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Comparative Analyses of N-Acylated Homoserine Lactones
Reveal Unique Structural Features that Dictate Their
Ability to Activate or Inhibit Quorum Sensing

Grant D. Geske,” Jennifer C. O'Neill,” David M. Miller,”™ Rachel J. Wezeman,
Margrith E. Mattmann,” Qi Lin,”” and Helen E. Blackwell*"

Bacterial quorum sensing is mediated by low molecular-weight
signals and plays a critical role in both the pathogenesis of infec-
tious disease and beneficial symbioses. There is significant inter-
est in the development of synthetic ligands that can intercept
bacterial quorum sensing signals and modulate these outcomes.
Here, we report the design and comparative analysis of the ef-
fects of ~90 synthetic N-acylated homoserine lactones (AHLs) on
quorum sensing in three Gram negative bacterial species and a
critical examination of the structural features of these ligands

Introduction

Bacteria use small molecules and peptides to assess their local
population densities in a process termed quorum sensing
(QS).""? When they reach a sufficiently high population density
(or a “quorum”), bacteria can alter gene expression to behave
as a group and initiate processes that play central roles in
both pathogenesis and beneficial symbioses.** These group
behaviors are remarkable in their diversity, ranging from viru-
lence factor and antibiotic production to biofilm formation,
root nodulation, and bioluminescence, and have direct and
often devastating impacts on the bacterial host. As QS de-
pends on a relatively simple language of low molecular weight
compounds, there is intense and growing interest in the
design of non-native molecules that can intercept QS signals
and modulate these important outcomes.®® These synthetic i-
gands would represent valuable molecular probes for studying
the fundamental mechanisms of QS and elucidating the roles
of this chemical signaling process in host/bacteria interactions.
Such studies are essential for the continued evaluation of QS
as a new therapeutic target.®¥

QS is best characterized in the Gram negative proteobacte-
ria, and thus the majority of research on synthetic modulators
of QS has focused on these signaling pathways.”® Proteobac-
teria use diffusible N-acylated L-homoserine lactones (AHLs) as
their primary signaling molecules (Scheme 1); these ligands are
produced by AHL synthases (or | proteins) and are sensed by
cytoplasmic receptors (or R proteins) that behave as transcrip-
tion factors. At low cell densities, bacteria constitutively pro-
duce the AHL synthase, and thus the AHL ligand, at low levels.
As the bacterial colony grows, however, the local concentra-
tion of AHL will likewise increase and eventually reach a
threshold level at which the AHL will bind to its cognate R pro-
tein. Thereafter, the AHL-R protein complex will most often
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that dictate agonistic and antagonistic activity, and selectivity for
different R protein targets. These studies have revealed the most
comprehensive set of structure-activity relationships to date that
direct AHL-mediated quorum sensing and a new set of chemical
probes with which to study this complex signaling process. Fur-
thermore, this work provides a foundation on which to design
next-generation quorum sensing modulators with improved ac-
tivities and selectivities.

dimerize and bind adjacent to QS promoters to activate the
transcription of genes required for bacterial group behaviors.
This signaling pathway was first described in the biolumines-
cent marine symbiont Vibrio fischeri and has been character-
ized in over 50 different proteobacteria to date.”® Many of
these bacteria are clinically, environmentally, and industrially
important, perhaps most notably the opportunistic pathogen
Pseudomonas aeruginosa, which uses QS to control virulence
factor production and growth into drug impervious biofilms.®!

As AHL-R protein binding is an essential event in QS, there
has been considerable research on the development of non-
native AHLs that can inhibit this ligand-protein interaction.
The majority of this work has focused on three of the best
characterized AHL-R protein systems (Scheme 1): N-(3-oxo-oc-
tanoyl)-L.-homoserine lactone (OOHL, 1) and TraR in the plant
pathogen Agrobacterium tumefaciens, N-(3-oxo-dodecanoyl)-L-
homoserine lactone (OdDHL, 2) and LasR in the animal and
plant pathogen P. aeruginosa, and N-(3-oxo-hexanoyl)-L.-homo-
serine lactone (OHHL, 3) and LuxR in the marine symbiont V. fi-
scheri.
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Scheme 1. Generic structure of an N-acylated L-homoserine lactone (AHL),
and structures of selected native AHL ligands (1-3) and known synthetic
antagonists of R protein function (4-9). The number of carbon atoms (C) in
selected aliphatic acyl groups is indicated for clarity.

AHLs bearing non-native acyl chains represent the most
extensively studied class of synthetic QS modulators in these
three species.”'? Structural modifications to the lactone ring,
including inversion of stereochemistry,”® and replacement of
the lactone with different carbo- or heterocycles®"17:21-23
have been examined to a lesser degree. Four of the most ef-
fective AHL-derived antagonists of TraR, LasR, or LuxR reported
to date are shown in Scheme 1: the C; AHL 4 active against
TraR,"™ the 3-oxo-phenylbutanoyl- and phenylbutanoyl HLs (5
and 6) active against LuxR,"” and the 2-aminophenol analogue
of OdDHL 7 active against LasR.*?

Despite considerable past efforts, potent non-native AHL
antagonists of QS remain scarce.”” Further, as the majority of
these ligands have only been tested against one bacterial spe-
cies, the selectivities of non-native AHLs for different R proteins
are largely unknown. Insufficient structure-activity relationship
(SAR) data for non-native AHLs within and between different
Gram negative bacteria have impeded the design of new li-
gands with improved activities against and selectivities for
R proteins. Likewise, this dearth of SAR data has also protract-
ed the design of non-native AHL activators of QS.'*?*? The
use of different assay procedures to assess agonistic or antago-
nistic activities against the same R protein has further compli-
cated comparisons between past studies.

To address these challenges, our laboratory has embarked
on the design and synthesis of focused, combinatorial libraries
of non-native AHLs to identify structural features that engen-
der both antagonistic and agonistic activities toward a range
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of different R proteins. Our preliminary comparative studies re-
vealed several potent antagonists of both TraR and LasR, most
notably 4-bromo phenylacetanoyl HL (PHL 8) and indole AHL 9
(Scheme 1).'® Recently, we reported the synthesis of four fo-
cused AHL libraries and the systematic evaluation of these li-
gands to modulate R protein activity in A. tumefaciens, P. aeru-
ginosa, and V. fischeri.”® These studies uncovered some of the
most potent synthetic inhibitors and activators of R protein-
mediated QS reported to date and provided broad new in-
sights into their mechanism of action. Here, we report full de-
tails of the design of the four libraries and a critical analysis of
the primary R protein antagonism and agonism data for these
~90 ligands. These studies have afforded an extensive set of
SAR data that dictate antagonistic and agonistic activities, and
R protein selectivities for AHL ligands in A. tumefaciens, P. aeru-
ginosa, and V. fischeri. Together, these data provide a valuable
new roadmap for the design of next-generation ligands for use
as chemical probes to study the mechanisms of QS and its
complex roles in host/bacteria interactions.

Results and Discussion

Focused AHL libraries—general considerations and
synthesis

We sought to construct focused libraries of AHLs that would
allow us to probe key features of AHL structure, including
1) acyl chain length, 2) lactone stereochemistry, and 3) func-
tional group diversity in the acyl chain. We designed four AHL
libraries that allowed us to investigate these three structural
features individually and in tandem (libraries A-D, shown in
Scheme 2).29 An X-ray crystal structure of the ligand-binding
site of TraR was also consulted in silico to guide our initial
ligand design;?” as the ligand-binding sites of TraR, LasR, and
LuxR have ~70% sequence homology, we reasoned that such
analysis was valuable.®

Libraries A-D were synthesized in parallel according to our
previously reported solid-phase methods."®'*? The ~90 AHLs
were isolated in moderate to good yields (55-75%) and with
excellent purities (90-99%).?* Detailed rationales behind the
design of each library are provided below.

Design of AHL library A

Library A was designed to test the effects of different aliphatic
acyl, 3-keto acyl, and sulfonyl groups on AHL ligand activity in
the three bacterial species. The structures of this 16-member
focused library are shown in Scheme 2A, and represent the
most structurally simple AHL derivatives examined in this
study. AHLs A1-A8 are naturally occurring AHLs utilized by
other Gram negative bacteria for QS,!"® and several have been
evaluated in TraR, LasR, and/or LuxR agonism or antagonism
assays previously.” "3 The C, AHL A1 is also utilized by P. ger-
uginosa as a secondary signaling molecule for QS (via RhIR).”!
Several of the sulfonyl compounds in library A (A9-A14) were
reported by Castang et al. to inhibit LuxR activity at a low to
moderate level (in a heterologous E. coli LuxR reporter strain),
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Scheme 2. Structures of AHL libraries A-D. The number of carbon atoms (C) in certain aliphatic acyl groups is indicated for clarity. **=Indicates the AHL has
p-stereochemistry; all others have L-stereochemistry.
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with activity maximal at a five-carbon (six atom) acyl chain
length (i.e., A10)."™ Collectively, however, these ligands have
not been examined in the three bacterial strains utilized in this
study. Consequently, library A was designed to provide impor-
tant benchmark data for the comparison of antagonistic and
agonistic ligand activities between the strains.

Design of AHL library B

The structures of the second AHL library in this study, library B,
are shown in Scheme 2B. This library was designed to investi-
gate the roles of the following AHL structural features on
R protein antagonism and agonism: 1) lactone stereochemistry,
2) acyl group aromaticity, and 3) alkyl “spacer” length between
aromatic groups and the HL ring. We examined these three
features by perturbing the structures of five known active
compounds: the native agonist OOHL (1), the two phenylbuta-
noyl HL control antagonists (5 and 6),"* and our two previous-
ly reported antagonists, 4-bromo PHL (8) and indole AHL (9,
Scheme 1)."® The effect of lactone stereochemistry on R pro-
tein activation had only been examined for a limited set of
native AHLs,”” and to our knowledge, had yet to be examined
in synthetic AHL antagonists."”’ (We note, however, that many
synthetic AHLs have been tested in racemic form, or their re-
ported stereochemistry was not explicit, which adds additional
complexity to this analysis.”"""3'%) Lastly, the roles of acyl
group aromaticity and spacer length on ligand activity, specifi-
cally in our antagonists 8 and 9, were unknown.

Design of AHL library C

The structures of library C are shown in Scheme 2C; each of
the 25 library members was designed to systemically test the
effects of different functional groups and their positions on
the PHL phenyl ring. These functional groups differ significant-
ly in terms of electronics and steric size, and range from halo-
gens to aromatic groups. Library C was inspired in part by the
high antagonistic activity of control PHL 8 toward TraR and
LasR reported previously by our laboratory."® In addition, we
recently examined a subset of the PHLs in library C in LuxR an-
tagonism and agonism assays, and identified several potent
modulators of LuxR in V. fischeri™ These preliminary studies
underscore the value of the PHL scaffold for the design of new
R protein modulators, and provide a foundation for the sys-
tematic examination of PHLs C1-C25 across the three strains
in the current work.

Design of AHL library D

Library D contained the most structurally diverse set of syn-
thetic AHLs reported to date (shown in Scheme 2D), and was
designed to examine the effects of a range of different acyl
groups on AHL-mediated R protein antagonism and agonism.
These acyl groups differ extensively in terms of overall size and
the type and placement of functional groups. However, as sev-
eral active non-native AHLs contain aromatic groups
(Scheme 1), we deliberately installed an aromatic functionality
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(or at least one m-system) in all but one of the acyl groups of
library D. For ease of synthesis, we selected acyl groups that
could be installed with commercially available carboxylic acids.
Despite the higher hydrophobic character of many of the li-
gands in library D relative to the other ligands in this study
(e.g., AHLs D18-D21), we did not encounter problems with
compound insolubility in any of the biological assays reported
herein (see below).

Bacterial reporter gene assays

R protein inhibition and activation by non-native AHLs is most
frequently assessed with bacterial reporter strains.®” These
strains lack their AHL synthase (I) genes, but retain their native
R genes. In the presence of exogenously added AHL ligand,
the AHL-R protein complex will bind adjacent to a promoter
that controls reporter gene expression and activate transcrip-
tion. Therefore, R protein activity, and consequently ligand ac-
tivity, can be measured with standard reporter gene readouts.
Competitive antagonism assays are performed with synthetic
ligand in the presence of native AHL ligand, while agonism
assays are performed with synthetic ligand alone.

We utilized three bacterial reporter strains for the TraR, LasR,
and LuxR agonism and antagonism assays in this study (see
the Experimental Section). The A. tumefaciens strain produces
[-galactosidase upon TraR activation and ligand activity can be
measured in standard Miller absorbance assays.”™ The E. coli
strain harbors LasR from P. geruginosa and also reports LasR ac-
tivity by p-galactosidase production. We found that this heter-
ologous E. coli strain provided more reproducible data than re-
lated P. aeruginosa reporters, although the differences between
R protein antagonists and agonists were somewhat muted rel-
ative to the other two strains in this study.”® Lastly, the V. fi-
scheri strain retains its native lux operon (yet lacks a functional
luxl), which allows LuxR activation to be measured as lumines-
cence.?

Libraries A-D were systematically screened in R protein an-
tagonism and agonism assays in the three bacterial reporter
strains. The native ligands OOHL (1), OdDHL (2), and OHHL (3)
and the known R protein antagonists 4-9 (Scheme 1) served as
critical controls for these assays (synthesized according to re-
ported procedures).'®>2 Qver 40% of the ligands were
potent inhibitors of TraR, LasR, and/or LuxR, with activities
either comparable or surpassing that of the controls. In turn,
18% of the ligands were identified as either LasR or LuxR ago-
nists (~25% activation or higher). These ligands represent
some of the most potent modulators of R proteins reported to
date; a detailed examination of this ligand subset has been re-
ported elsewhere.”® Here, we provide a critical analysis of all
of the primary antagonism and agonism assay data for libraries
A-D and delineate broad SAR trends revealed by these data
for each library.

Primary assay data for control compounds

The primary assay data for the control compounds largely
corroborated those from previously reported experiments
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(Table 1). Each of the R proteins was inhibited to some degree
(15-89%) by control native ligands (1-3) that were close in
carbon-chain length to their native AHL (i.e., two or four
carbon atoms difference).®*"""3 In addition, all of the control
antagonists (4-9) showed inhibitory activities in the three
strains, albeit at varied levels (18-93 %), with the exception of
2-aminophenol 7, which was surprisingly inactive. Intriguingly,
control 7 weakly agonized LasR instead (18 %). This latter result
contrasted with previous reports that 7 is a strong inhibitor of
LasR activity in similar assays; however, these studies involved
a different LasR reporter strain.”? The C, AHL 4, phenylbutano-
yl HL (6), and 4-bromo PHL (8) were the most active control
antagonists across all three strains (~90% in TraR, ~25% in
LasR, and ~76% in LuxR). The C, AHL 4 was also a weak LuxR
agonist under the primary agonism assay conditions (23 %; see
below).

Primary assay data and SAR for library A

The simple aliphatic AHLs (A1-A6) in library A displayed inhibi-
tory activity trends against the three R proteins that correlated
with increasing carbon number; inhibition was maximal at Cg

(A3) for LasR, and C,, (A4) for TraR and LuxR and then de-
creased thereafter (Table 1). The long chain, 3-oxo AHLs (C,, A7
and C,, A8) exhibited minimal inhibitory activities against TraR
and LasR, yet were moderate (47 %) to good (77 %) inhibitors
of LuxR, respectively. Of the three R proteins, LuxR appeared to
be the most sensitive to inhibition by 3-oxo AHLs (i.e., by
OOHL (1), OdDHL (2), control 6, A7, and A8). Interestingly, the
3-oxo C,, AHL A8 displayed agonistic, as opposed to antago-
nistic, activity against LasR in this assay (see below).
Antagonism by sulfonyl HLs (A9-A16) against the three
R proteins also correlated with carbon number, and the most
striking trends in inhibitory activity were observed against TraR
and LuxR. Inhibition was maximal at C, (A11) in TraR, with ac-
tivity largely increasing up until this carbon length and then
decreasing thereafter. Notably, the sulfonyl HL A11, with a
seven-atom acyl tail (including the sulfur), displayed analogous
inhibitory activity as control C, AHL 4 (93 %); this suggests that
seven atoms in AHL acyl tails enhances antagonistic activity in
TraR. In LuxR, inhibitory activity for the sulfonyl HLs increased
gradually from C, to C, and decreased only minimally at the
longer acyl chain lengths tested (i.e., in A15 and A16), with C,
(A14) exhibiting the highest inhibitory activity (81%). These
results directly contrasted with
those of Castang et al. for sulfo-
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Table 1. Antagonism and agonism assay data for library A and controls 1-9 in three bacterial reporter strains.”! nyl HI.'S I_n LuxR .(see abOV?)
and highlight the differences in
Compound A. tumefaciens-TraR™ E. coli-LasR® V. fischeri-LuxR™ ligand activity often observable
ibiti 3] vati &) ibiti ] ati gl ibiti il ivati il . .

Inhibition [%]“ Activation [%]” Inhibition [%]" Activation [%]° Inhibition [%]" Activation [%] when using different reporter
1: OOHL - 100 50 19 63 24 strains. Again, the sulfonyl HL
;1 gazt"- ;2 1? 1; 10? 86 103 with 10 atoms in its acyl tail
4 93 4 28 0 78 23 (A14) and the C,, AHL (A4) were
5 85 8 18 5 45 2 the most active LuxR inhibitors
6 93 2 20 3 70 3 of their structure classes; this
7 K 0 4 18 3 ! indicates that acyl-chain atom
8 88 1 28 0 79 3 b | | le in AHL
9 35 0 36 3 72 3 number .a 'SO P ays.a. role In '
A1l 0 0 0 0 43 2 antagonistic activity  against
A2 48 1 Il 2 69 25 LuxR.
A3 83 / 43 1 86 12 Far fewer synthetic agonists
A4 92 2 34 44 96 1 id ified in lib A rel
A5 22 1 _10 85 73 2 Vyere identifie |n.| rary A rela-
A6 0 0 5 1 27 2 tive to antagonists (Table 1).
A7 14 1 8 1 47 2 None of these ligands activated
A8 10 m -18 87 77 2 TraR to an appreciable level. This
A9 86 7 16 1 5 4 | b .
A10 59 0 12 0 30 2 result corroborates screening
Al 93 1 10 0 32 2 data reported by Zhu etal. for
A12 88 1 12 0 60 2 several related AHL derivatives,
A13 44 0 10 0 77 3 from which no TraR agonists
Al4 37 3 15 0 81 2 identified."™ Similarl |
Al5 34 0 17 0 80 5 were i e.ntl ied. .|m|ary, only
A16 29 0 21 0 74 1 a few ligands activated LuxR,
[a] All assays performed in triplicate; error did not exceed + 10%. Data of significance are highlighted in bold. with the C; AHL A2, the G, co_n_
Negative controls containing no compound were subtracted from each sample to account for background. trol AHL 4, and OOHL (1) dis-
Negative inhibition values indicate that the compound activates at the tested concentration. See Figures S1- playing ~25% activation. Thus,
S15 in the Supporting Information for primary assay data in bar graph format. [b] Strain: A. tumefaciens WCF47 within library A, only compounds
(pCF372). Assay data were normalized with respect to OOHL (1). [c] Screen was performed by using 10 pm syn- with structures very closely relat-
thetic ligand against 100 nm OOHL (1). [d] Screen was performed by using 10 um ligand. [e] Strain: E. coli DH5a X Y y.
(PIN105 L pSC11). Assay data were normalized with respect to OdDHL (2). [f] Screen was performed by using ed to the native LuxR ligand
5 um synthetic ligand against 7.5 nm OdDHL (2). [g] Screen was performed by using 5 um ligand. [h] Strain: (OHHL, 3) were LuxR agonists.
V. fischeri ES114 (Aluxl). Assay data were normalized with respect to OHHL (3). [i] Screen was performed by The results from the LasR ago-

i hetic li i HHL (3). [j rf ing 2 li . . .

using 5 um synthetic ligand against 5 pm O| (3). [j] Screen was performed by using 200 um ligand nism screen of library A were
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more striking. Here, we identified two ligands that substantially
activated LasR (~85%): C,, AHL A5 and 3-oxo C;, AHL A8
(Table 1). Moreover, these two ligands selectively activated LasR
relative to TraR and LuxR. The C;, AHL A4 and OOHL (1) also
displayed agonistic activities, albeit reduced (<44 %), indicat-
ing that in analogy to LuxR, AHLs in library A with structures
most similar to the native LasR ligand (OdDHL, 2) were effec-
tive LasR agonists. These data trends correlated with those re-
ported by Passador et al. for the same compounds (yet in an
alternate E.coli LasR reporter strain)."" However, these re-
searchers also reported that 3-oxo C;, AHL (A7) exhibited anal-
ogous agonistic activity as 3-oxo C,, A8; the former ligand
failed to activate LasR in our assays. This result was unexpect-
ed, in view of the structural similarity of this ligand to the
other moderate to strong LasR activators that we identified in
this study (i.e., A4, A5, and A8), and again exemplifies the dis-
parities that can arise when different reporter strains are uti-
lized for screening QS modulators.

Primary assay data and SAR for library B

Examination of library B in the reporter gene assays revealed
several additional SARs that dictated AHL ligand activity
against R proteins (Table 2). First, the p-enantiomer of OOHL
(B1) displayed no antagonistic activity in any of the three
strains. Likewise, inversion of stereochemistry in control antag-
onists 5 and 6 (to give p-AHLs B2 and B3) reduced their inhibi-
tory activity by ~40-60% in TraR. A similar ~40% reduction in
inhibitory activity was also observed for B3 in LuxR; however,
B2 exhibited analogous inhibitory activity as its L-stereoisomer
5 (~45%). The activity trends for p-AHLs B2 and B3 were yet
more complex in LasR; here, B2 displayed strong agonistic as

H. Blackwell et al.

opposed to antagonistic activity (see below), while B3 inhibit-
ed LasR at a comparable level to its L-sterecisomer 6 (~20%).
In contrast to B2 and B3, the b stereoisomers of our control 4-
bromo PHL and indole AHL antagonists, B4 and B5, showed
uniformly reduced inhibitory activity across all three strains,
ranging from ~90% reduction for B4 in TraR to at least 50%
for both B4 and B5 in LasR and LuxR. These results suggest
that AHL stereochemistry, in concert with acyl chain structure,
plays a multifaceted role in AHL-mediated R protein inhibition
and activation. One effect is clear, however; inversion of lac-
tone stereochemistry does not completely abolish antagonistic
activity for the ligands examined in this study.

The remaining members of library B were designed to probe
the role of acyl chain structure on antagonistic activity for con-
trol antagonists 8 and 9. Shortening the alkyl spacer in 4-
bromo PHL 8 by one carbon (to give benzoyl AHL B6) dramati-
cally reduced its inhibitory activity in all three R proteins; the
reduction ranged from 90% in TraR to ~50% in LasR and LuxR
(Table 2). However, lengthening the alkyl spacer by one carbon
produced a ligand (B7) with equivalent inhibitory activity to
control 4-bromo PHL 8 in TraR and LuxR, and twofold higher
inhibitory activity in LasR. Notably, B7 was also almost twofold
as active as the potent, control antagonist 9 (52 and 36 %, re-
spectively), and amongst the most potent inhibitors of LasR
identified in these primary assays.

Removing the 4-bromide substituent from benzoyl AHL B6
(to give B8) had little effect on an already low antagonistic ac-
tivity, while removing the 4-bromide from the potent antago-
nist B7 (to give B9) had a more significant impact and reduced
inhibition by at least 50% across all three strains. In turn, the
cyclohexyl analogue of B9, AHL B11, displayed slightly en-
hanced antagonistic activity in TraR and LasR relative to B9,
and activity against LuxR, analo-
gous to the most potent non-

Table 2. Antagonism and agonism assay data for library B and selected controls in three bacterial reporter native AHL inhibitor in library B,
strains. B7 (~80%). Finally, shortening
Compound A. tumefaciens-TraR E. coli-LasR V. fischeri-LuxR the alkyl spacer of control indole
Inhibition [%]  Activation [%] Inhibition [%] Activation [%] Inhibition [%] Activation [%] | AHL 9 by one or two carbons

1: OOHL _ 100 50 19 3 24 (B14 and. B13, respectl.vel)'/)‘had
2:0dDHL 28 12 - 100 86 2 only a minor effect on inhibitory
3: OHHL 89 1 15 1 - 100 activity in TraR, while these
5 85 8 18 5 45 2 shorter indole analogues were
6 93 2 20 3 70 3 40% | ve th l o
8 88 1 28 o 29 3 ~40% ess active than contro
9 35 0 36 3 72 3 in LuxR. In contrast, the one-
B1 6 4 16 0 7 2 carbon shorter indole analogue
B2 50 2 -7 84 46 3 B14 exhibited heightened activi-
B3 31 0 16 0 4 3 in LasR relati I 9
B4 9 o 13 1 34 5 ty in LasR relative to.contro
B5 9 0 13 0 29 2 (48 and 36%, respectively), and
B6 9 0 13 0 40 2 was one of the most potent
B7 93 2 52 n 80 2 LasR inhibitors identified in this
B8 8 0 14 1 34 2 d
B9 16 0 21 0 44 3 study.
B10 7 3 22 2 48 3 These results for library B
B11 25 0 36 0 82 12 reveal several trends in antago-
B12 " 0 19 0 57 3 nistic activity for synthetic AHLs:
B13 20 0 21 0 42 3 D a flexibl b ¢
B14 91 0 48 1 47 > ) a flexible carbon spacer of at

least one carbon and a 4-bromo
[a] See footnotes for Table 1. .

substituent are necessary for
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appreciable activity in ligands i ) ) ) )
Table 3. Antagonism and agonism assay data for library C and selected controls in three bacterial reporter
structurally related to 4-bromo | . . @
PHL 8, with AHL B7 being the
most active inhibitor across the Compound A. tumefaciens-TraR E. coli-LasR V. fischeri-LuxR
. . Inhibition [%]  Activation [%] Inhibition [%] Activation [%] Inhibition [%] Activation [%]
three R proteins, 2) an aromatic
functionality is not essential for | 1: OOHL - 100 50 19 63 24
s 2:0dDHL 28 12 - 100 86 2
LuxR inhibition in ligands related 3. OHHL g0 ] 15 ; - 100
to control PHL 8 (e.g.,, AHL B11), | g 88 1 58 0 79 3
and 3) a three-carbon spacer is C1 4 0 15 0 14 2
optimal for TraR and LuxR inhibi- | €2 25 0 26 1 59 2
S (o] 1 0 27 0 63 8
tion in ligands st.ructurally relat ca 4 0 19 0 9 5
ed to control indole AHL 9, | s 74 0 29 0 75 3
while a two-carbon spacer is op- (o3 50 0 4 0 65 61
timal for inhibition of LasR (i.e., | <7 6 0 10 0 53 6
(«:] 56 0 45 3 58 70
AHL B14). . c9 12 0 12 0 38 12
In analogy to library A, very | 10 93 1 36 0 85 4
few agonists were identified in | cn 70 0 57 3 78 28
library B (Table 2). Indeed, only | €12 5 0 17 0 63 7
. . . c13 88 1 27 0 47 24
one .Ilg.]and 'W.Ith c0n.5|derable c1a 16 0 54 " 15 129
agonistic activity against one | 15 1 0 17 0 23 4
R protein, LasR, was identified: C16 2 0 19 2 40 2
the p-enantiomer of control an- | €17 70 0 19 0 66 5
. o c18 67 0 20 0 79 7
tagonist 5, p-AHL BZ.. Thls ligand c19 ”n 3 I 0 ss 1
was capable of activating LasR | 39 92 P 2% 0 78 3
at 84% relative to the native c21 5 0 8 0 12 3
ligand OdDHL (2) at equal con- | €22 1 0 10 27 33 2
. . . 23 3 0 7 0 12 2
ce.ntratlons. A.HL B2 is unique, as 24 % 0 16 0 o 3
this p-AHL displays strong ago- | c25 35 0 15 0 55 2
nistic activity and its L-stereoiso-
. . [a] See footnotes for Table 1.
mer, control AHL 5, is virtually

inactive in LasR (but is a moder-

ate to strong antagonist in LuxR

and TraR, respectively). This trend is opposite to what has
been observed for native AHL ligands, for which the L-stereo-
isomer is an active agonist and the p-stereoisomer is almost in-
active;l'”?” we observed this latter trend in the current study
for OOHL (1). The reasons behind this trend reversal for B2
remain unclear, and in view of the complex antagonistic activi-
ty trends displayed by the limited set of b enantiomers in li-
brary B, suggest that lactone stereochemistry will be an impor-
tant feature to probe in the future design of AHL-derived QS
modulators.

Primary assay data and SAR for library C

The antagonism and agonism primary screening data for libra-
ry C are listed in Table 3 and reveal the largest percentage of
potent antagonists and agonists in this study (37% of the li-
brary have activities of >50% in at least one strain). This result
serves to validate the PHL structure as a scaffold for the design
of potent modulators of R protein function.

As observed in libraries A and B, the majority of the active li-
gands in library C were antagonists. Replacement of the 4-bro-
mide of control PHL 8 with a hydrogen atom in C1 largely
abolished inhibitory activity across the three strains (Table 3),
in analogy to what was observed for the one-carbon-longer
analogues B7 and B9 in library B (see above). The monohalo-
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gen (€C2-C12) and nitro series (C13-C15) exhibited remarkable
trends in inhibitory activity against all three R proteins. These
trends were most pronounced in TraR. Namely, inhibition dra-
matically increased (from ~1 to 90%) as the halogen or nitro
substituents were moved from the 2- to the 3- to the 4-posi-
tion on the PHL phenyl ring. Inhibition also increased with sub-
stituent size, with 4-iodo PHL (C10) and 4-nitro PHL (C13) in-
hibiting at the highest level in this series (~90%). The mono-
halogenated PHLs displayed the same trends in antagonistic
activity in LuxR, albeit slightly muted within each series. How-
ever, the nitro series (C13-C15) displayed a more complicated
activity pattern, with 4-nitro PHL (C13) only moderately inhibit-
ing LuxR (47 %) and, more notably, 3-nitro PHL (C14) dramati-
cally activating LuxR (see below). These assay data indicate
that both antagonistic and agonistic activities are exquisitely
affected by the nature and position of the substituents on the
PHL phenyl ring.

Uniform antagonistic activity trends were also observed for
the monohalogen and nitro PHL series in LasR (Table 3). Here,
in contrast to TraR and LuxR, the 3-substituted PHLs displayed
the highest inhibitory activities, followed by the 4- and 2-sub-
stituted derivatives. Antagonism still increased with increasing
substituent size, in analogy to TraR, with the 3-iodo (C11) and
3-nitro (C14) PHLs exhibiting the highest antagonistic activities
in LasR for the series (~55%). Moreover, these two ligands
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were the most potent LasR inhibitors identified in these pri-
mary assays overall. A final halogenated PHL, pentafluoroaro-
matic PHL (C16), was designed to examine whether its re-
versed aromatic quadrupole could enhance PHL-mediated
R protein modulation (potentially through favorable mt-stacking
interactions).”® Analogous to its nonfluorinated analogue C1,
this ligand displayed minimal inhibitory activities in TraR and
LasR, and only low inhibitory activity (40%) against LuxR.

The remaining PHLs in library C were designed to probe the
effects of different substituents in the 4-position of the phenyl
ring on R protein modulation. Both the 4-azido PHL (C17) and
4-phenyl PHL (C18) were moderate to strong inhibitors of TraR
and LuxR (~70%; Table 3). The activity of 4-azido PHL (C17) is
particularly notable as the azido moiety renders this inhibitor
photoactive, and thus C17 could have value as a potential
photoaffinity labeling tool for R proteins and provide insights
into the ligand-binding site for PHLs.®” Likewise, the activity of
4-phenyl PHL (C18) was significant, as it instructed us that ster-
ically demanding groups could be tolerated on the phenyl ring
of PHL-derived R protein antagonists.

The 4-methyl and 4-trifluoromethyl PHLs (C19 and C20) ex-
hibited markedly different activities in the antagonism assays.
The 4-methyl PHL C19 was only a weak to moderate inhibitor
of all three R proteins (Table 3), and inhibited at a two- to four-
fold lower level relative to the 4-bromo PHL control (8). As a
methyl group is roughly equivalent in steric size to a bromide,
this activity trend indicated that substituent size alone does
not dictate inhibitory activity for 4-substituted PHLs. In con-
trast, the 4-trifluoromethyl PHL C20 displayed equivalent an-
tagonistic activity as control 4-bromo PHL 8 in all three strains.
This result suggests, along with the other antagonism data
outlined above for library C, that electron-withdrawing and lip-
ophilic groups in the 4-position enhance PHL inhibitory activity
against R proteins. This hypothesis is further corroborated by
the low to moderate antagonistic activities displayed by PHLs
C21-C25, all of which contain electron-donating groups in the
4-position of the phenyl ring. In addition, the two PHLs in this
set with hydrogen bond donors in the 4-position (i.e., 4-amino
(C21) and 4-hydroxy (€23) PHLs) were amongst the weakest
inhibitors in library C (~7 %), with activities comparable to C1.

Turning next to agonism assays, six PHLs were identified in
library C that were capable of activating R proteins by >25%
(Table 3). The most potent agonists were highly selective for
LuxR, and we focus on these compounds here. Again, we ob-
served striking trends in the activities for PHLs with halogen
and nitro groups. In contrast to the antagonism data for these
PHLs in LuxR, the 3-substituted compound in each series
showed the strongest activity relative to the 2- and 4-substitut-
ed derivatives, with the 3-chloro (C6), 3-bromo (C8), and 3-
nitro (C14) PHLs exhibiting at least 60% luminescence induc-
tion relative to the native ligand OHHL (3) at equal concentra-
tions. When substituents were moved on the PHL phenyl ring
by a single carbon (from the 4- to the 3-position), the ligands
were converted from LuxR antagonists to LuxR agonists. More-
over, 3-nitro PHL (C14) was able to induce 29% higher lumi-
nescence than OHHL (3) in this primary assay. This result was
remarkable, and explained the unusual inhibition trends for
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the nitro PHL series in LuxR (C13-C15; see above). Few super-
activators of R proteins have been reported;?** therefore, our
discovery of 3-nitro PHL C14 as a superactivator of LuxR is sig-
nificant. Additional studies in our laboratory have shown that
PHL C14 can also superactivate LuxR in wildtype V. fischeri and
is tolerated in invertebrate model systems; this suggests that
this compound could have considerable value as a probe to
study V. fischeri-host symbioses."”

Overall, the screening data for library C indicate that the PHL
structure is a highly versatile scaffold for the design of both
R protein antagonists and agonists, and that seemingly simple
structural modifications to the PHL phenyl ring can have major
effects on ligand activity. Most notably, these structural modifi-
cations can convert potent antagonists into agonists (over the
concentration ranges tested). These primary assays revealed
some of the most potent and selective R protein modulators in
this study, including 4-iodo PHL (C10) that inhibits all three
R proteins, 3-nitro PHL (C14) that strongly inhibits LasR but
also superactivates LuxR, and 4-phenyl PHL (C18) and 4-tri-
fluoromethyl PHL (C20) that strongly inhibit TraR and LuxR but
are considerably less active against LasR.

Primary assay data and SAR for library D

Library D also contained several new and potent synthetic
modulators of TraR, LasR, and LuxR (Table 4). The most active
compounds or those displaying interesting SAR trends are de-
scribed here. AHLs D1-D5 displayed negligible inhibitory activ-
ity against TraR, and only low to modest inhibitory activity
against LasR and LuxR; this suggests that their compact, unsa-
turated, and/or heterocyclic acyl groups significantly reduced
activity against these three R proteins. AHL D6, in contrast,
was a strong inhibitor of TraR (90%), a moderate inhibitor of
LuxR (68%), and a relatively weak inhibitor of LasR (28%). A
clear rationale for the heightened antagonistic activity of D6
relative to D1-D5 was not obvious, except potentially its
higher structural similarity to the potent control antagonists 5,
6, and 8. Interestingly, enlarging the substituent in the 4-posi-
tion of the aromatic ring from a methyl group in D6 to an n-
propyl group in D7 halved the inhibitory activity in TraR and
LasR, yet had no effect against LuxR.

The AHLs in library D with aromatic (D9-D13) or carbocyclic
functionality (D14) directly adjacent to the carbonyl in the acyl
group exhibited minimal inhibitory activity against TraR
(Table 4). Only two AHLs in this group (D11 and D13) were rea-
sonably strong inhibitors of LuxR (~60%); notably, these two
AHLs both contained benzoyl functionalities and had the most
extended acyl chains of this ligand set. AHL D13 was also a
modest inhibitor of LasR (27 %), while D11 was weakly active.
The cyclohexyl AHL derivative D14, however, was a relatively
strong inhibitor of LasR, with activity analogous to that of the
indole AHL control 9 (36%).

The three AHLs in library D with phenyl ether functionality
in their acyl chains (D15-D17) displayed clear inhibition trends
across the three strains (Table 4). Notably, these three com-
pounds had two-atom spacers between the carbonyl groups
and the aromatic rings in their acyl chains, analogous to the
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) ) ) i - azobenzene AHL derivatives D20

Table 4. Antagonism and agonism assay data for library D and selected controls in three bacterial reporter . .
strains.@ and D21 displayed medium to

moderately strong inhibitory ac-
Compound A. tumefaciens-TraR E. coli-LasR V. fischeri-LuxR tivity against LuxR (46 and 63 %,

Inhibition [%] Activation [%] Inhibition [%] Activation [%] Inhibition [%] Activation [%)] .

respectively). These compounds
1: OOHL - 100 50 19 63 24 are of interest because of the
2:0dDHL 28 12 - 100 86 2 . s .
3. OHHL g0 : 1s 1 - 100 phot0|somer|zat.|on s:])lllty of the
4 93 4 28 0 78 23 azobenzene mOIety. For exam-
5 85 8 18 5 45 2 ple, their inhibitory activity could
6 93 2 20 3 70 3 be altered upon cis/trans isomer-
8 88 1 28 0 79 3 N . .
9 35 0 36 3 7 3 |za.t|on, as this confontmatlonal
D1 10 0 15 3 47 5 shift may cause the ligand to
D2 9 0 18 0 15 3 dislodge from (or bind differ-
D3 8 0 22 0 38 2 ently in) the ligand-binding site.
D4 12 2 18 0 7 2
D5 3 0 13 0 37 ] Theref?re, these azobenzene
D6 20 3 58 0 68 5 AHL ligands (D20 and D21),
D7 59 1 13 0 69 2 along with the 4-azido PHL an-
D8 5 0 12 0 18 2 tagonist (C17) identified in li-
D9 8 0 16 4 7 2
D10 8 0 9 0 35 > brary C, 'could represent novel
D11 9 0 10 0 56 5 photoactive tools for the study
D12 13 0 12 0 35 1 of R protein function.
D13 8 0 27 3 59 1 Similar to libraries A-C, the
D14 1 0 36 36 45 1 . .
D15 90 4 29 30 39 ) agonism screen of I!braryD .re
D16 " 0 18 0 40 1 vealed few synthetic agonists
D17 92 1 26 0 50 2 (Table 4). Indeed, no library
D18 16 0 34 32 19 2 members were agonists of TraR
D19 1 0 17 7 30 1 .
D20 4 0 12 0 6 ) and LuxR. Three ligands (D14,
D21 9 0 13 1 63 3 D15, and D18), however, were
[a] See footnotes for Table 1 weak activators of LasR (~33%).
a] See tootnotes ftor lable 1.

The structures of these AHLs

potent inhibitors B7 and B14 identified in library B (see above).
All three of these phenyl ether AHLs were only modest inhibi-
tors of LuxR (~45%). However, 4-trifluoromethyl phenyl ether
AHL D15 was a potent inhibitor of TraR and the strongest in-
hibitor of LasR identified in library D (90 and 49% inhibition,
respectively). The two structurally similar 4-keto phenyl ether
AHLs (D16 and D17) exhibited contrasting activities in both
TraR and LasR: D16 was virtually inactive against TraR, while
D17 was similar in activity to D15 and one of the most potent
inhibitors of TraR (92 %) uncovered in these assays overall. Like-
wise, D17 was 50% more active against LasR relative to D16.
Interestingly, compounds D16 and D17 only differ in the place-
ment of a substituent on the aromatic ring of the acyl group
(2-methoxy and 3-methyl, respectively; Scheme 2D). This result
suggests that, similar to the PHL series in library C, inhibitory
activity can increase in this phenyl ether AHL series when sub-
stituents on the aromatic ring are placed closer to the 4-posi-
tion.

The remaining four AHLs in library D (D18-D21) contained
the most sterically bulky acyl chains examined to date. These
four AHLs exhibited minimal inhibitory activity against TraR;
this is analogous to the low inhibitory activity observed for the
relatively bulky AHLs D9-D14 (Table 4). In contrast, the most
sterically bulky of this ligand set (D18) was a relatively strong
inhibitor of LasR and the most active of the four. Finally, the
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were not highly similar, but each

had a relatively bulky acyl chain
containing aromatic functionality, most notably D18. Intrigu-
ingly, these three ligands were also the most potent antago-
nists of LasR identified in library D (see above). Moreover, their
percent antagonistic activities were approximately equivalent to
their percent agonistic activities. Additional studies of AHLs
D14, D15, and D18 suggest that these ligands are not antago-
nists of LasR, but rather can behave as partial agonists (see
below);?? such a mechanism of action would explain these
conflicting primary assay data. Ongoing work in our laboratory
is directed at fully understanding the mechanism of R protein
modulation by these and related AHL ligands.

Summary of SAR trends for libraries A-D

Overall, we found that subtle changes to the AHL acyl group,
some as simple as the addition or removal of one carbon or
halogen atom, had dramatic effects on ligand activity in each
of the three bacterial strains in this study. In general, AHLs
with acyl groups of moderate size (up to eight atoms long)
and containing either aromatic functionality with electron-
withdrawing groups or straight-chain aliphatic functionality
can antagonize TraR, LasR, and LuxR over the concentrations
tested in this study. AHL B7 epitomizes such a broad-spectrum
antagonist, and was one of the most active antagonists identi-
fied. Within this class, sulfonyl groups can replace carbonyl
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groups on aliphatic AHL TraR and LuxR antagonists without
significant loss in activity. Likewise, AHLs bearing sterically
bulky, aromatic acyl groups can selectively inhibit and activate
LasR (e.g., D18). Of the AHLs analyzed herein, the PHL appears
to be the most unique scaffold for R protein modulation, as
members of this structure class display a wide range of antag-
onistic and agonistic activities across all three R proteins in this
study. The 4- and 3-substituted PHLs display the most remark-
able trends in activity, ranging from a potent antagonist of all
three R proteins (C10) to a superactivator of only LuxR (C14).
Finally, inversion of lactone stereochemistry (from L to p) was
not found to fully abolish activity for the AHLs examined
herein; indeed, one p-AHL (B2) was shown to strongly activate
LasR.

Pharmacophore modeling

To obtain a better understanding of how different structural
features of AHLs engender antagonistic and agonistic activities,
we generated computational pharmacophore models for the
AHL modulators of each of the three R proteins. Preliminary
studies from our laboratory suggest that many of the most
potent “antagonists” identified in libraries A-D may elicit their
activities via a partial agonism mechanism (e.g., PHLs C20 in
TraR, C14 in LasR, and C13 in LuxR, and bulky AHLs D14, D15,
and D18 in LasR).” Therefore, these ligands do not appear to
inhibit R protein activity; rather, they simply are unable to acti-
vate the R protein to the same level as the native ligand. In
view of these new mechanistic data, all of the primary antago-
nism and agonism assay data in this study were utilized to cal-
culate AHL pharmacophore models for TraR, LasR, and LuxR
(see the Experimental Section).

Views of the pharmacophore models are shown in Figure 1,
and they reveal several different structural features between
the R proteins. For example, each model contains regions of
hydrophobic/aromatic functionality, H-bond donors, and H-
bond acceptors, yet the relative size and positions of these
groups on each of the models vary significantly. Notably, these
differences could not be fully ascertained through analysis of
the primary data presented above; the pharmacophores pro-
vide a more global, 3D synopsis of these data. In general, the
TraR pharmacophore exhibits an almost equal balance of hy-
drophobic functionality and H-bond acceptors and is relatively
compact. The LuxR pharmacophore is similarly compact, yet
has fewer H-bond acceptors relative to TraR. In contrast, the
LasR pharmacophore is noticeably larger and exhibits an ex-
tensive hydrophobic surface. These differences in size for TraR
and LasR are congruent with the compact and expanded AHL-
binding sites indicated by the TraR and LasR X-ray structures,
respectively, assuming that these non-native AHLs target the
same site.””*" While a structure for LuxR is yet to be reported,
using this same reasoning, the LuxR pharmacophore reflects a
ligand-binding site that is more similar to TraR than LasR. How-
ever, it is challenging to fully rationalize the selectivity profiles
for the AHLs in this study using these calculated pharmaco-
phores. Structural studies of the R proteins with various ligands
(e.g., by X-ray crystallography) will better illuminate the differ-
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Figure 1. Pharmacophore models for AHL modulators of A) TraR, B) LasR,
and C) LuxR calculated from primary screening data for libraries A-D. Green
represents hydrophobic/aromatic features, red represents hydrogen-bond
donor features, and orange represents hydrogen-bond acceptor features of
the pharmacophore. Each pharmacophore is depicted with a selected set of
active AHLs to highlight the varying features between the three pharmaco-
phore models: OOHL (1), A11, C10, and D6 for TraR, OdDHL (2), C10, C14,
and D18 for LasR, and OHHL (3), C6, C10, and C14 for LuxR.

ences in activities, and are ongoing in our laboratory. These
pharmacophore models are significant nonetheless as—to our
knowledge—they are the first reported for AHL-derived QS
modulators. We anticipate that these models, along with the
extensive SAR data outlined above, will guide the design of
new QS modulators with improved activities and selectivities,
and provide new avenues to study the chemistry and biology
of bacterial communication.

Conclusions

Synthetic modulators of quorum sensing (QS) represent valua-
ble chemical tools for fundamental studies of bacterial cell-cell
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signaling and for future biomedical and environmental applica-
tions. The majority of the known QS modulators in Gram nega-
tive bacteria are N-acylated homoserine lactones (AHLs). In this
study, we have delineated key structural features of synthetic
AHLs that render these ligands antagonists and agonists of QS
in three species: A. tumefaciens, P. aeruginosa, and V. fischeri.
These structure-activity relationships (SARs) were determined
by the design and synthesis of four focused libraries of AHLs,
and the systematic screening of these libraries in bacterial re-
porter strains. Both species-selective and multispecies modula-
tors of QS were identified.

This work is significant, as it represents the first comparative
study of AHL-derived QS modulators across different bacterial
species. Moreover, this work provides a foundation on which
to design next-generation AHLs, and synthetic ligands in gen-
eral, with improved activities and selectivities for QS. The phar-
macophores reported herein for AHL modulators of TraR, LasR,
and LuxR will shape these future design efforts. Lastly, we have
discovered several of the most potent synthetic antagonists
and agonists of QS known (e.g., A4, B7, C10, and C14), as well
as a set of photoactive AHL probes (C17, D20, and D21),
which serves to further underscore the utility of focused com-
binatorial libraries for the identification of QS modulators. On-
going work is directed at fully elucidating the mechanisms of
QS agonism and antagonism by these synthetic AHLs and de-
signing new AHL and non-AHL derived ligands; these studies
will be reported in due course.

Experimental Section

Reporter gene assays: The three bacterial reporter strains used in
this study were: A. tumefaciens WCF47 (Atral) harboring a plasmid-
born tral-lacZ fusion (pCF372),"® E. coli DH5a harboring the LasR
expression vector pJN105L and a plasmid-born lasi-lacZ fusion
(pSC11),5? and V. fischeri ES114 (Alux/).?¥ The TraR, LasR, and LuxR
antagonism and agonism assays were performed as previously re-
ported."®?? Positive controls for antagonism assays (native ligand
at its ECg, value) and for agonism assays (native ligand at concen-
trations that gave maximal activity) were set to 100%. The concen-
trations of synthetic AHL ligand used in the antagonism and ago-
nism assays, and the relative ratios of synthetic ligand to native
ligand (1:1 to ~100:1) in the antagonism assays, were chosen to
provide the most obvious differences between inhibitors and acti-
vators for each bacterial reporter strain (see Table 1 for details).*®
None of the control compounds (1-9) or library members was ob-
served to be insoluble or affect bacterial growth over the time
course of these assays. In addition, no ligand was found to de-
grade (by lactonolysis or reaction with biological reagents) over
the time course of these assays (as determined by LC-MS or GC-
MS; data not shown).

Pharmacophore calculations: All computational experiments were
performed using the MOE software suite (v. 2006.08; Chemical
Computing Group of Canada). Pharmacophores (PH4s) were calcu-
lated according to established methods.®***! In brief, a database
containing all of the AHL structures in libraries A-D was created by
importing ChemDraw (v. 10.0, Std.; CambridgeSoft) .sdf files for
each ligand into MOE. These compounds then were minimized
using the MMFF force field to an energy gradient of <0.01 to
create a 3D structural database. After minimization, a conforma-
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tional import was performed in MOE to create a second database
that retained 100 of the lowest energy conformations for each
member of libraries A-D. A field for activity was created in this da-
tabase, and each ligand was designated as either active (1) or in-
active (0). This assignment was based on the primary antagonism
and agonism data for the three bacterial strains investigated in this
study. All of the ligands that showed either >50% inhibition or
>25% activation of TraR, LasR, or LuxR were designated as active
(1); those with lower activities were designated inactive (0). Sepa-
rate PH4s were created for each R protein, which took into account
both active and inactive ligands, by using the pharmacophore elu-
cidator in MOE (see the Supporting Information for parameter de-
tails).

Each PH4 was examined for best score of accuracy (acc) in MOE,
which was designated acc1 for active compounds and accO for in-
active compounds. The three PH4s reported in this study were se-
lected based on an accl value >0.50 (50%) and an accO value
>0.50 (50%). This selection was made such that >50% of the
active compounds were able to match the PH4, while >50% of
the inactive compounds were unable to match the PH4. Based on
the overall structural similarity of the compounds in libraries A-D,
this designation allowed for the determination of a PH4 that best
describes the overall properties of an active AHL modulator for
each R protein. The graphical representations of the PH4s shown
in Figure 1 were generated in MOE by using the pharmacophore
query editor with no modifications to the PH4s performed.
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