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bDepartment of Molecular Biology, Princeton University, Washington Road, Princeton, NJ 08544

¢Howard Hughes Medical Institute, Chevy Chase, MD 20815

Abstract

The development of new approaches for the treatment of antimicrobial-resistant infections is an
urgent public health priority. The Pseudomonas aeruginosa pathogen, in particular, is a leading
source of infection in hospital settings, with few available treatment options. In the context of an
effort to develop antivirulence strategies to combat bacterial infection, we identified a series of
highly effective small molecules that inhibit the production of pyocyanin, a redox-active virulence
factor produced by P. aeruginosa. Interestingly, these new antagonists appear to suppress P.
aeruginosa virulence factor production through a pathway that is independent of LasR and RhIR.

Introduction

The human pathogen Pseudomonas aeruginosa is a leading cause of hospital-acquired
infections, posing a particular threat to cystic fibrosis patients, third-degree burn victims,
and patients with implanted medical devices.1=3 P. aeruginosa is a versatile pathogen,
possessing a number of adaptations — an outer membrane of low permeability, a multitude of
efflux pumps, and various degradative enzymes that disable antibiotics. These features
combine to limit the range of effective treatment options.3 Of particular concern is the
propensity of the P. aeruginosa pathogen to develop resistance to traditional antibiotic
therapeutics.*

Standard antimicrobial therapeutics typically function by bactericidal or bacteriostatic
mechanisms; however, a widespread reliance on established classes of antibiotics has
exacerbated the growing crisis of drug resistance. To address this challenge, we have been
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pursuing alternative antivirulence strategies for the treatment of bacterial infections.> The
rationale is that when virulence traits are suppressed, the bacteria are rendered benign and
are more readily cleared by the host immune system. Importantly, this antivirulence
approach is expected to reduce the selective pressure for the spread of drug-resistant
mutants and could therefore lead to therapies that retain their efficacy over greater time
spans compared to traditional antibiotics.® In P. aeruginosa, as in many bacterial pathogens,
virulence is controlled through quorum sensing — a process of cell-to-cell communication
that modulates group behaviors in a population density dependent manner.”- 8 Quorum
sensing pathways rely on the production, release, and detection of small molecule signals
that regulate virulence genes.

In P. aeruginosa, quorum sensing and virulence are connected by the signaling pathways
shown in Fig. 1.9 10 At the top of this signaling network are Lasl — a synthase that produces
the acyl-homoserine lactone (AHL) signal, 30C12-HSL — and LasR, the transcriptional
regulator that detects this signal.11:12: 13 The LasR:30C12-HSL complex influences P.
aeruginosa behavior by activating expression of many genes, including genes encoding
virulence factors, as well as genes encoding additional quorum-sensing circuits.11: 1415 One
quorum-sensing system activated by LasR:30C12-HSL is the RhlIR system. Rhil produces
asecond AHL (C4-HSL), which is detected by the transcriptional regulator RhIR.16-18 The
RhIR:C4-HSL complex also regulates virulence genes and other components of the
signaling pathway.11: 16. 19,20 One key virulence factor produced at high cell density in
response to the Las and Rhl AHL signal molecules is the redox-active small molecule
pyocyanin. Because the oxidized form of pyocyanin imparts a green color to P. aeruginosa
cultures, production of pyocyanin is conveniently monitored by UV/Vis absorbance.
Multiple other factors also influence virulence factor production, including the transcription
factor QscR and the PQS quorum-sensing system, which produces and detects quinolone
signals.® 10

Substantial prior work from our laboratory22 and others?3 has focused on designing
antagonists of LasR-type receptors based on the structures of the native signals, in the
present case, 30C12-HSL. The ligand binds and stabilizes the receptor, promoting
dimerization, DNA binding, and gene regulation.? 2> An effective small molecule
antagonist must prevent activation, either through destabilization of the protein or through
stabilization of an inactive conformation. For example, in the homologous transcriptional
regulator CviR from Chromobacterium violaceum, inhibitors stabilize a conformation of the
CViR dimer that is incapable of binding DNA.26

We recently reported that thiolactone 1 (Fig. 1), a structural analog of the native AHL
signals, is a potent inhibitor of pyocyanin production in vivo.22 This antagonist interacts
with both LasR and RhIR, however, inhibition through RhIR results in the key antivirulence
effects of the compound. From the standpoint of applications as a probe or drug candidate, a
weakness of this structure — or of any inhibitor possessing a lactone or thiolactone moiety —
is its sensitivity to chemical and enzymatic hydrolysis of the (thio)lactone ring.2”-30 To
overcome this structural liability, we sought to design, synthesize, and evaluate inhibitors
that lack the problematic lactone moiety.39-33 We describe herein the development of a
series of potent pyocyanin inhibitors. The structure of the optimized antagonists evolved
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from the architectures of both the native signal and inhibitor 1; however, these new
compounds inhibit pyocyanin production by a different mechanism than does 1.

Results and Discussion

The common feature of the AHL quorum sensing signals is the homoserine lactone (HSL)
head group, which forms key hydrogen-bonding interactions with the cognate receptor
binding pocket (2, Fig. 2); the tail domains generally experience only van der Waals
interactions in a hydrophobic pocket of the protein.34 35 Therefore, a replacement structure
for the HSL functionality should maintain the key hydrogen-bond interactions with the
receptor and perhaps find additional opportunities for enhanced binding. Along these lines,
other groups have explored the use of arenes as HSL replacements.31-33, 36

At the outset of our studies, we modeled a series of head group candidates in the LasR
binding pocket through a virtual screen using AutoDock.37 Heterocycles, including
aminopyridine 3, were identified as promising candidates, with the capacity to maintain
native binding contacts and the potential for additional hydrogen-bonding interactions. The
chemically stable aminopyridine moiety was viewed as a particularly attractive platform for
the synthesis of a focused small molecule library.

With the goal of evaluating the effectiveness of the aminopyridine head group as a
replacement for the native HSL, we first investigated analogs possessing these surrogate
head groups along with either the native 30C12 tail of the LasR signal (Fig. 3, 4) or a
simplified C12 tail (5). In principle, any head group that binds LasR is of interest, even if the
compound possesses agonist activity. Based on our studies toward inhibitor 1, and previous
work in the field,23 we anticipated that introduction of an appropriately functionalized tail
moiety could transform an agonist into an antagonist. Of course, a new head group structure
with inherent antagonistic activity would be of particular interest. Hits identified from the
initial head group study would then be merged with a functionalized tail motif to form
hybrid analogs (e.g., 6) that should have higher potency as antagonists and enhanced in vivo
stability.

For the head group library, acylation of an amino-heterocycle furnished a series of C12 tail
analogs (8, Fig. 4). To install the -ketoamide of the 30C12 tail, we generated the
Meldrum’s acid adduct prior to addition of an amino-heterocycle, to furnish 10. Hybrid
structures (13) were generally synthesized via Sy2 displacement of an alkyl halide (11) with
a phenol (12) to incorporate the tail functionality, followed by appendage of the head group
via amide formation.

The compounds were assayed for anti-quorum sensing activity at a concentration of 100 pM
in wild-type P. aeruginosa PA14. Deletion of lasR or rhIR dramatically reduces the ability
of P. aeruginosa to produce pyocyanin, so pyocyanin was used as a read-out for activity
based on its absorbance at 695 nm, as in our previous studies.?? The efficacy of the
compounds at reducing pyocyanin levels was calculated with respect to wild-type levels of
pyocyanin, where a wild-type level of pyocyanin was assigned a 0% efficacy, and an
absorbance equal to the background medium was assigned as 100% efficacy. Agonists that
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increased pyocyanin production were assigned negative efficacy values. Absorbance at
ODggg was also monitored to ensure that potential inhibitors did not impair growth. None of
the compounds affected P. aeruginosa growth.

Inspired by virtual screen hit 3, we systematically examined a series of pyridine, pyrimidine
and pyrazine head groups with either a 30C12 or C12 tail (Table 1, entries 1-6, 7-12,
respectively). The 4-aminopyridine (entry 3) and 4-aminopyrimidine (entry 4) 30C12
analogs were the most active compounds. The 2-aminopyridine (entry 1) was a less effective
inhibitor, suggesting that incorporation of the nitrogen in the heterocycle para to the amine is
key to activity, while the presence of a second nitrogen in the ortho-position was also
tolerated.

We further probed the 4-aminopyridine scaffold by incorporating a variety of substituents
around the pyridine ring (Table 2, entries 1-10). We also examined related pyridines (entries
11-14), as well as indole and benzofuran motifs (entries 15-23). Although most analogs
were less effective than the parent 4-aminopyridine (63% efficacy), incorporation of a
fluoride at the 2-position along with removal of the ketone in the tail led to a compound that
decreased pyocyanin production by 70% (entry 7).

We next evaluated a series of hybrid compounds, combining the 4-aminopyridine head
groups with the 3-bromophenol tail group from the previously identified inhibitor 1. At the
outset, we examined two linker lengths (Table 3, entries 1-5, 7) and found the combination
of a methoxy in the 2-position of the head group along with the longer five-methylene linker
to be most effective, reducing pyocyanin levels by 73% (entry 7). Further investigation of
the linker length (entries 5-10) revealed the four-methylene linker to be the most active
(81%, entry 6); increasing to a five- or six-methylene linker led to reduced efficacy (73—
75%, entries 7 and 9) and incorporation of an additional methylene group led to further
deterioration of activity (60%, entry 10). The incorporation of a ketone at C3 in the linker
significantly decreased antagonist activity (40%, entry 8).

In our initial head group studies, the 4-aminopyrimidine was as efficacious as the 4-
aminopyridine. We revisited this motif in the hybrid series (entries 11-14). The addition of a
methoxy group to the 6-position increased activity (entry 11 vs. entry 12), but a methoxy
group was not tolerated in the 2-position (entries 13-14). The best analog of this series had
an efficacy of only 41% (entry 12); accordingly, we returned to the 4-aminopyridine
scaffold for further investigation.

Installation of other inductively withdrawing groups at the 2-position in the head group led
to even more effective analogs: incorporation of a chloride (entry 15) afforded 89% efficacy
and, most notably, a trifluoromethyl group (entry 18) completely eliminated pyocyanin
production (99%). We explored the impact of chain length on the activity of the potent
trifluoromethyl analog (entries 16-19), and found the five- and four-methylene linker to be
most active (99% efficacy, entry 18 and 95% efficacy, entry 17).

Further studies confirmed that the pyridine nitrogen is important for activity, as its removal
led to a compound with only 62% efficacy (entry 20), and an additional trifluoromethyl
group failed to rescue activity (44%, entry 21). While the electronics at the 2-position are
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important, the substituent at that position also appears to be binding a pocket in the target
protein because the methyl analog remained fairly active (80%, entry 22). Moving the
trifluoromethyl group to the 3-position was not tolerated, leading to a compound with 15%
efficacy (entry 23).

We next sought to re-optimize the tail group for the 4-amino-2-trifluoromethylpyridine head
group (Table 4). Overall we found that many substitution patterns on the tail moiety were
permitted. Repositioning of the bromide to the 2-position of the aryl tail group (94%, entry
1) was preferable to a move to the 4-position (88%, entry 2). Incorporation of other halides
in the 3-position also furnished active compounds (entries 3-5). Efforts to reposition the
fluoride around the ring led to similar but more pronounced trends than those observed in
the bromide series (entries 6-7 vs. entries 1-2); the analog bearing substitution at the 4-
position was the least active (54%, entry 7), and the 3-fluoro analog was superior overall
(entry 5). The incorporation of additional fluoride substituents only led to decreased activity
(entries 8-10).

Substrates bearing other inductively withdrawing groups at the 3-position were less effective
inhibitors (entries 11-13). A methyl group substituent was found to be effective (81%, entry
14), but less so than the analogous halides. Finally, incorporation of a hydroxyl group at the
3-position led to an analog with moderate activity (70%, entry 15), although enhanced
potency was observed in the 2-hydroxy derivative (95%, entry 16).

We also examined the importance of the ether linkage between the aryl tail and the rest of
the compound. Analogs that substituted the oxygen with a sulfur, carbon, or nitrogen
retained activity (94%, entry 17, 96%, entry 18, and 100%, entry 19). Interestingly, an
alkyne was also well tolerated in the linker (97%, entry 20).

ICsq values were determined for top hits from each of the libraries (Fig. 5). Most of the
inhibitors had low micromolar activities, while 14 was an order of magnitude more active.
To ensure that the observed activity was not due to the alteration of the oxidation state of
pyocyanin, cell-free culture fluids containing pyocyanin were incubated with the inhibitors.
No changes in absorbance occurred over 17 hours (Supporting Information Fig. S1).38

Finally, we investigated the biological target of the inhibitors. The small molecules were
designed to be AHL analogs that bind and antagonize LasR and/or RhIR. The activity of the
inhibitors was first investigated in a heterologous E. coli system, in which the LasR or RhIR
transcription factor and target-gfp fusions were present on plasmids.22 Upon addition of an
agonist, such as the native AHL, GFP is produced. None of the compounds acted as agonists
for LasR or RhIR at 100 uM (Supporting Information Fig. S2).38 In the presence of the
native AHL, an inhibitor will decrease the production of GFP. None of the compounds acted
as antagonists for LasR or RhIR at 100 uM (Supporting Information Fig. S2).38 To further
probe whether the compound bound LasR or RhIR, we performed competition assays with
compound 16 (at 100 pM and 500 pM) and increasing amounts of the respective native
AHL. The LasR or RhIR responses were identical following treatment with inhibitor and
with the DMSO control (Supporting Information Fig. $3).38 We also explored anti-biofilm
activity as an additional quorum-sensing-controlled output; inhibitor 16 had no effect on
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biofilm formation (Supporting Information Fig. S4).38 Despite having been designed to
target the LasR and/or RhIR receptors of P. aeruginosa, clearly the compounds do not
function by inhibiting either receptor. This result was initially surprising based on the design
of the head groups to mimic AHL-binding and the overall structural similarity to our
previously disclosed compound 1, which does influence LasR and RhIR signaling. Upon
further inspection of the activity trends, the result is perhaps less surprising. The optimum
length for thiolactone 1 is three-methylenes, whereas analogs of 1 with longer linkers
showed significantly less activity. By contrast, the anti-pyocyanin compounds reported in
the current study have an optimum four- or five-methylene linker. Perhaps these differences
lead to the observed reduction in in vivo pyocyanin levels via a pathway independent of
LasR/RhIR.

We used microarray analyses to define the effects of the inhibitor 16 in vivo. Wild-type P.
aeruginosa PA14 was treated with hybrid 16 and compared to a DMSO-treated control
culture. Evaluating changes greater than 2-fold, we found that 75 genes were down-
regulated and 24 were up-regulated (Supporting Information Tables S1-52).38 Among the
genes down-regulated were those in the SoxR regulon. Pyocyanin acts as a terminal signal in
P. aeruginosa that, through SoxR regulation, activates expression of the gene encoding the
putative monooxygenase PA14 35160 as well as genes encoding transporters.3® Thus,
decreased expression of the SoxR-controlled genes following treatment with 16 is consistent
with reduced pyocyanin production (Table 5).

Examination of the rest of the microarray data revealed that despite an elimination of
pyocyanin production in culture, expression of the pyocyanin biosynthetic genes remained
unchanged following treatment with hybrid 16. These results suggest a post-transcriptional
mechanism of regulation of the virulence factor.38 In general, few genes in the quorum-
sensing regulon were affected. Rather, the majority of genes with the largest-fold down-

regulation upon addition of 16 were associated with the oxidative stress response (Table
6).40-42

In an attempt to clarify the target of 16, we also performed microarrays using an inactive
scaffold hoping to distinguish the key targets of 16. We used entry 12 in Table 4, which
differs from active 16 only in that entry 12 possesses a nitrile moiety in place of the bromide
of 16. The inactive control had almost no effect on transcript levels, with only three genes
changing 2-fold or more (katA was up-regulated 2.2-fold, trxB2 was up-regulated 2.0-fold,
while norC was down-regulated 2.0-fold, Supporting Information Tables S3-S4).38 Thus, no
obvious target candidate for 16 could be identified from these microarray comparisons.

In addition to the population-dependent behaviors regulated by quorum sensing, P.
aeruginosa detects and responds to environmental cues to adapt to its surroundings. The
response to these cues is key to the pathogen’s ability to thrive in environments ranging
from soil to hospital surfaces, and from hot tubs to plant and animal hosts.2=3 In addition to
acting as a terminal signal in the quorum-sensing pathway, pyocyanin is also an important
component that maintains P. aeruginosa’s redox balance, especially under low oxygen or
anaerobic conditions.2X Pyocyanin also helps protect the bacterium from reactive oxygen
species.*3 It is thus reasonable that signaling pathways sensitive to environmental stimuli
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could also control pyocyanin production. Further work is needed to identify the molecular
target of the pyocyanin inhibitors discovered here and to investigate their possible influence
on the oxidative stress response.

Conclusions

We have developed chemically stable and potent inhibitors of pyocyanin production in wild-
type P. aeruginosa. Work is underway to determine the specific targets and modes of action
of the compounds. We are also investigating the potential antivirulence effects of the
inhibitors, with the goal of making further advances to combat P. aeruginosa virulence.38

EXPERIMENTAL SECTION

Biological Assays

Pyocyanin assays, LasR and RhIR GFP assays, RNA extraction, and microarray analyses
were performed as previously reported.2?

Chemistry Materials and Methods

Unless otherwise stated, reactions were performed in flame-dried glassware fitted with
rubber septa under a nitrogen atmosphere and were stirred with Teflon-coated magnetic
stirring bars. Liquid reagents and solvents were transferred via syringe using standard
Schlenk techniques. Reaction solvents were dried by passage over a column of activated
alumina. All other solvents and reagents were used as received unless otherwise noted.
Reaction temperatures above 23 °C refer to oil bath temperature, which was controlled by an
OptiCHEM temperature modulator. Thin layer chromatography was performed using
SiliCycle silica gel 60 F-254 precoated plates (0.25 mm) and visualized by UV irradiation
and anisaldehyde or potassium permanganate stain. Sorbent standard silica gel (particle size
40-63 um) was used for flash chromatography. 1H and 13C NMR spectra were recorded on
Bruker Avance 111 (500 MHz for 1H; 125 MHz for 13C) spectrometer fitted with either a 1H-
optimized TCI (H/C/N) cryoprobe or a 13C-optimized dual C/H cryoprobe or a Bruker
NanoBay (300 MHz). Chemical shifts (&) are reported in ppm relative to the residual solvent
signal (8 = 7.26 for IH NMR and & = 77.0 for 13C NMR for CDCls, § = 3.31 for IH NMR
and & = 49.0 for 13C NMR for CD30D, & = 2.05 for IH NMR and § = 29.8 for 13C NMR for
acetone-d6). Data for IH NMR spectra are reported as follows: chemical shift (multiplicity,
coupling constants, number of hydrogens). Abbreviations are as follows: s (singlet), bs
(broad singlet), d (doublet), t (triplet), g (quartet), p (pentet), dd (doublet of doublets), ddd
(doublet of doublet of doublets), dt (doublet of triplets), td (triplet of doublets), m
(multiplet). High-resolution mass spectral analysis was performed using an Agilent 1200-
series electrospray ionization — time-of-flight (ESI-TOF) mass spectrometer in the positive
ESI mode. Analytical high-performance liquid chromatography was performed by Lotus
Separations, LLC, using a Rainin HPLC with SD-1 pumps and a Dynamax UV-1 detector.
All final compounds were determined to be of >95% purity by analysis of their
characterization data.
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General Procedures

Synthesis of p-keto amide compounds. General procedure A—To a flame-dried
flask was added Meldrum’s acid (1 equiv) and CH,Cl, (0.34 M). The reaction mixture was
cooled to 0 °C, and pyridine (2 equiv) was added over 20 min. Decanoy! chloride (1 equiv)
was then added dropwise. The reaction mixture was stirred at 0 °C for 2 h and was allowed
to return to room temperature over 1 h. The reaction was diluted with CH,Cl, and a2 M
HCl/ice mixture. After stirring for 10 min, the phases were separated. The organic phase was
washed sequentially with 2 M HCI and brine, dried over NapSO4 and concentrated. The
residue was dissolved in CH3CN (0.1 M) and the amino-heterocycle (1 equiv) was added.
The reaction was heated to 65 °C for 4 h. The reaction mixture was then concentrated and
the crude product was purified by column chromatography.

Synthesis of amide compounds |. General procedure B—The amino-heterocycle
(1 equiv), CH,ClI, (0.15 M), and Et3N (2 equiv) were combined in a flame-dried flask. The
reaction mixture was cooled to 0°C, and dodecanoyl chloride (1 equiv) was added dropwise.
The reaction mixture was allowed to warm to room temperature over 3 h. The reaction was
then quenched with saturated aqueous NaHCO3 solution. The layers were separated, and the
aqueous layer was extracted 3x with CH,Cl,. The combined organic layer was washed with
brine, dried over Na,SQOy, and concentrated. The crude product was purified by column
chromatography.

Synthesis of amide compounds Il. General procedure C—To a flame-dried flask
were added the carboxylic acid (1.0 equiv), dicyclohexylcarbodiimide (1.1 equiv),
dimethylaminopyridine (1.1 equiv), dodecylamine (1.0 equiv), and CH,Cl, (0.40 M). After
stirring at room temperature for 24 h, the reaction mixture was filtered through a Celite plug
and concentrated. The crude product was purified by column chromatography.

Synthesis of 4-amino-2-trifluoromethylpyridine analogs. General procedure D
—=6-chloro-N-(2-(trifluoromethyl)pyridin-4-yl)hexanamide (1 equiv), anhydrous potassium
iodide (12 equiv), anhydrous potassium carbonate (7.5 equiv), and the corresponding aryl
nucleophile (3.8 equiv) were dissolved in isopropanol (0.68 M) in a vial. The vial was
sealed, and the reaction mixture was heated to 100 °C behind a blast shield for at least 60 h,
or until complete as monitored by TLC. After cooling, the reaction was quenched with water
and extracted with CH,Cl,. The combined organic layer was washed sequentially with
saturated aqueous NaHCOj3 (2x), 1 M HCI, and brine. The solution was dried over Nay;SOy4
and concentrated. The crude product was purified by column chromatography.

30C12-4-aminopyridine (14)—Prepared from 4-aminopyridine using general procedure
A to furnish 14 in a 51% yield. HRM S (ESI-TOF) calculated for C17H7N»0, [M+H]*: m/iz
291.2073, found 291.2077; IH NMR (500 MHz, CDCl3) § 9.61 (s, 1H), 8.51 (d, J= 5.7 Hz,
2H), 7.58-7.48 (m, 2H), 3.59 (s, 2H), 2.58 (t, J = 7.3 Hz, 2H), 1.62 (p, J = 6.7 Hz, 2H),
1.44-1.15 (m, 12H), 0.87 (t, J = 6.8 Hz, 3H); 13C NMR (125 MHz, CDCl5) § 208.0, 164.2,
150.8, 144.3, 113.9, 48.3, 44.3, 31.8, 29.3, 29.3, 29.2, 28.9, 23.3, 22.6, 14.1. >99% purity by
HPLC analysis.
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C12-4-amino-2-fluoropyridine (15)—~Prepared from 4-amino-2-fluoropyridine using
general procedure B to furnish 15 in a 45% yield. HRM S (ESI-TOF) calculated for
C17H2gFN,0 [M+H]*: m/z 295.2186, found 295.2188; 1H NMR (500 MHz, CDCls) § 8.09
(d, J=5.6 Hz, 1H), 7.40-7.31 (m, 2H), 7.17 (dt, J=5.7, 1.5 Hz, 1H), 2.40 (t, J = 7.6 Hz,
2H), 1.72 (p, J = 7.5 Hz, 2H), 1.26 (d, J = 6.6 Hz, 16H), 0.87 (t, J = 6.9 Hz, 3H); 13C NMR
(125 MHz, CDCl3) § 171.9, 164.8 (d, J = 236 Hz), 148.8 (d, J = 12 Hz), 148.1 (d, J = 17
Hz), 111.2 (d, J= 4 Hz), 98.6 (d, J = 43 Hz), 37.8, 31.9, 29.6, 29.6, 29.4, 29.3, 29.3, 29.1,
25.1, 22.7, 14.1. >99% purity by HPLC analysis.

4-amino-2-trifluoromethylpyridine-C6-3-bromophenoxyhybrid (16)—Prepared
from 4-amino-2-trifluoromethylpyridine and 6-(3-bromophenoxy)hexanoic acid?? using
general procedure C to furnish 16 in a 42% yield. HRM S (ESI-TOF) calculated for
C1gH19BrF3N,0, [M+H]*: mVz 431.0582, found 431.0571; 1H NMR (500 MHz, CDCls) §
8.60 (d, J=5.5Hz, 1H), 7.89 (d, J= 2.1 Hz, 1H), 7.67 (dd, J=5.5, 2.1 Hz, 1H), 7.47 (s,
1H), 7.13 (t, J= 8.1 Hz, 1H), 7.10-6.99 (m, 2H), 6.81 (ddd, J = 8.2, 2.5, 1.1 Hz, 1H), 3.95
(t, J=6.2 Hz, 2H), 2.46 (t, J = 7.4 Hz, 2H), 1.89-1.74 (m, 4H), 1.63-1.50 (m, 2H); 13C
NMR (125 MHz, CDCl3) 8 171.8, 159.7, 151.0, 149.3 (q, J = 35 Hz), 146.1, 130.6, 124.7-
117.9 (m), 123.7,122.8, 117.6, 115.3, 113.4, 110.3 (9, J = 3 Hz), 67.7, 37.5, 28.8, 25.6,
24.7. >99% purity by HPLC analysis.

4-amino-2-trifluoromethylpyridine-C6-3-fluorophenoxyhybrid (17)—Prepared
from 3-fluorophenol using general procedure D to furnish 17 in a 40% yield. HRM S (ESI-
TOF) calculated for C1gH19F4N205 [M+H]*: mVz 371.1383, found is 371.1367; 1H NMR
(500 MHz, CDCl3) 6 8.59 (s, 1H), 7.92 (s, 1H), 7.77 (s, 1H), 7.73-7.65 (m, 1H), 7.24-7.16
(m, 1H), 6.68 — 6.61 (m, 2H), 6.58 (dt, J = 11.0, 2.4 Hz, 1H), 3.94 (t, J = 6.2 Hz, 2H), 2.46
(t,J=7.4 Hz, 2H), 1.86-1.76 (m, 4H), 1.60-1.51 (m, 2H); 13C NMR (125 MHz, CDCl3) §
171.9, 163.6 (d, J = 245 Hz), 160.3 (d, J = 11 Hz), 150.9, 149.3 (q, J = 35 Hz), 146.3, 130.2
(d, J=10Hz), 121.3 (q, J = 274 Hz), 115.4, 110.5-110.1 (m, 2C), 107.4 (d, J = 21 Hz),
102.1 (d, J=25 Hz), 67.7, 37.5, 28.8, 25.7, 24.7. >99% purity by HPLC analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A simplified diagram of quorum sensing in P. aeruginosa along with inhibitor 1.
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Figure2.
Key interactions of the homoserine lactone (2) with LasR3* 35 and modeled interactions of 3

with LasR.
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Table 1
Pyridine, pyrimidine, and pyrazine head groups.
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Table 2
4-Aminopyridine and other head groups.
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Head group study of hybrids.
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Hybrid tail group optimization.
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Table 5

Changes in the SoxR regulon after treatment with 16.

GenelLocus GeneName Description Fold down-regulated
PA14_35160 hypothetical protein 4.93
PA14_16310 MFS permease 3.27
PA14 09530 mexH RND efflux membrane fusion protein ~ 2.93
PA14_09520 mexl RND efflux transporter 2.84
PA14_09540 mexG hypothetical protein 2.68
PA14 09500 opmD outer membrane protein 2.50
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Table 6

Oxidative stress genes influenced by 16.

GenelLocus GeneName Description Fold Down-Regulated
PA14_21530 ankyrin domain-containing protein ~ 44.39
PA14_22320 hypothetical protein 35.99
PA14 01720 ahpF alkyl hydroperoxide reductase 33.03
PA14 53290 trxB2 thioredoxin reductase 2 27.79
PA14 09150 katA catalase 20.80
PA14 03090 hypothetical protein 14.35
PA14_58040 hypothetical protein 5.67
PA14 51830 DNA-binding stress protein 5.60
PAl4 61040 katB catalase 4.15
PA14_58030 fumC fumarate hydratase 2.71
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