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Abstract
The role of DnaD in the recruitment of replicative helicase has been identified. However,

knowledge of the DNA, PriA, and DnaA binding mechanism of this protein for the DnaA-

and PriA-directed replication primosome assemblies is limited. We characterized the DNA-

binding properties of DnaD from Staphylococcus aureus (SaDnaD) and analyzed its inter-

actions with SaPriA and SaDnaA. The gel filtration chromatography analysis of purified

SaDnaD and its deletion mutant proteins (SaDnaD1-195, SaDnaD1-200 and SaDnaD1-

204) showed a stable tetramer in solution. This finding indicates that the C-terminal region

aa 196–228 is not crucial for SaDnaD oligomerization. SaDnaD forms distinct complexes

with ssDNA of different lengths. In fluorescence titrations, SaDnaD bound to ssDNA with a

binding-site size of approximately 32 nt. A stable complex of SaDnaD1-195, SaDnaD1-200,

and SaDnaD1-204 with ssDNA dT40 was undetectable, indicating that the C-terminal

region of SaDnaD (particularly aa 205–228) is crucial for ssDNA binding. The SPR results

revealed that SaDnaD1-195 can interact with SaDnaA but not with SaPriA, which may indi-

cate that DnaD has different binding sites for PriA and DnaA. Both SaDnaD and SaDna-

DY176A mutant proteins, but not SaDnaD1-195, can significantly stimulate the ATPase

activity of SaPriA. Hence, the stimulation effect mainly resulted from direct contact within

the protein—protein interaction, not via the DNA—protein interaction. Kinetic studies

revealed that the SaDnaD-SaPriA interaction increases the Vmax of the SaPriA ATPase five-

fold without significantly affecting the Km. These results indicate that the conserved C-termi-

nal region is crucial for ssDNA and PriA helicase binding, but not for DnaA protein-binding

and self-tetramerization.
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Introduction
Initiation and re-initiation of chromosomal DNA replication in bacteria is a complex process
that depends on divergent multi-protein assembly for loading the replicative DNA helicase at
the replication origin [1,2,3,4,5]. DNA damage causes arrest and disassembly of the replication
machinery, anywhere along the DNA, leading to replication failure [6,7,8]. Genome integrity
should be maintained from generation to generation to ensure proper cell function and sur-
vival; thus, collapsed DNA replication forks must be reactivated through origin-independent
replisome reloading for genome duplication. The replication restart primosome [9,10,11] is a
formidable enzymatic machine; it is a protein—DNA complex that reactivates stalled DNA
replication at repaired replication forks after DNA damage [12]. In contrast to the DnaA-
directed primosome initiated at the unique oriC site [3,4], the replication restart primosome
preferentially recognizes three-way branched DNA structures that possess a leading strand
[13,14,15,16].

The replication restart primosome in Escherichia coli includes seven essential proteins,
namely, PriA helicase, PriB, PriC, DnaB helicase, DnaC, DnaT, and DnaG primase [10]. The
mechanisms of action of DNA replication restart primosome in bacteria have mainly been
studied in Gram-negative E. coli, and, to a lesser extent, in Gram-positive bacteria [17]. Differ-
ent bacteria have different strategies for the functional loading of cellular replicative DNA heli-
cases [18]. In the Gram-positive Bacillus subtilis, the DNA replication initiator protein PriA
helicase has a homolog of E. coli [19]. Nevertheless, essential helicase-loading components,
such as PriB, PriC, DnaT, and DnaC proteins, are not found in Gram-positive bacteria [20].
Instead, three other proteins, namely, DnaD, DnaB, and DnaI, have been genetically and bio-
chemically proven to be required for the replication restart of the Gram-positive B. subtilis
[21,22,23,25,26]. The DnaD and DnaB have no homologs in Gram-negative bacteria, and their
functions for DnaA- and PriA-dependent initiation of DNA replication need to be examined.

DnaD interacts with DnaA [26], DnaB [24], and DnaD itself [27]. Following DnaA assem-
bly at oriC in B. subtilis, DnaD and DnaB are sequentially recruited and are required to deposit
the protein complex of the helicase loader DnaI and the DNA helicase DnaC onto the
unwound DNA duplex [28]. DnaD inhibits the cooperative DNA-binding activity [29], and
may regulate DNA replication initiation. DnaD forms scaffolds and enhances duplex melting
[30]. DnaD functions as a global regulator of DNA architecture [22] and a potential modulator
for global superhelical density [31]. Moreover, this protein interacts with linear DNA and
forms a nucleoprotein structure with a round DnaD scaffold in an open circle [32]. DnaD con-
sists of an N-terminal domain with oligomerization activity and a C-terminal domain with sin-
gle-stranded DNA (ssDNA)-binding activity [27]. The crystal structure of the N-terminal
domain of DnaD reveals an extended winged-helix fold [33] and a unique tetramerization
motif for the DnaD-mediated scaffold formation [34]. NMR analysis of the structure of the
DnaD C-terminal domain reveals the presence of five helices [35]. Although DnaD can bind to
DNA and form large nucleoprotein complexes in the absence of the N-terminal domain, it
does not exhibit DNA remodeling activity [27].

DnaD is a component of the DNA replication primosome, but information on PriA and
DnaA binding of DnaD is limited. Knowledge of stoichiometry, domain function, and binding
activity is a prerequisite for formulating any model of protein function in DNA replication. In
this study, the DNA-DnaD interactions were analyzed through electrophoretic mobility shift
analysis (EMSA) and fluorescence quenching. Furthermore, considering our collective data
from surface plasmon resonance (SPR) experiments, ATPase stimulation effects and gold
nanoparticle assays on DnaD—PriA and DnaD—DnaA interactions, as well as studies on dele-
tion mutants, we propose and discuss probable domain functions of DnaD.
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Materials and Methods

Construction of SaDnaD, SaDnaD1-195, SaDnaD1-200, SaDnaD1-204,
SaPriA, and SaDnaA expression plasmids
The gene encoding the putative Staphylococcus aureus PriA (SaPriA), SaDnaA, and SaDnaD
was individually amplified by PCR using the genomic DNA of S. aureus subsp. aureus ED98 as
template. The forward and reverse primers were designed to introduce unique restriction sites
into SaDnaD and its deletion mutants, permitting the insertion of the amplified gene into the
pET21e vector for protein expression in E. coli. SaDnaA gene was amplified and inserted into
the pET21b vector. Construction of the SaPriA expression plasmid has been reported [36]. The
pET21e vector [37] was engineered from the pET21b vector (Novagen Inc., Madison, WI,
USA) to avoid N-terminal T7 tag. Primers used for the construction of these plasmids are listed
in Table 1.

Protein expression and purification
The recombinant proteins were expressed and purified using the protocol described previously
for PriB [38]. Briefly, E. coli BL21(DE3) cells were transformed with the expression vector and
overexpression of the expression plasmids was induced by incubating with 1 mM isopropyl
thiogalactopyranoside. The protein was purified from the soluble supernatant by Ni2+-affinity
chromatography (HiTrap HP; GE Healthcare Bio-Sciences), eluted with Buffer A (20 mM
Tris-HCl, 250 mM imidazole, and 0.5 M NaCl, pH 7.9), and dialyzed against a dialysis buffer
(20 mMHEPES and 100 mMNaCl, pH 7.0; Buffer B). Protein purity remained at>97% as
determined by SDS-PAGE (Mini-PROTEAN Tetra System; Bio-Rad, CA, USA).

Gel-filtration chromatography
Gel-filtration chromatography was carried out by the AKTA-FPLC system (GE Healthcare
Bio-Sciences, Piscataway, NJ, USA). In brief, purified protein (2 mg/mL) in Buffer B was
applied to a Superdex 200 HR 10/30 column (GE Healthcare Bio-Sciences, Piscataway, NJ,
USA) equilibrated with the same buffer. The column was operated at a flow rate of 0.5 mL/
min, and the proteins were detected at 280 nm. The column was calibrated with proteins of
known molecular weight: thyroglobulin (670 kDa), γ-globulin (158 kDa), ovalbumin (44 kDa),
and myoglobin (17 kDa). The Kav values for the standard proteins and the SaDnaD variants

Table 1. Primers used for construction of plasmids.

Oligonucleotide Primer

SaDnaD-EcoRI-N GGGGAATTCGATAAATATCAATTAAAA

SaDnaD-HindIII-C GGGAAGCTTCTTACCATCAAGGTTCTC

SaDnaD1-204-EcoRI-N GGGGAATTCGATAAATATCAATTAAAA

SaDnaD1-204-HindIII-C GGGAAGCTTTTTATTAAATTTTTCTCT

SaDnaD1-200-EcoRI-N GGGGAATTCGATAAATATCAATTAAAA

SaDnaD1-200-HindIII-C GGGAAGCTTTTCTCTTATTTTTCTAGA

SaDnaD1-195-EcoRI-N GGGGAATTCGATAAATATCAATTAAAA

SaDnaD1-195-HindIII-C GGGAAGCTTAGAATCGTCAATTGTTTT

SaDnaA-NdeI-N GGGCATATGTCGGAAAAAGAAATTTGG

SaDnaA-XhoI-C GGGCTCGAGTACATTTCTTATTTCTTT

These plasmids were verified by DNA sequencing. Underlined nucleotides indicate the designated site for the restriction site.

doi:10.1371/journal.pone.0157593.t001
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were calculated from the equation: Kav = (Ve − Vo)/(Vc − Vo), where Vo is the column void vol-
ume, Ve is the elution volume, and Vc is the geometric column volume.

EMSA
EMSA for the SaDnaD variants was conducted using the protocol described previously for
PriB [39]. In brief, radiolabeling of various lengths of ssDNA oligonucleotides was carried out
with [γ32P]ATP (6000 Ci/mmol; PerkinElmer Life Sciences, Waltham, MA) and T4 polynucle-
otide kinase (Promega, Madison, WI, USA). Protein (0, 0.06, 0.12, 0.25, 0.5, 1, 2, 4, 8, and
16 μM; monomer) was incubated at 25°C for 30 min with 1.7 nM DNA substrates (dT20–65)
in a total volume of 10 μL in 20 mM Tris—HCl (pH 8.0) and 100 mMNaCl. The resulting sam-
ples were mixed with gel-loading solution (0.25% bromophenol blue and 40% sucrose; w/v),
resolved on a native 8% polyacrylamide gel (8.3 × 7.3 cm) at 4°C in TBE buffer for 1–1.5 h at
100 V, and were visualized by phosphorimaging. The phosphor storage plate was scanned, and
the data for complex and free DNA bands were digitized for quantitative analysis. The ssDNA-
binding ability for the protein was estimated using linear interpolation from the protein con-
centration that binds 50% of the input DNA [40]. Each [Protein]50 was calculated as the aver-
age of at least three measurements ± S.D.

Preparation of dsDNA substrates
The double-stranded DNA substrates (dsDNA) were prepared with a radiolabeled PS4 strand
(30-GGGCTTAAGCCTATCGAGCCATGGG-50; 25 mer) and an unlabeled PS3-dT25 strand (50-
CCCGAATTCGGATAGCTCGGTACCC-dT25-30) at a 1:1 concentration ratio. Each dsDNA
substrate was formed in 20 mMHEPES (pH 7.0) and 100 mMNaCl, by brief heating at 95°C
for 5 min and then followed by slow cooling to room temperature overnight.

Fluorescence-quenching measurement
Fluorescence titrations were performed in a spectrofluorimeter (Hitachi F-2700; Hitachi High-
Technologies, Tokyo, Japan) as described previously [41]. The excitation and emission of tryp-
tophan fluorescence were detected at 295 and 340 nm, respectively. The protein solution
(0.1 μM; tetramer) in 2 mL Tris—HCl buffer (20 mM Tris—HCl, and pH 8.0) containing 200
or 500 mMNaCl was titrated with increasing quantities of dT65 oligonucleotide. After the
addition of ssDNA, the complex solution was equilibrated for 300 s until no fluorescence
change could be observed. Tryptophan fluorescence quenching was used to detect and quantify
protein-DNA interactions.

SPR
SPR was conducted using the protocol described previously for DnaC helicase [42]. SaPriA and
SaDnaA were individually immobilized on Series S sensor chips CM5 (GE Healthcare Bio-Sci-
ences, Piscataway, NJ, USA). The PriA and DnaA-binding experiments were carried out at 293K
using a Biacore T200 (GE Healthcare Bio-Sciences, Piscataway, NJ, USA) with running buffer
(40 mM Tris, 200 mMNaCl, and 0.05% Tween-20 at pH 8.0). SaDnaD solutions were diluted in
the running buffer to final concentrations of 250, 125, 63, 31, 15, and 7.6 nM. Diluted samples
were injected in duplicate over each immobilized protein for 120 s at a flow rate of 30 μL/min.
The running buffer was then flushed for 300 s at a flow rate of 30 μL/min. Finally, the chip sur-
face was regenerated by injecting 2 MMgCl2 buffer for 60 s at a flow rate of 30 μL/min. Control
samples were used to monitor the sensor chip surface stability, demonstrating reproducibility
throughout the duration of the experiments. The estimated Kd values were derived by fitting the
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association and dissociation signals with a 1:1 (Langmuir) model using the Biacore T200 Evalua-
tion Software.

Gold nanoparticle assay
The protein—protein interactions within SaDnaD—SaPriA and SaDnaD—SaDnaA were rapidly
analyzed based on the intrinsic optical properties of the gold nanoparticles [43]. The commer-
cialized kit of Ni2+-NTA SAM nanoparticles (SmarticleParticles) was purchased fromMinerva
Biotechnologies (Waltham, MA, USA). The 75-μL coupling sample 1 contains 50 μL of SaDnaD
(1 μM) and 25 μL of Ni2+-NTA SAM nanoparticles, whereas the 75-μL coupling sample 2 con-
tains 50 μL of SaPriA (1 μM) or SaDnaA (1 μM) and 25 μL of Ni2+-NTA SAM nanoparticles.
Sample 1 was mixed with sample 2 for 1–10min. Red/pink indicates a homogeneous suspension,
and purple indicates that particles are drawn close together through protein—protein
interactions.

ATPase assay
SaPriA ATPase assay was performed with 0.4 mM [γ-32P] ATP and 0.125 μM of SaPriA in
reaction buffer containing 40 mM Tris (pH 8.0), 10 mMNaCl, 2 mM DTT, 2.5 mMMgCl2,
and 0.1 μM PS4/PS3-dT25 DNA substrate. Aliquots (5 μL) were taken and spotted onto a poly-
ethyleneimine cellulose thin-layer chromatography plate, which was subsequently developed
in 0.5 M formic acid and 0.25 M LiCl for 30 m. Reaction products were visualized by autoradi-
ography and quantified with a phosphorimager. The kinetic parameters Km and Vmax were
determined from a non-linear plot by fitting the hydrolyzing rate from individual experiments
to the Michaelis—Menten equation (Enzyme Kinetics module of Sigma-Plot; Systat Software,
Chicago, IL, USA) [44].

Cloning, protein expression, and purification of tag-free SaDnaD,
SaDnaDY176A, and SaDnaD1-195 proteins
To obtain proteins without a His tag, SaDnaD and SaDnaD1-195 were amplified through PCR
and cloned in a pGEX-5X-1 vector (GE Healthcare Bio-Sciences, Piscataway, NJ, USA) by
using the restriction sites EcoRI and XhoI. SaDnaDY176A mutant was generated using a Quik-
Change Site-Directed Mutagenesis kit according to the manufacturer’s protocol (Stratagene,
LaJolla, CA). These expression plasmids were verified by DNA sequencing. Table 2 lists the
primers utilized to construct these GST plasmids.

E. coli BL21(DE3) cells were transformed with the expression vector, and overexpression of
the proteins was induced through incubation with 1 mM of isopropyl thiogalactopyranoside

Table 2. Primers used for construction of GST plasmids.

Oligonucleotide Primer

GST-SaDnaD-EcoRI-N GGGGAATTCGATAAATATCAATTAAAA

GST-SaDnaD-XhoI-C GGGCTCGAGTTACTTACCATCAAGGTT

GST-SaDnaD1-195-EcoRI-N GGGGAATTCGATAAATATCAATTAAAA

GST-SaDnaD1-195-XhoI-C GGGCTCGAGTTAAGAATCGTCAATTGT

GST-SaDnaDY176A-N AGCTTTAAAGCTATGGATCGTATTTTA

GST-SaDnaDY176A-C ACGATCCATAGCTTTAAAGCTAAGTTT

These plasmids were verified by DNA sequencing. Underlined nucleotides indicate the designated site for the restriction site or the mutation site.

doi:10.1371/journal.pone.0157593.t002
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for 8 h at 25°C. The cells were lysed in a GST loading buffer (140 mMNaCl, 2.7 mM KCl, 10
mMNa2HPO4, and 1.8 mM KH2PO4, pH 7.3). The GST fusion proteins GST-SaDnaD,
GST-SaDnaDY176A, and GST-SaDnaD1-195 were purified from the soluble supernatant by
GSTrap HP affinity column (GE Healthcare Bio-Sciences, Piscataway, NJ, USA) and were
eluted with a GST elution buffer (50 mM Tris-HCl and 10 mM reduced glutathione, pH 8.0).
The GST fusion proteins were cleaved by Factor Xa (25 μg/mL; Sigma—Aldrich, St. Louis, MO,
USA) for 8 h at 25°C to remove the GST tag. After dialysis against Buffer C (20 mM potassium
phosphate and 100mMNaCl, pH 7.0), the protein solution was applied to the Heparin HP col-
umn (GE Healthcare Bio-Sciences, Piscataway, NJ, USA) and was eluted with a linear NaCl
gradient from 0.1 M to 0.7 M with Buffer C using the AKTA-FPLC system. After the analysis
of SDS-PAGE, the peak fractions were collected and concentrated. For further purification and
buffer exchange, the resultant protein solution was applied to a Superdex 200 HR 10/30 column
equilibrated with Buffer B and purified by the AKTA-FPLC system. The peak fraction for tag-
free protein (SaDnaD, SaDnaDY176A, and SaDnaD1-195) was collected and concentrated.
Protein purity remained at>97% as determined by SDS-PAGE.

Results

Purification of SaDnaD
The gene SAAV1440 encoding for the putative DnaD was PCR-amplified using the genomic
DNA of S. aureus subsp. aureus ED98 as template. This amplified gene was then ligated into
the pET21e vector for protein expression. SaDnaD was heterologously overexpressed in E. coli
and then purified from the soluble supernatant by Ni2+-affinity chromatography (S1 Fig). Pure
protein was obtained in this single chromatographic step with an elution of Buffer B and dia-
lyzed against a dialysis buffer (Buffer C). Approximately>10 mg of purified protein was
obtained from 1 L of E. coli cell culture. The truncated SaDnaD proteins were also purified
according to the same protocol as that for the wild-type protein, and the purification results
were similar.

EMSA of SaDnaD
To investigate the length of nucleotides needed for the formation of the DnaD—ssDNA com-
plex, as well as the ssDNA-binding ability of DnaD, we studied the binding of SaDnaD to
dT20, dT25, dT35, dT45, dT55, dT60, and dT65 (Fig 1) with different protein concentrations
using EMSA. When we incubated SaDnaD with dT20, no significant band shift was observed.
This result indicates that SaDnaD could not form a stable complex with this homopolymer
during electrophoresis (Fig 1A). Some smears were observed; thus, SaDnaD appeared to inter-
act with dT20, but the ssDNA may be too short to form a stable complex with SaDnaD. In con-
trast to dT20, longer dT homopolymers, such as dT25–55 (Fig 1B–1E), produced a significant
band shift (C, complex). These findings indicate that the ssDNA-binding activity of SaDnaD is
strong enough to form a stable protein—DNA complex in solution. Two different complexes
for dT60 (Fig 1F) and dT65 (Fig 1G) were formed by SaDnaD.

Binding constants of SaDnaD—ssDNA complexes determined from
EMSA
Binding of SaDnaD to ssDNA of different lengths formed distinct complexes. To compare the
binding abilities of SaDnaD to ssDNA of different lengths, the midpoint values for input
ssDNA binding that were calculated from the titration curves of EMSA and the [Protein]50
were quantified using linear interpolation from the protein concentration and are summarized

Characterization of Staphylococcus aureus Primosomal DnaD Protein

PLOS ONE | DOI:10.1371/journal.pone.0157593 June 15, 2016 6 / 18



in Table 3. As shown in Fig 1H, the DNA binding abilities of SaDnaD were length-dependent.
The [SaDnaD]50 for dT65 binding is 0.5 ± 0.1 μM, which is ninefold lower than that for dT25
binding (4.7 ± 0.8 μM). Thus, the protein—DNA contact for each complex of SaDnaD may not
be similar.

C-terminal region of SaDnaD is crucial for ssDNA binding
Given that many conserved positively charged residues are located in the C-terminal domain
of DnaD [35], the truncated SaDnaD proteins, namely, SaDnaD1-204 (the C-terminal 24
amino acid residues were removed), SaDnaD1-200, and SaDnaD1-195, were constructed and
purified (S1 Fig) to investigate whether the C-terminal region is essential for ssDNA binding
and SaDnaD oligomerization. The binding of SaDnaD1-195, SaDnaD1-200, and SaDnaD1-204

Fig 1. EMSA of SaDnaD. Protein (0, 0.06, 0.12, 0.25, 0.5, 1, 2, 4, 8, and 16 μM; monomer) was incubated at 25°C for
30 min with 1.7 nM of (A) dT20, (B) dT25, (C) dT35, (D) dT45, (E) dT55, (F) dT60, or (G) dT65 in a total volume of 10 μL
in 20 mM Tris—HCl (pH 8.0) and 100 mMNaCl. The resulting samples were mixed with gel-loading solution (0.25%
bromophenol blue and 40% sucrose; w/v), resolved on a native 8% polyacrylamide gel (8.3 × 7.3 cm) at 4°C in TBE
buffer for 1–1.5 h at 100 V, and were visualized by phosphorimaging. The phosphor storage plate was scanned, and
the data for complex and free DNA bands were digitized for quantitative analysis. (H) Summary of the [SaDnaD]50
values of SaDnaD. The [SaDnaD]50 values of SaDnaD as a function of the length of the ssDNA determined using
EMSA.

doi:10.1371/journal.pone.0157593.g001

Table 3. The [SaDnaD]50 values of SaDnaD as analyzed by EMSA.

DNA [Protein]50 (μM)

dT20 ND

dT25 4.7 ± 0.8

dT35 2.2 ± 0.3

dT45 2.0 ± 0.2

dT55 1.4 ± 0.1

dT60 1.5 ± 0.1

dT65 0.5 ± 0.1

[Protein]50 was calculated from the titration curves of EMSA by determining the concentration of the protein

(μM) needed to achieve the midpoint value for input DNA binding. For dT60 and dT65, input ssDNA binding

was the sum of the intensities from the two separate ssDNA—protein complexes. Errors are standard

deviations determined by three independent titration experiments.

doi:10.1371/journal.pone.0157593.t003
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to dT40 was examined using EMSA. No significant band shift was observed for SaDnaD1-195,
SaDnaD1-200, and SaDnaD1-204 incubated with dT40, which suggests no complex formation
(S2 Fig). Because some smears were observed, SaDnaD1-204 appeared to interact with dT40,
but cannot form a stable complex with dT40 during electrophoresis. Thus, the C-terminal
region of SaDnaD (the amino acid residues 205–228) is crucial for ssDNA binding.

Oligomeric state of SaDnaD in solution
The analysis of purified SaDnaD protein (4 mg/mL) by gel filtration chromatography revealed
a single peak with elution volume of 74.3 mL. Assuming that the shape and partial specific vol-
ume of SaDnaD are similar to the standard proteins, the native molecular mass of SaDnaD was
estimated to be 107895 Da, which was calculated from a standard linear regression equation,
Kav = −0.3684 (logMw) + 2.2707 (Fig 2). The native molecular mass for SaDnaD is approxi-
mately four times the molecular mass of a SaDnaD monomer (~27 kDa). Thus, we conclude
that SaDnaD in solution is a stable tetramer.

Purified SaDnaD1-195, SaDnaD1-200, and SaDnaD1-204 were also analyzed by gel filtration
chromatography to investigate the deletion effect in the oligomeric state of SaDnaD. The chro-
matographic results showed a single peak with elution volumes of 75.6, 75.9, and 76.3 mL for
SaDnaD1-204, SaDnaD1-200, and SaDnaD1-195, respectively. The native molecular masses of
SaDnaD1-204, SaDnaD1-200, and SaDnaD1-195 were estimated to be 96942, 94872, and 92140
Da, respectively. Thus, SaDnaD1-204, SaDnaD1-200, and SaDnaD1-195 in solution are stable tet-
ramers, which were similar to SaDnaD. Although these deletion mutants of SaDnaD cannot bind
to ssDNA (S2 Fig), deletion of the C-terminal region does not cause any change in the oligomeric
state of SaDnaD, consistent with what was previously shown for the B. subtilisDnaD [27, 35].

Fluorescence detection of SaDnaD and ssDNA interaction
We examined the quenching fluorescence intensity of tryptophan in SaDnaD upon addition of
ssDNA. SaDnaD has three tryptophan residues, namely, Trp148, Trp184, and Trp219, allowing

Fig 2. Gel-filtration chromatographic analysis.Gel-filtration chromatography was carried out by the
AKTA-FPLC system. The column was calibrated with proteins of knownmolecular weight: thyroglobulin (670
kDa), γ-globulin (158 kDa), ovalbumin (44 kDa), and myoglobin (17 kDa). The Kav values for the standard
proteins and the SaDnaD variants were calculated from the equation: Kav = (Ve − Vo)/(Vc − Vo), where Vo is the
column void volume, Ve is the elution volume, and Vc is the geometric column volume. A standard linear
regression curve was generated by plotting the log of the molecular mass of the calibration proteins against
their Kav values.

doi:10.1371/journal.pone.0157593.g002
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ssDNA binding analysis through tryptophan fluorescence quenching. The protein displayed
strong intrinsic fluorescence with a peak wavelength of 340 nm when excited at 295 nm, which
is consistent with tryptophan fluorescence. Upon the addition of ssDNA, fluorescence quench-
ing of SaDnaD was observed. The intrinsic fluorescence was progressively quenched as dT65
was titrated into the SaDnaD solution, suggesting an interaction of SaDnaD with dT65 (Fig 3).
Upon adding a saturating quantity of ssDNA in the presence of 200 and 500 mMNaCl, the
intrinsic fluorescence at 340 nm was quenched by 75% and 65%, respectively. Using these fluo-
rescence data, we calculated the binding stoichiometry between SaDnaD and ssDNA. The satu-
ration curves of SaDnaD in the presence of 200 and 500 mMNaCl suggest that the binding is
stoichiometric at 0.5 SaDnaD tetramer per 65-mer ssDNA if enough binding sites were present
in the DNA for all SaDnaD molecules to bind. Therefore, the binding-site size of SaDnaD tetra-
mer estimated from fluorescence quenching is approximately 32 nt (65 × 0.5 = 32.5). We also
tested the fluorescence quenching of SaDnaD1-195, SaDnaD1-200, and SaDnaD1-204 by add-
ing ssDNA. The ssDNA dT65 at the DNA—protein ratio of 1 only quenched<5%,<10%, and
~20% of SaDnaD1-195, SaDnaD1-200, and SaDnaD1-204 fluorescence intensities, respectively.
Thus, the ssDNA-binding abilities of SaDnaD1-195, SaDnaD1-200, and SaDnaD1-204 were
significantly impaired and their ssDNA-binding site sizes were not estimated.

Characterization of SaDnaD bound to SaPriA or SaDnaA
B. subtilis DnaD—DnaA interaction is previously identified through the yeast two-hybrid anal-
ysis [26]. To gain insights into direct interactions and further quantitatively characterize
whether the C-terminal domain of DnaD was involved in protein—protein interactions within
PriA—DnaD or DnaA—DnaD, we provided experimental evidence using SPR to investigate
the effect of various fragments on the ability of DnaD to bind to PriA or DnaA. PriA and
DnaA were individually immobilized on a sensor chip (as a ligand), and the DnaD solution (as
an analyte) was passed over the sensor chip in a microfluidic chamber. Fig 4 shows the SPR
results at various DnaD concentrations. The Kd values were calculated from the equilibrium
binding isotherms using a simple binding model (a 1:1 Langmuir binding model). As shown in

Fig 3. Fluorescence quenching. The excitation and emission of tryptophan fluorescence were detected at
295 and 340 nm, respectively. The protein solution (0.1 μM; tetramer) in 2 mL Tris—HCl buffer (20 mM Tris—
HCl, and pH 8.0) containing 200 or 500 mMNaCl was titrated with increasing quantities of dT65
oligonucleotide. After the addition of ssDNA, the complex solution was equilibrated for 300 s until no
fluorescence change could be observed.

doi:10.1371/journal.pone.0157593.g003
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Table 4, C-terminal deletion of DnaD resulted in decreased Kd values for PriA and DnaA bind-
ing, indicating a crucial role for protein—protein interactions. DnaD1-195 was injected at
increasing concentrations, but the binding response for PriA did not change; this result indi-
cates that aa 196–228 is necessary for PriA binding in DnaD (Fig 4D) but not for DnaA binding
(Fig 4F). Therefore, DnaD may bind to PriA in a different manner from that to DnaA.

To rapidly confirm whether SaDnaD1-195 can interact with SaDnaA and SaPriA, we carried
out gold nanoparticle assays. As histidine-tagged proteins, SaDnaD1-195, SaPriA, and SaDnaA
can be immobilized on commercialized Ni2+-NTA SAM nanoparticles. Protein-loaded

Fig 4. SPR analysis. Protein—protein interactions within (A) PriA—DnaD, (B) PriA—DnaD1-204, (C) PriA—DnaD1-200, (D)
PriA—DnaD1-195, (E) DnaA—DnaD and (F) DnaA—DnaD1-195 were analyzed using SPR. SaPriA and SaDnaA were
individually immobilized on Series S sensor chips CM5, and the binding experiments were carried out using a Biacore T200 (GE
Healthcare Bio-Sciences, Piscataway, NJ, USA). Control samples were used to monitor the sensor chip surface stability,
demonstrating reproducibility throughout the duration of the experiments. The estimated Kd values were derived by fitting the
association and dissociation signals with a 1:1 (Langmuir) model using the Biacore T200 Evaluation Software. The residual plots
for SPR fitting were shown in S3 Fig.

doi:10.1371/journal.pone.0157593.g004

Table 4. Protein—protein interactions within PriA—DnaD, PriA—DnaD1-204, PriA—DnaD1-200, PriA
—DnaD1-195, DnaA—DnaD, and DnaA—DnaD1-195.

Ligand Analyte Kd (M)

PriA DnaD 2.0 ± 0.3 x 10−9

PriA DnaD1-204 1.1 ± 0.2 x 10−8

PriA DnaD1-200 2.6 ± 0.3 x 10−8

PriA DnaD1-195 ND

DnaA DnaD 1.7 ± 0.2 x 10−8

DnaA DnaD1-195 1.5 ± 0.2 x 10−7

The estimated Kd values were derived by fitting the association and dissociation signals with a 1:1

(Langmuir) model using the Biacore T200 Evaluation Software.

doi:10.1371/journal.pone.0157593.t004
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nanoparticles retain the same red color as the unmodified SAM-coated nanoparticles. However,
the solution turns purple when gold nanoparticles aggregate, indicating the protein—protein
interactions (Fig 5). The gold nanoparticle assay showed that the solution of SaDnaA—SaD-
naD1-195 changed from red to purple (Fig 5A), whereas that of SaPriA-SaDnaD1-195 main-
tained the red color (Fig 5B). Thus, the C-terminal region aa 196–228 in SaDnaD is relatively
important for SaPriA binding, which is consistent with the SPR results.

SaDnaD can significantly stimulate the ATPase activity of SaPriA but
SaDnaD1-195 cannot
Gram-negative bacterial PriA is known as a poor helicase when acting alone in vitro [45]. E.
coli PriA activity can be significantly stimulated by PriB and SSB [46,47,48]. Whether SaDnaD
and SaDnaD1-195 can enhance SaPriA ATPase is unknown. SaPriA could hydrolyze ATP
alone, and this ATPase activity was dramatically stimulated (twelvefold) in the presence of
SaDnaD (S4 Fig). However, when acting with SaDnaD1-195, the stimulation of SaPriA ATPase
was insignificant (only twofold). Thus, the C-terminal region of SaDnaD is important for the
stimulation of SaPriA ATPase activity.

SaDnaDY176A significantly stimulated the ATPase activity of SaPriA as
SaDnaD did
In this study, we determined that the ATPase activity of PriA can be significantly stimulated
via contact with the C-terminal region of DnaD (Fig 4). We further investigated whether the
DNA binding ability of DnaD is related to the stimulation effect. The highly conserved DNA-
binding motif of DnaD, YxxxIxxxW, has been identified [35]. The Y180A mutant protein of B.
subtilis DnaD cannot bind DNA [35]. The same DNA-binding motif is also found in SaDnaD,
and the residue Y180 in B. subtilis DnaD is Y176 in SaDnaD. To assess whether the DNA bind-
ing activity of DnaD is also involved in the stimulation of the ATPase activity of PriA, tag-free
SaDnaDY176A mutant protein was produced using GST fusion and Factor Xa (S5 Fig). To
exclude the possible effect of a His tag, tag-free SaDnaD and SaDnaD1-195 were also con-
structed and used in the ATPase assay for analysis. The stimulation effect of a tag-free SaDnaD

Fig 5. Gold nanoparticle assay. (A) Analysis of SaDnaA—SaDnaD1-195 interaction using SaDnaA (lane
1), SaDnaD1-195 (lane 2), and mixture of SaDnaA and SaDnaD1-195 (lane 3). (B) Analysis of
SaPriA-SaDnaD1-195 interaction using SaPriA (lane 1), SaDnaD1-195 (lane 2), and mixture of SaPriA and
SaDnaD1-195 (lane 3). The gold nanoparticle assay showed that the solution of SaDnaA—SaDnaD1-195
changed from red to purple, whereas that of SaPriA-SaDnaD1-195 maintained the red color

doi:10.1371/journal.pone.0157593.g005
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protein was also analyzed according to the same protocol as that for the His-tagged SaDnaD
protein, and their results were similar (S6 Fig). SaPriA ATPase activity was dramatically stimu-
lated (elevenfold to twelvefold) in the presence of SaDnaD. However, when acting with SaD-
naD1-195, the stimulation of SaPriA ATPase was insignificant (only twofold). We also used
tag-free SaDnaDY176A mutant protein for this analysis and obtained a similar result to that of
the wild-type protein. Therefore, the DNA-binding ability of DnaD and the His tag fused in
the C terminus of DnaD did not play a role in the stimulation of SaPriA ATPase activity. How-
ever, SaDnaD1-195 still partially stimulated the PriA ATPase activity (S6 Fig). How SaDnaD1-
195 can slightly enhance the ATPase activity of SaPriA remains unclear.

Effect of SaDnaD, SaDnaD1-195, and SaDnaDY176A on the kinetic
parameters of SaPriA ATPase
We further determined the kinetic parameters of PriA ATPase in the presence or absence of
DnaD. Given that DnaD can bind and may stabilize the dsDNA substrate, the SaDnaDY176A
mutant protein was also used for this analysis to rule out any possible role of the DNA-binding
involvement of DnaD. As shown in Fig 6, the ATP hydrolyzing reaction was insignificant
when only PriA was added into the assay mixture. Under the same ATP concentration assay
range, the kinetic parameters of SaPriA ATPase varied when SaDnaD, SaDnaD1-195, and SaD-
naDY176A protein was individually added in the hydrolyzing reaction (Table 5). When acting
with SaDnaD or SaDnaDY176A, the Vmax values of SaPriA ATPase increased fivefold, whereas
the Km values were only slightly affected. The addition of SaDnaD1-195 to the hydrolyzing
reaction induced only a minimal effect.

Discussion
S. aureus is a Gram-positive pathogen that exhibits a remarkable ability to develop antibiotic
resistance [49,50,51,52,53,54]. Considering that PriA and DnaA-directed primosomes are

Fig 6. Effect of SaDnaD, SaDnaD1-195, and SaDnaDY176A on the kinetic parameters of the SaPriA
ATPase. In this experiment, tag-free SaDnaD proteins were used for analysis of SaPriA ATPase activity.
SaPriA ATPase assay was performed with 0–1 mM [γ-32P] ATP, 0.125 μMof SaPriA, and 0.1 μMPS4/
PS3-dT25 DNA substrate for 1 h. To study the effect, SaDnaD (10 μM), SaDnaDY176A (10 μM), or SaDnaD1-
195 (10 μM) was added into the assay solution. Aliquots (5 μL) were taken and spotted onto a
polyethyleneimine cellulose thin-layer chromatography plate, which was subsequently developed in 0.5 M
formic acid and 0.25M LiCl for 30m. Reaction products were visualized by autoradiography and quantified with
a Phosphorimager. Data points are an average of three determinations and the errors are standard deviation.

doi:10.1371/journal.pone.0157593.g006
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required for bacterial DNA replication restart processes, these primosomes may be suitable tar-
gets for antibiotic development. Because PriA, DnaA, and DnaD are not found in mammals,
inhibitors based on these proteins are potentially safe for human use. We found that SaDnaD1-
195 can bind to DnaA and can form a tetramer, but it cannot interact with ssDNA and PriA.
This binding information on SaDnaD is a prerequisite for new antibacterial drug development
and for formulating any model of protein function in DNA replication and DNA replication
restart.

In this study, we discovered that the primosomal DnaD protein, which is only found in the
Gram-positive bacteria, can bind PriA helicase via the C-terminal region, and this interaction
significantly stimulated the activity of PriA. PriA activity can also be stimulated by the Gram-
negative E. coli PriB and SSB proteins [47,48]. For SSB, the 15 C-terminal amino acids are abso-
lutely needed for PriA binding and stimulation. Moreover, the stimulation of PriA by the SSB
C-terminus requires binding of SSB to ssDNA within the substrate [48]. For PriB, the stimula-
tion of PriA by PriB needs to form a stable PriA-PriB-DNA complex. In addition, the ssDNA-
containing DNA substrate is required to simulate PriA by PriB [47]. These two stimulatory
cases of PriA by PriB and SSB indicate that both protein—protein interaction and DNA-binding
ability are important factors in simulating PriA. However, several lines of evidence indicate that
the stimulatory mechanism of PriA by DnaD, PriB or SSB may differ. First, unlike PriB and
SSB, DnaD is not an OB-fold protein, thus binding ssDNA differently [38,55]. Second, DnaD is
found to bind dsDNA (but with lower affinity than ssDNA) [35], whereas PriB and SSB are not.
Third, the DNA-binding mutant SaDnaDY176A still stimulated PriA activity as the wild-type
SaDnaD did, whereas the DNA-binding mutants of PriB and SSB do not exhibit a stimulation
effect for PriA. Fourth, although the C-terminal region of DnaD was also crucial for the PriA
stimulation as the case in SSB, the amino acid residues in SSB and DnaD C-terminal region are
quite different and the sequences are not similar. Fifth, the C-terminal region of DnaD is impor-
tant both for DNA- and PriA-binding, whereas the ssDNA binding region is located at the N-
terminal domain of SSB, not the C terminus [55]. Occupying of partially unwound intermedi-
ates of DNA unwinding reactions by SSB is known to prevent ssDNA reannealing and enhance
the apparent processivity of more distributive helicases. If the DNA binding activity of DnaD
plays no role in the activity stimulation of PriA, how can the protein—protein interactions
within PriA-DnaD can conduct such effect? The results from our kinetic studies further reveal
that PriA binding to DnaD did not significantly change the Km value. Thus, DnaD binding to
PriA may not alter the ATP binding environment of PriA. Whether the conformation of PriA
changes upon DnaD binding and whether the increased Vmax value of PriA ATPase for DnaD
binding results from facilitating the product (ADP) release remains undiscovered.

Table 5. Apparent Michaelis—Menten constants for SaPriA in the presence of the SaDnaD protein.

PriA

DnaD Vmax Km Vmax/Km Fold

PriA 0.023 ± 0.001 0.47 ± 0.07 0.049 1.0

PriA and DnaD 0.114 ± 0.005 0.44 ± 0.04 0.259 5.3

PriA and DnaD1-195 0.026 ± 0.003 0.42 ± 0.09 0.062 1.2

PriA and DnaDY176A 0.115 ± 0.005 0.46 ± 0.04 0.250 5.1

The kinetic parameters Km (mM) and Vmax (μmol/mg/min) were determined by fitting the hydrolyzing rate from individual experiments to the Michaelis—

Menten equation (Enzyme Kinetics module of Sigma-Plot; Systat Software, Chicago, IL, USA), and then the standard errors were given. The enzyme

activity of PriA for kinetic fitting is an average determined at three measurements.

doi:10.1371/journal.pone.0157593.t005
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Roles of the N-terminal domain of DnaD have been well established. The structure and
detailed functions of the C-terminal domain of DnaD are still poorly understood. The C-termi-
nal region of DnaD was found to be crucial for both PriA and ssDNA binding, suggesting that
these binding sites are overlapped on DnaD. Future studies should focus on whether the bind-
ing site for ssDNA on DnaD is necessary to overlap the binding site for PriA, because PriA (a
monomer) and DnaD (a tetramer) have different oligomerization states. For example, only one
monomer of the PriB dimer can interact with the DNA and its partner proteins [38,56]. The
complex structures of DnaD are useful in helping us to understand the primosome assembly
mechanisms.

Most DNA helicases of superfamily I and superfamily II are almost non-hexameric and
have poor dsDNA unwinding activities when acting alone in vitro [45]. E. coli PriA helicase
activity can be significantly stimulated by PriB and SSB. Determining whether DnaD can
enhance the Gram-positive PriA helicase or the Gram-negative PriA helicase is important to
understand deeply the role of DnaD in the primosome assembly. SPR results indicate that the
binding sites on DnaD for PriA and ssDNA do not overlap with the binding site for DnaA (Fig
4), suggesting that the DnaD expression in cells may simultaneously work with DnaA in repli-
cation and with PriA in replication restart.

Supporting Information
S1 Fig. Protein purity. Coomassie Blue-stained SDS-PAGE (12%) of the purified SaDnaD
(lane 1), SaDnaD1-204 (lane 2), SaDnaD1-200 (lane 3), SaDnaD1-195 (lane 4) and molecular
mass standards (M) are shown. The sizes of the standard proteins, from the top down, are as
follows: 170, 130, 100, 70, 55, 40, 35, 25, 15, and 10 kDa.
(TIF)

S2 Fig. ssDNA binding analysis of the deletion mutants of SaDnaD. (A) SaDnaD1-195, (B)
SaDnaD1-200, or (C) SaDnaD1-204, was incubated at 25°C for 30 min with 1.7 nM dT40 in a
total volume of 10 μL in 20 mM Tris—HCl (pH 8.0) and 100 mMNaCl. The resulting samples
were mixed with gel-loading solution (0.25% bromophenol blue and 40% sucrose; w/v),
resolved on a native 8% polyacrylamide gel (8.3 × 7.3 cm) at 4°C in TBE buffer for 1–1.5 h at
100 V, and were visualized by phosphorimaging. The phosphor storage plate was scanned, and
the data for complex and free DNA bands were digitized for quantitative analysis.
(TIF)

S3 Fig. Residual plots for SPR fitting. The estimated Kd values were derived by fitting the
association and dissociation signals with a 1:1 (Langmuir) model using the Biacore T200 Evalu-
ation Software. These residual plots were the calculated difference between the experimental
and fitted data [57] for PriA—DnaD, PriA—DnaD1-204, PriA-DnaD1-200, DnaA—DnaD,
and DnaA—DnaD1-195, respectively.
(TIF)

S4 Fig. SaDnaD can significantly stimulate the ATPase activity of SaPriA but SaDnaD1-
195 cannot. SaPriA ATPase assay was performed with 0.4 mM [γ-32P] ATP, 0.125 μM of
SaPriA, and 0.1 μM PS4/PS3-dT25 DNA substrate for 1 h. To study the effect, SaDnaD
(10 μM) or SaDnaD1-195 (10 μM) was added into the assay solution. Aliquots (5 μL) were
taken and spotted onto a polyethyleneimine cellulose thin-layer chromatography plate, which
was subsequently developed in 0.5 M formic acid and 0.25 M LiCl for 30 m. Reaction products
were visualized by autoradiography and quantified with a Phosphorimager.
(TIF)
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S5 Fig. Production of tag-free SaDnaD proteins. To obtain proteins without a His tag, tag-
free SaDnaD, SaDnaDY176A, and SaDnaD1-195 proteins were produced using GST fusion
and Factor Xa and were used in succeeding analysis. Coomassie Blue-stained SDS-PAGE
(12%) of the purified SaDnaD (lane 1), GST-SaDnaD (lane 2), SaDnaD1-195 (lane 3),
GST-SaDnaD1-195 (lane 4), GST-SaDnaDY176A (lane 5), SaDnaDY176A (lane 6), and molec-
ular mass standards (M) are shown. The sizes of the standard proteins, from the top down, are
as follows: 170, 130, 100, 70, 55, 40, 35, 25, and 15 kDa.
(TIF)

S6 Fig. SaDnaDY176A significantly stimulate the ATPase activity of SaPriA as SaDnaD
did. In this experiment, tag-free SaDnaD proteins were used for analysis of SaPriA ATPase
activity. SaPriA ATPase assay was performed with 0.4 mM [γ-32P] ATP, 0.125 μM of SaPriA,
and 0.1 μM PS4/PS3-dT25 DNA substrate for 1 h. To study the effect, SaDnaD (10 μM), SaD-
naDY176A (10 μM), or SaDnaD1-195 (10 μM) was added into the assay solution. Aliquots
(5 μL) were taken and spotted onto a polyethyleneimine cellulose thin-layer chromatography
plate, which was subsequently developed in 0.5 M formic acid and 0.25 M LiCl for 30 m. Reac-
tion products were visualized by autoradiography and quantified with a Phosphorimager.
(TIF)
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