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The acquisition of iron is a crucial mechanism for the survival of pathogenic bacteria such as Pseudo-
monas aeruginosa in eukaryotic hosts. The key iron chelator in this organism is the siderophore pyo-
verdine, which was shown to be crucial for iron homeostasis. Pyoverdine is a non-ribosomal peptide with
several maturation steps in the cytoplasm and others in the periplasmatic space. A key enzyme for its
maturation is the acylase PvdQ. The inhibition of PvdQ stops the maturation of pyoverdine causing a
significant imbalance in the iron homeostasis and hence can negatively influence the survival of
P. aeruginosa. In this work, we successfully synthesized chromene-derived inhibitory molecules targeting
PvdQ in a lowmicromolar range. In silico modeling as well as kinetic evaluations of the inhibitors suggest
a competitive inhibition of the PvdQ function. Further, we evaluated the inhibitor in vivo on P. aeruginosa
cells and report a dose-dependent reduction of pyoverdine formation. The compound also showed a
protecting effect in a Galleria mellonella infection model.
© 2022 The Author(s). Published by Elsevier Masson SAS on behalf of Institut Pasteur. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Pseudomonas aeruginosa is known as a facultative pathogen that
poses a low health risk to healthy individuals, but a high risk to
immunocompromised hosts [1]. In cystic fibrosis patients,
P. aeruginosa is a predominant cause of morbidity andmortality due
to its ability to form biofilms resulting in hard-to-treat chronic in-
fections [2]. Additionally P. aeruginosa is recognized as a multidrug-
resistant pathogen in clinical settings and was catalogized as a
priority pathogen by the “World Health Organization” in 2017 [3].
Therefore, new strategies and therapies to combat the infections
caused by this bacterium are urgently needed.

Iron is one of the most abundant elements on earth, however, it
is predominantly found in its Fe3þ oxidative state which makes it
unavailable for biological processes. Hence organisms have evolved
iron acquisition systems as well as strategies to strictly maintain
iron homeostasis [4]. P. aeruginosa is taking up iron from the sur-
rounding environment amongst others with the help of the potent
siderophore pyoverdine [5]. Especially in the context of infectious
diseases, the competition for iron plays an important role on both
evier Masson SAS on behalf of I
sides in hostemicrobe interactions. In the case of P. aeruginosa in-
fections, the iron acquisition is even macroscopically visible, since
pyoverdine and pyocyanin give the bacterium its characteristic
green-blue phenotype. Already in the middle of the 19th-century
physicians described a greenish discoloration of wound badges [6].

The biosynthesis and activity of pyoverdine have been known
since 1985 [7]. Several cytoplasmic and periplasmic enzymes are
involved in its production. In the periplasmatic space alone six
different enzymes are involved in the maturation of pyoverdine
[8,9]. One of these enzymes is the acylase PvdQ, which is cleaving
the acyl chain from acetyl ferribactin which is a precursor form of
pyoverdine [10]. Next, two enzymes, PvdP and PvdO continue the
process via multiple oxidative cyclizations of ferribactin, resulting
in the fluorescent pyoverdine product [11]. At the final step of the
biosynthesis, the pyoverdine is modified by PvdN [12] or PtaA [13].
The maturated pyoverdine is exported via various transport sys-
tems into the environment. Once excreted pyoverdine is considered
a common good, which means that it is available to all surrounding
cells [14]. A PvdQ knock-out mutant has been reported showing
reduced excretion of virulence factors, including pyoverdine pro-
duction [15]. In response to this fact, several studies have reported
nstitut Pasteur. This is an open access article under the CC BY license (http://
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their findings on the inhibitors of PvdQ as a novel strategy against
P. aeruginosa infections. A study on N-alkylboronic acid inhibitors
enabled resolution of a crystal structure, which provides insight in
determinants of ligand specificity in the quorum-quenching and
siderophore biosynthetic enzyme PvdQ [16]. However, molecules
with unsaturated aliphatic chains usually lack specificity due to
hydrophobic interactions. A subsequent study enabled identifica-
tion of a biaryl nitrile compound that competitively inhibits PvdQ
acylase. The mode of binding was confirmed by a crystal structure
of the PvdQ acylase bound to the inhibitor [17].

Following the encouraging results mentioned above, we tried to
find a new class of inhibitor for PvdQ acylase based on a slightly
different scaffold as compared to previous works. In this work, we
report novel inhibitors of PvdQ, identified from a library of 81
compounds based on a chromene scaffold. The screening of the
compound library on the inhibition of the acylase activity of PvdQ
resulted in 4 inhibitors showing low micromolar potency. Among
these inhibitors, compound 4d showed the most potent inhibition
activity (IC50 ¼ 4.70 ± 0.51 mM), and kinetic experiments revealed
that compound 4d acted as a competitive inhibitor. In silico
modelling helped to generate hypothetical binding poses, which
are in accordance with the biological data. Biological evaluation of
the compound also showed the potency in an in vivo pyoverdine
production assay as well as in a Galleria mellonella infection model.

1. Materials and methods

1.1. Chemistry general

Unless noted, all solvents and reagents were purchased from
Abcr GmbH, Acros, AK Scientific, Fluorochem, and SigmaeAldrich
and were used without further purification. Thin-layer chroma-
tography was performed on precoated silica gel GF254 (Merck,
Germany). Nuclear magnetic resonance spectra were recorded in
Bruker Avance 500 or 600 Spectrometer 1H NMR (500 MHz,
600 MHz), 13C NMR (126 MHz, 151 MHz). The chemical shifts for 1H
NMR were reported as values and coupling constant in hertz (Hz).
The following abbreviations were used for spin multiplicity:
s¼ singlet, br. s¼ broad singlet, d¼ doublet, t¼ triplet, q¼ quartet,
qu ¼ quintet, dd ¼ double of doublets, dd ¼ double of doublet of
doublets, m ¼ multiplet. The chemical shifts for 13C NMR were
reported in ppm related to the solvent peak. Flash chromatography
was performed in a Reveleris® X2 flash Chromatography system
using Grace® Reveleris Silica flash cartridges (12 g). Mass spectra
were measured on a Waters Investigator Supercritical Fluid Chro-
matography with 3100 MS Detector (ESI) using a solvent system of
methanol and CO2 on Viridis silica gel column (4.6� 250 mm, 5 mm
particle size). High-resolution mass spectra were recorded using an
LTQ-Orbitrap-XL (Thermo Scientific, the Netherlands) at a resolu-
tion of 60,000@m/z 400.

1.2. General procedure to synthesize the chromene compounds

Cyanoacetamide (1.0 mmol) and sodium ethoxide (0.2 mmol)
were added into a stirred solution of 2H-chromen-2-one
(1.0 mmol) in dry ethanol (5 mL). The stirring was continued at
room temperature for 24 h. The precipitant was filtered and
washed with cold ethanol (2 x 5 mL), yielding the final products
(35e81%) without further purification.

1.3. Expression and purification of PvdQ

PvdQ enzyme was overexpressed and purified according to the
previous report [18]. Briefly, the enzymewas purified in three steps
using an €AktaPure system. Firstly, the harvested cell pellet was
2

resuspended in 3 times (w/v) lysis buffer (50 mM TRISeHCl
pH ¼ 8.5, 2 mM EDTA). Subsequently, the suspension was lysed
by sonication, and the cell debris was removed by centrifugation at
18.000 rpm for 1 h at 4 �C. The first purification step consists of an
ion exchange HiTrap Q Fast Flow column separating the proteins by
charge. The resulting lysate is subsequently separated based on
hydrophobicity. A HiTrap Sepharose column (GE Healthcare, Ger-
many) was used to obtain the enzyme where it was previously
equilibrated with 50 mM TriseHCl pH ¼ 8.5, 2 mM EDTA, and
700 mM ammonium sulfate. PvdQ was eluted at the end of the
0e700 mM gradient concentration of ammonium sulfate. Lastly, a
HiLoad Superdex 75 16/160 gel filtration column (GE Healthcare,
Germany) was used to purify PvdQ by collecting the major peak;
afterward, the enzyme was concentrated to 1 mg/mL. The purified
enzyme was aliquoted to 200 mL, snap-frozen in liquid nitrogen,
and stored in �80 �C until further use.
1.4. Enzymatic assay of PvdQ

The enzymatic activity of PvdQ against 4-nitrophenyl laurate
(pNP laurate) was performed based on a method by Drake and
Gulick with a minor modification [19]. The liberation of p-nitro-
phenol was monitored at A405 in a SPECTROstar® Omega micro-
plate reader (BMG Labtech, Germany) continuously in transparent
96 well plates (VWR International, US). In our experiments, the
substrate was not sufficiently dissolved by following the previous
report [19]. Therefore, we first dissolved the substrate in 100% 2-
hydroxypropane and subsequently diluted it in the reaction mix
to reach the final concentration of 10% 2-hydroxypropane, 27.5 mM
Tris pH 8.0, 0.6 mM PvdQ, with the substrate concentration
1e100 mM. We collected the initial acylase rate data (up to 4 min of
measurement) on the different concentrations of the substrate.
Afterward, the Km and Vmax were calculated using GraphPad Prism
5.0 based on the MichaeliseMenten equation. The reactions were
performed in three independent experiments.
1.5. Screening of chromene library

Initial screening of the inhibition of chromene compounds on
the acylase activity of PvdQ was conducted using the same method
as mentioned above. The final concentration of each component
was 10% 2-hydroxypropane, 27.5 mM Tris pH 8.0, 0.6 mMPvdQ, pNP
laurate 25 mM. The chromene compounds were dissolved in DMSO,
resulting in the final concentration of 25 mM in DMSO 5%. The ex-
periments were conducted three times independently.

The compounds with the highes potency in the screening were
subjected to IC50 determination. The same format was used for
IC50 determination in which assay enzyme activity in presence of
inhibitor concentrations ranging between 0 and 25 mM. The ex-
periments were conducted in three independent series. Calculation
with the obtained data were done using the GraphPad Prism 5.0.
Software.
1.6. Kinetic assay of PvdQ with compound 4d

To investigate the mechanism of compound 4d inhibition on the
PvdQ acylase activity, we conducted kinetic assays using compound
4d in the condition mentioned above. Briefly, three different con-
centrations of compound 4d around its IC50 value were used. The
obtained data were plotted as 1/velocity (1/V) vs. 1/substrate con-
centration (1/[S]) on the LineweavereBurk plot. Km and Vmax were
also determined based on the same data set. All experiments were
performed three times independently.



Table 1
The IC50 of the most potent compounds on the inhibition of PvdQ.

Compound Structure Inhibition
Activity at
25 mM (%)

IC50 ± SD
(mM)

10a 53 33.82 ± 3.20

17c 56 19.50 ± 2.53

4d 74 4.70 ± 0.51

10e 54 9.20 ± 1.80

SD ¼ standard deviation of three independent experiments.
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1.7. Molecular docking study of compound 4d on PvdQ

A molecular docking study was performed to study the binding
between compound 4d and PvdQ. The crystal structure of PvdQ
(PDB ID ¼ 4WKV) was downloaded from the PDB database. The 2D
structure of compound 4d was drawn in MarvinSketch 18.3, 2018,
ChemAxon (http://www.chemaxon.com), then converted into a 3D
structure, geometrically optimized, energy-minimized, and saved
as a.mol2 file using Avogadro [20]. The molecular docking study
following the standard protocol was performed using Autodock
Vina [21] running on UCSF Chimera [22] by setting the grid box at
the active site of PvdQ. The docking results were visualized using
Pymol [23] for the 3D depiction and LigPlotþ [24] for the 2D
depiction.

1.8. Pyoverdine cell-based assay

The assay was performed in a white flat bottom 96 well plate
with clear buttom from Thermo Scientific. Pyoverdine was
measured at its absorbance maximum of 405 nm. Measurements
were performed in a BMG Fluorostar plate reader and normalized
by the OD 600nm of the bacterial cultures. The starting OD of PAO1, as
well as PAO1DpvdQ in this assay, was set to OD 600nm 0.02. The
bacteria were incubated for 10 h in the BMG Fluorostar plate reader
at 37 �C, orbital shaking 300 rpm between measurements. Each
condition was measured in quintuplicate and every data point
represents the average of 5 measurements.

1.9. Galleria mellonella killing assay

The G. mellonella larvae used in all experiments were purchased
in the shop “Frits Kuipers” - Groningen (the Netherlands). The
larvae were stored at 18 �C in the dark and used within 3 days after
purchase. Each experiment consisted of a group of 10 individual
larvae. The groups were randomly selected with a bodyweight of
250e350 mg. P aeruginosa PAO1 was cultured in LB medium until
an OD600 nm of 0.1 and harvested by centrifugation and washed
once with sterile PBS to achieve 103 colony-forming units per
milliliter (CFU/ml). 10 ml of the bacterial suspension were injected
into the hemocoel of each larva via the last left proleg (HumaPen
Luxura; Lilly Nederland). Bacterial colony counts on LB agar were
used to confirm all inocula. After injection, the larvae were incu-
bated at 37 �C. The number of dead larvae was scored daily for 4
days. The larvae were considered dead when they displayed no
movement in response to touch.

2. Results

2.1. Synthesis of the compound library

A compound library with a focus on the chromene scaffold was
synthesized using a method as described in the previous report
[25]. This library consists of a chromene core with substitution of
an amino group in 2-position and a fused piperidinodione ring. As
mentioned before that previous works have successfully discov-
ered new inhibitors of PvdQ acylase based on the alkyl boronic
acid [16] and biaryl nitrile [17], therefore, in this work we expand
the exploration of a new inhibitor based on the chromene scaffold
by the variation of the side chain. We developed the method by
Rosati et al. using a number of different cyanoacetamides and
substituted 2H-chromenes. Then, we designed and synthesized a
diverse library utilizing aromatic and aliphatic substituents, het-
erocycles, hydrogen acceptors, and donors. Furthermore, we also
improved the solubility of some compounds by introducing
morpholino substituents. The reactions were conducted under a
3

mild condition with different cyanoacetamides in good yields. All
81 compounds were analyzed by 1H NMR and LC-MS to identify
their structure and the most relevant ones are shown in
Supplementary Information.

2.2. Enzymatic assay of PvdQ

By optimizing the enzymatic reaction condition, we did not only
solve the solubility problem of the substrate, but we were also able
to more accurately determine its kinetic parameters
(Km ¼ 24.35 mM, Vmax ¼ 0.0130 A405/min). Following the optimi-
zation of the enzymatic reaction condition, an initial screening of
the compound library of chromene scaffold was performed to
investigate their inhibition activity on PvdQ. The compounds were
tested using a spectrophotometer based on the absorbance of para
nitrophenol (pNP) at 405 nm. The reaction was conducted using a
single concentration of pNP laurate (25 mM) and each compound
(25 mM) from a DMSO stock. The final concentration of DMSO in the
reaction, which did not influence the enzymatic activity, was at a
maximum of 5%. The results (Tables S1eS6) show that some com-
pounds have >50% inhibition and for these hit compounds, the
IC50s were calculated (Table 1). This revealed that some compounds
showed inhibition of the acylase activity of PvdQ at a low micro-
molar range.

Looking at the chemical structures of these hit compounds it
appeared that substitution on the R is giving various effects on the
inhibition activity. In general, bulky substituents, such as mor-
pholines, furans, thiophenes, and naphthalenes, give a low effect on
the inhibition. On the other hand, aliphatic chain substitution
showed much better inhibition.

A methoxyethyl substitution at the aliphatic chain (10a) showed
mild inhibition (IC50¼ 33.82 ± 3.20 mM). Extending the chainwith a
methoxypropyl (17c) showed slightly improved inhibitory activity
(IC50 ¼ 19.53 ± 2.53 mM). A variation on the position of oxygen-
atom on the same chain with an ethoxyethyl (10e) resulted in
stronger inhibitory activity (IC50 ¼ 9.20 ± 1.80 mM). These results
indicate that the length of the chain and the position of atom O
influence the activity of the compounds. Furthermore, the substi-
tutionwith a C12 aliphatic chain (4d) showed the strongest activity
(IC50 ¼ 4.70 ± 0.51 mM) among the compounds in this library.

http://www.chemaxon.com
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2.3. Evaluation of kinetic parameters

To investigate the mechanism of inhibition of the inhibitor, we
conducted a kinetic evaluation on compound 4d. The
MichaeliseMenten equation at different concentrations of com-
pound 4d demonstrates a typical competitive inhibition. Whereas
the Km values changed, the Vmax remained the same at different
concentrations of the inhibitor. In support of the MichaeliseMenten
equation, the LineweavereBurk plots on the same data set further
confirm the competitive inhibition activity of compound 4d (Fig. 1).

The result is correlated with the binding mode of a previously
identified compound 1-octylboronic acid [26]. It means by sharing
the same substituent, compound 4d has the same mechanism of
inhibition as the previously reported inhibitor. It also confirms that
the aliphatic “tail” is an important group to occupy the hydrophobic
pocket resulting in a competitive type of inhibition of PvdQ.

2.4. Molecular docking results corroborate a competitive inhibition
of compound 4d

To gain more insight into the binding between the inhibitor and
PvdQ, a molecular docking study was performed. The molecular
docking result showed that compound 4d fits the substrate pocket
of the PvdQ enzyme (Fig. 2A). The inhibitor shows a strong hy-
drophobic interaction with the residues on the cavity of the sub-
strate pocket. This interaction is stabilized by hydrogen bonding to
Ser217 and Asn485 (Fig. 2B). Apparently, these two residues are
important to facilitate the binding of the ligand to the enzyme.
Interestingly a similar interaction between ligand and enzyme
involving these residues was reported previously [26].

2.5. Pyoverdine production is reduced upon the addition of
compound 4d

As a next step, we evaluated the impact of the inhibitor in an
in vivo pyoverdine production assay. It could be shown that the
addition of compound 4d results in a dose-dependent reduction of
the production of pyoverdine in comparison with the wild-type
strain PAO1 (Fig. 3). The compound was added in a concentration
range from 10 mM to 250 mM, as a benchmark measurement, we
used PAO1 DpvdQ.

2.6. Compound 4d shows a higher survival rate in a G. mellonella
infection model

Pyoverdine is considered one of P. aeruginosa�s key virulence
determinant [27]. The impact of pyoverdine on the course of a
P. aeruginosa infection was evaluated in a G. mellonella infection
Fig. 1. Kinetic evaluation of compound 4d. (A) MichaeliseMenten graph, (B) LineweavereB
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model. This model is widely used to assess the virulence of bacteria
like P. aeruginosa. Furthermore, G. mellonella exhibits a complex
innate immune system making it a valuable infection model [28].
The infection was induced with 10 CFU of P. aeruginosa PAO1 and
the inhibitor 4d was added at a concentration of 250 mM since that
showed the highest amount of inhibition of pyoverdine. As postu-
lated, it is visible that the survival rate of the treated individuals is
significantly higher than the untreated group (Fig. 4). The PvdQ
negative strain is not able to produce pyoverdine and also showed
an increased survival rate in comparison to the untreated group
(10 CFU) which is on the same level as the group treated with
compound 4d. The compound control group, which was injected
only with sterile compound 4d showed that there was no cytotoxic
effect detectable in this model. In conclusion, the inhibitor seems to
have a beneficial effect on the course of a PAO1 induced infection in
a G. mellonella infection model.

3. Discussion

In the fight against MDR bacteria novel compounds for new
targets are very important to provide new drugs in the future. The
attenuation of virulence factors with small molecules offers a novel
angle on treating bacterial infections. It is important to note that
the inhibitor as it is presented in this work does not actively kill
P. aeruginosa cells but impairs their ability to survive in the host
environment. This is also due to a tightly regulated iron homeo-
stasis of the host [29].

We could observe that the supplementation of pyoverdine could
recover the virulence in the pvdQ deficient mutant (Fig. S4).
Furthermore, the addition of PVD has an influence on the
G. mellonella larvae on its own as shown in Fig. S5. The clearance of
the infection is proposed to be done by the host immune system
[30].

The compound screening revealed four potential inhibitors with
compound 4d being the most promising since it showed the
strongest inhibitory activity. The compound's substitution of a C12
carbon chain mimics the natural substrate, namely the carbon
chain of PVDiq. In Fig. 2, the superimposition between the docking
result and PvdQ bound to PvdIq [31] showed the aliphatic chain of
the inhibitor overlay with the aliphatic tail of the substrate occu-
pying the active pocket. In an in vivo P. aeruginosa cell assay, a high
concentration of the inhibitor is necessary to inhibit pyoverdine
production.

The inhibition of PvdQ happens in the periplasmic space which
has the advantage that the inhibitor does not need to cross into the
cytoplasm to reach its target. Therefore, a compound with low
hydrophobicity such as compound 4d has to be able to reach the
target site in the periplasm. In silico modeling predicts the binding
urk plots, the concentration of compound 4d are C ¼ 0 mM, : ¼ 2.5 mM, - ¼ 5 mM.



Fig. 2. The predictive binding mode of compound 4d on the hydrophobic pocket of PvdQ. (A) The aliphatic “tail” fits the cavity of the hydrophobic pocket while the chromene
“head” is exposed to the solvent, (B) a close up view of compound 4d (yellow) located in the active pocket forming hydrogen bond with Asn485 and Ser217 (orange), (C) su-
perimposition between PvdIq (green) (PDB ID ¼ 4UBK) and compound 4d (yellow) as shown both are located in the active site of PvdQ where the aliphatic “tail” of each compound
overlap each other in the active site pocket.
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mode of compound 4d. It shows that the compound's aliphatic
carbon chain seems to fit precisely in the hydrophobic pocket of
PvdQ.

However, this long aliphatic tail and is still suboptimal with
respect to its solubility. In its current state the compound is not
ready to be marketed as a drug. Nevertheless, linear aliphatic
chains have a high conformational flexibility, which enables them
to interact with a variety of hydrophobic surfaces thus limiting
their selectivity. Further development of these compounds along
the same principles as found in the previous reports [16,17] holds
promise to enhance both selectivity and potency, which will be
5

the next step to provide suitable lead compounds for drug
discovery.

Further, the addition of compound 4d to a P. aeruginosa culture
clearly showed a dose-dependent reduction of the pyoverdine
formation in the cell-based assay. The highest concentration of
250 mM compound 4d shows a significant reduction of pyoverdine
compared to the wild-type production. A comparison with the
DpvdQmutant shows that the inhibitor does not completely inhibit
pyoverdine production, however, due to the aliphatic chain the
compound has limited solubility and we could not increase the
concentration further. We estimated the LogP value of compound



Fig. 3. Pyoverdine production and inhibition. The production of pyoverdine was assessed spectrophotometrically at the absorption maximum of 405 nm and normalized by the
optical density of the culture. Compound 4d was tested in concentrations of 250 mM, 125 mM, 50 mM, 25 mM and 10 mM. Upon addition of inhibitor 4d we can observe a dose
dependent reduction of the PVD production. The green line describes the DpvdQ mutant of PAO1. Each condition was measured in quintuplicate and every data point represents the
average of 5 measurements.

Fig. 4. The addition of 250 mM PvdQ inhibitor 4d (blue line) shows a significantly higher survival rate than individuals only challenged with 10 CFU PAO1 (orange line). Especially in
the earlier stages of the infection after the first and second day, we could observe that the survival rates of the DpvdQ strain and the wild-type strain combined with the inhibitor are
more similar then compared to the survival rate of the untreated group (orange line). The experiments were performed in triplicate, comparison of the survival curves was
performed with a Log-rank (ManteleCox) test in the GraphPad Prism software. The number of animals per group in each experiment; n ¼ 10.
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4d using an online tool (https://www.molinspiration.com/cgi-bin/
properties). The value is greater than 5 indicating a high hydro-
phobicity. This can explain the high concentrations needed in the
cell-based pyoverdine assay to achieve the inhibition of pyoverdine
production.

The same concentration of 4d (250 mM), was also applied within
the inoculum of P. aeruginosa in the G. mellonella infection model
upon injection. Notably, the final concentration in the larvae is
considerably lower than in the cell-based assay. Here we could
observe a higher survival rate of the treated larvae in comparison to
the untreated group. Both treated individuals, as well as individuals
challenged with the DpvdQ knock-out mutant, showed a compa-
rable survival rate. Taking this into account we see an effect of the
inhibitor in a PAO1-based cell assay as well as in a G. mellonella
infection model. Finally, a combinationwith antibiotics could result
in a wholesome approach of inhibiting iron acquisition as well as
actively killing P. aeruginosa.
6
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