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ABSTRACT: Antagonism of quorum sensing represents a promising new antivirulence approach for the treatment of bacterial
infection. The development of a novel series of non-natural irreversible antagonists of P. aeruginosa LasR is described. The lead
compounds identified (25 and 28) display potent LasR antagonist activity and inhibit expression of the P. aeruginosa virulence

factors pyocyanin and biofilm formation in PAO1 and PA14.
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he common opportunistic human pathogen P. aeruginosa

plays a major role in infections of immunocompromised
patients and is of significant medical interest as traditional
antibiotic treatments are often ineffective.' * A prominent
feature in the pathogenesis and drug-resistance of this
bacterium is its ability to form a biofilm, a sessile community
of cells inhabiting an extracellular polymeric matrix.” Inhibition
of the LasR quorum sensing circuit in P. aeruginosa has been
shown to lead to a significant decrease in overall biofilm
formation and virulence factor production.’ Further, the
importance of quorum sensing in the pathogenicity of P.
aeruginosa has been demonstrated in a number of animal
models including a Caenorhabditis elegans nematode model,”®
the neonatal mouse model of pneumonia,” and a burned mouse
model." In each of these cases, P. aeruginosa mutants defective
in quorum sensing were significantly less virulent than the
parent strains. Accordingly, the identification of a potent, drug-
like small molecule inhibitor of quorum sensing in P. aeruginosa
is anticipated to be of significant medical interest.'~"

The P. aeruginosa LasR quorum sensing receptor is agonized
by the natural ligand N-3-oxo-dodecanoyl-L-homoserine lactone
(3-ox0-C12 HSL, 1, Figure 1).716 A high-throughput screen
recently identified a novel non-natural agonist 2.'7 In
subsequent studies it was determined that this molecule binds
in the homoserine lactone binding pocket of the LasR receptor
and displays potent agonist activity, comparable to the natural

ligand.lg’19 While this ligand lacks the metabolically labile
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Figure 1. Selected agonists and antagonists of P. aeruginosa LasR
quorum sensing.

homoserine lactone functionality, its agonist activity is
therapeutically undesirable. To impart the desired LasR
antagonist activity into analogues of 2, we drew inspiration
from the recent discovery of the HSL-based antagonist 3.>° In
this probe, the placement of electrophilic functionality at the
terminus of the fatty-acid tail leads to covalent modification of
LasR Cys79 and provides antagonist activity.
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In this study, we describe our discovery and optimization
efforts to identify potent drug-like inhibitors of virulence in P.
aeruginosa resulting in a series of irreversible LasR antagonists
based on the potent agonist 2.

Informed by the recent crystal structure of 2 complexed to
LasR,"” our analogue series focused on the incorporation of
electrophilic functionality in place of the 2-chloro benzoate
ester in 2 (see Supporting Information). The synthesis of key
intermediates 7 and 10 (Scheme 1) proceeded efficiently from

Scheme 1. Synthesis of Intermediates 7 and 10
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commercially available material in three and five steps,
respectively. Briefly, 2-methoxyphenylacetic acid (S) was
reacted with 2-nitroaniline in the presence of SOCL, to provide
6, which was subsequently deprotected and brominated to give
key intermediate phenol 7. Intermediate 10 was prepared from
bromination and benzyl protection of salicylamide (8). The
resulting amide 9 was reduced to the amine, coupled with 2-
nitrobenzoic acid and deprotected to provide intermediate
phenol 10. With these two core scaffolds in hand, we began to
investigate the incorporation of pendant electrophilic function-
ality through reaction of the phenol.

Building on precedent for the antagonist activity of
isothiocyanate containing ligands (e.g, 3), we evaluated a
series of ligands bearing this electrophilic functionality tethered
to the free phenol present in 7 and 10 (Scheme 2). EDC
coupling of an isothiocyanate-containing carboxylic acid 14
with 7 or 10 provided analogues 11 and 12 containing a three-
carbon linker. The synthesis of analogues with shorter linkers
was not successful using this route. Isothiocyanate preparation
(e.g, 13 to 14) with shorter carbon linkers led a complex
mixture of unidentified reaction products. Recognizing the
potential for reaction of the carbonyl group with the proximal
isothiocyanate in these analogues bearing a shorter linker, we
turned our attention to the preparation of a series of ether-
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Scheme 2. Synthesis of Isothiocyanate Analogues

a) Synthesis of ester-linked isothiocyanate analogues 11 and 12.
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b) Synthesis of ether-linked isothiocyanate analogues 15 and 16

1) K5COg3, acetone,
Br /\(V)i\NHBoc \@(Y
7
2) TFA, CH.Cl,, 0°C
3) EtsN, CS,, THF

15, n
thenl, 16, n
(5-22%, three steps)

linked analogues (Scheme 2b). Therefore, etherification of
phenol 6 followed by amine deprotection and isothiocyanate
formation yielded ether-linked isothiocyanate analogues 15 and
16.

Evaluation of the LasR antagonist assay of these analogues
revealed that incorporation of a pendant isothiocyanate
provided a series of LasR antagonists with IC;, values greater
than 145 uM (Table 1). Full inhibition of LasR with all of the

Table 1. Biological Activity of Isothiocyanate Analogues

compd ICyy (uM)“ % inhibition at 100 uM”
11 148 + 66.6 69
12 >200 26
15 >200 5§
16 145 + 105 61

“Values determined employing the GFP-based LasR antagonist
bioassay (see Supporting Information). All ICy, values are reported
as the mean of triplicate analysis with the range defining the 95%
confidence interval. Br-HSL (4) was used as a control for antagonism
with an ICyy = 16.4 &+ 7.4 uM. bPercent inhibition of GFP at 100 uM
with respect to Br-HSL (4) as a positive control for LasR antagonism,
set at 100% inhibition.

ligands in this series was observed with no effect on bacterial
growth up to 200 xM, as monitored by evaluating ODgj.
Further, replacement of the ester linkage in analogue 11 with
an ether linker (16) was well tolerated with the two analogues
showing comparable IC, values and % inhibition. To evaluate
if these analogues were binding in the HSL ligand-binding
pocket of LasR and to examine the mechanism of inhibition, we
performed a competltlon-bmdlng assay. As previously shown
for HSL analogue 3,>° isothiocyanate-containing analogue 16 is
a noncompetitive antagonist of LasR (see Supporting
Information).
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In an effort to enhance the potency (ICs,) of our antagonists
we evaluated an alternate series of electrophilic analogues with
the potential to react with cysteine.”’ Preparation of
chloroacetamide-containing analogues 17 and 18 proceeded
in three steps from intermediate 7 (Scheme 3a). Biological

Scheme 3. Synthesis of Chloroacetamide and Maleimide
Analogues

a) Synthesis of chloroacetamide analogues 17 and 18.
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assay of these analogues showed improvement in potency with
IC,, values between 74 and 100 uM (Table 2). Additionally, a
series of maleimide-containg analogues were prepared (24—28)
employing a BOP coupling reaction between intermediate
phenol 7 or 10 and the appropriately functionalized carboxylic
acid 21-23 (Scheme 3b).

Table 2. Biological Activity of Chloroacetamide and
Maleimide Analogues

compd ICy, (uM)“ % inhibition at 100 uM”
17 73.8 + 194 91
18 99.5 + 21.0 79
24 86.8 + 57.4 56
25 3.6 +19 98
26 78.1 £ 69.3 30
27 519 + 35.1 32
28 1.5+ 0.5 101

“Values determined employing the GFP-based LasR antagonist
bioassay (see Supporting Information). All ICy, values are reported
as the mean of triplicate analysis with the range defining the 95%
confidence interval. Br-HSL (4) was used as a control for antagonism
with an ICyy = 16.4 + 7.4 uM. bPercent inhibition of GFP at 100 uM
with respect to Br-HSL (4) as a positive control for LasR antagonism,
set at 100% inhibition.

164

Evaluation of the biological activity of the maleimide series of
analogues revealed several potent LasR antagonists (Table 2).
Within this series strict dependence on the length of the linker
was observed. In the analogues derived from intermediate 7, the
optimal linker length was two-carbon atoms (ie., 25), with an
IC;, value of 3.6 uM. This analogue represents one of the most
potent antagonists of LasR yet discovered.”>**~** Ligands with
either a one-carbon linker or a three-carbon linker demon-
strated diminished potency, with more than a 22-fold increase
in IC, values. A similar dependence on linker length is found
with analogues derived from intermediate 10. In this series,
however, the optimal linker length is a three-carbon linker (i.e.,
28) with best-in-class antagonist activity of 1.5 uM. The
analogue containing a two-carbon linker (27) is 34-fold less
potent.

Having identified potent antagonists of LasR (25 and 28), we
examined their mechanism of inhibition. We first evaluated if
these analogues bind in the HSL binding pocket of LasR and
act as noncompetitive antagonists as previously observed with
16. In this competition-binding assay, the concentration of the
antagonist is held constant while evaluating the agonist dose—
response curve of the native agonist, 3-oxo-C12 HSL (Figure 2a
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Figure 2. (a) Competition assay characteristic of irreversible LasR
inhibition by 28. (b) Antagonist bioassay for 28 and succinimide 29
with (S)-2-(4-bromophenyl)-N-(2-oxotetrahydrofuran-3-yl) acetamide
(Br-HSL) as a positive control for antagonism. (c) The structures and
biological activity of succinimide containing ligands 29 and 30.

and Supporting Information). We observe consistent ECs,
values for the native agonist; however, higher concentrations
of 25 or 28 lead to diminished maximal activation of LasR. This
feature is consistent with ligands 25 and 28 acting as
irreversible antagonists of LasR.

We then looked to differentiate between two potential
mechanisms of irreversible inhibition. In the first, irreversible
modification of LasR by an inhibitor renders the antagonist
activity of the ligand noncompetitive. In contrast, formation of
a covalent bond between ligand and receptor may represent a
key feature in both the ligand binding kinetics and the
antagonist activity of the molecule. If the first mechanism is
operative, covalent attachment to LasR simply serves to render
an antagonist ligand irreversible. In contrast, in the second
mechanism, the bond formation process is responsible for
antagonism.
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To differentiate between the two possible mechanisms of
inhibition we prepared succinimide-containing ligands 29 and
30 (Figure 2c). These ligands are nearly identical to lead
antagonists 25 and 28 in terms of their steric and electronic
properties; however, because of the absence of the maleimide,
these ligands would be unable to covalently modify LasR.
Evaluation of the biological activity of 29 and 30 reveals that
these ligands do not display LasR antagonist activity and
instead are LasR agonists (Figure 2b,c). The agonist activity
observed in the absence of a cysteine-reactive maleimide
supports a mechanism in which covalent modification of LasR
is critical for the antagonist activity of this class of molecules.

Having established that the potent LasR antagonists 25 and
28 are noncompetitive and that the presence of an electrophilic
maleimide is critical for the inhibitory activity of these
molecules, we examined computationally the binding of these
ligands with LasR.> Docking of these ligands with LasR reveals
that the maleimide is in close proximity to Cys79 within the
HSL ligand-binding pocket (Figure 3a). The reactivity of a free

Figure 3. (2) Lead inhibitor 28 docked in the ligand binding pocket of
LasR highlighting amino acid residues Y56, W60, D73, and C79. (b)
Pharmacophore model showing the low energy docking pose of 28
(black) compared to lower activity ligands 24 (gray) and 26 (yellow).
(c) Pharmacophore model showing the low energy docking pose of 28
(black) compared to high activity ligand 25 (gray) and median activity
ligand 27 (pink).

cysteine with an electrophilic maleimide is well-known,*" and

the reactivity of LasR Cys79 with an HSL-based ligand bearin%
a pendant isothiocyanate (ie., 3) has been established.”
Together, our results are consistent with the mechanism of
inhibition for 25 and 28 involving covalent modification of
Cys79 in the LasR HSL-binding pocket.

Given the requirement of covalent bond formation with
Cys79 for antagonism, the observation of a strict dependence of
IC, on linker length is not unexpected. Variation of linker
length would be expected to most directly influence placement
of the electrophilic maleimide in an orientation suitable for
reaction with Cys79; however, the effect of linker length is not
independent of the structure of the analogue core. The optimal
linker length for a maleimide ligand derived from phenol 6 is
two carbon atoms (i.e, 25) whereas the optimal linker length
for the maleimide derived from 9 is three carbon atoms (i.e.,
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28). This observation suggests that linker length to the
electrophile is not an independent activity determinant but
rather linker length is coupled to an additional critical binding
determinant(s).

Analysis of the ligands with potent activity provides
guidelines for the development of a pharmacophore model to
describe the observed activity (Figure 3b,c). The pharmaco-
phore model was built by identifying the key binding
determinants in the most potent analogue (28) in comparison
to the remaining analogues in this series (24—27).%° Using a
pharmacophore model derived from the low energy docking
pose for 28 (Figure3a and see Supporting Information) we
evaluated a conformer library of ligands 24—27 to determine
the fit of these ligands to our model. As anticipated by the
antagonist activity of all ligands in this series, structural
deviation from the pharmacophore model defined by 28 is
subtle. The analogues displaying the lowest potency (24 and
26) maintain structural overlap for much of the model;
however, they deviate in their positioning of the critical
maleimide functionality (Figure 3b). In contrast, the potent
antagonist 25 (gray, Figure 3c) maintains complete structural
overlap with the pharmacophore model generated from 28,
supporting the accuracy of this model. We note, however, that
ligand 27 (pink, Figure 3c), which has median potency within
this series also appears to fully satisfy our pharmacophore
model.

Having identified two potent antagonists of LasR quorum
sensing, we evaluated the ability of these analogues to inhibit
virulence factor expression in wild-type clinical isolates of P.
aeruginosa. We focused on quantifying the inhibition of the
virulence factor pyocyanin and the inhibition of biofilm
formation using P. aeruginosa strains PAO1 (ATCC 10145)
and PA14.”!

The inhibition of pyocyanin in these strains was first
evaluated. Pyocyanin is a blue-green redox-active pigment and
a prominent virulence factor in PAO1 and PA14. Lead quorum
sensing inhibitor, 28, provided potent dose-dependent
inhibition of this virulence factor (Figure 4). We observed a
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Figure 4. Inhibition of pyocyanin expression in P. aeruginosa PAO1
and PA14 by 28. Pyocyanin production was determined in triplicate by
direct detection of pyocyanin absorbance (Agys). No inhibition of
growth was observed.

decrease in absorbance (Agys) in cell-free supernatants from P.
aeruginosa cultures that is characteristic of decreasing levels of
pyocyanin. To further support that this change in absorbance is
pyocyanin dependent, we performed an extraction and
acidification of the cell-free supernatants selective for pyocyanin
before measuring absorbance (Asy, see Supporting Informa-
tion). Using both methods, we similarly observe a decrease in
absorbance, which is consistent with a decrease in pyocyanin
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expression in the presence of 28. Importantly, in this assay, no
effect on growth is observed in either strain as assessed by
measurement of cell density (A4). Higher levels of pyocyanin
expression in untreated samples of PAl4 are noted when
compared to PAO1 and the inhibition of pyocyanin expression
in PAO1 is achieved at somewhat lower antagonist
concentrations, consistent with the enhanced virulence of the
PA14 strain.**"*

The ability of 28 to inhibit biofilm formation in static
cultures of P. aeruginosa PA14 was evaluated using a crystal
violet staining protocol with 48 h biofilms. Similar to the
inhibition of the virulence factor pyocyanin, potent, dose-
dependent inhibition of biofilm formation is observed in the
presence of lead antagonist 28 (Figure Sa).
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Figure S. Inhibition of biofilm formation in P. aeruginosa PA14 in the
presence of 28. (a) PA14 biofilm formation evaluated by crystal violet
staining (Asso). (b) Biofilm biomass and thickness determined from
confocal fluorescence microscopy images using the program
Comstat2.>*** (c) Confocal fluorescence microscopy images of
PA14 biofilms. Confocal images were collected in duplicate and
imaging was repeated three times, representative images are shown.
Scale bar = 25 um.

To further evaluate the potent inhibitory effect on biofilm
formation observed in the presence of 28, we imaged a series of
36 h P. aeruginosa PA14 biofilms grown in rich media (Luria
broth) using confocal fluorescence microscopy after staining
with SYTO-9 nucleic acid stain.>> The images collected display
a dose-dependent reduction in biofilm thickness and overall
biomass (Figure Sb,c). Repeating this assay using defined media
similarly shows a striking decrease in biofilm biomass, thickness,
and overall morphology, confirming the virulence factor
inhibitory activity of 28 (see Supporting Information).

We have identified a series of potent irreversible inhibitors of
P. aeruginosa LasR, which display antivirulence activity against
PAOI1 and the hyper-virulent strain PA14. The mechanism of
inhibition for our lead analogues in this series has been
characterized enabling the development of a pharmacophore
model to describe the potent irreversible antagonist activity
observed. Within this series, we find that antagonist activity is
dependent on the presence of a pendant electrophile (e.g,
maleimide). Our lead inhibitor shows potent, dose-dependent
inhibition of the P. aeruginosa virulence factor pyocyanin and
biofilm formation while possessing no bactericidal or
bacteriostatic activity. The potent biological activity of
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analogues 25 and 28, together with enhanced metabolic
stability in comparison to other reported LasR antagonists
(e.g., 3) provides for the expectation that this series will serve as
new leads in the development of an antivirulence therapy for
the prominent Gram-negative bacterial pathogen P. aeruginosa.
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