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Abstract: Bacteria use a language of low molecular weight ligands to assess their population densities in
a process called quorum sensing. This chemical signaling process plays a pivotal role both in the
pathogenesis of infectious disease and in beneficial symbioses. There is intense interest in the development
of synthetic ligands that can intercept quorum-sensing signals and attenuate these divergent outcomes.
Both broad-spectrum and species-selective modulators of quorum sensing hold significant value as small-
molecule tools for fundamental studies of this complex cell—cell signaling process and for future biomedical
and environmental applications. Here, we report the design and synthesis of focused collections of non-
native N-acylated homoserine lactones and the systematic evaluation of these ~90 ligands across three
Gram-negative bacterial species: the pathogens Agrobacterium tumefaciens and Pseudomonas aeruginosa;
the model symbiont Vibrio fischeri. This study is the first to report and compare the activities of a set of
ligands across multiple species and has revealed some of the most potent synthetic modulators of quorum
sensing to date. Moreover, several of these ligands exhibit agonistic or antagonistic activity in all three
species, while other ligands are only active in one or two species. Analysis of the screening data revealed
that at least a subset of these ligands modulate quorum sensing via a partial agonism mechanism. We
also demonstrate that selected ligands can either inhibit or promote the production of elastase B, a key
virulence factor in wild-type P. aeruginosa, depending on their concentrations. Overall, this work provides
broad insights into the molecular features required for small-molecule inhibition or activation of quorum
sensing in Gram-negative bacteria. In addition, this study has supplied an expansive set of chemical tools
for the further investigation of quorum-sensing pathways and responses.

Introduction on a host and overwhelming its defenéesSymbiotic bacteria,
) ) ) in contrast, have co-opted quorum-sensing pathways to com-

Bacteria produce and monitor low molecular weight mol-  nence mutually beneficial relationships with their hosts at high
ecules (autoinducers) to assess their population densities in gg|| densitie€78 As interception of quorum sensing represents
behavior called quorum sensifig? The concentration of these g strategy to possibly control both pathogenesis and symbiosis,
signaling molecules in a given environment is proportional to there is significant interest in the development of non-native
the bacterial cell density. When bacteria reach a sufficiently ligands that can block or mimic native autoinducer signals and
high population density, they will alter gene expression so as attenuate quorum-sensing outcorfé$Such molecules would
to carry out a range of processes that require the cooperationrepresent tools to study the molecular mechanisms of quorum
of a large number of cells, including secretion of virulence sensing and probe its validity as an anti-infective tafget.
factors, biofilm formation, antibiotic production, biolumines- Quorum sensing is best characterized in the Gram-negative
cence, sporulation, and conjugation. These diverse processegroteobacteria, which usH-acylated:-homoserine lactones
have widespread and often devastating effects on human health; — -

. . . (4) de Kievit, T. R.; Iglewski, B. Hlnfect. Immun200Q 68, 4839-4849.
agriculture, and the environment. In the case of pathogenic (5) Hall-Stoodley, L.; Costerton, J. W.; Stoodley Nait. Rev. Microbiol. 2004
bachrla, quorum sensing allows thg bacteria to amass in \2/\“?];202 CTrends Microbiol 1968 6, 362383,
sufficiently high densities before launching a coordinated attack (7) Greenberg, E. P., Quorum Sensing in Gram-Negative Bacteria: An

Important Signaling Mechanism in Symbiosis and Diseaséirobial
Ecology and Infectious Diseas@osenberg, E., Ed.; American Society for

(1) Bassler, B. L.; Losick, RCell 2006 125 237—246. Microbiology: Washington, DC, 1999; pp 1+422.

(2) Waters, C. M.; Bassler, B. LAnn. Re. Cell Dev. Biol. 2005 21, 319- (8) Ruby, E. G.AAnnu. Re. Microbiol. 1996 50, 591-624.
346. (9) Lyon, G. J.; Muir, T. W.Chem. Biol.2003 10, 1007-1021.

(3) Fuqua, C.; Parsek, M. R.; Greenberg, EARnu. Re. Genet.2001, 35, (10) Gonzalez, J. E.; Keshavan, N.icrobiol. Mol. Biol. Res. 2006 70, 859—
439-468. 875.
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Figure 1. Generic structure for aN-acylated:e-homoserine lactone (AHL), selected native AHL ligandls8), known synthetic antagonists of R protein
function @—9), and known synthetic super-activators of R protein functibd—12). The numbers of carbons (C) in selected aliphatic acyl groups are
indicated for clarity.

(AHLs, Figure 1) and their cognate cytoplasmic receptors (R A Low cell density
proteins) for intercellular signaling1® The AHL ligand is Low [AHL]
generated by inducer synthases (I proteins) at low basal levels,
and high cell densities are required to achieve a sufficient
intracellular concentration of ligand for R protein binding.
Thereafter, the AHL:R protein complex most often homodimer-
izes and activates transcription of target genes required for
bacterial group behavior. A schematic of this process is shown
in Figure 2. Thus, through quorum sensing, bacterial populations
can efficiently couple gene expression to fluctuations in cell No transcription of target gene
density. To date, this signaling process has been extensively
studied in three Gram-negative bacterfgrobacterium tume-
faciens Pseudomonas aerugings&ibrio fischeri As such,
these three species represent excellent model organisms for B
intervention with synthetic quorum-sensing modulators and are
the focus of this study.

A. tumefaciensP. aeruginosaandV. fischerieach utilize
quorum sensing for remarkably different purposéstumefa-
ciensis a widespread plant pathogen and uses quorum sensing
in its induction of crown gall tumors on plant hosts under the
control of N-(3-oxooctanoyl)--homoserine lactone (OOHLL;
Figure 1) and its receptor, TraRTraR is the only R protein

bacterium

High cell density
High [AHL]

for which a three-dimensional structure of the receptor bound Transcription of target gene
to ligand and DNA has been determined by X-ray crystal- frigure 2. Schematic of quorum sensing in Gram-negative bacteria.
lography516This X-ray structure revealed that the OOHL):( Transcriptional activation shown. (A) Bacteria constitutively produce small

TraR complex binds DNA as a homodimer and that OOBRL ( amounts AHL synthase (I protein) ano[ therefore AHL. Thgse Iiganqls are
capable of diffusing out of the cell and into other cells by either passive or

is completely engulfed in a hydrophobic site on TraR upon DNA  ,ive diffusion processes. (B) At a high cell density, the concentration of

binding. AHL reaches a threshold level within the cell, and the AHL binds its cognate
P. aeruginosds both a plant and animal pathogen and uses receptor (an R protein). The AHL:R protein complex then binds a target

two AHL signaling molecules,N-(3-oxododecanoyl)-ho- promoter sequence as a homodimer (or hlg_her order multimers) and activates

. ] transcription. AHL= N-acylatede-homoserine lactone.

moserine lactone (OdDHL2; Figure 1) andN-butanoylt-

homoserine lactone, and two R proteins, LasR and RhIR, There is tremendous interest in AHL-mediated quorum sensing

respectively, to control the expression of an arsenal of virulence in P. aeruginosadue to the prevalence of this opportunistic

factors that cause extensive tissue damage during infe€ti§n.  bacterium in life-threatening hospital-acquired infectiérasd

in chronic lung infections associated with cystic fibro$ig&n

(11) Fuqua, C.; Greenberg, E. Rat. Rer. Mol. Cell Biol. 2002 3, 685-695. - i i _bindi i
(12) Whitehead, N. A.; Barnard, A. M.; Slater, H.; Simpson, N. J.; Salmond, X-ray structure of the Nerminal “gand blndlng domain of Ifa.SR
G. P.FEMS Microbiol. Re. 2001, 25, 365-404. complexed to OdDHLZ) was recently reported and exhibited

(13) Welch, M.; Mikkelsen, H.; Swatton, J. E.; Smith, D.; Thomas, G. L.; P i i
Glansdorp, F. G.: Spring, D. Rdol. Biosyst 2005 1. 198-202. a structure highly homologous to that of TraR, albeit with a

(14) zhu, J.; Oger, P. M.; Schrammeijer, B.; Hooykaas, P. J.; Farrand, S. K.; slightly expanded ligand-binding pocket to accommodate its
Winans, S. CJ. Bacteriol.200Q 182 3885-3895. ; FoAi f

(15) zhang, R. G.; Pappas, T.; Brace, J. L.; Miller, P. C.; Oulmassov, T.; Iarger cognate “gan%P'SImllar to OOHL a') in TraR, OdDHL
Molyneaux, J. M.; Anderson, J. C.; Bashkin, J. K.; Winans, S. C.;

Joachimiak, ANature 2002 417, 971-974. (18) Smith, R. S.; Iglewski, B. HCurr. Opin. Microbiol. 2003 6, 56—60.
(16) Vannini, A.; Volpari, C.; Gargioli, C.; Muraglia, E.; Cortese, R.; De  (19) Lyczak, J. B.; Cannon, C. L.; Pier, G. Blin. Microbiol. Re.. 2002 15,

Francesco, R.; Neddermann, P.; Marco, SEMBO J.2002 21, 4393— 194-222.

4401. (20) Bottomley, M. J.; Muraglia, E.; Bazzo, R.; Carfi, A. Biol. Chem2007,
(17) Van Delden, C.; Iglewski, B. HEmerg. Infect. Dis1998 4, 551—560. 282, 13592-13600.
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(2) was shown to be completely engulfed in the LasR ligand- sensing) are also of significant interest, as they could potentially
binding site. Biochemical experiments with both TraR and LasR initiate bacterial group behaviors at lower cell densities than
suggest that native ligand is required for the folding of these required in natural environments. However, only three such
proteins into their mature tertiary structures in vitro and ligand super-activators of quorum sensing have been reported to date.
is bound almost irreversibR#22 These three ligands are shown in Figure\t(3-oxoheptanoyl)-

In contrast to these two bacterial pathogevisfischeriuses andN-(3-oxooctanoyleL-homoserine thiolactonet@and11)
quorum sensing to mediate a beneficial symbiosis. This marine capable of super-activating the LuxR homolog SdiASalmo-
bacterium colonizes the light-producing organs of certain marine nella enterica***®and the triphenyl signal mimicl@) capable
fish and squids and uses quorum sensing to initiate biolumi- of super-activating Laské
nescence and other mutually beneficial processes at high cell Clearly, new synthesis and design strategies are needed to
densities$$11.22 Quorum sensing is mediated in part bi(3- expand the current set of quorum-sensing modulators active in
oxohexanoyl)--homoserine lactone (OHHL3; Figure 1) and Gram-negative bacteria. Unfortunately, the structures of the few
its cognate receptor, Lux®.The LuxR protein has been shown known antagonists and agonists vary considerably and their
to bind OHHL @) reversibly in vitro, suggesting that its ligand- mechanisms of action are unclédf 337 thus, no obvious
binding site is more accessible than both TraR and L#&sR; rationales have emerged for new ligand design. Moreover, to
structural data have not been reported, however, to support thisour knowledge, the known antagonists and agonists of quorum
hypothesis. As AHL-mediated quorum sensing was first char- sensing have been examined primarily in one bacterial species.
acterized irV. fischerj the LuxR system represents the canonical Therefore, we currently do not know whether these compounds
quorum sensing circuit in Gram-negative bactétia. target one R protein selectively or if they can modulate the

Considerable research efforts over the past 20 years havefunctions of a range of different R proteins. As such, the
focused on the design and synthesis of ligands that can disruptmolecular features that confer selectivity or broad-range activity
AHL —R protein binding and inhibit quorum-sensing outcomes to synthetic quorum-sensing modulators in Gram-negative
in these three bacterial specfés*® However, synthetic an-  bacteria remain unknown. The moderate sequence homology
tagonists of quorum sensing remain scarce. The known antago-in the putative ligand-binding sites of thes0 known R proteins
nists are mainly structural mimics of native AHLs, and four of (70—-80%) suggests that if non-native ligands target these sites,
the most active R protein antagonists are shown in Figure 1: both R protein-selective and broad-spectrum ligands potentially
N-heptanoyle-homoserine lactoned) reported by Zhu et al.  could be develope#1? Ligands with either of these activity
and active against Traf®; N-(3-oxophenylbutanoyl)- andl- profiles would be of significant value as chemical probes to
(phenylbutanoyl)--homoserine lactone$ @nd6) reported by study quorum sensing, most notably in natural environments
Reverchon et al. and active against Lu$&he 2-aminophenol harboring multiple species.
analog of OdDHL ) reported by Smith et al. and active against ~ To address these challenges, we have been engaged in the
LasR¥ Likewise, compounds exhibiting heightened activities design of focused, combinatorial libraries of synthetic ligands
relative to native AHLs (i.e., “super-activators” of quorum for the modulation of quorum sensing in a range of different
bacteria’~2° Our preliminary work has resulted in the identi-

(21) Zhu, J.; Winans, S. ®roc. Natl. Acad. Sci. U.S.R001, 98, 1507-1512.

(22) Schuster, M.; Urbanowski, M. L.; Greenberg, EPRoc. Natl. Acad. Sci. fication of five potent modulators of R protein function in either
U.S.A.2004 101, 15833-15839. i i ; = ;
(23) Visick, K. L.; Ruby, E. G.Curr. Opin. Microbiol. 2006 9, 632-638. A, tume_fauen,sP. aeruginosa or V. fischeri Incmdmg the
(24) Lupp, C.; Urbanowski, M.; Greenberg, E. P.; Ruby, EMaI. Microbiol. antagonistdN-(4-bromophenylacetanoyl}-homoserine lactone
2003 50, 319-331. _ i ; 47,50
(25) Urbanowski, A. L.; Lostroh, C. P.; Greenberg, E.JPBacteriol.2004 ,(4_ ,bromo PHL8) and mdo!e ,AHL e) (Flgure l)j These
186 631-637. _ o initial studies surveyed a limited set of non-native AHLs and
(26) fg’géhﬂ‘é' é;VX(')d”g' C. A McBath, P.; Schineller, JABch. Microbiol. were primarily focused on the discovery of R protein antagonists
(27) Schaefer, A. L.; Hanzelka, B. L.; Eberhard, A.; Greenberg, E. Bacteriol. in one bacterial species. Here, we report the design and synthesis
1996 178 2897-2901. : . At
(28) Passador, L.; Tucker, K. D.; Guertin, K. R.; Journet, M. P.; Kende, A. S.; of four_ focused libraries of non-native AHLS_' the para_\IIeI
29 Igllewski, B. H.J. Bacteri?l.19|36 178 5395—6000. ) § evaluation of these-90 compounds for R protein antagonism
29) Kline, T.; Bowman, J.; Iglewski, B. H.; de Kievit, T.; Kakai, Y.; Passador, . . . . .
L. Bioorg. Med. Chem. Let11999 9, 34473452, and agonism in all three speciés fumefaciens?. aeruginosa

(30) zhu, J.; Beaber, J. W.; More, M. |.; Fuqua, C.; Eberhard, A;; Winans, S. andV. fischer), and a detailed analysis of these comparative

31) %eija??feﬁg};;agﬁi’lﬁﬂ ﬁﬁiﬁ?j‘%ﬁk@uchi, N Kuroda, A Kato, 3. Screening data. Each of the libraries was designed to probe the

Ohtake, H.Chem. Lett2001, 314-315. role of key features of AHL structure on quorum-sensing
(32) Reverchon, S.; Chantegrel, B.; Deshayes, C.; Doutheau, A.; Cotte-Pattat, .. includi | chain | h | h .
N. Bioorg. Med. Chem. LetR002 12, 1153-1157. activity, including acyl chain length, lactone stereochemistry,

(33) Castang, S.; Chantegrel, B.; Deshayes, C.; Dolmazon, R.; Gouet, P.; Hasergnd functionality on the acyl group. These studies represent the
R.; Reverchon, S.; Nasser, W.; Hugouvieux-Cotte-Pattat, N.; Doutheau,

A. Bioorg. Med. Chem. LetR004 14, 5145-5149.
(34) Frezza, M.; Castang, S.; Estephane, J.; Soulere, L.; Deshayes, C.; Chantegre(44) Janssens, J. C.; Metzger, K.; Daniels, R.; Ptacek, D.; Verhoeven, T.; Habel,

B.; Nasser, W.; Queneau, Y.; Reverchon, S.; DouthealBidorg. Med. L. W.; Vanderleyden, J.; De Vos, D. E.; De Keersmaecker, SAfhI.
Chem.2006 14, 4781-4791. Environ. Microbiol. 2007, 73, 535-544.
(35) Hentzer, M.; et alEMBO J.2003 22, 3803-3815. (45) We note that a native AHL ligand for this SdiA receptor is yet to be
(36) Persson, T.; Hansen, T. H.; Rasmussen, T. B.; Skinderso, M. E.; Givskov, reported; therefore, terming compounti$ and 11 super-activators must
M.; Nielsen, J.Org. Biomol. Chem2005 3, 253-262. be done with caution. We include these compounds here to provide a
(37) Rasmussen, T. B.; Givskov, Mlicrobiology 2006 152, 895-904. comprehensive discussion.
(38) Smith, K. M.; Bu, Y. G.; Suga, HChem. Biol.2003 10, 81—89. (46) Muh, U.; Hare, B. J.; Duerkop, B. A.; Schuster, M.; Hanzelka, B. L.; Heim,
(39) Smith, K. M.; Bu, Y.; Suga, HChem. Biol.2003 10, 563-571. R.; Olson, E. R.; Greenberg, E. Proc. Natl. Acad. Sci. U.S.£006 103
(40) Jog, G. J.; Igarashi, J.; Suga, €hem. Biol.2006 13, 123-128. 16948-16952.
(41) Glansdorp, F. G.; Thomas, G. L.; Lee, J. J. K; Dutton, J. M.; Salmond, G. (47) Geske, G. D.; Wezeman, R. J.; Siegel, A. P.; Blackwell, H. Bm. Chem.
P. C.; Welch, M.; Spring, D. ROrg. Biomol. Chem2004 2, 3329-3336. S0c.2005 127, 12762-12763.
(42) Muh, U.; Schuster, M.; Heim, R.; Singh, A.; Olson, E. R.; Greenberg, E. (48) Lin, Q.; Blackwell, H. E.Chem. Commur2006 2884-2886.
P. Antimicrob. Agents Chemothe2006 50, 3674-3679. (49) Gorske, B. C.; Blackwell, H. EDrg. Biomol. Chem2006 4, 1441-1445.
(43) Taha, M. O.; Al-Bakri, A. G.; Zalloum, W. ABioorg. Med. Chem. Lett. (50) Geske, G. D.; O'Neill, J. C.; Blackwell, H. ACS Chem. Biol2007, 2,
2006 16, 5902-5906. 315-320.
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Scheme 1 . Solid-phase Synthetic Route to AHL Libraries A—D? except the final cyclizationcleavage step was performed at RT (room
o] temperature) for 24 h. The 1,3-dioxolane proteg¢ideto acids building
O/'\NHE a b O/\NJ\"“\VS“‘ blocks @7) were prepared via 5621 modified ver_sion qf _the methods
13 14: N-Fmoc-L-Met™ H NH, 15 —l reported by Barnick and Ra_thRé. Sulfonyl chloride building blocks
(18) were prepared according to the method reported by Castang et
al 3 Control compound’ was prepared in solution according to our
previously reported methdd.Purities and isolated yields for libraries
c 0 o j\ Y A—D, the native ligands, and the control compounds were 3%
O/\N)H oSS 8L Ry TN and 55-75%, respectively. Compounds were submitted to biological
o H un_ o HH 0 assays following resin cleavage and an aqueous workup without further
R1)LOH 19 f Library A-D purification. Full characterization data for the active compounds in
16 ! Tables 1 and 2 can be found in the Supporting Information.
Compound Handling. Stock solutions of synthetic compounds (10
¢ R s e o O mM) were prepared in DMSO and stored at room temperature in sealed
— O/\HJ\ N — R )J\/U\N B 0 vials. The amount of DMSO used in small molecule screens did not
a. o9 HN._-0 z HH o exceed 2% (by volume). Solvent resistant polypropylene or polystyrene
R; OH 20 0 Library A 96-well multititer plates were used when appropriate for small molecule
17 screening. The concentrations of synthetic AHL ligand used in the
Rz primary antagonism and agonism assays and the relative ratios of
o o synthetic ligand to native ligand (1:1 t8100:1) in the antagonism
d O/\NJ\'“\\/S\ & Ha’ﬁ‘N/EE:(O assays were chosen to provide the most obvious differences between
llili H un. O OHH inhibitors and activators for each bacterial reporter strain. The
Rs=$—Cl 29 d?\,qs Library A concentration of native ligand used in the antagonism assays was
O 18 approximately equal to its Egvalue in each bacterial reporter strain.
*Reagents and Condions: (a) DIC, HOBY CHONE, w s0-c. o EEE . C 2 oee St e e, Agrobacternum
10 min; (b) DMF,uW 150 °C, 7 min; (c) DIC, CHCYDMF, uW 50 °C, e ; ; ’ 8
10 min; (d) DMAP, CHC}, W 50 °C, 10 min; (e) CNBr, TFA, CHGY (AB) minimal medium was prepared as previously repoffdcuria—
H,0, RT, 24 h. Notes and abbreviationsx] N-Fmoco-Met (14) used in Bertani (LB) and LB salt media (LBS) were prepared as instructed
the construction of compound&l—B5; DIC = N,N'-diisopropylcarbodi- with pH = 7.5 (LBS contained an additional 1.5% NacCl, 0.3% glycerol,
imide; HOBt= N-hydroxybenzotriazole; DMF= N,N-dimethylformamide; and 50 mM Tris-HCI®* Buffers and solutions (Z buffer, 0.1% aqueous

Fmoc = 9-fluorenylmethoxycarbonyl; Met= methionine; DMAP =
4-(dimethylamino)pyridinexW = temperature-controlled microwave ir-
radiation.

SDS, and phosphate buffer) for Miller absorbance assay#\.in
tumefaciensndE. coliwere prepared as describ@dhe three bacterial
reporter strains used in this study wer&: tumefacien®WCF47 (A-

. . . L ot - tral) harboring a plasmid-borntral-lacZ fusion (pCF372f° E. coli
first comparative investigation of non-native AHL function DH5a. harboring the LasR expression vector pJN105L and a plasmid-

across _multiple Gram-negative_ bacteria. _They have revealed an, .. "n-c| 1ac7 fusion (PSC11J* V. fischeri ES114 A-luxl) P.
expansive new set of synthetic R protein modulators and the 4eryginosaPAO1L was used in elastase B production asaysl
most comprehensive set of structwactivity relationships bacteria were grown in a standard laboratory incubator with shaking
(SARs) for non-native AHL ligands reported to date. Further- (200 rpm) unless noted otherwise. Absorbance and luminescence
more, we have identified quorum-sensing modulators that are measurements were obtained using a Perkin-Elmer Wallac 2100
either selective for one or two species or are active in all three EnVision multilabel plate reader using Wallac Manager v1.03 software.
species. Several of these ligands are among the most potenfll bacteriological assays were performed in triplicate.
modulators of R protein function known, with the ability to A tumefaciensReporter Gene Assay Protocolstor primary TraR
inhibit or even super-activate R protein function at 10-fold lower 290nism assays, an appropriate amount of concentrated control or AHL
concentrations than the native AHL ligand. We present our So¢k solution (to give a final concentration of xM) was added to

. . . . wells in a 96-well multititer plate. An overnight culture oA.
current rationales for the mechanisms of R protein modulation

. . . tumefacien®WCF47 (pCF372) was diluted 1:10 with fresh AB minimal
by these non-native AHLs, most notably by a partial agonism medium containing 40@g/mL octopine and 5@g/mL streptomycin.

pathwgy. To.get.h.er, the ligands described herein ha\(e the A 200 L portion of the diluted culture was added to each well of the
potential to significantly broaden the current understanding of muttititer plate containing AHLs. Plates were incubated ar@sfor

quorum sensing and its roles in he$acteria interactions. 18-24 h. The cultures were then assayedfdegalactosidase activity
) ) following the Miller assay methot.Briefly, 200uL aliquots of bacteria
Experimental Section from each of the wells were added to wells of a 96-well multititer plate,

and the Olgy of each well was recorded. Next, M aliquots from
each well were transferred to a solvent resistant 96-well multititer plate
containing 20QuL Z buffer, 8uL CHCls, and 4uL 0.1% aqueous SDS.
This suspension was mixed via repetitive pipetting, after which the
CHCI; was allowed to settle. A 100L aliquot from each well was

{ transferred to a fresh 96-well multititer plate, and/20of substrate,
o-nitrophenyl$-p-galactopyranoside (ONPG, #g/mL in phosphate

Chemistry. All reagents and solvents were purchased from com-
mercial sources and used without further purification, with the exception
of dichloromethane (CKl,), which was distilled over calcium hydride.
All solid-phase syntheses were performed using aminomethyl poly-
styrene resin (EMD Biosciences, 16200 mesh; loading 1:11.2
mmol/g). Microwave-assisted solid-phase reactions were carried ou
using either Milestone or CEM commercial microway&\() reactors
under temperature control. Full details of the instrumentation and (51) Barnick, J. W. F. K_; van der Baan, J. L.; BickelhauptSinthesi< 979

analytical methods used in this work can be found in the Supporting 79, 787-788.
Information (52) Rathke, M. W.; Nowak, M. ASynth. Commuri985 15, 1039-1049.

(53) Miller, J. H. Experiments in Molecular Genetic€old Spring Press:
Ligand Synthesis.AHL libraries A—D, OOHL (1), OdDHL (2), Plainview, NY, 1972; pp 352355.

and OHHL @), and the control compounds-6, 8, and9 were prepared (54) Lee., J. H.; Lequette, Y.; Greenberg, EMl. Microbiol. 2006 59, 602—
according to Scheme 1 using reported methods on a 20 mg“cale, (55) Stover, C. K.; et alNature 200Q 406, 959-964.
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buffer), was added at time zero. After the development of appropriate Modifications to the lactone ring of AHLSs, including inversion
yellow color (ca. 26-30 min), the reaction was terminated by the of stereochemistd and replacement of the lactone with
addition of 50uL of 1 M Na,COs. Absorbances at 420 and 550 nm  gifferent carbocyclic or heterocyclic functionalitiéis;28:38-41

were measured for each well using a plate reader, and Miller units have been examined to a lesser extent. Clear SARS for quorum-
were calculated according to standard metfidBrimary TraR = gonqing modulators are yet to be established due to the relatively
antagonism assays were performed in a similar manner except the AHLIimited set of ligands examined to date. The use of different

or control was screened at 11 against 100 nM OOHL ). bacterial ter strai d d i isti
E. coli LasR Reporter Gene Assay ProtocolsEor primary LasR acterial reporter strains and assay procedures 1o assess agonistic

agonism assays, an appropriate amount of concentrated control or AHLO.r antagonistic a(_:t'V't'eS against the Same R protein ha§ furthgr
stock solution (to give a final concentration ofid1) was added to hindered comparison between past studies. Our analysis of this

wells in a 96-well multititer plate. An overnight culture Bf coli DH5c. prior work, however, revealed the following broad trends for
(pIN105L pSC11) was diluted 1:10 with fresh LB medium containing Synthetic R protein modulators A tumefaciend?. aeruginosa
100ug/mL ampicillin and 15«g/mL gentamicin. This subculture was  and V. fischeri (1) Changing the number of carbons in the
incubated at 37C until ODsoo = 0.3 (4-6 h). Arabinose (4 mg/mL)  acyl chain relative to the native AHL by-13 carbons can

was then added to induce the LasR promoter, and a«2qfbrtion of weaken a ligand’s agonistic activity and/or convert the ligand
this culture was added to each well of the multititer plate containing into a weak antagoni§?728'3°v33v34 (2) Inversion of lactone

AHLs. Plates were incubated at 3T until ODsoo = 0.45 (4-6 h).

.The f:u'tures were 'then assayed for LasR activity by follow'lng the nistic activities for AHLs with nativé' and non-native acyl
identical 5-galactosidase assay protocols used in Aheumefaciens

reporter gene assays (see above). Primary LasR antagonism assays Wep@ams‘.‘l ©) IntrOdUCt'qn of terminal ph_enyl m0|et|t_es.on th_e.
performed in a similar manner except the AHL or control was screened @CYy! group can result in compounds with antagonistic activi-
at 54M against 7.5 nM OdDHL 2). ties 2732344750

V. fischeri Reporter Gene Assay ProtocolsFor primary LUxR These broad trends did not provide us with an obvious
agonism assays, an appropriate amount of concentrated control or AHLstrategy for the rational design of new AHLs that modulate
stock solution (to give a final concentration of 200) was added to  quorum sensing in these three bacteria. However, they did offer
wells in a 96-well multititer plate. An overnight culture ®f fischeri a foundation on which to design focused, combinatorial libraries
ES114 Q-luxl) was diluted 110 with LBS medium. A 204 portion of non-native AHL ligands to systematically examine the
of the d”uwd. culture was added to each WE” of the multititer plate. structural features required for agonistic or antagonistic activity
Plates were incubated at RT until the @P= 0.35-0.4 (4-6 h). . . . .

across the three species. In this study, we sought to investigate

Luminescence then was measured and normalized to cell density/well. ! . .
Primary LuxR antagonism assays were performed in a similar manner tNré€ key structural features of AHLs: (1) acyl chain length;

except the AHL or control was screened atM against 5:M OHHL (2) lactone stereochemistry; (3) functional group diversity in
Q). the acyl chain. We designed four focused libraries of AHLs

Dose Response Reporter Gene AssayRhe dose response reporter  (A—D) that allowed us to probe each of these features
gene assays were performed according to the protocols outlined abovejndividually and in tandem (shown in Figures 3 and 4). The
except the concentrations of control compounds and AHLs were varied X-ray crystal structure of TraR (i.e., the ligand-binding site)
between 2x 1072 and 2 x 10° nM. ICso and EGo values were  was also used to guide our initial ligand desi§A?

calcula_ted using GraphPad Prism software (v. 4.0) using a sigmoidal Design of AHL Libraries A —D. Library A was designed to
curve fit. . : .
Elastase B Production A ip . Elastase B activit test the effects of different aliphatic acyl, 3-oxoacyl, and sulfonyl
_ —lastase brroduction Assay ITF. aeruginosatiastase b activity groups on AHL ligand activity in the three bacterial species
in P. aeruginosawas measured according to a previously reported . - : .
(Figure 3A). This library contained the most structurally simple

method3® with the following modificationsP. aeruginoséPAO1 was o ) . .
grown overnight at 37C and then diluted 1:10 with fresh LB medium. AHL derivatives examined in this study, and several of these

Portions (2 mL) of this culture were added to test tubes containing ligands have been shown to modulate R protein function
synthetic compounds to give final compound concentrations pf\20 previously (albeit largely in different bacterial strains than those
or 200uM. The tubes were incubated for 424 h at 37°C. The ORgo utilized in this studyf6-28.30.33Therefore, library A was also
was measured for each tube, after which the contents of the tubes weredesigned to provide critical benchmark R protein activation and
filtered through a 0.2m Whatman filter to remove all cellular matter.  jnhibition data. Library B was designed to investigate the roles
A 100uL aliquot of the supernatant was added to 20@f an elastin- — of the following AHL structural features: (1) lactone stereo-
Congo red solution (5 mg of elastiCongo red substrate/1 mL of buffer chemistry; (2) acyl group aromaticity; (3) alkyl “spacer” length
(100 mM Tris-HCI, 1 mM CaGJ, pH 7.2)) and incubated for 12 h at between aromatic groups and the HL ring (Figure 3B). We
37 °C with 250 rpm shaking. The contents of these tubes were then - b '
examined these three features by perturbing the structures of

filtered to remove unreacted elasti€ongo red substrate, and the . ) h . .
supernatant containing cleaved Congo red was isolated. A200 ~ KNOwn active compounds: the native agonist OOH); (he

aliquot of the supernatant was added to a 96-well multititer plate, and COntrol antagonists of Reverchon et ab and 6);32 our

the ODyg, Was measured. Elastase B activity was calculated by dividing Previously reported antagonists, 4-bromo P&tind indole AHL

the absorbance of the cleaved Congo red solution,@Dy the cell 9 (Figure 1).

density (ORoo of the cells before first filtration). Library C consisted entirely of PHLs and was designed to

systematically examine the role of phenylacetanoyl group

substituents on R protein antagonism and agonism (Figure 3C).

This library was inspired in part by the strong antagonistic
General Considerations for Ligand Design AHLs bearing activity of 4-bromo PHLS8 toward TraR and LasR reported

non-native acyl chains represent the most extensively studiedpreviously by our laborator{’. Further, we recently examined

structure class of synthetic quorum-sensing modulator&.in  a subset of the PHLs in library C in LuxR antagonism and

tumefaciens P. aeruginosa and V. fischeri26-30.32-34,41,47,50 agonism assays and identified several potent inhibitors and

stereochemistryL(to p) nearly abolishes agonistic and antago-

Background: AHL Library Design and Biological
Assay Formats
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Figure 3. Structures of AHL libraries A-C. (A) Library A. General structural features tested: (1) aliphatic acyl group length; (2) replacement of acyl
carbonyl with a sulfonyl group. The numbers of carbons (C) in aliphatic acyl groups are indicated for clarity. (B) Library B. General structteal featu
tested: (1) lactone stereochemistry in OOH). &nd control compounds 6, 8, and9; (2) acyl chain alkyl spacer length and aromaticity in control compounds

8 and9. (C) Library C. PHL= N-(phenylacetanoyl)-homoserine lactone. General structural features tested: (1) different substituents; (2) their placement
on the acyl group phenyl ring.

activators of LuxR® we sought to build on these initial findings We selected three bacterial reporter strains for the R protein
in this study. Last, library D contained the most structurally antagonism and agonism assays in this stullytumefaciens
diverse set of non-native AHLs synthesized to date (shown in WCF47 (pCF372¥° E. coli DH50. (pJN105L pSC11%* V.
Figure 4) and was designed to broadly examine the influence fischeri ES114 QA-luxl) (see Experimental Sectioff).This A.
of a range of different acyl groups on AHL-mediated R protein tumefacienstrain produces the enzynfiegalactosidase upon
antagonism and agonism. These acyl substituents differedTraR activation, and ligand activity can be measured using
significantly in terms of overall size and the type and placement standard Miller absorbance assays in the presence of a colored
of functional groups. However, as many of the known active, enzyme substraf. The E. coli strain harbors LasR fror.
non-native AHLs contain aromatic groups (see Figure 1), we aeruginosaand also reports LasR activity hjrgalactosidase
deliberately installed aromatic functionality (or at least one production. We initially examined a-lasl A-rhll derivative
m-system) in the acyl chains of the majority of library D. of P. aeruginosawith a green fluorescent protein reporter gene
Quorum-Sensing Reporter Gene Assayd.he low stability in these primary assay%#’ as we sought to evaluate our
of most R proteins in vitro has precluded the development of synthetic ligands in the native backgrounds for each of the three
routine proteir-ligand binding assays: 12 As such, non-native R proteins. However, unacceptably large error values in the
ligands have been most commonly assessed for R proteinassay data (due in part to inconsistent cell growth) forced us to
antagonism and agonism in cell-based assays using bacteriabeek this alternate strain (data not shown). We found that the
reporter straind®1337 These reporter strains lack their AHL  heterologous. coli DH5a system provided reproducible data,
synthase () genes but retain their native R genes. In the presencalthough the differences between active and inactive LasR
of exogenously added AHL ligand, the AHL:R protein complex antagonists were somewhat muted relative to the other two
will activate transcription of a promoter that controls reporter strains® Finally, theV. fischerireporter strain retains its native
gene expression. Therefore, R protein activity, and consequentlylux operon (yet lacks a functiondlixl), which allows LuxR
ligand activity, can be measured using standard reporter geneactivation or inhibition to be measured by luminescence. We
read-outs, such as absorbance, luminescence, or fluorescenceecently found that this strain, while not typically used to assess
This method provides a straightforward and high-throughput
assay for small molecules that either agonize or antagonize(s6) We speculate that these muted effects may be due to high LasR protein

i i iti i i i levels in this strain, as has been reported forAariumefacienseporter
(wher] exam_lned in competition with native AHL “gand) R strain producing significantly higher levels of TraR relative to wild-type.
protein function. See ref 30.
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Figure 4. Structures of AHL library D. General structural features tested: (1) varying functionalities on the acyl group; (2) varying acyl group sizes. Boc
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the activity of non-native AHL ligands against LuxR, is albeit at varied levels (£893%), with the exception of
straightforward to manipulate and provides highly reliable small 2-aminophenol7, which was surprisingly inactive (see Table
molecule screening dat8. S-2; Supporting Informatiorff This latter result contrasted with
previous reports that is a strong inhibitor of LasR activity in
similar assays; however, these studies involved a different LasR

Library Synthesis. AHL libraries A—D were synthesized ~ reporter strairf? Heptanoyl HL @), phenylbutanoyl HL§), and
rapidly using a microwave-assisted, solid-phase route to AHLs 4-bromo PHL 8) were the most active control antagonists across
previously reported by our laboratory (Schemé™Jhis route all three strains; these three ligands exhibited similar levels of
allowed for the straightforward construction of either or activity against each strain90% in TraR, 25% in LasR, and
p-lactones through the use of eitiéf=moc+.- or o-methionine  76% in LuxR). Notably, neither the control compounds nor the
(Met, 14) in the initial acylation step and the introduction of a  library members were observed to be insoluble or affect bacterial
wide variety of acyl groups, including simple alkyl, 3-oxoalkyl, growth over the time course of these assays24 h). Further,
and sulfonyl moieties1(6—18). The ~90 AHLs were isolated Mo ligand was found to degrade (by lactonolysis, proteolysis or
in moderate to good yields (555%), with excellent purities ~ reaction with biological reagents) over the time course of these
(90—99%) and in sufficient quantities-20 mg/compound) for ~ assays (as determined by LC-MS or GC-MS; data not shown).

Results and Discussion

full compound characterization and multiple biological experi-  The reporter gene assays of libraries B revealed a set of
ments. highly potent quorum-sensing antagonists and agonists, along
Reporter Gene Assays ResultsLibraries A-D were with several prominent trends in ligand activity within and

screened in competitive R protein antagonism and agonismbetween strains that could be correlated to structure. A detailed
assays in the three bacterial reporter strains introduced above@nalysis of the SAR trends in the primary assay data for libraries
Competitive antagonism assays were performed with syntheticA—D Will be reported elsewhere. Here, we focus on the most
ligand in the presence of native AHL ligand (at its approximate active R proteln antagonists and agonists identified in libraries
ECso value) at ratios ranging from 1:1 to 100:1 (synthetic vs A—D, which corresponded to 37 compounds. A total of 31
native AHL). Agonism assays were performed with synthetic ligands were identified that displayed inhibitory activities of
ligand alone. The native ligands OOHIL)( OdDHL (2), and >80% against TraR; 35% against LasR, and/er75% against
OHHL (3) and the known R protein antagonigts9 served as LuxR. In turn, 14 ligands were identified as either LasR or LuxR
controls for these experiments (Figure51)Agonistic activity agonists, with activities of~20% in LasR and/or-60% in

for each of the native ligandsl{3) was set to 100% in its LuxR. (No TraR agonists were identified in the four libraries.)
corresponding strain for comparison. As expected, all of the Interestingly, several of the ligands were observed to be

control antagonists showed inhibitory activity in the three strains, 2Ntagonists in one strain yet were agonists in another. To obtain
more quantitative data about the activity of these synthetic R

(57) We did not examine super-activatdr8—12 as controls in these assays ~ Protein antagonists and agonists, we performed dose response
because we either found the compound unstable or inactive under our assays
conditions ((0and11) or did not have access to a sample of the compound (58) None of the control antagonists displayed appreciable agonistic activity in
(12). any of the strains.
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Table 1. 1Cs Values for Most Active Antagonists across the
Three Strains?

A. tumefaciens P. aeruginosa V. fischeri

entry compd TraR (uM)be LasR (uM)ee LuxR (uM)%e
1 1 (OOHL) 0.119
2 2 (OdDHL) 0.40
3 4 0.69 1.36
4 5 0.83
5 6 117
6 8 4.73 3.89 3.70
7 9 8.38
8 A3 0.77 1.78 0.77
9 Ad 1.05 0.2%9 0.40
10 A8 0.74
11 A9 0.6%
12 All 0.83
13 A12 3.49
14 Al3 1.43
15 Al4 1.03
16 A15 1.39
17 B7 0.92 0.349 1.35
18 B11 1.759 2.69
19 B14 0.839
20 C5 4.13
21 C6 3.979
22 C8 4.069
23 C10 1.28 1.729 0.86
24 Cl1 4.63
25 C13 2.28 0.96
26 Cl4 0.619
27 C18 1.06
28 C20 0.81 0.61
29 D6 0.57
30 D15 0.46 4.679
31 D17 1.40

aSee Experimental Section for details of reporter straingy \@lues
determined by testing compounds over a range of concentrationd (22—
2 x 10°P nM) against native AHL ligand in each reporter strain. All assays
performed in triplicate. See Supporting Information for plots of full
antagonism dose response cunfadetermined against 100 nM OOHLL)(
¢ Determined against 7.5 nM OdDHR)( 9 Determined against/&\ OHHL
(3). © A missing entry means not determinédntagonism dose response
curve upturned at higher concentrations. See &Rbse response curve
did not reach 100% inhibition over the concentrations tested (prior to
upturn); 1Go value calculated from the partial antagonism dose response
curve reported.

assays in the three reporter strains and determined eit@er IC
or EGsp values for the 37 ligands. The calculatedgd@nd EGg

values for these compounds are listed in Tables 1 and 2,

respectively.
ICso Values for Synthetic AHL Antagonists. The G

Five ligands were identified with I3 values against LasR
that were 1 order of magnitude lower than control antagonists
8 and 9 (Table 1). Interestingly, the most active inhibitor of
LasR identified in this study was OOHLL), the native AHL
ligand fromA. tumefacienswhich inhibited LasR by 50% at
~15:1 against OdDHLZ) (entry 1). The second most active
antagonist of LasR in this study was the;BHL A4, inhibiting
by 50% at~30:1 against OdDHL 2) (entry 9). In contrast,
previous studies by Passador et al., using an altefBat®li
reporter stain, revealed neither OOHL) for AHL A4 as active
inhibitors of LasR28 AHL B7 (the one-carbon longer homolog
of control antagonist 4-bromo PHB), AHL B14 (the one-
carbon shorter homolog of control antagonist indole A8l
and 3-nitro PHLC14 were the next most active inhibitors of
LasR identified (entries 17, 19, and 26). In terms of selectivity
for R protein, AHL B14 and 3-nitro PHLC14 were most
selective for LasR, while OOHL1] inhibited LasR and, to a
lesser degree, LuxR (see Table S-2; Supporting Information).
Conversely, AHLsA4 and B7 were moderate to strong
antagonists of all three R proteins (entries 9 and 17).

The most potent antagonists identified overall were active
against LuxR. Remarkably, these ligands were capable of
inhibiting LuxR by 50% at~10-fold lower concentrations
relative to its natve ligand OHHL @). Here, two aliphatic AHLs
and one PHL were identified as the most potent antagonists:
the native ligand foP. aeruginosaOdDHL (2); Cio AHL A4;
4-trifluoromethyl PHLC20 (Figure 5A). Both OdDHL 2) and
A4 were capable of inhibiting LuxR activity by 50% at-~al:
12.5 ratio against OHHLJ) (entries 2 and 9, Table 1). This
result corroborated previous work by Schaefer et al. that
indicated OdDHL ) and A4 can inhibit LuxR, albeit to a
significantly lesser degree (again, this work was performed in
an alternate LuxR reporter straif)The non-native, 4-trifluo-
romethyl PHLC20 displayed a similarly high level of antago-
nistic activity against LUxR at a-1:8 ratio against OHHL3)
(entry 28). AHL A8, the G4 analog of OdDHL 2), was the
next most potent inhibitor of LuxR (entry 10). These four ligands
varied significantly in terms of their selectivities; both OdDHL
(2) and A8 were highly selective for LuxR, while PHC20
was a potent inhibitor of LuxR and TraR aAd again inhibited
all three R proteins (see above).

ECso Values for Synthetic AHL Agonists. It is obvious from

values for the antagonists ranged from high nanomolar to low Figure 5B that far fewer R protein agonists were identified in
micromolar concentrations, and over 60% of these ligands (20 our primary screens relative to antagonists (14 compounds) and

compounds) had lower Kg values than those for the control

that these agonists show exquisite selectivity for individual R

antagonists reported in this study (Table 1). This high percentageproteins. The agonism dose response studies revealed several

of hits is significant (25% of the total library), as few potent

synthetic antagonists of R proteins have been reported. More-

over, several new antagonists were identified that either
selectively inhibited one or two R proteins or inhibited all three

ligands with EGp values against LasR comparable to the native
ligand OdDHL @) (entry 2, Table 2). The  AHL A5 and
3-oxo G4 AHL A8 displayed the lowest Efg values (40 and

10 nM, respectively), and these values supported activity data

R proteins. The structures of the most active antagonists arepreviously reported by Passador et al. for these two com-

shown in Figure 5A, and their observed selectivities for R
protein targets are illustrated using a Venn diagram for clarity.
Butane sulfonyl HLA9, bulky AHL D6, and phenyl ether AHL
D15 were the most active inhibitors of TraR, with each
inhibiting TraR by 50% at-5.5:1 against native ligand OOHL
(2) (entries 11, 29, and 30, respectively; Table 1). Notah§,
and D6 were highly selective for TraR over LuxR and LasR,
while D15 exhibited moderate cross-inhibitory activity against
LasR.
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pounds?® Not surprisingly, these two LasR activators were
similar in structure to OdDHLZ) (Figure 5B).0-AHL B2 was

far less structurally analogous and exhibited a 50-fold higher
ECsp value relative to OdDHL Z) (entry 7, Table 2). This
synthetic LasR activator is noteworthy, however, as it represents,
to our knowledge, the most active AHL reported to date.
Interestingly, theL-sterecisomer oB2, AHL 5, is virtually
inactive against LasR (see Table S-2; Supporting Information).
This trend is opposite to what has been observed for native AHL
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Figure 5. Venn diagrams showing the structures of most potent R protein antagonists and agonists identified and their selectivities for different R proteins
over the concentrations tested in this study. Ligands in the intersections of the circles have significant selectivity for two or more R prddéagald)

of the 13 most active antagonists from libraries B and the two most active control antagonigtsad5). (B) Diagram of the four most active agonists

from libraries A-D and the three native AHL ligand4{3). NA = no applicable ligands identified.

Table 2‘.3 ECso Values for Most Active Agonists across the Three synthetic super-activators of R proteins (see ab§¥&and no
Strains known super-activators of the model symbidhtfischeri PHL
A fumefacfegs P. aefugfnﬂsba v. ffsche"'b C14is structurally dissimilar to these other three liganti-
entry compd TraR (uM) LasR (uM) LUXR (uM) 12; Figure 1) and represents a powerful new tool to probe the
1 1(OOHL) 0.20 roles of quorum sensing in beneficial bacterial symbioses.
2 2(OdDHL) 0.01 Intriguingly, PHL C14 was also identified as a potearitagonist
3 3(OHHL) 3.00 ; L o
4 A4 >200° of LasR (see above; Figure 5A), indicating a complex activity
5 A5 0.04 profile for PHLs as R protein modulators.
? gg 8'2‘11 Examination of Synthetic LasR Antagonists in a Virulence
8 C6 ' =200 Factor Production Assay.As the primary assays for synthetic
9 cC8 >5(F LasR modulators were performed in a heterolog&uscoli
10 ci4 0.35 reporter strain, we sought to determine if the active ligands
1 Cc22 >200 identified in th | ’ inst LagR i
12 Dia 1.62 (36%) identified in these screens were also active against LasR in
13 D15 6.28 (30%) aeruginosaThe metalloprotease elastase B is a virulence factor
14 D18 0.47 (32%) that is produced and excreted Byaeruginosainder the control
a ) ) ) ) of LasR. Synthetic ligands that inhibit LasR should therefore
See Experimental Section for details of reporter straingo®&&lues s . .
determined by testing compounds over a range of concentrationd (22— also inhibit the production of elastase B, and this can be

2 x 10° nM) in each reporter strain. All assays performed in triplicate. See  measured by a standard enzymatic assay in the presence of an

Supporting Information for plots of full agonism dose response cuives.  g|astase B substrate (elastin). We examined a set of LasR
missing entry means not determinédose response curve did not fully

plateau over the concentrations testéBose response curve reached a antagonists identified in the primary assays of librariesDA
plateau over the concentrations tested, yet the level of maximal induction (B7, C11, C14, andD15), along with selected control8,(9,

was lower than that for the natural ligand OdDH);(ECso value calculated and C18), using a previously reported colometric assay for
from this dose response curve. Value in parentheses equals the maximum

induction value achievable (at 200 ligand) relative to OHHL 8). elastase B irP. aeruginosa(PAO1) that utilizes an elastin
Congo red substraf8. Notably, controls8 and 9 had been

ligands, where the-sterecisomer is an active R protein agonist previously shown to inhibit LasR in B. aeruginosastrain®’

and thep-stereoisomer is almost inactive. PHL C18was chosen as an additional control for this assay, as
The most remarkable outcome of our agonism dose responsghis ligand only exhibited weak LasR inhibition in tiie coli

studies was irV. fischeri Here, PHLs with substituents in the  reporter strain (see Table S-2; Supporting Information), and we

3-position on the phenyl ring were the only non-native ligands sought to determine if it would also show weak activity in the

displaying appreciable agonistic activitg ¢, C8, and C14; elastase B production assay.

Table 2). Most notably, we determined andg@alue for 3-nitro The assay revealed several potent synthetic inhibitors of

PHL C14 against LuxR that was-10-fold lower than that for elastase B production and, thus, LasR in wild-tip@eruginosa

its native ligand OHHL @) (0.35 vs 3.Q«M). Additional studies (Figure 6). As expected, the 4-bromo PH8land indole AHL

of C14in our laboratory have demonstrated that this PHL also 9 controls were strong inhibitors of elastase B production in

exerts it super-agonistic activity in wild-typé fischeri® This this assay, inhibiting enzyme activity by 77% and 66% at 200

result was extraordinary, as there are only three other reporteduM, respectively, while PHLC18 poorly inhibited elastase B
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107 mmzoum in ligands structurally related to control indole AHL This
£ 08 mmzo0pm trend is most apparent for LasR (i.e., AHB14). (5) Sulfonyl
S 0.6- groups can replace carbonyl groups on aliphatic AHL TraR and
@ - LuxR antagonists without significant loss in activity. The
8 04 sulfonyl HLs in this study were most active against TraR (e.g.,
Lf 0.2 A9), yet virtually inactive against LasR. (6) TraR is the most
0.0- sensitive to the length of the acyl group on AHLs, as inhibitory
E i‘,‘ © @ & 5 g g E activity drops off dramatically for AHLs with acyl tails longer
compound than eight atoms. This observation is in accord with both its

Figure 6. Elastase B production inhibition assayRnaeruginoséPAO1. native Ilgand., OOHL(D), \,NhICh ,Contam.s a_n OCt_anOyl group,
Selected controls and synthetic ligands in libraries D\ examined for and the sterically constricted ligand-binding site of TraR as

inhibitory activity at two concentrations. Positive control (pespctivity revealed by X-ray crystallography (assuming the synthetic
of elastase B produced by. aeruginosain the absence of compound.  |igands target the same site; see below). (7) LasR is the most
Negative control (negF growth media. Error bars standard deviation . . . .
of the means of triplicate samples. tolerant of varying functionality on the AHL acyl chain, acyl
chain size, and the stereochemistry of the homoserine lactone
ring, suggesting that it has a larger ligand-binding site than TraR.
This result is in accord with the X-ray crystal structure of LasR,
assuming that synthetic AHLs target the same binding site on
LasR (as with TraR, see belo#f(8) LuxR is most strongly
inhibited by AHLs with medium to long (614 carbons), 3-oxo-
aliphatic acyl groups and most stronghctivated by PHL

production (4% at 20&M). We were pleased to observe that
all of the new LasR antagonist8, C11, C14, andD15) were
moderate to strong inhibitors of elastase B production at 200
uM (up to 79% for phenyl ether AHLD15). Interestingly,
3-nitro PHL C14 displayedincreasednhibitory activity at10-

fold lowerconcentration (33% inhibition at 2QoM vs 63% at

20 uM; Figure 6), while the inhibitory activities of the other i . . : : : "
. ) igands with electron-withdrawing substituents in the 3-position.
three ligands B7, C11, andD15) were either comparable or g g P

slightly stronger at 20Q«M relative to 20uM. The reasons Targets of Synthetic AHL Antagonists and Agonists.In

behind this concentration-dependent change in activity for PHL \(|ew'of the structural similarities of the synthetic AHLS. n
C14 were unclear. and we return to this observation below. libraries A—D to native AHLs and the subtle SARs described

Nevertheless, this virulence factor production assay demon-above’ we hypothesize that these ligands target R protein ligand-
strated that the active inhibitors we uncovered in Ehecoli binding sites and that inhibition or activation is based on the
LasR reporter strain assays are indeed inhibitors of Lagi in  SPecific binding mode and, therefore, affinity of the ligand.
aeruginosaand served to validate the use of this reporter strain Further, we do not believe that these changes in antagonistic or
for the primary screening of synthetic modulators of LasR. agonistic activity simply reflect the differenhemicalproperties

SAR Analysis of Active Ligands. The dose response of the synthetic AHLS3 This assertion is supported by several
analyses above identified the most active R protein modulators ©PServations. First, the percentage of lactone hydrolysis (which
in libraries A-D (Figure 5), and we carefully inspected these abolishes activity for native AHL$) for the synthetic ligands

structures in an attempt to determine SARs that conveyed RWaS minimal and identical with that of the native ligands over

protein selectivity or activity across the three species. Such studytNe time course of the reporter gene assays (see above). Second,
higher ligand lipophilicity and, therefore, higher potential cell

revealed that subtle structural differences tuned ligand selectivity i , -
and activity. A list of the eight most prominent SAR trends permeability did not correlate with enhanced antagonistic or

and R protein characteristics influencing antagonistic and @gonistic activity (Tables 1 and 2). This was further exemplified
agonistic activities for libraries AD is provided as follows: DY theb-AHLs B1—B5, which have lipophilicities identical with
(1) In general, AHLs with acyl groups of moderate size (up to those of OOHL {) and control antagonists, 6, 8, and 9,
eight atoms long) and containing either aromatic functionality respectlvely,_yet exhibit markedly different activities (see Table
with electron-withdrawing groups or straight chain aliphatic S-2; Supporting Information). Third, as we previously reported,
functionality can antagonize TraR, LasR, and LuxR. ABL selected PH_Ls (_e.g., PHfl_:14) fayled to exhibit any activity in
exemplifies such a broad-spectrum antagonist. (2) The PHL @A-luxRderivative ofV. fischeriES114, suggesting that these
appears to be a “privileged” scaffold for R protein modulation, ll9ands exert their activity through the LuxR protéfh.

as these ligands display a wide range of antagonistic and To further test our hypothesis that these ligands target R
agonistic activities across all three R proteins in this study. protein ligand-binding sites, we performed molecular modeling
Ligand activity is highly dependent on the structure and position studies of several of the most active synthetic AHLs docked
of substituents on the phenyl group. Specifically, PHLs with into the ligand-binding sites of TraR and LasR (using the X-ray
electron-withdrawing and lipophilic substituents in the 4-position crystal structuresj162%and the putative ligand-binding site of
on the phenyl group display the strongest antagonistic activities LuxR (built in silico from TraR by homology modeling;34:36
against TraR and LuxR. The same trend holds true in LasR for see Figures S-22S-33; Supporting Information). The results
PHLs with substituents in the 3-position. (3) Of the AHLs of these studies suggest that all three ligand-binding sites can
structurally related to control 4-bromo PHB,.a flexible carbon readily accommodate the synthetic AHLs, and that activation
spacer of at least one carbon between the lactone ring and aror inhibition of the R protein may depend on the subtle balance
aromatic acyl group and a 4-bromo substituent on the phenyl of favorable hydrogen bonding and unfavorable steric interac-
group engender the strongest antagonistic activity, with AHL tions within the binding pocket. The LasR ligand-binding site
B7 being the most active inhibitor in this structure class across appears to be the most accommodating in terms of ligand size,
the three R proteins. (4) A three-carbon spacer between thewhile the TraR ligand-binding site appears the most restrictive
lactone ring and an aromatic acyl group is optimal for inhibition and the LuxR ligand-binding site falls between these two
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Figure 7. Representative dose response curves for selected synthetic ligands identified in this study. For strains, see the Experimental Section. (A) PHL
C20 screened irA. tumefaciensAntagonism dose response assay performed in the presence of 100 nM QPMIiller units report relative absorbance.

(B) PHL C14 screened irk. coli (LasR reporter). The antagonism dose response assay is performed in the presence of 7.5 nM 2)d@HIPHL C13

screened itV. fischeri The antagonism dose response assay is performed in the preseneM @BHL (3). Relative light units report luminescence. (D)

PHL C14 screened irV. fischeri The antagonism dose response assay is performed in the presene®ddBHL (3).

extremes; these observations match the general SAR trendsintagonism and agonism dose response curves could be gener-
delineated above. While additional biochemical and structural ated for PHLC14 in V. fischerj where this compound can
experiments are needed to further test our hypothesis, thesédbehave as a super-activator (Figure 7D). Second, PHH,
computational experiments further support the supposition thatinitially identified as a LasR antagonist, was also capable of
the synthetic AHLs identified in this study target R proteins. activating elastase B production iR. aeruginosaat high
Mechanistic Insights into R Protein Modulation by concentrations (see Figure 6). These observations suggested that
Synthetic Ligands. Further insights into how our synthetic defining these AHLs exclusively as R protein antagonists or
ligands modulate R protein function were acquired through agonists, as we had up until this point, was incorrect.
additional scrutiny of the primary screening data and dose This duality of ligand activity suggests that these “antago-
response studies outlined above. Several ligands displayednists” (such as PHLE13in LuxR, D14, D15, D18, andC14
unexpected activity trends in these assays. For example, AHLsin LasR andC20in TraR) are actually best described as patrtial
D14, D15, and D18 inhibited LasR in the presence of native agonists. Partial agonists have properties of agonists and
ligand OHHL @) in antagonism assays, yattivatedLasR to antagonists and are broadly characterized by three phenomena:
the same level in agonism assays36%; see Table S-2; (1) At middle-range concentrations, partial agonists act as
Supporting Information). More strikingly, we observed that over antagonists. (2) The maximum response (efficacy) of a partial
60% of the AHL antagonists identified in this study exhibited agonist is lower than that of the natural ligand for a target
antagonism dose response curves that started to slope back upeceptor. (3) In dose response analyses against variable con-
at higher concentrations (see Table 1), indicating that thesecentrations of the native ligand, the baseline activity increases
ligands were also capable attivating R proteins at higher  with the concentration of partial agonist such that, at high
concentrationsThis trend could not be correlated with specific concentrations, activity is equal to the partial agonist’s
structural features yet loosely correlated with ligand activity (i.e., efficacy®®-%1 Our primary antagonism assay data for the AHLs
those with the lowest 1§ values) in TraR and LasR. Repre- that displayed this dual activity were in accord with the first
sentative antagonism dose response curves demonstrating thisharacteristic of partial agonism (e.g., see Table 1 and Figure
upturn are shown in Figure 7AC (PHLsC20in TraR,C14in 7A—C).
LasR, andC13 in LuxR). Agonism dose response studies of  To examine if these AHLs also exhibit the two other defining
these compounds revealed that they were in fact capable ofcharacteristics of partial agonism, we carried out additional
activating R proteins at higher concentration, in some cases quiteexperiments with selected AHLL8 and C13 in LuxR and
strongly (i.e.,C14in LasR). Indeed, the agonism dose response D14, D15, and D18 in LasR). We performed agonism dose
Cur,ves begar,] to curve Up, at precisely the concentration Where(59) Silverman, R. BThe Organic Chemistry of Drug Design and Drug Action
their respective antagonism dose response curves began to ~ Academic Press, Inc.: San Diego, CA, 1992.
upturn (see Figure 7AC). The 3-nitro PHLC14 exhibited this (60) Clark, R. B.; Knoll, B. J.; Barber, RTrends Pharmacol. Scil999 20,

s ) LT . 2 279-286.
dual behavior in two other instances in this study. First, similar (61) zhu, B. T.Biomed. Pharmacothe2005 59, 76—89.
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The origins of this partial agonism by synthetic AHLs could

250000- be multifold, including lowered affinity of the ligand for the R
-=- OHHL (3) protein, impeded folding (or destabilization) of the R protein
%zuwnu- :Eﬁ'a upon ligand binding, lowered affinity of the R protein:ligand
= 1500001 complex for homodimerization, formation of heterodimers with
%muonu- s the R protein:native ligand complex, and/or lowered affinity of
£ these homodimers or heterodimers for DNA. All such pathways
S 50000 . would be in accord with the currently accepted mechanisms of
o action for native AHL ligands (see abov&)?225In turn, this
T T T T e T T b partial agonism model alsq helps to explam the mechanism of
concentration [nM] super-agonism f_or PHC14in LuxR; here, this I|gand may be
capable of stabilizing LuxRo a greater extent relate to OHHL
B (2). Additional biochemical experiments are required to test
8007 o odDHL 2) these hypotheses and are ongoing in our laboratory.
ool D18 To our knowledge, these data represent the first definitive
P ~ D18 report of synthetic AHL ligands behaving as partial R protein
e agonists and lead to many new and important questions. For
S example, do all of the ligands identified as agonists and
E 2001 antagonists in this study behave through a similar mechanism?
If so, is this phenomenon dependent on the ligands having a
o HL head group? How do the SARs delineated above dictate
10310210 10° 10" 102 10° 10 10° 10° partial agonist activity? What are the mechanisms of action of
concentration [nM] other reported AHL and non-AHL modulators of R protein
C function? We are actively seeking answers to these broad
1200007 -=-C13 105 nM questions to fully understand the biochemical mechanisms of
wo00e] = :g::: action of these synthetic ligands. In lieu of these answers,
500001 T :g::: however, the activity trends for the synthetic AHLs identified

£
é ~ C130nM in this study indicate that the mechanisms of small-molecule
2 60000 modulation of R protein function are more complex than perhaps
£ 40000; we originally anticipated.
2 20000-

o Summary and Conclusions

10 10° 10 10% 10° 10¢ 10° 10 We have designed and synthesized four focused collections

concentration OHHL (3) [nM] of synthetic AHL ligands and systematically examined these

Figure 8. Representative agonism dose response curves for selected~90 compounds in three bacterial reporter strains to determine
synthetic |Eag(|1jl_i|dl_eg)ﬁf;i% ";m'; égj%d':((:);;t;iirlséns:de itr:/e 'ﬁiﬁﬁgﬁ‘ema' their abilities to modulate R protein function. These studies have
Fs?ifélt?\?é I(ig%t units report luminescence. (B) OdDH2) énd AHLSD14, revea_lled some of the most POtent Synth_etlc antagonists and
D15, andD18 screened it. coli (LasR reporter). Miller units report relative  @gonists of the well-characterized R proteins TraR, LasR, and
absorbance. (C) PHC13 screened irV. fischeriagainst OHHL 8) over LuxR reported to date. These ligands include AH\4,
varying concentrations in a two-dimensional dose response format. 4-bromophenylpropionyl HIB7, 4-iodo PHLC10, and 3-nitro

. . PHL C14. Several of the LasR antagonists (most notably AHL
response studies of the five AHLs over a broader range of 15 \yere capable of strongly inhibiting virulence factor
concentrations in the LasR and LuxR reporter strains and 44y ction inP. aeruginosahat is essential for pathogenesis.
determined that these ligands show lower agonism levels, or|, aqgition, we have identified critical structural features that
efficacies, than the native ligands OdDHE) @nd OHHL @) confer antagonistic and agonistic activities to these synthetic
(Figure 8A,B). Indeed, the maximal responses of these com- Ay |igands against the three R proteins. In general, the AHLs
pounds were up to 4-fold lower than the maximal response of ygqulating TraR and LuxR were sterically more compact and
the corresponding native ligand. Next, we performed dose |ess |ipophilic than those for LasR, with TraR being the most
response studies on PHC13 in V. fischeriagainst varying  djiscriminatory in terms of ligand size. These data are in accord
concentrations of OHHLJ) to test the third distinguishing  with the ligand-binding sites for TraR and LasR as indicated
characteristic of partial agonism. We found that AKl13 by recent X-ray crystal structuré®1620Subtle alterations to
exhibited an increase in baseline activity that is expected for a substituents and their placement on the AHL acyl group
partial agonist (Figure 8C). Again, since the efficacy of a partial dramatically influenced ligand activity. This effect was most
agonist is lower than that of the native ligand, the baseline doseremarkable in the PHL library (library C), where these structural
did not reach a maximal response but instead reached a plateaghanges (e.g., shifting substituents from the 4- to the 3-position
at the efficacy level foC13. Similar competitive dose response on the phenyl ring) did not simply abolish activity, but rather
data also were obtained f@8, D14, D15, andD18 (data not converted potent antagonists (or partial agonists) into agonists
shown). Together, these experiments provide strong support foror even a super-activator (i.eG14). In addition, we also
a partial agonism mechanism for R protein modulation by these discovered that the syntheticAHL B2 is capable of strongly
non-native AHLSs. activating LasR. This ligand represents, to our knowledge, the
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first reportedp-AHL capable of significantly modulating R invertebrate model systems indicates that several of these ligands
protein activity. are well tolerated and can modulate quorum-sensing responses

Overall, the most significant outcome of this work is the in vivo. These data, along with the mechanistic studies
identification of sets of ligands that selectively modulate one, introduced above, will be reported in due course.
two, or all three of the R proteins in this study (Figure 5). This
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In closing, we report that the synthetic AHLs identified herein
represent a new and expansive set of chemical tools for the stud
of quorum sensing in Gram-negative bacteria and could, with
further development, provide broad insights into bacterial
pathogenesis and beneficial symbioses. We are actively engage
in such experiments to examine the scope and limitations of
these compounds in vitro and in vivo. Preliminary work in  JA074135H

Supporting Information Available: General experimental
information, purity and mass spectral data for all library
compounds, selected primary assay data, full characterization
ydata and dose response curves for compounds in Tables 1 and
2, molecular modeling data, and complete refs 35 and 55. This

aterial is available free of charge via the Internet at
ttp://pubs.acs.org.
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