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Dual inhibitors of two key virulence factors of Pseudomonas aeruginosa, the lectin LecA and the protease
LasB, open up an opportunity in the current antimicrobial-resistance crisis. A molecular hybridization
approach enabled the discovery of potent, selective, and non-toxic thiol-based inhibitors, which
simultaneously inhibit these two major extracellular virulence factors and therefore synergistically
interfere with virulence. We further demonstrated that the dimerization of these monovalent dual
inhibitors under physiological conditions affords divalent inhibitors of LecA with a 200-fold increase in
binding affinity. The bifunctional LecA/LasB-blocker 12 showed superiority for the inhibition of virulence
mediated by both targets over the individual inhibitors or combinations thereof in vitro. Our study sets
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Introduction

Bacterial resistance to antibiotics is a growing global health
problem that urgently requires a solution.' Disarming patho-
gens by targeting bacterial virulence factors has emerged as
a new approach to fighting drug-resistant infections.> Bacterial
virulence factors such as toxins, adhesins, invasins, and
quorum-sensing molecules play crucial roles in host coloniza-
tion and infection promotion by suppressing the host immune
defense.*” Reducing bacterial virulence via the inhibition of
these factors also decreases the host's susceptibility to infection
and allows the immune system to eliminate bacteria. Moreover,
the inhibition of bacterial virulence factors mechanistically
reduces the selection pressure for resistant mutants due to the
ability of pathoblockers to disarm the pathogens without direct
killing.>*

Pseudomonas aeruginosa is a Gram-negative bacterium that is
classified as critical on the WHO pathogen priority list and
currently, numerous avenues of research are being explored in
parallel to identify new therapeutics against this pathogen.®®
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of P. aeruginosa infections and the concept can certainly be extended to other targets and pathogens.

Extracellular elastase LasB is a zinc-metalloprotease
produced by P. aeruginosa and one of its pivotal virulence
factors. Its importance for the overall pathogenicity of P. aeru-
ginosa has been established and it is considered a valid drug
target." The role of LasB in degrading the components of the
connective tissue such as elastin and extracellular matrix
components (ECMs, e.g., collagen and laminin) facilitates host
colonization.'™* Besides this, LasB plays an important role in
disrupting the host immune system through the degradation of
immunoglobulins, cytokines and other immune factors.****
LasB is also known for hydrolyzing blood proteins, such as
transferrin and lactoferrin, consequently leading to free-radical-
induced cytotoxicity.'>' In addition to the host substrates, LasB
participates in the processing and activation of other bacterial
components (LasA, leucine aminopeptidase, lysine endopepti-
dase and others), promoting the inflammation process."”*°

Another virulence factor, lectin LecA (PA-IL), is an extracel-
lular galactophilic carbohydrate-binding protein expressed by P.
aeruginosa, which mediates biofilm matrix formation and host
colonization.”®*" It is responsible for bacterial adhesion inter-
acting with the glycocalyx of mammalian cells.**** LecA also
attenuates ciliary beating in human airways, preventing mucus
clearance and inhibiting the growth of respiratory epithelial
cells.??*?* On a molecular level, this lectin was shown to
mediate bacterial uptake in a lipid zipper mechanism by
binding to host glycolipids presented on its cell surfaces.”®
Additionally, LecA enhances host cellular absorption of another
virulence factor, exotoxin A, inducing a pathogenic effect on the
intestinal epithelium and it increases the injury of the alveolar
capillary barrier.>®* It has been demonstrated that the
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inhibition of LecA reduces biofilm formation and the overall
virulence of P. aeruginosa.*® Glycomimetics have the potential to
act as promising pathoblockers.”® To increase the efficacy of
LecA inhibition and overcome its moderate micromolar affinity
to galactosides caused by a shallow binding pocket, multivalent
ligands are often utilized.**-*

The crucial effects of these two proteins on the infection
progress make them validated and attractive therapeutic
targets. Simultaneously targeting both LasB and LecA is
compelling for multiple reasons. The extracellular co-
localization of LasB and LecA overcomes the major hurdle for
many therapeutic molecules to penetrate the Gram-negative cell
wall. Furthermore, the dual inhibitors can increase drug effi-
cacy in comparison to combination therapy when the two
separate therapeutic molecules are applied together.** It is ex-
pected that a single drug acting on multiple targets possesses
more predictable pharmacokinetic and safety profiles, lowers
the probability of resistance development and avoids undesir-
able drug-drug interactions.*

In this work, we have chosen established inhibitors of LasB
and LecA based on a-isobutyl/benzyl-N-aryl-mercaptoacetamide
and phenyl -p-galactoside, respectively, and merged them into
one molecule that blocked LecA and LasB with moderate to high
potency.>**=7* In addition, by utilizing the inherently limited
chemical stability of thiols and their tendency to form disulfides
in an extracellular environment, highly potent divalent LecA-
inhibitors were obtained. These disulfides are likely to be
formed in the infection setting after saturating LasB in situ,
yielding highly potent inhibitors of the second virulence factor
LecA.

Results and discussion
Design of dual inhibitors

To develop dual inhibitors against P. aeruginosa virulence
factors LasB and LecA, we selected previously developed thiol-
based LasB ligands, which demonstrated high potency but
also limited chemical stability due to their tendency to dimerize
to disulfides under physiological conditions.*” It is known that
the moderate micromolar potency of galactosides as LecA
inhibitors can be significantly improved by utilizing divalent
ligands, where two carbohydrate molecules are bridged with
a linker to simultaneously bind to two sites in the LecA
tetramer.?*"*33% Taking these facts into account, we combined
nitrophenyl B-p-thiogalactoside 1 as a LecA inhibitor with the N-
aryl-mercaptoacetamide-based LasB inhibitors 2 and 3 by
merging their aryl moieties into dual inhibitors 11,12, 17, 18, 24
and 25 (Fig. 1).*7?**' The resulting compounds should be
capable of efficiently inhibiting LasB in the initial thiol form,
while the dimerization of excess ligand under physiological
conditions at the infection site transforms them from moder-
ately monovalent into more potent divalent LecA inhibitors.
Our previously reported crystal structure of thiol 3 in complex
with LasB suggested potential for further elongation of the mole-
cule in the direction of the aniline ring (Fig. 2A).*” At the same
time, the co-crystal structure of LecA with 1 showed the opportu-
nity to modify the nitro group in the para-position of the phenyl
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ring without disturbing the crucial interaction of the sugar moiety
in the binding pocket (Fig. 2B),** which is backed by reported
structure-activity relationships.*****>** In our hybridized mole-
cules, the thiol group should maintain its crucial coordination to
the zinc ion in the active site of LasB, while the galactoside will
conserve the calcium(u) chelation with its 3- and 4-hydroxy groups
and the T-shaped CH- interactions between the phenyl aglycon
and His50 in the binding site of LecA.***

Further, we have shown that N-arylmercaptoacetamides have
moderate redox stability and tend to oxidize to disulfides under
physiological conditions.*® This drawback may offer a signifi-
cant advantage for the inhibition of LecA, that is, multivalent
interactions are among the most efficient ways invented by
nature to enhance the lectin-carbohydrate interaction.**®
Therefore, we speculated that the designed compounds will first
inhibit LasB as thiols, while their excess at the site of infection
inevitably dimerizes to give divalent galactosides with an
enhancement in LecA binding affinity.

Synthesis of dual LecA/LasB inhibitors

As a first step, we synthesized glycomimetic thiols 11 and 12 in
the form of diastereomeric mixtures (Scheme 1A). 4-Nitro-
thiophenol was glycosylated with B-p-galactose pentaacetate (4)
using triflic acid as a catalyst to give B-thioglycoside 5 in 66%
yield. The reduction of the nitro group to aniline derivative 6
using Pd/C-catalyzed hydrogenation was followed by amide
coupling with racemic 2-bromo-4-methylpentanoic acid or 2-
bromo-3-phenylpropanoic acid, which afforded compounds 7
and 8 in 86% and 74% yield, respectively. Bromides 7 and 8
were converted into thioacetates 9 and 10 via nucleophilic
substitution with potassium thioacetate in good yields. The
subsequent deprotection under Zemplén conditions with
sodium methoxide in methanol furnished thiols 11 and 12 in
43% and 60% yield, respectively.

To investigate whether stereochemistry has an impact on the
activity, we synthesized two pairs of diastereomers, utilizing
enantiomerically pure starting materials (Scheme 1B). In the
case of compounds 17, 18 and 24, the corresponding o-bromo
carboxylic acids with inverse stereochemistry were used. In the
case of 25, the synthesis started from p-leucine affording (R)-2-
bromo-4-methylpentanoic acid (19') in quantitative yield, based
on the work of Izumiya and Nagamatsu.*-** The four derivatives
were obtained following the procedures described for the dia-
stereomeric mixtures (Scheme 1).

For the a-benzyl derivatives 17 and 24, the high degree of
diastereomeric purity has been conserved during the three-step
reaction cascade, as evidenced by the comparison of the NMR
signals corresponding to the anomeric carbon atoms in the *C
NMR spectra of the diastereomeric mixture 11 and the separate
diastereomers. Diastereomeric mixture 11 showed two signals
at 88.27 and 88.23 ppm, corresponding to the anomeric carbon
atoms of the two diastereomers, while 17 and 24 demonstrated
one single signal each with a 0.04 ppm difference in chemical
shifts (ESIT). The anomeric carbon atom in diastereomeric
mixture 12 and in both isomers 18 and 25 appears as a single

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

signal at 88.3 ppm, due to the smaller and/or more flexible
isobutyl substituent (ESIt).

The tendency of thiols to form disulfides in an oxidative envi-
ronment suggests that our monovalent inhibitors will dimerize in
situ over time, forming structures that can serve as divalent LecA
inhibitors with enhanced potency against LecA. Disulfide forma-
tion in the presence of P. aeruginosa culture supernatant was
studied for the two inhibitors 11 and 12 and analyzed by liquid
chromatography-mass spectrometry (LC-MS) (Fig. 3B). Disulfides
26 and 27 were synthesized via oxidation with H,0, in DMSO/H,0
and used as reference compounds for the stability assay (Fig. 3A).
For both, 26 (Bn) and 27 ({Bu), we observed two closely eluting
substances with identical mass by LC-MS, suggesting that
different diastereomers were formed. The separation of those two
peaks of the benzylated derivative 26 using preparative HPLC gave
26a and 26b (m/z of 901.28, Fig. S11).

In the presence of the bacterial culture supernatant of P.
aeruginosa, the conversion of thiols 11 and 12 into the corre-
sponding disulfides 26 and 27 was monitored at 37 °C and thiol
half-lives of 48 min for 11 and 70 min for 12 were determined
(Fig. 3B). The kinetics to convert the thiols to the corresponding
disulfides allows 11 and 12 to first act as LecA and LasB dual
inhibitors and to transform over time into more potent divalent
inhibitors of LecA, 26 and 27 (Fig. 3).

Activity against antivirulence targets LecA and LasB

We next evaluated the six synthesized thiol derivatives 11, 12,
17, 18, 24 and 25 for their inhibitory activity against both LecA
and LasB. In addition, we determined the inhibitory activity of

o, O o

ICso (LasB) = 1 2404 M
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(A) Reported LecA and LasB inhibitors 1-3 and (B) their combination into dual inhibitors.

disulfides 26 and 27 on LecA but not on LasB as the essential
thiol for coordination to the zinc ion is absent, leading to an
expected loss in inhibitory activity.

The LasB activity of the thiol derivatives 11, 12, 17, 18, 24 and
25 was tested using a functional FRET-based in vitro proteolysis
assay (Fig. 4A). Both a-isobutyl and a-benzyl derivatives
demonstrated inhibitory activity against LasB in the same range
as the previously observed activities of compounds 2 and 3 (ICs,
= 0.40 and 1.2 pM, respectively).*”** Interestingly, o-benzyl
derivative 11 (IC5, = 0.30 uM) showed a four-fold improvement
in activity compared to 3. a-Isobutyl derivative 12 (IC5, = 0.80
uM) proved to be somewhat less potent than the a-benzyl 11,
and its diastereomer with (R)-configuration on the right-hand
side of molecule 18 showed a slightly lower ICs, of 0.51 pM
compared to its (S)-isomer (25, IC5, = 0.77 uM). On the other
hand, the (S)-isomer 24 (ICs, = 0.22 uM) proved to be three-fold
more potent compared to the (R)-isomer 17 (ICs, = 0.73 pM)
among the a-benzylated series.

The four thiols 17, 18, 24 and 25 as well as three disulfides
26a, 26b and 27 were then evaluated for their activity against
LecA using a competitive binding assay based on fluorescence
polarization (Fig. 4B). The IC;, values obtained for LecA inhi-
bition suggested that the addition of the LasB-inhibiting moiety
has a positive effect on the affinity towards LecA, decreasing the
IC5, more than two-fold, from 52.5 uM for 1 to 18.1 uM and 19.8
uM for 11 and 12, respectively. The substitution of the isobutyl
residue with a benzyl group did not affect the affinity of disul-
fides in the LecA assay (ICso = 4.7 uM and 3.0 pM for 26a and
26b, respectively, and ICs, = 5.7 uM for 27), but had an impact

Fig. 2 A) Crystal structure of LasB (gray) in complex with 3 (cyan) (PDB code: 70C7);*” (B) crystal structure of LecA (petrol) in complex with 1

(magenta) (PDB code: 3ZYF).*®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 A) Evaluation of LecA/LasB dual inhibitors by a FRET-based in
vitro LasB inhibition assay; (B) evaluation of monomeric LecA/LasB
inhibitors 11 and 12 and divalent LecA inhibitors 26a, 26b and 27 and
comparison to the control pNP-Gal (1) by a competitive binding assay
for LecA based on fluorescence polarization. ICsq values were calcu-
lated from at least three independent experiments performed in
triplicate.

on the solubility of the corresponding disulfide. While isobutyl
disulfide 27 showed a kinetic solubility >600 pM in 10 mm PBS
with 2% DMSO at 37 °C, both benzyls 26a and 26b had a kinetic
solubility of only 300 uM under the same conditions.

In this competitive binding assay, the observed affinity of the
divalent LecA-inhibitors 26a, 26b and 27 increased more than
three-fold compared to the corresponding thiols 11 and 12
(Fig. 4B). Considering the steep Hill slopes >2 of the fitted
curves (Fig. 4B), we suspected that both divalent compounds
approached the lower limit of the assay as observed before for
inhibitors with significantly increased binding strength
compared to the fluorescent primary ligand.****

Therefore, we measured the LecA affinity of thiol derivatives
17, 18, 24 and 25 and disulfides 26a, 26b and 27 using surface
plasmon resonance (SPR) with LecA covalently immobilized on
a sensor chip via amide coupling (Fig. 5 and Table 1). The data
demonstrate a significant increase in the affinity of the divalent
compounds for LecA. Based on the fitting of the kinetic binding
curves, divalent compounds displayed an up to 200-fold
increase in activity (Kp = 7.4 nM and 6.6 nM for 26a and 26b,
respectively, and K, = 4.5 nM for 27) compared to their
monovalent thiol analogues (Kp values = 1300 nM, 630 nM,
840 nM and 1000 nM for 17, 18, 24 and 25, respectively), shifting
Kp values from the low-micromolar to the single-digit nano-
molar range (Fig. 5 and S3t). Thiols 17, 18, 24 and 25 reached
equilibrium binding within 60 s of interaction with immobi-
lized LecA, followed by their dissociation with moderate off-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The interaction of dual inhibitors thiol 17 (A) and disulfide 26a
(B) with LecA studied using SPR.

Table 1 Kinetic analysis of LecA/LasB inhibitors binding to immobi-
lized LecA using SPR*

Compound ki [x10° M s ka[x107* s Kp [nM]

1 0.40 £+ 0.05 1000 + 330 21000 =+ 4600
17 0.71 £ 0.14 86 £ 20 1300 £ 540
18 1.41 + 0.47 82 + 11 630 + 290
24 0.88 + 0.23 72 £5 840 + 160
25 0.90 £+ 0.31 85+ 2 1000 + 590
26a 3.8+0.8 2.8+ 0.3 74+1.4
26b 4.6 £ 0.7 3.0£1.2 6.6 £2.4
27 5.2+ 0.6 2.2+£0.3 45+ 04

“ Mean values and standard deviations are from at least three
independent experiments.

rates. In contrast, the disulfides demonstrated very slow asso-
ciation rates with an approximately 10-fold increase of k,
compared to the value for 1 (Table 1).*> Due to the very small off-
rates for 26a, 26b and 27, these values have been calculated
based on the response at 350 nm of the injected compound and
monitoring their dissociation for 30 min (Fig. S21). The
observed very tight binding to immobilized LecA required
optimization of the protein surface regeneration procedure.
Effective conditions were identified as one injection of 50 mm
isopropyl B-p-thiogalactoside in the running buffer, followed by
one injection of 20 mm EDTA disodium salt in water. The

Chem. Sci., 2024, 15, 13333-13342 | 13337
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Fig. 7 Inhibition of the LasB-dependent cytotoxicity of P. aeruginosa
PAO1 culture supernatant on human A549 cells. Effect of PAO1
supernatant in the absence (black bar) or presence (grey) of
compounds 1, 2, 1 + 2 or 12. The culture supernatant of the lasB
knockout mutant (AlasB PAO1) was applied as a positive control (light
purple). The viability of cells that were untreated (DMEM) served as
a negative control and are shown in dark violet. The graphs represent
the means of three independent experiments £+ SD. One-way ANOVA
statistical analysis was performed following Dunnett's multiple
comparisons test, comparing the mean value of each concentration to
the mean value of PAO1 without any treatment with compounds (***p
= 0.001, **p = 0.01, and *p = 0.05).

regenerated chip surface was controlled using an injection of 1
to ensure that the activity of LecA was maintained.

Selectivity and toxicity profile of thiols 11 and 12

Given that the novel inhibitors contain a free thiol as a strong
zinc binding group, we analyzed the selectivity of the diaste-
reomeric mixtures 11 and 12 on six human matrix metal-
loproteases (MMPs) as putative off-targets.>® The data obtained
demonstrate selectivity of both compounds for the two

13338 | Chem. Sci,, 2024, 15, 13333-13342

intended targets over all six off-targets tested since less than
20% inhibition was observed at 100 uM (Table S17}). Further-
more, we tested the impact of 11 and 12 on bacterial viability to
ensure that these compounds are antivirulence agents and not
antibiotics. No antimicrobial activity was detected up to 100 uM
(Table S2+t). Finally, we evaluated the cytotoxicity of compounds
11 and 12 against three human cell lines, HepG2, HEK293, and
A549, revealing no detectable cytotoxicity at 100 uM (Table S31).

Having established the inhibitors’ high potency on both
antivirulence targets and outstanding toxicity and selectivity
properties, we set off to determine the modes of interaction with
their targets LecA and LasB at the molecular level. Unfortu-
nately, crystals could not be obtained for LecA with the
observable electron density of thiols or the very potent disul-
fides. The crystal structures of multivalent ligands with multi-
valent LecA are intrinsically difficult to obtain and only one
example has been reported to date, which also displays only
incomplete electron density of the ligand.**

Co-crystallization of thiol 11 with LasB

To get better insights into the binding mode and to understand
the potency of the new inhibitors, we performed co-
crystallization experiments with LasB, using the diastereo-
meric mixture of the a-benzylated analog 11.

The LasB-11 complex crystallized in the space group P12,1,
and crystals diffracted to 1.5 A resolution (Fig. 6 and Table S41).
The obtained electron density of the ligand in the active site of
LasB suggests that the enzyme accommodates both (R)- and (S)-
isomers of compound 11. These data therefore explain why
there is no stronger difference in the activities of the two
isomers in the in vitro LasB assay ((R)-isomer 17 (IC5, = 0.73 uM)
and (S)-isomer 24 (IC5, = 0.22 uM)).

As observed for previous crystal structures of thiols with
LasB,*”*¢ also here the thiol of 11 displaces the water molecule
in the tetrahedral coordination sphere of the zinc ion in the
binding site, leading to a sulfur-zinc distance of 2.3 A. The
carbonyl oxygen of 11 forms a hydrogen bond with the side
chain of Arg198 (3.1 A) in the active site, stabilizing the binding
of the compound in the core region. The benzyl ring is placed in

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc02703e

Open Access Article. Published on 22 July 2024. Downloaded on 3/8/2026 12:25:08 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

A

View Article Online

Chemical Science

LecA-FITC

LecA-FITC/
DMSO

Buffer

[y
100 uM

10 uM

1uM

100 pM

10 uM

1uM

12

OH
o
HO> o

Scale «——

100 pMm

10 pM

1uM

% Fluorescence

Buffer

LecA-FITC

LecA-FITC + compounds (uM)

LecA-FITC/DMSO

Controls

Fig. 8 Analysis of the inhibitory activity of 1, 2, a combination of 1 + 2 and 12 on the adhesion of fluorescein-labelled LecA to human A549 cells
by fluorescence microscopy. (A) Three representative fluorescence images of one biological replicate of LecA-FITC bound to A549 cells in the
presence of the different compounds and under different concentrations (scale bar corresponds to 250 uM). (B) Quantification of mean image
fluorescence intensities with the averages and standard deviations for 3 biological replicates ((A), S7A and BY). Intensities are normalized with
LecA-FITC in the absence of inhibitors to 100% and in the absence of FITC-LecA to 0%. One-way ANOVA statistical analysis was performed
following Dunnett’'s multiple comparisons test, comparing the mean value of each condition to the mean value of the LecA-FITC positive control
(***p = 0.001, all other data have no statistical significance compared to the LecA-FITC positive control).

the lipophilic S2’ pocket, thereby increasing the binding affinity
via hydrophobic interactions. The galactose moiety is further
stabilized by hydrogen bonds between its 2-hydroxy group (2-
OH) and the backbone carbonyl of Glu111, two water-mediated
hydrogen bonds via the same water (WAT293) between galac-
tose 3-OH and 4-OH and the side chain of Asn112 and a second
water-mediated hydrogen bond of 3-OH and the same side
chain of Asn112. Thus, the side chain of Asn112 is heavily
involved in coordinating through its amide-NH, to the ligand's
carbohydrate moiety with two water-mediated hydrogen bonds
and its amide-oxygen forming a hydrogen bond with the
ligand’s amide NH. An interesting observation is the

© 2024 The Author(s). Published by the Royal Society of Chemistry

unexpected folding of the aglycon, which leads to an intra-
molecular spatial proximity of hydroxyl 4-OH with its phenyl
aglycon. Distances as close as 4.5 A between 4-OH oxygen and
the aryl carbon atom connected to the sulfur indicate attractive
intramolecular ROH-7 bonding.

In vitro antivirulence evaluation of 1, 2 and 12 on A549 cells

Next, we set out to analyze the ability of the dual inhibitor 12
and the individual treatment or combination of galactoside 1
and thiol 2 to reduce LasB-dependent cytotoxicity from P. aer-
uginosa PAO1 culture supernatant on A549 cells. None of the
investigated compounds influenced A549 cell viability at 100

Chem. Sci., 2024, 15, 13333-13342 | 13339
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UM in the absence of bacterial culture supernatant (Fig. S47).
When A549 cells were exposed to P. aeruginosa PAO1 culture
supernatant, both 100 pM and 10 pM of 12 led to an increase in
cell viability compared to the combination of the individual
LasB (2) and LecA (1) inhibitors at the corresponding concen-
trations (Fig. S5T). At 100 uM of 12, the cytotoxicity of PAO1
culture supernatant reached that of the LasB-deficient strain,
which served as the control (Fig. S5T). At 1 uM, only the dual
inhibitor 12 had a statistically significant beneficial effect on
cell viability, whereas neither 1 nor 2 nor their combination had
any effect (Fig. 7 and S5t). These data demonstrate the
enhanced potency of the dual inhibitor against the secreted P.
aeruginosa virulence factors.

Evaluation of the dual inhibitors in LecA adhesion to A549
cells

LecA-mediated cell adhesion is crucial for the initial infection
and host-cell invasion of P. aeruginosa. Therefore, compounds 1
and 2, a combination of 1+2 and the dual inhibitor 12 were
assessed for their ability to inhibit LecA-binding to human A549
cells. 10 uM of LecA-FITC and different concentrations of the
respective compounds were incubated at 4 °C for 30 min with
confluent A549 cells. After extensive washing, the analysis of the
cells via fluorescence microscopy revealed that only the dual
inhibitor 12 at 100 puM significantly inhibited the binding of
LecA-FITC to A549 cells to the background level. No visible
fluorescence signal was observed, which was comparable to the
negative control of A549 cells in the absence of labeled LecA
(Fig. 8). All other compounds and concentrations tested did not
show a noticeable reduction in the fluorescence signal
compared to the positive control consisting of A549 cells and
LecA-FITC (Fig. 8 and S7t). The observation that the dual
inhibitor showed high inhibition of LecA cell adhesion, while
compounds 1 and 2 alone or in combination failed to do so,
further highlights the superiority of 12.

Conclusions

We report the first dual inhibitors of the major virulence factors
LecA and LasB from the WHO priority I pathogen P. aeruginosa.
Quite remarkably, our dual inhibitors displayed improved
inhibitory activity and affinity for both targets down to 220 nM
for LasB and 18 puM for LecA, compared to the individual
predecessors of 400 nM and 53 pM, respectively. Implied by
design, the divalent disulfide derivatives are formed in situ,
which resulted in a 200-fold increase reaching single-digit
nanomolar LecA activity determined using SPR (Kps 4.5-7.4
nM). We anticipate that the observed conversion rates of thiols
into disulfides in the presence of the bacterial culture super-
natant of P. aeruginosa are beneficial to ensure the initial
saturation of LasB with the thiol and allow the subsequent
inhibition of LecA with the potent bivalent disulfides. The
crystal structure of the dual inhibitor 11 in complex with LasB
confirmed the interaction at the atomic level. To further assess
the potential of these merged inhibitors as candidates for
therapeutic applications at this early stage, we evaluated their

13340 | Chem. Sci., 2024, 15, 13333-13342

View Article Online

Edge Article

selectivity and toxicity profiles. Importantly, the compounds did
not show any inhibition of a panel of six human MMPs as
potential off-targets and cytotoxicity was not observed. Finally,
we demonstrated a reduction of the cytotoxicity of P. aeruginosa
culture supernatant by the dual inhibitor 12 on A549 cells in
vitro, which primarily originates from secreted LasB, as well as
an efficient inhibition of LecA adhesion to A549 cells. Both
inhibitory effects were observed only for the dual inhibitor 12,
but were absent for single or combination treatments with LecA-
or LasB inhibitors 1 and 2, respectively.

Disarming highly pathogenic P. aeruginosa by interfering
with its major pathogenicity factors offers a promising new
option for therapeutics. Future research will focus on infection
models using more complex in vivo systems, to support the
importance of the presented dual inhibitors and their trans-
lation into practical applications.

Experimental section

Experimental details, materials, methods, chemical syntheses
and transcripts of *H and **C NMR spectra can be found in the
ESLt

Data availability

The datasets supporting this article have been uploaded as part
of the ESI.T The crystal structure dataset has been deposited at
the Protein Database under code 7768, https://www.rcsb.org/
structure/7Z68.

Author contributions

O. M. and J. K. contributed equally. All authors discussed the
results and commented on the manuscript. Design of the study:
0.M,,]. K, S. Y, A. T., A. K. H. H.; project management A. T., A.
K. H. H,; acquisition of funding: A. T., A. K. H. H.; project
supervision: A. T., A. K. H. H.; design and chemical synthesis: O.
M., J. K., S. Y.; evaluation of oxidative dimerization of thiols by
LC-MS: O. M.; evaluation of LasB activity by in vitro inhibition
assay: J. K.; evaluation of LecA binding by fluorescence polari-
zation assay and SPR: O. M.; cytotoxicity and selectivity profile:
J. H.; X-ray: A. K,; in vitro antivirulence evaluation: A. A, R. S;;
LecA adhesion to A549 cells in vitro: R. S., M. F.; writing original
draft: O. M., J. K.; writing - review and editing: O. M., J. K., A. T.,
A. K. H. H., with a contribution of all authors.

Conflicts of interest

The authors declare no competing financial interest.

Acknowledgements

A. T. thanks the European Research Council for funding part of
this work (ERC starting grant 716311). A. K. H. H. gratefully
acknowledges funding from the European Research Council
(ERC starting grant 757913) and the Helmholtz-Association's
Initiative and Networking Fund. J. K. acknowledges funding by

© 2024 The Author(s). Published by the Royal Society of Chemistry


https://www.rcsb.org/structure/7Z68
https://www.rcsb.org/structure/7Z68
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc02703e

Open Access Article. Published on 22 July 2024. Downloaded on 3/8/2026 12:25:08 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

the Alexander von Humboldt Foundation. We are indebted to
Dr Asfandyar Sikandar and Sebastian Adam (HIPS) for helpful
suggestions with structure determination. Furthermore, we are
grateful to Dr Joscha Meiers (HIPS), Annabelle Varrot and Anne
Imberty (CERMAV) for attempts to crystallize LecA with thiols
and disulfides. Dr Anne Imberty is further acknowledged for
providing pET25-pail for LecA expression. We thank Nico
Dankbar (Xantec) for the invaluable tips for SPR. The authors
would like to thank Selina Wolter, Simone Amann, Jeannine
Jung and Dennis Jener (HIPS) for technical assistance with LasB
in vitro inhibition, selectivity and toxicity assays.

References

1 M. Miethke, M. Pieroni, T. Weber, M. Bronstrup,
P. Hammann, L. Halby, P. B. Arimondo, P. Glaser, B. Aigle,
H. B. Bode, R. Moreira, Y. Li, A. Luzhetskyy, M. H. Medema,
J.-L. Pernodet, M. Stadler, J. R. Tormo, O. Genilloud,
A. W. Truman, K. J. Weissman, E. Takano, S. Sabatini,
E. Stegmann, H. Brotz-Oesterhelt, W. Wohlleben,
M. Seemann, M. Empting, A. K. H. Hirsch, B. Loretz,
C.-M. Lehr, A. Titz, ]J. Herrmann, T. Jaeger, S. Alt,
T. Hesterkamp, M. Winterhalter, A. Schiefer, K. Pfarr,
A. Hoerauf, H. Graz, M. Graz, M. Lindvall, S. Ramurthy,
A. Karlén, M. van Dongen, H. Petkovic, A. Keller, F. Peyrane,
S. Donadio, L. Fraisse, L. J. V. Piddock, I. H. Gilbert,
H. E. Moser and R. Miiller, Nat. Rev. Chem, 2021, 5, 726-749.

2 M. Totsika, Future Med. Chem., 2017, 9, 267-269.

3 M. B. Calvert, V. R. Jumde and A. Titz, Beilstein J. Org. Chem.,
2018, 14, 2607-2617.

4 A. E. Clatworthy, E. Pierson and D. T. Hung, Nat. Chem. Biol.,
2007, 3, 541-548.

5 S. Walesch, J. Birkelbach, G. Jézéquel, F. P. J. Haeckl,
J. D. Hegemann, T. Hesterkamp, A. K. H. Hirsch,
P. Hammann and R. Miiller, EMBO Rep., 2023, 24, €56033.

6 L. G. Rahme, E. J. Stevens, S. F. Wolfort, J. Shao,
R. G. Tompkins and F. M. Ausubel, Science, 1995, 268,
1899-1902.

7 L. Chen, J. Yang, J. Yu, Z. Yao, L. Sun, Y. Shen and Q. Jin,
Nucleic Acids Res., 2005, 33, D325-D328.

8 S. B. Olivia Lawe Davies, WHO publishes list of bacteria for
which new antibiotics are urgently needed, 2017, https://
www.who.int/news/item/27-02-2017-who-publishes-list-of-
bacteria-for-which-new-antibiotics-are-urgently-needed.

9 S. Wagner, R. Sommer, S. Hinsberger, C. Lu,
R. W. Hartmann, M. Empting and A. Titz, /. Med. Chem.,
2016, 59, 5929-5969.

10 M. J. Everett and D. T. Davies, Drug Discov Today, 2021, 26,
2108-2123.

11 C. Wolz, E. Hellstern, M. Haug, D. R. Galloway, M. L. Vasil
and G. Doring, Mol. Microbiol., 1991, 5, 2125-2131.

12 D. Leduc, N. Beaufort, S. de Bentzmann, J.-C. Rousselle,
A. Namane, M. Chignard and D. Pidard, Infect. Immun.,
2007, 75, 3848-3858.

13 J. Sun, D. L. LaRock, E. A. Skowronski, J. M. Kimmey,
J. Olson, Z. Jiang, A. ]. O'Donoghue, V. Nizet and
C. N. LaRock, EBioMedicine, 2020, 60, 102984.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

14 M. Parmely, A. Gale, M. Clabaugh, R. Horvat and
W. W. Zhou, Infect. Immun., 1990, 58, 3009-3014.

15 B. E. Britigan, M. B. Hayek, B. N. Doebbeling and
R. B. ]J. Fick, Infect. Immun., 1993, 61, 5049-5055.

16 R. A. Miller, G. T. Rasmussen, C. D. Cox and B. E. Britigan,
Infect. Immun., 1996, 64, 182-188.

17 E. Kessler, M. Safrin, J. K. Gustin and D. E. Ohman, J. Biol.
Chem., 1998, 273, 30225-30231.

18 R. Sarnovsky, J. Rea, M. Makowski, R. Hertle, C. Kelly,
A. Antignani, D. V. Pastrana and D. J. Fitzgerald, J. Biol.
Chem., 2009, 284, 10243-10253.

19 J. Oh, X.-H. Li, S.-K. Kim and ].-H. Lee, Sci. Rep., 2017, 7,
4416.

20 C. Chemani, A. Imberty, S. de Bentzmann, M. Pierre,
M. Wimmerova, B. P. Guery and K. Faure, Infect. Immun.,
2009, 77, 11.

21 S. P. Diggle, R. E. Stacey, C. Dodd, M. Camara, P. Williams
and K. Winzer, Environ. Microbiol, 2006, 8, 1095-1104.

22 A. Audfray, A. Varrot and A. Imberty, C. R. Chim., 2013, 16,
482-490.

23 J. Tiralongo and A. P. Moran, in Microbial Glycobiology, ed. O.
Holst, P. J. Brennan, M. von Itzstein and A. P. Moran,
Academic Press, San Diego, 2010, pp. 549-565.

24 M. Mewe, D. Tielker, R. Schonberg, M. Schachner,
K.-E. Jaeger and U. Schumacher, J. Laryngol. Otol., 2005,
119, 595-599.

25 O. Bajolet-Laudinat, S. Girod-de Bentzmann, J. M. Tournier,
C. Madoulet, M. C. Plotkowski, C. Chippaux and E. Puchelle,
Infect. Immun., 1994, 62, 4481-4487.

26 T. Eierhoff, B. Bastian, R. Thuenauer, J. Madl, A. Audfray,
S. Aigal, S. Juillot, G. E. Rydell, S. Miiller, S. de Bentzmann,
A. Imberty, C. Fleck and W. Romer, Proc. Natl. Acad. Sci.
U.S.A., 2014, 111, 12895.

27 R. S. Laughlin, M. W. Musch, C. J. Hollbrook, F. M. Rocha,
E. B. Chang and J. C. Alverdy, Ann. Surg., 2000, 232, 133-142.

28 S. Leusmann, P. Ménova, E. Shanin, A. Titz and
C. Rademacher, Chem. Soc. Rev., 2023, 52, 3663-3740.

29 F. Pertici and R. ]. Pieters, Chem. Commun., 2012, 48, 4008-
4010.

30 B. Blanchard, A. Nurisso, E. Hollville, C. Tétaud, J. Wiels,
M. Pokorna, M. Wimmerova, A. Varrot and A. Imberty, J.
Mol. Biol., 2008, 383, 837-853.

31 E. Zahorska, S. Kuhaudomlarp, S. Minervini, S. Yousaf,
M. Lepsik, T. Kinsinger, A. K. H. Hirsch, A. Imberty and
A. Titz, Chem. Commun., 2020, 56, 8822-8825.

32 M. Bergmann, G. Michaud, R. Visini, X. Jin, E. Gillon,
A. Stocker, A. Imberty, T. Darbre and J.-L. Reymond, Org.
Biomol. Chem., 2016, 14, 138-148.

33 E. Zahorska, F. Rosato, K. Stober, S. Kuhaudomlarp,
J. Meiers, D. Hauck, D. Reith, E. Gillon, K. Rox, A. Imberty,
W. Romer and A. Titz, Angew. Chem., Int. Ed., 2023, 62,
€202215535.

34 A. Anighoro, ]J. Bajorath and G. Rastelli, /. Med. Chem., 2014,
57, 7874-7887.

35 C. Kaya, I. Walter, A. Alhayek, R. Shafiei, G. Jézéquel,
A. Andreas, ]. Konstantinovi¢, E. Schénauer, A. Sikandar,

Chem. Sci., 2024, 15, 13333-13342 | 13341


https://www.who.int/news/item/27-02-2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-needed
https://www.who.int/news/item/27-02-2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-needed
https://www.who.int/news/item/27-02-2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-needed
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc02703e

Open Access Article. Published on 22 July 2024. Downloaded on 3/8/2026 12:25:08 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

J. Haupenthal, R. Miiller, H. Brandstetter, R. W. Hartmann
and A. K. H. Hirsch, ACS Infect. Dis., 2022, 8, 1010-1021.

36 I. Joachim, S. Rikker, D. Hauck, D. Ponader, S. Boden,
R. Sommer, L. Hartmann and A. Titz, Org. Biomol. Chem.,
2016, 14, 7933-7948.

37 C. Kaya, I. Walter, S. Yahiaoui, A. Sikandar, A. Alhayek,
J. Konstantinovi¢, A. M. Kany, J. Haupenthal, J. Kéhnke,
R. W. Hartmann and A. K. H. Hirsch, Angew Chem. Int. Ed.
Engl, 2002, 61(5), 202112295, DOL  10.1002/
anie.202112295.

38 V. Wittmann and R. J. Pieters, Chem. Soc. Rev., 2013, 42,
4492-4503.

39 F. Casoni, L. Dupin, G. Vergoten, A. Meyer, C. Ligeour,
T. Géhin, O. Vidal, E. Souteyrand, J.-J. Vasseur, Y. Chevolot
and F. Morvan, Org. Biomol. Chem., 2014, 12, 9166-9179.

40 R. U. Kadam, D. Garg, J. Schwartz, R. Visini, M. Sattler,
A. Stocker, T. Darbre and J.-L. Reymond, ACS Chem. Biol.,
2013, 8, 1925-1930.

41 K. Voos, S. Yahiaoui, J. Konstantinovi¢, E. Schénauer,
A. Alhayek, A. Sikandar, K. S. Chaib, T. Ramspoth, K. Rox,
J. Haupenthal, J. Kohnke, H. Brandstetter, C. Ducho and
A. X. H. Hirsch, ChemRxiv, 2022, DOI: 10.26434/chemrxiv-
2022-fjrqr.

42 E. Siebs, E. Shanina, S. Kuhaudomlarp, P. da Silva
Figueiredo Celestino Gomes, C. Fortin, P. H. Seeberger,
D. Rognan, C. Rademacher, A. Imberty and A. Titz,
Chembiochem, 2022, 23, €202100563.

43 J. Rodrigue, G. Ganne, B. Blanchard, C. Saucier, D. Giguére,
T. C. Shiao, A. Varrot, A. Imberty and R. Roy, Org. Biomol.
Chem., 2013, 11, 6906-6918.

13342 | Chem. Sci., 2024, 15, 13333-13342

View Article Online

Edge Article

44 V. Camberlein, G. Jézéquel, J. Haupenthal and
A. K. H. Hirsch, Antibiotics, 2022, 11(8), 1060, DOI:
10.3390/antibiotics11081060.

45 R. U. Kadam, M. Bergmann, M. Hurley, D. Garg,
M. Cacciarini, M. A. Swiderska, C. Nativi, M. Sattler,
A. R. Smyth, P. Williams, M. Camara, A. Stocker, T. Darbre
and J.-L. Reymond, Angew. Chem., Int. Ed., 2011, 50, 10631~
10635.

46 A. M. Kany, A. Sikandar, ]J. Haupenthal, S. Yahiaoui,
C. K. Maurer, E. Proschak, J. Kohnke and R. W. Hartmann,
ACS Infect. Dis., 2018, 4, 988-997.

47 L. L. Kiessling, Bioorg. Med. Chem., 2018, 26, 5229-5238.

48 W. 1. Weis and K. Drickamer, Annu. Rev. Biochem., 1996, 65,
441-473.

49 N. Izumiya and A. Nagamatsu, Bull. Chem. Soc. Jpn., 1952, 25,
265-267.

50 N. Tka, J. Kraiem and B. B. Hassine, Synth. Commun., 2013,
43, 735-743.

51 E. R. Samuels and I. F. Sevrioukova, Tetrahedron Lett., 2018,
59, 1140-1142.

52 0. Metelkina, B. Huck, J. S. O'Connor, M. Koch, A. Manz,
C.-M. Lehr and A. Titz, . Mater. Chem. B, 2022, 10, 537-548.

53 H. Laronha and J. Caldeira, Cells, 2020, 9(5), 1076, DOI:
10.3390/cells9051076.

54 R. Visini, X. Jin, M. Bergmann, G. Michaud, F. Pertici, O. Fu,
A. Pukin, T. R. Branson, D. M. E. Thies-Weesie, J. Kemmink,
E. Gillon, A. Imberty, A. Stocker, T. Darbre, R. J. Pieters and
J.-L. Reymond, ACS Chem. Biol., 2015, 10, 2455-2462.

© 2024 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1002/anie.202112295
https://doi.org/10.1002/anie.202112295
https://doi.org/10.26434/chemrxiv-2022-fjrqr
https://doi.org/10.26434/chemrxiv-2022-fjrqr
https://doi.org/10.3390/antibiotics11081060
https://doi.org/10.3390/cells9051076
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc02703e

	Dual inhibitors of Pseudomonas aeruginosa virulence factors LecA and LasBElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc02703e
	Dual inhibitors of Pseudomonas aeruginosa virulence factors LecA and LasBElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc02703e
	Dual inhibitors of Pseudomonas aeruginosa virulence factors LecA and LasBElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc02703e
	Dual inhibitors of Pseudomonas aeruginosa virulence factors LecA and LasBElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc02703e
	Dual inhibitors of Pseudomonas aeruginosa virulence factors LecA and LasBElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc02703e
	Dual inhibitors of Pseudomonas aeruginosa virulence factors LecA and LasBElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc02703e
	Dual inhibitors of Pseudomonas aeruginosa virulence factors LecA and LasBElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc02703e
	Dual inhibitors of Pseudomonas aeruginosa virulence factors LecA and LasBElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc02703e
	Dual inhibitors of Pseudomonas aeruginosa virulence factors LecA and LasBElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc02703e
	Dual inhibitors of Pseudomonas aeruginosa virulence factors LecA and LasBElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc02703e

	Dual inhibitors of Pseudomonas aeruginosa virulence factors LecA and LasBElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc02703e
	Dual inhibitors of Pseudomonas aeruginosa virulence factors LecA and LasBElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc02703e
	Dual inhibitors of Pseudomonas aeruginosa virulence factors LecA and LasBElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc02703e
	Dual inhibitors of Pseudomonas aeruginosa virulence factors LecA and LasBElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc02703e
	Dual inhibitors of Pseudomonas aeruginosa virulence factors LecA and LasBElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc02703e
	Dual inhibitors of Pseudomonas aeruginosa virulence factors LecA and LasBElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc02703e


