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ABSTRACT: Pseudomonas aeruginosa isochorismatase PhzD (PaPhzD) is
key to the biosynthesis of pyocyanin (PYO), a virulence factor facilitating
pathogen infection and survival within the host. To date, no ligands of
PaPhzD have been reported. Leveraging the chemical similarity between
anacardic acid derivatives and the enzyme’s natural substrate, three
compounds (2, 3, and 4) were identified as low to submicromolar PaPhzD
ligands, while compounds 2 and 4 reduced pyocyanin production
(Cohen′d = −2.56 and −2.69, respectively) and swarming motility
(Cohen′d = −0.91 and −0.95, respectively) at 100 μM, without affecting
bacterial growth or biofilm formation (p > 0.05). Our results suggest that
compounds binding to PaPhzD or PPAR have distinct SAR requirements,
suggesting that they represent a promising scaffold for developing PaPhzD
inhibitors.

1. INTRODUCTION
Antimicrobial resistance (AMR) is a worldwide threat to public
health due to the high morbidity and mortality from infections,
for which there is no effective treatment available. As a result,
approximately 35,000 individuals die each year in Europe from
infectious diseases caused by drug-resistant bacteria,1 while
214,000 newborns lose their lives to AMR in low- and middle-
income countries per year.2 Apart from the huge impact on
human lives, AMR also claims its toll on healthcare systems.3

Despite this scenario, the investment of pharmaceutical
companies in antibiotic development has been decreasing
over the past few decades.4,5 Since the 1970s, four novel classes
of antibiotics have reached the market.6 Three of these target
Gram-negative bacteria in a limited way.7−9 One reason for the
lack of interest in antimicrobial drugs is that traditional
strategies focus on developing bacteriostatic or bactericidal
agents, which exert evolutionary pressure on microorganisms
and, consequently, select resistant strains.10 To mitigate
selection pressure, state-of-the-art drugs, which are developed
at significant financial costs, are prescribed to only a limited
number of patients. This renders antibacterial drug discovery a
high-risk, low-profit endeavor.11

Comprehending the mechanisms of bacterial resistance and
the immune system’s role in disease progression is of the
utmost importance to overcome this situation.12 Pseudomonas
aeruginosa is a ubiquitous bacterium that behaves as an

opportunistic pathogen, infecting burns and surgical wounds,
and grows as biofilms in catheters, prosthetic devices, and
assisted ventilation apparatus, corresponding to one of the
leading cases of hospital-acquired infection.13−16 During the
COVID-19 pandemic, P. aeruginosa was frequently found
coinfecting patients’ lungs, exacerbating respiratory symp-
toms.17 The high resistance of P. aeruginosa to antibiotics poses
a challenge to treating infections caused by this bacterium,
whose low outer membrane permeability, numerous efflux
pumps, the expression of beta-lactamases, and horizontally
acquired resistance genes add different layers to finding
effective treatment,18,19 resulting in clinical isolates being
resistant to all currently available antipseudomonal drugs.20

P. aeruginosa virulence depends on several factors,21

including proteases, siderophores, rhamnolipids, elastase,
pyocyanin, and biofilm growth.22 Hence, decreasing bacterial
virulence might be a promising strategy to fight infectious
diseases.23
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Among P. aeruginosa virulence factors, pyocyanin (PYO) has
proinflammatory effects, causes a redox imbalance in the host
cell,23 increases IL-8 and leukotriene B4 production within
alveolar macrophages,24 thus resulting in cellular damage and
death. Due to its biological relevance, PYO production
inhibition has been exploited as a preliminary surrogate to
select compounds that might have antivirulence activity.25−28

Natural products have been an invaluable source of
bactericidal and bacteriostatic drugs,29,30 and their potential
to control the virulence of P. aeruginosa is recognized.31−34

Our group described the effect of coumarin derivatives and
calycopterin on P. aeruginosa motility, biofilm development,
and PYO production.35,36 However, this work was based
mainly on phenotypic assays that do not provide direct
evidence of macromolecular target engagement. As several
enzymes from the PYO biosynthesis pathway have been
considered as druggable antivirulence targets,37 a structure-
based approach was undertaken to identify inhibitors of P.
aeruginosa PhzS (E. C. 1.14.13.218), a key enzyme in the PYO
biosynthesis pathway.35,38

In our pursuit to identify versatile and renewable raw
materials for designing sustainable and low-cost lead
compounds, our research group has exploited nonisoprenoid
phenolic lipids found in cashew (Anacardium occidentale L.)
nut shells liquid (CNSL).39 The CNSL contains mixtures of
anacardic acids, cardanols, cardols, and 2-methylcardols,
featuring a 15-carbon alkyl chain that can be saturated or
exhibit varying degrees of unsaturation as monoene, diene, or
triene (Figure 1). These lipids, whether in their purified form

or as mixtures, showcase diverse biological activities, including
antioxidant, anti-inflammatory,40 antinociceptive,41 antimicro-
bial,42,43 and larvicidal44 properties. In this study, we report
that derivatives of these compounds (LDT) also serve as low
micromolar ligands for P. aeruginosa phenazine biosynthesis
protein D (PaPhzD) (E.C.3.3.2.15), an enzyme acting
upstream of PhzS in the PYO biosynthesis pathway. Among
the natural product derivatives evaluated, two (LDT 2 and 4)
bind to PaPhzD, reducing PYO production and swarming
motility without affecting bacterial growth, while a third
compound (LDT 3) reduces only biofilm formation.
Preliminary structure−activity relationship (SAR) studies for
this series indicate that a hydrogen bond acceptor, such as the
acidic moiety found in anacardic acids or the phenolic OH
present in cardanols, is essential for PaPhzD binding.

2. MATERIAL AND METHODS
2.1. Chemistry Methods. The reagents and solvents

employed were purchased from Sigma-Aldrich and used
without further purification. The reactions were monitored

by thin-layer chromatography (TLC) using Merck Silica gel 60
F254 chromatographic plates, 0.25 mm thick. All compounds
were characterized by 1H and 13C NMR analyses (Supporting
Information).
Compounds 1−16 (Figure 2) were obtained in good to

moderate yields, as described previously.45 Briefly, anacardic

acids (a) and cardanol (b) mixtures were obtained as
described by Rossi et al.46 Hydrogenation of the unsaturated
chains present in mixture a afforded compound 1, from which
compounds 3, 4, 7, 8, and 9 were obtained, as described
previously.46 Compounds 5 and 6 were obtained from the
reduction of compounds 1 and 9 with lithium aluminum
hydride, providing the respective alcohols (Scheme 1).
Catalytic hydrogenation of mixture b afforded compound 2,
which was transformed into salicylaldehyde 17, converted to
the methoxy derivative 18, and then oxidized to 10. The cross-
reference to the original LDT numbering employed in the
previously published papers is shown in Table 1S.
To synthesize compounds 11 and 12, 2 was converted to the

acetyl and methoxy derivatives using similar procedures
applied in the synthesis of compounds 9 and 3. Compound
2 was also transformed into the α-phenoxyalkyl esters 13 and
14. Finally, the ethyl esters 13 and 14 were hydrolyzed to the
α-phenoxyalkyl acids 15 and 16 (Scheme 2).
2-Methoxy-6-pentadecylphenylmethanol (5). 9 (0.53

mmol) was dissolved in tetrahydrofuran (10 mL), followed
by the addition of lithium aluminum hydride (2.12 mmol) in
an ice bath. The mixture was heated at 66 °C for 18 h. The
excess reducing agent was inactivated with methanol added
dropwise, followed by the addition of 10% sodium hydroxide
solution (1 mL) and distilled water (5 mL). Aluminum
hydroxide was formed and neutralized with 10% aqueous

Figure 1. Phenolic lipids of the cashew nut shell liquid (CNSL).

Figure 2. Chemical structures of anacardic acids and cardanols
derivatives. * No effect on PPAR isoforms; #PPAR pan agonists; ■
dual (PPARα and PPARy) agonist; ● PPARα selective agonist. PPAR
activity for compounds 5 and 6 has not been reported.
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hydrochloric acid to pH 4. The mixture was extracted with
ethyl acetate (3 × 10 mL). The organic layer was washed with
brine solution (10 mL) and dried with anhydrous sodium
sulfate. The solvent was evaporated under reduced pressure,
and the product was purified on silica gel (70−230 mesh)
column chromatography, eluting with a gradient mixture of
hexane and ethyl acetate (90:10 to 80:20), to afford compound

5 as a white solid. Yield 75%. mp 49−51 °C. IR (film, cm−1):
3385, 2919, 2847, 1590, 1466, 1437, 1320, 1268, 1091. 1H
NMR (500 MHz, CDCl3) δ 7.20 (t, J = 7.8 Hz, 1H), 6.82 (d, J
= 7.4 Hz, 1H), 6.77 (d, J = 7.95 Hz, 1H), 4.75 (s, 2H), 3.87 (s,
1H), 2.69 (t, J = 7.6 Hz, 2H), 1.57 (br, 2H), 1.27 (br, 29H),
0.89 (t, J = 6.85 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ:
158.5, 142.8, 128.7, 127.1, 122.5, 108.3, 57.5, 55.6, 33.4, 32.3,

Scheme 1. Synthesis of the Anacardic Acid Derivativesa

aReagents and conditions: a. H2, Pd/C 10%, EtOH, r.t., 6 h; b. AC2O, H3PO4, MW, 3 min; c. MeI, K2CO3, Me2CO, 120 °C, 16 h; d. t-BuOK,
DMSO, 40 °C, 16 h; e. MeOH, H2SO4, 50 °C, 16 h; f. AcCl, TEA, CH2Cl2, r.t. Sixteen h; g. LiAlH4, THF, 66 °C, 18 h; h. LiAlH4, THF, 110 °C, 24
h.

Scheme 2. Synthesis of the Cardanols Derivativesa

aReagents and conditions: a. H2, Pd/C 10%, EtOH, r.t., 4 h; b. CH2O, MgBr2, THF, reflux, 24; c. MeI, K2CO3, Me2CO, 120 °C, 20 h; d. NaClO2
1M, NaH2PO4 1M, DMSO, CH2Cl2, r.t., 16 h; e. AC2O, H3PO4, MW (400 W), 3 min; f. MeI, K2CO3, Me2CO, 65 °C, 24 h; g. BrCH2CO2Et,
K2CO3, Me2CO, r.t., 24 h; h. BrC(CH3)2CO2Et, KI, K2CO3, MeCN, 82 °C, 24 h; i. LiOH, Aliquat, THF/H2O, r.t. Four h; j. LiOH, Aliquat, THF/
H2O, 65 °C, 4 h.
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32.1, 29.9−29.6, 22.9, 14.3. HRMS (ESI-TOF): m/z [(M +
Na)+] calculated for 371.2921, found 371.2926.
2-Hydroxy-6-pentadecylphenylmethanol (6). In a 100 mL

flask were added 0.44 g of LiAlH4 (11.48 mmol) and THF (10
mL). In an ice bath with slight magnetic stirring, to the flask
was added, dropwise, a solution of 1 (1.0 g, 2.87 mmol) in
anhydrous THF (30 mL). After complete addition, the
reaction was refluxed with heating in an oil bath at 110 °C
with a condenser cooling system at 0 °C for 24 h. After this
period, the excess of the reducing agent was inactivated by the
dropwise addition of methanol in an ice bath. Then, 10%
NaOH solution (2 mL) and distilled water (1 mL) were
added, leading to the formation of aluminum hydroxide, and
after 10 min, the reaction was acidified with 10% HCl solution
until pH 1. The mixture was extracted with ethyl acetate (3 ×
10 mL), and the combined organic phases were washed with
brine (30 mL) and dried over anhydrous sodium sulfate. The
solvent was removed under reduced pressure, and the product
was purified on silica gel (70−230 mesh) column chromatog-
raphy, eluting with a gradient mixture of hexane and ethyl
acetate (90:10 to 40:60), giving compound 6 as a white solid.
Yield 90%. mp 60−62 °C. IR (KBr, cm−1): 3526, 3190, 2919,
2852, 1466, 1364, 1260. 1H NMR (300 MHz, CDCl3) δ 7.48
(sl, 1H), 7.11 (t, J = 7.7 Hz, 1H), 6.72 (t, J = 8.3 Hz, 2H), 4.93
(s, 2H), 2.57 (t, J = 7.7 Hz, 2H), 1.63 (sl, 1H), 1.49 (m, 2H),
1.26 (m, 24H), 0.89 (t, J = 6.7 Hz, 3H); 13C NMR (75 MHz,
CDCl3) δ 156.7, 141.2, 128.9, 122.6, 121.6, 114.5, 60.2, 33.3,
31.9, 31.8, 29.7−29.4, 22.7, 14.1.
2.2. Biological Assays. 2.2.1. Expression and Purification

of PhzD from P. aeruginosa (PaPhzD). Cells of E. coli strain
BL21(DE3) containing the plasmid encoding for PaPhzD from
P. aeruginosa47 were inoculated into 10 mL of sterile LB broth
supplemented with kanamycin (50 μg/mL) and kept under
constant agitation (180 rpm) at 37 °C for 16 h. The cell
suspension was diluted (1:100) in sterile LB broth
supplemented with kanamycin (50 μg/mL) and kept under
constant shaking (180 rpm) at 37 °C until OD600 nm = 0.6. At
this point, the temperature was lowered to 18 °C, and IPTG (1
mM) was added to the culture, which was kept at constant
shaking (180 rpm) for another 24 h.
The cells were recovered by centrifugation (16,000g at 4 °C

for 30 min) and resuspended in Tris−HCl buffer pH 8.0 (50
mM) containing NaCl (100 mM), 1,4-dithiothreitol (1 mM),
and imidazole (20 mM). Phenylmethanesulphonyl fluoride (1
mM) was added to the cell suspension immediately before
mechanical lysis by sonication (15 cycles of 15 s at 10 W, with
30 s intervals), which was carried out in an ice-cold bath. The
soluble fraction of the lysate was recovered by centrifugation
(14.500g at 4 °C for 30 min), filtered, and loaded on a Ni-
NTA column, previously equilibrated with 20 column volumes
(CV) of buffer A [Tris-HCl buffer pH 8.0 (50 mM) containing
NaCl (100 mM) and DTT (1 mM)]. The contaminants were
eluted with 10 CV of buffer A, followed by an increasing
gradient of imidazole (5 CV of 20−150 mM). Finally, PaPhzD
was eluted with buffer A supplemented with 250 mM
imidazole. The fractions containing the protein were pooled
together and then diluted (1:10) in Tris−HCl buffer, pH 8.0
(50 mM) containing NaCl (100 mM) and 1,4-dithiothreitol (1
mM). Following concentration by centrifugation, using an
Amicon 30 kDa, at 4 °C and 3500 rpm, the dilution-
concentration cycle was repeated three times. All purification
steps were monitored with 12% polyacrylamide gel electro-
phoresis (SDS-PAGE), and the final protein concentration was

evaluated by measuring the UV/vis absorbance at 280 nm
(theoretical extinction coefficient of 1.635 M−1 cm−1 according
to the ProtParam server, available at (http://web.expasy.org/
protparam/). Imidazole-free PaPhzD was stored at −80 °C in
the presence of 30% glycerol.
2.2.2. Thermal Shift Assays (TSA) Optimization. Thermal

shift assays were performed on an Applied Biosystems 7500
RT-PCR (Applied Biosystems, Foster City, CA USA). All
experiments were carried out in triplicate with 1 °C per minute
increments in temperatures that range from 25 to 85 °C in 96-
well PCR plates (PCR plates 96-well, BioRad), sealed with
transparent capping strips (Flatcap strips, BioRad). The
fluorescence of SYPRO Orange (Invitrogen S6650) was
monitored (excitation wavelength, 492 nm; emission wave-
length, 610 nm). Before the compounds’ screening, protein
and DMSO concentrations were evaluated to improve PaPhzD
stability throughout the assay.
The protein concentration required for an optimal signal-to-

noise ratio (>5-fold) was evaluated by analysis of the raw
fluorescence curves at different PaPhzD concentrations (1−5
μM). Then, the effect of DMSO (0−10%) over PaPhzD Tm
was evaluated at the optimal protein concentration. Fluo-
rescence raw data were recorded using Applied Biosystems
7500 Software v2.0 and then processed with NAMI software48

to calculate Tm values by the first-derivative method.
2.2.3. LDT Compounds Biological Evaluation by TSA.

LDT compounds were screened at a final concentration of 50
μM. Briefly, 1 μL of each compound (1 mM DMSO stock
solution) was added to a mixed solution containing 5 μM
PaPhzD diluted in 50 mM Tris−HCl buffer (pH 8.0)
containing 100 mM NaCl, 1 mM DTT, and SYPRO Orange
dye (Invitrogen S6650) (1:100 dilution). Each compound was
assayed in triplicate, and ΔTm values were calculated by
comparison to reference wells that had 1 μL DMSO instead of
the LDT compounds. Differences between Tm values (ΔTm)
were considered statistically significant when p < 0.01,
according to the one-way ANOVA followed by Dunnett’s
post-test for multiple comparisons, available in GraphPad
Prism 9.0 software (GraphPad Software, San Diego, CA, USA,
www.graphpad.com).
Compounds with ΔTm values statistically different from the

reference were also assayed at different concentrations
(ranging from 6.25 to 100 μM) to evaluate the concen-
tration−response behavior. The ΔTm versus concentration
plots were generated using the nonlinear regression method
available in GraphPad Prism version 9.0.
2.2.4. LDT Compounds Biological Evaluation with

PaPhzD Covalently Bound to Fluorescein Isothiocyanate.
PaPhzD (2.1 mg/mL) was incubated with 6 mg/mL
fluorescein isothiocyanate (FITC) (Sigma-Aldrich 46950)
(1:1) for 2 h at 25 °C. Next, the reaction mixture was eluted
on a Hi-Trap HP desalting column (GE Healthcare) with 2
CV of 50 mM HEPES buffer (pH 8.0). The collected fractions
were quantified at two different wavelengths (280 and 495
nm), and the molar ratio (Abs495/Abs280) ranging from 0.3
to 1.0 was employed for Kd calculation experiments.
Subsequently, the fluorescence intensity of 0.32 μM of

FITC-labeled PaPhzD was measured on a real-time
thermocycler (Applied Biosystems 7500) equipped with the
filter FAN (excitation wavelength: 498 nm; emission wave-
length: 530 nm) for 10 min in the presence of different
concentrations of each LDT compound (ranging 0.7−100
μM), previously diluted in DMSO.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.5c08941
ACS Omega 2025, 10, 63003−63015

63006

http://web.expasy.org/protparam/
http://web.expasy.org/protparam/
http://www.graphpad.com
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c08941?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The fluorescence raw data were recorded using Applied
Biosystems 7500 Software v2.0, then exported to GraphPad
Prism version 9.0 software to build fluorescence intensity ×
concentration plots and calculate Kd values of the ligands by
the nonlinear regression method (3-parameter fit). All
experiments were carried out in triplicate using a 96-well
PCR plate, manually sealed with transparent capping strips
(Flatcap strips, BioRadVR).
2.2.5. Screening of PYO Production Inhibitors. P.

aeruginosa cells (ATCC 27853) were inoculated by depletion
on King’s A agar, and the plates were incubated at 30 °C for 24
h. Isolated colonies were collected and resuspended in sterile
saline solution (0.85%) until turbidity equivalent to optical
density (OD) at 600 nm, equal to 0.3 (1.5 × 108 CFU/mL).
This bacterial suspension was diluted 10-fold and used to
inoculate King’s A broth.
The potential inhibitors, previously solubilized in DMSO,

were added to the culture medium after the inoculation (final
concentration = 100 μM). The control group was cultured in
the presence of an equivalent volume of DMSO but without
the presence of potential inhibitors. The cell suspension was
maintained at 30 °C under constant agitation (180 rpm) for 24
h in a 24-well plate. After this period, the OD600 was measured
to evaluate bacterial growth, and in parallel, after being
subjected to centrifugation, the supernatant was read in a 96-
well plate at a wavelength of 691 nm. The sterile medium used
for culturing the microorganism was used as a positive control,
and culture medium containing 1% DMSO was used as a
negative control.
2.2.6. Biofilm Assay. Exponential phase cultures of P.

aeruginosa PA14 were diluted to 5 × 105 colony forming units
(CFU) in 48-well plates with LB containing each compound
(1, 3, and 5) at 100 μM final concentrations or 0.1% DMSO
(v/v) as a negative control. The plate was incubated steadily at
30 °C for 20 h inside a plastic bag to avoid evaporation. After
the incubation, the OD600 of each well was measured in a plate
reader (SpectraMax Paradigm). The planktonic bacteria were
removed by turning the plate over the waste, followed by three
steps of washing with distilled water. After drying, a solution of
1% crystal violet was added to each well and incubated at room
temperature for 30 min to stain the attached cells forming a
ring at the air−liquid interface. The crystal violet solution was
removed, and the plate was washed using the same procedure.
The dye was solubilized with 30% acetic acid for 30 min at
room temperature. The Abs550 was measured, and the value
was divided by the OD600 for each well. A total of 24 replicates
were made for each treatment (6 wells per plate, four plates)49

2.2.7. Swarming Assay. Swarming assays were performed as
described,50 using 6-well plates. Briefly, 3 μL of culture (OD600
= 3.0) was inoculated in the center of modified M9 (20 mM
NH4Cl; 12 mM Na2HPO4; 22 mM KH2PO4; 8.6 mM NaCl; 1
mM MgSO4; 1 mM CaCl2 2 H2O; 11 mM glucose; 0.5%
casamino acids (Difco)) with 0.5% of Bacto-agar (Difco),
containing the respective compounds (100 μM final
concentration, diluted in DMSO). Plates were incubated
inside plastic bags to avoid evaporation at 30 °C for 16 h. After
this period, pictures were taken, and the area covered by the
colonies was measured using ImageJ.50 All assays were
performed with four replicates, and 0.1% DMSO (v/v) was
employed as a negative control.
2.3. Statistical Analysis. 2.3.1. Thermal Shift Assays

(TSA). All data are expressed as means ± standard deviations,
based on technical triplicates. Differences between Tm values

(ΔTm) were considered statistically significant when p < 0.01,
according to the one-way ANOVA followed by Dunnett’s post-
test for multiple comparisons, available in GraphPad Prism 9.0
software (GraphPad Software, San Diego, CA, USA, www.
graphpad.com).
2.3.2. PYO Production, Biofilm, and Swarming Assay. All

data are expressed as means ± standard deviations, based on
technical triplicates for pyocyanin inhibition and swarming
assays, or 12 technical replicates from two biological replicates
for biofilm assays. For comparisons among three groups,
statistical analyses were carried out using one-way ANOVA
followed by Dunnett’s post-test. Differences were considered
statistically significant at p < 0.05. All analyses were performed
using GraphPad Prism version 9.0 (GraphPad Software, San
Diego, CA, USA).
To account for the effect size in the phenotypic assays, the

practical significance of the results was assessed by Cohen’s d
(eq 1),51 which was computed as the standardized mean
difference. This effect size was calculated by subtracting the
control mean from the treatment mean and dividing by the
pooled standard deviation derived from replicate values and
sample sizes (eq 1).

d
x x

s
2 1

P
=

(1)

where x2 is the mean of replicates for each compound within
each treated group, x1 represents the mean of replicates for the
control group, and sp is the pooled standard deviation
calculated as shown in eq 2:

s n S n S n n(( 1) ( 1) )/ 2p 1 1
2

2 2
2

1 2= + + (2)

Here, S1 and S2 are the standard deviations of the control and
treated groups, respectively, and n1 and n2 are the number of
replicates for the control and treated groups, respectively.

3. RESULTS AND DISCUSSION
The observation that the mixture of anacardic acids found in
Amphipterygium adstringens, whose aromatic ring displays
chemical similarities to the PaPhzD substrate (2-amino-2-
desoxyisochorismic acid�ADIC), decreases PYO produc-
tion52 prompted us to explore an LDT series, which had
previously undergone investigation of its peroxisome prolifer-
ator-activated receptor (PPAR) binding profile,45 to investigate
whether this molecular scaffold would bind to PaPhzD. As
human PPAR and PhzD from P. aeruginosa share no significant
sequence or structural similarity, our hypothesis was that
dissimilar structure−activity relationships might emerge and a
novel lead compound be identified. In order to achieve this
goal, we selected six compounds that do not activate PPAR
receptors (2, 7, 8, 9, 11, and 12), four with pan-agonist activity
on human PPAR isoforms (3, 13, 15, and 16), three dual
(PPARα and PPARγ) agonists (1, 10, and 14), and one
selective PPARα agonist (4) to be screened as putative
PaPhzD inhibitors (Figure 2.
3.1. Binding of LDT to PhzD Using Thermal Shift

Assays. Unfortunately, neither the substrate (2-amino-2-
deoxyisochorismate�ADIC) nor the product ((5S,6S)-6-
amino-5-hydroxy-1,3-cyclohexadieve-1-carboxylic acid�
DHHA) of the reaction catalyzed by PaPhzD is amenable to
perform direct kinetic-assay measurements. We employed
thermal shift assays (TSA) to perform the initial screening of
the putative PaPhzD ligands. The first step was to evaluate the
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effect of protein concentration and DMSO on the signal-to-
noise ratio and PaPhzD stability (Figure 1S). Our results show
that at least 5 μM PaPhzD is required to give a significant
change in fluorescence. Thus, an eventual quenching of the
signal by ligand binding would not compromise the quality of
the results. DMSO 5.0% (v/v) did not significantly affect
PaPhzD Tm (Figure 1S).
First, we evaluated the impact of the pentadecyl salicylic

derivatives (1, 3, 4, and 10) at a single concentration (50 μM)
on PaPhzD Tm (Figure 3). All compounds with an unprotected

carboxyl moiety resulted in a statistically significant shift (p <
0.05) in PaPhzD Tm values (ΔTm ranging from −4.7 °C (3) to
−1.2 °C (10)) compared to the control. Esterification of the
carboxyl groups produced compounds (7, 8, and 9) that did
not shift PaPhzD Tm (ΔTm < 0.5 °C). The comparison of ΔTm
values between the regioisomers 4 (−3.3 °C) and 10 (−1.2
°C) also supports the importance of the carboxyl group in
PaPhzD binding. A similar biological profile was observed for
6-oxa isosteres of anacardic acids, which are low micromolar
inhibitors (IC50 2−5 μM) of bacterial two-component
regulatory systems (TCS), KinA/SPOOF from Bacillus subtilis
and NRII/NRI from E. coli, when the carboxyl group is free,
but lose potency (100X) upon esterification53 For those
isosteres, it has also been claimed that an additional phenolic
OH, vicinal to the COOH, is crucial for TCS inhibition, as
compounds bearing only the acidic group are much less potent
(IC50 > 88 μM).53 This observation does not apply to our
data set as compounds 3, 4, and 10 have the hydroxyl
protected.
In general, positive values of ΔTm indicate that the ligand

binds to the protein in its native conformation and stabilizes
the native state. Contrastingly, negative values of ΔTm suggest
that the ligand binds preferentially to a less populated
conformational state (e.g., a partially unfolded state or non-
native state) of the protein.45,54 While the second profile is
observed for compounds 3, 4, and 10, they have the opposite
effect on PPAR Tm.

45 For instance, compound 3 (LDT13) at
50 μM increases PPAR LBDs Tm values by up to +17 °C
(higher than the Tm of DMSO control groups45). The negative
shift seen in this work suggests that anacardic acid derivatives
make protein unfolding easier, as described by Cimmperman et
al.,54 or they bind to an allosteric site.
Another notable distinction between the binding profiles of

the LDT compounds discussed here and the 6-oxa isosteres
reported by Kanojia et al.53 is observed with cardanol
derivative 2. This compound is inactive (IC50 > 500 μM)
against KinA/SPOOF from B. subtilis but causes a significant
shift in PaPhzD Tm (ΔTm = −3.8 °C). Both acetylation (11)
or methylation (12) of the phenol group result in compounds

Figure 3. Single-concentration screening of LDT compounds (50
μM) against PaPhzD (5 μM) using a thermal shift assay (TSA).
Melting temperatures (Tm) were determined with NAMI software
using the first-derivative method, and ΔTm values were calculated
relative to reference wells containing DMSO. Each bar represents the
mean ΔTm value for LDT compounds from a single experiment
performed in triplicate, and error bars indicate standard deviations.
Statistical significance was evaluated by one-way ANOVA followed by
Dunnett’s post-test (*p < 0.05, **p < 0.01, ***p < 0.001) (GraphPad
Prism 9.0, GraphPad Software, San Diego, CA, USA).

Figure 4. Concentration−response behavior of LDT compounds that decreased PaPhzD thermal stability. The effect of each compound on the
PaPhzD melting temperature (Tm) was evaluated across concentrations ranging from 6.25 to 100 μM. ΔTm values were calculated relative to
reference wells containing DMSO, and concentration−response curves were generated by plotting ΔTm values against compound concentration
and fitting the data using the nonlinear regression model available in GraphPad Prism 9.0 (GraphPad Software, San Diego, CA, USA).
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that do not alter PaPhzD Tm values (ΔTm < 0.5 °C).
Conversely, alpha-phenoxyacid derivatives bearing a free
carboxyl group distal from the aromatic ring (15 ΔTm =
−3.8 °C and 16 ΔTm = −2.5 °C) have a significant impact on
PaPhzD Tm. Upon esterification to ethyl alpha-phenoxy esters,
the effect on PaPhzD Tm is either lost (14 ΔTm < 0.5 °C) or
diminished (13 ΔTm = −1.1 °C). This outcome supports the
significance of the carboxyl moiety in PaPhzD binding, even if
it is not directly on the aromatic ring. Results from an
orthogonal assay, with covalently labeled PaPhzD (discussed
below), suggest the distal carboxyl group (COOH), by itself, is
not enough to afford high-affinity ligands. Additionally, it is
worth mentioning that compound 13 (LDT15) also induces a
negative thermal shift in the LBDs of PPARα and PPARγ,
which has been attributed to an interaction in an allosteric
binding site.55

The TSA results also suggest a detrimental effect of the gem-
dimethyl moiety on PaPhzD affinity (13, ΔTm = −1.2 °C vs
14, ΔTm = −0.1 °C; 16, ΔTm = −2.6 °C vs 15, ΔTm = −3.8
°C), likely due to steric hindrance that prevents the distal
carboxyl group from interacting with PaPhzD. Although 14
(LDT408) also displays no effect on the Tm values for all three
PPARs,55 the fact that 13 affects them (see previous
paragraph) suggests that the loss of binding is due to
esterification rather than the additional bulkiness of the gem-
dimethyl moiety.

Lastly, the necessity of the alkyl chain (C15H31 moiety) for
binding was confirmed by assessing the effect of four benzoic
acid derivatives with hydrogen in the equivalent position on
the thermal stability of PaPhzD (ΔTm < 0.5 °C at 500 μM
Figure 3S).
To exclude compounds with unspecific binding mechanisms,

such as aggregators56 and PAINS,58 we investigated whether
the effect of LDT compounds on PaPzhD thermal stability is
concentration-dependent. Among the nine compounds dis-
playing a statistically significant negative shift in PaPhzD Tm
values (p < 0.05, ΔTm ranging from −4.7 to −1.1 °C compared
to the control, at 50 μM), 4 out of 6 compounds bearing a
carboxyl moiety (1, 3, 4, 15), and the compound with the
phenolic OH (2), which is a much weaker acidic group,
showed a clear concentration−response behavior within the
tested concentrations (Figure 4). Considering the pKa values
of these groups (approximately 2−4 and 9−10, respectively)
and the buffer used in the assay (pH = 8.0), it is reasonable to
assume that the carboxyl group is almost completely ionized,
which supports the requirement for a negatively charged group
or a hydrogen bond acceptor for PaPhzD binding. On the
other hand, the phenolic OH group should be mainly
unionized. Although it cannot be considered a negatively
charged group, it is possible that it acts as a hydrogen bond
donor or acceptor.
Although other compounds might also exhibit a concen-

tration−response behavior at higher concentrations, it could

Figure 5. Fluorescence binding curves showing the effect of varying concentrations of compounds 2, 3, 4, and 15 on the fluorescence signal of
covalently labeled PaPhzD. Dissociation constants (Kd) were determined using three-parameter nonlinear regression, as available in GraphPad
Prism v9.0. Values represent the mean ± standard deviation of three technical replicate.
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not be observed due to the solubility limits of the LDT
compounds under the assay conditions (i.e., 5% DMSO
concentration).
One might still argue that these five remaining compounds

cannot be considered as bona f ide hits, as ΔTm values are not
directly correlated to the compound’s affinity.52 Although Bai
and co-workers57 have shown that the folded/unfolded protein
ratio, at temperatures close to the protein Tm, can be exploited
to calculate Kd values, the algorithm provided by them is not
compatible with compounds that reduce the protein Tm value
(negative ΔTm). To overcome this limitation, an orthogonal
binding assay using covalently modified PaPhzD was carried
out. Accordingly, 5′-fluorescein isothiocyanate-labeled PaPhzD
(PaPhzD-FITC) had its fluorescence monitored at 25 °C, in
the absence and presence of the initial hits, and compounds 2,
3, 4, and 15 displayed the expected S-shaped curve (Figure 5).
The comparison of Kd values for LDT 3, 4, and 15 (0.72,

3.6, and 1000 μM, respectively) suggests that the carboxylate
of the alpha-phenoxyacids does not guarantee high-affinity
binding to PaPhzD.
On the other hand, for low to submicromolar affinity

binding to PaPhzD, a hydrogen bond acceptor directly
attached to the ring is essential, as represented by the
carboxylate group (3: Kd = 0.72 μM, 4: Kd = 3.6 μM) or the
phenolic OH group (2: Kd = 2.8 μM).

Although docking studies might elucidate which PaPhzD
residues mediate these interactions and clarify structure−
activity relationships distinct from those of LDT compounds
binding to PPAR, their appropriate application demands a
well-defined binding site (search space) where ligands are
docked. While the negative shifts observed in TSA for LDT
compounds are consistent with an allosteric binding profile,
identifying the exact allosteric pockets of PaPhzD is
challenging, as different computational servers provide
conflicting predictions regarding their locations (Figure 6S).
Therefore, it is premature to employ docking simulations to
validate the anacardic acid derivatives’ binding profile solely on
the basis of the biological assay data reported here.
Nevertheless, it is noteworthy that the fourth most probable

allosteric pocket predicted by the Passer 2.0 server59 is situated
near an allosteric site-forming residue (LEU120), as predicted
by the StingAllo server,60 and aligns with consensus clusters
(CS1 and CS7) identified by the FTMap server61 when the
active site is masked. Since FTMap has been successfully
employed to predict allosteric and cryptic binding pockets,62,63

these findings support the presence of a solvent-accessible
pocket (Total SAS 151.55 Å2) (Figure 6S) as a plausible
allosteric binding site for docking LDT compounds. While this
pocket contains two basic residues (ARG41 and ARG105) that
may interact with the carboxylate or phenolic OH group,

Figure 6. Effect of compounds 2, 3, and 4 (100 μM) on P. aeruginosa. (A) Growth and pyocyanin production. All experiments were carried out in
triplicate, and DMSO (1% v/v) was employed as a negative control. The absolute absorption values were compared to a control culture (**p <
0.005, ***p < 0.001). (B) Biofilm initiation was evaluated in LB containing compounds 2, 3, or 4 by the crystal violet assay in 48-well plates.
DMSO (0.1%) was added in the control assay. Error bars represent the standard deviation of three independent experiments (n = 3). ***p <
0.0001. (C) Swarming motility in the presence of LDT compounds. The compounds were added to the medium at a concentration of 100 μM, the
cells were inoculated, and the swarming area was measured using ImageJ after 2 days and compared to a control with DMSO. Error bars represent
the standard deviation of three independent experiments (n = 3). ****p < 0.0001. Statistical significance was evaluated by one-way ANOVA
followed by Dunnett’s post-test (*p < 0.05, **p < 0.01, ***p < 0.001) (GraphPad Prism 9.0, GraphPad Software, San Diego, CA, USA).
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experimental validation is essential to confirm whether this is
indeed the authentic binding pocket for LDT compounds.
3.2. Phenotypic Assays. Although the biological activity

of the mixture of anacardic acids over PYO has already been
reported,52 up to this point, there was no evidence that
compounds 2 (p = 0.0013, Cohen′d = −2.56), 3 (p = 0.0808,
Cohen′d = −1.37), or 4 (p = 0.0009, Cohen′d = −2.69)
would, in fact, decrease PYO production, since their binding to
PaPhzD might be overridden by cellular compensatory
mechanisms, such as positive regulation of the operon that
codes for PaPhzD and related enzymes45,54. Moreover, the
SAR profile of LDT compounds that bind PaPhzD, discussed
above, is different from the ones described for 6-oxa isosteres
of anacardic acids;53 consequently, their cellular activity cannot
be easily predicted. To shed light on this matter, the effect of
the most promising compounds (2, 3, and 4) on P. aeruginosa
viability and PYO production was evaluated (Figure 6A).
Compounds 2 and 4 decreased pyocyanin production with no
significant effect on bacterial growth, whereas compound 3 had
no effect on pyocyanin production when compared to that of
the control. The lack of antimicrobial activity against a Gram-
negative bacterium (P. aeruginosa) is in good agreement with
that reported by Castillo-Juarez and co-workers for the mixture
of anacardic acids52 and by Kubo and co-workers for anacardic
acid derivatives with alkyl chains with 5−17 carbons.64
Considering that compound 3 has a 50× higher affinity than

4 for PaPhzD, the lack of PYO production inhibition is likely
due to pharmacokinetic issues.
To further investigate this matter, we predicted the

pharmacokinetic properties of compounds 2, 3, and 4 using
the ADMETlab 3.0 server.65 Both compounds 3 and 4 exhibit
high predicted human intestinal absorption (HIA: 98.7 and
98.9%, respectively) and good permeability, with Caco-2
permeability values of 0.66 and 0.75. However, poor
permeability across bacterial membranes has been implicated
in the differing antimicrobial activity of anacardic acid
derivatives against Gram-positive and Gram-negative bacte-
ria.60 Moreover, P. aeruginosa expresses an outer membrane
esterase selective for long-chain thioesters (C12−C18)66 that
may hydrolyze the ester bond in compound 3, converting it to
compound 1. Although compound 1 initially showed
promising activity in thermal shift assays (TSA), it was
ultimately discarded after orthogonal binding assays performed
at a single temperature. Other drawbacks that must be
addressed include the predicted high affinity to plasma
proteins (88% plasma protein binding for compound 3 and
85% for compound 4), as well as moderate to high elimination
(plasma clearance: 4.43 mL/min/kg for compound 3 and 4.56
mL/min/kg for compound 4).
Toxicity predictors and MTT viability assays (at 25 μM)

support minimal cytotoxicity, with cell viability near 100% in
H9c2 and HEK293 cells (Figure 8S Supporting Information).
The overall production of PYO is regulated by several

quorum-sensing (QS) mechanisms,67 so one might argue that
the previous results do not prove that PaPhzD is the cellular
target of compounds 2 and 4. To further investigate the
mechanism of action of those compounds, we assessed their
effect on P. aeruginosa biofilm development, and motility was
assessed.
Microbial biofilms increase the costs of drinking water

treatment and can be found on medical and dental devices, as
well as artificial organs, limiting their impact on human health,
as bacteria in biofilms are more resistant to antibiotics and

immune responses.18,68 Jagani et al.69 showed that both the
mixture of anacardic acids and cardanols, at 4 μg mL−1,
decrease biofilm formation, referred to as biofouling, by 50.5
and 52.9% respectively. The evaluation of compounds 2, 3, and
4 antibiofilm activity, assessed by a similar crystal violet assay
(Figure 6B), shows that biofilm growth in the presence of
either compound 2 or 4 is not significantly different the
control, but compound 3 at 100 μM reduced biofilm mass to ∼
30% of the control (p < 0.0001, Cohen’d = −2.29). In this
biofilm initiation assay, the role of PYO as an electron acceptor
is not relevant, as the cell biomass is at the medium−water
interface and access to oxygen is not limited. Therefore,
inhibition of PaPhzD by compounds 2 and 4 is not expected to
be directly limiting in biofilm initiation, unless QS system
regulation is impacted by lower levels of PYO. Hence, the
compound 3 inhibitory effect on biofilm production is
unrelated to PaPhzD.
PYO production is important for maintaining the redox

balance in cells growing in oxygen-deprived conditions,70 and
colonies deficient in PYO production may become wrinkled,
increasing the surface area in contact with air. No effects on
colony morphology were observed when bacteria were grown
in medium containing compounds 2, 3, and 4, discarding their
role in disturbing the redox state under the conditions tested
(not shown).
The swarming motility is a crucial feature in the early steps

of biofilm formation and/or biofilm maturation.71,72 In fact, P.
aeruginosa mutants with altered swarming motility display
impaired biofilm formation,71,73 whereas swarming strains of P.
aeruginosa have higher resistance to antibiotics than swimming
cells.74 The surfactants secreted by P. aeruginosa cells generate
a flow used to propel them, and if the surface tension is broken,
motility does not occur properly due to the physical properties
of the medium.75 Considering that P. aeruginosa swarming is
strongly correlated with rhamnolipid production,76,77 Castillo-
Juarez and co-workers reported a concentration-dependent
decrease in this surfactant production when P. aeruginosa PA14
is exposed to the anacardic acid mixture.52 Since motility and
biofilm assays had already been optimized for this strain, it was
selected to evaluate the effect of compounds 2, 3, and 4
(Figure 6C). Swarming motility in the presence of compounds
2 (p < 0.0001, Cohen’d = −0.91) and 4 (p < 0.0001, Cohen’d
= −0.95) was reduced to 65%, as compared to control
conditions. Treatment with compound 3 (p = 0.2571, Cohen′d
= 0.51) did not affect the coverage area but had a visible
impact on dendrite formation (Supporting Information).
Given the collective nature of swarming and the key role of
QS in regulating this behavior, the compound 3 effect is
compatible QS modulation. Therefore, swarming may be
affected by LDT compounds because of their effect on the
surface of the medium such as changes in hydrophilic/
hydrophobic properties.
It is hard to separate the effect of each compound on the

complex regulatory network of the bacteria. The interaction of
compounds 2 and 4 with PaPhzD is the probable cause of
PYO reduction. Considering the role of PYO as a signaling
molecule, this initial reduction could have downstream effects
that lead to altered biofilm and swarming phenotypes.78 Other
studies that identified compounds that reduce both swarming
and PYO tracked this effect on interferences with RlhR and
LasR.79,80 It is surprising to see an impact on swarming but not
on biofilm, but it is not unprecedented, since other compounds
have this effect.81,82 It is also possible that the impact is greater
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in the later stages of biofilm maturation, which is out of the
range of the conditions used here. Compound 3 has no impact
on PYO but reduces biofilm formation and causes misshaped
swarming. As previously stated, it is possible that the
compound’s low permeability might prevent it from entering
the cell. Nevertheless, the presence of the molecule, even on
the outside, can prevent cell attachment to the surface, leading
to impaired biofilm formation.83 The same can be argued
about swarming, which can be affected by additives that change
the surface tension.84,85 Ultimately, the difference between the
compound’s effects on phenotypes can be explained by 2 and 4
being able to enter the cell and interact with PaPhzD, whereas
compound 3 has an extracellular phenotypic action that is
unrelated to this target.
This study used the well-characterized laboratory strain P.

aeruginosa PA14 to balance practical constraints with biological
relevance. Although PA14 is a lab strain, it retains high
virulence and is frequently employed in comparative studies.
Conversely, clinical isolates from chronic infections often
exhibit reduced virulence, which could confound results
(Winstanley et al 2016;86 Bhagirath et al., 201687). While
using a single strain imposes limitations, the phenotypes
studied reflect conserved virulence traits regulated by core
genomic pathways (Poulsen et al., 201988). Therefore, our
findings are likely applicable to acute infections where quorum
sensing is essential, but caution should be exercised when
extrapolating to chronic infections, given PA14’s weaker
biofilm-forming capacity.

4. CONCLUSIONS
Thorough characterization of LDT compounds using two
distinct in vitro assays led to the identification of the first
micromolar ligands of PaPhzD. This finding aligns with our
hypothesis regarding distinct structure−activity relationship
(SAR) requirements compared to those of LDT compounds
acting as PPAR ligands. Further exploration of the biological
profile revealed that compounds 2 and 4 possess favorable
pharmacokinetics to cross the cell envelope and reduce both
PYO production and biofilm development under the tested
conditions. Despite exhibiting the highest affinity to PaPhzD,
compound 3 exclusively affected biofilm formation, indicating
a need for fine-tuning its physicochemical properties.
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