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The Pseudomonas aeruginosa type Il secretion system (T3SS) is a primary virulence determinant and a potential target for anti-
virulence drugs. One candidate target is ExsA, a member of the AraC family of DNA-binding proteins required for expression of
the T3SS. A previous study identified small molecules based on an N-hydroxybenzimidazole scaffold that inhibit the DNA-bind-
ing activity of several AraC proteins, including ExsA. In this study, we further characterized a panel of N-hydroxybenzimida-
zoles. The half-maximal inhibitory concentrations (ICs,s) for the tested N-hydroxybenzimidazoles ranged from 8 to 45 pM in
DNA-binding assays. Each of the N-hydroxybenzimidazoles protected mammalian cells from T3SS-dependent cytotoxicity, and
protection correlated with reduced T3SS gene expression in a coculture infection model. Binding studies with the purified ExsA
DNA-binding domain (i.e., lacking the amino-terminal self-association domain) confirmed that the activity of N-hydroxybenz-
imidazoles results from interactions with the DNA-binding domain. The interaction is specific, as an unrelated DNA-binding
protein (Vfr) was unaffected by N-hydroxybenzimidazoles. ExsA homologs that control T3SS gene expression in Yersinia pestis,
Aeromonas hydrophila, and Vibrio parahaemolyticus were also sensitive to N-hydroxybenzimidazoles. Although ExsA and Y.
pestis LcrF share 79% sequence identity in the DNA-binding domain, differential sensitivities to several of the N-hydroxybenz-
imidazoles were observed. Site-directed mutagenesis based on in silico docking of inhibitors to the DNA-binding domain, and
on amino acid differences between ExsA and LcrF, resulted in the identification of several substitutions that altered the sensitiv-

ity of ExsA to N-hydroxybenzimidazoles. Development of second-generation compounds targeted to the same binding pocket

could lead to drugs with improved pharmacological properties.

SKAPE pathogens (Enterococcus faecalis, Staphylococcus au-

reus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseu-
domonas aeruginosa, and Enterobacter species) are a group of an-
tibiotic-resistant, nosocomial pathogens identified as the most
common causes of hospital-acquired infections (1-3). Among
them, P. aeruginosa accounted for 7.5% of all hospital-acquired
infections in 2009 to 2010 (4). P. aeruginosa infections are partic-
ularly challenging to treat due to a large number of intrinsic, ac-
quired, and mutational mechanisms conferring antibiotic resis-
tance (5). Clinical data from more than 200 U.S. hospitals showed
that P. aeruginosa strains causing bloodstream infections and
pneumonia had multidrug resistance (resistance to =3 drug
classes) rates of 15% and 22%, respectively (6). Furthermore, mul-
tidrug resistance is associated with a >2-fold-increased risk for
in-hospital mortality (7). Alternative therapeutic approaches are
required as the range of effective antibiotics narrows. Antiviru-
lence drugs are one promising approach. Rather than targeting an
essential cellular process, antivirulence drugs target an essential
pathogen-specific virulence function. In theory, antivirulence
drugs could disrupt the expression, assembly, secretion, or activity
of a virulence determinant.

Several antivirulence candidates target the P. aeruginosa type
IIT secretion system (T3SS) (8—18). The T3SS is a primary viru-
lence determinant of P. aeruginosa that functions by translocating
effector proteins into host cells. The effector proteins possess an-
tihost properties important for phagocytic avoidance and sys-
temic spread of the organism (19). The T3SS regulon consists of
~40 genes that encode the secretion and translocation machinery,
regulatory factors, effectors, and effector-specific chaperones
(20). The genes are organized within 10 transcriptional units, and
each is under the direct transcriptional control of ExsA. Strains
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lacking exsA show a complete lack of T3SS gene expression and are
significantly attenuated for T3SS-dependent cytotoxicity toward
cultured mammalian cells and virulence in murine models of
pneumonia (17, 21). ExsA-dependent expression of T3SS genes is
induced under low-Ca** conditions or upon contact of P. aerugi-
nosa with host cells (20). Both signals convert the assembled but
inactive secretion machinery into a secretion-competent form
through a poorly defined mechanism (22, 23). ExsA activity is
intimately coupled to secretion by a partner-switching mecha-
nism. The partner-switching mechanism involves three proteins
in addition to ExsA: ExsC, ExsD, and ExsE. Both ExsC and ExsD
have two potential binding partners. ExsD is an anti-activator that
binds to the NTD of ExsA to form a 1:1 stoichiometric complex
that inhibits both ExsA self-association and DNA-binding activity
(22, 24, 25). ExsC forms a 2:2 stoichiometric complex with ExsD
and functions as an anti-anti-activator (26). ExsC is also a T3SS
chaperone and forms a 2:1 complex with ExsE (27-29). The ExsC-
ExsE complex prevents ExsC from associating with ExsD (24).
The current working model is that ExsA-dependent transcription
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is inactive under nonpermissive conditions (i.e., high Ca**) be-
cause the binding equilibria favor formation of the inhibitory
ExsD-ExsA and ExsC-ExsE complexes. The equilibria are altered
under inducing conditions due to secretion and/or translocation
of ExsE (27, 28, 30). The resulting decrease in the intracellular
concentration of ExsE favors formation of the ExsD-ExsC com-
plex (i.e., partner switching), thereby releasing ExsA to activate
transcription.

N-Hydroxybenzimidazoles are a class of antivirulence com-
pounds that inhibit the DNA-binding activities of some AraC pro-
teins, including ExsA (31-33). AraC proteins represent a large
family of transcriptional activators with important roles in viru-
lence gene regulation, metabolism, and antibiotic resistance (34).
The defining feature of AraC proteins is a conserved 99-amino-
acid domain containing two helix-turn-helix DNA-binding mo-
tifs. The N-hydroxybenzimidazoles were first identified using an
in silico screen for small molecules that interact with the DNA-
binding domains of MarA and Rob, both AraC family proteins
from E. coli (31). Following initial identification of lead com-
pounds, in vitro experiments performed with the AraC family
member SoxS confirmed the in silico prediction that N-hydroxy-
benzimidazoles interfere with DNA-binding activity, and several
compounds with 50% inhibitory concentrations (IC5,s) in the low
micromolar range were identified. One of those compounds dem-
onstrated activity against six AraC family proteins, including ExsA
(31). N-Hydroxybenzimidazoles were specifically selected from
the in silico analyses as a scaffold for further development based on
their potential for chemical diversity (31). Subsequent studies led
to the identification of several N-hydroxybenzimidazole analogs
with increased activity against ExsA (32).

In the present study, we examined a panel of these inhibitors to
better define their interaction with ExsA. The inhibitory activities
of these compounds were confirmed by their abilities to decrease
T3SS-mediated cytotoxicity toward Chinese hamster ovary
(CHO) cells in vitro. Inhibition of T3SS activity occurs at the tran-
scriptional level, and inhibition of T3SS gene expression as mea-
sured by a green fluorescent protein (GFP) reporter is decreased in
the presence of each inhibitor. A putative N-hydroxybenzimida-
zole binding pocket is located in the ExsA DNA-binding domain.
Amino acid substitutions in this pocket resulted in altered sensi-
tivity to N-hydroxybenzimidazole inhibitors. The ability of these
compounds to inhibit ExsA activity and DNA binding by several
other T3SS activators (ExsA homologs in Yersinia pestis, Vibrio
parahaemolyticus, and Aeromonas hydrophila) further demon-
strates their ability to exert broad-spectrum activity as antiviru-
lence therapeutics.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The bacterial strains used in this
study are listed in Table SI in the supplemental material. Escherichia coli
strain DH5a was used for routine cloning and maintained on LB-Lennox
(LB) agar plates with gentamicin (15 pg/ml) or ampicillin (100 pg/ml) as
appropriate. E. coli strain Tuner (DE3) was used for protein purification
and maintained on LB agar with ampicillin (100 wg/ml). P. aeruginosa
strain PA103 and derivatives thereof were maintained on Vogel-Bonner
minimal medium (VBM) with gentamicin (100 pg/ml) as necessary. The
N-hydroxybenzimidazoles used in this study were previously reported
(compounds 4816, 5330, 5631, and 5707) or obtained as a gift (com-
pounds 5784 and 5816) from Paratek Pharmaceuticals (32, 33).

Plasmid construction and mutagenesis. Expression vectors for puri-
fication of ExsAy;, LerFyy;,, and Viry;, with amino-terminal 10X histi-
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dine tags were described previously (35-37). Expression vectors for
AscAypy;sand ExsAy, py;; carrying N-terminal 10X histidine tags were con-
structed by the Gibson Assembly method (New England BioLabs) using
the PCR products indicated in Tables S1 and S2 in the supplemental
material and pET16b digested with Ndel and BamHI as the destination
vector. Expression vectors for the carboxy-terminal domains (ExsA-
CTDy;, and ExsAy,,-CTDyy;) were constructed in the same manner. Site-
directed mutagenesis was also performed using Gibson Assembly. The
pEB124 template was used to amplify two overlapping fragments contain-
ing the desired substitution, which were joined with the appropriate pre-
cut vector by incubation in a Gibson Assembly reaction. The ExsA and
LerF mutant expression vectors pAM196, pAM202-217, and pAM231
were constructed in the same manner (using primer pairs listed in Table
$2) and joined with the pET16b vector.

Protein expression and purification. E. coli Tuner (DE3) trans-
formed with the histidine-tagged protein expression vectors was cultured
overnight at 37°C on LB agar containing ampicillin (100 pg/ml) and then
used to inoculate 100 ml of LB containing ampicillin (100 pg/ml) to an
initial A, of 0.1. The culture was grown shaking at 25°C until the A,
reached 0.5. Additional ampicillin was added to a final concentration of
300 pg/ml, and expression was induced by addition of 0.1 mM isopropyl-
B-p-thiogalactopyranoside (IPTG). After a 2-h incubation at 25°C, cells
were harvested by centrifugation (10 min at 6,000 X g and 4°C) and
resuspended in 10 ml of ExsA binding buffer (20 mM Tris-HCI [pH 7.9],
500 mM NaCl, 0.5% Tween 20, 20 mM imidazole, and 1 protease inhib-
itor cocktail tablet [complete mini, EDTA-free protease inhibitor cocktail;
Roche Applied Science]). Cells were lysed by passage through a Microflu-
idizer (Microfluidics, Newton, MA). Lysates were cleared by two rounds
of centrifugation (10 min at 20,000 X g and 4°C) and subjected to purifi-
cation by Talon metal affinity resin (Clontech Laboratories). Briefly, 200
.l of packed Talon metal affinity resin was equilibrated with ExsA binding
buffer. Cleared lysates were incubated with the resin for 20 min at 4°C with
slow agitation. The unbound fraction was collected by removing the su-
pernatant following centrifugation at 700 X g for 0.5 min. The resin was
washed 3 times with 5 ml of ExsA binding buffer. His-tagged protein was
eluted with 1 ml of ExsA elution buffer (20 mM Tris-HCI [pH 7.9], 500
mM NaCl, 0.5% Tween 20, and 500 mM imidazole) and collected in the
supernatant fraction following centrifugation at 700 X g for 0.5 min to
sediment the Talon metal affinity resin. After elution from the Talon
metal affinity resin, fractions were analyzed on SDS-PAGE gels and
stained with Coomassie brilliant blue. The eluate was dialyzed overnight
in 4 liters of ExsA binding buffer (excluding imidazole) with 1 mM dithio-
threitol (DTT) at 4°C with constant stirring. Protein concentrations were
determined with the DC protein assay (Bio-Rad) using bovine serum
albumin (BSA) protein standards.

EMSAs. Probes for the exsC (200 bp), regA (275 bp), and algD (160 bp)
promoter regions were amplified by PCR (primer pairs 22963127-
49188917, 33075941-33075940, and 85333731-85333730, respectively)
and end labeled with 10 w.Ci of [y-**P]ATP as previously described (35).
Electrophoretic mobility shift assay (EMSA) reaction mixtures containing
100 nM purified protein, ExsA DNA binding buffer (10 mM Tris [pH 7.5],
50 mM KCl, I mM EDTA, 1 mM dithiothreitol, 5% glycerol), 25 ng/pl of
poly(2'-deoxyinosinic-2'-deoxycytidylic acid), and 100 pg/ml of bovine
serum albumin were incubated with each inhibitor (concentrations indi-
cated in the figure legends) in a total volume of 19 wl for 5 min at 25°C.
Specific and nonspecific probes (0.05 nM) were added to a total volume of
20 pl and incubated for an additional 15 min at 25°C. Samples were
analyzed by electrophoresis on 5% polyacrylamide glycine gels (10 mM
Tris [pH 7.5], 380 mM glycine, 1 mM EDTA) at 4°C. Imaging was per-
formed using an FLA-7000 phosphorimager (Fujifilm) and MultiGauge
v3.0 software (Fujifilm). EMSA images contain a dashed line to indicate
the removal of a lane; all samples were run on the same gel.

Flow cytometry. P. aeruginosa strains carrying a green fluorescent
protein (GFP) transcriptional reporter (P, ) were assayed as follows.
Cells were cultured overnight on VBM agar with gentamicin (100 p.g/ml)
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at 37°C. The next day, bacteria were suspended in prewarmed Ham’s F12
tissue culture medium at 1 X 10° CFU/ml and treated with the desired
N-hydroxybenzimidazole (125 wM) or dimethyl sulfoxide (DMSO)
(2.5%) for 15 min at 25°C. After pretreatment with the inhibitors, 1 ml of
the bacterial suspension was added to each well of a 24-well plate contain-
ing 1 X 10° CHO cells (multiplicity of infection [MOI], 10:1). Plates were
centrifuged at 500 X g for 5 min, and the infection was allowed to proceed
for 4 h at 37°C. After incubation, the growth medium was aspirated, and
nonadherent cells were removed by washing 3 times with 1 ml of phos-
phate-buffered saline (PBS). CHO cells and adherent P. aeruginosa were
collected following a 5-min incubation with 1 ml of 0.1% Triton X-100 in
PBS while nutating at 25°C, followed by a 5-min incubation in a sonicat-
ing water bath. GFP fluorescence was measured by counting 10,000 bac-
teria per sample on a Becton Dickinson LSR II at the University of lowa
Flow Cytometry Facility.

LDH release assays. PA103 and PA103 AexsA strains were grown
overnight on VBM agar. The following day, cells were suspended in Ham’s
F12 tissue culture medium at 1 X 10° CFU/ml and treated with 2.5%
DMSO or N-hydroxybenzimidazoles as indicated in the figure legends for
15 min at 25°C. CHO cells seeded in a 96-well plate at 2 X 10” cells/well
were washed once with 200 pl of Ham’s F12 medium and cocultured with
200 ! of the bacterial suspension (MOI, 10:1). Plates were centrifuged at
500 X g for 5 min prior to incubation at 37°C. After a 90-min incubation,
plates were centrifuged at 500 X g for 5 min, and lactate dehydrogenase
(LDH) release was measured using the CytoTox 96 nonradioactive cyto-
toxicity assay (Promega). As a positive control, the kit-provided bovine
heart LDH enzyme was diluted 1:5,000 in 10 ml of PBS with 1% BSA.

Transcriptional reporter assays. Transcriptional reporter activity
was assayed as follows. P. aeruginosa strains were grown overnight at 37°C
on VBM agar with gentamicin (100 pg/ml for P. aeruginosa or 15 pg/ml
for E. coli) as necessary. PA103 exsA:() miniP, . ,,.,, PA103 exsA:()
miniP, 7 ;.. or G§162 miniP,, ;. ., carrying an exsA expression vector
(pEB124) was diluted to an A, of 0.1 in Trypticase soy broth (TSB) with
either 2.5% DMSO or a 125 wM concentration of the desired N-hydroxy-
benzimidazole and 0.1% arabinose to induce exsA expression. Cultures
were grown with shaking at 30°C until the A4, reached 1.0, and 3-galac-
tosidase activity was assayed as previously described with the substrate
2-nitrophenyl-p-p-galactopyranoside (ONPG) (26). Miller units were
calculated and are reported as the averages from at least three replicates,
with error bars in figures representing the standard errors of the means
(SEM). The statistical significance of experimental findings was deter-
mined by one-way analysis of variance (ANOVA) using Graphpad Prism
version 5.0c for Mac OS X (GraphPad Software, La Jolla, CA).

RESULTS

N-Hydroxybenzimidazoles interact with the carboxy-terminal
domain of ExsA to inhibit binding to the P, . promoter. Several
N-hydroxybenzimidazoles that inhibit DNA binding by SoxS also
have activity against other AraC family proteins, including ExsA
(31). Several structurally related N-hydroxybenzimidazoles (Fig.
1) were tested for inhibition of DNA binding by ExsA using elec-
trophoretic mobility shift assays (EMSAs) (31-33). Reactions
were performed by incubating purified histidine-tagged ExsA
with each N-hydroxybenzimidazole for 5 min prior to addition of
the radiolabeled P, promoter probe, a previously characterized
binding target of ExsA (35). After an additional 15 min, the sam-
ples were subjected to nondenaturing polyacrylamide gel electro-
phoresis and phosphorimaging. We previously reported that ExsA
preferentially forms a complex referred to as shift product 2 when
bound to the P, promoter probe. Shift product 2 represents the
cooperative binding of two ExsA monomers to two distinct sites
on the promoter probe (Fig. 2A, lane 2) (35). While ExsA treated
with the vehicle alone (DMSO) (Fig. 2A, lane 3) had no effect on
binding to the P, probe, each of the N-hydroxybenzimidazoles
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FIG 1 Structures of the N-hydroxybenzimidazoles used in this study. Note
that compound 5784 is the sodium salt of compound 5631 and that compound
5816 is the sodium salt of compound 5707.

inhibited ExsA-P,, complex formation to some degree (Fig. 2A,
lanes 4 to 9). To quantitatively measure the inhibitory activities of
the compounds, the half-maximal inhibitory concentration
(IC5) for each N-hydroxybenzimidazole was determined by titra-
tion experiments. A representative example of ExsA binding to the
P.,.c probe in the presence of increasing concentrations of com-
pound 5707 is shown in Fig. 2B and C. Compound 5631 was the
most active inhibitor, with an ICs, of 8 WM, while the remaining
compounds had ICs,s ranging from 16 to 45 wM (Table 1). Inhi-
bition by compounds 5631 and 5707 was reported previously (3
pM and 13 M, respectively) and is comparable to the activity
observed in our experiments (32).

N-Hydroxybenzimidazoles were originally identified through
in silico docking simulations with MarA and Rob (31). Although
most AraC family members have an amino-terminal domain in-
volved in self-association and/or ligand binding, MarA is devoid
of an amino-terminal domain and composed solely of a DNA-
binding domain. It is reasonably assumed, therefore, that the in-
hibitory activity of the N-hydroxybenzimidazoles occurs through
interactions with the DNA-binding domain, even for proteins
with amino-terminal domains, including ExsA. To confirm this
assumption, we tested the activities of the N-hydroxybenzimida-
zoles against the isolated DNA-binding domain from ExsA (car-
boxy-terminal residues 159 to 278), here referred to as ExsAcp
(38). Whereas full-length ExsA preferentially forms shift product
2 upon binding to the P, promoter probe (Fig. 2A lane 2),
ExsAcrp more readily forms shift product 1 (i.e., binding of an
ExsA monomer to a single site), owing to a lack of self-association
between the ExsA monomers (Fig. 2D, lane 2) (39). Treatment of
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FIG 2 Inhibition of ExsA-DNA binding by N-hydroxybenzimidazoles. ExsA
(100 nM) (A and B) or ExsA-yp, (100 nM) (D) was incubated with DMSO
(2.5%) or the indicated N-hydroxybenzimidazole (125 uM) for 5 min prior to
addition of an equimolar mixture of radiolabeled P, and nonspecific algD
DNA probes (0.05 nM each). Binding reactions were allowed to proceed for 15
min at 25°C and then analyzed by native polyacrylamide gel electrophoresis
and phosphorimaging. The positions of shift products 1 and 2 are indicated.
(C) Representative titration experiment used to determine the half-maximal
inhibitory concentration (IC,,) of each N-hydroxybenzimidazole required to
inhibit ExsA-DNA binding. The percent shifted probe (y axis) was plotted as a
function of N-hydroxybenzimidazole concentration (x axis).

ExsAcrp with each of the N-hydroxybenzimidazoles resulted in
decreased formation of shift products 1 and 2 (Fig. 2D, lanes 4 to
9). These data demonstrate that the primary determinant for in-
hibition by N-hydroxybenzimidazoles is located in the DNA-
binding domain of ExsA.

N-Hydroxybenzimidazoles inhibit ExsA-dependent gene ex-
pression. Each of the tested N-hydroxybenzimidazoles inhibits
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the DNA-binding activity of ExsA in vitro, leading to the hypoth-
esis that ExsA-dependent gene expression would also be affected
by these compounds. To rule out the possibility that N-hydroxy-
benzimidazoles affect growth of P. aeruginosa, and therefore gene
expression, bacterial growth following N-hydroxybenzimidazole
treatment was assayed. Wild-type P. aeruginosa grown overnight
on VBM agar was suspended at an Ay, 0f 0.001 in 5 ml of LB with
each N-hydroxybenzimidazole (125 uM) or DMSO (2.5%) and
grown to an A, of 1.0 at 37°C with shaking. Compared to that of
untreated P. aeruginosa, growth was not significantly affected by
treatment with DMSO or any of the N-hydroxybenzimidazoles
(see Fig. S1 in the supplemental material).

To determine whether N-hydroxybenzimidazoles affect ExsA-
dependent gene expression, we tested the ability of each com-
pound to reduce expression of the ExsA-dependent P,, ¢ pro-
moter fused to the gene encoding green fluorescent protein
(Poros-gpp Teporter). For this assay, contact with CHO cells pro-
vided the inducing signal for T3SS gene expression. To minimize
toxicity to CHO cells, we used a strain lacking the known T3SS
effectors in strain PA103 (PA103 AexoU, exoT::Tc). P. aeruginosa
was treated with each inhibitor for 15 min prior to incubation with
CHO cells for 4 h at 37°C. Cocultures were washed, treated with a
mild detergent, and water bath sonicated to detach adherent P.
aeruginosa. GFP production by adherent P. aeruginosa was mea-
sured by flow cytometry. Whereas an exsA mutant demonstrated
no activation of the GFP reporter following the 4-h coculture (see
Fig. S2 in the supplemental material), approximately 80% of un-
treated PA103 AexoU exoT::Tc cells responded to host cell contact
and activated transcription of the GFP reporter (Fig. 3; see also
Fig. S2). While treatment with DMSO resulted in a small decrease
in GFP expression (72.5% of the population expressed GFP) com-
pared to that of untreated cells, treatment with each of the N-
hydroxybenzimidazoles resulted in reporter activity reductions of
approximately 50% compared to that in DMSO-treated cells (Fig.
3). Although statistically significant, inhibition by the N-hydroxy-
benzimidazoles was not complete, potentially indicating partial
resistance by efflux, catabolism, or some other mechanism.

N-Hydroxybenzimidazoles inhibit ExsA-dependent cyto-
toxicity toward CHO cells. To determine whether N-hydroxy-
benzimidazoles inhibit ExsA-dependent cytotoxicity, we exam-
ined their ability to protect CHO cells from lysis using lactate
dehydrogenase (LDH) release assays. As a control, we first tested
the panel of N-hydroxybenzimidazoles for direct inhibition of lac-
tate dehydrogenase activity using the purified LDH enzyme. Nei-
ther DMSO nor the N-hydroxybenzimidazoles altered LDH activ-
ity (see Fig. S3 in the supplemental material).

TABLE 1 IC;,s of N-hydroxybenzimidazoles for ExsA and LcrF binding

to the P, promoter probe

ExsA LerF

Log ICs, Log ICs,
N-Hydroxybenzimidazole (M) SE (M) SE
4816 1.61 0.04 1.66 0.01
5330 1.65 0.03 1.63 0.03
5631 0.93 0.02 1.20 0.06
5707 1.40 0.03 2.63 0.08
5784 1.19 0.06 1.53 0.02
5816 1.20 0.03 2.61 0.11
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FIG 3 N-Hydroxybenzimidazoles inhibit ExsA-dependent gene expression.
Shown are representative data from an exoU exoT mutant carrying a GFP
transcriptional reporter (PA103 AexoU exoT:Tc P, ) incubated with
DMSO (2.5%) or the indicated N-hydroxybenzimidazole (125 pM) for 15 min
prior to incubation with CHO cells for 4 h at 37°C. Reporter activity was
measured by flow cytometry and is reported as the percentage of the total
bacterial cell population that was GFP positive relative to that of DMSO-
treated cells normalized to 100%. *, P < 0.01.

To examine protection of CHO cells, wild-type strain PA103
was preincubated with the N-hydroxybenzimidazoles (125 pM)
for 15 min prior to coculture with CHO cells at an MOI of 10 for
90 min. CHO cell lysis was quantified by measuring LDH release.
Under these conditions, LDH release is dependent upon expres-
sion of the T3SS (compare LDH release for uninfected CHO cells
and cells infected with the AexsA strain to that of cells infected
with wild-type PA103 in Fig. 4). Compared to that in untreated
cells or cells treated with the vehicle alone, treatment with each of
the N-hydroxybenzimidazoles resulted in a significant reduction
in LDH release by CHO cells infected with PA103 (Fig. 4).

N-Hydroxybenzimidazoles do not inhibit ExsA-dependent
transcription in broth-grown cultures. We next examined the
activity of ExsA-dependent transcriptional reporters (P, . jcr
and/or P,,,7..,) integrated at the CTX phage attachment site in
cells grown in broth culture. Only compounds 5330 and 5784
significantly inhibited P, ;,., reporter activity, and none of the
N-hydroxybenzimidazoles inhibited P,.,; ., reporter activity
(see Fig. S4A and B in the supplemental material). Because P.
aeruginosa has a large repertoire of efflux pumps and catabolic
pathways that might interfere with the activity of the N-hydroxy-
benzimidazoles, we switched to a heterologous system in E. coli
strain GS162 witha P, ;- ;.., reporter integrated into the chromo-
some. Expression of the P, .., reporter in E. coli requires intro-
duction of an exsA expression plasmid. Compared to treatment
with DMSO, however, the N-hydroxybenzimidazoles still failed to
significantly inhibit reporter activity (see Fig. S4C).

N-Hydroxybenzimidazoles inhibit DNA binding by ExsA
homologs. We previously found that ExsA homologs from Yer-
sinia pestis (LcrF), Aeromonas hydrophila (AscA), Photorhabdus
luminescens (LscA), and Vibrio parahaemolyticus (ExsA, here re-
ferred to as ExsAy,,) complement a P. aeruginosa exsA mutant for
T3SS gene expression when expressed in trans (35, 36). The DNA-
binding domains of AscA, LscA, LerF, and ExsAy,, show 90%,
87%, 79%, and 67% identity to the corresponding region in ExsA
(residues 159 to 278), respectively (Fig. 5A). Although these ho-
mologs share a high degree of sequence identity with ExsA, there
are some differences in the sequence of recognition helix 1 (an
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FIG 4 N-Hydroxybenzimidazoles inhibit T3SS-mediated cytotoxicity. PA103
was incubated with DMSO (2.5%) or the indicated N-hydroxybenzimidazole
(125 pM) for 15 min at 25°C prior to incubation with CHO cells for 90 min at
37°C. CHO cell lysis was assayed by measuring LDH release. Statistical differ-
ences were determined by comparison to DMSO treatment. ¥, P < 0.01.

a-helix known to mediate contacts between ExsA and promoter
DNA) and several other regions throughout this domain (40). We
hypothesized that each homolog might show differential re-
sponses to the panel of N-hydroxybenzimidazoles and that those
differences could provide insight into the N-hydroxybenzimida-
zole interaction site. Each homolog was expressed and purified as
a histidine-tagged fusion protein (LscA was insoluble and omitted
from the analyses). The proteins were treated with the panel of
N-hydroxybenzimidazoles for 5 min prior to incubation with the
P, promoter probe. Like for ExsA, binding of LerF and ExsAy,,
to the P, promoter probe resulted in the predominant forma-
tion of shift product 2 (Fig. 5B, C, and E, lanes 2). LcrF was much
less sensitive to compounds 5707 and 5816 (5816 is a sodium salt
of 5707) than was ExsA (Fig. 5C, lanes 7 and 9). Incubation of
AscA with the P, .. promoter probe resulted in formation not of a
distinct band but rather a broad, diffuse band likely representing
an unstable complex (Fig. 5D, lane 2). Nevertheless, AscA binding
is specific to P, as shifting of the nonspecific control probe was
not observed. ExsAy,, was strongly inhibited by all the N-hydroxy-
benzimidazoles tested (Fig. 5E, lanes 4 to 9). The ability of the
N-hydroxybenzimidazoles to affect DNA binding by each ExsA
homolog suggested that the interaction occurs through a con-
served element, while differences in sensitivity toward these com-
pounds indicates that the binding determinants display some vari-
ability between homologs. To further confirm that the inhibitory
effect of the N-hydroxybenzimidazoles was specific to the DNA-
binding domain, ExsAy, crp was purified and examined for DNA
binding in the presence of each inhibitor. As expected, the N-
hydroxybenzimidazoles effectively inhibited DNA binding by
ExsAy,, crp (Fig. 6A).

The above-described findings are consistent with previous re-
ports that N-hydroxybenzimidazoles have broad-spectrum activ-
ity against AraC proteins (31). As a further test of specificity, we
examined inhibition of Vfr DNA binding by the N-hydroxybenz-
imidazoles. Vfr is a member of the CRP family of transcription
regulators and distinct from the AraC family. Purified Vfr was
treated with each N-hydroxybenzimidazole prior to incubation
withaP,., promoter probe, aknown Vfr target (41). Inhibition of
Vir DNA binding was not observed, supporting the conclusion
that N-hydroxybenzimidazoles inhibit DNA binding by interact-
ing specifically with the DNA-binding domain of ExsA and its
homologs (Fig. 6B).
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FIG 5 N-Hydroxybenzimidazoles inhibit the DNA-binding activity of other AraC family proteins. (A) Amino acid sequence alignment of the ExsA DNA-binding
domain and homologs in Vibrio parahaemolyticus (ExsAy,,), Yersinia pestis (LcrF), Aeromonas hydrophila (AscA), and Photorhabdus luminescens (LscA). Bold lines
above the sequences indicate the recognition helices, RHI and RH2. Boxes outline amino acids that were mutagenized in ExsA. ExsA (B), LcrF (C), AscA (D), and
ExsAy, (E) (100 nM) were incubated with DMSO (2.5%) or the indicated N-hydroxybenzimidazole (125 uM) for 5 min prior to addition of radiolabeled specific
(P..sc) and nonspecific (algD) probes (0.05 nM each). Binding reactions were allowed to proceed for 15 min at 25°C and then analyzed by native polyacrylamide
gel electrophoresis and phosphorimaging. The positions of unshifted probes and shifted protein-DNA complexes are indicated. Quantitation of the percent shift
normalized to DMSO-treated protein (100%) is indicated, and statistical differences were determined by comparison to DMSO treatment. *, P < 0.01.
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FIG 6 N-Hydroxybenzimidazoles specifically inhibit the DNA-binding activ-
ity of AraC family regulators. ExsAy,, crp (A) and Vfr (B) were incubated with
DMSO (2.5%) or the indicated N-hydroxybenzimidazole (125 uM) for 5 min
prior to addition of radiolabeled specific (P, or P,..4) and nonspecific (algD)
probes (0.05 nM each). Binding reactions were allowed to proceed for 15 min
at 25°C and then analyzed by native polyacrylamide gel electrophoresis and
phosphorimaging. The positions of unshifted probes and shifted protein-DNA
complexes are indicated. Quantitation of the percent shift normalized to
DMSO-treated ExsAy,, crp (100%) is indicated. Statistical differences were
determined by comparison to DMSO treatment. *, P < 0.01.

Comparison of ExsA and LcrF residues involved in N-hy-
droxybenzimidazole binding. One striking observation from the
ExsA homolog studies was the difference between ExsA and LcrF
sensitivities to compounds 5707 and 5816, despite the high degree
of similarity between these proteins. To confirm this observation,
we determined the IC5,s for each N-hydroxybenzimidazole com-
pound against LcrF as described earlier for ExsA. Compared to
ExsA, compounds 5707 and 5816 were at least 5- and 7-fold less
effective inhibitors of LcrF DNA-binding activity, with ICy,s of
>125 uM (Table 1). The remaining N-hydroxybenzimidazoles
had similar IC,,s against ExsA and LcrF.

The DNA-binding domain of AraC family proteins consists of
two helix-turn-helix motifs, and each motif contains a recognition
helix that makes base-specific contacts with the DNA target site.
The ExsA recognition helices encompass residues L198 to Y209
and Q248 to F259 (Fig. 5A) (40). Within these regions, ExsA and
LcrF differ by only one amino acid (S207 in ExsA). If the N-hy-
droxybenzimidazoles inhibit DNA binding by interacting with or
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near the recognition helices, then a substitution at S207 in ExsA
might render ExsA less sensitive to compounds 5707 and 5816. To
test this hypothesis, the DNA-binding activity of purified
ExsAg,q,7 in the presence of each N-hydroxybenzimidazole was
examined by EMSA as previously described (Fig. 7B). Compared
to that of wild-type ExsA, compounds 5707 and 5816 had reduced
activity against ExsAg, 1 (Fig. 7A and B; lanes 7 and 9). As com-
pound 5816 seemed to be the most affected by this substitution,
the IC;, for this compound was determined by a titration ex-
periment as previously described for wild-type ExsA (see Fig.
S5 in the supplemental material). The calculated IC;, of 208
wM confirmed that there was a reduction in the inhibitory
activity of compound 5816 for the ExsAg,,,+ mutant (com-
pared to an ICs, of 14 pM for 5816 against wild-type ExsA as
observed in a side-by-side titration experiment). The corre-
sponding mutation (T203S) was made in LcrF to determine
whether this substitution would have the opposite effect on
N-hydroxybenzimidazole activity. However, only slight differ-
ences were observed in LcrFo,g35-P,yc complex formation in
the presence of N-hydroxybenzimidazoles compared to wild-
type LerF (Fig. 7C and D, lanes 4 to 9). The finding that the
S207T substitution in ExsA, but not the corresponding T203S
substitution in LcrF, significantly affects N-hydroxybenzimi-
dazole activity suggests that other regions of the DNA-binding
domain contribute to the N-hydroxybenzimidazole interac-
tion.

As an alternative approach, we used in silico predictions of
ligand-binding sites and identified a putative binding pocket
located between the recognition helices of ExsA (Fig. 8). To
examine the possibility that residues in the predicted ligand-
binding site represent an N-hydroxybenzimidazole-binding
site, residues in the binding site were replaced with glutamic
acid with the expectation that a large residue might impair
inhibitor binding. Several substitution mutants were not solu-
ble (M177E, W185E, R221E, and F245E). The remaining mu-
tants were assayed via EMSA for the ability to bind P, in the
presence of each N-hydroxybenzimidazole. The Y181E, S247E,
and Y250E substitution mutants no longer bound promoter
DNA, and the effects of these substitutions on inhibitor bind-
ing could not be determined (data not shown). Glutamic acid
substitutions at residues H180, N183, and 1217 reduced the
ability of several compounds to inhibit ExsA-P,, - formation
(Table 2; see also Fig. S6 in the supplemental material). To
further examine the effect of amino acid substitutions in the
putative inhibitor-binding site, a second set of residues pre-
dicted to surround the perimeter of the binding pocket was
selected for alanine mutagenesis. Five substitutions (E184A,
K186A, R214A, M241A, and S246A) resulted in altered sensi-
tivities to several inhibitors (Table 2; see also Fig. S6). The
P213A substitution mutant remained relatively similar to the
wild type. Several attempts to combine single alanine substitu-
tions were made, but the resulting mutant proteins either were
insoluble or no longer bound DNA (data not shown). To-
gether, these substitution mutants suggest that residues in the
putative binding pocket play a role in N-hydroxybenzimida-
zole inhibition of ExsA-DNA binding, but whether or not they
are involved in direct contact with these compounds is yet to be
determined.
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DISCUSSION

Previous studies identified T3SS inhibitors that target the activity
of effector proteins, translocation of effectors, assembly of the
secretion apparatus, and gene expression (8-18, 31, 32). The N-
hydroxybenzimidazoles inhibit the DNA-binding activity of AraC
family proteins, including ExsA (32, 33, 42). The ICss for the
N-hydroxybenzimidazole inhibitors used in this study ranged
from 8 to 45 uM for ExsA. Inhibition of DNA-binding activity in
vitro correlated with reduced ExsA-dependent gene expression
in vivo and a significant decrease in T3SS-dependent cytotoxicity
in coculture experiments with Chinese hamster ovary cells. The
level of cytotoxicity following N-hydroxybenzimidazole treat-
ment was nearly the same as seen with an exsA mutant, strongly
suggesting that the protective effect resulted from inhibition of
ExsA. Nevertheless, the potential for N-hydroxybenzimidazoles to
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exert broad-spectrum activity suggests that other virulence func-
tions controlled by additional AraC family proteins (aside from
ExsA) might also contribute to the protective effect. The genome
sequence of P. aeruginosa strain PAO1 encodes at least 52 AraC
family proteins. Questions regarding specificity and off-target ef-
fects will be the subject of future studies.

There are several potential mechanisms that might account for
inhibition of DNA binding by the N-hydroxybenzimidazoles. In-
hibition may result from steric hindrance wherein the N-hydroxy-
benzimidazoles directly interfere with the interaction between
ExsA and promoter DNA. Possible N-hydroxybenzimidazole in-
teraction sites for a steric mechanism include the recognition he-
lices that make base-specific contacts with the promoter region.
The recognition helices are very similar in ExsA and its homologs
(LcrF, AscA, and ExsAyp) (Fig. 5A), and targeting this conserved
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FIG 8 Structural model of a putative inhibitor-binding pocket in the ExsA
DNA-binding domain predicted by the FTSite server. The amino acid residues
in the predicted binding site that were mutagenized are indicated, and the
recognition helices that make base-specific contacts with DNA are shown in
blue.

region could explain why the N-hydroxybenzimidazoles inhibit
each of the AraC family proteins tested in this study. For ExsA and
LcrF, in particular, there is only one amino acid difference (S207
in ExsA is a threonine in LcrF) in the recognition helices. A S207T
substitution in recognition helix 1 did alter the sensitivity pattern
of ExsA to more closely resemble that of LcrF. Several pieces of
data, however, argue against the recognition helices being the pri-
mary interaction site. First, a previous study found one N-hy-
droxybenzimidazole with high activity against ExsA, Salmonella
enterica serovar Typhimurium Rma, Proteus mirabilis PqrA, and
E. coli MarA, SoxS, and Rob. Those six proteins share only 3 con-
served amino acids out of the 24 combined residues that define
recognition helices 1 and 2 (see Fig. S7 in the supplemental mate-
rial). It seems unlikely that this low level of identity would support
specific inhibition by the N-hydroxybenzimidazoles. Second,
many of the mutations in the putative binding pocket also alter
susceptibility to the N-hydroxybenzimidazoles (Table 2) but are
located on the protein face opposite the DNA-binding domain.
While these combined observations do not rule out a potential
role for the recognition helices, they do suggest that other inter-
action determinants exist.

The alternative possibility is an allosteric mechanism whereby

N-hydroxybenzimidazole binding induces a structural alteration
in the DNA-binding domain that inhibits ExsA-DNA complex
formation. One potential allosteric binding site is located between
the recognition helices. N-hydroxybenzimidazole binding to the
predicted pocket could negatively affect the spacing or orientation
of the helices required for DNA binding. Single amino acid sub-
stitutions in the predicted inhibitor-binding pocket resulted in
altered sensitivity to some of the N-hydroxybenzimidazoles. Some
amino acid substitutions increased the sensitivity of ExsA to the
inhibitors (P213A and R214A) while other mutations increased
ExsA resistance (H180E, N183E, 1217E, E184A, K186A, R214A,
M241A, and S246A) (Table 2). No single substitution altered ExsA
sensitivity to the entire panel of N-hydroxybenzimidazoles or re-
sulted in complete resistance to any of the N-hydroxybenzimida-
zoles. Attempts to combine multiple substitutions were unsuc-
cessful, as the resultant proteins lacked DNA-binding activity.
Although substitutions in the predicted binding pocket altered the
activity of many of the inhibitors in DNA-binding assays, it is
important to note that those assays cannot distinguish between
changes in ExsA-inhibitor interactions or changes in the ExsA
structure that indirectly affect inhibitor binding or activity; there-
fore, the possibility that the inhibitors bind ExsA elsewhere cannot
be ruled out.

The residues that constitute the predicted binding pocket are
highly conserved in ExsA, LcrF, AscA, and ExsAyp, and that con-
servation is consistent with the finding that each is sensitive to
inhibition by N-hydroxybenzimidazoles (Fig. 5). Harder to rec-
oncile is that those same residues, and in fact the entire DNA-
binding domain, are poorly conserved in ExsA, Rma, PqrA, MarA,
SoxS, and Rob, and yet each is also sensitive to N-hydroxybenz-
imidazoles. How, then, do the N-hydroxybenzimidazoles exhibit
such broad-spectrum activity? We propose that the inhibitor-
binding pocket is structurally conserved in AraC proteins and that
the pocket itself, rather than the precise amino acids, is the critical
determinant. If the interaction between AraC proteins and N-
hydroxybenzimidazoles is dependent on the shape of the pocket,
rather than specific interactions with amino acids, then single
amino acid changes might not completely prevent ExsA—N-hy-
droxybenzimidazole interactions. Consistent with that thought,
we did find that some amino acid changes altered activity to some
of the N-hydroxybenzimidazoles. Our mutagenesis experiments,
therefore, do not necessarily point to specific amino acids as being
involved in the N-hydroxybenzimidazoles interaction but rather

TABLE 2 Percent of the P, promoter probe shifted by wild-type ExsA and the indicated mutants in the presence of the N-hydroxybenzimidazoles

% of probe shifted in the presence of the indicated N-hydroxybenzimidazole”

ExsA 4816 5330 5631 5707 5784 5816
Wild type 34+ 4 60 = 4 8§£5 3x2 7*4 7%5
HI180E mutant 45+ 4 50*5 11=*1 4=*1 9+ 4 32 *+ 5%
N183E mutant 40 £2 59+3 15x2 51 + 6* 45 *+ 8% 41 *= 4%
1217E mutant 269 71 £10 2*1 35 £ 4% 69 + 1* 2*1
E184A mutant 31 59*6 7*1 33 = 4* 28 * 4% 5+4
K186A mutant 55 %5 76 £ 2 15*3 30 = 7% 16 =3 42 *= 3%
P213A mutant 13£6 59*6 3x1 2*1 2*1 3x1
R214A mutant 2+ 1* 39+1 2+1 3+1 38 = 1* 2*x1
M241A mutant 63 + 6% 51 £ 10 2* 6*4 71 * 4* 63 = 11*
S$246A mutant 28 £ 4 729 2*1 13 £ 5* 257 29 £ 5%

“ The N-hydroxybenzimidazoles were used at a concentration of 125 wM. Each horizontal data set represents the percent of the P, promoter probe shifted following treatment

with each N-hydroxybenzimidazole relative to an untreated control normalized to 100%.

774 aac.asm.org

Antimicrobial Agents and Chemotherapy

*, P <0.01.
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reinforce the conclusion that these amino acids are involved in
formation of a binding site pocket. Structural studies to better
define the binding pocket could lead to the identification and/or
development of second-generation compounds that retain this
broad-spectrum activity.
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