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ABSTRACT: The Gram-negative pathogen Pseudomonas aeruginosa
produces an intercellular alkyl quinolone signaling molecule, the
Pseudomonas quinolone signal. The pqs quorum sensing communication
system that is characteristic for P. aeruginosa regulates the production of
virulence factors. Therefore, we consider the pqs system a novel target to
limit P. aeruginosa pathogenicity. Here, we present small molecules
targeting a key player of the pqs system, PqsR. A rational design strategy
in combination with surface plasmon resonance biosensor analysis led to
the identification of PqsR binders. Determination of thermodynamic
binding signatures and functional characterization in E. coli guided the hit
optimization, resulting in the potent hydroxamic acid derived PqsR
antagonist 11 (IC50 = 12.5 μM). Remarkably it displayed a comparable potency in P. aeruginosa (IC50 = 23.6 μM) and reduced
the production of the virulence factor pyocyanin. Beyond this, site-directed mutagenesis together with thermodynamic analysis
provided insights into the energetic characteristics of protein−ligand interactions. Thus the identified PqsR antagonists are
promising scaffolds for further drug design efforts against this important pathogen.

Pseudomonas aeruginosa is an environmental highly adaptable
opportunistic pathogen that is one of the leading causes for
nosocomial infections1 and is responsible for chronic lung
infections in the majority of cystic fibrosis patients.2 It
coordinates group behaviors via a cell-density-dependent cell-
to-cell communication system known as quorum sensing (QS).3

Beside the las4,5 and the rhl6,7 communication systems, which
use N-acyl homoserine lactones as autoinducers, P. aeruginosa
employs a characteristic pqs QS system.8 It functions via the
signal molecules PQS (2-heptyl-3-hydroxy-4-quinolone) and its
precursor HHQ (2-heptyl-4-quinolone) that interact with their
receptor PqsR to control the production of a number of
virulence factors such as pyocyanin and biofilm formation.9−11

Due to growing antibiotic resistance there is an urgent need for
therapeutics with novel modes of action. Targeting bacterial
virulence or disrupting the interaction between the host and the
pathogen are attractive options that are increasingly being
explored.12 Therefore we consider PqsR a novel, promising
target to disrupt PqsR-dependent gene expression, thereby
limiting P. aeruginosa pathogenicity without affecting bacterial
viability.13 Recently, we reported on the discovery of the first
PqsR antagonists.14 However, as their structures are derived
from the natural effector HHQ, they have insufficient
physicochemical properties to be used as a drug. Here, we
describe the discovery and optimization of small molecules

targeting the transcriptional regulator PqsR using a rational
design strategy guided by biophysical methods. Combination of
site-directed mutagenesis and thermodynamic analysis enabled
us to study protein−ligand interactions in detail.
The κ-opioid receptor agonist (±)-trans-U50488 (1) was

recently found to stimulate the transcription of pqsABCDE in P.
aeruginosa PAO1, indicating that it could act via PqsR.15

Employing surface plasmon resonance (SPR) biosensor analysis
and isothermal titration calorimetry (ITC), we confirmed that 1
binds to PqsR (Figure 1; Supplementary Figures S1 and S2)
thereby providing a promising starting point for the
identification of small-molecule PqsR ligands.
We applied a rational design strategy that involves the

simplification of 1 into smaller fragments and analogues. In the
context of antibacterial drug discovery, fragment-based design is
a promising strategy since it makes it possible to address the
key issues, namely, insufficient physicochemical properties and
lack of chemical diversity.16,17 The derived in-house library
included (i) N-heteroaromatic substituted benzamides, (ii)
substituted benzyl- and benzamides, and (iii) N-phenyl
substituted isonicotin- and nicotinamides (Figure 1). Screening
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of the focused library (106 compounds) in a SPR biosensor
assay monitoring the affinity toward PqsR revealed binders
including four top candidates with outstanding ligand
efficiencies (LE, Figure 2).

The major drawback of screening small simple molecules is
that the binding affinity is usually low.17 Therefore, LE, which is
calculated as the binding energy of the ligand per heavy atom
thereby normalizing the affinity and molecular size of a
compound, was used for effective hit selection.18 To account
for heteroatoms the binding efficiency index (BEI), that
engages the total molecular weight instead of the number of

non-hydrogen atoms19 is superior but here the ranking did not
change. To verify and further characterize the best hit 4, we
carried out a thermodynamic analysis and evaluated its
agonistic and antagonistic activity (Table 1). Using ITC a
dissociation constant (KD) of 25.5 μM was determined for 4
binding to PqsR and the LE of 0.63 kcal mol−1 confirmed the
high potential of 4 as starting point for optimization. Further,
we examined the PqsR-mediated transcriptional effect in a
heterologous reporter gene assay in E. coli.20 The latter was
used as it provides a system to characterize the functionality of
PqsR ligands independent of the entire pqs system present in P.
aeruginosa.21 Remarkably, in the E. coli assay 1 did not stimulate
the transcription of pqsABCDE as described,15 rather it acts as a
weak PqsR antagonist. More importantly, for ligand 4 a
significant reduction of the PqsR stimulation was observed.
Considering the promising LE and the antagonistic activity
compound 4 was chosen as starting point for structural
modifications.
Variation of the length of the alkyl chain in PQS21,22 as well

as in HHQ and its derivatives14 demonstrated a chain length
dependency of agonistic and antagonistic activities revealing the
alkyl chain as a key feature. Therefore, alkyl chains varying from
C1 to C4 were introduced in the para-position of the
benzamide core that led to compounds 6−10 (Table 1;
Supplementary Figure S3). Compared to 4 (KD = 25.5 μM) the
tert-butyl substituted benzamide (9, KD = 0.9 μM) showed a
29-fold increase in binding affinity, and the LE remained
constant at a value of 0.63 kcal mol−1. However, changing the
constitution from tert- to isobutyl (compound 10, KD = 5.7
μM) reduced the affinity again. Analysis of the thermodynamic
signatures revealed that ligands 7−10 are enthalpy driven
binders indicating a good noncovalent bond complementary
between the protein and the compounds.23 However, with
increasing enthalpic contribution in this series the entropic
terms became more unfavorable, thereby partially compensat-
ing the enthalpic gain (Supplementary Figure S4).
The replacement of the Cl-substituent in para-position of 4

by alkyl residues (compounds 6−10) inverted the functional
properties from antagonistic (4) to agonistic activity (6−10).
Interestingly, the ligands with the bulkiest substituents 9 and 10
showed in addition to their moderate agonistic activity a
significant reduction of the PqsR stimulation. These findings
demonstrate the impact of the alkyl moiety on binding affinity
as well as on functional properties.
In order to elucidate the role of the amide function, we

exchanged it by a hydroxamic acid in the ligand with the highest
affinity and the most favorable enthalpic contribution
(compound 9). The resulting compound 11 (KD = 4.1 μM)
displayed a 4.6-fold reduced affinity compared to that of 9 that
is due to a decrease in ΔH. Interestingly, the antagonistic
potency was improved, and the agonistic activity was
completely lost. To investigate whether in the alkyl-substituted
series the replacement of the amide by a hydroxamic acid in
general can turn agonists into antagonists, the corresponding
derivative of 7 (compound 12) was synthesized. Indeed, 12
(KD = 19.7 μM) is also a pure PqsR antagonist.
Combining ITC with site-directed mutagenesis provides a

valuable thermodynamic tool to identify the effects of specific
residues in interaction with ligands.24 Gln194, the only polar
residue in the PQS-binding pocket (Williams, P. University of
Notthingham, Nottingham, U.K. Personal communication,
2011), was mutated, and the binding of 1, 8, 9, and 11 to

Figure 1. Ligand-based design strategy. Structure of the PqsR ligand
(±)-trans-U50488 1 (top) and general structures i−iii of the derived
focused library (below). KD value and ligand efficiency (LE) were
determined using ITC.

Figure 2. SPR screening data analysis. (a) Processed single point
binding data for compounds, referenced for blanks, DMSO calibration,
and streptavidin reference flow cell; blue dots represent calculated LE
for compounds; red squares represent calculated LE for positive
control 1 (referring surface stability); orange circles represent
screening hits. Compounds were injected at 100 μM. (b) Chemical
structures of the top four hits.
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the resulting PqsR Q194A mutant was analyzed by ITC (Table
2).

While the Q194A mutation did not affect the binding of 1,
the affinity of 8, 9, and 11 was significantly decreased. The
latter reveals that Gln194 is only involved in the binding of 8, 9,
and 11, but competition experiments confirmed that 1 and 11
bind to the same binding site (Supplementary Figure S5).
Interestingly, for the interaction of 8, 9, and 11 with the Q194A
mutant, a comparable loss in ΔH was observed with values
ranging from 4.0 to 4.4 kcal mol−1. Considering that a well-
placed H-bond can make a favorable enthalpic contribution in
the order of −4 to −5 kcal mol−1,25 the results suggest that
Gln194 forms H-bonds with 8, 9, and 11. Further, the binding
of the latter ligands to the Q194A mutant showed positive
−TΔΔS values relative to those of the wild-type. This might be
due to the increased conformational flexibility both of the
ligand and the protein in the absence of the H-bond.
As shown in Table 1, variation of the alkyl chain (compounds

6−10) affects the enthalpy ΔH, demonstrating that the alkyl
chain is involved in the formation of noncovalent interactions
like CH/π hydrogen bonds. The latter have their origin in
dispersion forces, which have an impact on the enthalpic term
of free energy.26 To probe for CH/π interactions Phe221 that is

lining the PQS-binding pocket (Williams, P. University of
Notthingham, Nottingham, U.K. Personal communication,
2011) was mutated to Ala. Ligand 9, which showed the highest
affinity toward PqsR (KD = 0.9 μM), was selected for analysis,
and the thermodynamic signatures for the binding of 9 to wild-
type and F221A mutant PqsR are shown in Figure 3.

Indeed, the F221A point mutation affected the binding of 9,
and with a deficit of 7.6 kcal mol−1 the enthalpic contribution
was significantly reduced compared to that of the wild-type. A
salient feature of the CH/π hydrogen bond is that it works
cooperatively and for cases involving aliphatic CH groups as the
hydrogen donor, the energy of a CH/π hydrogen bond is
between −1.5 and −2.5 kcal mol−1.27 This indicates that
Phe221 might form three CH/π bonds with the tBu moiety of
9 as described for the interaction of benzene with isobutane.28

Given that P. aeruginosa is characterized by an intrinsic
resistance to a variety of antimicrobial agents, which is due to
the synergy between drug efflux pumps with broad substrate
specificity and low outer membrane permeability,29 we
examined whether the most potent antagonist 11 also shows

Table 1. Thermodynamic Parameters of Ligands 1, 4, and 6−12 Binding to PqsR and Their Agonistic and Antagonistic
Activitiesa

ligand R KD [μM] ΔG [kcal mol−1] ΔH [kcal mol−1] −TΔS [kcal mol−1] LE [kcal mol−1] agonistic activity [%] antagonistic activity [%]

1 3.6 ± 0.4 −7.4 ± 0.1 −4.7 ± 0.1 −2.7 ± 0.1 0.31 n.a. 18 ± 3c

4 Cl 25.5 ± 2.5 −6.3 ± 0.1 −4.1 ± 0.2 −2.1 ± 0.2 0.63 n.a. 53 ± 7c

6 Me 31.2 ± 3.4 −6.1 ± 0.1 −2.2 ± 0.1 −3.9 ± 0.1 0.62 33 ± 2b n.i.
7 Et 7.3 ± 0.6 −7.0 ± 0.1 −4.6 ± 0.3 −2.4 ± 0.3 0.64 122 ± 13b n.i.
8 iPr 3.0 ± 0.4 −7.5 ± 0.1 −6.3 ± 0.3 −1.3 ± 0.4 0.63 111 ± 10b n.i.
9 tBu 0.9 ± 0 −8.3 ± 0 −9.7 ± 0.3 1.5 ± 0.3 0.63 43 ± 3b 48 ± 1b

10 iBu 5.7 ± 0.9 −7.2 ± 0.2 −7.9 ± 0.4 0.7 ± 0.1 0.55 32 ± 3c 45 ± 8c

11 tBu 4.1 ± 0.6 −7.4 ± 0.1 −8.9 ± 0.2 1.5 ± 0.3 0.53 n.a. 78 ± 12c

12 Et 19.7 ± 1.2 −6.4 ± 0 −4.8 ± 0.2 −1.6 ± 0.2 0.54 n.a. 50 ± 9b

aITC titrations were performed at 298 K. Data represent mean ± SD from at least three independent experiments. Agonistic activity was determined
by measuring the PqsR stimulation induced by 100 μM of the test compound compared to 50 nM PQS (=100%); n.a. = no agonism (agonistic
activity ≤10%). Antagonistic activity was determined by measuring the inhibition of the PqsR stimulation induced by 50 nM PQS in the presence of
100 μM test compound (full inhibition =100%); n.i. = no inhibition (antagonistic activity ≤10%). Mean value of at least two independent
experiments with n = 4, standard deviation less than 25%. Significance: for the agonist test, induction compared to the basal value; for the antagonist
test, decrease of the PQS-induced induction. bp < 0.003. cp < 0.05.

Table 2. Effect of the Q194A Mutation on the
Thermodynamic Parameters of Ligand Bindinga

ligand ΔΔG [kcal mol−1] ΔΔH [kcal mol−1] −TΔΔS [kcal mol−1]

1 0.0 ± 0.1 0.1 ± 0.1 −0.1 ± 0.1
8 −1.3 ± 0.3b −4.0 ± 0.3b 2.7 ± 0.4b

9 −1.3 ± 0b −4.4 ± 0.3b 3.1 ± 0.3b

11 −0.5 ± 0.1b −4.1 ± 0.4b 3.6 ± 0.4b

aΔΔG, ΔΔH, and −TΔΔS are ΔGWT − ΔGmutant, ΔHWT − ΔHmutant,
and −T(ΔSWT − ΔSmutant), respectively. Negative values indicate a
loss; positive values, a gain compared to wild-type. Errors indicate SD
calculated via Gaussian error propagation. Significance: effect of the
Q194A mutation on the thermodynamic parameters of ligand binding
compared to the wild-type. bp < 0.003.

Figure 3. Thermodynamic profiles determined by ITC for the binding
of ligand 9 to wild-type and F221A mutant PqsR. Data shown are
mean ± SD, n = 3.

ACS Chemical Biology Letters

dx.doi.org/10.1021/cb300208g | ACS Chem. Biol. 2012, 7, 1496−15011498



an effect when tested in a P. aeruginosa background.
Remarkably, the antagonistic activity could be confirmed
(IC50 in E. coli = 12.5 μM vs IC50 in P. aeruginosa = 23.6
μM; Supplementary Figure S6). Two possible explanations for
this finding might be that the penetration of the hydrophilic
hydroxamic acid 11 (log P = 2.1; calculated with MOE2010.10)
across the outer membrane overwhelms its efflux or that the
antagonist 11 is no substrate of the efflux pumps. Additionally,
11 is able to reduce the production of the virulence factor
pyocyanin in P. aeruginosa (IC50 = 87.2 μM; Supplementary
Figure S7).
In summary, through application of rational design and

biophysical methods, we developed to the best of our
knowledge the first small-molecule PqsR ligands. LEs and
functional properties were used to guide the elaboration
process that resulted in the potent hydroxamic acid-derived
PqsR antagonist 11. Compared to the recently described HHQ
analogues14 compound 11 is a less potent antagonist but, as a
consequence of its low molecular weight and its activity in P.
aeruginosa, it has high potential for further optimization.
Beyond this, site-directed mutagenesis together with thermody-
namic analysis disclosed that Gln194 and Phe221 are involved
in ligand binding, probably by making hydrogen bonds and
CH/π interactions, respectively. The rational simplification
strategy in combination with biophysical methods, using LE as
a primary filter, revealed promising hits. Accordingly, this
approach is a valuable tool in drug design. Future experiments
will address hit to lead optimization to open the door for anti-
infectives with novel modes of action for the treatment of P.
aeruginosa infections.

■ METHODS
Construction of pSUMO3_ck4_pqsRC87. For generation of

pSUMO3_ck4_pqsRC87 containing the truncated pqsRC87 gene of P.
aeruginosa PA14, the pqsR gene from nucleotide 259 to the stop codon
was PCR-amplified from genomic DNA using the forward primer 5′-
TATGAGTACTAATCTCAACAAGGGTCCGCGC-3′ and reverse
primer 5′-TGTACAATTGCTACTCTGGTGCGGCGCGCT-3′
(ScaI/MfeI sites underlined) and subsequently cloned into the ScaI/
MfeI sites of the pSUMO3_ck4 vector in order to express it as a
H6SUMO-fusion protein. The construct was confirmed by DNA
sequencing. This plasmid adds 104 amino acids to the N-terminus of
the PqsR sequence starting at N87 .
Preparation of pSUMO3_ck4_Q194ApqsRC87 and pSU-

MO3_ck4_F221ApqsRC87. The Q194A and the F221A mutants
were generated using the QuikChange Site-Directed Mutagenesis Kit
(Stratagene) according to the manufacturer’s instructions using the
pSUMO3-ck4-pqsRC87 plasmid as an template. Briefly, the forward
primer 5′-CTGGCCAATTACCGGGCGATCAGCCTCGGCAGC-3′
(A194 underlined) and the reverse primer 5′-GCTGCCGAGGCT-
GATCGCCCGGTAATTGGCCAG-3′ (A194 underlined) were used
to amplify the Q194A gene through 16 cycles of PCR (35 s
denaturation at 95 °C, 60 s annealing at 55 °C, and 6.5 min extension
at 68 °C). The forward primer 5′-CTCTTCGTGGAAAACGCG-
GACGACATGCTGCGTCTG-3′ (A221 underlined) and the reverse
primer 5′-CAGACGCAGCATGTCGTCCGCGTTTTCCACGAA-
GAG-3′ (A221 underlined) were used to amplify the F221A gene
through 16 cycles of PCR using the same conditions as described
above. After treatment with DpnI, the PCR product was transformed
into E. coli strain XL1-Blue. Plasmid DNA was then purified from
transformants using the GenElute HP Plasmid Miniprep Kit (Sigma-
Aldrich) and sequenced to confirm the Q194A and the F221A
mutations.
Protein Expression and Purification. Wild-type, Q194A mutant,

and F221A mutant H6SUMO-PqsRC87 were expressed in E. coli and
purified using a single affinity chromatography step. Briefly, E. coli

BL21 (DE3) cells containing the pSUMO3_ck4_pqsRC87, the
pSUMO3_ck4_Q194ApqsRC87, or the pSUMO3_ck4_F221ApqsRC87

plasmid were grown in LB medium containing 50 μg mL−1 kanamycin
at 37 °C to an OD600 of approximately 0.8 and induced with 0.2 mM
IPTG for 16 h at 16 °C. The cells were harvested by centrifugation
(5000 rpm, 10 min, 4 °C), and the cell pellet was resuspended in 100
mL of binding buffer (50 mM Tris-HCl, pH 7.8, 150 mM NaCl, 20
mM imidazole, 10% glycerol (v/v)) and lysed by sonication for a total
process time of 2.5 min. Cell debris were removed by centrifugation
(13000 rpm, 30 min), and the supernatant was filtered through a
syringe filter (0.2 μm). The clarified lysate was immediately applied to
a Ni-NTA column (GE Healthcare), washed with 50 mM Tris-HCl,
pH 7.8, 150 mM NaCl, 20 mM imidazole, 10% glycerol (v/v), and
eluted with 500 mM imidazole. The protein-containing fractions were
buffer-exchanged into 20 mM Tris, pH 7.4, 150 mM NaCl, 10%
glycerol (v/v) for the wild-type and into 20 mM Tris, pH 7.8, 300 mM
NaCl, 10% glycerol (v/v) for the Q194A and the F221A mutants,
using a PD10 column (GE Healthcare), and judged pure by SDS-
PAGE analysis. The H6SUMO-tagged proteins were stored at −80 °C
and used for biophysical studies.

Minimal Biotinylation of H6SUMO-PqsRC87. Minimal biotinyla-
tion of the H6SUMO-PqsRC87 was achieved by mixing 56 nmol of
H6SUMO-PqsRC87 (1 equiv) with 28 nmol of EZ-link sulfoNHS LC-
LC-biotin (0.5 equiv.; Thermofisher Scientific) that was freshly
dissolved in water. Biotinylation reaction mixture was incubated on ice
for 2 h. To remove unreacted biotin reagent, the entire biotinylation
mixture was subjected to size exclusion chromatography on a Superdex
200HR (16/600) column equilibrated in storage buffer (1× PBS, pH
7.4, 10% glycerol (v/v)). A protein peak containing biotinylated
H6SUMO-PqsRC87 protein was collected (0.3 mg mL−1), stored at
−80 °C, and used for SPR studies.

Surface Plasmon Resonance. SPR binding studies were
performed using a Reichert SR7500DC instrument optical biosensor
(Reichert Technologie). SAD500 sensor chips from Xantec Analytics
were used. Dimethyl sulfoxide (DMSO), biotin, and (±)-trans-U50488
methanesulfonate were purchased from Sigma. The library collection
consisted of 106 compounds with molecular weight range of 100−350
Da.

Immobilization of Biotinylated H6Sumo-PqsRC87. Biotinylated
H6SUMO-PqsRC87 was immobilized on a SAD500 (Streptavidin
coated) sensor chip at 25 °C. HEPES (50 mM HEPES, pH 7.4, 150
mM NaCl) was used as the running buffer. The streptavidin
carboxymethyl dextran surface was preconditioned 30 min with
running buffer until the baseline was stable. Biotinylated H6SUMO-
PqsRC87 was diluted into running buffer to a concentration of 100 μg
mL−1 and coupled to the surface with a 2-min injection. Remaining
streptavidin and the reference cell were blocked with a 3-min injection
of biotin (3 μg mL−1). Biotinylated H6SUMO-PqsRC87 (39494 Da)
was immobilized at a density of 2200 RU for the binding affinity
experiment of (±)-trans-U50488 methanesulfonate, at a density of
5506 RU for the library screen and at a density of 3092 RU for
competition experiments.

Binding Affinity for (±)-trans-U50488 Methanesulfonate.
The binding experiment was performed at 12 °C at a constant flow
rate of 80 μL min−1 in instrument running buffer (50 mM HEPES, 150
mM NaCl, pH 7.4, 5% DMSO (v/v), 0.05% P20 (v/v). A 10 mM
stock of trans-U50488 methanesulfonate in running buffer was directly
diluted to a concentration of 1 mM and then diluted in a 3-fold
dilution series from 111 μM down to 457 nM. Before starting the
experiments 12 warm-up blank injections were performed. Zero-buffer
blank injections and DMSO calibrations were included for double
referencing. Individual concentrations were injected in duplicates from
lowest to highest concentrations for 120 s association and 5 min
dissociation time. Scrubber software was used for processing and
analyzing data. Equilibrium dissociation constant (KD) was determined
by locally fitting appropriate experimental data to a 1:1 model using
the fitting procedure available within Scrubber software. Overlay plot
of sensorgrams and affinity plot in adequate logarithmic units for the
concentrations30 are shown in Supplementary Figure S1.
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Library Screening. Concentrations of ligand stock solutions in
DMSO were determined by the weight of the compound. Compounds
as 10 mM DMSO stocks were diluted in DMSO to 2 mM. Final ligand
concentrations (100 μM) were achieved by diluting 1:20 (v/v) in the
experimental buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 0.05%
P20 (v/v)) resulting in a final DMSO concentration of 5% (v/v).
Binding experiments were performed at 12 °C at a constant flow rate
of 100 μL min−1 in instrument running buffer (50 mM HEPES, pH
7.4, 150 mM NaCl, 5% DMSO (v/v), 0.05% P20 (v/v). Each
compound was injected for 26 s association time and 120 s
dissociation time. Positive control ((±)-trans-U50488 methanesulfo-
nate) was injected each 25th injection at 20 μM to assess stability and
reproducibility of the assay, and 110 compounds were screened within
6 h in 96-well plates. Data evaluation was performed using Scrubber
(http://www.biologic.com.au) and Microsoft Excel software for data
processing and analysis. Using Scrubber software, SPR signals in the
flow cell containing captured biotinylated protein were transformed,
referenced against the blank surface (streptavidin), and further
corrected for DMSO refractive index change (excluded volume effect).
Compounds showing promiscuous binding response31 were removed
from the screening data. Report binding points, taken for each
fragment injection after a contact interval of 19-s were analyzed. KD
values were estimated using eq 1 derived from the Langmuir
adsorption isotherm:

= −K R R( C/ ) CD max (1)

Rmax, R, and C correspond to the normalized saturation response of the
compound, the normalized response of the test compound, and the
concentration of the test solution, respectively. For the ranking of the
best hits, the LE was calculated as previously described18,32 from eq 2:

= −RT KLE ln /(heavy atom count)D (2)

T is the absolute temperature, and R = 1.98 cal mol−1 K−1.
Overlay of sensorgrams for compounds binding to H6SUMO-

PqsRC87 surface and data read out line is shown in Supplementary
Figure S8.
Competition Experiments for (±)-trans-U50488 Methane-

sulfonate and Compound 11. The competition experiment was
performed at 12 °C at a constant flow rate of 25 μL min−1 in
instrument running buffer (50 mM HEPES, 150 mM NaCl, pH 7.4,
5% DMSO (v/v), 0.05% P20 (v/v), 100 μM compound 11. A 10 mM
stock of trans-U50488 methanesulfonate in running buffer was directly
diluted to a concentration of 1 mM and then diluted in a 3-fold
dilution series from 333 μM down to 4.57 μM. Before starting the
experiments 12 warm-up blank injections were performed. Zero-buffer
blank injections and DMSO calibrations were included for double
referencing. Individual concentrations were injected in duplicates from
lowest to highest concentrations for 120 s association time and 5 min
dissociation time. Scrubber software was used for processing and
analyzing data. Equilibrium dissociation constant (KD) was determined
by locally fitting appropriate experimental data to a 1:1 model using
the fitting procedure available within Scrubber software. Overlay plot
of sensorgrams and affinity plot in adequate logarithmic units for the
concentrations30 are shown in Supplementary Figure S6.
Isothermal Titration Calorimetry. ITC experiments were carried

out using an ITC200 instrument (Microcal Inc., GE Healthcare).
Concentrations of ligand stock solutions in DMSO were determined
by the weight of the compound. Final ligand concentrations were
achieved by diluting 1:20 (v/v) in the experimental buffer resulting in
a final DMSO concentration of 5% (v/v). Protein concentration was
determined by measuring the absorbance at 280 nm using a theoretical
molarity extinction coefficient of 22,900 M−1 cm−1. DMSO
concentration in the protein solution was adjusted to 5% (v/v). ITC
measurements were routinely performed at 25 °C in 20 mM Tris, pH
7.4, 150 mM NaCl, 10% glycerol (v/v), 5% DMSO (v/v) for the wild-
type PqsRC87and in 20 mM Tris, pH 7.4, 300 mM NaCl, 10% glycerol
(v/v), 5% DMSO (v/v) for the Q194A and the F221A mutants,
respectively. The titrations were performed on 66−200 μM H6SUMO-
PqsRC87, H6SUMO-Q194APqsRC87, or H6SUMO-F221APqsRC87 in
the 200 μL sample cell using 2−2.7 μL injections of 0.7−2.5 mM

ligand solution every 180 s. The competition experiment was
performed on 94 μM H6SUMO-PqsRC87, which was incubated with
1 mM compound 1 for 30 min at 25 °C. Raw data were collected and,
the area under each peak was integrated. To correct for heats of
dilution and mixing the final baseline consisting of small peaks of the
same size at the end of the experiment was subtracted. The
experimental data were fitted to a theoretical titration curve (one
site binding model) using MicroCal Origin 7 software, with ΔH
(enthalpy change in kcal mol−1), KA (association constant in M−1),
and N (number of binding sites) as adjustable parameters.
Thermodynamic parameters were calculated from eq 3:

Δ = Δ − Δ = = −G H T S RT K RT Kln lnA D (3)

where ΔG, ΔH, and ΔS are the changes in free energy, enthalpy, and
entropy of binding, respectively, T is the absolute temperature, and R
= 1.98 cal mol−1 K−1. The LE for each compound was calculated from
eq 4:

= − ΔGLE /(heavy atom count) (4)

where ΔG is the change in free energy and heavy atom count is the
number of non-hydrogen atoms of the compound. For each ligand at
least three independent experiments were performed. Representative
ITC titrations of 1, 8, and 11 against H6SUMO-PqsRC87 and
H6SUMO-Q194APqsRC87 are shown in Supplementary Figure S2.
Representative ITC titrations of 9 against H6SUMO-PqsRC87,
H6SUMO-Q194APqsRC87, and H6SUMO-F221APqsRC87 are shown
in Supplementary Figure S9. Representative ITC titrations of 4, 6, 7,
10, and 12 against H6SUMO-PqsRC87 are shown in Supplementary
Figure S10.

Synthesis. Complete chemical and analytical methods are
descrided in the Supporting Information.

Reporter Gene Assays. The β-galactosidase reporter gene assays
in E.coli and P. aeruginosa PA14 were performed as previously
described and are explained into details in the Supporting Information.

Pyocyanin Assay. The pyocyanin assay in P. aeruginosa PA14 was
performed as previously described and is explained into details in the
Supporting Information.
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