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culation is a critical issue for better predicting
mid-latitude climate in a warmer world.
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Targeting QseC Signaling and
Virulence for Antibiotic Development
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Many bacterial pathogens rely on a conserved membrane histidine sensor kinase, QseC, to respond
to host adrenergic signaling molecules and bacterial signals in order to promote the expression of
virulence factors. Using a high-throughput screen, we identified a small molecule, LED209, that
inhibits the binding of signals to QseC, preventing its autophosphorylation and consequently
inhibiting QseC-mediated activation of virulence gene expression. LED209 is not toxic and does
not inhibit pathogen growth; however, this compound markedly inhibits the virulence of several
pathogens in vitro and in vivo in animals. Inhibition of signaling offers a strategy for the
development of broad-spectrum antimicrobial drugs.

key challenge for medicine is to develop
Anew drugs against pathogens that are re-
sistant to current antimicrobial agents
(1, 2). A promising strategy is to identify agents
that inhibit microbial virulence without inhibiting
growth, because these present less selective pres-
sure for the generation of resistance (3—5). Many
bacterial pathogens recognize the host environ-
ment by sensing and responding to the host
adrenergic signaling molecules epinephrine and
norepinephrine (NE) in order to promote the ex-
pression of virulence factors (6, 7). These patho-
gens appear to use the same membrane-embedded
sensor histidine kinase, QseC (7), to recognize
both host-derived adrenergic signals and the bac-
terial aromatic signal autoinducer-3 (AI-3) to ac-
tivate their virulence genes (3, 6). Upon sensing
any of these signaling molecules, QseC autophos-
phorylates and subsequently phosphorylates a
transcription factor, QseB (Fig. 1A) (7), which
initiates a relay to a complex regulatory cascade
and leads to the transcription of key virulence
genes (Fig. 1B) (5-8).
QseC homologs are present in at least 25
important human and plant pathogens (table S1),
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and gseC mutants of enterohemorrhagic Escherichia
coli (EHEC) (Fig. 1C and fig. S1) (7), Salmonella
typhimurium (Fig. 2A) (8), and Francisella tularensis
(9) are attenuated in infected animals. Because of the
central role of the Al-3/epinephrine/NE QseC recep-
tor in promoting the virulence of several important
pathogens, we tested the effectiveness of inhibitors
of this receptor as broad-spectrum antimicrobial
agents.

A library of 150,000 small organic molecules
from the University of Texas (UT) Southwestern
was screened at a 5 UM concentration in a high-
throughput assay to identify inhibitors of QseC-
dependent virulence gene activation in EHEC
(fig. S2) (10). The first round of positive hits,
which represented a diverse range of molecular
architecture, was subjected to additional rounds
of screening followed by preliminary evaluations
for toxicity against bacterial cells in vitro. This
yielded a pool of 75 potential inhibitors with me-
dian inhibitory concentration (ICsy) values at or
below 10> M. One compound was selected based
on its potency as compared with other lead mole-
cules, minimal toxicity toward bacterial and human
cell lines, and potential for chemical modification.
This molecule was subjected to structure-activity
studies to identify ways to improve its potency.
The result, LED209 [ N-phenyl-4-{[(phenylamino)
thioxomethyl]amino } -benzenesulfonamide]
(Fig. 1D), was prepared in three steps (fig. S3).

New types of antimicrobial agents are needed
to treat EHEC infections because treatments based
on conventional antibiotics have been associated
with worse clinical outcomes (/7), probably be-
cause antibiotics induce an SOS response that
enhances EHEC virulence (/2). The genes en-

coding Shiga toxin are located within the late
genes of a A bacteriophage (a bacteriaphage that
infects bacteria) and are transcribed when the
phage enters its lytic cycle upon induction of an
SOS response in EHEC (/3). Shiga toxins are
responsible for the morbidity and mortality of
these infections. Transcription of EHEC virulence
genes is induced by Al-3 and epinephrine. Nei-
ther AI-3 nor epinephrine had any effect on pro-
moting virulence in a gseC mutant (Fig. 1B).

It was reported (7) and we confirmed that
purified QseC in a liposome binds to tritiated NE
and that phentolamine (an alpha-adrenergic an-
tagonist) antagonizes this binding to block QseC
autophosphorylation. In contrast, propranolol (a
B-adrenergic antagonist) has no effect on QseC
(Fig. 1E). We found that NE binding can be di-
rectly antagonized by 5 pM, but not 5 fM, LED209.
Autophosphorylation of QseC in response to
50 uM epinephrine is also inhibited in the pres-
ence of 5 pM LED209 (Fig. 1F).

Consequently, QseC-dependent virulence gene
expression in response to epinephrine (Fig. 1G)
and AI-3 (Fig. 1H) was inhibited in the presence
of 5 pM LED209. LED209-mediated inhibition
of virulence gene expression also inhibited the
secretion of EspA and EspB, two proteins en-
coded within the locus of enterocyte effacement
(LEE) that are required for EHEC to translo-
cate bacterial proteins into host cells and cause
attaching-effacing (AE) lesions (Fig. 1I). At5 pM,
LED209 abolished EHEC AE lesion formation
on cultured epithelial cells (Fig. 1J). Unlike con-
ventional antibiotics, LED209 does not kill or
hinder EHEC growth (fig. S4) or trigger the EHEC
SOS response. Consequently, it does not promote
the expression of Shiga toxin; indeed, it decreases
the expression of the stx4 B genes that encode this
toxin (Fig. 1H).

However, administration of LED209 to infant
rabbits before, after, or along with EHEC resulted
in only a modest (and statistically nonsignificant)
reduction in EHEC colonization of the intestine
(fig S5). The failure of LED209 to reduce EHEC
colonization in this animal may be attributable to
rapid absorption from the gastrointestinal (GI) tract
(see below and fig. S6). A nonabsorbable formu-
lation may be required for noninvasive human
pathogens such as EHEC.

S. typhimurium encodes a homolog of the
EHEC QseC (87% similarity) sensor kinase that
also controls virulence gene expression (/4) (Fig.
2C). EHEC and S. typhimurium QseC are func-
tionally interchangeable (/4), and a S. yyphimurium
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gseC mutant was found to be defective for col-
onization of the swine GI tract (8) and attenuated
for systemic disease in mice (Fig. 2A). LED209
[20 mg per kilogram of body weight (mg/kg)]
was given orally to mice 3 hours before and 3
hours after intraperitoneal injection of a lethal dose
of S. typhimurium. Twenty-four hours after infec-
tion, only 30% of untreated mice remained alive,
whereas 80% of the LED209-treated mice were
still alive (Fig. 2A). All the S. typhimurium—
infected mice died within 72 hours of infection,
and 20% of LED209-treated mice survived up
to 12 days (Fig. 2A and fig. S7). Even though
LED209 did not influence S. syphimurium growth
in vitro (fig. S4), ~10 times fewer S. typhimurium
colony-forming units (CFUs) were recovered from
the spleens and livers of treated animals (Fig. 2B).
Addition of LED209 to cultures in vitro dimin-
ished expression of the sif4 virulence gene (Fig.

Fig. 1. LED209 inhib-
its EHEC virulence traits
in vitro. (A) Schematic
of the autophospho-
rylation of QseC in re-
sponse to signals and
phosphotransfer to
QseB. (B) QPCR of
LEE1 gene ler, fIiC, and
stx2A in wild-type
(WT) EHEC with self-
produced Al-3 (black
bars) and Al-3 plus
50 uM epinephrine
(white bars), andthe D

gseC mutant with self-

produced Al-3 (dark o, 0
gray bars) and Al-3
plus 50 uM epineph- ”
rine (light gray bars). H H
(C) Colonization of the

colon of infant rabbits

-
0,

Target genes
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2D), which is important for the development of
systemic disease by S. typhimurium (15). Tran-
scription of sif4 is activated by NE in a QseC-
dependent manner (Fig. 2C). Together, these
observations suggest that LED209 inhibition
of S. typhimurium virulence gene expression in
vivo compromises the survival of the pathogen
in the host.

F tularensis has one histidine sensor kinase,
QseC (57% similarity), encoded in its genome,
and a gseC mutant is attenuated for mouse infec-
tion (9). The F tularensis and EHEC QseC pro-
teins are also functionally interchangeable, and
the F. tularensis QseC can rescue expression of a
QseC-dependent gene in an E. coli gseC mutant
(Fig. 2E). LED209 reduced 10-fold the amount
of F. tularensis strain SCHU-S4 recovered from
macrophages (Fig. 2F). Furthermore, LED209
decreased the expression of several F. tularensis
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virulence genes in vitro (Fig. 2G), including gseC
itself. Quantitative real-time fluorescence poly-
merase chain reaction (QPCR) assays demonstrated
that gseC expression is up-regulated during in-
fection of mice by SCHU-S4 (Fig. 2H). LED209
was administered orally in a single dose 3 hours
after infection with SCHU-S4. Although 80% of
LED209-treated mice remained alive 9 days after
infection, only 10% of the untreated mice sur-
vived to this point (Fig. 2I). Thus, a single oral
dose of LED209 can protect mice already ex-
posed to aerosolized F. tularensis. There was no
overt toxicity of the LED209, and none of the
mice treated with LED209 alone died (Fig. 2I).
Because LED209 blocks epinephrine- and
NE-triggering of QseC-mediated activation of
virulence gene expression, we were concerned
that this compound might also interfere with
adrenergic signaling systems in the host. Using
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Binding of NE to QseC is inhibited by phentolamine (PE) but not
propranolol (PO); 5 pM LED209 inhibits binding of 5 uM NE to

QseC, but 5 fM LED209 does not. (F) QseC autophosphorylation
in the absence of signal (NT, not treated), with 50 uM epi-
nephrine (Epi) and with 50 uM epinephrine and 5 pM LED209.
(@) QPCR of ler without signals (white bar), with 50 uM epi-
nephrine (black bar), and with 50 uM epinephrine plus 5 pM
LED209. (H) QPCR of LEE genes ler and eae, flagella genes
fhDC and stx2A in WT EHEC with self-produced Al-3 (black
bars) and Al-3 plus 5 pM LED209 (white bars). (I) Western blot
of secreted proteins of EHEC (EspA and EspB) with 50 uM epi-
nephrine, 50 uM epinephrine plus 5 nM LED209, and 50 uM
epinephrine plus 5 pM LED209 (cross-reactive band as loading control). (J)
Inhibition of the AE lesions by LED209 (5 uM and 5 pM). Cell nuclei and bacterial
cells are stained red (propidium iodide) and the cytoskeleton is stained green

www.sciencemag.org SCIENCE VOL 321

EHEC no treatment

0.001; *** P < 0.0001.

EHEC + 5 uMLED209

NT Epi50uM Epi50uM

LED209 5pM
5pM 5
|
*
PR
6‘\‘? q,d‘ dﬂg g@‘ﬁ\?’q
<
CONrOl ey

EspA
(26 kDa)

stx2A

EHEC + 5pMLED209

(fluorescein isothiocyanate—phalloidin). EHEC forms AE lesions atop the green-
stained pedestals. There are no pedestals with LED209. * P < 0.05; ** P <

22 AUGUST 2008

Downloaded from www.sciencemag.org on April 28, 2009

1079


http://www.sciencemag.org



http://www.sciencemag.org

