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Recent research has provided evidence that interference with bacterial cell-to-cell signaling is a promising
strategy for the development of novel antimicrobial agents. Here we report on the computer-aided design of
novel compounds that specifically inhibit an N-acyl-homoserine lactone-dependent communication system that
is widespread among members of the genus Burkholderia. This genus comprises more than 30 species, many of
which are important pathogens of animals and humans. Over the past few years, several Burkholderia species,
most notably Burkholderia cenocepacia, have emerged as important opportunistic pathogens causing severe
pulmonary deterioration in persons with cystic fibrosis. As efficient treatment of Burkholderia infections is
hampered by the inherent resistance of the organisms to a large range of antibiotics, novel strategies for battling
these pathogens need to be developed. Here we show that compounds targeting the B. cenocepacia signaling system
efficiently inhibit the expression of virulence factors and attenuate the pathogenicity of the organism.

The gram-negative bacterium Burkholderia cepacia was first
described as a phytopathogen associated with a soft rot of
onion bulbs (2). Taxonomic studies of the past few years have
shown that B. cepacia-like organisms comprise a group of
closely related strains, collectively referred to as the B. cepacia
complex. Strains of the B. cepacia complex are ubiquitously
distributed in nature and have been isolated from soil, water,
plants, and industrial settings. Over the past few years, B.
cepacia complex strains have also emerged as opportunistic
pathogens of humans (3, 5, 16, 26). These strains can cause
life-threatening lung infections in patients requiring mechani-
cal ventilation and in individuals with chronic granulomatous
disease or cystic fibrosis (CF). The clinical outcome of infec-
tion with B. cepacia complex in CF patients is varied and
unpredictable, ranging from asymptomatic carriage to a fulmi-
nant and fatal pneumonia, the so-called cepacia syndrome
(10). Although all nine B. cepacia genomovars (Gv.) described
to date have been isolated from CF patients, Burkholderia
multivorans (Gv. 1) and Burkholderia cenocepacia (Gv. I1I) are
most commonly found in clinical samples (18). A major prob-
lem with Burkholderia infections is the intrinsic resistance of
the organism to various antibiotics and biocides, impeding
effective medical treatment.

B. cenocepacia utilizes an N-acyl homoserine lactone
(AHL)-dependent quorum-sensing (QS) system to express cer-
tain genes in a cell density-dependent manner. This regulatory
system consists of the AHL synthase Cepl, which directs the
synthesis of the signal molecule N-octanoylhomoserine lactone
(C8-HSL) and the transcriptional regulator CepR (4, 14).
When the concentration of C8-HSL reaches a critical thresh-
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old concentration, the signal molecule binds to the cognate
receptor protein CepR, which in turn leads to the induction or
repression of target genes. The cep system was shown to pos-
itively regulate the expression of extracellular proteases and
chitinases, swarming motility, and biofilm formation (14, 9)
and to repress the synthesis of the siderophore ornibactin (13).

B. cenocepacia mutants with a defective cep quorum-sensing
system were demonstrated to be attenuated in a Caenorhabditis
elegans pathogenesis model (12) as well as in a short-term
intranasal colonization mouse model and a chronic agar bead
infection model in rats (24). Hence, this regulatory system
represents highly attractive targets for therapeutic intervention
of Burkholderia infections.

Previous work identified synthetic derivatives of halogenated
furanones, which are produced by the marine red alga Delisea
pulchra, that were demonstrated to effectively antagonize
AHL-mediated quorum sensing in the opportunistic pathogen
Pseudomonas aeruginosa (6, 7). In a mouse pulmonary infec-
tion model, one of these compounds promoted the clearance
of P. aeruginosa by the mouse immune response and thus dra-
matically reduced the severity of the infection (7). Furthermore,
by altering moieties of the homoserine lactone molecules by em-
ploying combinatory chemistry in a trial-and-error approach, sev-
eral compounds with AHL antagonistic activity that were capable
of inhibiting the expression of QS-regulated phenotypes in P.
aeruginosa were identified (11, 22, 23). To date, however, no QS
inhibitor for Burkholderia has been described. In fact, furanone
compounds were proven to be ineffective due to the rapid inac-
tivation of the molecules by the bacteria (unpublished results).
Here we report on the rational design of a novel anti-infective
agent targeting the Burkholderia cep QS system.

MATERIALS AND METHODS

ant:
g

Computer-aided design of quor ists. Virtual screening was
performed with 4SCan, which combines a molecular alignment tool with an
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FIG. 1. Evolution of the QS blocker compound 3. Compound 1, which was originally identified as a structural homologue of 3-oxo-C12-HSL,
provided the basis for the design of QS antagonists that specifically block the Burkholderia cep system. The activity of the compound was
successively improved by iterative rounds of rational molecule design and activity testing. (A) Structures of compounds 1, 2, and 3. (B) Alignment
of compound 1 with 3-oxo-C12-HSL and of compounds 2 and 3 with C8-HSL. (C) Antagonistic activities of the compounds in the P. putida

F117(pAS-C8)-based bioassay.

iterative database screening and prioritization procedure (21). Initially, the
4SCan algorithm aligns a relatively small number of randomly chosen molecules
(typically 5,000) from an in-house database, which contains 1.1 million commer-
cially available compounds. 4SCan searches for molecules that are most similar
to the reference molecule in terms of shape and possible intermolecular inter-
actions. The alignment algorithm was implemented on a 770 Intel central pro-
cessing unit cluster. This allowed the screening of the entire virtual database
within 2 hours, resulting in a ranking list that arranges the molecules according
to their predicted biological activity. Virtual compounds were treated as flexible
at all acyclic single bonds, while the structure of the reference molecule was kept
rigid. We used the energy-minimized structures (20) (CORINA) of N-(3-oxo-
dodecanoyl)-L-homoserine lactone (3-oxo-C12-HSL) and C8-HSL as reference
templates in this study.

Compounds from the initial screening were tested in various bioassays. On the
basis of these results, more-focused virtual combinatorial libraries were gener-
ated by a descriptor-based learning algorithm. Iterative cycles of alignment,
screening, and testing were used to improve the activities of the compounds.
Additionally, on the basis of the biological activities and molecular field prop-
erties (steric and electrostatic) around the aligned molecules, several compara-
tive molecular field analysis models were developed during the screening cycles
by using the TRIPOS (St. Louis, MO) software SYBYL and the alignments of
4SCan.

Purchase/synthesis of compounds 1, 2, and 3. Compound 1 was purchased
from Maybridge Chemical Company (United Kingdom). For the synthesis of

compound 3, a solution of 3-(fert-butyl)-1-methylpyrazole-5-carbonyl chloride
(1.2 eq) in dimethylformamide was added to a solution of 5-chloro-2-thiophen-
ecarboxylic acid hydrazide (1 eq) in dimethylformamide and (1.2 eq) triethyl-
amine at 0°C. The reaction mixture was stirred for 1 h at room temperature and
then concentrated in vacuo. The resulting solid was purified by preparative
thin-layer chromatography (column, 20 by 20 cm; Silica Gel 60 F,s,; Merck)
(CH,Cl,-methanol, 100:1). For the synthesis of compound 2, a solution of
3-chloro-thiophene-2-carbonyl chloride (1.2 eq) in dimethylformamide was
added to a solution of hydrazine monohydrate (1 eq) in dimethylformamide and
(1.2 eq) triethylamine at 0°C. The reaction mixture was stirred for 5 h at room
temperature and then concentrated in vacuo. The resulting mixture was purified
by preparative thin-layer chromatography (column, 20 by 20 cm; Silica Gel 60
F,s4; deactivated with NH;; Merck) (petrol ether-ethyl acetate, 1:1). The iden-
tities and purity of the synthesized compounds were determined by liquid chro-
matography—positive-electron spray ionization and liquid chromatography—neg-
ative-electron spray ionization mass spectrometry and nuclear magnetic
resonance analysis.

High-throughput screening of QS blockers by the aid of GFP-based AHL
biosensors. Quorum-sensing antagonistic activities of compounds were tested
with the aid of two AHL biosensors: Pseudomonas putida F117(pKR-C12) and P.
putida F177(pAS-C8) (25). The AHL monitor plasmid pKR-C12 contains a
P8P (ASV) translational fusion together with the lasR gene placed under the
control of P,,.. This sensor strain is most sensitive for 3-oxo-C12-HSL. Plasmid
pAS-C8 was constructed from components of the cep system of B. cenocepacia
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FIG. 2. Comparative two-dimensional gel electrophoresis of intracellular proteins of the B. cenocepacia wild-type strain H111, grown in the
absence (A) or presence (C) of a 1 mM concentration of compound 3, and the cepl mutant H111-I (B). The proteins were separated on Immobiline
Dry strips with nonlinear pH gradients from 3 to 10 (Amersham Bioscience, Uppsala, Sweden), followed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis on 13% polyacrylamide gels. Gels were stained with Coomassie brilliant blue G-250. Regions of interest are boxed (a to f) and
shown below in better detail. Circles indicate positively QS-regulated spots, triangles indicate negatively QS-regulated spots, and squares indicate

changes in the protein profile not related to quorum sensing.

HI111 and contains a P, gfp(ASV) translational fusion together with the cepR
gene transcribed from the P,,. promoter of the broad-host-range plasmid
pBBRIMCS-5. This sensor plasmid responds most efficiently to C8-HSL and,
with a lower efficiency, to related AHL molecules. The sensor strains were grown
overnight in Luria-Bertani (LB) medium (1) at 30°C, diluted fourfold in fresh
medium, and grown for another hour. Following the addition of appropriate
AHLs (50 nM for 3-0x0-C12-HSL for pKR-C12 and 50 nM C8-HSL for pAS-
C8), 100-p.1 aliquots of cultures were pipetted into the wells of microtiter plates
(FluoroNunc; Polysorp). Compounds were dissolved in dimethyl sulfoxide (100
mM) and added to the wells at final concentrations ranging from 8 to 500 wM.
The microtiter plates were incubated at 30°C for 4 h before green fluorescent
protein (GFP) fluorescence was measured with a Lambda Fluoro 320 Plus reader
(Bio-Tek Instruments) equipped with filters with an excitation wavelength of 485
nm and emission wavelength of 530 nm. Inhibitor-mediated reduction of the
fluorescent signal was correlated to the value obtained when the compounds
were not added.

Effects of compound 3 on expression of QS-regulated functions in B. cenoce-
pacia H111. Proteolytic activity was determined by applying 50-pl samples of
sterile filtered supernatants of cultures grown in the absence or presence of a 1

mM concentration of compound 3 for 24 h onto skim milk agar plates. Protease
activity is indicated by clearing zones. Biofilm formation and swarming motility
were assayed in the presence or absence of a 0.5 mM concentration of compound
3 as described previously (9). Cellular levels of AidA were determined by the aid
of anti-AidA antibodies (8). For nematode killing, strains were grown in the
absence or presence of a 0.5 mM concentration of compound 3 before appro-
priate aliquots were plated on 6.0-cm-diameter agar plates containing either no
compound 3 or a 0.5 mM concentration (12). Following 24 h of incubation at
37°C, the plates were allowed to cool to 23°C before adult worms were inocu-
lated. Plates were then incubated at 23°C and scored for live worms after 24 h.

Growth conditions. Bacterial strains were routinely cultivated in LB medium.
The growth of liquid cultures was monitored spectrophotometrically by an Ul-
trospec Plus spectrophotometer (Pharmacia) by measurement of optical density
at 600 nm (ODgq).

Two-dimensional gel electrophoresis. The B. cenocepacia wild-type strain
H111 was grown in the absence or presence of a 1 mM concentration of com-
pound 3 in LB medium to an ODggy, of 2.0. The cepl mutant B. cenocepacia
H111-T was included as a control. Sample preparation of intracellular proteins,
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two-dimensional gel electrophoresis, and comparison of protein patterns were
performed as described previously (19).

RESULTS AND DISCUSSION

A database of commercially available compounds was
screened in silico with 4SCan on the basis of molecular align-
ment scores for molecules that are structurally similar to 3-oxo-
C12-HSL, one of the two main quorum-sensing molecules pro-
duced by P. aeruginosa (17). The hundred compounds with the
highest alignment scores from this virtual screening were
tested for antagonizing quorum sensing with the aid of two
different AHL biosensors, which, depending on the compo-
nents used for construction, respond to different types of AHL
molecules (25). P. putida pKR-C12 is most sensitive for 3-oxo-
C12-HSL, while P. putida pAS-C8 is most sensitive for CS8-
HSL, a signal molecule that is utilized by most Burkholderia
species (4, 15, 28). Antagonistic activity was assessed by adding
decreasing concentrations of the substances to cultures of the
different biosensors in the presence of appropriate AHLs. In
the case of AHL-inhibitory activity, a reduction in GFP expres-
sion was anticipated. Eleven percent of the tested compounds
showed inhibitory activity in at least one of the two bioassays
without affecting the growth of the biosensor. The active com-
pounds were totally unrelated to AHLs or furanones and could
be grouped on the basis of their central moieties into distinct
chemical classes. Surprisingly, even though the primary screen-
ing was based on 3-0x0-C12-HSL, several compounds showed
no antagonistic activity in the 3-oxo-C12-HSL-specific bioassay
but inhibited the C8-HSL-specific biosensor. Furthermore, 8%
of the compounds belonging to different chemical classes ac-
tivated one or both of the biosensors and thus acted as AHL
agonists (data not shown). The hydrazide derivative compound
1 (Fig. 1A), which most effectively inhibited the C8-HSL-based
biosensor, was chosen for the further design of a QS blocker
specific for the Burkholderia cep system. To this end, we de-
veloped a computer model that combines molecular alignment
with comparative molecular field analysis. This model, which
was now based on the structure of C8-HSL instead of 3-oxo-
C12-HSL, was permanently refined as new experimental data
became available. Combinatorial libraries of lead substances
were synthesized and tested for AHL antagonistic activity us-
ing the biosensor P. putida (pAS-C8), and this information
served as an additional input parameter for refining the model.
After several iterative rounds of molecule design and the test-
ing of over 400 substances, we obtained compound 3, which so
far represents the endpoint of the optimization procedure. The
evolution of this molecule from the initial substance, com-
pound 1, via the intermediate compound 2 to the final com-
pound 3 is shown in Fig. 1. Interestingly, exogenous addition of
C8-HSL reversed the inhibitory effect of compound 3, suggest-
ing a competitive inhibition mechanism (data not shown).

To assess the specificity of compound 3, we compared the
protein patterns of the B. cenocepacia wild-type strain H111
(4) grown in the absence or presence of a 1 mM concentration
of compound 3 with those of the B. cenocepacia mutant H111-1
(9), which is defective in C8-HSL production due to inactiva-
tion of cepl (Fig. 2). In the presence of compound 3, the
expression of only 1 out of 15 QS-regulated protein spots was
not inhibited and only few changes (4 out of 532 protein spots)
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FIG. 3. Compound 3 inhibits QS-regulated functions in B. cenoce-
pacia H111. Various phenotypes of B. cenocepacia H111 grown in the
absence or presence of compound 3 were determined. The QS mutant
H111-I was included as a control. (A) Extracellular proteolytic activity;
(B) swarming motility; (C) expression of the virulence factor AidA;
(D) biofilm formation; (E) killing of the nematode C. elegans.

in the expression profile of H111 that were not related to
quorum sensing were observed, indicating that compound 3
specifically inhibits the signaling system of B. cenocepacia with
high specificity.

We next tested the ability of compound 3 to interfere with
the expression of known QS-regulated functions in B. cenoce-
pacia H111 (9, 14, 19). Expression of extracellular proteolytic
activity (Fig. 3A), swarming motility (a specialized form of
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FIG. 4. Compound 3 does not affect the growth of B. cenocepacia

H111. Cultures were grown in the presence (0.5 or 1.0 mM) or absence
of compound 3 dissolved in dimethyl sulfoxide (DMSO).

surface translocation) (Fig. 3B), and biofilm formation (Fig.
3D) were strongly inhibited in the presence of compound 3 and
were virtually indistinguishable from the those of the AHL-
negative mutant H111-1. Likewise, the expression of AidA, a
QS-regulated virulence factor produced by many Burkholderia
species (8), was greatly reduced, albeit not entirely to the level
of mutant H111-I (Fig. 3C). Finally, we tested whether com-
pound 3 affects the virulence of B. cenocepacia in a C. elegans
pathogenesis model (12). Figure 3E shows that the rate of
nematode killing was markedly reduced in the presence of a
0.5 mM concentration of compound 3 relative to that of the
control and was only slightly higher than that of mutant
H111-1. Importantly, the compound affected neither bacterial
growth (Fig. 4) nor the developmental cycle or life span of the
nematode.

In conclusion, employing rational drug design, we have de-
veloped novel agents that antagonize the cep QS system, which
is present in many members of the genus Burkholderia. These
substances are totally unrelated to AHL signal molecules or
furanone compounds that were previously shown to interfere
with quorum sensing (6, 7, 11). Interestingly, further cycles of
modeling and testing did not substantially improve the potency
of the compounds but with a high frequency gave rise to com-
pounds exhibiting agonistic rather than antagonistic activity,
suggesting that the structures of these compounds are very
similar to that of C8-HSL (unpublished results). As compound
3 is capable of efficiently blocking the expression of pathogenic
traits, it may have potential as a therapeutic option for treating
B. cenocepacia infections, which due to the intrinsic resistance
of the organisms are extremely difficult to eradicate. Given that
Burkholderia mallei and Burkholderia pseudomallei utilize ho-
mologous signaling systems to control pathogenicity (27, 28),
compound 3 may also prove useful for tackling glanders and
melioidosis.
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