The ability to interact with SSB, ssDNA, and DnaB can
be used as a set of characteristics to identify functional homo-
logs that mediate replication restart in diverse bacteria.

Experimental Procedures

Protein Purification—E. coli PriC (EcPriC) and SSB were
purified as described previously (23, 36). C. sakazakii PriC
(CsPriC) was purified following the same protocol used for
EcPriC with the following exceptions. After resuspension of the
ammonium sulfate pellet, CsPriC was dialyzed against 10 mM

HEPES-HCl, pH 7.0, 0.2 M NaCl, 10% glycerol, 1 mM EDTA, 1
mM DTT. The dialyzed protein was loaded onto an SPFF ion
exchange column (GE Healthcare), and CsPriC was eluted
using a 0.2–1 M NaCl gradient. For NMR structure determina-
tion, CsPriC-expressing cells were grown in M9 medium with
[15N] ammonium chloride and [13C]glucose.

For DnaB overexpression, C41 E. coli cells transformed with
a T7-inducible overexpression plasmid that encodes E. coli
DnaB with an N-terminal His6 tag (pSW022) were grown in
Luria broth medium supplemented with 100 �g/ml kanamycin
at 37 °C. Cultures were induced to express DnaB by the addition
of isopropyl 1-thio-�-D-galactopyranoside to 1 mM at early log
phase (A600 nm 
 0.3). After 3 h of additional growth, cells were
harvested by centrifugation; resuspended in 20 mM HEPES-
HCl, pH 7.5, 0.5 M NaCl, 10% glycerol, 10 mM MgCl2, 2 mM

PMSF, 2 mM benzamidine; and lysed by sonication on ice.
Lysates were clarified by centrifugation at 4 °C, and solid

ammonium sulfate was added to the soluble lysate to a final
concentration of 0.17 g/ml. Precipitated protein was pelleted by
centrifugation and resuspended in Buffer A (20 mM HEPES-
HCl, pH 7.5, 0.1 M NaCl, 10% glycerol, 10 mM MgCl2, 0.01 mM

ATP, 1 mM 2-mercaptoethanol) and then loaded onto a QFF
ion exchange column (GE Healthcare) equilibrated in Buffer A.
DnaB was eluted from the column using a 0.1– 0.75 M NaCl
gradient. Fractions containing DnaB were combined, concen-
trated, and loaded on a Sephacryl S-300 column (GE Health-
care) equilibrated in Buffer B (20 mM Tris-HCl, pH 8.5, 0.8 M

NaCl, 10% glycerol, 5 mM MgCl2, 0.1 mM ATP). Fractions con-
taining pure DnaB were combined and dialyzed against 20 mM

Tris-HCl, pH 8.5, 0.5 M NaCl, 5 mM DTT, 50% glycerol, and
stored at �20 °C.

For DnaC overexpression, C41 E. coli cells transformed with
a T7-inducible overexpression plasmid encoding E. coli DnaC
with an N-terminal His6 and maltose-binding protein tag (from
James Berger, Johns Hopkins University) were grown in Luria
broth medium supplemented with 100 �g/ml ampicillin at
37 °C. Cultures were induced to express DnaC by the addition
of isopropyl 1-thio-�-D-galactopyranoside to 1 mM at mid-log
phase (A600 nm 
 0.5). After an additional 2 h of growth, cells
were pelleted by centrifugation; resuspended in 50 mM Tris-
HCl, pH 7.5, 1 M KCl, 10% glycerol, 30 mM imidazole, 10 mM

MgCl2, 0.01 mM ATP, 1 mM 2-mercaptoethanol, 2 mM PMSF, 2
mM benzamidine; and lysed by sonication on ice. Lysate was
clarified by centrifugation, and the soluble lysate was incubated
with nickel-nitrilotriacetic acid resin (Qiagen) for 1 h at 4 °C.
Resin was washed with 20 column volumes of Buffer C (50 mM

Tris-HCl, pH 7.5, 0.5 M KCl, 10% glycerol, 30 mM imidazole, 10
mM MgCl2, 0.01 mM ATP, 1 mM 2-mercaptoethanol), and then
DnaC was eluted in Buffer D (50 mM Tris-HCl, pH 7.5, 0.5 M

KCl, 10% glycerol, 500 mM imidazole, 10 mM MgCl2, 0.1 mM

ATP, 1 mM 2-mercaptoethanol). The elution was concentrated
and incubated with 40 units of tobacco etch virus protease at
4 °C overnight to cleave the His6/maltose-binding protein tag.
Following cleavage, the solution was diluted to 10 mM NaCl
with Buffer E (30 mM Tris-HCl, pH 7.5, 10% glycerol, 10 mM

MgCl2, 0.1 mM ATP, 1 mM 2-mercaptoethanol) and loaded
onto a QFF ion exchange column equilibrated with Buffer F (30
mM Tris-HCl, pH 7.5, 10% glycerol, 25 mM KCl, 10 mM MgCl2,
0.1 mM ATP, 1 mM 2-mercaptoethanol). At 25 mM KCl, the
majority of the purification tag is retained on the column,
whereas DnaC flows through. The DnaC eluent was incubated
with nickel-nitrilotriacetic acid resin for 1 h at 4 °C to remove5 S. R. Wessel and J. L. Keck, unpublished observation.

TABLE 3
In vitro and in vivo activities of structure-directed PriC variants
*, p � 0.01; **, p � 0.001 in a �2 test using the transduction frequency for the wild type as the expected value.

dT15 affinity
SSB-Ct affinity

del(priB)302 linkage to
zif-599::Tn100 mM NaCl 75 mM NaCl

nM �M

Wild-type 9.2 � 2.6 52.8 � 3.7 3.7 � 0.6 25/45 (56%)
R33E �5 38.9 � 3.4 5.2 � 2.8 0/24 (0%)**
W74A 5.2 � 1.0 35.4 � 6.1 3.7 � 0.6 3/20 (15%)
E89A �5 32.1 � 3.1 7.7 � 3.8 0/13 (0%)*
R96A 6.5 � 0.5 84.6 � 6.2 3.6 � 0.8 0/14 (0%)*
K111A 6.8 � 0.6 118.3 � 6.6 1.85 � 0.65 8/16 (50%)
H161A �5 84.0 � 13.3 2.1 � 0.4 6/11 (55%)
R175A �5 79.7 � 9.1 3.5 � 0.5 9/15 (60%)
Empty vector 0/33 (0%)**
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any uncleaved protein. The solute was concentrated and loaded
onto a Sephacryl S-100 column equilibrated in Buffer G (30 mM

Tris-HCl, pH 7.5, 10% glycerol, 0.5 M KCl, 10 mM MgCl2, 0.1 mM

ATP, 1 mM 2-mercaptoethanol). Fractions containing pure
DnaC were combined and dialyzed against 20 mM HEPES, pH
7.5, 0.5 M KCl, 50% glycerol, and stored at �20 °C.

NMR Structure Determination—NMR samples containing
0.4 – 0.6 mM [U-15N,U-13C]CsPriC in 20 mM MES, pH 6.5, 5 mM

DTT, 1 mM EDTA, 1� EDTA-free protease inhibitor mixture
(Roche Applied Science), 5% D2O were used to acquire isotro-
pic NMR data at 37 °C. Protein 1DNH and 1DC

�
H

� residual dipo-
lar couplings were recorded with 1 mM [U-15N,U-13C]CsPriC in
an anisotropic medium containing 3.1:1 1,2-dimyristoyl-sn-
glycero-3-phosphocholine/1,2-dihexanoyl-sn-glycero-3-phos-
phocholine bicelles at 37 °C. 1H-15N HSQC, 1H-13C HSQC,
HNCO, HNCACO, HNCACB, CBCA(CO)NH, C(CO)NH,
H(CCO)NH, H(C)CH-TOCSY, and three-dimensional 15N
NOESY (tmix 
 120 ms) and three-dimensional 13C NOESY
aliphatic (tmix 
 120 ms) spectra were collected on Bruker
Avance III 600- and 700-MHz spectrometers equipped with
cryogenic probes. [1H-13C]HSQC (aliphatic and aromatic),
(HB)CB(CGCD)HD, (HB)CB(CGCDCE)HE, and three-dimen-
sional 13C NOESY aromatic (tmix 
 100 ms) spectra were col-
lected on a Varian VNMRS 600-MHz spectrometer equipped
with a cryogenic probe. NH and C�H� couplings were mea-
sured on Varian VNMRS 900-MHz and a Bruker Avance III
750-MHz spectrometers, respectively, from two-dimensional
ARTSY (37) and three-dimensional HCA(CO)N antiphase
1H-coupled in the 13C� dimension spectra, respectively.

The NMR data were processed and analyzed with NMRPipe
software (38). PIPP/STAPP software (39) was used to manually
assign the backbone and side-chain resonances. The TALOS�
program (40) was used to provide pairs of 	/� backbone torsion
angle restraints and to identify the secondary structural ele-
ments (confirmed by local NOEs). Two distance restraints of
1.9 and 2.9 Å per involved pair of residues were used to repre-
sent hydrogen bonds for HN–O and N–O, respectively (41).
NOE peak intensities in three-dimensional NOESY spectra
were assigned using the PIPP/STAPP package and converted
for Xplor-NIH into a continuous distribution of 2,397 approx-
imate interproton distance restraints, with a uniform 40% dis-
tance error applied to take into account spin diffusion.

Structure calculations and refinements made use of the tor-
sion angle molecular dynamics and the internal variable
dynamics modules of Xplor-NIH (40) to ensure preservation of
the correct peptide geometry when applying residual dipolar
coupling and distance constraints simultaneously. PyMOL
(DeLano Scientific, LLC) and VMD-XPLOR (42) were used to
analyze the structures. There were no consistent (i.e. in 	40%
of the calculated structures) NOE violations larger than 0.5 Å in
the 100 calculated structures. A subset of 20 lowest energy
structures (of 100) were selected for further refinement using
an implicit solvation potential (43). The structure statistical
quality indicators and agreement with experimental residual
dipolar couplings are found in Table 1.

DnaB Loading Assays—Reactions were performed as de-
scribed previously (23).

Yeast Two-hybrid Analysis—Assays were performed as
described previously (23). Plasmids expressing Gal4 DnaB and
DnaC fusion proteins were generated by cloning dnaB and
dnaC open reading frames into the pGAD vector backbone to

FIGURE 7. Model of PriC-mediated DnaB helicase loading. PriC recognizes
a stalled replication fork through interactions with ssDNA and SSB. Binding of
PriC to ssDNA (shown here on a leading strand gap because such structures
are efficiently processed by PriC (20)) facilitates binding of additional mono-
mers through oligomerization/cooperative binding (shown here binding to
both strands), one monomer of which has the potential to bring with it
DnaB�DnaC, thus localizing DnaB to the stalled fork. Additionally, binding of
PriC to SSB results in a structural change to the SSB�DNA complex that results
in the exposure of a small tract of ssDNA. Once this ssDNA is exposed, DnaB is
loaded, and DnaC dissociates, resulting in a fork poised to recruit the remain-
ing replisome components.
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fuse the Gal4 activation domain to the N terminus of each pro-
tein to be tested (44).

Isothermal Titration Calorimetry—ITC of the PriC/SSB-Ct
interaction was performed as described previously (23). Briefly,
PriC variants were concentrated to 8 –23 �M in a buffer con-
taining 10 mM HEPES-HCl, pH 7.0, 0.1 M NaCl, and 3% glycerol.
SSB-Ct peptide (WMDFDDDIPF) was dissolved in an identical
buffer at a concentration of 525 �M. Titrations were performed
on a VP-ITC instrument (Microcal) with 20 1.5-�l injections.
Data were fit using a single-site model using Origin software
(Microcal).

For the PriC�DnaB�DnaC titrations, all proteins were dia-
lyzed against a buffer containing 20 mM Tris-HCl, pH 8.5, 0.2 M

NaCl, 5% glycerol, 5 mM MgCl2, 1 mM 2-mercaptoethanol, and
1 mM ATP. PriC was concentrated to 5 �M, and DnaB and DnaC
were concentrated to 	200 �M. For analysis of the DnaB�DnaC
complex with PriC, DnaB and DnaC were combined at final
concentrations of 100 �M DnaB and 120 �M DnaC. For analysis
of DnaB and DnaC individually with PriC, the final concentra-
tion for DnaB was 80 �M, and that of DnaC was 96 �M. Titra-
tions were performed on a VP-ITC instrument (Microcal) with
25–37 1-�l injections at 20 °C. Data were fit using a single-site
model using Origin software (Microcal).

DNA Binding Assays—DNA binding reactions were per-
formed in 10 mM HEPES-HCl, pH 7.0, with either 0 or 75 mM

NaCl. 5�-Fluorescein-labeled dT15 ssDNA (5 nM) was incubated
with the indicated concentrations of PriC for 30 min at 25 °C.
Fluorescence polarization was measured at 25 °C using a
BioTek Synergy2 plate reader with 490-nm excitation and
535-nm emission wavelengths for three replicates. The average
polarization value was plotted with one S.D. value of the mean
shown as error. The polarization of dT15 alone was subtracted
from each of the data points, and the data were fit with a single-
binding site model with Hill coefficient using GraphPad Prism
software.

Co-transduction Tests of priC Mutants—Assays were per-
formed as described previously (23).
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