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Antibiotic therapy is the most commonly used strategy to control pathogenic infections; however, it has contributed to the gen-
eration of antibiotic-resistant bacteria. To circumvent this emerging problem, we are searching for compounds that target bacte-
rial virulence factors rather than their viability. Pseudomonas aeruginosa, an opportunistic human pathogen, possesses a type I1I
secretion system (T3SS) as one of the major virulence factors by which it secretes and translocates T3 effector proteins into hu-
man host cells. The fact that this human pathogen also is able to infect several plant species led us to screen a library of phenolic
compounds involved in plant defense signaling and their derivatives for novel T3 inhibitors. Promoter activity screening of exoS,
which encodes a T3-secreted toxin, identified two T3 inhibitors and two T3 inducers of P. aeruginosa PAO1. These compounds
alter exoS transcription by affecting the expression levels of the regulatory small RNAs RsmY and RsmZ. These two small RNAs
are known to control the activity of carbon storage regulator RsmA, which is responsible for the regulation of the key T3SS regu-

lator ExsA. As RsmY and RsmZ are the only targets directly regulated by GacA, our results suggest that these phenolic com-
pounds affect the expression of exoS through the GacSA-RsmYZ-RsmA-ExsA regulatory pathway.

he type III secretion system (T3SS) is a highly specialized pro-

tein secretion apparatus that facilitates the translocation of
effector proteins from the bacterial cytoplasm directly into host
cells. The structure, as well as the function of this system, is con-
served among several Gram-negative bacteria, including human
pathogens and phytopathogens (20). Pseudomonas aeruginosa, a
bacterial pathogen which causes opportunistic infections in hu-
mans, possesses a single set of genes encoding the structural com-
ponents and effectors for the T3SS (16). Along with biofilm for-
mation and quorum sensing, the T3SS is one of the major
virulence factors of P. aeruginosa (45). Through the T3SS, this
human pathogen secretes and injects four known effectors into
host cells: ExoS, ExoT, ExoU, and ExoY. ExoS and ExoT are
closely related bifunctional proteins with N-terminal GTPase ac-
tivating protein (GAP) activity and C-terminal ADP ribosylase
(ADPRT) activity (14, 43). The GAP domains of both ExoS and
ExoT are responsible for the disruption of the actin cytoskeleton,
the inhibition of bacterial internalization into epithelial cells and
macrophages, the induction of host cell rounding, and the preven-
tion of wound healing (15). Along with these functions, ExoT
inhibits cell division and can induce apoptosis in epithelial cells
(39, 40). ExoU has phospholipase A2 activity and causes rapid cell
death (42). ExoY is an adenylate cyclase and may disrupt the actin
cytoskeleton (10). By secreting these effector proteins via the
T3SS, P. aeruginosa efficiently inhibits wound repair and the host
innate immune response to facilitate its colonization and its abil-
ity to cause injury.

The T3SS of P. aeruginosa consists of 43 genes that encode the
T3 machinery, regulatory functions, T3 effectors, and effector-
specific chaperones (16). All T3SS genes, including the genes en-
coding T3 effectors, such as exoS, are under the direct transcrip-
tional control of ExsA, an AraC-type transcriptional activator.
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The function of ExsA as a transcriptional activator is thought to be
regulated by a coupling model in which three interacting proteins
(ExsC, ExsD, and ExsE) play roles in controlling ExsA activity (see
Fig. 6). ExsD, the antiactivator, inhibits the transcription of the
T3SS by directly binding to ExsA (28). ExsC functions as an anti-
antiactivator by binding to and sequestering ExsD, thereby inhib-
iting the negative effect of ExsD on ExsA (13). Finally, ExsE antag-
onizes the regulatory effect of ExsC by physical binding (37). This
protein interaction regulatory system is controlled by T3 secretory
activity, which is greatly induced upon host cell contact or calcium
depletion (24, 28). Besides ExsA activation by the induction of the
T3 secretory activity, exsA expression is regulated primarily by
three pathways: CyaB-cAMP/Vfr, GacSA-RsmYZ-RsmA, and
PsrA-RpoS. When cells encounter low calcium conditions, an ad-
enylate cyclase (CyaB) is activated (50) and produces cyclic AMP
(cAMP). Together with the cAMP-regulatory protein Vfr, a high
level of cAMP controls exsA expression along with quorum sens-
ing (12, 34). The exsA expression of P. aeruginosa also is positively
regulated by a carbon storage regulator, RsmA. GacS, a tripartite
sensor histidine kinase, senses environmental stimuli and acti-
vates its cognate response regulator GacA by phosphorylation,
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which in turn induces the expression of regulatory small RNAs
RsmY and RsmZ (5, 46). RsmY and RsmZ transcripts then bind to
and sequester RsmA, which eventually reduces the expression of
exsA (31). In addition to these regulatory cascades, PsrA also has
been reported to regulate T3SS. PsrA, a long-chain fatty acid sen-
sory regulator, directly binds to the promoter region of the
exsCEBA operon and positively regulates the expression of these
genes (41). Along with this, PsrA also binds to the promoter re-
gion of rpoS and positively regulates its transcription, which in
turn represses exsA expression and other T3SS genes (18).

Controlling diseases in humans, animals, and plants is impor-
tant to sustain our society, and the most commonly used strategy
is traditional antibiotic therapy. However, most antibiotics kill
bacteria by inhibiting cellular processes essential for survival,
which leads to a strong selective pressure to develop resistance
against antibiotics. The long-term use of large quantities of anti-
biotics has contributed to the acquisition of antibiotic resistance
in both agriculturally and medically important bacteria, including
P. aeruginosa (2). Therefore, society urgently needs alternative
approaches to develop effective therapies against pathogens with-
out affecting their growth in order to avoid creating antibiotic-
resistant bacteria (23). The T3SS is an attractive target for the
development of therapeutic agents, because it is the major viru-
lence factor of many animal and plant pathogenic bacteria and is
not necessary for their viability (20). Until now, studies have been
focused on the identification of small molecules that block the
secretion of T3SS of human pathogens (1, 19, 22, 33, 44). MBX
1641 is a potent blocker of the P. aeruginosa T3SS (1). Although
the mode of action of this compound remains unknown, the au-
thors demonstrated that MBX 1641 was able to block the T3-
mediated secretion of ExoS, and this blockage of T3SS resulted in
the reduction of the pathogenicity of P. aeruginosa and other
Gram-negative bacteria (1). Recently, we identified a plant phe-
nolic compound, p-coumaric acid (PCA), which inhibits the T3SS
of the phytopathogen Dickeya dadantii (27). Given that the hu-
man opportunistic pathogen P. aeruginosa also can infect plant
species (48), we hypothesized that some of the plant phenolic
compounds and/or their analogues also affect P. aeruginosa viru-
lence factors, such as the T3SS. In this study, we describe novel
derivatives of plant phenolic compounds that alter the promoter
activity of exoS, which encodes a T3SS effector of P. aeruginosa
strain PAO1. Our results indicate that these compounds affect
T3SS gene expression primarily through the GacSA-RsmYZ-
RsmA-ExsA pathway.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Bacterial strains and
plasmids used in this study are listed in Table 1. P. aeruginosa PAO1 and
Escherichia coli strains were grown in Luria-Bertani (LB) medium (1%
tryptone, 0.5% yeast extract, 1% NaCl, pH 6.8) at 37°C. LB broth supple-
mented with 200 mM NaCl and 10 mM nitrilotriacetic acid (NTA) was
used for the induction of P. aeruginosa PAO1 T3SS (38). When required,
antibiotics were added as follows: 100 ug/ml of ampicillin (Ap) and 200
pg/ml of carbenicillin (Car).

Recombinant DNA techniques. The preparation of genomic or
plasmid DNA, PCR, restriction digestion, ligation, DNA electropho-
resis, and electroporation were performed as described by Ausubel and
associates (3).

Green fluorescent protein (GFP) transcriptional reporter screening.
To screen compounds that induce or inhibit the expression of P. aerugi-
nosa PAO1 T3SS, a 510-bp fragment containing the promoter region of
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TABLE 1 Bacterial strains and plasmids used in this study

Source or
Strain or plasmid Relevant characteristic(s)® reference
Strains
P. aeruginosa PAO1  Wild-type P. aeruginosa
E. coli DH10B F~ endAl recAl galE15 galK16 nupG  Invitrogen

rpsL AlacX74 ®80lacZAM15
araD139 A(ara,leu)7697 mcrA
A(mrr-hsdRMS-mcrBC) A~

Plasmids
pPROBE-AT Broad-host-range vector containing 29
promoterless gfp, Ap*
pAT-exoS pPROBE-AT carrying a 510-bp This work
fragment containing exoS
promoter, Ap®
@ Apr, resistant to ampicillin.
exoS was PCR amplified using the primer set PexoS-F

(5'-cagGGATCCttgttcgagttgatggtgga) and PexoS-R (5'-ccgGAATTCgatg
gttgecttetectgatg). Capitalized letters in the forward and reverse primer
sequences indicate the recognition sites for BamHI and EcoRI, respec-
tively. The amplified fragment and pPROBE-AT, a broad-host-range vec-
tor carrying promoterless gfp (29), were digested with EcoRI and BamH]I,
gel purified, and ligated to create pAT-exoS. This plasmid then was trans-
ferred to P. aeruginosa PAO1 by electroporation (8).

For T3 induction and screening, an overnight culture of PAO1 carry-
ing pAT-exoS was diluted 1:200 into fresh LB broth supplemented with
200 mM NaCl and grown for 2 h at 37°C. The cultures then were diluted
into an equal volume with fresh medium supplemented with 10 mM NTA
(38). At this time, compounds were added to the culture at a final concen-
tration of 250 wM. Bacteria then were incubated with aeration for another 6
hat37°Cand subsequently chilled on ice for atleast 10 min (38). The bacterial
cultures were diluted with PBS and assayed for fluorescence using
fluorescence-activated cell sorter (FACS) flow cytometry (FACSCalibur; Bec-
ton Dickinson, Franklin Lakes, NJ). The exoS expression levels in the presence
of compounds were standardized using the dimethylsulfoxide (DMSO) treat-
ment group as the reference. The z score was calculated according to the
formula z = (x — w)/0, where x is a raw score to be standardized, p is the
mean of the population, and o is the standard deviation of the population.
Two independent experiments were performed, and four replicate samples
were used in each experiment.

Sources of the screened compounds. Compounds TS001 to TS035,
TS108 to TS113, and TS134 to TS136 were purchased from commercial
sources (Aldrich, Alfa Aesar, or TCI). The remaining compounds were
synthesized via the routes described in the supplemental material and
other reported procedures (9, 26, 32, 36, 54). All compounds were dis-
solved in DMSO.

Measurement of bacterial growth. P. aeruginosa PAO1 carrying pAT-
exoS was cultured in LB supplemented with 200 mM NaCl, and the T3SS
was induced by the addition of NTA as mentioned above in the presence
or absence of compounds. At the time points indicated, the optical density
at 600 nm (ODy,,) of the culture was measured using a Synergy HT
multimode microplate reader (BioTek, Winooski, VT). Two independent
experiments were performed, and three replicate samples were used in
each experiment.

Western blotting. For Western blotting experiments, P. aeruginosa
PAOI cells grown overnight in LB broth were subcultured 1:1,000 in fresh
LB supplemented with 200 mM NaCl and 10 mM NTA and grown for 4 h
at 37°C with aeration in the presence or absence of either inhibitors or
inducers at a final concentration of 250 uM. The culture supernatant was
collected by centrifugation, and proteins were concentrated by ultrafiltra-
tion. Proteins were separated by SDS-PAGE, blotted to a polyvinylidene
fluoride (PVDF) membrane using a Trans-blot SD semidry transfer cell
(Bio-Rad Laboratories, Hercules, CA), and subjected to immunodetec-
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TABLE 2 Screening of inhibitors and inducers of P. aeruginosa T3SS

Compound no. exoS expression (MFI) z score? Compound no. exoS expression (MFI) z score?
DMSO“ 116.27 *= 6.81 TS034 93.68 * 8.27 0.55
TS001 95.02 * 1.87 0.51 TS035 96.30 = 1.18 0.47
TS002 102.78 = 9.94 0.28 TS100 115.06 = 14.42 0.08
TS003 107.73 = 1.28 0.13 TS101 78.03 £ 1.50 1.01*
TS004 112.32 = 9.96 0.00 TS102 104.35 = 5.11 0.23
TS005 107.77 = 6.97 0.13 TS103 246.35 £ 20.79 4.16**
TS006 92.89 * 4.77 0.57 TS104 102.49 * 3.68 0.29
TS007 93.54 £ 791 0.55 TS105 112.04 = 2.79 0.00
TS008 106.43 = 3.65 0.17 TS106 97.85 * 2.30 0.42
TS009 98.85 * 4.26 0.39 TS107 100.90 * 2.42 0.33
TS010 104.61 = 12.16 0.22 TS110 106.23 = 0.67 0.18
TSO011 90.24 * 9.57 0.65 TSI111 97.61 * 5.62 0.43
TS012 98.19 * 6.09 0.41 TS112 102.20 = 5.98 0.30
TS013 107.72 = 10.83 0.13 TS113 104.26 = 9.41 0.24
TS014 109.59 *= 14.70 0.08 TS114 98.41 * 3.24 0.41
TS015 102.41 = 11.54 0.29 TS115 107.97 = 7.04 0.13
TS016 120.09 %= 16.79 0.23 TS117 90.84 * 3.67 0.63
TS017 99.76 = 7.08 0.37 TS120 105.16 = 8.52 0.21
TS018 105.31 *= 8.90 0.20 TS121 107.08 = 3.92 0.15
TS019 126.51 * 6.63 0.42 TS122 100.87 = 10.45 0.34
TS020 99.15 * 7.65 0.39 TS123 109.04 = 8.37 0.09
TS021 96.07 £ 7.20 0.48 TS124 105.06 *= 2.10 0.21
TS022 114.22 * 16.66 0.06 TS125 159.61 = 10.65 1.40
TS023 99.28 * 9.59 0.38 TS126 105.77 = 8.29 0.19
TS024 105.98 * 9.66 0.18 TS127 83.66 * 10.42 0.84
TS025 121.31 = 6.06 0.27 TS129 136.48 = 13.99 0.72
TS026 124.18 = 4.43 0.35 TS130 162.74 = 4.58 1.49
TS027 71.48 * 8.14 1.20* TS131 123.90 = 7.51 0.35
TS028 110.43 = 14.76 0.05 TS132 182.50 = 15.46 2.08
TS029 120.76 = 2.02 0.25 TS133 134.51 = 16.00 0.66
TS030 92.74 £ 2.97 0.58 TS134 293.96 * 39.43 5.37**
TS031 87.00 £ 5.39 0.75 TS135 120.40 = 8.62 0.23
TS033 104.96 = 8.59 0.21 TS136 106.71 = 8.86 0.16

@ The exoS expression level in the presence of DMSO is the average of all subsets of experiments.
b An asterisk represents a z score of =1.00 for T3 inhibitors, and two asterisks represents a z score of =4.00 for T3 inducers.

tion. The blotted membrane then was washed three times with phosphate-
buffered saline (PBS) and incubated in blocking solution (5% [wt/vol]
skim milk in PBS) overnight. After washing three times with the washing
buffer (PBS containing 0.3% [vol/vol] Triton X-100), the membrane was
incubated in washing buffer supplemented with an anti-ExoS polyclonal
antibody (Accurate Chemical & Scientific Corp., Westbury, NY) for 1.5 h
and then in the washing buffer supplemented with an anti-chicken IgG
(H+L) conjugated with alkaline phosphatase (AP) (SouthernBiotech,
Birmingham, AL) for another 1.5 h. After each incubation, the membrane
was washed three times with washing buffer. The membrane then was
incubated in AP reaction buffer (100 mM Tris base, pH 9.5, 100 mM
NaCl, and 50 mM MgCl,) for 5 min, and ExoS proteins were detected by
the chromogenic detection method. The results were analyzed using
Image] (http://imagej.nih.gov/ij/index.html) to obtain the relative inten-
sity of the secreted ExoS protein level.

Quantitative reverse transcription-PCR (qRT-PCR). P. aeruginosa
PAO1 was cultured and treated by the same procedure as mentioned for
the GFP transcriptional reporter screen. Total bacterial RNA was isolated
using an RNeasy minikit (Qiagen, Valencia, CA), and cDNA was synthe-
sized using the QuantiTect reverse transcription kit (Qiagen, Valencia,
CA) with random hexamer as a primer by following the manufacturer’s
instructions. Real-time PCR then was performed using RealMasterMix
SYBR ROX (5 prime; Gaithersburg, MD) and a DNA Engine OPTICON2
(M] Research, Waltham, MA). The comparative threshold cycle (C;)
method was used for the analysis of transcriptional levels for the tested
genes as described previously (4). To calculate the relative expression level
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of target genes, the expression level of 16S rRNA was used as an internal
control. All PCR experiments were performed in three replicates to obtain
standard deviations, and the Tukey-Kramer method was used for the
statistical analysis.

Quantification of biofilm formation. Biofilm formation was quanti-
fied according to a method previously described (35), with minor modi-
fications. Briefly, overnight P. aeruginosa PAO1 cells were subcultured
1:100 into fresh LB broth in microtiter wells (nontreated, polystyrene
96-well plate) supplemented with compounds at a final concentration of
250 uM or with DMSO as a control. After 12 h of incubation at 37°C
without agitation, one-fourth of the culture volume of the crystal violet
solution (1%, wt/vol) was added to each sample well, and the mixture was
incubated at room temperature for 15 min. Wells were washed twice with
distilled water and were filled with 200 ul of 95% ethanol to solubilize
crystal violet in the solvent. The eluent (125 ul) was transferred to a new
microtiter well, and the absorbance was determined with a Synergy HT
multimode microplate reader (BioTek, Winooski, VT) at 600 nm. Two
independent experiments were performed, and three replicate samples
were used in each experiment.

Statistical analysis. Means and standard deviations were calculated
using Excel (Microsoft, Redmond, WA), and the statistical analysis was
performed using R version 2.8.1 (http://www.r-project.org/).

RESULTS AND DISCUSSION

Screening of inhibitors and inducers of P. aeruginosa T3SS. Our
inventory of compounds consists of salicylic acid, its precursors,
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FIG 1 Effect of compounds on exoS expression and bacterial growth. The
promoter activity of exoS and growth of P. aeruginosa PAO1 were measured
by flow cytometry and spectrophotometry, respectively, at 12 h after inoc-
ulation. Bacterial cells were grown in LB broth supplemented with 200 mM
NaCl, 10 mM NTA, and 250 uM compounds (or the same volume of
DMSO). Bars represent exoS expression as MFI, and dots represent cell
density as the ODy,.

and their analogues (27) (see the supplemental material). These
compounds were screened for inhibitors and inducers of P.
aeruginosa PAO1 T3SS by monitoring the promoter activity of
exoS, which encodes a T3SS effector. Sixty-five out of 72 com-
pounds did not form a precipitate when added to the culture me-
dium (data not shown). These compounds then were screened for
the alteration of exoS promoter activity using pAT-exoS and
FACS. P. aeruginosa PAO1 carrying pAT-exoS was grown in T38S
inducing conditions (200 mM NaCl and 10 mM NTA) in the
presence of compounds at a final concentration of 250 uM, and
the mean fluorescence intensity (MFI) was measured. TS027 and
TS101 were identified as potential T3 inhibitors, with an inhibi-
tion of MFI by at least 1 standard deviation below the sample
population average (z score, =1.00) (Table 2). In addition to in-
hibitors, TS103 and TS134 were identified as potential T3 inducers
by at least 4 standard deviations above the sample population
average (z score, =4.00) (Table 2).

We measured the bacterial growth 12 h postinoculation in the
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presence or absence of compounds. T3 inhibitors TS027 and
TS101 had almost no effect on the growth of P. aeruginosa PAO1 at
a concentration of 250 uM, whereas T3 inducers TS103 and
TS134 showed some growth inhibition at the same concentration
(Fig. 1). These four compounds were subjected to further investi-
gation.

Dose-dependent effects of compounds on exoS promoter ac-
tivity and bacterial growth. The exoS expression and bacterial
growth of P. aeruginosa PAO1 were examined in medium supple-
mented with different concentrations of compounds. TS027 be-
gan to show an inhibitory effect on exoS expression at 20 uM,
whereas TS101 did not (P < 0.01) (Fig. 2A). At50 uM, both TS027
and TS101 inhibited exoS expression at a similar level, and this
inhibitory effect increased as the compound concentration in-
creased (Fig. 2A). These T3 inhibitors showed little alteration of
bacterial growth when added to the medium at final concentra-
tions of 250 uM or less (P < 0.01) (Fig. 2C). TS027 had almost no
effect on the bacterial growth even at 500 uM, whereas TS101
showed a significant difference in growth at the same concentra-
tion (P < 0.01) (Fig. 2C). On the other hand, significant differ-
ences in exoS expression were observed at all concentrations (20 to
250 uM) when two T3 inducers, TS103 and TS134, were added to
the culture (P < 0.01) (Fig. 2B), whereas these compounds had
relatively strong growth inhibition compared to that of other T3
inhibitors (significant differences at 250 and 500 uM for TS103
and 100, 250, and 500 uM for TS134; P < 0.01) (Fig. 2D). Since
our goal is to identify and characterize potential T3 inhibitors of P.
aeruginosa PAO1, compounds were added to the culture at a final
concentration of 250 uM for subsequent experiments. Although
potential T3 inducers showed the growth inhibition of P. aerugi-
nosa PAOL1 cells, they were used in the following experiments to
examine the regulatory mechanism by which T3 inhibitors altered
the promoter activity of exoS.

Validation of T3 inhibitors and inducers of ExoS secretion.
To evaluate the effect of T3 inhibitors/inducers on the secretion of the
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FIG 2 Evaluation of the dose-dependent effect of compounds on exoS expression (A and B) and bacterial growth (C and D). P. aeruginosa PAO1 cells carrying
pAT-exoS were precultured in LB broth supplemented with 200 mM NaCl and transferred to fresh LB broth with 200 mM NaCl, 10 mM NTA, and various
concentrations of compounds or DMSO for 6 h. (A and C) Potent T3 inhibitors TS027 and TS101. (B and D) Potent T3 inducers TS103 and TS134. y axes
represent the relative exoS expression level (A and B) or the relative bacterial growth (C and D). Kanamycin was used as a bactericidal control (C and D).

January 2012 Volume 56 Number 1

aac.asm.org 39

159nB Aq TTOZ ‘9z Jaquwiadaq uo /610’ wse oee//:dny wolj papeojumod


http://aac.asm.org
http://aac.asm.org/

Yamazaki et al.

ExoT~
ExoS”

939.6 16.2 54.8

1918.5 2094.6

FIG 3 Alteration of the secretion level of T3 effector ExoS by T3 inhibitors/
inducers. P. aeruginosa PAO1 cells were grown in LB broth supplemented with
200 mM NaCl, 10 mM NTA, and 250 uM either TS027 (lane 2), TS101 (lane
3), TS103 (lane 4), or TS134 (lane 5). The same volume of DMSO was added to
the culture as a negative control (lane 1). The Western blot was performed
using an anti-ExoS polyclonal antibody. Numbers below the Western blot
indicate the relative intensity of secreted ExoS provided by Image].

T3 effector ExoS, Western blotting using an anti-ExoS polyclonal
antibody was performed. In agreement with the exoS promoter activ-
ity results (Fig. 1), the level of secreted ExoS was reduced in the pres-
ence of T3 inhibitors TS027 and TS101 at a final concentration of 250
uM, whereas the same concentration of T3 inducers TS103 and
TS134 increased the level of ExoS secreted from the cells (Fig. 3).
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Similarly to an earlier report, along with ExoS, another T3 effector
ExoT was detected in the supernatant (Fig. 3) (11). This could be
because the polyclonal anti-ExoS antibody used in this study cross-
reacts with ExoT as described previously (11).

TS027 and TS103 affect T3SS through the Rsm-ExsA path-
way. The T3SS of P. aeruginosa is regulated by a key T3 regulator,
ExsA, and several regulatory cascades control exsA expression and
ExsA activity (51). To determine which pathways were affected by
the compounds and how this affected the expression level of exoS,
the mRNA levels of seven genes responsible for the T3SS regula-
tion in P. aeruginosa (rsmA, rsmY, rsmZ, psrA, rpoS, cyaB, and vfr),
and also the T3 master regulator exsA, were examined (see Fig. 6).
Since there are some structural similarities between TS027/TS101
and TS103/TS134 (see the supplemental material), TS027 and
TS103 were used for qRT-PCR as representatives of T3 inhibitors
and inducers, respectively. In the presence of the T3 inhibitor
TS027, the exsA transcripts were reduced to the T3SS noninduced
level (Fig. 4). On the other hand, the exsA mRNA level increased
almost 3-fold in the presence of the potential T3 inducer TS103
compared to the level of the DMSO control (Fig. 4). These results
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FIG 4 mRNA levels of known T3 regulatory factors in the presence of compounds. P. aeruginosa PAO1 cells were grown in T3 noninduction medium with
DMSO (gray), T3 induction medium with DMSO (hatched line), T3 induction medium with TS027 (open), or T3 induction medium with TS103 (dotted).
Compounds were applied to the medium at a final concentration of 250 uM. y axes represent the relative expression level of each gene (QRT-PCR). Bars labeled
with different letters represent significantly different means as revealed by the Tukey-Kramer method at P < 0.01.
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indicate that the effect of the compounds on the exoS promoter
activity is due to the alteration of the exsA mRNA level. In P.
aeruginosa, RsmA positively regulates the expression of exsA. Ad-
ditionally, regulatory small RNAs RsmY and RsmZ bind to the
RsmA protein and neutralize its effect on exsA expression. Signif-
icant differences were observed in mRNA levels of rsmY and rsmZ
in the presence of the compounds (Fig. 4). The reduction of rsmY
and rsmZ transcripts was observed in the presence of TS103,
whereas TS027 increased the mRNA levels of both genes (Fig. 4).
Given that the regulatory small RNAs RsmY and RsmZ regulate
the activity of RsmA protein (7, 46), our results indicate that
TS027 and TS103 affect exsA expression through the RsmYZ-
RsmA regulatory pathway. Since RsmY and RsmZ regulate RsmA
activity at the protein level, it is not surprising to observe similar
mRNA levels of rsmA in the presence or absence of compounds
(Fig. 4). Additionally, as Brencic and colleagues found that the
phosphorylated GacA binds to the promoter regions of rsmY and
rsmZ, which are direct targets of the GacS-GacA two-component
signal transduction system (6), our results suggest that TS027 and
TS103 affect the activation of GacA through GacS and/or other
two-component sensor proteins that cross-talk to GacS-GacA,
such as RetS or LadS (5, 7) (see Fig. 6).

TS103 affects the expression of psrA and rpoS. The mRNA
levels of psrA and rpoS were reduced in the presence of the T3
inducer TS103 (Fig. 4). As a major part of the promoter activity of
rpoS relies on a TetR family regulator (PsrA) in P. aeruginosa (25),
the decrease in the rpoS transcripts caused by TS103 may be due to
the reduction in psrA mRNA. Meanwhile, no significant differ-
ence in psrA or rpoS mRNA levels was observed in the presence of
the T3 inhibitor TS027 (Fig. 4). While GacA positively controls
psrA expression in Pseudomonas chlororaphis (17, 47), our result
suggests that the psrA expression of P. aeruginosa PAO1 is inde-
pendent of GacS-GacA, since there was no significant influence on
the expression of psrA or rpoS when the T3 inhibitor TS027 was
applied to the culture (Fig. 4). Alternatively, it still is possible that
GacA controls psrA expression in P. aeruginosa PAO1; however,
the effect of TS027 on GacA might not be strong enough to cause
a significant change in psrA and rpoS mRNA levels. In addition to
the positive regulation of the exsCEBA operon by PsrA via direct
binding to its promoter region, PsrA also has a negative effect on
exsA expression through RpoS (41). These two regulatory path-
ways may partially offset their effects on exsA expression. Besides
the PsrA-RpoS pathway, the expression of exsA is controlled by
a membrane-bound adenylate cyclase (CyaB) and a cAMP-
dependent transcriptional regulator (Vfr) (12, 50). A decrease in
vfr mRNA was observed in P. aeruginosa PAO1 when cells were
grown in T3 inducing conditions compared to that in noninduc-
ing conditions by an unknown mechanism (Fig. 4). Similar
mRNA levels of cyaB and vfr were observed in the presence or
absence of compounds, suggesting that TS027 and TS103 had no
significant effect on the cyaB and vfr mRNA level compared to that
of the DMSO treatment (Fig. 4).

TS103 and TS134 reduce biofilm formation. In P. aeruginosa,
the expression of two reciprocally controlled phenotypes, T3SS
and biofilm formation, are known to be predominately coordi-
nated by a single regulatory cascade, GacSA-RsmYZ-RsmaA (6, 7).
Since several compounds were shown to inhibit or induce the
expression of T3SS, the effect of those compounds on the biofilm
formation of P. aeruginosa PAO1 also was investigated. The bio-
film formation of P. aeruginosa PAO1 was significantly dimin-
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FIG 5 Effect of compounds on the biofilm formation of P. aeruginosa PAO1.
Cells were inoculated to LB supplemented with compounds (250 uM) or
DMSO as a control and incubated for 12 h. Bars labeled with different letters
represent significantly different means as revealed by the Tukey-Kramer
method at P < 0.01.

ished in the presence of potential T3 inducers TS103 and TS134
(Fig. 5), which is consistent with the fact that the compound
TS103 induced T3SS expression via the GacSA-RsmYZ-RsmA
regulatory cascade (Fig. 1 and 4). Along with RsmA, RpoS also is
known to control biofilm formation by regulating the transcrip-
tion of psIA, whose product functions as a bacterial sugar trans-
ferase (21). Therefore, the reduction in the rpoS transcript can
partially account for the reduction of the biofilm formation in the
presence of T3 inducers (Fig. 4). Additionally, reduction in bio-
film formation in the presence of T3 inducers may be due partially
to their inhibitory effect on bacterial growth (Fig. 1 and 5). Inter-
estingly, the presence of T3 inhibitors TS027 and TS101 did not,
however, result in significant differences in biofilm formation
compared to that with DMSO (Fig. 5). This could be due to the
effect of those inhibitors on the rsmY and rsmZ transcripts, which
were relatively low compared to that when the cultures were sup-
plemented with inducers (Fig. 5). As a result, these inhibitors did
not reach the threshold concentration that is required to alter the
biofilm formation.

To date, a couple of T3 inhibitors of human pathogens have
been identified by screening-based approaches (1, 22). Instead of
applying a random library containing a vast number of chemicals
for the screening of T3 inhibitors, in this study we used a library of
small molecules derived from plant phenolic compounds based
on evidence that P. aeruginosa is able to infect several plant species,
such as Arabidopsis and lettuce (48). Using the subset of small
molecules and their derivatives, we have already found several
candidates which either inhibit or induce the T3SS of phytopatho-
gens (27, 52) (unpublished data). Interestingly, TS027 (trans-4-
aminocinnamic acid), a potential T3 inhibitor of P. aeruginosa
found in this study, has been reported as a T3 inducer of the
soft-rot phytopathogen D. dadantii (27). Unlike that of P. aerugi-
nosa, the RsmA protein of D. dadantii negatively regulates the
T3SS expression by promoting the degradation of hrpL mRNA,
which encodes a master regulator of the T3SS (49). RsmB, a reg-
ulatory small RNA molecule, binds to RsmA and neutralizes the
degradative effect of RsmA on hrpL mRNA (30). The expression of
rsmB is upregulated by the GacS-GacA two-component signal
transduction system (53). Since the chemical structure of TS027 is
very similar to that of trans-cinnamic acid (TCA), except for the
presence of an amine group on the phenol ring (27), and because
TCA induces the expression of T3 genes, probably through the
GacS-GacA two-component signal transduction system (52), it is
possible that TS027 upregulates the T3SS of D. dadantii by in-
creasing the RsmB RNA level through the GacS-GacA system.
Opverall, this antithetical effect of TS027 in different bacterial spe-
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T3SS in two independent cascades, the activation of ExsE secretion via a T3SS to relieve ExsA from the antiactivator ExsD and the activation of CyaB, an adenylate
cyclase, to increase cAMP levels in cells, which in turn activates the cAMP binding regulator Vfr. Besides these cascades, P. aeruginosa has other pathways to
perceive unknown environmental signals. Upon contact with environmental stimuli, GacS phosphorylates GacA, which in turn activates the expression of small
regulatory RNAs RsmY and RsmZ. The expression of exsA is induced by RsmA, a carbon storage regulator, which can be sequestered by those small regulatory
RNAs. The GacA-PsrA regulatory pathway has been demonstrated in P. chlororaphis and likely exists in P. aeruginosa as well. A transcriptional regulator, PsrA,
directly binds to the promoter region of the exsCEBA operon to activate exsA expression. Simultaneously, PsrA negatively regulates exsA expression through
RpoS. In this study, we found that TS027 and TS103 alter the promoter activity of exoS (ExsA regulon) through GacSA-RsmYZ-RsmA-ExsA. TS103 may induce

exsA expression through PsrA-RpoS independently of GacSA.

cies may be attributed to the fact that in both D. dadantii and P.
aeruginosa T3SS expression is influenced by the regulatory system
that consists of a carbon storage regulator, RsmA, and a small
regulatory RNA that acts as the antagonist of RsmA, and these
have opposing consequences on T3SS expression (31, 53).

In summary, we discovered small phenolic molecules that af-
fect the T3SS of P. aeruginosa via the GacSA-RsmYZ-RsmA-ExsA
regulatory pathway (Fig. 6). In addition, TS103 may negatively
affect the expression of psrA independently of GacSA-RsmYZ-
RsmA, which in turn induces the expression of exsA through RpoS
(Fig. 6), although this pathway is thought to have only a minor
effect on the T3SS in P. aeruginosa (41). Based on the results ob-
tained in this study, new compounds will be synthesized accord-
ing to the structure-activity relationships (SARs) to create potent
T3 inhibitors.
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