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ABSTRACT: PriA helicase catalyzes the initial steps of replisome reloading onto
repaired DNA replication forks in bacterial DNA replication restart pathways. We
have used a high-throughput screen to identify a small molecule inhibitor of PriA-
catalyzed duplex DNA unwinding. The compound, CGS 15943, targets Neisseria
gonorrhoeae PriA helicase with an IC50 of 114 ± 24 μM. The PriA helicase of
Escherichia coli is also inhibited, although to a lesser extent than N. gonorrhoeae PriA.
CGS 15943 decreases rates of PriA-catalyzed ATP hydrolysis and reduces the
affinity with which PriA binds DNA. Steady-state kinetic data indicate that CGS
15943 inhibits PriA through a mixed mode of inhibition with respect to ATP and
with respect to DNA, indicating that it binds to a site on PriA that participates in
both substrate binding and catalysis. Inhibitor binding constants derived from
steady-state kinetic experiments reveal that CGS 15943 has the highest binding
affinity for the PriA·PriB·ATP complex, intermediate binding affinity for the
PriA·PriB·DNA complex, and the lowest binding affinity for the PriA·PriB·DNA·ATP complex, suggesting that PriA assumes
different conformations in each of these complexes. We propose that CGS 15943 binds to PriA at a site distinct from the DNA
and primary ATP binding sites, perhaps at PriA’s weak nucleotide binding site, and induces a conformational change in PriA that
renders it less catalytically proficient or prevents conformational changes in PriA that are necessary for ATP hydrolysis and
duplex DNA unwinding.

DNA damage creates barriers to the complete and faithful
duplication of cellular genomes and, if not properly addressed,
can lead to cell death.1 In response to the ever-present threat of
DNA-damaging agents, cells have evolved elaborate and highly
effective mechanisms for detecting damaged DNA and either
repairing or circumventing the damage to allow normal DNA
metabolic processes to resume. In Escherichia coli, DNA
replication forks that are disrupted because of encounters of
the replication machinery (replisome) with damaged DNA are
reactivated by DNA replication restart primosome proteins,
including PriA helicase, PriB, PriC, DnaT, and Rep helicase.2

Genetic analysis of DNA replication restart in E. coli has
revealed that the DNA replication restart primosome proteins
function within multiple pathways: one pathway involves PriA,
PriB, and DnaT, a second PriA, PriC, and DnaT, and a third
Rep and PriC.3,4 This model of multiple DNA replication
restart pathways explains observations that null mutations in
priA, priB, priC, and dnaT genes do not all display identical
cellular phenotypes as would be expected for genes that operate
in a single pathway.4,5 Subsequently, two replisome reloading
systems have been biochemically defined in E. coli: one that
requires PriA, PriB, and DnaT and another that requires only
PriC.6 In vitro, these proteins are capable of reloading the
replicative helicase, DnaB, onto an appropriately structured
synthetic DNA template.6 In vivo, the PriC-dependent pathway
is also thought to require the DNA unwinding activity of either
PriA helicase or Rep helicase.3,7 The choice of which replisome
reloading system a cell might use seems to be dictated by the
type of DNA structure that requires reactivation: the PriA−
PriB−DnaT pathway appears to be favored when the DNA fork

has no gaps in the leading strand, while the PriC pathway
appears to be favored when the DNA fork has large gaps in the
leading strand.6 Regardless of the pathway chosen, the overall
goal of these replisome reloading systems is to facilitate the
reloading of DnaB onto the DNA to allow continuation of
DNA replication following a disruptive encounter of a
replisome with a damaged DNA template.2 The fact that E.
coli harbors multiple DNA replication restart pathways likely
underscores the importance of reactivating DNA replication
forks that have diverse structures resulting from various
genome maintenance processes.2

While many bacterial genomes lack obvious homologues of
the priB, priC, and dnaT genes, the priA gene has been well
conserved throughout evolution. Thus, DNA replication restart
initiated by PriA helicase probably represents the major
pathway of DNA replication restart in most bacteria. In E.
coli cells, priA null mutations give rise to reduced cell viability,
induction of the SOS response, and filamentous cell
morphology, suggesting that these cells have defects in DNA
replication and recombination.8 Furthermore, priA null
mutations are synthetically lethal with mutations that further
disrupt genome stability, such as DNA gyrase and DNA
polymerase mutations, lending additional support to the
importance of priA in DNA replication restart pathways
because these strains would have an increased requirement to
reactivate repaired DNA replication forks.9,10 PriA has been
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shown to play an important role in genome maintenance in
other bacteria; Neisseria gonorrhoeae priA plays a critical role in
DNA repair and in resisting the toxic effects of oxidative
damaging agents, and priA from Neisseria meningitidis has been
identified as an important virulence determinant and is
important for resisting oxidative injury and promoting bacterial
replication.11,12

In vivo, PriA helicase is thought to initiate reactivation of
repaired DNA replication forks by binding to specific DNA
structures, such as forked DNA with three-way branches and D-
loop DNA.13,14 After binding to an appropriate DNA structure,
PriA can catalyze unwinding of short stretches of duplex DNA
using its 3′−5′ helicase activity and facilitate assembly of the
remaining primosome proteins such as PriB and DnaT.14−17

PriB is a primosome protein that binds to PriA and stabilizes
PriA on the DNA.14 PriB also simulates PriA’s helicase activity
and is thought to participate in recruiting DnaT to the
primosome complex.18−20 The combined activities of PriA,
PriB, and DnaT facilitate recruitment of the DnaB−DnaC
complex to the repaired DNA replication fork and the
subsequent reloading of DnaB onto the DNA by an as yet
unknown mechanism.2

PriA is a superfamily II helicase that comprises two
structurally separable functional domains: an amino-terminal
DNA-binding domain (DBD) and a carboxyl-terminal helicase
domain (HD) that includes seven conserved helicase
motifs.21−23 The helicase motifs include a nucleotide-binding
Walker A motif (also known as a phosphate-binding loop or P-
loop) that includes amino acid residues 224−231 (based on the
sequence of E. coli PriA), a DEEH motif of amino acid residues
320−323 that represents a specialized version of the Walker B
motif and is thought to play a role in binding Mg2+, and an
element that bears resemblance to a second nucleotide-binding
Walker A motif that includes amino acid residues 583−
591.22,24−26 The two Walker A motifs have been proposed to
account for PriA’s two nucleotide binding sites: one of which
has a high affinity for nucleotides and is thought to be the
primary ATP binding site and the second of which has a low
affinity for binding nucleotides and is thought to be an allosteric
control site.27−29 PriA also contains a well-conserved Cys-rich
element between helicase motifs IV and V that is thought to be
important for zinc binding and for coupling its ATPase activity
to its DNA unwinding activity.22,30

The types of DNA structures to which PriA can bind in vitro
are highly varied. E. coli PriA can bind to single-stranded DNA
(ssDNA), double-stranded DNA, partial duplex DNA with a 3′-
ssDNA overhang, DNA fork structures with three-way
branches, and D-loop structures.31−36 While the DBD is
important for binding to DNA fork structures and D-loop
DNA, its affinity for DNA is lower than that of intact PriA,
suggesting that binding of PriA to forked DNA structures
involves contributions from both the DBD and HD.23,37 As is
true of many helicases, PriA’s ATPase activity is tightly linked
to its binding to a DNA lattice, and negligible levels of ATP
hydrolysis are detected in the absence of DNA.20,38 This likely
reflects a tight coupling between ATP hydrolysis and
translocation of the helicase along the DNA lattice, which
can result in duplex DNA unwinding when a region of double-
stranded DNA is encountered while the helicase translocates
along the lattice.
Given the central role of PriA in bacterial DNA replication

restart pathways and its importance for cell growth and
viability, we sought to identify small molecule compounds that

could inhibit its function. We adapted a previously described
fluorescence polarization-based DNA unwinding assay for use
in a high-throughput screen (HTS) to search for small
molecules that could disrupt the ability of the PriA·PriB
complex to catalyze unwinding of a synthetic DNA fork
structure.20 One of the hits obtained from the HTS is a
triazoloquinazoline called CGS 15943. This compound had
been previously identified and characterized as a potent and
selective antagonist for adenosine receptors.39,40 Here, we
report that CGS 15943 functions as an inhibitor of PriA
helicase activity. As the first reported small molecule inhibitor
of PriA helicase, CGS 15943 could be useful for understanding
mechanistic details of PriA function and for exploring the
importance of PriA helicase for cell growth and survival in
bacteria that rely heavily upon PriA-catalyzed DNA replication
restart.

■ MATERIALS AND METHODS
Proteins. The priA and priB genes of N. gonorrhoeae strain

FA1090 were cloned and the recombinant PriA and PriB
proteins purified as previously described.41 The priA gene of E.
coli strain K12 was cloned and the recombinant PriA protein
purified as previously described.42 The concentrations of PriA
and PriB proteins were determined by measuring their
absorbance at 280 nm in 6.0 M guanidine hydrochloride
using molar extinction coefficients of 78460 M−1 cm−1 for N.
gonorrhoeae PriA, 15460 M−1 cm−1 for N. gonorrhoeae PriB, and
105870 M−1 cm−1 for E. coli PriA.43

Nucleic Acids. For DNA binding and unwinding assays, a
fully duplex DNA fork substrate with a 3′-fluorescein-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 GC;
template lagging strand, 5′-ACG TAG GCC GGA AAC AAC
GTC ATA GAC GAT TAC ATT GCT ACA TGG AGC TGT
CTA GAG GAT CCG AC; 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 TGT TTC CGG CCT ACG T. The oligonucleo-
tides were annealed in 10 mM Tris-HCl (pH 8), 50 mM NaCl,
and 1 mM EDTA at a 2:1 molar ratio of nonlabeled DNA to
fluorescein-labeled DNA. The DNAs were incubated at 95 °C
for 5 min, slowly cooled to 70 °C, incubated at that
temperature for 60 min, and slowly cooled to 25 °C. The
duplex DNA was gel-purified through a 6% polyacrylamide gel
using 100 mM Tris-borate (pH 8.3) and 2 mM EDTA as the
electrophoresis buffer. The DNA was excised from the
polyacrylamide gel, electroeluted using the same electro-
phoresis buffer, dialyzed against 10 mM Tris-HCl (pH 8)
and 5 mM MgCl2, aliquoted, and stored at −20 °C. A
homopolymer dT36 oligonucleotide was used for steady-state
enzyme kinetic experiments to measure DNA-dependent rates
of PriA-catalyzed ATP hydrolysis. All oligonucleotides were
purchased from Integrated DNA Technologies, Inc. (Coralville,
IA).

DNA Unwinding Assay for High-Throughput Screen-
ing. The DNA unwinding assay used in high-throughput
screening was performed at the University of Wisconsin
Carbone Cancer Center Small Molecule Screening and
Synthesis Facility using the National Institutes of Health
(NIH) Clinical Collection library of 446 small molecules. The
DNA fork substrate was diluted to 1 nM in 20 mM Tris-HCl
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(pH 8), 50 mM NaCl, 3 mM MgCl2, and 1 mM 2-
mercaptoethanol and distributed into individual wells of 96-
well plates. Library compounds were added at a final
concentration of approximately 10 μM. Wells to which no
compounds were added received an equivalent volume of
dimethyl sulfoxide (DMSO) solvent. Each well received 1 mM
ATP and 15 nM N. gonorrhoeae PriB (as monomers), and the
reactions were initiated by addition of 4 nM N. gonorrhoeae
PriA. The final volume of each reaction mixture was
approximately 100 μL. The plates were incubated at 37 °C
for 10 min to facilitate duplex DNA unwinding; the reactions
were terminated by addition of 1% (w/v) SDS, and the
fluorescence anisotropy of each well was measured at 25 °C.
Fluorescence anisotropy values were compared to the
fluorescence anisotropy of the DNA fork substrate incubated
in buffer alone (fully intact DNA fork substrate) and the
fluorescence anisotropy of the DNA fork substrate after it had
been heated to 95 °C and rapidly cooled to 25 °C (fully
denatured DNA substrate) to determine the fraction of DNA
unwound for each experimental sample.
Determination of IC50. Dose−response curves were

generated by titrating CGS 15943 into mixtures of PriA and
PriB proteins from either N. gonorrhoeae or E. coli. These DNA
unwinding assays are similar to the one used for the HTS,
except that the concentrations of PriA and PriB were varied as
described in the main text to account for slight differences in
enzyme activity between the two bacterial PriA homologues. In
each case, the concentrations of primosome proteins were
chosen to maximize the full dynamic range of the assay while
avoiding saturating the assay with excess enzyme. Serial
dilutions of CGS 15943 were made into DMSO from a 10
mM stock solution, and the final concentration of DMSO was
fixed at 10% (v/v) for all experimental points in the CGS 15943
titrations. Fluorescence anisotropies were measured at 25 °C
with a Beacon 2000 fluorescence polarization system. The
concentration of CGS 15943 required for 50% inhibition (IC50)
was determined using a four-parameter sigmoidal model

= − + +−y a d x c d( )/[1 ( / ) ]b

where a is the minimal enzyme activity, b is the slope, c is the
IC50, d is the maximal enzyme activity, y is the fraction of DNA
unwound, and x is the inhibitor concentration (CurveExpert
version 1.3).
ATP Hydrolysis Assays. PriA·PriB complex-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+. The coupled reaction can be
monitored spectrophotometrically by measuring the decrease in
absorbance at 340 nm due to NADH oxidation.44 Mixtures of
10 nM N. gonorrhoeae PriA and 100 nM N. gonorrhoeae PriB (as
monomers) were incubated with indicated concentrations of
dT36 and 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, and 0.1 mg/mL bovine serum albumin (BSA)
at 37 °C in the presence of 57 μM CGS 15943 or an equivalent
volume of DMSO. Steady-state Δ[NADH]/Δt rates were
calculated using the molar extinction coefficient of 6220 M−1

cm−1 for NADH, and these rates are equivalent to Δ[ATP]/Δt.
The kinetic parameters Km, Kact, and Vmax were determined by
fitting the rates of ATP hydrolysis from individual experiments
to the Michaelis−Menten equation

= +V V K( [ATP])/( [ATP])max m

for experiments in which ATP was varied or to the equation

= +V V K( [dT ])/( [dT ])max 36 act 36

for experiments in which dT36 was varied (CurveExpert version
1.3). Values of kcat were determined by dividing the apparent
Vmax by the concentration of PriA in the reaction. Reported Km,
Kact, and kcat values are averages from at least three independent
experiments, and associated uncertainty values are one standard
deviation of the mean. The relationship between apparent Vmax
and KI′ was determined using the equation

= + ′V V K(app) /(1 [I]/ )max max I

The relationship among apparent Km, KI, and KI′ was
determined using the equation

= + + ′K K K K(app) (1 [I]/ )/(1 [I]/ )m m I I

The relationship among apparent Kact, KI, and KI′ was
determined using the equation

= + + ′K K K K(app) (1 [I]/ )/(1 [I]/ )act act I I

Equilibrium DNA Binding Assays. CGS 15943 was
titrated into a mixture of 1 nM DNA fork substrate and 10
nM N. gonorrhoeae PriA in a buffered solution consisting of 20
mM Tris-HCl (pH 8), 10% (v/v) glycerol, 50 mM NaCl, 1 mM
2-mercaptoethanol, and 0.1 mg/mL BSA. Serial dilutions of
CGS 15943 were made into DMSO from a 10 mM stock
solution, and the final concentration of DMSO was fixed at 10%
(v/v) for all experimental points in the CGS 15943 titrations.
The fluorescence anisotropy of the DNA fork substrate in the
presence of PriA and either DMSO or a range of CGS 15943
concentrations was measured at 25 °C with a Beacon 2000
fluorescence polarization system. Following this measurement,
the integrity of the DNA fork substrate was checked by adding
1% (w/v) SDS to each sample to remove bound PriA and then
measuring the fluorescence anisotropy again. The unbound
state of the DNA fork substrate is reported by its fluorescence
anisotropy in the presence of buffer alone.

■ RESULTS
High-Throughput Screen for PriA·PriB Inhibitors. A

fluorescence polarization-based HTS was developed to identify
inhibitors of PriA·PriB complex-catalyzed duplex DNA
unwinding. The HTS assay uses a fluorescently labeled DNA
fork substrate that is composed of four oligonucleotides that
have a combined molecular weight of 55932.5 (including the
fluorescein label). The DNA strand that is covalently labeled
with fluorescein at its 3′ end has a molecular weight of 12837.4
(including the fluorescein label), which is significantly smaller
than the molecular weight of the intact DNA fork. Therefore,
unwinding of the DNA fork substrate can be reported by a
decrease in fluorescence anisotropy as the labeled DNA strand
is dissociated from the remainder of the fork (Figure 1).
The HTS was performed in a 96-well plate format at the

University of Wisconsin Carbone Cancer Center Small
Molecule Screening and Synthesis Facility using concentrations
of N. gonorrhoeae PriA and PriB that give approximately 60%
DNA unwinding when DMSO is used as a substitute for library
compounds, and the assay has a Z′ factor of 0.73, indicating
that the assay conditions are suitable for high-throughput
screening.45 The NIH Clinical Collection library of 446 small
molecules was screened at a final concentration of approx-
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imately 10 μM, and hits were identified as wells with a degree of
duplex DNA unwinding that is at least three standard
deviations below the mean level of duplex DNA unwinding
for the corresponding plate’s DMSO solvent control wells (of
which there were eight per plate). There were five hits
identified using these criteria (corresponding to approximately
1% of the library). Here, we describe the validation and
characterization of one of these hits, CGS 15943.
Hit Validation and Determination of IC50. From our

initial HTS of the NIH Clinical Collection library, CGS 15943
produced the greatest degree of inhibition of PriA·PriB
complex-catalyzed duplex DNA winding. However, given the
variability that is inherent to small volume fluid transfers
performed by robotic liquid handling equipment used in a
HTS, we performed additional DNA unwinding assays to
validate CGS 15943 as a genuine inhibitor of PriA·PriB
complex-catalyzed duplex DNA unwinding. These additional
assays were conducted under conditions highly similar to those
used in the HTS, although a range of CGS 15943
concentrations was tested. We incubated 1 nM DNA fork
substrate with 5 nM PriA and 50 nM PriB (as monomers) and
either DMSO as a solvent control or CGS 15943 at
concentrations ranging from 1 to 400 μM and measured the
fluorescence anisotropy (Figure 2). The results of these
experiments are consistent with the results of the HTS in
demonstrating that CGS 15943 inhibits PriA·PriB complex-
catalyzed duplex DNA unwinding. The resulting dose−
response curve was modeled using a four-parameter sigmoidal
model as described in Materials and Methods. The
concentration of CGS 15943 that produces 50% inhibition of
N. gonorrhoeae PriA·PriB complex-catalyzed duplex DNA
unwinding (IC50) under these experimental conditions is 114
± 24 μM.
PriA Is the Target of CGS 15943-Mediated Inhibition.

The DNA unwinding assay used in the HTS was designed to
provide many potential points at which an inhibitor might exert
its effects. An inhibitor compound could potentially disrupt
DNA binding by PriA, DNA binding by PriB, PriA−PriB
interactions, ATP binding or hydrolysis by PriA, or the
coupling of DNA binding and ATP hydrolysis. Therefore, we
sought to determine the mechanism by which CGS 15943
inhibits PriA·PriB complex-catalyzed duplex DNA unwinding.
First, we investigated whether PriA, PriB, or a PriA·PriB
complex is the target of inhibition. Given that PriB serves to
stimulate the helicase activity of PriA, we reasoned that if CGS
15943 were to disrupt PriB function but not affect PriA, then

the overall levels of duplex DNA unwinding observed in the
presence of inhibitor would be equivalent to the levels of
duplex DNA unwinding observed for PriA alone. In the absence
of both CGS 15943 and PriB, 5 nM PriA alone catalyzes the
unwinding of approximately 31% of the DNA fork substrate
(Figure 3). However, the titration of CGS 15943 with a mixture

of 5 nM PriA and 50 nM PriB (as monomers) demonstrates
that the inhibitor is capable of reducing levels of duplex DNA
unwinding to <10% at the highest concentration of CGS 15943
tested (Figure 2). The extent of maximal inhibition by CGS
15943 suggests that the inhibitor is not simply eliminating the
stimulatory effects of PriB. When DNA unwinding assays are
conducted using 5 nM PriA and the IC50 concentration of CGS
15943 in the absence of PriB, levels of duplex DNA unwinding
are approximately one-half of those of the DMSO solvent

Figure 1. DNA unwinding assay for high-throughput screening. A
DNA fork substrate with a 40 bp duplex 3′-fluorescein-labeled nascent
lagging strand arm was incubated with PriA and PriB in the presence
of ATP to facilitate DNA unwinding. Bound proteins were removed
from the products using SDS, and the degree of unwinding of the 3′-
fluorescein-labeled DNA strand was measured using fluorescence
polarization spectroscopy. The intact DNA fork has a higher
fluorescence anisotropy (FA) than the unwound products. The gray
circle on the nascent lagging strand arm represents the fluorescein
label, and the number adjacent to each arm of the DNA fork substrate
indicates the number of base pairs in that arm of the fork.

Figure 2. CGS 15943 is an inhibitor of PriA·PriB complex-catalyzed
duplex DNA unwinding. Serial dilutions of CGS 15943 (structure
shown in the inset) were incubated with the fluorescein-labeled DNA
fork substrate in the presence of the PriA·PriB complex and ATP, and
the degree of duplex DNA unwinding was measured using
fluorescence polarization spectroscopy. The concentration of CGS
15943 required for 50% inhibition of duplex DNA unwinding (IC50)
was determined using a four-parameter sigmoidal model as described
in Materials and Methods. Measurements are reported in triplicate,
and error bars represent one standard deviation of the mean.

Figure 3. PriA helicase is the target of CGS 15943. The IC50
concentration of CGS 15943 was incubated with the fluorescein-
labeled DNA fork substrate in the presence of ATP and either the
PriA·PriB complex or PriA alone, and the degree of duplex DNA
unwinding was measured using fluorescence polarization spectroscopy.
The degree of inhibition of duplex DNA unwinding is approximately
the same in the presence of PriB as it is in the absence of PriB,
indicating that PriA is the target of CGS 15943-mediated inhibition.
Measurements are reported in triplicate, and error bars represent one
standard deviation of the mean.
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control (Figure 3). This demonstrates that CGS 15943 is
capable of exerting its inhibitory effects in the absence of PriB.
Furthermore, the level of inhibition of duplex DNA unwinding
exerted by CGS 15943 is approximately the same when PriB is
absent (55% inhibition at 114 μM CGS 15943) as when PriB is
present (54% inhibition at 114 μM CGS 15943) (Figure 3).
While the relatively low level of duplex DNA unwinding that is
catalyzed by PriA alone makes the inhibitory effect of CGS
15943 difficult to measure with high levels of certainty (thereby
necessitating the need to include PriB in the reaction mixtures),
these data suggest that PriA is the target of inhibition by CGS
15943 and that the presence of PriB is not required for CGS
15943 to function as an inhibitor.
Mechanism of CGS 15943-Mediated Inhibition. Given

the structural similarity between CGS 15943 and the adenine
base of ATP, we hypothesized that CGS 15943 likely functions
as a competitive inhibitor of PriA by mimicking ATP and
binding to the primary ATP binding site on the helicase. If this
were the case, then CGS 15943 and ATP would compete with
one another for binding to PriA, and any PriA helicase that has
CGS 15943 bound to its primary ATP binding site would be
rendered catalytically inactive and incapable of unwinding
duplex DNA. To test this hypothesis, we performed steady-
state enzyme kinetic experiments to measure the rate of PriA-
catalyzed ATP hydrolysis in the presence and absence of CGS
15943. For competitive inhibition, we would expect to observe
no change in kcat and an increase in the apparent Km in the
presence of CGS 15943.
Rates of PriA-catalyzed ATP hydrolysis were measured as a

function of ATP concentration and as a function of dT36
concentration using a spectrophotometric assay that couples
ATP hydrolysis to oxidation of NADH. To measure the
dependence of the rate of ATP hydrolysis on ATP
concentration, we incubated 10 nM PriA and 100 nM PriB
(as monomers) with 100 nM dT36 and various concentrations
of ATP in the presence of CGS 15943 or an equivalent volume
of DMSO to serve as a solvent control. In the presence of the
DMSO solvent control, rates of PriA-catalyzed ATP hydrolysis
show a hyperbolic dependence on the concentration of ATP,
and near-maximal rates are obtained with approximately 800
μM ATP (Figure 4). These data yield a kcat of 22 ± 1 s−1 and an
apparent Km of 79 ± 10 μM. In the presence of 57 μM CGS
15943, the kcat is reduced to 14 ± 1 s−1 and the apparent Km
increases to 117 ± 27 μM. Thus, in the presence of CGS
15943, maximal rates of ATP hydrolysis are significantly
reduced and a greater concentration of ATP is required to
reach the maximal rate (Table 1). Contrary to expectations, the
changes in kcat and apparent Km induced by CGS 15943 do not
support a competitive mode of inhibition. Rather, the kinetic
parameters suggest a mixed mode of inhibition with respect to
ATP, indicating that CGS 15943 binds to PriA at a site that
affects both substrate binding and catalysis but is distinct from
the primary ATP binding site. The concentration of dT36 is
saturating under these conditions; therefore, the dissociation
constant, KI, should reflect binding of the inhibitor to the
PriA·PriB·dT36 complex, and the dissociation constant, KI′,
should reflect binding of the inhibitor to the PriA·P-
riB·dT36·ATP complex. Under these conditions, KI is 52 ±
24 μM and KI′ is 103 ± 6 μM.
To measure the dependence of the rate of ATP hydrolysis on

DNA concentration, we incubated 10 nM PriA and 100 nM
PriB (as monomers) with 1 mM ATP and various
concentrations of dT36 in the presence of CGS 15943 or an

equivalent volume of DMSO to serve as a solvent control. In
the presence of the DMSO solvent control, rates of PriA-
catalyzed ATP hydrolysis show a hyperbolic dependence on the
concentration of dT36, and near-maximal rates are obtained
with approximately 100 nM dT36 (Figure 5). These data yield a
kcat of 22 ± 1 s−1 and an apparent Kact of 7 ± 1 nM. In the
presence of 57 μM CGS 15943, the kcat is reduced to 14 ± 4 s−1

and the apparent Kact increases to 42 ± 26 nM. Thus, maximal
rates of ATP hydrolysis are significantly reduced, and a greater
concentration of dT36 is required to reach the maximal rate in
the presence of CGS 15943 (Table 1). These kinetic
parameters suggest a mixed mode of inhibition with respect
to DNA. The concentration of ATP is saturating under these
conditions; therefore, the dissociation constant, KI, should
reflect binding of the inhibitor to the PriA·PriB·ATP complex,
and the dissociation constant, KI′, should reflect binding of the
inhibitor to the PriA·PriB·dT36·ATP complex. Under these
conditions, KI is 9 ± 4 μM and KI′ is 125 ± 87 μM.

Figure 4. CGS 15943 exerts a mixed mode of inhibition with respect
to ATP. Steady-state rates of PriA·PriB complex-catalyzed ATP
hydrolysis were measured using 100 nM dT36 and various
concentrations of ATP in the presence and absence of 57 μM CGS
15943 as described in Materials and Methods. Measurements are
reported in triplicate, and error bars represent one standard deviation
of the mean. The best-fit curves were generated by fitting the averaged
data from triplicate experiments to the Michaelis−Menten equation [V
= (Vmax[ATP])/(Km + [ATP])] and are shown here for illustrative
purposes only.

Table 1. Kinetic Parameters for PriA·PriB Complex-
Catalyzed ATP Hydrolysis in the Presence and Absence of
CGS 15943a

ATP titration dT36 titration

DMSO
control

CGS
15943

DMSO
control

CGS
15943

Km(app) (μM) 79 ± 10 117 ± 27 N/Ab N/Ab

Kact(app) (nM) N/Ab N/Ab 7 ± 1 42 ± 26
kcat (s

−1) 22 ± 1 14 ± 1 22 ± 1 14 ± 4
KI (μM) 52 ± 24 9 ± 4
KI′ (μM) 103 ± 6 125 ± 87
aKinetic parameters are mean values derived from at least three
independent experiments, and associated uncertainty values are one
standard deviation of the mean. For the ATP titrations, KI is the
inhibitor dissociation constant that describes binding of CGS 15943 to
the PriA·PriB·dT36 complex and KI′ is the inhibitor dissociation
constant that describes binding of CGS 15943 to the PriA·P-
riB·dT36·ATP complex. For the dT36 titrations, KI is the inhibitor
dissociation constant that describes binding of CGS 15943 to the
PriA·PriB·ATP complex and KI′ is the inhibitor dissociation constant
that describes binding of CGS 15943 to the PriA·PriB·dT36·ATP
complex. bNot applicable.
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In the ATP hydrolysis assays described above, the
concentration of CGS 15943 is one-half of the IC50 that was
defined on the basis of duplex DNA unwinding. When the IC50
concentration of CGS 15943 is used in the ATP hydrolysis
experiments, levels of ATP hydrolysis are very low (significantly
less than one-half of DMSO solvent control levels) and difficult
to measure with certainty. The discrepancy between observed
levels of inhibition of duplex DNA unwinding and observed
levels of inhibition of ATP hydrolysis at the IC50 concentration
of CGS 15943 could be due to the different DNA substrates
used to measure these activities: the duplex DNA unwinding
assays use a DNA fork substrate, while the ATP hydrolysis
assays use a dT homopolymer as a substrate. The observed
differences could indicate that different conformations of PriA
exist when the helicase engages a DNA fork substrate than
when it binds a region of ssDNA. The dT homopolymer was
used as a substrate in the ATP hydrolysis assays, as opposed to
a duplex DNA substrate, to avoid the potential issue of having
mixtures of duplex DNA and unwound single-stranded DNA
form throughout the course of the experiment. The use of a dT
homopolymer ensures a homogeneous template for stimulating
PriA-catalyzed ATP hydrolysis.
Given that CGS 15943 causes an increase in PriA’s apparent

Kact, we examined the effect of CGS 15943 on stable DNA
binding by PriA using an equilibrium DNA binding assay. For
these experiments, we formed a PriA·DNA complex by
incubating 1 nM DNA fork substrate with 10 nM PriA. As
expected, the PriA·DNA complex has a higher fluorescence
anisotropy (approximately 250 mA) than does the free DNA
fork substrate (approximately 100 mA) (Figure 6A). Removal
of bound PriA by addition of 1% (w/v) SDS reduces the
fluorescence anisotropy back to levels observed for the free
DNA fork substrate, indicating that PriA does not permanently
modify the DNA fork substrate under these experimental
conditions. To determine if CGS 15943 affects stable DNA
binding by PriA, we titrated CGS 15943 into solutions
containing the PriA·DNA complex and measured the resulting
fluorescence anisotropy. We observed a CGS 15943-dependent
decrease in fluorescence anisotropy from approximately 250
mA in the absence of CGS 15943 to approximately 160 mA in
the presence of 75 μM CGS 15943 (Figure 6B). The

fluorescence anisotropy does not change significantly with an
increase in the concentration of CGS 15943 to 100 μM. Even
though CGS 15943 does not reduce the fluorescence
anisotropy to levels observed for the completely unbound
DNA fork, these data suggest that binding of CGS 15943 to
PriA disrupts PriA’s ability to bind DNA.
To ensure that the CGS 15943-dependent decrease in

fluorescence anisotropy is not due to unwinding of the DNA
fork substrate, the samples were incubated with 1% (w/v) SDS
after the initial fluorescence anisotropy reading to remove
bound PriA, and the fluorescence anisotropy was measured
again. The SDS treatment reduces the fluorescence anisotropy
of the CGS 15943 titration samples to the level observed for
the DNA fork substrate in buffer alone (Figure 6). This
indicates that the DNA fork substrate is not being unwound
under these experimental conditions. Thus, the CGS 15943-
dependent decrease in fluorescence anisotropy is likely due to
dissociation of the PriA·DNA complex.

Species Specificity of CGS 15943-Mediated PriA
Inhibition. While our HTS for inhibitors of PriA·PriB
complex-catalyzed duplex DNA unwinding made use of N.
gonorrhoeae DNA replication restart primosome proteins, we
wanted to determine if CGS 15943 would disrupt the function
of PriA from other bacterial species. Therefore, we tested the
ability of CGS 15943 to inhibit duplex DNA unwinding
catalyzed by E. coli PriA using an experimental setup that is
similar to the one used to study N. gonorrhoeae PriA and PriB.
Because our work with the N. gonorrhoeae DNA replication
restart primosome proteins reveals that CGS 15943 targets
PriA, for these experiments we chose to examine the DNA

Figure 5. CGS 15943 exerts a mixed mode of inhibition with respect
to DNA. Steady-state rates of PriA·PriB complex-catalyzed ATP
hydrolysis were measured using 1 mM ATP and various concen-
trations of dT36 in the presence and absence of 57 μM CGS 15943 as
described in Materials and Methods. Measurements are reported in
triplicate, and error bars represent one standard deviation of the mean.
The best-fit curves were generated by fitting the averaged data from
triplicate experiments to the Michaelis−Menten equation [V =
(Vmax[dT36])/(Kact + [dT36])] and are shown here for illustrative
purposes only.

Figure 6. CGS 15943 affects stable DNA binding by PriA. (A) The
fluorescein-labeled DNA fork substrate was incubated with PriA in the
absence of ATP to form a PriA·DNA complex. Complex formation
was monitored by measuring the fluorescence anisotropy of the
labeled DNA in the presence and absence of PriA. Addition of 1% (w/
v) SDS facilitates dissociation of the PriA·DNA complex, and the
measured fluorescence anisotropy reveals that the DNA fork is not
unwound by PriA in the absence of ATP. Measurements are reported
in triplicate, and error bars represent one standard deviation of the
mean. (B) Serial dilutions of CGS 15943 were incubated with the
fluorescein-labeled DNA fork substrate in the presence of PriA, and
the degree of PriA·DNA complex formation was measured using
fluorescence polarization spectroscopy. Subsequent addition of 1%
(w/v) SDS to the samples results in dissociation of the PriA·DNA
complex, and the measured fluorescence anisotropy reveals that
neither PriA nor CGS 15943 results in duplex DNA unwinding under
these experimental conditions. Thus, the CGS 15943-mediated
decrease in the fluorescence anisotropy of the PriA·DNA complex is
likely caused by a decrease in the level of stable DNA binding by PriA.
Measurements are reported in triplicate, and error bars represent one
standard deviation of the mean.
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unwinding activity of E. coli PriA without its cognate PriB
protein. We performed DNA unwinding assays using 1 nM
DNA fork substrate and 5 nM E. coli PriA in the presence of
either DMSO as a solvent control or CGS 15943 at
concentrations ranging from 1 to 400 μM. We observed a
CGS 15943-dependent decrease in the level of E. coli PriA-
catalyzed duplex DNA unwinding (Figure 7). The resulting

dose−response curve lacks a lower baseline and cannot be
modeled using the four-parameter sigmoidal model that was
used to determine the IC50 for CGS 15943-mediated inhibition
of the N. gonorrhoeae PriA and PriB proteins. Thus, we are
unable to determine the IC50 value for CGS 15943-mediated
inhibition of E. coli PriA. It is clear, however, that CGS 15943
has an inhibitory effect on E. coli PriA, albeit an effect weaker
than that observed for N. gonorrhoeae PriA.

■ DISCUSSION
In this study, we have adapted a fluorescence polarization-based
DNA unwinding assay for use in HTS to identify small
molecule inhibitors of PriA helicase activity. Our initial HTS of
the 446-compound NIH Clinical Collection library yielded a
hit, CGS 15943, that we have verified to be an inhibitor of PriA-
catalyzed duplex DNA unwinding. While our HTS assay
includes both PriA and PriB, we have determined that CGS
15943 targets PriA and does so in a manner that does not
require the presence of PriB. Furthermore, the inhibitory effects
of CGS 15943 are not restricted to primosome proteins from
the bacterial species whose PriA and PriB proteins were used in
HTS. While the HTS made use of N. gonorrhoeae PriA and PriB
proteins, we have found that E. coli PriA is also inhibited by
CGS 15943. Thus, the binding site on PriA that is targeted by
CGS 15943 is likely a fairly well-conserved structural feature of
the enzyme.
Given the high degree of structural similarity between CGS

15943 and the adenine base of ATP, we hypothesized that CGS
15943 exerts its inhibition of PriA-catalyzed duplex DNA
unwinding by mimicking ATP and binding to the primary ATP
binding site on the helicase, thereby restricting PriA’s access to
ATP. Because ATP binding and hydrolysis are necessary to
promote PriA-catalyzed duplex DNA unwinding, any direct
competition between ATP and another small molecule would
lead to diminished levels of DNA unwinding.15,16 From our
investigation into the mechanism of CGS 15943-mediated

inhibition of PriA, we have demonstrated that CGS 15943
decreases the steady-state maximal velocity of PriA-catalyzed
ATP hydrolysis and increases Km and Kact. The steady-state
kinetic analysis indicates that CGS 15943 exhibits a mixed
mode of inhibition with respect to ATP and with respect to
DNA. This implies that CGS 15943 binds to PriA at a site that
is distinct from the primary ATP and DNA binding sites and
presumably blocks necessary conformational changes in the
helicase or distorts the conformation of the helicase in a
manner that makes it less conducive to binding DNA and ATP
and coupling ATP hydrolysis to duplex DNA unwinding.
Helicases in general are thought to undergo conformational
changes as they hydrolyze ATP and unwind duplex nucleic
acids, and the differences in the measured equilibrium constants
for binding of CGS 15943 to the PriA·PriB·dT36 complex, the
PriA·PriB·ATP complex, and the PriA·PriB·dT36·ATP complex
provide indirect evidence that conformational changes do
indeed accompany binding of DNA and ATP to PriA.
While the exact location where CGS 15943 binds to PriA has

not yet been established, the features of the PriA−CGS 15943
interaction that we report in this study appear to be consistent
with a model in which CGS 15943 binds to the weak nucleotide
binding site on PriA that has previously been biochemically
defined and characterized.27−29 The weak nucleotide binding
site has been shown to have modest base specificity compared
to that of the strong nucleotide binding site, which shows a
preference for adenosine coenzymes.27 It is possible that this
modest base specificity translates into a sufficient degree of
structural and chemical complementarity to accommodate CGS
15943, particularly given the structural similarity between CGS
15943 and the adenine base of ATP. Furthermore, the weak
nucleotide binding site has been shown to be an allosteric
control site on PriA that influences PriA’s interactions with
DNA.28,29 For example, when the weak nucleotide binding site
is bound by the nonhydrolyzable ATP analogue, ATPγS, and
the strong nucleotide binding site is bound by ATPγS or ADP,
the affinity of PriA for ssDNA is diminished.29 This indicates
direct communication between the weak nucleotide binding
site and the primary DNA binding site on PriA. Were CGS
15943 to bind to such an allosteric control site, it would be
reasonable to expect perturbations to PriA’s DNA binding
activity such as those observed for ATPγS. The observation that
CGS 15943 disrupts stable DNA fork binding by PriA would
therefore support the hypothesis that CGS 15943 binds to the
weak nucleotide binding site on PriA. However, locating the
exact CGS 15943 binding site on PriA, as well as mapping the
physical location of PriA’s weak nucleotide binding site, will
likely require a high-resolution model of PriA helicase, which, at
present, is a goal that has not yet been realized.
PriA is not the first helicase to be targeted for inhibition by

screening libraries of small molecule compounds. Indeed, a
variety of cellular and viral helicases have been the subject of
small molecule inhibitor screening studies, many of which have
been performed to identify compounds that are promising drug
candidates as well as to provide insight into the mechanistic
function of the helicases being targeted.46 For example, a small
molecule compound from the National Cancer Institute
Diversity Set (NSC 19630) has been identified as an inhibitor
of WRN helicase, a human homologue of the bacterial RecQ
helicase.47 This compound is specific for inhibiting WRN
helicase compared to other human and bacterial helicases and
reduces overall levels of DNA unwinding by a significant degree
(75% inhibition of DNA unwinding at 50 μM) while having an

Figure 7. E. coli PriA helicase is inhibited by CGS 15943. Serial
dilutions of CGS 15943 were incubated with the fluorescein-labeled
DNA fork substrate in the presence of PriA and ATP, and the degree
of duplex DNA unwinding was measured using fluorescence
polarization spectroscopy. Measurements are reported in triplicate,
and error bars represent one standard deviation of the mean.
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only modest effect on rates of ATP hydrolysis (19% reduction
in kcat for ATP hydrolysis at 50 μM).47 These observations
could indicate that NSC 19630 affects the coupling of ATP
hydrolysis to duplex DNA unwinding for WRN helicase.
The helicase component (UL5) of the herpes simplex virus

(HSV) helicase−primase complex (UL5−UL8−UL52) has also
been the target of small molecule inhibitor screens, because of
the importance of this complex for viral replication. In this case,
numerous small molecule inhibitors have been identified,
including several amino-thiazolylphenyl compounds, thiazole
urea compounds, and thiazole amide compounds, that all
appear to enhance binding of the UL5 and UL52 subunits of
the helicase−primase complex to the DNA, resulting in
inhibition of both helicase and primase activity by blocking
progression through the helicase and primase catalytic
cycles.48−51 In addition, (dichloroanilino)purines and -pyrimi-
dines have been shown to inhibit NTP hydrolysis and duplex
DNA unwinding by the HSV helicase−primase complex, likely
by binding to the NTP binding site on the surface of the
helicase.52

Small molecule inhibitors that target the NS3 helicase of
hepatitis C virus have also been identified. Mechanisms of
action for these helicase inhibitors include competitive
inhibition with respect to NTP binding, noncompetitive
inhibition that suggests allosteric effects of the inhibitor on
the helicase, disruption of duplex nucleic acid unwinding
without affecting rates of NTP hydrolysis (suggesting that the
inhibitors affect the coupling of NTP hydrolysis to duplex
nucleic acid unwinding), and competitive inhibition with
respect to nucleic acid binding.53 The IC50 values for these
structurally diverse helicase inhibitors range from the low
micromolar to millimolar range, likely reflecting a wide range of
binding affinities between the helicase and inhibitor, and a wide
range of mechanisms by which they inhibit.53

What these helicase inhibitor studies generally reveal is that
helicases offer multiple potential mechanisms of action by
which a small molecule inhibitor can exert its effects, reflecting
the multiple enzymatic activities that are involved in binding
nucleoside triphosphates and nucleic acids, and coupling the
hydrolysis of an NTP to the unwinding of a duplex DNA or
RNA. In our study, we have investigated the inhibitory effects
of CGS 15943 on the helicase activity of PriA and concluded
that the most likely mechanism by which the inhibitor acts is by
binding to PriA at an allosteric control site in a way that renders
PriA less capable of binding DNA and ATP and coupling ATP
hydrolysis to duplex DNA unwinding. Because CGS 15943 is
but the first small molecule PriA inhibitor to be identified by
our HTS and verified, it is likely that further screening will
reveal additional compounds that inhibit PriA, and perhaps
compounds that act with greater potency or inhibit PriA by
alternate mechanisms await discovery.
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