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Abstract

Reactivation of repaired DNA replication forks in bacteria is catalyzed by PriA helicase. This
broadly-conserved bacterial enzyme can remodel the structure of DNA at a repaired DNA
replication fork by unwinding small portions of duplex DNA to prepare the fork for replisome
reloading. While PriA’s helicase activity is not strictly required for cell viability in E. coli, the
sequence motifs that confer helicase activity upon PriA are well-conserved among
sequenced bacterial priA genes, suggesting that PriA’s duplex DNA unwinding activity con-
fers a selective advantage upon cells. However, these helicase sequence motifs are not
well-conserved among priA genes from the Deinococcus-Thermus phylum. Here, we show
that PriA from a highly radiation-resistant member of that phylum, Deinococcus radiodur-
ans, lacks the ability to hydrolyze ATP and unwind duplex DNA, thus qualifying D. radiodur-
ans PriA as a pseudohelicase. Despite the lack of helicase activity, D. radiodurans PriA has
retained the DNA binding activity expected of a typical PriA helicase, and we present evi-
dence for a physical interaction between D. radiodurans PriA and its cognate replicative
helicase, DnaB. This suggests that PriA has retained a role in replisome reloading onto
repaired DNA replication forks in D. radiodurans despite its lack of helicase activity.

Introduction

PriA helicase catalyzes reloading of the DNA replication machinery (the replisome) at repaired
DNA replication forks in bacteria, giving bacterial cells the ability to restart DNA replication
following disruptive encounters of the replisome with DNA damage [1]. This pathway, known
as DNA replication restart, is broadly conserved among diverse bacteria and likely represents
an indispensable component of bacterial genome maintenance. Indeed, some bacteria have
evolved multiple DNA replication restart pathways that are catalyzed by different sets of pri-
mosome proteins and that operate on different types of DNA structures [2, 3]. In E. coli, a
PriA-dependent DNA replication restart pathway catalyzes replisome reloading onto forked
DNA structures that lack a gap at the three-way fork junction, while a PriC-dependent DNA
replication restart pathway facilitates replisome reloading onto DNA structures that contain a
leading strand gap at the fork junction [3]. The presence of multiple DNA replication restart
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pathways likely confers upon bacterial cells a greater ability to respond to the varied assortment
of DNA structures that could be encountered at a stalled or collapsed DNA replication fork [1].

Given the multitude of ways in which DNA can be damaged and the myriad structures that
can result from failure of a replisome to fully replicate a chromosome, it seems inevitable that
some DNA structures that are created from the premature dissociation of a replisome would
require remodeling before a functional replisome could be reloaded [4, 5]. The main DNA rep-
lication restart initiator protein, PriA, contains a series of well-conserved helicase motifs that
confer upon it the ability to remodel the structure of DNA at a repaired DNA replication fork
by unwinding short stretches of duplex DNA at the three-way fork junction [6-8]. This heli-
case activity requires the coupling of ATP binding and hydrolysis to the translocation of the
enzyme along the nucleic acid lattice. Translocation occurs in the 3'-5' direction, which would
result in the displacement of a portion of the nascent lagging strand were PriA to unwind
duplex DNA at a repaired DNA replication fork [6]. This DNA unwinding activity is thought
to create a binding site for reloading the replicative helicase, DnaB, back onto the DNA as part
of the fork reactivation process. In addition to unwinding duplex DNA, PriA catalyzes the
assembly of additional primosome proteins onto a repaired DNA replication fork. In the PriA-
dependent DNA replication restart pathway in E. coli, these additional primosome proteins
include PriB and DnaT [3, 9-12]. The combined activities of PriA, PriB, and DnaT result in
reassembly of a functional replisome at a repaired DNA replication fork which allows DNA
replication to resume.

In E. coli, mutations in priA have been generated that abolish PriA’s ATPase activity and
render it incapable of unwinding duplex DNA, but do not affect its primosome assembly func-
tion on model DNA substrates [13]. Interestingly, E. coli strains carrying these mutant priA
alleles remain viable and are capable of undergoing recombination, indicating that PriA’s
ATPase and duplex DNA unwinding activities are not strictly required for cell survival or
assembly of a functional primosome [13-15]. However, despite the fact that PriA’s helicase
activity is dispensable under laboratory growth conditions, it seems likely that its helicase activ-
ity would play an important genome maintenance role in nature by expanding the cell’s ability
to reactivate repaired DNA replication forks on a wider subset of DNA structures, such as
those that contain duplex DNA at the three-way junction of a repaired DNA replication fork.
This hypothesis is bolstered by the observation that PriA’s helicase motifs are well-conserved
among sequenced bacterial priA orthologs (Fig 1).

Members of the Deinococcus-Thermus phylum are notable exceptions to the evolutionary
tendency to conserve PriA’s helicase motifs. These bacteria encode a PriA helicase that lacks
amino acid residues that are otherwise well-conserved among known bacterial PriAs and are
critical for catalyzing ATP hydrolysis and facilitating duplex DNA unwinding. In particular,
the Deinococcus-Thermus phylum members have poor matches to the consensus sequences of
helicase motifs I and II, also known as the Walker A and Walker B boxes, respectively (Fig 2).
In E. coli PriA and other well-studied helicases, the Walker A box (also known as a phosphate-
binding loop, or P-loop) is involved in ATP binding, while the Walker B box is involved in
binding an active site Mg”". Both motifs are therefore critical for helicase-catalyzed duplex
DNA unwinding [16-18]. Within the Walker A box of Deinococcus-Thermus PriAs, the cata-
Iytic lysine residue in the GKT sequence of the motif has been substituted for an arginine resi-
due (Fig 2). This amino acid substitution has been constructed and studied in E. coli PriA (the
K230R PriA variant), and it has been shown to be sufficient to abolish E. coli PriA’s ATPase
and helicase activities [13]. Taken together, these observations led us to hypothesize that Dei-
nococcus-Thermus PriA enzymes would be deficient at hydrolyzing ATP and unwinding
duplex DNA, effectively qualifying them as pseudohelicases—enzymes that have clearly evolved
from an ancestral helicase but have lost their catalytic activity.
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Phylum (class) Organism I Ia I I IVCRR V VI Length, a.a.
Deinococcus-Thermus Deinococcus radiodurans R1 I I I I I;l; I I 925
Proteobacteria (alpha) Rickettsia felis URRWXCal2 I I I I III 1 I I 648
Proteobacteria (alpha) Methylobacterium radiotolerans JCM 2831 I I I I III 1 I I 729
Proteobacteria (beta) Neisseria gonorrhoeae FA 1090 I I I I III 1l I I 729
Proteobacteria (beta) Burkholderia pseudomallei K96243 I I I I III )] I I 755
Proteobacteria (gamma) Escherichia coli K12 I I I I III 1l I I 732
Proteobacteria (gamma) Klebsiella pneumoniae subsp. pneumoniae MGH 78578 I I I I ||| 1l I I 731
Proteobacteria (epsilon) Helicobacter pylori J99 I I I I III 1 I I 619
Proteobacteria (epsilon) Campylobacter jejuni RM1221 I I I I I mia I I 617
Firmicutes Clostridium acetobutylicum ATCC 824 I | funun i1 733
Firmicutes Bacillus anthracis str. Ames I I | I III 1 I I 801
Chlamydiae Chlamydophila pneumoniae TW-183 I I I I III 1l I I 749
Chlamydiae Chlamydia trachomatis AIHAR-13 | | | | | nmi l | 753
Cyanobacteria Thermosynechococcus elongatus BP-1 I I I I ||| 1] I I 850
Cyanobacteria Nodularia spumigena CCY9414 I I I mil I I 867
Planctomycetes Isosphaera pallida ATCC 43644 I I I I III 1] I I 855
Planctomycetes Singulisphaera acidiphila DSM 18658 B R IR TR B | 766
Chloroflexi Dehalococcoides ethenogenes 195 I I I I I mis I I 815
Chloroflexi Anaerolinea thermophila UNI-1 I I I I ||| 1] I I 841

Fig 1. Evolutionary conservation of PriA helicase. The amino acid sequences of PriA helicases from 19 bacterial species representing 7 distinct phyla are
aligned with one another and represented by tan bars. The amino terminus of each PriA sequence is oriented at left. Conserved helicase motifs are labeled
with roman numerals and are shown as blue boxes, and the cysteine-rich regions (CRR) are shown in red. Note that most of the length variation among PriA
helicases maps to the amino-terminal region which contains the DNA binding domain.

doi:10.1371/journal.pone.0133419.g001

To test this hypothesis, we cloned the priA gene from Deinococcus radiodurans R1,
expressed and purified recombinant D. radiodurans PriA protein, and tested it for its ability to
catalyze ATP hydrolysis and duplex DNA unwinding. Our findings reveal that D. radiodurans

Motif I Motif II

3.0 »
£20 520 IV S
. 1.0 o =\ o I A
Organism o = i A 4 == po =M Vi o B
Deinococcus radiodurans R1 PEEDRWRLHGGRPASRFAALAPRVARL LLVVLEEGSDAYK
Deinococcus deserti VCD115 PEAPVWRLHGGRAVNRFRVLAPRIARL LLVVLEEGSDAYK
Deinococcus geothermalis DSM 1 PEAPIWRLHGGRPATRLRTLAPRVARL LVVVLEEGSDAYK
Deinococcus gobiensis 1-0 PEAPVWRLHGGRAASRFRVLAPRVSRL LVIVLEEGSDAYK
Deinococcus maricopensis DSM 2 PEAPVWRLHGGRALDRHRRLAARTIRRL LTVVLEEASDAHK
Deinococcus peraridilitoris DS PEAREWRLHGGRPAVRHRLLASRLARE TVVVKEEGSDAHK
Deinococcus proteolyticus MRP PVAERWRLNGGKFAARARALAPRIOQAQ LLLVLDEGSDAYK
Marinithermus hydrothermalis D PR----RVNGGRFEQRLAVLAG----- VVVV-EEASDSYK
Meiothermus ruber DSM 1279 PV - - - RLOGGRLLERLRALAG----- IVVV-EEAAEAYK
Meiothermus silvanus DSM 9946 PA----RLNGGRFHDRLRLLAG----- MVVV-EEASEAYK
Oceanithermus profundus DSM 14 PP----RINGGRWAERLQLAAG----- IVVM-DEGSDSYK
Thermus aquaticus Y51MC23 PE----RLNGGRFSERLRLLKG----- LVVV-EEGSESYK
Thermus oshimai JL-2 PE----RVNGGRLRERMRVLKG----~- IVVV-EEGSESYK
Thermus scotoductus SA-01 PE----RLNGGRLGERMRFLAG---- - LVVV-EEGSESYK
Thermus sp. CCB US3 UF1 PE----RVNGGRFGERLRLLAG----- LVVV-EEGSESYK
Thermus thermophilus HB27 PE----RVNGGRFLERVRVLKG----- LVVV-EEGSESYK
Truepera radiovictrix DSM 1709 PSDPLVSVSGGSREARLRRLVPQLRAD RVVVLEESSGAYK

Fig 2. Evolutionary conservation of PriA helicase motifs. Sequence logos were generated for helicase motifs | and Il (the Walker A and Walker B boxes,
respectively) from a multiple sequence alignment of 100 PriA helicases using the Weblogo 3 sequence logo generator [27, 28]. Each PriA sequence
represents a unique genus, and 18 phyla are represented. A multiple sequence alignment of 17 members of the Deinococcus-Thermus phylum appears
below each sequence logo. These sequences show significant departure from the otherwise well-conserved helicase motifs.

doi:10.1371/journal.pone.0133419.9002

PLOS ONE | DOI:10.1371/journal.pone.0133419 July 16,2015 3/13



@’PLOS ‘ ONE

Deinococcus radiodurans PriA is a Pseudohelicase

PriA is indeed a pseudohelicase that is unable to hydrolyze ATP or facilitate duplex DNA
unwinding. Yet, D. radiodurans PriA is capable of binding to single-stranded DNA (ssDNA)
and fork DNA, and we show evidence for a physical interaction between D. radiodurans PriA
and its cognate replicative helicase, DnaB, using native agarose gel electrophoresis. Collectively,
these data suggest that D. radiodurans PriA has retained its function in DNA replication restart
in Deinococcus-Thermus bacteria despite the absence of helicase activity.

Materials and Methods
Molecular cloning of priA and dnaB genes

The priA gene of D. radiodurans was amplified from strain R1 genomic DNA by polymerase
chain reaction (PCR) using primers 5-GCG TAT TCC ATA TGA CTC TCT GGA CCG TTT
Cand 5-GTC ACG GAT CCT CAG GTC GAG CGC GGG TTC AC. The PCR-amplified
product was cloned into the pET28b expression vector (Novagen) using Ndel and BamHI
restriction sites. The resulting plasmid contains a six-histidine tag and thrombin cleavage site
tused to the 5' end of D. radiodurans priA. The dnaB gene of D. radiodurans was amplified
from strain R1 genomic DNA by polymerase chain reaction (PCR) using primers 5'-GCG TAT
TCC ATA TGG AAA CGA CTC CGC GTG TG and 5-GTC ACG GAT CCT CAC ATC CCC
TCC GGC GCC. The PCR-amplified product was cloned into the pET28b expression vector
(Novagen) using Ndel and BamHI restriction sites. The resulting plasmid contains a six-histi-
dine tag and thrombin cleavage site fused to the 5' end of D. radiodurans dnaB. The fidelity of
the cloned genes was confirmed by DNA sequencing. The priA gene of E. coli strain K12 was
cloned as previously described [19].

Purification of PriA and DnaB proteins

D. radiodurans PriA protein was purified from BL21(DE3) E. coli harboring the pET28b:Drad-
priA plasmid. Cells were grown in Luria Bertani (LB) medium containing 50 pg-mL " kanamy-
cin at 37°C until an ODgqg of 0.4-0.6 was reached. Expression of D. radiodurans PriA protein
was induced with 0.5 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) for 4 h and cells
were harvested by centrifugation at 5,000 x g. Cells were lysed in 10 mM Tris-HCI pH 8.5, 10%
(v/v) glycerol, 0.5 M NaCl, 10 mM imidazole, 1 mM 2-mercaptoethanol, 1 mM phenylmethyl-
sulfonyl fluoride (PMSF) by sonication on ice. The lysate was clarified by centrifugation at
40,000 x g. His-tagged D. radiodurans PriA was bound to nickel-NTA agarose (Qiagen) and
eluted in 10 mM Tris-HCI pH 8.5, 10% (v/v) glycerol, 0.1 M NaCl, 250 mM imidazole, 1 mM
2-mercaptoethanol. The nickel-NTA agarose eluate was dialyzed against 10 mM Tris-HCI pH
8.5, 10% (v/v) glycerol, 0.1 M NaCl, 1 mM 2-mercaptoethanol and incubated with thrombin to
remove the His-tag, leaving a Gly-Ser-His sequence at the amino-terminus directly preceding
the first methionine residue. Thrombin-cleaved D. radiodurans PriA was applied to a HiPrep
16/10 Sepharose QFF ion exchange chromatography column (GE Healthcare) and the column
was resolved using a linear gradient of NaCl from 0.1 M to 1 M in 10 mM Tris-HCl pH 8.5,
10% (v/v) glycerol, 1 mM 2-mercaptoethanol. D. radiodurans PriA fractions were pooled, con-
centrated to less than 2 mL, and resolved through a HiPrep HR 16/10 Sephacryl S-300 size
exclusion chromatography column (GE Healthcare) in 10 mM Tris-HCl pH 8.5, 10% (v/v)
glycerol, 0.5 M NaCl, 1 mM 2-mercaptoethanol at a flow rate of 0.5 mL/min. D. radiodurans
PriA fractions were pooled, concentrated, and stored at -80°C. The recombinant E. coli PriA
protein was purified as previously described [19].

D. radiodurans DnaB protein was purified from BL21(DE3) E. coli harboring the pET28b:
Drad-dnaB plasmid. Cells were grown in LB medium containing 50 pg-mL"' kanamycin at
37°C until an ODgqg of 0.4-0.6 was reached. Expression of D. radiodurans DnaB protein was
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induced with 0.5 mM IPTG for 4 h and cells were harvested by centrifugation at 5,000 X g.
Cells were lysed in 10 mM Tris-HCI pH 8.5, 10% (v/v) glycerol, 0.5 M NaCl, 10 mM imidazole,
1 mM 2-mercaptoethanol, 1 mM PMSF by sonication on ice. The lysate was clarified by centri-
fugation at 40,000 x g. His-tagged D. radiodurans DnaB was bound to nickel-NTA agarose
(Qiagen) and eluted in 10 mM Tris-HCI pH 8.5, 10% (v/v) glycerol, 0.1 M NaCl, 250 mM imid-
azole, 1 mM 2-mercaptoethanol. The nickel-NTA agarose eluate was dialyzed against 10 mM
Tris-HCI pH 8.5, 10% (v/v) glycerol, 0.1 M NaCl, 1 mM 2-mercaptoethanol and incubated
with thrombin to remove the His-tag, leaving a Gly-Ser-His sequence at the amino-terminus
directly preceding the first methionine residue. Thrombin-cleaved D. radiodurans DnaB was
resolved through a HiPrep HR 16/10 Sephacryl S-300 size exclusion chromatography column
(GE Healthcare) in 10 mM Tris-HCI pH 8.5, 10% (v/v) glycerol, 0.5 M NaCl, 1 mM 2-mercap-
toethanol at a flow rate of 0.5 mL/min. D. radiodurans DnaB fractions were pooled, concen-
trated, and stored at -80°C.

The concentrations of recombinant proteins were determined by measuring their absor-
bance at 280 nm in 6.0 M guanidine-HCI using molar extinction coefficients of 184,370 M~
".em™ for D. radiodurans PriA, 12,920 M™"-cm™" for D. radiodurans DnaB, and 105,870 M"
'.cm™ for E. coli PriA.

Nucleic acids

For the DNA unwinding assays and DNA binding assays, a fully-duplex DNA fork substrate
with a 25 bp parental duplex arm, a 25 bp nascent leading strand arm, and a 25 bp 3'-fluores-
cein-labeled nascent lagging strand arm was constructed by annealing the following partially
complementary DNA oligonucleotides: (template leading strand) 5'-GTC GGA TCC TCT
AGA CAG CTC CAT GAT CAC TGG CAC TGG TAG AAT TCG GG; (template lagging
strand) 5'-AAC GTC ATA GAC GAT TAC ATT GCT ACA TGG AGC TGT CTA GAG GAT
CCG AGC; (nascent leading strand) 5-GCC GAA TTC TAC CAG TGC CAG TGA T; (nascent
lagging strand with 3' fluorescein) 5-TAG CAA TGT AAT CGT CTA TGA CGT T. The oligo-
nucleotides were annealed in 10 mM Tris-HCl pH 8, 50 mM NaCl, 1 mM EDTA at a 2:1 molar
ratio of non-labeled DNA to fluorescein-labeled DNA. The DNAs were incubated at 95°C for
5 min, slow-cooled to 70°C and incubated at that temperature for 60 min, and slow-cooled to
25°C. The duplex DNA was gel-purified through a 6% polyacrylamide gel using 100 mM
Tris-borate pH 8.3, 2 mM EDTA as the electrophoresis buffer. The DNA was excised from

the polyacrylamide gel, electroeluted using the same electrophoresis buffer, dialyzed against

10 mM Tris-HCl pH 8, 5 mM MgCl,, aliquoted, and stored at -20°C. An 18-base mixed-
sequence ssDNA oligonucleotide (5'-AAG CAC AAT TAC CCA CGC) labeled at its 3' end
with fluorescein was also used for the equilibrium DNA binding assays. A homopolymer dT;
ssDNA oligonucleotide was used for steady-state enzyme kinetics experiments to measure
DNA-dependent rates of PriA-catalyzed ATP hydrolysis. All oligonucleotides were purchased
from Integrated DNA technologies, Inc (Coralville, IA).

DNA unwinding assays

The DNA fork substrate was diluted to 1 nM in 20 mM Tris-HCI pH 8, 50 mM NaCl, 3 mM
MgCl,, 1 mM 2-mercaptoethanol, 1 mM ATP. Indicated concentrations of D. radiodurans
PriA or E. coli PriA were added to the reaction mixtures and incubated at 37°C for 10 min to
facilitate duplex DNA unwinding. Reactions were stopped by addition of SDS to a final concen-
tration of 1% (w/v). The amount of duplex DNA unwound was determined by measuring the
fluorescence anisotropy of the samples after addition of SDS using a Beacon 2000 fluorescence
polarization system (Invitrogen). Fluorescence anisotropy values were compared to the

PLOS ONE | DOI:10.1371/journal.pone.0133419 July 16,2015 5/13



@’PLOS ‘ ONE

Deinococcus radiodurans PriA is a Pseudohelicase

fluorescence anisotropy of the DNA fork substrate incubated in buffer alone (representing the
fully intact DNA fork substrate) and the fluorescence anisotropy of the DNA fork substrate
after being heated to 95°C and rapidly cooled to 25°C (representing the fully denatured DNA
fork substrate) to calculate the fraction of DNA unwound.

Equilibrium DNA binding assays

Serial dilutions of D. radiodurans PriA or E. coli PriA were incubated with 1 nM fluorescein-
labeled 18-mer ssDNA oligonucleotide or 1 nM fluorescein-labeled fork DNA in 20 mM
Tris-HCI pH 8, 15% (v/v) glycerol, 50 mM NaCl, 1 mM MgCl,, 1 mM 2-mercaptoethanol,

0.1 g-L"! bovine serum albumin (BSA), and the fluorescence anisotropy of the mixtures was
measured at 25°C with a Beacon 2000 fluorescence polarization system. The fluorescence
anisotropy data were used to calculate the fraction of the fluorescein-labeled DNA bound as a
function of total PriA concentration by using the fluorescence anisotropy of the fluorescein-
labeled DNA alone as the unbound DNA control and the fluorescence anisotropy of the fluo-
rescein-labeled DNA in the presence of the highest concentration of PriA tested as the fully-
bound DNA control. The fraction of DNA bound as a function of PriA concentration was
modeled using a four-parameter sigmoidal growth function [y = (a-b + cx)/(b + x)] where a
is the lower asymptote (corresponding to the fluorescence anisotropy of the unbound DNA), ¢
is the upper asymptote (corresponding to the fluorescence anisotropy of the fully-bound
DNA), and b and d influence the shape of the sigmoid (CurveExpert 1.3). Apparent dissocia-
tion constants were determined by interpolating the concentration of PriA necessary to bind
one-half of the fluorescein-labeled DNA.

ATP hydrolysis assays

PriA-catalyzed ATP hydrolysis was measured using a coupled spectrophotometric assay. This
assay uses an ATP regeneration system that converts ADP to ATP in a reaction that is coupled
to the oxidation of NADH to NAD™ [20]. The coupled reaction can be monitored spectropho-
tometrically by measuring the decrease in absorbance at 340 nm due to NADH oxidation. Con-
centrations of D. radiodurans PriA or E. coli PriA ranging from 0-100 nM were incubated with
1 uM dT36 and 1 mM ATP in 20 mM Hepes pH 8, 50 mM NaCl, 7 mM 2-mercaptoethanol, 2
mM phosphoenolpyruvate, 0.1 mM NADH, 7 units-mL " pyruvate kinase, 10 units-mL" lactate
dehydrogenase, 0.1 g-L' BSA at 37°C. Steady-state AINADH]/At rates were calculated using
the molar extinction coefficient 6,220 M™'-cm™ for NADH, and these rates are equivalent to A
[ATP]/At.

Native agarose gel electrophoresis

Indicated amounts of D. radiodurans PriA and D. radiodurans DnaB were mixed and incu-
bated on ice for 10 min prior to the addition of gel loading buffer consisting of 20% (v/v)
glycerol, 0.2% (w/v) bromophenol blue, 0.12 M Tris base. Samples were added to wells of hori-
zontal 0.6% (w/v) agarose gels that were prepared with 25 mM Tris-HCl pH 8.5 and 19.2 mM
glycine. We obtained the best results when the wells were cast in the middle of the gel as
opposed to one end. The gels were submerged in the same buffer solution and the samples
were electrophoresed at 50 V for approximately 4 h at 4°C. The gels were stained with 0.12%
(w/v) Coomassie Brilliant Blue R-250 in 45% (v/v) methanol and 10% (v/v) acetic acid and
destained with 45% (v/v) methanol and 10% (v/v) acetic acid.
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Protein unfolding assay

D. radiodurans PriA at a final concentration of 0.1 uM was incubated with 0-6 M guanidine-
HCl in a buffered solution consisting of 50 mM Hepes pH 7 and 1 mM 2-mercaptoethanol at
25°C. Fluorescence measurements were made at 25°C using a Cary Eclipse fluorescence spectro-
photometer using an excitation wavelength of 280 nm and a 5 nm excitation filter slit width.
Emission was recorded from 300 nm - 400 nm using a 5 nm emission filter slit width and a scan
rate of 30 nm-min"". Spectra for the protein samples were baseline subtracted using the spectra
of the buffered solutions without PriA at each concentration of guanidine-HCI. The fluorescence
intensities at 324 nm were used to calculate the fraction of D. radiodurans PriA folded at each
concentration of guanidine-HCI, where the 6 M guanidine-HCI sample represents the unfolded
spectrum and the sample with no guanidine-HCI represents the folded spectrum [21]. The frac-
tion of PriA folded as a function of guanidine-HCI was modeled using a four-parameter function
[y = (a + bx)/(1 + c-x + d-x*)] where a is the upper asymptote (corresponding to the folded pro-
tein), c is the lower asymptote (corresponding to the unfolded protein), and b and d influence
the shape of the curve (CurveExpert 1.3). This model was used to interpolate the concentration
of denaturant at which one-half of the protein is unfolded, [D],,.

Results and Discussion

To test the hypothesis that D. radiodurans PriA is a pseudohelicase, we cloned the D. radiodur-
ans priA gene, expressed the recombinant PriA protein in an E. coli host, and purified the PriA
protein to approximately 95% purity as estimated by SDS-PAGE analysis and Coomassie Bril-
liant Blue-R250 staining (data not shown). To determine if D. radiodurans PriA has helicase
activity, we employed a fluorescence anisotropy-based duplex DNA unwinding assay using a
fork DNA with a fluorescein-labeled 25 bp nascent lagging strand arm as the substrate, as
described previously [22]. In brief, the fluorescein-labeled fork DNA substrate was incubated
with either E. coli PriA or D. radiodurans PriA in the presence of ATP for 10 min at 37°C, the
reactions were terminated by addition of SDS, and the fluorescence anisotropy of the samples
was measured. The degree of unwinding of the fork DNA substrate was determined by compar-
ing the fluorescence anisotropy of the samples to that of the fork DNA substrate incubated in
buffer alone (representing the fully intact fork DNA substrate) and to samples heated briefly to
95°C and fast-cooled back to 25°C (representing the fully denatured fork DNA substrate). This
allowed us to measure the fraction of the fork DNA substrate that is unwound by various con-
centrations of the PriA proteins. As expected, E. coli PriA is capable of unwinding the fork DNA
substrate in a PriA-dependent manner with 56% unwinding of the fork DNA occurring at 10
nM PriA (Fig 3). D. radiodurans PriA shows negligible levels of unwinding on the same fork
DNA substrate. At 10 nM D. radiodurans PriA, only 4% of the fork DNA is unwound (Fig 3).

Given the lack of conservation of catalytic amino acid residues in the Walker A and Walker
B boxes of D. radiodurans PriA, it seems likely that the inability of D. radiodurans PriA to
unwind the fork DNA substrate in the duplex DNA unwinding assays stems from an inability
of D. radiodurans PriA to hydrolyze ATP. Therefore, we measured the ATPase activity of D.
radiodurans PriA using a coupled spectrophotometric assay that relates ATP hydrolysis to the
oxidation of NADH to NAD". We then compared the ATPase activity of D. radiodurans PriA
to that of E. coli PriA. This assay uses a homopolymer dT;¢ oligonucleotide to stimulate the
ATPase activity of PriA since PriA’s ability to catalyze ATP hydrolysis is known to be strongly
dependent upon the presence of a DNA lattice [22, 23]. Under these experimental conditions,
100 nM E. coli PriA catalyzes ATP hydrolysis at a rate of 369 + 9 nM ATP-sec’ (Fig 4). Under
these same conditions, D. radiodurans PriA does not catalyze ATP hydrolysis at a measurable
rate (Fig 4).
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Fig 3. PriA-catalyzed duplex DNA unwinding. D. radiodurans PriA (closed circles) and E. coli PriA (open
circles) were individually tested for their ability to catalyze unwinding of a forked DNA substrate with a 25 bp
fluorescently-labeled nascent lagging strand arm as described in Materials and Methods. Data are reported in
triplicate and error bars represent one standard deviation of the mean.

doi:10.1371/journal.pone.0133419.9003

To verify that our recombinant D. radiodurans PriA protein is not unfolded, we measured
its intrinsic fluorescence as a function of increasing concentrations of the denaturing agent,
guanidine-HCL. The fluorescence emission spectra of D. radiodurans PriA in the presence and
absence of 6 M guanidine-HCI clearly differ from one another (Fig 5). The spectra show the
greatest difference in fluorescence intensity at 324 nm, so fluorescence intensity measurements

400 |
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50 |
0} o—o- —o

ATP Hydrolyzed, nM-s"

0 20 40 60 80 100
[PriA], nM

Fig 4. PriA-catalyzed ATP hydrolysis. D. radiodurans PriA (closed circles) and E. coli PriA (open circles)
were individually tested for their ability to catalyze hydrolysis of ATP in the presence of a 36 base dT
homopolymer as described in Materials and Methods. Data are reported in triplicate and error bars represent
one standard deviation of the mean.

doi:10.1371/journal.pone.0133419.9g004
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Fig 5. Guanidine-mediated unfolding of PriA. D. radiodurans PriA was incubated with indicated
concentrations of guanidine-HCI and PriA’s intrinsic fluorescence was measured as described in Materials
and Methods. The inset shows the fluorescence emission spectrum for D. radiodurans PriA in the presence
and absence of 6 M guanidine-HCI. The best fit curve for the plot of the fraction of PriA folded as a function of

guanidine-HCl was generated by fitting the data to a four-parameter function [y = (a + b-x)/(1 + ¢-x + d-x)]
(CurveExpert 1.3). Data are reported for one representative experiment.

doi:10.1371/journal.pone.0133419.g005

at this wavelength were used to calculate the fraction of PriA folded at various concentrations
of denaturant. The resulting unfolding curve lacks a strong folded-state baseline (Fig 5),

which precludes an estimation of the free energy of the unfolding reaction. The denaturant
concentration at the midpoint of the unfolding curve, [D];, is 1.2 M for guanidine-HCI-
induced unfolding. Therefore, regardless of the mechanism by which PriA unfolds or the pres-
ence and number of any unfolding intermediates, these data indicate that the recombinant D.
radiodurans PriA protein that we expressed in E. coli, purified, and tested for duplex DNA
unwinding activity, DNA binding activity, and ATPase activity is not unfolded.

Given the lack of helicase activity, we sought to determine if D. radiodurans PriA possesses
any other activities that would be expected for a functional PriA. Thus, we tested for its ability
to bind to an 18-base mixed-sequence ssDNA oligonucleotide using a fluorescence anisotropy-
based equilibrium DNA binding assay. For these experiments, D. radiodurans PriA at various
concentrations was incubated with a fixed concentration of fluorescein-labeled ssDNA and the
fluorescence anisotropy of the mixtures was measured. We observed a D. radiodurans PriA-
dependent increase in the fluorescence anisotropy of the fluorescein-labeled ssDNA, indicating
that D. radiodurans PriA is capable of binding to ssDNA (Fig 6A). These equilibrium DNA
binding assays were also conducted using E. coli PriA and the same ssDNA substrate. As
expected, we observed an E. coli PriA-dependent increase in the fluorescence anisotropy of the
fluorescein-labeled ssDNA, confirming many previously published reports that E. coli PriA
binds ssDNA (Fig 6A) [24-26]. The calculated apparent dissociation constants are 129.2 +
11.9 nM for the E. coli PriA-ssDNA interaction, and 215.4 £ 17.0 nM for the D. radiodurans
PriA-ssDNA interaction. These apparent dissociation constants differ only slightly from one
another, suggesting that the structural features of PriA that are required for binding to ssDNA
have been largely conserved between these two PriAs throughout evolution. This also indicates
that the lack of ATPase activity observed for D. radiodurans PriA is not due to a defect in bind-
ing ssDNA.
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Fig 6. DNA binding activity of PriA. D. radiodurans PriA (closed circles) and E. coli PriA (open circles) were individually tested for their ability to bind to A)
an 18-base ssDNA oligonucleotide, or B) a fully-duplex fork DNA with 25 bp arms using a fluorescence-anisotropy-based equilibrium DNA binding assay as
described in Materials and Methods. Data are reported in triplicate and error bars represent one standard deviation of the mean.

doi:10.1371/journal.pone.0133419.g006

We next tested the ability of D. radiodurans PriA to bind to a fork DNA substrate which
mimics the type of DNA structure that PriA would presumably bind in vivo during replisome
reactivation. As with the ssDNA substrate, we observed a D. radiodurans PriA-dependent
increase in the fluorescence anisotropy of the fluorescein-labeled fork DNA, indicating that D.
radiodurans PriA is capable of binding to a fork DNA structure (Fig 6B). Likewise, E. coli PriA
binds to the same fork DNA substrate and does so with an affinity that is similar to that of D.
radiodurans PriA (Fig 6B). The calculated apparent dissociation constants are 52.1 + 1.0 nM
for the E. coli PriA-fork DNA interaction, and 108.5 + 1.7 nM for the D. radiodurans PriA-fork
DNA interaction. We have previously used this same equilibrium DNA binding assay and the
same fork DNA substrate to measure the interaction between Neisseria gonorrhoeae PriA and
fork DNA and determined the apparent dissociation constant to be 134 + 22 nM for the N.
gonorrhoeae PriA-fork DNA interaction [22]. Thus, the affinity of D. radiodurans PriA for the
fork DNA substrate lies between that of the E. coli and N. gonorrhoeae PriAs, both of which
have well-documented helicase activities.

Given that D. radiodurans PriA binds ssDNA and fork DNA, we next wanted to determine
if it physically interacts with any other proteins that would be expected to be present at a
repaired DNA replication fork in the context of a replisome reloading pathway. Since D. radio-
durans lacks clear homologs of priB and dnaT in its genome, we tested for the ability of D.
radiodurans PriA to bind to its cognate replicative helicase, DnaB. While a PriA-DnaB physical
interaction has not been reported in the well-studied E. coli system, it is likely that E. coli PriA
leads to the recruitment of DnaB to a repaired replication fork through some type of physical
interaction, perhaps mediated indirectly through other primosome proteins with which PriA
physically interacts. We used native agarose gel electrophoresis to test for a physical interaction
between D. radiodurans PriA and DnaB proteins. When 50 pmol of D. radiodurans PriA is
resolved by itself through an agarose gel under native conditions, Coomassie Brilliant Blue
R250 staining reveals the presence of a single band (Fig 7, lane 1). Likewise, resolution of
50 pmol of D. radiodurans DnaB by itself under the same electrophoresis conditions produces
a single band (Fig 7, lane 2). These individual PriA and DnaB bands do not comigrate through
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Fig 7. Physical interaction of D. radiodurans PriA and D. radiodurans DnaB. Indicated amounts of D.
radiodurans PriA and D. radiodurans DnaB were incubated either alone or together and electrophoresed
through an agarose gel under native conditions as described in Materials and Methods.

doi:10.1371/journal.pone.0133419.g007

the gel. However, when the PriA and DnaB proteins are mixed together and the mixture is
resolved through a native agarose gel, only a single band is observed (Fig 7, lanes 3-5). This
band migrates approximately midway between the positions of free PriA and free DnaB in the
gel, suggesting that it represents a complex of the PriA and DnaB proteins.

In conclusion, we have demonstrated that PriA from D. radiodurans is a pseudohelicase
that has retained the DNA binding activity of a typical bacterial PriA but can neither hydrolyze
ATP nor unwind duplex DNA. We have also shown evidence for a physical interaction
between D. radiodurans PriA and its cognate replicative helicase, DnaB. Collectively, these data
suggest that D. radiodurans PriA has retained a function in DNA replication restart pathways
despite its inability to unwind duplex DNA at a repaired DNA replication fork. Whether D.
radiodurans uses another DNA helicase for this function, or catalyzes replisome reloading
onto DNA structures that do not require remodeling by a helicase remains unclear.
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