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ABSTRACT Pathogenic Vibrio species cause diseases in diverse marine animals reared
in aquaculture. Since their pathogenesis, persistence, and survival in marine environ-
ments are regulated by quorum sensing (QS), QS interference has attracted attention as
a means to control these bacteria in aquatic settings. A few QS inhibitors of Vibrio
species have been reported, but detailed molecular mechanisms are lacking. Here,
we identified a novel, potent, and selective Vibrio QS inhibitor, named QStatin [1-(5-
bromothiophene-2-sulfonyl)-1H-pyrazole], which affects Vibrio harveyi LuxR homologues,
the well-conserved master transcriptional regulators for QS in Vibrio species. Crystallo-
graphic and biochemical analyses showed that QStatin binds tightly to a putative
ligand-binding pocket in SmcR, the LuxR homologue in V. vulnificus, and changes the
flexibility of the protein, thereby altering its transcription regulatory activity. Transcrip-
tome analysis revealed that QStatin results in SmcR dysfunction, affecting the expression
of SmcR regulon required for virulence, motility/chemotaxis, and biofilm dynamics. Nota-
bly, QStatin attenuated representative QS-regulated phenotypes in various Vibrio species,
including virulence against the brine shrimp (Artemia franciscana). Together, these re-
sults provide molecular insights into the mechanism of action of an effective, sustainable
QS inhibitor that is less susceptible to resistance than other antimicrobial agents and
useful in controlling the virulence of Vibrio species in aquacultures.

IMPORTANCE Yields of aquaculture, such as penaeid shrimp hatcheries, are greatly
affected by vibriosis, a disease caused by pathogenic Vibrio infections. Since bacterial
cell-to-cell communication, known as quorum sensing (QS), regulates pathogenesis
of Vibrio species in marine environments, QS inhibitors have attracted attention as
alternatives to conventional antibiotics in aquatic settings. Here, we used target-
based high-throughput screening to identify QStatin, a potent and selective inhibitor
of V. harveyi LuxR homologues, which are well-conserved master QS regulators in
Vibrio species. Structural and biochemical analyses revealed that QStatin binds tightly to
a putative ligand-binding pocket on SmcR, the LuxR homologue in V. vulnificus, and af-
fects expression of QS-regulated genes. Remarkably, QStatin attenuated diverse QS-
regulated phenotypes in various Vibrio species, including pathogenesis against brine
shrimp, with no impact on bacterial viability. Taken together, the results suggest that
QStatin may be a sustainable antivibriosis agent useful in aquacultures.

KEYWORDS LuxR, Vibrio, quorum sensing, quorum-sensing inhibitor

ibrio species are metabolically versatile and abundant in diverse marine environ-
ments. As commensals or mutualistic symbionts, they commonly live in or on a
wide range of marine organisms, including corals, zooplankton, crustaceans, shellfish,
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and fish (1-3). However, they also cause infectious diseases, especially in marine
animals reared in aquaculture. For example, Vibrio harveyi causes luminescent vibriosis
in shrimp and lobsters; V. vulnificus, V. anguillarum, and V. alginolyticus infect several fish
species; and V. crassostreae infects oysters (4, 5). Therefore, control of pathogenic Vibrio
species is critical for the aquaculture industry. Antibiotics have been extensively used
for this purpose but have associated resistance problems. Consequently, more-
sustainable alternatives that control bacterial virulence, without directly affecting bac-
terial viability, have attracted attention (6, 7).

Bacterial cell-to-cell communication (known as quorum sensing [QS]) makes indi-
vidual cells enter “population mode” by synchronizing gene expression according
to cell density. To monitor their population, each cell produces, secretes, and
detects diffusible signaling molecules, called autoinducers (Als) (8). One of the
best-characterized QS systems is present in the squid symbiont V. fischeri, whose QS
controls luminescence. In this bacterium, Luxl produces Als, whereas LuxR (here
referred to as V. fischeri LuxR [LuxR,]), a cytosolic transcriptional regulator protein,
senses them directly (9). In addition to bioluminescence, diverse bacterial phenotypes
requiring group cooperation such as sporulation, competence, biofilm formation, and
resistance to bacteriophage are regulated by QS. Notably, pathogenesis-associated
genes in many human pathogens causing chronic diseases, such as Pseudomonas
aeruginosa and Staphylococcus aureus, are also controlled by QS (10). In pathogenic
Vibrio species, QS regulates production of exoprotease/metalloprotease that causes
severe diseases in marine animal hosts (11-16). Consistent with this, QS inhibition in
V. harveyi, V. campbellii, V. parahaemolyticus, and V. vulnificus results in attenuated
virulence against an aquatic model host, brine shrimp (17-19). Furthermore, QS pro-
vides grazing resistance and starvation-adaptation ability to Vibrio species and thus
supports their persistence and survival in marine environments (20, 21). Accordingly,
anti-QS strategies have been explored as a way to counteract the activity of pathogenic
vibrios, as well as that of other chronic human pathogens. However, to our knowledge,
the precise molecular mechanisms of Vibrio QS inhibitors remain unknown, which limits
the application of this type of strategy in the field (18, 22, 23).

Although the “Luxl-LuxR,, system” described above is found in a range of Gram-
negative bacteria, this system is not the rule for the QS in species of the Vibrio genus.
In fact, other types of Al synthases and membrane-bound Al receptors are used by most
Vibrio species for which QS systems have been characterized. In this “Vibrio QS system,”
a signaling cascade initiated from the membrane-bound receptors culminates in ex-
pression of the master transcriptional regulator of the QS regulon (24, 25). The Vibrio QS
master regulator characterized first was V. harveyi LuxR (here referred to as LuxR,,),
which also controls the bioluminescence of this bacterium (26). However, LuxR,,, and
its homologues conserved in other Vibrio species are distinct from LuxR, in terms of
structure and biochemical properties. LuxR,,, homologues include V. vulnificus SmcR,
V. parahaemolyticus OpaR, V. anguillarum VanT, V. cholerae HapR, and V. fischeri LitR (25).
In fact, expression of LuxRin V. fischeri is regulated directly by LitR (27, 28), supporting
the idea of the central role of LuxR,,, homologues as QS master regulators in Vibrio
species.

Previously, we and others determined the crystal structures of SmcR and HapR,
which reveal a putative ligand-binding pocket within the dimerization domain (29, 30).
Since they belong to the TetR family of transcriptional regulators whose DNA-binding
activity is controlled in a ligand-dependent manner (31), we hypothesized that it might
be possible to identify a small molecule that would bind to the pocket and regulate the
function of LuxR,,, homologues.

In this study, we performed high-throughput screening of 8,844 compounds and
identified QStatin [1-(5-bromothiophene-2-sulfonyl)-1H-pyrazole] as a potent SmcR
inhibitor in V. vulnificus. Structural analysis of SmcR complexed with QStatin revealed
that the latter binds tightly to the putative ligand-binding pocket, thereby altering the
DNA-binding properties of SmcR and leading to dysregulation of the QS regulon.
QStatin showed pan-QS inhibitor activity in diverse Vibrio species that have LuxR,
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FIG 1 High-throughput screening for Vibrio QS inhibitors. (a) Strategy used to screen for a selective inhibitor of SmcR. (b to d) Verification of the
hit molecules (20 uM concentration) using E. coli (b), V. vulnificus WT (c), and V. vulnificus AluxO (d) reporter strains. Note that the promoters of
the lux operon in E. coli and V. vulnificus reporter strains were repressed and activated by SmcR, respectively, and that LuxO negatively regulates
the expression of smcR in V. vulnificus (63). Vertical and horizontal error bars represent the standard deviations (SD) of the RLU and A, data,
respectively, from biological triplicates. Statistical significance was determined by multiple comparison after one-way analysis of variance (ANOVA)

(****, P < 0.0001; **, P < 0.005).

homologues with high sequence conservation and attenuated their virulence in an
aquatic host.

RESULTS

Small molecules interfering with SmcR. To identify a selective inhibitor of Vibrio
QS master regulators, we chose V. vulnificus SmcR as a representative target (29). A
heterologous system, namely, that of Escherichia coli, was used to rule out the presence
of false-positive molecules that inhibit QS signaling components other than SmcR.
Accordingly, we cotransformed E. coli with the pBSS wild type (pBSS-WT) (carrying the
arabinose-inducible smcR) and with pBS0918 (carrying the promoterless lux operon
fused to the SmcR-repressible promoter Py, ,06 03104). This screening strain remains
nonluminescent unless a potential hit molecule inhibits either the function or expres-
sion of SmcR (Fig. 1a). Screening of a total of 8,844 compounds (concentration, 20 wM)
identified four hit molecules (see Fig. S1a in the supplemental material). When these
molecules were reexamined at the same time, compounds 359H12 and 377B6 induced
expression at significantly higher relative luminescence unit (RLU) levels than were seen
with the dimethyl sulfoxide (DMSO)-treated negative-control strain. The RLUs for these
compound-treated strains were almost equal to those for the positive-control strain
containing the empty vector (pBAD24) instead of pBSS-WT (Fig. 1b).

The results were further validated using V. vulnificus reporter strains that harbor
pBB1, a LuxR, ,-activated lux reporter plasmid. As previously reported for V. harveyi and
V. cholerae (32, 33), the RLU level of the V. vulnificus WT (pBB1) decreased soon after
inoculation into fresh LB supplemented with 2.0% (wt/vol) NaCl (LBS) but increased
back to the initial level as the cells grew (Fig. 1c, DMSO). However, the increase of RLU
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FIG 2 QStatin inhibits the QS master regulator SmcR. (a) The chemical structure of QStatin, 1-(5-bromothiophene-2-sulfonyl)-1H-pyrazole.
(b) The EC,, values for QStatin were calculated from three independent experiments and expressed as means = SD. (c) Total protease and
elastase activities of V. vulnificus AsmcR mutant and WT strains treated with DMSO or QStatin are indicated. Each activity level was
measured, and the results are presented as a bar graph; data are expressed as means = SD of results from three independent experiments.
The amount of SmcR and DnaK (control) in each sample was determined by immunoblotting; one representative image is shown.
Statistical significance was determined by one-way ANOVA (****, P < 0.0001).

was halted when the strain was treated with hit molecules (Fig. 1c). Notably, the
increase of RLU was also halted when V. vulnificus AluxO (pBB1) was treated with the
compounds (Fig. 1d), indicating that the SmcR protein, constitutively expressed in this
particular strain, was the target of these compounds. Consistent with this, the com-
pounds did not reduce the RLU level for the V. vulnificus AsmcR (pBB1) strain (Fig. S1b).

Identification of QStatin as an inhibitor of SmcR activity. Because 377B6 [1-(5-
bromothiophene-2-sulfonyl)-1H-pyrazole] showed the strongest inhibition of SmcR
activity without significant growth attenuation of V. vulnificus (Fig. S1c), it was selected
as a specific SmcR inhibitor and named “QStatin” to designate its function (Fig. 2a).
SmcR activity was assessed by measuring the RLU level for V. vulnificus WT (pBB1) in the
presence of different concentrations of QStatin, which revealed that the half-maximal
effective concentration (EC,,) of QStatin was 208.9 nM (Fig. 2b).

We furthermore examined the effect of QStatin on the expression of known SmcR-
activated virulence factors in V. vulnificus, (e.g., protease and elastase) (13, 34). As shown
in Fig. 2¢, the activities of both virulence factors were reduced by QStatin in a
dose-dependent manner. When the B-galactosidase gene was transcriptionally fused
downstream of the elastase gene promoter, P, B-galactosidase activity was also
reduced by the presence of QStatin (Fig. S1d), indicating that the reduction in elastase
activity by QStatin was due to its lower expression caused by SmcR dysfunction rather
than to impairment of elastase catalytic activity itself. Most importantly, despite signif-
icant attenuation of SmcR function, QStatin had no effect on the cellular levels of SmcR
(Fig. 2¢), indicating that the compound did not affect the expression or stability of
SmcR. Taken together, these results suggest that QStatin is a selective and potent
inhibitor of SmcR activity.

Molecular interaction between SmcR and QStatin. Next, we analyzed the inter-
action between SmcR and QStatin by performing isothermal titration calorimetry (ITC)
experiments. Exothermal reactions were observed (Fig. S2a to ¢) and a best fit was
achieved using a two-sequential binding model. Although two identical putative
ligand-binding pockets are present in the SmcR dimer (29), the sequential binding
model revealed a significant difference in free energy changes; the first binding (K,
[dissociation constant] = 0.47 uM) was about 10-fold tighter than the second binding
(K, = 5.00 uM) (Fig. 3a).

To gain further insight into the interaction between SmcR and QStatin, we deter-
mined the crystal structure of the SmcR-QStatin complex. Consistent with the results of
the ITC experiments, we found that two QStatin molecules bound to the putative
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FIG 3 QStatin binds to the putative ligand-binding pocket of SmcR. (a) ITC analysis showing that QStatin binds directly to
SmcR with high affinity. Data are representative of two experiments with similar results. K,, absorption rate constant. (b)
Structure of the SmcR-QStatin complex. QStatin is represented by a ball-and-stick model. (c) Electron density difference map
showing QStatin bound within the putative ligand-binding pocket of SmcR. The F_-F. map was calculated before the inclusion
of QStatin and is contoured at 3.0 0. The SmcR residues involved in the interaction with QStatin are represented by white sticks.
(d) Superimposition of the apo-SmcR and SmcR-QStatin complexes. (e) QStatin reduces the flexibility of SmcR. The structures
of apo-SmcR and SmcR-QStatin were compared according to their B-factor values. High and low B-factors are represented by
dark and light colors, respectively. QStatin is represented by magenta sticks.

ligand-binding pockets of the SmcR dimer (Fig. 3b). The hydrophilic sulfonyl group and
pyrazole ring of QStatin were orientated toward the pocket entrance, which was
predominantly surrounded by polar residues (Fig. 3c). Specifically, the oxygen atom of
the sulfonyl group and a nitrogen atom in the pyrazole ring of QStatin formed
hydrogen bonds with the side chains of Asn133 and GIn137 residues, respectively. The
pyrazole ring also engaged in hydrophobic interactions with the Trp114 and Phe129
residues, as well as in -7 stacking interactions with the imidazole ring of His167
(Fig. 3¢). On the other hand, the bromothiophene ring of QStatin was located within the
inner part of the hydrophobic ligand-binding pocket formed by Phe75, Phe78, Leu79,
lle96, Met100, Val140, Ala163, Phe166, and Cys170 (Fig. 3c). To verify the biological
relevance of the interaction between SmcR and QStatin, we substituted the His167
residue involved in the interaction with QStatin with alanine. When we analyzed this
substitution mutant SmcR using the E. coli screening strain, we found that the repres-
sive activity of the mutant SmcR on the P\,,06 03704 Promoter was no longer affected
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FIG 4 QStatin affects the interaction between SmcR and target promoter DNAs. (a) For EMSA, a 200-bp P,,,,. DNA fragment was radioactively labeled and then
used as a DNA probe. Purified SmcR protein was added to the probe (15 ng) along with either QStatin (100 M) or DMSO (2%). As a control, a random molecule
(100 wm) from the library that showed no SmcR-inhibiting activity during initial screening was added instead of QStatin. B, bound DNA; F, free DNA. (b) EMSA
was performed as described for panel a, except that SmcR was mixed with DMSO (2%) or increasing amounts of QStatin as indicated. (c to e) QStatin alters
the interaction between SmcR and its target promoter DNAs. The promoter DNA of vvpE (c), flhF (d), or VWMO6_03194 (e) was titrated with the apo-SmcR
complex (left) or the SmcR-QStatin complex (right). The thermodynamic values calculated from the reactions are shown. Data are representative of two
experiments with similar results. (f) The in vivo interaction between SmcR and the promoter DNAs in the presence (20 uM) or absence (0.02% DMSO) of QStatin
was analyzed by ChIP. V. vulnificus AsmcR was included as a control. A representative image from two independent experiments is shown.

by QStatin (20 wM), whereas that of the WT SmcR was (Fig. S2d). This indicates that the
His167 residue is critical for the interaction with QStatin.

The overall structure of the SmcR-QStatin complex is quite similar to that of
apo-SmcR (Fig. 3d) (29). However, the average B-factor (A2) for QStatin-SmcR was 26.7,
whereas that for apo-SmcR was 36.1 (Fig. 3e). The B-factor of a protein structure reflects
the fluctuation of atoms around an average position and provides important informa-
tion about protein dynamics (35); thus, it indicates the degree of thermal motion and
static disorder of atoms in a protein crystal structure (36). Since a higher B-factor
(reflected by a dark color) implies that an atom/residue is more flexible, the results
indicate that QStatin binding led to a significant reduction in the flexibility of SmcR
ligand-binding and DNA-binding domains, which comprised the most flexible glycine-
rich hinge region (red) (Fig. 3e). These changes in flexibility may affect the interaction
between SmcR and its target promoter DNAs in V. vulnificus.

QStatin alters the interaction between SmcR and its target promoter DNAs. To
examine whether QStatin affects the DNA-binding activity of SmcR, we performed an
electrophoretic mobility shift assay (EMSA) with P,,,,- DNA (13). Although SmcR binding
to the DNA was reduced specifically by QStatin in a dose-dependent manner, the
interaction was not completely abolished, even in the presence of large amounts
(100 wM) of the molecule (Fig. 4a and b).

Thus, we used ITC experiments to examine other biochemical properties of the
interactions between target promoter DNAs and either apo-SmcR or QStatin-SmcR.
Consistent with the previous results, the binding affinity of apo-SmcR for the P, .- DNA
(K, = 3.7 uM) was only slightly higher than that of QStatin-SmcR (K, = 5.0 uM).
However, the characteristics of the interaction were significantly different; the former
interaction was exothermic, whereas the latter was endothermic (Fig. 4c; see also
Fig. S3a). Thus, the enthalpic (AH) and entropic (TAS) components of the free binding
energy of SmcR-DNA interaction were markedly changed by QStatin, indicating
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that QStatin affects the characteristics of the interaction between SmcR and P,, .
DNA. Similarly, SmcR interactions with the promoter DNAs of the flhF (P4, and
VVWMOG6_03194 (Pyypi06_03104) 9€NES, both of which are directly repressed by SmcR (37),
were affected by QStatin. In these cases, the effect of QStatin was more noticeable, as
the compound decreased the binding affinities of SmcR for the DNAs about 5-fold (for
Pane) or 8-fold (for Py 06 03704) (Fig. 4d and e; see also Fig. S3b and c).

Next, we used chromatin immunoprecipitation (ChIP) assays to assess whether
changes in the DNA-binding affinity of SmcR upon exposure to QStatin reflect QStatin-
mediated dysregulation of SmcR binding to its target promoter DNAs in vivo. To this
end, a FLAG-tagged SmcR protein which was expressed and that functions and
responds to QStatin in a manner identical to that of native SmcR (Fig. S3d and e) was
immunoprecipitated with anti-FLAG magnetic beads from cross-linked V. vulnificus
grown in the presence or absence of QStatin (20 wM). When the coprecipitated
chromosomal DNAs were reverse cross-linked and amplified by PCR using primers
specific for each promoter (P,,,5 Pgne and Puyuos 03104), all three promoters were
amplified (even from the sample treated with QStatin); however, the intensities of the
promoter bands were slightly weaker than intensities of those from the DMSO-treated
sample (Fig. 4f). Thus, the results support the finding that QStatin-induced changes in
the structural flexibility of SmcR have marked effects on the interaction between SmcR
and its various target promoter DNAs, although mild changes in the affinity of the
interaction with target DNAs do occur which may lead to SmcR dysfunction.

QStatin globally affects the expression of the SmcR regulon in vivo. We exam-
ined whether QStatin (20 uM) affects the expression of SmcR regulon in vivo. Both
quantitative reverse transcription-PCR (qRT-PCR) and RNA sequencing analyses re-
vealed that QStatin-treated WT V. vulinificus (WT+QStatin) and DMSO-treated AsmcR
mutant V. vulinificus (AsmcR+DMSO) had expression profiles similar to those seen with
the SmcR regulon (Fig. 5a and b; see also Fig. S4), indicating that QStatin switches SmcR
to a dysfunctional state and globally affects the expression of the SmcR regulon in vivo.
Also, QStatin does not seem to inhibit transcriptional regulators other than SmcR,
because gene expression profiles in the AsmcR mutant were not affected by QStatin
treatment (Fig. 5b); thus, the AsmcR+QStatin sample clustered with the AsmcR+DMSO
and WT+QStatin samples in a principal-component analysis (Fig. 5¢). Taken together,
these transcriptome-level in vivo analyses further indicate that QStatin affects the
expression of the whole SmcR regulon by directly and selectively inhibiting SmcR.

QStatin is a pan-QS inhibitor attenuating the virulence of pathogenic Vibrio
species. One of the known SmcR-mediated QS phenotypes in V. vulnificus is biofilm
dispersion, which helps bacteria colonize new sites (38). Consistent with this, QStatin
(20 M) significantly impaired the biofilm dispersion of V. vulnificus WT, which
resembled that of the DMSO-treated AsmcR mutant (Fig. 6a, WT+QStatin and
AsmcR+DMSO). Because QStatin did not increase the mass of AsmcR mutant biofilms,
QStatin did not directly enhance biofilm formation but impaired SmcR-mediated
biofilm dispersion (Fig. 6a, AsmcR+QStatin). RNA sequencing results also showed that
the expression levels of various biofilm formation/dispersion-related genes were al-
tered similarly by QStatin treatment and the AsmcR mutation (Fig. 5b).

We hypothesized that QStatin may also affect the function of other Vibrio LuxR,,,
homologues because the residues forming the ligand-binding pocket of SmcR were
highly conserved across different LuxR,,, homologues (Fig. 3¢; see also Fig. S5a). Thus,
we examined the effects of QStatin on the representative QS phenotypes of each Vibrio
species, namely, bioluminescence of V. harveyi and V. fischeri, colony opacity of V. para-
haemolyticus, and protease production of V. anguillarum (28, 39-41). All phenotypes
were markedly affected by QStatin (Fig. 6b and ¢; see also Fig. S5b and c), indicating
that this compound is a bona fide pan-QS inhibitor of Vibrio species.

Finally, we evaluated the efficacy of QStatin against the virulence of pathogenic
Vibrio species using their model aquatic host, Artemia franciscana (17-19, 42). QStatin
(20 wM) markedly increased the survival rate of shrimp nauplii challenged with V. vul-
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FIG 5 Effects of QStatin on SmcR regulon expression. (a) The fold changes in expression of each gene in
either the QStatin-treated WT or DMSO-treated AsmcR mutant strain are presented relative to those in the
DMSO-treated WT strain. Error bars represent the SD of results from three independent experiments. (b) The
fold changes of whole transcriptome expression in the DMSO-treated AsmcR mutant, QStatin-treated
AsmcR mutant, and QStatin-treated WT biofilms relative to that in the DMSO-treated WT biofilm were
examined by RNA sequencing. Among the genes differentially expressed in DMSO-treated AsmcR mutant
biofilm relative to DMSO-treated WT biofilm (P = 0.05; fold change, =2), 19 genes potentially involved in
virulence, motility, and biofilm formation/dispersion were selected. Fold changes of the expression of 19
genes in the indicated samples relative to those in the DMSO-treated WT biofilm are shown in the heat map
with colors representing the log, RPKM ratio. Locus tags of genes in the V. vulnificus MO6-24/0 genome
(GenBank accession numbers CP002469.1 and CP002470.1) and their gene products are shown. Please refer
to Fig. S4 and Data Set S1 for expression changes in other genes. (c) Principal-component analysis of the
whole-gene expression profiles of the samples. Each symbol represents the transcriptome of a single
sample from two biological replicates per sample group.
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FIG 6 QStatin is a pan-QS inhibitor attenuating the virulence of pathogenic Vibrio species. (a) QStatin inhibits V. vulnificus
biofilm dispersion. WT and AsmcR mutant strains were allowed to form biofilms in the presence of QStatin (20 uM) or
DMSO (0.04%) for the indicated times at 30°C. Biofilm mass was then measured by crystal violet staining. Data are
expressed as means = SD of results from two independent experiments. Statistical significance was determined by
one-way ANOVA (¥, P < 0.05). (b) QStatin inhibits V. harveyi bioluminescence. Early-exponential-phase V. harveyi cultures
were transferred to microtiter plates, treated with QStatin (20 M) or DMSO (2%), and further incubated at 30°C. Vertical
and horizontal error bars represent the SD of the RLU and A, values, respectively, from three independent experiments.
(c) QStatin affects V. parahaemolyticus colony opacity. One microliter of an overnight V. parahaemolyticus culture was
spotted onto LBS agar plates supplemented with QStatin (500 wM) or DMSO (2%). Three different cultures were spotted
and monitored after growth at 30°C for 24 h. (d to f) Brine shrimp nauplii were challenged with V. vulnificus (d), V. harveyi
(e), or V. parahaemolyticus (f) in the presence of QStatin (20 uM) or DMSO (0.04%). After 60 h, surviving shrimp were
counted. Error bars represent the SD of the survival rates from three independent experiments. Statistical significance was
determined by one-way ANOVA (d) or Student’s t test (e and f) (**, P < 0.005; *, P < 0.05; ns, not significant).

nificus, V. harveyi, or V. parahaemolyticus, without affecting the viability of bacteria
(Fig. 6d to f; see also Fig. S1c and S5d to f). No such virulence attenuation was observed
with the V. vulnificus AsmcR mutant, demonstrating that virulence attenuation by
QStatin is SmcR mediated (Fig. 6d). Remarkably, V. harveyi, a known shrimp pathogen,
showed the most significant virulence attenuation; the survival rate of the nauplii
increased from 35.7% = 6.8% (DMSO) to 85.5% = 8.1% (QStatin).

DISCUSSION

Diverse strategies have been explored to control QS, including inhibition of Al
synthesis, degradation of Al, and interference with Al detection (43). However, certain
Vibrio species produce different kinds of Als and sense them using specific cognate
receptors (32, 44). Thus, simultaneous inhibition of all Al-specific pathways is necessary
to block Vibrio QS. However, LuxR,,, homologues function as master QS regulators at
the center of the Vibrio QS pathway (25). Moreover, these homologues show high
sequence similarity and may have structural similarity, making them the most attractive
targets for Vibrio QS inhibition. QStatin inhibited SmcR activity with an EC, in the range
of hundreds of nanomolars and markedly affected QS in all Vibrio species examined. Its
potent and broad-spectrum activity would be particularly important in practical set-
tings, since multiple Vibrio species can cause vibriosis in aquaculture. Actually, the unit
of Vibrio pathogenesis in naturally infected oysters is the Vibrio population and not the
clone (45).

Some Vibrio species opportunistically infect human and cause acute diseases using
virulence factors such as cholera toxin, toxin coregulated pili (Tcp), and hemolysin (1).
Because QS represses the expression of such virulence factors (33, 46), pro-QS strategies
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have been proposed to treat patients (47, 48). However, this does not seem to be the
case for aquatic animals, the more relevant natural hosts for Vibrio species (17). Indeed,
virulence of V. vulnificus against the shrimp was considerably attenuated by QStatin
(Fig. 6d) despite an increase in the expression of the hemolysin gene (Fig. 5b). This
apparently conflicting result is not unprecedented, because a V. harveyi QS mutant also
exhibits reduced virulence to brine shrimp despite expressing more type 3 secretion
system (T3SS) components (17, 49). QStatin decreased the expression of many other
virulence factors (Fig. 5b), including exoprotease/metalloprotease (VvpE) (19), a spike
protein of T6SS apparatus (VgrG) (50), and a phenazine biosynthesis protein (PhzF) (51).
Thus, these virulence factors seem to be more critical than hemolysin or T3SS in Vibrio
pathogenesis in aquatic environments.

Furthermore, the genes governing motility (FlaE), chemotaxis (methyl-accepting che-
motaxis proteins), and biofilm formation/dispersion (CabBC- and c-diGMP-regulating en-
zymes), which can affect both virulence and environmental adaptation of bacteria
(52-54), were also significantly dysregulated by QStatin (Fig. 5b). In fact, QS has been
reported to contribute to bacterial persistence and survival in the presence of grazing
predators and bacteriophages in natural environments (20, 21, 55-57). Therefore, it is
less likely that QStatin causes the pathogenic vibrios to bloom in the relevant environ-
ments, although the shrimp were persistently infected by vibrios under our gnotobiotic
experimental conditions.

To the best of our knowledge, QStatin is the first ligand to have been shown to bind
to the putative ligand-binding pocket of LuxR,,, homologues. Furthermore, our results
provide new insights into the Vibrio QS. First, the tight binding of QStatin to the
conserved binding pocket suggests the presence of an authentic natural ligand regu-
lating LuxR,,, homologues. If it exists, such a ligand might have pharmacophore
properties similar to those of QStatin. In this regard, it is fascinating that halogenated
furanones, which bind to LuxR,,, and affect its DNA-binding activity, are produced by
the marine alga Delisea pulchra (58). Future examination of furanone binding to the
ligand-binding pocket of LuxR,,, homologues would reveal the relationship between
Vibrio species and their ecologic neighborhoods at the molecular level.

Second, the results provide new perspectives into how LuxR,,, homologues directly
regulate many different target genes. In fact, the members of the TetR family of
transcriptional regulators are known to bind to one or two promoters containing a
symmetrical palindrome sequence (31). In contrast, LuxR,,, homologues bind to hun-
dreds of promoters harboring imperfect, asymmetrical consensus sequences in which
one half is more conserved than the other half (37, 59-61). Thus, LuxR,,, homologues
are speculated to have evolved structural flexibility, allowing it to bind to less-
conserved, diverse sequences (61). In the present study, we showed that QStatin
reduced the structural flexibility of SmcR (Fig. 3e), altering its DNA-binding properties
in vitro (Fig. 4a to e) and thereby dysregulating gene expression in vivo (Fig. 5; see also
Fig. S4 in the supplemental material). Notably, QStatin affects the flexibility of the
glycine-rich hinge region of apo-SmcR (Fig. 3e). Consistent with this, a previous study
revealed that a natural variant of HapR with a mutation (G39D) in the glycine-rich hinge
region is defective with respect to target promoter regulation (62). Thus, our results
provide direct evidence that flexibility is an essential molecular feature of LuxR,
homologues, permitting them to function as global transcriptional regulators. If QStatin
were to bind to LuxR,, homologues, they would become less flexible, resulting in
nonfunctional binding to target promoter DNAs (Fig. 4c to f and 7). One possible
explanation for this nonfunctionality is that the rigid LuxR,,, homologues could not
interact properly with other transcriptional regulators required for regulation of target
promoters. Indeed, markedly rigid residues within QStatin-bound SmcR include Leu139
and Asn142, which are predicted to be essential for LuxRV,-RNA polymerase interac-
tions (61). Since one monomer of the SmcR dimer is more flexible than the other
(Fig. 3e), we propose a model in which the less flexible monomer binds to the more
conserved half and the other, more flexible monomer is “induced-fitted” into the less
conserved half of the consensus sequence for functional binding (Fig. 7).
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FIG 7 Proposed molecular mechanism underlying QStatin-induced attenuation of virulence in pathogenic Vibrio
species. Due to its flexibility, apo-LuxR,,, can functionally interact with various target promoter DNAs, which contain
either symmetrical palindrome consensus binding sequences (represented by blue boxes with inverted arrows) or
asymmetrical imperfect binding sequences (represented by blue boxes and different colored boxes) via an
“induced-fit” mechanism. Virulence-related genes are differentially regulated by LuxR,,-mediated QS, making the
vibrios fully virulent against aquatic hosts. In contrast, QStatin-induced reduction of LuxR,, flexibility causes
nonfunctional interactions with its target promoter DNAs and results in dysregulation of the LuxR,,, regulon. These
events eventually attenuate the virulence of Vibrio species against aquatic hosts. LBD, ligand-binding domain; DBD,
DNA-binding domain.

In conclusion, we identified QStatin as a potent pan-QS inhibitor that selectively
inhibits the activity of LuxR,,, homologues in Vibrio species. Since QStatin showed a
marked antivirulence effect with no direct bactericidal or bacteriostatic activity, it could
be used to control vibriosis in aquacultures while avoiding the resistance associated
with other antimicrobial agents. The data revealing the structure of the SmcR-QStatin
complex should help us to design a more effective Vibrio QS inhibitor in the future.
Importantly, the effect of QStatin on the persistence and survival of Vibrio species in real
marine environments needs to be investigated, as well as any eventual mechanisms of
QStatin resistance.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture media. The strains and plasmids used in this study are
listed in Table S1 in the supplemental material. E. coli and Vibrio strains were grown in Luria-Bertani
medium (LB) at 37°C and in LB supplemented with 2.0% (wt/vol) NaCl (LBS) at 30°C, respectively, with
appropriate antibiotics. The small-molecule library was generously provided by the Korea Chemical Bank
(http://eng.chembank.org/), and the molecules were dissolved in DMSO. Hit molecules were either
purchased from ChemDiv (San Diego, CA) or synthesized as described below. Other chemicals were
purchased from Sigma-Aldrich (St. Louis, MO).

High-throughput screening. E. coli DH5« was cotransformed with pBSS-WT, carrying the arabinose-
inducible smcR gene, and with pBS0918, a reporter plasmid carrying the SmcR-repressed promoter of
VWMOG6_03194 (P06 03104) (37) fused to the Jux operon. The resulting strain was cultured to an A, of
0.5 in fresh LB containing 0.0002% (wt/vol) L-arabinose, and then 100 ul of culture was transferred to
each well of a 96-well microtiter plate (Optilux; BD Falcon, Bedford, MA) containing a 20 uM concen-
tration of each molecule or 2% DMSO. The plates were incubated at 37°C with shaking, and luminescence
and growth (A,,,) were measured three times at 1.5-h intervals using an Infinite M200 microplate reader
(Tecan, Ménnedorf, Switzerland). RLU was calculated by dividing the luminescence value by the Agy,
value (13). Information related to the high-throughput screening is summarized in Table S2.

Verification and determination of the EC,, of hit molecules. The plasmid pBB1 carrying the
LuxR,,, homologue-activated lux operon (39) was conjugally transferred into the V. vulnificus wild-type
(WT) strain, the AsmcR mutant, or the AluxO mutant (63). These V. vulnificus reporter strains were grown
overnight, diluted 1:1,000 in fresh LBS, and treated with hit molecules as described above. RLU values
were calculated every hour. To determine the EC,,, QStatin (1072 to 10~* M) or 2% DMSO as a control
was added to the V. vulnificus WT reporter strain and RLU was measured after 5 h. The percentage of
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SmcR activity of the sample at a given concentration of QStatin was determined using the following
equation: percent SmcR activity = sample RLU/control RLU X 100. The EC,, of QStatin (the concentration
reducing the SmcR activity to 50%) was calculated from a plot of the percentages of SmcR activity versus
QStatin concentrations using GraphPad Prism 6.0 (GraphPad Software, Inc., San Diego, CA).

Determination of total protease, elastase, and p-galactosidase activities controlled by SmcR.
Total protease and elastase activities were determined as previously described (64), except that the
V. vulnificus WT and AsmcR mutant strains were treated with QStatin (5, 20, or 50 wM) or DMSO (0.02%)
as described above. To confirm the reduced expression of elastase gene, V. vulnificus DH0602 containing
SmcR-expressing plasmid pBSJH-WT (29) was treated with 20 uM QStatin for 16 h and then its
B-galactosidase activity was measured as described previously (29). The amounts of cellular SmcR and
DnaK were determined by immunoblotting using rat anti-SmcR polyclonal antiserum and mouse
anti-E. coli DnaK monoclonal antibody (Enzo Lifesciences, Farmingdale, NY), respectively, with alkaline
phosphatase or horseradish peroxidase (HRP)-conjugated anti-rat or anti-mouse IgG antibody, as de-
scribed previously (13).

Protein purification, crystallization, data collection, and structural analysis. Native or selenome-
thionine (SeMet)-substituted SmcR was expressed and purified as described previously (29). High-quality
SeMet-substituted SmcR crystals were produced under the following optimized conditions: 0.2 M Li,SO,,
7% polyethylene glycol (PEG) 3000, and 0.1 M imidazole (pH 8.0). Crystals appeared within 2 days and
grew for a further 5 days. To obtain SmcR crystals complexed with QStatin, SmcR crystals were soaked
for 30 min in a solution containing 2.5 mM QStatin, 0.2 M Li,SO,, 7% PEG 3000, 0.1 M imidazole (pH 8.0),
and 10% glycerol. The crystals were then placed under a nitrogen gas stream (at —173°C). Diffraction
data were collected at a resolution of 2.1 A at beamline 7A (Pohang Accelerator Laboratory, Pohang,
South Korea) and processed using the HKL2000 program suite (65). The structure of the SmcR-QStatin
complex was solved using the molecular replacement method and the MOLREP program (66), with the
SmcR structure (PDB identifier [ID]: 3KZ9) used as a template. The structure was then revised using COOT
(67) and refined using REFMACS5 (68). The refinement process included the translation-liberation-screw
procedure. The crystallographic data are summarized in Table S3.

EMSA and ChIP analysis. EMSA of SmcR binding to the vvpE promoter region was performed as
described previously (29), except that QStatin or a random molecule from the library was added to the
reaction sample. ChIP analysis was performed as described elsewhere (61), with some modifications.
Briefly, the AsmcR strain or a mutant strain expressing FLAG-smcR was grown for 16 h in the presence
of either QStatin (20 wM) or DMSO (0.02%). After cross-linking with formaldehyde occurred, cells were
lysed and sonicated to shear the genomic DNA. Clarified lysates were incubated for 6 h at 4°C with
anti-FLAG M2 magnetic beads (Sigma-Aldrich). After washing was performed, the immunoprecipitated
complexes were eluted and DNAs were reverse cross-linked. The presence of target promoter DNAs was
analyzed by PCR.

ITC analysis. For ITC analysis of the SmcR-QStatin interaction, purified SmcR was dialyzed extensively
against buffer (50 mM Tris [pH 7.0], 300 mM NaCl, 0.5% DMSO), and QStatin was diluted in the same
buffer. The samples were degassed by vacuum aspiration for 15 min prior to titration at 25°C. SmcR
(0.48 mM [in dimer]) in the syringe was titrated against QStatin (0.025 mM) in the reaction cell of VP-ITC
(Microcal Inc., Northampton, MA). To evaluate how QStatin affects the SmcR-DNA interaction, the duplex
DNAs of P,,,e Pane @and Puypios 03104 (s€quences are in Table S4) were synthesized and dialyzed against
the buffer. SmcR (0.42 mM [in dimer]) was incubated with QStatin (molar ratio, 1:4) prior to titration
against each duplex DNA (0.02 mM). The mixture was stirred at 300 rpm, and the thermal power was
recorded every 10 s. The thermograms were then analyzed using the Origin package (version 7) supplied
with the instrument.

qRT-PCR. The V. vulnificus strains grown to an Ag,, of 0.25 were treated with 20 uM QStatin or 2%
DMSO and further incubated to the stationary phase (A5, = 5). Total RNA was then isolated using
RNAprotect bacterial reagent and an miRNeasy minikit (Qiagen, Valencia, CA). Synthesis of cDNA and
amplification of target genes were done using an iScript cDNA synthesis kit, iQ SYBR Green Supermix,
and an iCycler iQ gRT-PCR system (Bio-Rad Laboratories, Hercules, CA). The sequences of the primers
used are listed in Table S4. The relative expression levels of the genes were normalized to the expression
of the 16S rRNA gene (internal reference), as described previously (69).

Analysis of biofilm formation/dispersion. Overnight-cultured V. vulnificus strains were diluted with
V. fischeri minimal medium (70) containing 32.6 mM glycerol and either 20 wM QStatin or 0.04% DMSO.
The diluted cultures (200 wl) were transferred to polystyrene microtiter plates (Nunc, Roskilde, Denmark)
and incubated for the indicated times at 30°C to form biofilms, which were then quantitated as described
previously (38).

RNA sequencing and analysis. Total RNA was isolated from the biofilm developed as described
above, except it was incubated for 13 h in polystyrene 6-well plates (SPL, Seoul, South Korea). The RNAs
were further purified by removing DNA using TURBO DNase (Ambion, Austin, TX), and mRNA was
selectively enriched by depleting rRNA using a Ribo-Zero rRNA removal kit (Epicentre, Madison, WI).
Then, the cDNA library was constructed using a TruSeq Stranded mRNA Sample Prep kit (Illumina, San
Diego, CA). The quality of the cDNA libraries was evaluated using an Agilent 2100 Bioanalyzer and Agilent
DNA 1000 reagents (Agilent Technologies, Santa Clara, CA). Strand-specific single-ended 50-nucleotide
sequences were read from each cDNA library using HiSeq 2500 (lllumina). The raw sequencing reads
were analyzed using CLC Genomics workbench 5.5.1 (CLC Bio, Aarhus, Denmark) and mapped onto the
V. vulnificus MO6-24/0 reference genome (GenBank accession numbers CP002469.1 and CP002470.1),
allowing up to two mismatches per read. The expression level of each gene was defined using a value
corresponding to the number of reads per kilobase of transcript per million mapped reads (RPKM), as
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described previously (71). Quantile-normalized RPKM values were then statistically analyzed by t tests to
identify the genes that were differentially expressed (greater than 2-fold change with a P value of =0.05)
from the DMSO-treated AsmcR mutant cells relative to the DMSO-treated WT cells. Genes with an RPKM
value of <3 were considered not to be expressed and were excluded from the analysis. Heat maps were
generated by the CIMminer program (72) using the RPKM-fold change for each gene in the test samples.
The mapping statistics for the sequencing reads and the RPKM values, fold change values, and P values
for entire genes under different conditions are shown in Data Set S1 in the supplemental material. CLC
Genomics workbench 5.5.1 software was used for a principal-component analysis of the whole-gene
expression profiles of the samples.

Brine shrimp challenge test. Cysts of A. franciscana (INVE Aquaculture, Salt Lake City, UT) were
axenically hatched and challenged as described elsewhere (17), with the following modifications.
Hatched nauplii were fed with autoclaved Aeromonas hydrophila strain KCTC 2358 at a concentration of
107 cells ml=" of filtered and autoclaved artificial sea salt solution (Sigma-Aldrich) (40 g liter—1). The
nauplii were challenged with 1 X 10* CFU of V. vulnificus and 1 X 10° CFU of V. harveyi or V. parahae-
molyticus in the presence of 20 uM QStatin or 0.04% DMSO. In each experiment, at least four groups of
5 to 10 nauplii in 1 ml of the solution were transferred into each well of a 24-well plate and incubated
at 28°C with gentle shaking until observation under a light microscope (Leica MZ125, Leica Microsystems,
Inc., Switzerland) was performed.

Chemical synthesis of QStatin. Briefly, 4-bromothiophene-2-sulfonyl chloride (382 mg; 1.47 mM)
and triethylamine (202 pl; 1.47 mM) were added to a solution of pyrazole (50 mg; 0.74 mM)-ethanol
(10 ml). The reaction mixture was then refluxed for 6 h under a nitrogen atmosphere and cooled to room
temperature. After the mixture was concentrated under reduced pressure, the crude product was
extracted with methylene chloride (50 ml). The organic layer was then washed with brine, dried over
Mg,SO,, and concentrated. The crude material was purified by silica gel chromatography using 10% to
30% (vol/vol) ethyl acetate in hexane as the eluent to yield QStatin as a solid (215 mg; 75% yield). The
characteristics of the molecule were as follows: melting point, 112°C; "H nuclear magnetic resonance
("H-NMR) (500 MHz, CDCl,) & (ppm), 8.08 (dd, J = 2.8, 0.3 Hz, 1H), 7.79 (d, J = 1.2 Hz, 1H), 7.61 (d, J =
4.1 Hz, 1H), 7.09 (d, J = 4.1 Hz, 1H), and 6.44 (dd, J = 2.8, 1.6 Hz, 1H); '3C-NMR (126 MHz, CDCI3) & (ppm),
145.8, 141.4, 135.1, 134.5, 131.2, 127.3, and 109.4.

Statistical analysis. Statistical analyses were performed as indicated in the figure legends using
GraphPad Prism 6.0 software.

Accession number(s). The atomic coordinates and structure factors have been deposited in the
Protein Data Bank (http://www.pdb.org) under PDB ID code 5X3R. All raw transcriptome data have been
deposited in the NCBI BioProject database (https://www.ncbi.nlm.nih.gov/bioproject) under accession
number PRINA271541.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/mBio
.02262-17.
FIG S1, PDF file, 0.5 MB.
FIG S2, PDF file, 0.5 MB.
FIG S3, PDF file, 0.8 MB.
FIG S4, PDF file, 0.3 MB.
FIG S5, PDF file, 3.7 MB.
TABLE S1, DOCX file, 0.03 MB.
TABLE S2, DOCX file, 0.01 MB.
TABLE S3, DOCX file, 0.01 MB.
TABLE S4, DOCX file, 0.02 MB.
DATA SET S1, XLSX file, 1.3 MB.

ACKNOWLEDGMENTS

We thank the Korea Chemical Bank for generously providing the small-molecule
libraries and the staff at the 7A beamline of the Pohang Accelerator Laboratory for
assistance with data collection.

This work was supported by the National Research Foundation of Korea, funded by
the Ministry of Science, ICT, and Future Planning (2017R1TE1A1A01074639 to S.H.C. and
2017R1A2B3007317 to M.H.K.); the Institute of Planning and Evaluation for Technology
(IPET) of the Ministry of Agriculture, Food and Rural Affairs (117064-03-1-HD040 to
S.H.C.); and Korea Research Institute of Bioscience and Biotechnology Research Initiative
Grants (KGM2111844 to M.H.K.).

B.SK, S.YJ, MHK, and S.H.C. designed the research; BSK., S.YJ, Y-J.B, JH, YK,
and K.K.J. performed the research; BSK., S.YJ, Y.-JB, JH, DL, MHK, and SH.C.
analyzed the data; and B.S.K,, M.H.K,, and S.H.C. wrote the paper.

January/February 2018 Volume 9 Issue 1 e02262-17

mBio’

mbio.asm.org 13


http://www.pdb.org
https://www.rcsb.org/pdb/search/structidSearch.do?structureId=5X3R
https://www.ncbi.nlm.nih.gov/bioproject
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA271541
https://doi.org/10.1128/mBio.02262-17
https://doi.org/10.1128/mBio.02262-17
http://mbio.asm.org

Kim et al.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

January/February 2018 Volume 9

Thompson FL, lida T, Swings J. 2004. Biodiversity of vibrios. Microbiol
Mol Biol Rev 68:403-431, table of contents. https://doi.org/10.1128/
MMBR.68.3.403-431.2004.

. Grimes DJ, Johnson CN, Dillon KS, Flowers AR, Noriea NF lll, Berutti T.

2009. What genomic sequence information has revealed about Vibrio
ecology in the ocean—a review. Microb Ecol 58:447-460. https://doi
.org/10.1007/500248-009-9578-9.

. Boyd EF, Carpenter MR, Chowdhury N, Cohen AL, Haines-Menges BL,

Kalburge SS, Kingston JJ, Lubin JB, Ongagna-Yhombi SY, Whitaker WB.
2015. Post-genomic analysis of members of the family Vibrionaceae.
Microbiol Spectr 3:VE-0009-2014. https://doi.org/10.1128/microbiolspec
.VE-0009-2014.

. Austin B. 2010. Vibrios as causal agents of zoonoses. Vet Microbiol

140:310-317. https://doi.org/10.1016/j.vetmic.2009.03.015.

. Gay M, Berthe FC, Le Roux F. 2004. Screening of Vibrio isolates to

develop an experimental infection model in the Pacific oyster Cras-
sostrea gigas. Dis Aquat Organ 59:49-56. https://doi.org/10.3354/
dao059049.

. Defoirdt T, Boon N, Sorgeloos P, Verstraete W, Bossier P. 2007. Alterna-

tives to antibiotics to control bacterial infections: luminescent vibriosis
in aquaculture as an example. Trends Biotechnol 25:472-479. https://
doi.org/10.1016/j.tibtech.2007.08.001.

. Romero J, Feijoo CG, Navarrete P. 2012. Antibiotics in aquaculture—use,

abuse and alternatives. In Health and environment in aquaculture. In-
TechOpen https://doi.org/10.5772/28157.

. Waters CM, Bassler BL. 2005. Quorum sensing: cell-to-cell communica-

tion in bacteria. Annu Rev Cell Dev Biol 21:319-346. https://doi.org/10
.1146/annurev.cellbio.21.012704.131001.

. Fuqua C, Winans SC, Greenberg EP. 1996. Census and consensus in

bacterial ecosystems: the LuxR-LuxI family of quorum-sensing transcrip-
tional regulators. Annu Rev Microbiol 50:727-751. https://doi.org/10
.1146/annurev.micro.50.1.727.

Rutherford ST, Bassler BL. 2012. Bacterial quorum sensing: its role in
virulence and possibilities for its control. Cold Spring Harb Perspect Med
2:a012427. https://doi.org/10.1101/cshperspect.a012427.

Miyoshi S, Shinoda S. 2000. Microbial metalloproteases and pathogen-
esis. Microbes Infect 2:91-98. https://doi.org/10.1016/S1286-4579(00)
00280-X.

Croxatto A, Chalker VJ, Lauritz J, Jass J, Hardman A, Williams P, Camara
M, Milton DL. 2002. VanT, a homologue of Vibrio harveyi LuxR, regulates
serine, metalloprotease, pigment, and biofilm production in Vibrio an-
guillarum. J Bacteriol 184:1617-1629. https://doi.org/10.1128/JB.184.6
.1617-1629.2002.

Jeong HS, Lee MH, Lee KH, Park SJ, Choi SH. 2003. SmcR and cyclic
AMP receptor protein coactivate Vibrio vulnificus vwpE encoding elastase
through the RpoS-dependent promoter in a synergistic manner. J Biol
Chem 278:45072-45081. https://doi.org/10.1074/jbc.M308184200.

Le Roux F, Binesse J, Saulnier D, Mazel D. 2007. Construction of a Vibrio
splendidus mutant lacking the metalloprotease gene vsm by use of a
novel counterselectable suicide vector. Appl Environ Microbiol 73:
777-784. https://doi.org/10.1128/AEM.02147-06.

Goudenege D, Travers MA, Lemire A, Petton B, Haffner P, Labreuche Y,
Tourbiez D, Mangenot S, Calteau A, Mazel D, Nicolas JL, Jacq A, Le roux
F. 2015. A single regulatory gene is sufficient to alter Vibrio aestuarianus
pathogenicity in oysters. Environ Microbiol 17:4189-4199. https://doi
.0rg/10.1111/1462-2920.12699.

Shinoda S, Miyoshi S. 2011. Proteases produced by vibrios. Biocontrol Sci
16:1-11. https://doi.org/10.4265/bio.16.1.

Defoirdt T, Bossier P, Sorgeloos P, Verstraete W. 2005. The impact of
mutations in the quorum sensing systems of Aeromonas hydrophila,
Vibrio anguillarum and Vibrio harveyi on their virulence towards gnoto-
biotically cultured Artemia franciscana. Environ Microbiol 7:1239-1247.
https://doi.org/10.1111/j.1462-2920.2005.00807 ..

Defoirdt T, Crab R, Wood TK, Sorgeloos P, Verstraete W, Bossier P. 2006.
Quorum sensing-disrupting brominated furanones protect the gnotobi-
otic brine shrimp Artemia franciscana from pathogenic Vibrio harveyi,
Vibrio campbellii, and Vibrio parahaemolyticus isolates. Appl Environ
Microbiol 72:6419-6423. https://doi.org/10.1128/AEM.00753-06.

Ha C, Kim SK, Lee MN, Lee JH. 2014. Quorum sensing-dependent met-
alloprotease VVpE is important in the virulence of Vibrio vulnificus to inver-

Issue 1 €02262-17

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

mBio’

tebrates. Microb Pathog 71-72:8-14. https://doi.org/10.1016/j.micpath
.2014.04.001.

McDougald D, Rice SA, Kjelleberg S. 2001. SmcR-dependent regulation
of adaptive phenotypes in Vibrio vulnificus. J Bacteriol 183:758-762.
https://doi.org/10.1128/JB.183.2.758-762.2001.

Sun S, Tay QX, Kjelleberg S, Rice SA, McDougald D. 2015. Quorum
sensing-regulated chitin metabolism provides grazing resistance to
Vibrio cholerae biofilms. ISME J 9:1812-1820. https://doi.org/10.1038/
ismej.2014.265.

Brackman G, Defoirdt T, Miyamoto C, Bossier P, Van Calenbergh S, Nelis
H, Coenye T. 2008. Cinnamaldehyde and cinnamaldehyde derivatives
reduce virulence in Vibrio spp. by decreasing the DNA-binding activity of
the quorum sensing response regulator LuxR. BMC Microbiol 8:149.
https://doi.org/10.1186/1471-2180-8-149.

Defoirdt T, Benneche T, Brackman G, Coenye T, Sorgeloos P, Scheie AA.
2012. A quorum sensing-disrupting brominated thiophenone with a
promising therapeutic potential to treat luminescent vibriosis. PLoS One
7:e41788. https://doi.org/10.1371/journal.pone.0041788.

Papenfort K, Bassler BL. 2016. Quorum sensing signal-response systems
in gram-negative bacteria. Nat Rev Microbiol 14:576-588. https://doi
.org/10.1038/nrmicro.2016.89.

Ball AS, Chaparian RR, van Kessel JC. 2017. Quorum sensing gene regulation
by LuxR/HapR master regulators in vibrios. J Bacteriol 199:€00105-17
https://doi.org/10.1128/JB.00105-17.

Showalter RE, Martin MO, Silverman MR. 1990. Cloning and nucleotide
sequence of luxR, a regulatory gene controlling bioluminescence in
Vibrio harveyi. J Bacteriol 172:2946 -2954. https://doi.org/10.1128/jb.172
.6.2946-2954.1990.

Fidopiastis PM, Miyamoto CM, Jobling MG, Meighen EA, Ruby EG. 2002.
LitR, a new transcriptional activator in Vibrio fischeri, regulates lumines-
cence and symbiotic light organ colonization. Mol Microbiol 45:131-143.
https://doi.org/10.1046/j.1365-2958.2002.02996 .X.

Miyashiro T, Ruby EG. 2012. Shedding light on bioluminescence regula-
tion in Vibrio fischeri. Mol Microbiol 84:795-806. https://doi.org/10.1111/
j.1365-2958.2012.08065 X.

Kim Y, Kim BS, Park YJ, Choi WC, Hwang J, Kang BS, Oh TK, Choi SH, Kim
MH. 2010. Crystal structure of SmcR, a quorum-sensing master regulator
of Vibrio vulnificus, provides insight into its regulation of transcription. J
Biol Chem 285:14020-14030. https://doi.org/10.1074/jbc.M109.100248.
De Silva RS, Kovacikova G, Lin W, Taylor RK, Skorupski K, Kull FJ. 2007.
Crystal structure of the Vibrio cholerae quorum-sensing regulatory
protein HapR. J Bacteriol 189:5683-5691. https://doi.org/10.1128/JB
.01807-06.

Cuthbertson L, Nodwell JR. 2013. The TetR family of regulators. Microbiol
Mol Biol Rev 77:440-475. https://doi.org/10.1128/MMBR.00018-13.
Henke JM, Bassler BL. 2004. Three parallel quorum-sensing systems
regulate gene expression in Vibrio harveyi. J Bacteriol 186:6902-6914.
https://doi.org/10.1128/JB.186.20.6902-6914.2004.

Miller MB, Skorupski K, Lenz DH, Taylor RK, Bassler BL. 2002. Parallel
quorum sensing systems converge to regulate virulence in Vibrio chol-
erae. Cell 110:303-314. https://doi.org/10.1016/50092-8674(02)00829-2.
Shao CP, Hor LI. 2001. Regulation of metalloprotease gene expression in
Vibrio vulnificus by a Vibrio harveyi LuxR homologue. J Bacteriol 183:
1369-1375. https://doi.org/10.1128/JB.183.4.1369-1375.2001.

Yuan Z, Bailey TL, Teasdale RD. 2005. Prediction of protein B-factor
profiles. Proteins 58:905-912. https://doi.org/10.1002/prot.20375.
Schneider B, Gelly JC, de Brevern AG, Cerny J. 2014. Local dynamics
of proteins and DNA evaluated from crystallographic B factors. Acta
Crystallogr D Biol Crystallogr 70:2413-2419. https://doi.org/10.1107/
$1399004714014631.

Lee DH, Jeong HS, Jeong HG, Kim KM, Kim H, Choi SH. 2008. A consensus
sequence for binding of SmcR, a Vibrio vulnificus LuxR homologue, and
genome-wide identification of the SmcR regulon. J Biol Chem 283:
23610-23618. https://doi.org/10.1074/jbc.M801480200.

Kim SM, Park JH, Lee HS, Kim WB, Ryu JM, Han HJ, Choi SH. 2013. LuxR
homologue SmcR is essential for Vibrio vulnificus pathogenesis and
biofilm detachment, and its expression is induced by host cells. Infect
Immun 81:3721-3730. https://doi.org/10.1128/1A1.00561-13.

Bassler BL, Wright M, Showalter RE, Silverman MR. 1993. Intercellular
signalling in Vibrio harveyi: sequence and function of genes regulating

mbio.asm.org 14


https://doi.org/10.1128/MMBR.68.3.403-431.2004
https://doi.org/10.1128/MMBR.68.3.403-431.2004
https://doi.org/10.1007/s00248-009-9578-9
https://doi.org/10.1007/s00248-009-9578-9
https://doi.org/10.1128/microbiolspec.VE-0009-2014
https://doi.org/10.1128/microbiolspec.VE-0009-2014
https://doi.org/10.1016/j.vetmic.2009.03.015
https://doi.org/10.3354/dao059049
https://doi.org/10.3354/dao059049
https://doi.org/10.1016/j.tibtech.2007.08.001
https://doi.org/10.1016/j.tibtech.2007.08.001
https://doi.org/10.5772/28157
https://doi.org/10.1146/annurev.cellbio.21.012704.131001
https://doi.org/10.1146/annurev.cellbio.21.012704.131001
https://doi.org/10.1146/annurev.micro.50.1.727
https://doi.org/10.1146/annurev.micro.50.1.727
https://doi.org/10.1101/cshperspect.a012427
https://doi.org/10.1016/S1286-4579(00)00280-X
https://doi.org/10.1016/S1286-4579(00)00280-X
https://doi.org/10.1128/JB.184.6.1617-1629.2002
https://doi.org/10.1128/JB.184.6.1617-1629.2002
https://doi.org/10.1074/jbc.M308184200
https://doi.org/10.1128/AEM.02147-06
https://doi.org/10.1111/1462-2920.12699
https://doi.org/10.1111/1462-2920.12699
https://doi.org/10.4265/bio.16.1
https://doi.org/10.1111/j.1462-2920.2005.00807.x
https://doi.org/10.1128/AEM.00753-06
https://doi.org/10.1016/j.micpath.2014.04.001
https://doi.org/10.1016/j.micpath.2014.04.001
https://doi.org/10.1128/JB.183.2.758-762.2001
https://doi.org/10.1038/ismej.2014.265
https://doi.org/10.1038/ismej.2014.265
https://doi.org/10.1186/1471-2180-8-149
https://doi.org/10.1371/journal.pone.0041788
https://doi.org/10.1038/nrmicro.2016.89
https://doi.org/10.1038/nrmicro.2016.89
https://doi.org/10.1128/JB.00105-17
https://doi.org/10.1128/jb.172.6.2946-2954.1990
https://doi.org/10.1128/jb.172.6.2946-2954.1990
https://doi.org/10.1046/j.1365-2958.2002.02996.x
https://doi.org/10.1111/j.1365-2958.2012.08065.x
https://doi.org/10.1111/j.1365-2958.2012.08065.x
https://doi.org/10.1074/jbc.M109.100248
https://doi.org/10.1128/JB.01807-06
https://doi.org/10.1128/JB.01807-06
https://doi.org/10.1128/MMBR.00018-13
https://doi.org/10.1128/JB.186.20.6902-6914.2004
https://doi.org/10.1016/S0092-8674(02)00829-2
https://doi.org/10.1128/JB.183.4.1369-1375.2001
https://doi.org/10.1002/prot.20375
https://doi.org/10.1107/S1399004714014631
https://doi.org/10.1107/S1399004714014631
https://doi.org/10.1074/jbc.M801480200
https://doi.org/10.1128/IAI.00561-13
http://mbio.asm.org

A Selective Inhibitor of Vibrio Quorum Sensing

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

January/February 2018 Volume 9

expression of luminescence. Mol Microbiol 9:773-786. https://doi.org/
10.1111/j.1365-2958.1993.tb01737 x.

McCarter LL. 1998. OpaR, a homolog of Vibrio harveyi LuxR, controls
opacity of Vibrio parahaemolyticus. ) Bacteriol 180:3166-3173.

Denkin SM, Nelson DR. 2004. Regulation of Vibrio anguillarum empA
metalloprotease expression and its role in virulence. Appl Environ Microbiol
70:4193-4204. https://doi.org/10.1128/AEM.70.7.4193-4204.2004.
Soto-Rodriguez SA, Roque A, Lizarraga-Partida ML, Guerra-Flores AL,
Gomez-Gill B. 2003. Virulence of luminous vibrios to Artemia franciscana
nauplii. Dis Aquat Organ 53:231-240. https://doi.org/10.3354/da0053231.
LaSarre B, Federle MJ. 2013. Exploiting quorum sensing to confuse
bacterial pathogens. Microbiol Mol Biol Rev 77:73-111. https://doi.org/
10.1128/MMBR.00046-12.

Jung SA, Chapman CA, Ng WL. 2015. Quadruple quorum-sensing inputs
control Vibrio cholerae virulence and maintain system robustness. PLoS
Pathog 11:1004837. https://doi.org/10.1371/journal.ppat.1004837.
Lemire A, Goudenege D, Versigny T, Petton B, Calteau A, Labreuche Y, Le
Roux F. 2015. Populations, not clones, are the unit of vibrio pathogenesis
in naturally infected oysters. ISME J 9:1523-1531. https://doi.org/10
.1038/ismej.2014.233.

Shao CP, Lo HR, Lin JH, Hor LI. 2011. Regulation of cytotoxicity by
quorum-sensing signaling in Vibrio vulnificus is mediated by SmcR, a
repressor of hlyU. J Bacteriol 193:2557-2565. https://doi.org/10.1128/JB
.01259-10.

Higgins DA, Pomianek ME, Kraml CM, Taylor RK, Semmelhack MF,
Bassler BL. 2007. The major Vibrio cholerae autoinducer and its role in
virulence factor production. Nature 450:883-886. https://doi.org/10
.1038/nature06284.

Ng WL, Perez L, Cong J, Semmelhack MF, Bassler BL. 2012. Broad spectrum
pro-quorum-sensing molecules as inhibitors of virulence in vibrios. PLoS
Pathog 8:e1002767. https://doi.org/10.1371/journal.ppat.1002767.
Ruwandeepika HA, Karunasagar |, Bossier P, Defoirdt T. 2015. Expression
and quorum sensing regulation of type Il secretion system genes of
Vibrio harveyi during infection of gnotobiotic brine shrimp. PLoS One
10:e0143935. https://doi.org/10.1371/journal.pone.0143935.

Durand E, Cambillau C, Cascales E, Journet L. 2014. VgrG, Tae, Tle, and
beyond: the versatile arsenal of Type VI secretion effectors. Trends
Microbiol 22:498-507. https://doi.org/10.1016/j.tim.2014.06.004.
Pierson LS I, Pierson EA. 2010. Metabolism and function of phenazines
in bacteria: impacts on the behavior of bacteria in the environment and
biotechnological processes. Appl Microbiol Biotechnol 86:1659-1670.
https://doi.org/10.1007/500253-010-2509-3.

Kim SY, Thanh XT, Jeong K, Kim SB, Pan SO, Jung CH, Hong SH, Lee SE,
Rhee JH. 2014. Contribution of six flagellin genes to the flagellum
biogenesis of Vibrio vulnificus and in vivo invasion. Infect Immun 82:
29-42. https://doi.org/10.1128/IA1.00654-13.

Ringgaard S, Hubbard T, Mandlik A, Davis BM, Waldor MK. 2015. RpoS
and quorum sensing control expression and polar localization of Vibrio
cholerae chemotaxis cluster Ill proteins in vitro and in vivo. Mol Microbiol
97:660-675. https://doi.org/10.1111/mmi.13053.

Park JH, Jo Y, Jang SY, Kwon H, Irie Y, Parsek MR, Kim MH, Choi SH. 2015.
The cabABC operon essential for biofilm and rugose colony develop-
ment in Vibrio vulnificus. PLoS Pathog 11:€1005192. https://doi.org/10
.1371/journal.ppat.1005192.

Hoque MM, Naser IB, Bari SM, Zhu J, Mekalanos JJ, Farugue SM. 2016.
Quorum regulated resistance of Vibrio cholerae against environmental
bacteriophages. Sci Rep 6:37956. https://doi.org/10.1038/srep37956.
Patterson AG, Jackson SA, Taylor C, Evans GB, Salmond GPC, Przybilski R,
Staals RHJ, Fineran PC. 2016. Quorum sensing controls adaptive immu-
nity through the regulation of multiple CRISPR-Cas systems. Mol Cell
64:1102-1108. https://doi.org/10.1016/j.molcel.2016.11.012.

Issue 1 €02262-17

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

mBio’

Heyland-Kroghsbo NM, Paczkowski J, Mukherjee S, Broniewski J, Westra
E, Bondy-Denomy J, Bassler BL. 2017. Quorum sensing controls the
Pseudomonas aeruginosa CRISPR-Cas adaptive immune system. Proc Natl
Acad Sci U S A 114:131-135. https://doi.org/10.1073/pnas.1617415113.
Defoirdt T, Miyamoto CM, Wood TK, Meighen EA, Sorgeloos P, Verstraete W,
Bossier P. 2007. The natural furanone (52Z)-4-bromo-5-(bromomethylene)-3-
butyl-2(5H)-furanone disrupts quorum sensing-regulated gene expression
in Vibrio harveyi by decreasing the DNA-binding activity of the transcrip-
tional regulator protein luxR. Environ Microbiol 9:2486-2495. https://doi
.0rg/10.1111/j.1462-2920.2007.01367 x.

Pompeani AJ, Irgon JJ, Berger MF, Bulyk ML, Wingreen NS, Bassler BL.
2008. The Vibrio harveyi master quorum-sensing regulator, LuxR, a TetR-
type protein is both an activator and a repressor: DNA recognition and
binding specificity at target promoters. Mol Microbiol 70:76 -88. https://
doi.org/10.1111/j.1365-2958.2008.06389.x.

Tsou AM, Cai T, Liu Z, Zhu J, Kulkarni RV. 2009. Regulatory targets of
quorum sensing in Vibrio cholerae: evidence for two distinct HapR-
binding motifs. Nucleic Acids Res 37:2747-2756. https://doi.org/10.1093/
nar/gkp121.

van Kessel JC, Ulrich LE, Zhulin IB, Bassler BL. 2013. Analysis of activator
and repressor functions reveals the requirements for transcriptional
control by LuxR, the master regulator of quorum sensing in Vibrio
harveyi. mBio 4:00378-13. https://doi.org/10.1128/mBio.00378-13.
Dongre M, Singh NS, Dureja C, Peddada N, Solanki AK, Ashish, Raychaud-
huri S. 2011. Evidence on how a conserved glycine in the hinge region
of HapR regulates its DNA binding ability: lessons from a natural variant.
J Biol Chem 286:15043-15049. https://doi.org/10.1074/jbc.M110.209346.
Roh JB, Lee MA, Lee HJ, Kim SM, Cho Y, Kim YJ, Seok YJ, Park SJ, Lee KH.
2006. Transcriptional regulatory cascade for elastase production in Vibrio
vulnificus: LuxO activates luxT expression and LuxT represses smcR ex-
pression. J Biol Chem 281:34775-34784. https://doi.org/10.1074/jbc
.M607844200.

Jeong KC, Jeong HS, Rhee JH, Lee SE, Chung SS, Starks AM, Escudero GM,
Gulig PA, Choi SH. 2000. Construction and phenotypic evaluation of a
Vibrio vulnificus vvpE mutant for elastolytic protease. Infect Immun
68:5096 -5106. https://doi.org/10.1128/IA1.68.9.5096-5106.2000.
Otwinowski Z, Minor W. 1997. [20] Processing of X-ray diffraction data
collected in oscillation mode. Methods Enzymol 276:307-326. https://
doi.org/10.1016/5S0076-6879(97)76066-X.

Vagin A, Teplyakov A. 2010. Molecular replacement with MOLREP.
Acta Crystallogr D Biol Crystallogr 66:22-25. https://doi.org/10.1107/
$0907444909042589.

Emsley P, Cowtan K. 2004. Coot: model-building tools for molecular
graphics. Acta Crystallogr D Biol Crystallogr 60:2126-2132. https://doi
.org/10.1107/50907444904019158.

Murshudov GN, Vagin AA, Dodson EJ. 1997. Refinement of macromolecular
structures by the maximum-likelihood method. Acta Crystallogr D Biol
Crystallogr 53:240-255. https://doi.org/10.1107/S0907444996012255.

Kim BS, Hwang J, Kim MH, Choi SH. 2011. Cooperative regulation of the
Vibrio vulnificus nan gene cluster by NanR protein, CAMP receptor pro-
tein, and N-acetylmannosamine 6-phosphate. J Biol Chem 286:
40889 -40899. https://doi.org/10.1074/jbc.M111.300988.

Cao X, Studer SV, Wassarman K, Zhang Y, Ruby EG, Miyashiro T. 2012.
The novel sigma factor-like regulator RpoQ controls luminescence, chiti-
nase activity, and motility in Vibrio fischeri. mBio 3:€00285-11. https://
doi.org/10.1128/mBi0.00285-11.

Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold B. 2008. Mapping
and quantifying mammalian transcriptomes by RNA-Seq. Nat Methods
5:621-628. https://doi.org/10.1038/nmeth.1226.

Weinstein JN. 2004. Integromic analysis of the NCI-60 cancer cell lines.
Breast Dis 19:11-22. https://doi.org/10.3233/BD-2004-19103.

mbio.asm.org 15


https://doi.org/10.1111/j.1365-2958.1993.tb01737.x
https://doi.org/10.1111/j.1365-2958.1993.tb01737.x
https://doi.org/10.1128/AEM.70.7.4193-4204.2004
https://doi.org/10.3354/dao053231
https://doi.org/10.1128/MMBR.00046-12
https://doi.org/10.1128/MMBR.00046-12
https://doi.org/10.1371/journal.ppat.1004837
https://doi.org/10.1038/ismej.2014.233
https://doi.org/10.1038/ismej.2014.233
https://doi.org/10.1128/JB.01259-10
https://doi.org/10.1128/JB.01259-10
https://doi.org/10.1038/nature06284
https://doi.org/10.1038/nature06284
https://doi.org/10.1371/journal.ppat.1002767
https://doi.org/10.1371/journal.pone.0143935
https://doi.org/10.1016/j.tim.2014.06.004
https://doi.org/10.1007/s00253-010-2509-3
https://doi.org/10.1128/IAI.00654-13
https://doi.org/10.1111/mmi.13053
https://doi.org/10.1371/journal.ppat.1005192
https://doi.org/10.1371/journal.ppat.1005192
https://doi.org/10.1038/srep37956
https://doi.org/10.1016/j.molcel.2016.11.012
https://doi.org/10.1073/pnas.1617415113
https://doi.org/10.1111/j.1462-2920.2007.01367.x
https://doi.org/10.1111/j.1462-2920.2007.01367.x
https://doi.org/10.1111/j.1365-2958.2008.06389.x
https://doi.org/10.1111/j.1365-2958.2008.06389.x
https://doi.org/10.1093/nar/gkp121
https://doi.org/10.1093/nar/gkp121
https://doi.org/10.1128/mBio.00378-13
https://doi.org/10.1074/jbc.M110.209346
https://doi.org/10.1074/jbc.M607844200
https://doi.org/10.1074/jbc.M607844200
https://doi.org/10.1128/IAI.68.9.5096-5106.2000
https://doi.org/10.1016/S0076-6879(97)76066-X
https://doi.org/10.1016/S0076-6879(97)76066-X
https://doi.org/10.1107/S0907444909042589
https://doi.org/10.1107/S0907444909042589
https://doi.org/10.1107/S0907444904019158
https://doi.org/10.1107/S0907444904019158
https://doi.org/10.1107/S0907444996012255
https://doi.org/10.1074/jbc.M111.300988
https://doi.org/10.1128/mBio.00285-11
https://doi.org/10.1128/mBio.00285-11
https://doi.org/10.1038/nmeth.1226
https://doi.org/10.3233/BD-2004-19103
http://mbio.asm.org

	RESULTS
	Small molecules interfering with SmcR. 
	Identification of QStatin as an inhibitor of SmcR activity. 
	Molecular interaction between SmcR and QStatin. 
	QStatin alters the interaction between SmcR and its target promoter DNAs. 
	QStatin globally affects the expression of the SmcR regulon in vivo. 
	QStatin is a pan-QS inhibitor attenuating the virulence of pathogenic Vibrio species. 

	DISCUSSION
	MATERIALS AND METHODS
	Bacterial strains, plasmids, and culture media. 
	High-throughput screening. 
	Verification and determination of the EC50 of hit molecules. 
	Determination of total protease, elastase, and -galactosidase activities controlled by SmcR. 
	Protein purification, crystallization, data collection, and structural analysis. 
	EMSA and ChIP analysis. 
	ITC analysis. 
	qRT-PCR. 
	Analysis of biofilm formation/dispersion. 
	RNA sequencing and analysis. 
	Brine shrimp challenge test. 
	Chemical synthesis of QStatin. 
	Statistical analysis. 
	Accession number(s). 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

