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Abstract

The RhlR quorum sensing (QS) receptor in the pathogen Pseudomonas aeruginosa plays a 

prominent role in infection, and both antagonism and agonism of RhlR have been shown to 

negatively regulate important virulence phenotypes. Non-native lactone ligands are known to 

modulate RhlR activity, but their utility as chemical probes is relatively limited due to hydrolytic 

instability. Herein, we report our design and biological evaluation of a suite of hybrid AHL 

analogs with structures merging (1) features of reported lead RhlR ligands and (2) head groups 

with improved hydrolytic stabilities. The most promising compounds identified were N-acyl L-

homocysteine thiolactones, which displayed enhanced stabilities relative to lactones. Moreover, 

they were highly selective for RhlR over another key QS receptor in P. aeruginosa, LasR. These 

compounds are amongst the most potent RhlR modulators known and represent robust chemical 

tools to dissect the complex roles of RhlR in the P. aeruginosa QS circuitry.

GRAPHICAL ABSTRACT

INTRODUCTION

Quorum sensing (QS) is a chemical signaling pathway that certain bacteria use to assess 

their local population densities and coordinate group behavior once a threshold cell number 
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is achieved (1). Gram-negative bacteria typically use N-acyl L-homoserine lactones (AHLs) 

as their QS signals, which are produced by LuxI-type synthases and sensed by cytoplasmic 

LuxR-type transcription factors (2). Upon ligand binding, LuxR-type receptors most 

commonly dimerize, bind to DNA, and regulate QS-associated genes. The opportunistic 

pathogen Pseudomonas aeruginosa utilizes a relatively complex QS system to regulate a host 

of virulence factors at high cell density. Two LuxI-type synthases, LasI and RhlI, produce N-

(3-oxo-dodecanoyl) HL (OdDHL) and N-butyryl HL (BHL), respectively (Figure 1A) (3). 

These two signaling molecules are recognized by their cognate LuxR-type receptors, LasR 

and RhlR. OdDHL is also recognized by a third LuxR-type receptor, QscR, which has been 

found to both negatively regulate LasR and activate its own unique regulon of P. aeruginosa 
(4). LasR is generally considered to be at the top of the P. aeruginosa QS receptor hierarchy, 

as it regulates genes associated with other QS circuits (3). Due to this prominent role, LasR 

has been a primary target over the past ~15 years for the design of small molecule 

antagonists to block QS and reduce virulence in P. aeruginosa (5–10). However, there is 

increasing evidence that targeting RhlR with small molecule tools could be advantageous.

Our laboratory has recently shown that small-molecule activation and inhibition of RhlR can 

alter the expression levels of several different and important virulence factors in P. 
aeruginosa; for example, when RhlR is activated, pyocyanin production is reduced (7). In 

turn, when RhlR is inhibited, rhamnolipid production is decreased. Bassler and co-workers 

have shown that partial agonism of RhlR can reduce P. aeruginosa virulence in a C. elegans 
infection model (11), and very recently, that RhlR can also control certain virulence 

phenotypes via a yet to be identified ligand unique from BHL (12). To date, the most potent 

reported RhlR modulators contain homoserine lactone headgroups (i.e., agonist S4 and 

antagonist E22, Figure 1A). We reported these two compounds in a comprehensive analysis 

of our non-native AHL libraries for RhlR modulators in 2015 (13). However, the hydrolytic 

instability of these ligands’ lactone head groups is a drawback to their use as chemical 

probes, especially as P. aeruginosa culture media is observed to become more alkaline over 

time (14). Synthetic ligands for RhlR with enhanced stabilities over S4 and E22, whilst 

maintaining their potencies, would be of significant utility to study QS pathways in P. 
aeruginosa.

In general, RhlR has seen far less scrutiny as a target for non-native ligand design relative to 

LasR in P. aeruginosa, largely due to its perceived smaller role in QS (see above (5, 6)). 

Interestingly, beyond our recent forays into the development of RhlR modulators (13, 17), 

most prior studies on synthetic RhlR ligands have actually involved AHL analogs with non-

lactone headgroups. In 2003, Suga and co-workers investigated both BHL and OdDHL 

analogs that contained heterocyclic replacements for the lactone head group yet retained the 

native 4- or 12-carbon tail groups. The authors found that BHL variants with cyclopentanone 

and cyclohexanone head groups showed agonistic activity towards RhlR (Suga-5, Suga-7; 

Figure 1B (15)). Surprisingly, a 12-carbon OdDHL mimic with a cyclohexanone head group 

proved to be the most potent RhlR antagonist in this study (Suga-3; Figure 1B), suggesting 

the utility of longer tail groups in inhibiting RhlR. Later, Kato and co-workers found that a 

10-carbon AHL analog with cyclopentyl head group (C10-CPA, Figure 1B) inhibits P. 
aeruginosa QS through the antagonism of both RhlR and LasR (16). More recently, Bassler 
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and co-workers reported that a meta-bromo aryl homocysteine thiolactone (i.e., mBTL; 

Figure 1B) was a RhlR partial agonist (11). Homocysteine thiolactones have been examined 

in AHL analogs previously (11, 18–22), but except for mBTL, have not been explored as 

modulators of RhlR. Together, these prior studies indicated that RhlR can accommodate 

non-lactone head groups (assuming these close AHL mimetics target the BHL-binding site) 

and that further research into such compound scaffolds could be fruitful for new ligand 

design.

Herein, we report our design and biological evaluation of a set of hybrid AHL analogs with 

structures merging (1) features of the most promising reported RhlR ligands and (2) head 

groups with improved hydrolytic stabilities. These studies revealed, to our knowledge, the 

most potent non-native RhlR agonist to be reported, along with a highly potent RhlR 

antagonist. Notably, these two compounds both contain homocysteine thiolactones, a head 

group that shows improved hydrolytic stability relative to homoserine lactone, and are 

selective for RhlR over the other key LuxR-type receptor in P. aeruginosa, LasR.

RESULTS AND DISCUSSION

Active compounds uncovered in our recent BHL structure-activity relationship (SAR) study 

(17) and previously published RhlR leads (Figure 1B), as well as structural motifs with 

enhanced hydrolytic stability, motivated our selection of head and tail groups for new ligand 

design. Our SAR study suggested that both cyclopentanone and homocysteine thiolactone 

BHL analogs were capable of RhlR agonism, consistent with the work of the Suga and 

Bassler labs, respectively (11, 15). In addition, we found that RhlR well tolerates additional 

bulk at or near the α-position of the acyl tail, as exemplified by cyclopentyl HL S4, 

isovaleryl HL 7, and cyclobutyl HL 17 (Figure 2A), resulting in agonists exceeding the 

potency of BHL (17). We reasoned that combining these structural features could yield new 

RhlR agonists, and tested this hypothesis by uniting the cyclopentanone and homocysteine 

thiolactone head groups with either isovaleryl or cyclobutanoyl tails to give compounds 34–

37 (Figure 2B). Building on the prior work of Kato (16) and with an eye toward the 

development of new RhlR antagonists, we coupled the cyclopentyl head group with the 

isovaleryl or cyclobutanoyl tails to yield derivatives 38 and 39 (Figure 2C). Also with a view 

toward RhlR antagonism, we combined the cyclopentyl, tetrahydrofurfuryl, and 

homocysteine thiolactone head groups with the 4-iodo aryl tail from our potent RhlR 

antagonist E22 (Figure 2A (7, 13)) to provide compounds 40–42 (Figure 2C). These hybrid 

compounds were synthesized using standard amide coupling chemistry in modest to good 

yields (40–80%) and purified to >95% prior to biological testing (41 generated as a racemic 

mixture; see Methods).

The compounds were evaluated for their ability to either agonize or antagonize RhlR using 

an Escherichia coli strain harboring a RhlR expression plasmid and a reporter plasmid that 

allowed for straightforward read-out of RhlR activity (Table S1; see Methods). 

Simultaneously, we also screened the compounds in an analogous E. coli reporter system for 

LasR to investigate their selectivity for RhlR over LasR (Table S2). In the RhlR agonism 

screen, compounds 34–37 proved highly active at 10 μM and 1 mM, displaying greater than 

50% activation at 10 μM. In the RhlR antagonism screen, compounds 38 and 41 were 
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modest antagonists, while compound 42 was found to inhibit RhlR more than any other 

compound in this study at both 10 μM (28% inhibition) and 1 mM (74% inhibition). 

Notably, all of the compounds were largely inactive in the LasR assays as either agonists or 

antagonists, highlighting the selectivity of these hybrid ligand classes for RhlR modulation 

over LasR. The four lead hybrid RhlR agonists (34–37) and three lead hybrid RhlR 

antagonists (38, 41, and 42) identified in these primary screens were submitted to dose-

response analyses in the E. coli RhlR reporter to determine their potencies. The native RhlR 

ligand, BHL, along with four parent compounds from our previous studies (7, 17, S4, and 

E22; Figure 2A (13, 17)) were included as controls to better assess relative compound 

potency and maximal activity (i.e., efficacy). The resulting EC50 and IC50 values for the 

compounds, along with their associated efficacies, are listed in Table 1.

Hybrid compounds 34–37 proved either equipotent (34 and 36) or more potent (35 and 37) 

agonists than the native RhlR ligand, BHL (Table 1). The homocysteine thiolactone 

derivatives were the most potent overall, with cyclobutanoyl derivative 35 equipotent to its 

parent lactone compound 17, and more notably, isovaryl homocysteine thiolactone 37 
displaying two-fold greater potency over its lactone variant 7 and our previous lead agonist 

S4. Thiolactone 37, with an EC50 of 463 nM in the E. coli reporter, represented the most 

potent RhlR agonist identified in this study.

In terms of RhlR antagonism, a homocysteine thiolactone derivative again was the most 

potent (aryl thiolactone 42), showing potency comparable to its parent aryl lactone E22 in 

the E. coli reporter (Table 1). This result is interesting, as a previous study with a pair of aryl 

lactone and thiolactone analogs in LasR were found to display opposite activities (i.e., 

antagonist and agonist), respectively. Mutagenesis and computational studies in LasR 

implicated a hydrogen bond between the homoserine lactone (or homocysteine thiolactone) 

carbonyl and a conserved Trp residue in the LasR ligand-binding site (Trp 60) to be 

important for tuning compound activity (23). RhlR contains an analogous Trp residue (Trp 

68). Our results showing that both homocysteine thiolactone 42 and its lactone analog E22 
are strong RhlR antagonists suggest that this Trp hypothesis may not be accurate for RhlR, 

at least with this aryl ligand scaffold. Of the other two RhlR antagonists submitted to dose-

response analyses, cyclopentyl derivative 38 proved the next most active, with a potency 

only slightly lower than thiolactone 42, albeit with a significantly lower inhibition efficacy 

(32% vs. 81%, Table 1).

We next sought to determine if the activity profiles for the most potent compounds in the E. 
coli reporter would be maintained in RhlR’s native background, P. aeruginosa. Active efflux, 

along with the presence of acylases and reduced overall permeability, has been shown to 

decrease the activity of AHLs in P. aeruginosa relative to E. coli (24). Agonists 34–37 and 

antagonist 42 were submitted to analogous dose-response assays in a P. aeruginosa RhlR 

reporter strain (see Methods). Compounds 34–36 maintained their strong potency profiles 

between the two different reporters (Table 1), while compound 37 demonstrated a ~5-fold 

lower potency in P. aeruginosa relative to E. coli. Still, the homocysteine lactone analogs 35 
and 37 were the most potent agonists in P. aeruginosa (EC50 values of 1.65 and 2.58 μM, 

respectively), further underscoring the utility of this head group for potent RhlR agonism. 

This trend was continued for RhlR antagonism, with homocysteine lactone 42 maintaining 
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its strong potency and efficacy in P. aeruginosa (with 85% maximum inhibition, Table 1) and 

marking this compound as one of the most potent antagonists of RhlR reported to date.

We were intrigued that both our lead RhlR agonist (35) and our lead RhlR antagonist (42) in 

P. aeruginosa were homocysteine thiolactone derivatives, a trend that corroborated the strong 

activity reported by the Bassler lab for the thiolactone mBTL (11). We reasoned that these 

alternate headgroups could alter the hydrolytic stabilities of these derivatives relative to 

AHLs. Indeed, in a 2011 study we showed that certain homocysteine thiolactone derivatives 

have increased hydrolytic stabilities relative to AHLs in Luria-Bertani medium as monitored 

via a biosensor assay (21). To evaluate their stability in a more direct and quantitative assay, 

we elected to monitor the stability of homocysteine thiolactone 42 relative to its homoserine 

lactone homolog E22 over time and at varying pH values (6–9) using HPLC and MS (see 

Methods). Interestingly, the homocysteine thiolactone displayed remarkable stability in this 

assay, with half-lives ranging from approximately 6 to 23 times longer than the half-lives of 

the homoserine lactone (Figure 3). The differences in half-lives for 42 vs. E22 grew 

dramatically larger at pH ≥ 7 (e.g., 240 h vs. 10 h at pH 8, respectively).

The results of these stability studies for 42 and E22 do not align with earlier reports 

supporting the thermodynamic favorability of alkyl thioester hydrolysis (25). However, 

thioesters are known to have slow rates of hydrolysis, and published rate constants have 

typically been for electronically activated thioesters (e.g., trifluorothioacetate (26)). In the 

compounds tested here, homocysteine thiolactone ring size may also play a crucial role in 

the observed hydrolysis rates. Previous studies comparing homocysteine thiolactones and 

homoserine lactones in water/acetone mixtures showed that homoserine lactones hydrolyze 

at a two-fold faster rate (27). The resulting γ-mercapto acids from homocysteine thiolactone 

hydrolysis also readily recyclize upon acid exposure, while thiolactones with larger ring 

sizes are far less likely to recyclize (28). The HPLC/MS data for 42 and E22 (Figure 3) 

support these past reports on the kinetics of homocysteine thiolactone hydrolysis. We note 

that the P. aeruginosa reporter assay used in this study was six hours in length and the final 

pH did not exceed 7.6, suggesting hydrolysis has a negligible effect on the activities of 42 
and E22 in these experiments. Nevertheless, for assays performed over more extended 

periods of time (> 10 h), and in view of the increasing alkalinity of P. aeruginosa culture 

media over time (14) and the observed preference of certain bacterial lactonases for 

homoserine lactones over homocysteine thiolactones (18), we believe that our homocysteine 

thiolactone RhlR modulators (35, 37, and 42) should constitute physically robust probes for 

the study of P. aeruginosa QS in a variety of biologically relevant environments.

SUMMARY

Both antagonism and agonism of the RhlR receptor have been shown to negatively regulate 

important virulence phenotypes in P. aeruginosa. While prior chemical efforts have delivered 

synthetic ligands for RhlR, the most potent of these compounds are all lactone based and 

suffer from relatively low hydrolytic stability. We designed a suite of new compounds that 

integrated the structures of these lead compounds with alternate head groups, and evaluated 

them in cell-based reporter assays for RhlR activity. The most promising compounds 

identified contain homocysteine thiolactone head groups (35, 37, and 42), and this motif 
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showed improved hydrolytic stability relative to the homoserine lactone group. These new 

ligands were highly selective for RhlR over another key QS receptor in P. aeruginosa, LasR, 

and are active in the P. aeruginosa background. Homocysteine thiolactones 35, 37, and 42 
represent some of the most potent RhlR modulators known and constitute new tools to 

investigate the role of RhlR in QS regulation. Furthermore, they underscore the potential 

utility of the thiolactone motif for the design of synthetic ligands for other LuxR-type 

receptors.

METHODS

Chemistry

AHLs and AHL analogs were synthesized and purified using our previously reported 

procedures (17, 29). See SI for details of instrumentation and full characterization data for 

new compounds.

Bacteriology

Bacteria were cultured in Luria-Bertani medium (LB) at 37 °C. Absorbance measurements 

were performed in 96-well microtiter plates and path length-corrected using a Biotek 

Synergy 2 plate reader running Gen 5 software (version 1.05). Bacterial growth was assessed 

by measuring absorbance at 600 nm (OD600).

Bacterial strains and assay protocols

The bacterial reporter strains used for this study were (i) E. coli strain JLD271 (ΔsdiA) 

harboring the RhlR expression plasmid pJN105R2 and the rhlI-lacZ transcriptional fusion 

reporter pSC11-rhlI*, (ii) E. coli strain JLD271 (ΔsdiA) harboring the LasR expression 

plasmid pJN105L and the lasI-lacZ transcriptional fusion reporter pSC11, and (iii) P. 
aeruginosa strain PAO-JP2 (ΔlasIrhlI) harboring the rhlI-gfp transcriptional fusion reporter 

prhlI-LVAgfp. Miller assays and GFP fluorescence assays were performed in these reporters 

as previously described (17, 30).

Homocysteine thiolactone/homoserine lactone stability studies

Stability studies were performed as reported previously (30) with some minor modifications 

(see SI for method, MS data, and RP-HPLC traces).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Selected native AHLs and reported RhlR ligands. (A) Natural AHLs [OdDHL and BHL] and 

(B) lead non-natural modulators of RhlR [Suga-3, Suga-5, and Suga-7, Suga and coworkers 

(15); C10-CPA, Kato and coworkers (16); S4 and E22, Blackwell and coworkers (13); 

mBTL, Bassler and coworkers (11)].
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Figure 2. 
Chemical structures of AHLs and analogs thereof examined in this study. (A) Control 

compounds for comparison to new ligands. New analogs blending (B) agonist head/tail 

groups for predicted RhlR agonist generation or (C) agonist head/tail groups and antagonist 

head/tail groups for predicted RhlR antagonist generation. Compound numbering originates 

from our previous study (17).
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Figure 3. 
Compound degradation data. Degradation profiles at varying pH values for (A) 

homocysteine thiolactone 42 and (B) homoserine lactone E22 and resulting half-lives (C) as 

measured via HPLC. MS data reported in Table S3.
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Table 1:

EC50 and IC50 values and efficacy data for AHL analogs in the E. coli and P. aeruginosa RhlR reporter 

strains.
a
 Data for control compounds shaded in grey.

E. coli P. aeruginosa

Compound EC50 (μM) 95% CI (μM)
b Max. RhlR Activation (%) EC50 (μM) 95% CI (μM)

b Max. RhlR Activation (%)

34 5.94 4.19 – 8.41 93 7.35 5.26 – 10.3 96

35 1.72 1.34 – 2.21 110 1.65 1.24 – 2.21 90

36 7.58 5.80 – 9.90 100 11.24 7.41 – 17.1 96

37 0.463 0.336 – 0.640 93 2.58 1.86 – 3.56 91

BHL 8.95 5.86 – 13.7 100 8.08 6.09 – 10.7 100

7 1.02 0.67 – 1.55 110 1.42 1.08 – 1.86 94

17 1.78 1.37 – 2.31 100 1.41 1.14 – 1.74 96

S4 1.58 1.32 – 1.90 100 1.22 1.03 – 1.45 110

IC50 (μM) 95% CI (μM)
b Max. RhlR Inhibition (%) IC50 (μM) 95% CI (μM)

b Max. RhlR Inhibition (%)

38 26.7 10.1 – 71.0 32 – – –

41 >100 – 56 – – –

42 19.6 14.3 – 26.9 81 31.4 19.6 – 50.4 85

E22 17.3 12.1 – 24.6 74 23.9 16.6 – 31.6 96

a
See Methods for assay details. For full dose response curves, see Figures S1–S4.

b
CI = confidence interval.
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