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ABSTRACT: The triphenyl amide/ester 12 was originally
reported to be a potent mimic of the natural 3-oxo-dodeca-
noyl homoserine lactone quorum sensing molecule in
Pseudomonas aeruginosa. However, explicit synthesis/che-
mical characterization was lacking, and a later report provid-
ing protein crystallographic data inferred 12 to be incorrect,
with 9 now being the surmised structure. Because of these
inconsistencies and our interest in quorum sensing mole-
cules utilized by Gram-negative bacteria, we found it neces-
sary to synthesize 9 and 12 to test for agonistic activity in a P.
aeruginosa reporter assay. Despite distinct regiochemical
differences, both 9 and 12 were found to have comparable
EC50 values. To reconcile these unanticipated findings,
modeling studies were conducted, and both compounds
were revealed to have comparable properties for binding to
the LasR receptor.

Quorum sensing (QS) is the process in which bacteria
communicate intercellularly through chemical signals

termed autoinducers.1 QS, a population-density-dependent phe-
nomenon, allows bacterial populations to regulate a variety of
physiological processes such as bioluminescence, antibiotic bio-
synthesis, biofilm differentiation, and production of virulence
factors. Pseudomonas aeruginosa, an opportunistic pathogen, is
found in many immunocompromised patients suffering from
diseases such as cystic fibrosis, AIDS, burns, or neutropenic
cancer.2 P. aeruginosa, like many other Gram-negative bacteria,
regulates QS through the exchange of acyl homoserine lactone-
based autoinducers. One of the major autoinducers of P.
aeruginosa, 3-oxo-dodecanoyl homoserine lactone (3OC12-
HSL), along with its cognate receptor LasR, has been the subject
of intense investigation.3 Accordingly, and due to the dire effects
of P. aeruginosa on human health, a myriad of approaches to the
modulation of QS have been examined,4 including the construc-
tion of structural analogues of 3OC12-HSL to act as QS agonists
and antagonists.5

Recently, a library of 200 000 compounds was screened by
Greenberg and co-workers in the hopes of discovering potent
inhibitors or activators of the LasR-dependent QS pathway.6

Both activators and inhibitors of QS were uncovered, and,
excitingly, one compound exhibited more potent QS activation
than the natural 3OC12-HSL signal. This compound, triphenyl

12 (termed TP-1P), was structurally unrelated to 3OC12-HSL
but had an activity greater than that of the natural ligand (EC50 =
14 vs 140 nM).7 However, the chemical identity of this novel
activator was never explicitly confirmed and was subsequently
proven incorrect in an X-ray crystallography study of LasR by
Zou and Nair. According to the electron density maps of TP-1
bound to LasR, Zou andNair proposed that the chlorine atom and
the nitro group were reversed in the actual structure of TP-1, 9
(herein referred to asTP-1R).8 Thus, the proposed potency of TP-
1P, coupled with the quandary of its chemical structure, provided
an impetus to synthesize both previous and revised compounds to
be fully characterized and tested in a P. aeruginosa QS reporter
assay system. Herein, we report these findings and the unex-
pected activity of both compounds.

Synthesis of both TP-1R and TP-1P began from commercially
available 3,5-dibromosalicylaldehyde 1, which was protected as
the MOM ether 2 (Scheme 1). Reduction of the aldehyde using
NaBH4, followed by conversion of alcohol 3 to the mesylate,
afforded compound 4. At this point, Gabriel synthesis was
invoked to provide primary amine 6, which serves as the common
intermediate for both TP-1R and TP-1P. Toward TP-1R, amide
7 was formed in the presence of 2-nitrobenzoic acid, EDC, and
HOBt, followed by cleavage of theMOMether to achieve phenol
8. Finally, esterification of 8 with 2-chlorobenzoic acid yielded
TP-1R (9).

The synthesis of TP-1P from 6 follows the same sequence with
the following modifications: amide formation was performed in
the presence of 2-chlorobenzoic acid to afford 10, followed by
MOM deprotection and ester formation in the presence of
2-nitrobenzoic acid to provide TP-1P (12).

Before biological evaluation, the solubility and stability of TP-1P
and TP-1R were measured to ensure optimal conditions
for the cell-based QS assays. This is particularly important due to
the presence of a seemingly labile o-nitro ester in TP-1P. Never-
theless, in agreement with previous reports,7 TP-1P and TP-1R
were stable in MES and TRIS buffer systems, with half-lives of
59.91 and 607.5 h at pH 8 (Supporting Information, Figure S1-S4
andTable S1). Furthermore, TP-1P andTP-1Rwere found to have
a maximum solubility of 5 μM in 10% DMSO and a minimum
tested solubility of 3.12 nM in 0.16% DMSO, thus ensuring the
integrity of each compound under the assay conditions.

A reporter strain of P. aeruginosa based on the luxCDABE gene
cassette was used to test agonistic activity of TP-1P and TP-1R
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compared to that of the natural autoinducer 3OC12-HSL.9 TP-
1P, TP-1R, and 3OC12-HSL all demonstrated similarly potent
agonistic activity of LasR-dependent signaling (Table 1). Inter-
estingly, maximal luminescence was nearly equal for TP-1R and
3OC12-HSL, but TP-1P induced only 50% luminescence rela-
tive to the former compounds (SI, Figure S5). Nevertheless, the
finding of similar EC50 values between the two triphenyl
compounds was unforeseen, in light of the perceived effect of
the regiochemical change of the chloro and nitro positioning in
the two agonists. This was even more puzzling considering that
the LasR receptor protein has evolved to bind a vastly dissimilar
ligand in 3OC12-HSL.

Seeking to delineate the similar QS activity of TP-1P and TP-
1R on a molecular level and to elucidate the structural

requirements of binding, computational studies were initiated
tomodel the TP ligands into the LasR binding domain. Studies of
TP-1P and TP-1R were simulated using Gromacs v4.0.7 to
determine the necessity of the nitro and chloro substituents.
Simulations of the 3IX4 complex8 did not show any highly
occupied hydrogen bonds between TP-1R and LasR. The most
consistent interactions were between the amide proton of TP-1R
and Asp73 and the amide carbonyl of TP-1R and Tyr56, but
these interactions were transient, as Asp73 also hydrogen bonds
with Thr75 and Tyr64 throughout the simulation and Tyr56 also
hydrogen bonds with Ser129 (Figure 1). The exchange of the
nitro and chloro groups in TP-1R and TP-1P does not affect the
occupancy of either the hydrogen bond with Asp73 or that with
Tyr56 in TP-1R. The only significant difference in the simula-
tions was that, with TP-1P, the amide carbonyl occasionally
forms a hydrogen bond with Ser129, which is unseen with TP-

Scheme 1. Synthesis of TP-1R (top)a and TP-1P (bottom)b

aConditions: (a) MOMCl, K2CO3, DMF, rt, 16 h, 93%; (b) NaBH4,
MeOH, THF, rt, 14 h, 96%; (c) MsCl, Et3N, CH2Cl2, rt, 3 h, 65%; (d)
potassium phthalimide, DMF, rt, 19 h, 80%; (e) H2NNH2-H2O,
EtOH, reflux, 17 h, 85%; (f) (2-NO2)PhCO2H, EDC-HCl, HOBt,
DMF, rt, 19 h, quant.; (g) TFA, CH2Cl2, 0 �C to rt, 3 h, 61%; (h) (2-
Cl)PhCO2H, EDC-HCl, DMAP, THF, rt, 13 h, 50%. bConditions: (a)
(2-Cl)PhCO2H, EDC-HCl, HOBt, rt, 19 h, 66%; (b) TFA, CH2Cl2, 0
�C to rt, 3 h, quant.; (c) (2-NO2)PhCO2H, EDC-HCl, DMAP, THF,
rt, 13 h, 52%.

Table 1. Biological Activity and Binding Energies of TP-1R,
TP-1P, Tp scaffold, and 3OC12-HSL

compound EC50 (nM) ΔG (kcal/mol)a

9, TP-1R 28.3 ( 4.3 -11.5

12, TP-1P 42.8 ( 4.0 -11.7

13 >10 000 ndb

3OC12-HSL 30.9 ( 1.3 ndb

aRepresents relative free energy of binding between ligand and LasR.
bNot determined.

Figure 1. Simulations from the 3IX4 structure show the amide in TP-
1R forming hydrogen bonds with Asp73 and Tyr56 (A), whereas with
TP-1P, Tyr56 has moved away and no longer interacts with TP-1P. In
TP-1P, the amide is rotated compared to that in TP-1R and makes
hydrogen bonds with Asp73 and Ser129 (B). In both simulations, Asp73
is caged through interactions with Tyr64 and two interactions
with Thr75.
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1R. Pleasingly, truncated Alchemical FEP simulations (Table 1)
show only a small difference in the relative binding energy ΔΔG
= 0.2 kcal/mol between TP-1R and TP-1P.

Due to the high degree of shape similarity of TP-1R and TP-
1P, both compounds’ ability to make hydrogen bonds through
their amide moiety to nearby residues, and the low ΔΔG of
binding between the two molecules, it is not surprising from our
simulations that they are both of similar potency. The positioning
of the nitro and chloro groups within the binding pocket of LasR
with no consistent hydrogen-bonding or electrostatic interac-
tions with nearby residues sheds light on the similar activity
observed with TP-1P and TP-1R. To investigate the effect of the
scaffold alone, 2-(benzamidomethyl)phenyl benzoate (13) was
synthesized in one step from 2-hydroxybenzyl amine and benzoic
acid and tested in the P. aeruginosa reporter assay. This com-
pound failed to give any QS activation at concentrations up to 10
μM (Table 1). Thus, while the regiochemical interchange of the
nitro and chloro substituents does not seem paramount for
activity, the presence of an electronegative substituent appears
to be critical for LasR binding, dimerization, and ultimately gene
expression.

In summary, through chemical synthesis, we have firmly estab-
lished the chemical identities of TP-1R/TP-1P, and through model-
ing, we have ascertained the minimal necessary chemical architecture
for LasR activation. Lastly, we highlight the potential synthetic
interchangeable pieces foundwithin the 2-(benzamidomethyl)phenyl
benzoate. The ester and amide units could readily serve as a viable
grounding for the diversity and development of additional agonists
and antagonists against LasR-dependent QS in P. aeruginosa.

’ASSOCIATED CONTENT

bS Supporting Information. Experimental procedures,
spectral data, and biological protocols. This material is available
free of charge via the Internet at http://pubs.acs.org.

’AUTHOR INFORMATION

Corresponding Author
kdjanda@scripps.edu

’ACKNOWLEDGMENT

We gratefully acknowledge the NIH (AI077644) for support
and Prof. Michael Surette (University of Calgary) for providing
the luminescent PAO-JP2 P. aeruginosa strain.

’REFERENCES

(1) (a) De Kievit, T. R.; Iglewski, B. H. Infect. Immun. 2000,
68, 4839–4849. (b) Fuqua, C.; Greenberg, E. P. Nat. Rev. Mol. Cell.
Biol. 2002, 3, 685–695. (c) Waters, C. M.; Bassler, B. L. Annu. Rev. Cell.
Dev. Biol. 2005, 21, 319–346.

(2) (a) Tang, H. B.; DiMango, E.; Bryan, R.; Gambello, M.; Iglewski,
B. H.; Goldberg, J. B.; Prince, A. Infect. Immun. 1996, 64, 37–43. (b)
Davies, D. G.; Parsek, M. R.; Pearson, J. P.; Iglewski, B. H.; Costerton,
J. W.; Greenberg, E. P. Science 1998, 280, 295–298. (c) Lyczak, J. B.;
Cannon, C. L.; Pier, G. B. Microbes Infection/Institut Pasteur 2000,
2, 1051–1060. (d) Pearson, J. P.; Feldman, M.; Iglewski, B. H.; Prince, A.
Infect. Immun. 2000, 68, 4331–4334. (e) Lyczak, J. B.; Cannon, C. L.;
Pier, G. B. Clin. Microbiol. Rev. 2002, 15, 194–222. (f) Driscoll, J. A.;
Brody, S. L.; Kollef, M. H. Drugs 2007, 67, 351–368.
(3) (a) Pearson, J. P.; Gray, K. M.; Passador, L.; Tucker, K. D.;

Eberhard, A.; Iglewski, B. H.; Greenberg, E. P. Proc. Natl. Acad. Sci. U.S.A.

1994, 91, 197–201. (b) Rumbaugh, K. P.; Griswold, J. A.; Hamood, A. N.
Microbes Infection/Institut Pasteur 2000, 2, 1721–1731. (c) Schuster, M.;
Lostroh, C. P.; Ogi, T.; Greenberg, E. P. J. Bacteriol. 2003,
185, 2066–2079. (d) Wagner, V. E.; Gillis, R. J.; Iglewski, B. H. Vaccine
2004, 22 (Suppl. 1), S15–20. (e) Heurlier, K.; Denervaud, V.; Haas, D.
Int. J. Med. Microbiol. 2006, 296, 93–102.

(4) (a) Dong, Y. H.; Xu, J. L.; Li, X. Z.; Zhang, L. H. Proc. Natl. Acad.
Sci. U.S.A. 2000, 97, 3526–3531. (b) Kaufmann, G. F.; Sartorio, R.; Lee,
S. H.; Mee, J. M.; Altobell, L. J., III; Kujawa, D. P.; Jeffries, E.; Clapham,
B.; Meijler, M. M.; Janda, K. D. J. Am. Chem. Soc. 2006, 128, 2802–2803.
(c) De Lamo Marin, S.; Xu, Y.; Meijler, M. M.; Janda, K. D. Bioorg. Med.
Chem. Lett. 2007, 17, 1549–1552. (d) Geske, G. D.; O’Neill, J. C.; Miller,
D. M.; Mattmann, M. E.; Blackwell, H. E. J. Am. Chem. Soc. 2007,
129, 13613–13625. (e) Kaufmann, G. F.; Park, J.; Mee, J. M.; Ulevitch,
R. J.; Janda, K. D. Mol Immunol 2008, 45, 2710–2714. (f) Amara, N.;
Mashiach, R.; Amar, D.; Krief, P.; Spieser, S. A.; Bottomley, M. J.;
Aharoni, A.; Meijler, M. M. J. Am. Chem. Soc. 2009, 131, 10610–10619.
(g) Kapadnis, P. B.; Hall, E.; Ramstedt, M.; Galloway, W. R.; Welch, M.;
Spring, D. R. Chem. Commun. (Cambridge, UK) 2009, 538–540. (h)
Swem, L. R.; Swem, D. L.; O’Loughlin, C. T.; Gatmaitan, R.; Zhao, B.;
Ulrich, S. M.; Bassler, B. L.Mol. Cell 2009, 35, 143–153. (i) Amara, N.;
Krom, B. P.; Kaufmann, G. F.; Meijler, M. M. Chem. Rev. 2011,
111, 195–208.

(5) (a) Suga, H.; Smith, K. M. Curr. Opin. Chem. Biol. 2003,
7, 586–591. (b) Ni, N.; Li, M.; Wang, J.; Wang, B. Med. Res. Rev.
2009, 29, 65–124. (c) Lowery, C. A.; Salzameda, N. T.; Sawada, D.;
Kaufmann, G. F.; Janda, K. D. J. Med. Chem. 2010, 53, 7467–7489. (d)
Mattmann, M. E.; Blackwell, H. E. J. Org. Chem. 2010, 75, 6737–6746.

(6) Muh, U.; Schuster, M.; Heim, R.; Singh, A.; Olson, E. R.;
Greenberg, E. P. Antimicrob. Agents Chemother. 2006, 50, 3674–3679.

(7) Muh, U.; Hare, B. J.; Duerkop, B. A.; Schuster, M.; Hanzelka,
B. L.; Heim, R.; Olson, E. R.; Greenberg, E. P. Proc. Natl. Acad. Sci. U.S.A.
2006, 103, 16948–16952.

(8) Zou, Y.; Nair, S. K. Chem. Biol. 2009, 16, 961–970.
(9) Duan, K.; Surette, M. G. J. Bacteriol. 2007, 189, 4827–4836.


