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Multidrug efflux pumps of
Pseudomonas aeruginosa show
selectivity for their natural
substrates
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Christian van Delden? and Thilo Kéhler?*

Service of Infectious Diseases, Geneva University Hospitals, Geneva, Switzerland, 2Department of
Microbiology and Molecular Medicine, University of Geneva, Geneva, Switzerland, *School of
Pharmaceutical Sciences, University of Geneva, Geneva, Switzerland, *Institute of Pharmaceutical
Sciences of Western Switzerland, University of Geneva, Geneva, Switzerland

Antibiotic-resistant Gram-negative bacteria are an increasing threat to human
health. Strategies to restore antibiotic efficacy include targeting multidrug efflux
pumps by competitive efflux pump inhibitors. These could be derived from
natural substrates of these efflux systems. In this work, we aimed to elucidate
the natural substrates of the clinically relevant Mex efflux pumps of Pseudomonas
aeruginosa by an untargeted metabolomic approach. We constructed a PAl4
mutant, genetically deleted in the major multidrug efflux pumps MexAB-OprM,
MexCD-Oprd, MexXY-OprM, and MexEF-OprN and expressed in this mutant each
efflux pump individually from an inducible promoter. Comparative analysis of
the exo-metabolomes identified 210 features that were more abundant in the
supernatant of efflux pump overexpressors compared to the pump-deficient
mutant. Most of the identified features were efflux pump specific, while only a few
were shared among several Mex pumps. We identified by-products of secondary
metabolites as well as signaling molecules. Supernatants of the pump-deficient
mutant also showed decreased accumulation of fatty acids, including long chain
homoserine lactone quorum sensing molecules. Our data suggests that Mex efflux
pumps of P. aeruginosa appear to have dedicated roles in extruding signaling
molecules, metabolic by-products, as well as oxidized fatty acids. These findings
represent an interesting starting point for the development of competitive efflux
pump inhibitors.

KEYWORDS

Pseudomonas aeruginosa, antibiotic resistance, multidrug efflux, metabolomics,
natural substrates

Introduction

Multidrug resistant (MDR) bacteria are a major threat to human health and new strategies
to prevent and treat infections with MDR pathogens are urgently needed. Efflux pump (EP)
inhibition, allowing potentiation of existing antibiotics, is a promising strategy (Venter et al.,
2015; Zgurskaya et al., 2021; Sharma et al., 2019). EPs are major determinants of the MDR
phenotype in Gram-negative pathogens. EPs transporting clinically relevant antibiotics in
Gram-negative bacteria belong to the so-called Resistance Nodulation-Division (RND) family
(Alav et al., 2021; Henderson et al., 2021; Dreier and Ruggerone, 2015; Kéhler et al., 1999; Du
etal,, 2018). These form a tripartite transmembrane spanning complex composed of an inner
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membrane pump (IMP) protein, an outer membrane channel protein
(OMP) and a membrane fusion protein (MFP) (Du et al., 2018;
Neuberger et al., 2018).

Pseudomonas aeruginosa is a Gram-negative opportunistic
pathogen, responsible for both acute and chronic infections, mainly
in immunocompromised hosts, burn patients, as well as in cystic
fibrosis (CF) patients (Reynolds and Kollef, 2021). P. aeruginosa is part
of the WHO ESKAPE pathogen list for which novel antibiotics or
alternative strategies are urgently needed (Miller and Arias, 2024). The
bacterium is well known for its broad-spectrum multidrug efflux
pumps, which are able to extrude a wide variety of antimicrobials and
antiseptics (Botelho et al., 2019; Lister et al., 2009). Four Mex EPs of
the RND family play a major role in the resistance phenotype of
clinical isolates: the constitutively expressed MexAB-OprM pump as
well as the inducible MexXY-OprM, MexCD-Opr] and MexEF-OprN
efflux systems (Gotoh et al., 1998; Masuda et al., 2000; Verchere et al.,
2015; Sanz-Garcia et al,, 2022). P. aeruginosa further encodes eight
RND type efflux pumps (Adamiak et al., 2021) of which MexVW and
MexMN were shown to be able to extrude quinolone and beta-lactam
antibiotics, respectively (Li et al., 2003). The remaining RND type EPs,
including MexPQ-OpmE, do not transport antibiotics but have been
shown to be involved in modulation of the quorum sensing response
(MexJK) (Amieva et al., 2022) and extrusion of phenazines (MexGHI-
OpmD) (Sakhtah et al., 2016).

Apart from their ability to transport antimicrobials, the role of
Mex EPs in P. aeruginosa is not fully understood. Recent phylogenetic
analysis revealed that Gram-negative EPs of the RND family did not
evolve in response to clinical use of antibiotics but rather are ancient
physiological traits (Teelucksingh et al., 2020; Zwama et al., 2019).
Indeed, EP-encoding genes in E. coli do not appear to be accessory
genes, as is often the case with antibiotic resistance elements, but are
components of the intrinsic antibiotic resistome (Teelucksingh et al.,
2020). These findings therefore raise the question of natural functions
and substrates of RND EPs. Several hypotheses can be made, among
them their use for transporting signaling molecules, secondary
metabolites or self-produced toxic waste in their natural setting.
Previous works hypothesized that Mex EPs of P. aeruginosa are
involved in quorum sensing modulation (Amieva et al., 2022; Maseda
et al., 2004; Alcalde-Rico et al., 2018; Alcalde-Rico et al., 2020; Evans
et al., 1998; Pearson et al., 1999).

EPs represent an interesting target for drug potentiators. Indeed,
blocking EPs has been shown to potentiate the efficacy of already
existing antimicrobials by increasing their accumulation in the cytosol
(Sharma et al., 2019; Pages et al., 2005; Mehla et al., 2021; Pages et al.,
2005; Lamut et al., 2019; Lomovskaya et al., 2001). Several molecules
have been identified, among them the most widely used compound
phenylarginyl-f-naphtylamide (PABPN), which decreases minimal
inhibitory concentrations (MIC) for several antibiotic classes and in a
variety of Gram-negative pathogens but revealed being toxic to
eukaryotic cells (Renau et al., 2003; Duffey et al., 2024). Another
approach would be to use the natural substrates of the EPs as
competitive inhibitors, or by chemically modifying them to administer
them concomitantly with existing drugs, allowing the accumulation
of antibiotics in the bacterial cytosol (Laborda et al., 2021; Nakayama
et al., 2003; Tambat et al., 2022).

In this respect, we used untargeted metabolomics to analyze
and compare the culture supernatants, termed afterwards
exo-metabolome of wild type P. aeruginosa strain PA14, as well as
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a mutant (PA14A4mex) lacking the four clinically relevant EPs, in
which we overexpressed individually Mex EPs from an inducible
promoter. We found that EPs impact the fatty acid content of the
exo-metabolome, and identified signaling molecules, byproducts
of biosynthetic pathways or toxic metabolites as natural substrates
of P. aeruginosa EPs. Importantly, we conclude that EPs show
specificity toward their natural substrates. These novel insights
should fuel the development of selective or broad-spectrum
EP-inhibitors to combat problematic Gram-negative pathogens.

Results

Gene expression, antibiotic resistance, and
growth profile of the PA14Amex4 mutant
and efflux pump overexpressors

To perform an unbiased, comparative analysis of potential natural
EPs substrates, we constructed a mutant strain, PA14A4mex,
genetically deleted in the four major clinically relevant Mex EPs:
mexAB-oprM, mexCD-opr], mexXY-oprM, and mexEF-oprN. Since
four major efflux pumps were deleted in the PA14A4mex mutant,
we wondered whether this would affect the expression of other Eps
introducing a bias in the metabolomics analysis. We thus performed
an RNAseq analysis comparing PA14A4mex to PA14. Seventy-two
genes were down-regulated (log,FC < —1.0) and thirty-eight
up-regulated (log,FC > 1.0) in the PA14A4mex strain compared to
the PA14 wild type (Supplementary Figure S1). Interestingly, three
genes, PAI4_36010, PAI4_36,020 and PAI4_36,030, forming an
operon and coding for a potential transmembrane lipid transport
system homologous to the LetALetB system of E. coli (Isom et al.,
2020), were the most overexpressed genes in PA14A4mex compared
to PA14 (Supplementary Figure S1). The phospholipid desaturase gene
desB was also overexpressed in PA14A4mex (Pezzoni et al., 2022;
Supplementary Table S1). Importantly, expression of genes belonging
to the remaining eight RND EP systems (mexMN, mex]JK, mexGHI-
opmD, triABC, mexVW, mexPQ-opmE, muxABC-opmB and czcCBA)
was not affected (Supplementary Table S1), confirming that further
analyses should not be influenced by a compensatory overexpression
of other EPs in the PA14A4mex strain background. To explore the
natural substrate profile of RND EPs in P. aeruginosa, we cloned the
operons of the four major drug efflux pumps mexAB-oprM, mexEF-
oprN, mexCD-opr], mexXY-oprM as well as the operon of the mexPQ-
opmE pump, not involved in antibiotic eftflux, into the expression
vector pSRKGm under the control of the inducible lac promoter
(Khan et al., 2008). The obtained constructs were then expressed
individually in the EP deficient strain PA14A4mex. To verify the
functionality of the overexpressed EPs, we assessed the susceptibility
of these strains against their antibiotic substrates. As expected, the
EP-deficient strain PA14A4mex was 2 to 64-fold more susceptible to
the tested antibiotics than the PA14 wild type strain in standard MIC
determination (Table 1; Clinical and Laboratory Standards Institute,
2012). Overexpression of the individual EPs correlated with previously
established antibiotic substrate profiles, with MexAB-OprM showing
the largest spectrum of antibiotic substrates (n =9), followed by
MexXY-OprM (n=7), MexCD-OprJ] (n=6) and MexEF-OprN
(n=4) (Table 1). The MexPQ-OpmE pump did not contribute to
antibiotic efflux (n=0). We conclude from these data that the
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MIC, minimal inhibitory concentration; NA, not applicable. MIC values of EP-overexpressors showing a 4 fold change compared to vector control are shown in bold.
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overexpressed pumps are functional and confer the expected antibiotic
substrate profile.

We then compared the growth of the PA14A4mex mutant with
the individual EP-overexpressors and the PA14 wild type in different
media (LB, MHB and M9CAA). A prolonged lag phase was observed
in the EP mutants compared to the PA14 wild type (Figure 1). The
slope of exponential growth phase, however, was similar between
the two strains irrespective of the growth medium. We hypothesize
the growth delay to be linked to the accumulation of toxic metabolites
in the cytosol or the membranes. Moreover, PA14A4mex reached
lower final cell densities (OD600) compared to PA14. Individual
overexpression of the five EPs did not lead to a complete growth
restoration, suggesting a simultaneous requirement of several EPs to
achieve optimal growth. Interestingly, overexpression of MexCD-Opr]
improved growth mainly in MHB and in the iron-limited MOCAA
medium. Surprisingly, the overexpression of the constitutively
expressed MexAB-OprM did not restore growth, while overexpression
of MexPQ-OpmeE further delayed growth in both MHB and M9CAA
(Figure 1).

Deletion of the four clinically relevant EPs
changes the global content of the
exo-metabolomes

Following the hypothesis that toxic metabolites accumulate in the
bacteria and lead to a delayed growth upon EPs deletion, we aimed at
elucidating the natural role and substrates of Mex EPs in P. aeruginosa.
Using first untargeted Ultra-High Performance Liquid
Chromatography-Mass Spectrometry (UHPLC-MS) we globally
analyzed the metabolite content of PA14 wild type, PA14A4mex and
EP-overexpressors supernatants. As we used sequential ethyl acetate
and dichloromethane liquid-liquid extractions, the analysis focused
primarily on the apolar portion of the exo-metabolomes. A total of
2,579 features (m/z @ RT), defined as a mass (m) over a charge (z) at
a specific retention time (RT), were detected in the analyzed
supernatants. Principal Component Analysis (PCA) clearly
discriminated the exo-metabolomes of PA14 wild type compared to
the PA14A4mex based strains (Figure 2). This points out the
involvement of Mex EPs in the metabolite composition of culture
supernatants and suggests that the expression of a single EP on a
plasmid is not sufficient to restore the overall content of PA14
supernatant, similar to what was observed in the growth assay of the
EP-overexpressors (Figure 1).

EPs modulate the exo-metabolome fatty
acid content

We first compared the exo-metabolomes of PAl4 and
PA14A4mex, to gain insight into the global effect of EPs on metabolite
transport. For this and all further analyses we selected only features
presenting a log,fold change (FC) of >1 or < —1 and a p-value <0.05
(Student t-test), termed hereafter “features of interest” Applying these
selection criteria, we submitted the features identified in the UHPLC-
MS analysis to Sirius and MS2Query annotation tools (Diithrkop et al.,
2019; de Jonge et al., 2023). Sirius provided the most comprehensive
compound prediction compared to MS2Query (91.5% vs. 32.1%
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FIGURE 1

Growth of EP-overexpressing strains. Growth was measured in triplicates in microtiter plates in the following media: (A) Lysogeny Broth (LB).
(B) Mueller-Hinton Broth (MHB). (C) M9 medium supplemented with casamino acids (M9CAA). Data represent the mean of triplicate determinations.
p-values were determined using an unpaired T-test comparing cell density (OD600) values at 20 h of growth.

annotated features, respectively). To obtain a taxonomically informed
prediction all annotations were re-ranked using Tima-R (Rutz
etal., 2019).

The identified features could be attributed to seven different
chemical classes according to NPClassifier (Kim et al., 2021): alkaloids,
fatty acids, polyketides, amino acids and peptides, shikimates and
phenylpropanoids and terpenoids (Figure 3). According to the
UHPLC-MS analysis, a total of 362 features of interest (14% of total
features) were changed in abundance in PA14A4mex compared to
PA14 (177 decreased, 185 increased) (Supplementary Table S2). The
most represented class among the decreased features was fatty acids
(32.78%), followed by alkaloids (21.11%) (Figure 3A). To validate the
of fatty acids in the PAl4A4mex
exo-metabolome, we performed a semi-targeted gas chromatography-

decreased abundance
mass spectrometry (GC-MS) analysis. Importantly, while the UHPLC-
MS analysis was performed directly on the extracts resuspended in
DMSO, the GC-MS analysis was performed on the same extracts that
were derivatized, limiting the analysis to metabolites possessing either
a free acid function or esters. We only considered metabolites
presenting a match factor of more than 70% when searched against
NIST mass spectrometry library (Babushok et al., 2007; Zenkevich
etal,, 2009; Qu et al.,, 2021). Using this threshold, a total of 116 features
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were tentatively identified, among them 11 features (9.5% of total)
(Supplementary Table S3) showed altered abundance (8 decreased, 3
increased) (log,FC of >1 or < -1 and a p-value <0.05) between
PA14A4mex and PAl4 exo-metabolomes. All GC-MS decreased
features were predicted to be fatty acids (Supplementary Table S3).
When comparing the two analyses (UHPLC-MS, GC-MS), two
predicted oxidized fatty acids were decreased in PA14A4mex
supernatants by both techniques: hydroxy-octanoic acid and
3-hydroxy-decanoic acid, further confirming the role of EPs in fatty
acid transport (Supplementary Figure S2). We next identified features
that showed increased abundance in PA14A4mex when compared to
PA14 (Figure 3B). Alkaloids, specifically pyridine quinazoline,
pyocyanin and other phenazines, were the most prominent features
increased in the exo-metabolome of PA14A4mex and identified by
both UHPLC-MS (Supplementary Figure S3) and GC-MS
(Supplementary Tables S2, S3). This was corroborated by measuring
spectrophotometrically the concentration of pyocyanin, which was
significantly increased (p-value = 0.0062) in PA14A4mex supernatants
compared to the one of PA14 (Supplementary Figure S4). This may
be explained by a precursor of pyocyanin being a substrate of EPs,
accumulating in the PA14A4mex cytosol and leading to increased
synthesis and diffusion of pyocyanin into the external medium.
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Score plot of the principal component analysis (PCA) of exo-metabolomes. Culture supernatants were prepared in three biological replicates. Quality
control (QC) samples were prepared by pooling all samples. The analysis was performed on the online platform metaboanalyst.com.

Overall, the deletion of the four EPs mainly impacted fatty
acids, specifically oxidized fatty acids, which were less abundant in
the exo-metabolome of the EPs deficient mutant, as observed by
both UHPLC-MS and GC-MS. This suggests that Mex EPs might
be involved in export of (oxidized) fatty acids that accumulate in
the inner membrane thereby affecting growth of the EP
deficient mutant.

Selectivity of EPs for their potential natural
substrates

Given the functional assessment of the cloned Mex EPs via antibiotic
transport (Table 1), we next compared the exo-metabolome of each
individual EP-overexpressing strain to the one of PAl4A4mex.
We suspected that secondary metabolites, signaling molecules or toxic
waste generated during growth could be natural substrates. The UHPLC-
MS analysis revealed that the PA14A4mex exo-metabolome, differed
from the EPs overexpressors with respect to the number of
overrepresented features (1) (log,FC > 1, p-value <0.05): MexAB-OprM
(n = 62), MexCD-Opr]J (n = 49), MexEF-OprN (1 = 36), MexXY-OprM
(n = 83) and MexPQ-OpmE (n = 52) (Supplementary Figure S5;
Supplementary Table S2). In the GC-MS analysis, only a reduced
number of features were increased upon EP overexpression (1): MexAB-
OprM (n = 1), MexCD-Opr] (n = 3), MexEF-OprN (n = 2), and MexPQ-
OpmE (n=3) (Supplementary Table S3). No chemical class was
specifically attributable to an individual EP. However, the metabolites
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content of the MexCD-Opr] and MexXY-OprM overexpressor
supernatants showed a smaller proportion of fatty acids (8.2 and 2.4%
respectively) than those of MexAB-OprM (14.5%), MexPQ-OpmE
(17.3%) and MexEF-OprN (22.2%) (Supplementary Figure S5).

We then compared the sets of UHPLC-MS features with increased
abundance in supernatants of a specific EP with each other (Figure 4;
Supplementary Figure S6). Overall, most features of interest were
specific to a particular exo-metabolome with only 55 out of 210
(26.2%) overlapping between two or more sets, pointing toward
specific endogenous substrates transported by each pump. The
percentage of features shared with at least one other EP-overexpressor
varied from 36.11% (MexEF-OprN) to 53.84% (MexPQ-OpmE).
MexXY-OprM and MexAB-OprM had the largest number of
overlapping features (n = 10), most of them belonging to the alkaloid
class. None of the increased features were shared by all five
overexpressors exo-metabolomes (Figure 4). Potential substrates
predicted by Sirius (Dithrkop et al,, 2019) (as presented in the
examples in Figure 4) belong to a wide range of molecular patterns.
While some of them are known as P. aeruginosa metabolites, the
majority are unknown yet. The predicted feature Pyreudione C, an
alkaloid produced by P fluorescens, was increased in strains
overexpressing MexAB-OprM and MexXY-OprM (Klapper et al.,
2018; Klapper et al.,, 2016). Acetidomonoamine B, a P. aeruginosa
metabolite derived from a quorum-sensing regulated non-ribosomal
peptide synthetase (NRPS) and involved in biofilm formation, was
found among the increased features of both MexCD-Opr] and
MexEF-OprN overexpressors (Ernst et al., 2022). Questiomycin A, a
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Distribution of features of interest increased upon EP-overexpression in exo-metabolomes and examples of predicted molecular structures. Features
of interest are defined by a log,FC > 1 and a p-value <0.05 when compared to the PA14A4mex exo-metabolome. Statistical analysis was performed
with standard student T-test. Predicted structures were given by the Sirius annotation tool (Duhrkop et al.,, 2019).

phenazine antibacterial metabolite known to be produced by
P. chlororaphis, was predicted to be increased in MexPQ-OpmE and
MexCD-Opr]J exo-metabolomes (Guo et al., 2022). Finally, some
quinolones were found to be increased in MexXY-OprM. Other
features overrepresented in several EP-overexpressing strains include
indoles, phenazines and thiazole containing molecules (Figure 4).
While the natural substrates seem to be EP-specific, we could not find
clear molecular patterns explaining these specificities when comparing
physico-chemical properties such as logP, polar surface area,
molecular weight or total charge of the predicted metabolites (data not
shown). Altogether, these results indicate a rather specific natural
substrate profile for Mex EPs in P. aeruginosa.
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Signaling molecules, metabolic
byproducts, and secondary metabolites are
potential natural substrates of Mex efflux
pumps

Several of the overrepresented features in EP overexpressors were
predicted by Sirius (Dithrkop et al., 2019) to be well known signaling
molecules and secondary metabolites. We employed commercially
available standard molecules (Supplementary Table S4) to confirm
the identity of several P aeruginosa produced metabolites in our
UHPLC-MS analysis. This included the siderophore pyochelin
(Supplementary Table S4), homoserine lactones (Figure 5) and two
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alkylquinolines (AQs), the pseudomonas quinolone signal (PQS) and its
precursor 4-hydroxy-2-heptylquinoline (HHQ) (Supplementary Table S4).
The spectra and retention times of the predicted metabolites matched
those of the corresponding authentic standards, validating their identity
and highlighting the accuracy of the in-silico prediction tools. This
approach enabled us to confidently predict the presence of these
endogenous metabolites in the samples and to map their relative
abundance onto the network, highlighting significant differences between
the PA14A4mex and PA14 exo-metabolomes.

AQs was the most represented molecule family overall in the
analyzed exo-metabolomes, including PA14A4mex. Among the fifty
most represented features (based on average peak intensity in all
supernatants pooled in the quality control sample), 24% were AQs
(IDs: 1954, 2132, 2771, 2694, 2388, 2659, 2145, 1783, 2111, 2472, 2716,
2256) (Supplementary Table S5). P. aeruginosa produces more than
fifty AQs with variable carbon chain lengths and hydroxyl substitutions
(Lépine et al., 2004). In our analysis, several AQs were enriched in
MexAB-OprM, MexPQ-OpmE and MexEF-OprN supernatants
(Supplementary Table S2). This indicates that Mex EPs are possible
routes for AQs export, thereby supporting previous reports (Lamarche
and Déziel, 2011). However, the quorum sensing autoinducer PQS
was neither enriched or depleted in any of the EP overexpressing
supernatants. Another interesting metabolite found significantly
increased in the supernatant of MexPQ-OpmE was predicted to
be aeruginol (log,FC = 2.29, feature ID 1359), a byproduct of the
siderophore pyochelin biosynthesis (Supplementary Figure S7).

10.3389/fmicb.2024.1512472

However, two features predicted to be similar to aeruginol were
decreased in MexPQ-OpmE exo-metabolome. These were predicted
to be 7-hydroxy-6-oxo-2,5-dihydro-1H-isoquinoline-3-carboxylic
acid (ID 1452) and 5-hydroxy-6-methoxy-2-methylisoindole-1,3-
dione (ID 1355) (Supplementary Figure S7; Supplementary Table S2).
Although pyochelin was among the fifty most represented features of
the combined (QC) exo-metabolomes (IDs: 1509, 1699, 1816, and
1372) (Supplementary Table S5), it was not clearly increased in any of
the EPs overexpressing supernatants, suggesting that it is not
transported by the five EPs analyzed here.

A total of twenty-three features were attributed to homoserine
lactones (HSLs) (Supplementary Table S6), and six were depleted in
PA14A4mex when compared to PA14 exo-metabolomes (Figure 5).
Among these six depleted homoserine lactones, we found two with a
C10 side chain (IDs 1735 and 2553), two with a C12 side chain (IDs
2301 and 2305) and two with a C13 side chain (IDs 1549 2105)
(Supplementary Table S6). Interestingly, shorter chain HSLs such as
C4-HSL and C8-HSL were not affected by the EPs deletion or
overexpression. Hence long chain HSL signaling molecules seem to
be favored substrates of Mex EP.

Using the E. coli biosensor strain detecting preferentially long
chain HSLs, we confirmed decreased amounts of these quorum
sensing auto-inducers in the supernatant of PA14A4mex, which were
increased again upon individual overexpression of MexAB-OprM,
MexCD-Opr]J or MexEF-OprN EPs (Figure 6A). This suggests that
long chain HSLs are preferentially exported by EPs. Moreover,
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we observed an increase of AQs in the supernatants of MexCD-Opr],
MexEF-OprN, and MexPQ-OpmE (Figure 6B). In correlation to what
was observed in the untargeted metabolomics, there was no significant
difference in terms of AQs content between PA14 and PA14A4mex
(Figure 6B).

Altogether, these data suggest that in the absence of the four major
drug EPs, toxic intermediates of well-known P. aeruginosa metabolites
likely accumulate in the cytosol or inner membrane, and delay growth
of the PAl14A4mex mutant. EPs therefore transport not only
antibiotics but also a variety of known natural metabolites, including
signaling molecules, components of the quorum sensing systems and
the pyochelin byproduct aeruginol. Finally, most natural substrates
seem to be EP-specific (Figure 4).

Discussion

In this study we attempted to gain insights in the natural substrates
of Mex EPs from P. aeruginosa, by comparing exo-metabolomes of the
PA14 wild type strain and a mutant deleted for the four major Mex
EPs. In a second part, we further assessed the specific metabolite
profile for each of five Mex EPs by overexpressing their operons
individually in the same EP deficient strain background.

Pseudomonas aeruginosa Mex efflux
pumps are involved in the transport of
molecules harboring alkyl side chains

Using both UHPLC-MS and GC-MS, we could show that
deleting the four main Mex EPs drastically decreased the fatty acid
content in the exo-metabolome. These findings corroborate previous

10.3389/fmicb.2024.1512472

metabolomic studies of endo-and exo-metabolomes from E. coli and
Salmonella enterica Serovar Typhimurium, comparing a wild type
strain with a mutant deficient in the constitutively expressed AcrAB-
TolC efflux pump (Wang-Kan et al., 2021). The authors found that the
AcrAB-TolC system could extrude fatty acids and their oxidized
derivatives. AcrB is structurally similar to MexB in P. aeruginosa, thus
we would expect chemically similar natural substrates between these
two export systems. However surprisingly acrB mutants in E. coli and
Salmonella enterica Serovar Typhimurium showed non-overlapping
substrate profiles (Wang-Kan et al., 2021).

In our unbiased analysis of exo-metabolomes, we identified
only predicted fatty acids that are not derived from phospholipids
being part of the inner or outer membrane of P. aeruginosa. None
of these fatty acid constituents were diminished in the
EP-deficient mutant PA14A4mex compared to PA14, suggesting
that Mex EPs in P. aeruginosa are not involved in maintaining
phospholipid composition.

Indeed, a majority of the fatty acids decreased in the PA14A4mex
mutant were predicted to be oxidized. Moreover, six of the decreased
features in the PA14A4mex exo-metabolome were attributed to
homoserine lactones, that are oxidized fatty acids. Among them was
the quorum sensing autoinducer C12-HSL. This was corroborated by
HSL specific biosensor assays, showing increased amounts of long
chain HSLs in the supernatant of MexCD-Opr]J, MexEF-OprN and
MexAB-OprM overexpressors.

Accumulation of potentially toxic (per)oxidized fatty acids due to
reactive oxygen species (ROS) production and introduction of
unsaturated bonds via the DesA and DesB desaturases of P. aeruginosa
may affect membrane fluidity and hence growth phenotypes (Pezzoni
etal.,, 2022). Indeed, the RNAseq analysis showed increased expression
in the PA14A4mex strain of the desB desaturase gene, as well as
overexpression of the PA14_36010-36,020-36030 operon potentially

Long chain HSLs
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Determination of metabolites in culture supernatants using specific bioassays. (A) E. coli based luminescence bioassay for detection of long chain HSL.
(B) Alkylquinolines. PAO1pgsA::lux luminescence based bioassay. The measures were repeated on at least three different occasions. Luminescence was
monitored during growth and the values presented are relative light units (RLU) normalized to the OD600 (cell density) at peak luminescence.
Statistical analysis: student T-test was performed by GraphPad; *p-value <0.05, **p-value <0.01, ***p-value <0.005.
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involved in lipid trafficking between inner and outer membranes
(Isom et al., 2020; Isom et al., 2017; Klepp et al., 2022). Since MexAB-
OprM is expressed constitutively, like AcrAB in E. coli, this function
may be important during the bacterial growth cycle. Hence, one of the
primary roles of MexAB-OprM could be the removal of oxidized fatty
acids, accumulating in the cytoplasmic membrane.

A majority of natural substrates are
EP-specific

Under growth in rich medium (MHB), MexXY and MexEFN
showed the highest proportion of EP specific features (65%), while
MexAB-OprM, MexCD-Opr] and MexPQ-OpmE, showed roughly
the same proportion of EP-specific (47 to 56%) and common features
(44 to 53%). Not a single feature of interest (log2(FC) + 1 and p-value
<0.05) was shared between the five EPs. These results are in contrast
with the antibiotic substrate profile of the overexpressed Mex EPs.
With the exception of the f-lactams carbenicillin and aztreonam,
which were specific to MexAB-OprM, all other antibiotic substrates
tested here were shared by at least one other EP. This is in support of
a specific physiological role for each EP and could explain why these
EPs have been maintained on the P. aeruginosa core genome during
evolution, while their function may have been considered redundant
based solely on antibiotic transport.

Mex efflux pumps transport virulence
factors and signaling molecules

Pseudomonas aeruginosa produces more than fifty secreted HAQs
(Lépine et al., 2004), eleven of which have been characterized: HQNO
prevents the growth of Gram-positive bacteria by inhibiting
cytochromes of the respiratory chain, while PQS together with its
transcriptional regulator PqsR (MvfR) regulates numerous virulence
genes but acts also as an iron chelator (Diggle et al., 2007). Both PQS
and its precursor HHQ were found in the lungs of cystic fibrosis
patients, indicating a potential role in inter-species competition in the
chronically infected lung setting (Barr et al., 2017). The EP MexEF-
OprN has previously been described to transport HHQ (Lamarche
and Déziel, 2011). PQS has also been shown to interact with the EP
protein MexG (Hodgkinson et al., 2016). Our metabolomic analysis
on culture supernatants predicted at least twelve AQs with side chain
lengths containing 7 to 11 carbon atoms. However, the majority were
identified also in supernatants from the PA14A4mex EP mutant.
Previous studies from us and others showed that precursors
(kynurenin) of AQ synthesis were effluxed mainly by the MexEF-
OprN pump, which translated into reduced expression of QS-regulated
virulence factors (Lamarche and Déziel, 2011; Kohler et al., 2001;
Olivares et al., 2012). PQS, as well as 3-oxo-C12-HSL, have been
shown to be incorporated into outer membrane vesicles (OMVs)
(Mashburn-Warren et al., 2008). PQS is also able to induce OMV
formation. It remains unclear whether PQS and other AQs might
cross the inner membrane by so far unidentified inner membrane
transporters to be spontaneously incorporated into OMV without
prior export to the external medium or whether other EPs not
analyzed here (MexMN, MexJK, MexVW, etc) extrude these molecules
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into the external medium to be eventually incorporated into
preformed OMVs.

Pyochelin, the low affinity siderophore of P. aeruginosa was
identified in all supernatants including PA14A4mex, suggesting that
the tested EPs are not involved in pyochelin efflux under our
experimental conditions, and export via other EPs or ABC
transporters are possible alternatives. Pyoverdin, the high affinity
siderophore of P. aeruginosa has been shown to be transported via the
RND type efflux pump PvdRT-OpmQ (Hannauer et al., 2010) while
the siderophore mycobactin was shown to be transported by the
MmpL4 RND efflux pump of Mycobacterium tuberculosis (Meikle
etal., 2023; Wells et al., 2013). Here, we tentatively identified aeruginol,
a byproduct of pyochelin biosynthesis but also of spontaneous
pyochelin hydrolysis (G. Mislin, personal communication), as a
potential substrate of MexPQ-OpmE. Aeruginol as well as its
oxidation product aeruginaldehyde (IQS) and aeruginoic acid were
shown to chelate iron and promote growth of Pseudomonads (Kaplan
etal., 2021).

Interestingly, several predicted EP substrates contain a thiazol
group or S-atoms either within heterocycles or as sulfides. These were
mainly enriched in supernatants of MexPQ-OpmE, but also in those
of the MexCD-OprJ overexpressor. Finally, other known pseudomonal
metabolites, including the phenazine antimicrobial compound
Questiomycin A (Guo et al.,, 2022), the QS regulated metabolite
acetidomonoamine B (Ernst et al., 2022) and the alkaloid Pyreudione
C were predicted as potential EP substrates (Klapper et al., 2018;
Klapper etal., 2016). Indole derivatives were predicted as EP substrates
in our analysis, which corroborates data from E. coli, where indoles
were substrates and competitive inhibitors of RND EPs (Zeng et al.,
2010; Kawamura-Sato et al., 1999).

In summary, our metabolomic analysis revealed a wide array of
potential natural substrates of Mex EPs, covering a broad spectrum of
chemical structures and functions. Moreover, the natural EP substrate
profiles are mainly non-overlapping and dominated by alkaloid class
compounds. This notion contrasts with the more redundant antibiotic
substrate profile of these EPs. Exploring the natural substrate profile
of P. aeruginosa Mex EPs represents an interesting starting point for
the development of competitive EP inhibitors. Indeed, using these
natural substrates in combination is an interesting strategy to
potentiate existing antibiotics in the fight against ESKAPE pathogens
(Zeng et al., 2010; Kawamura-Sato et al., 1999).

Materials and methods
Bacterial strains and growth conditions

Strains, primers and plasmids used in this study are listed in
Table 2. For supernatant extraction, bacteria were grown in Mueller-
Hinton (MH) broth at 37°C with shaking (250 rpm). For pSRKGm
plasmid selection, media were supplemented with gentamicin 2.5 pg/
mL and IPTG 2 mM. MICs were determined according to CLSI
guidelines in Mueller-Hinton (MH) broth and when required
supplemented with gentamicin 2.5 pg/mL and 2 mM IPTG (Clinical
and Laboratory Standards Institute, 2012). Determinations were
repeated at least on three different occasions. Growth of
EP-overexpressor strains was monitored as optical density at 600 nm
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TABLE 2 Primers, strains, and plasmids used or constructed in this study.

10.3389/fmicb.2024.1512472

Primers Sequence 5'- > 3’ Reference
Deletion of mexXY

mexXY-hind-F1 ACACAAGCTTGCACATCGCCAGACAGACCT This study

mexXY-xba-R1 ACACTCTAGAACGTCCTGGCCTTCCTCGTA This study

mexXY-xba-F2 ACACTCTAGAGAACGCCATCCTCATCATCG This study

mexXY-xho-R2 ACACCTCGAGGATCCGCTCGGTAGCCTGAC This study
Deletion of mexCD-oprJ

mexCD]J-hind-F1 ACACAAGCTTGTCCGGGCGGTACTGGAATA This study

mexCDJ-bam-R1 ACACGGATCCGAACTCAGCGCCAGGGACTC This study

mexCDJ-bam-F2 ACACGGATCCTCGACAACCACCTGCGCTAC This study

mexCDJ-eco-R2 ACACGAATTCGTACCCTCGAACGCCTCACC This study
Deletion of mexEF-oprN

mexEFN-hind-F1 ACACAAGCTTCAAGCGCAAGGTGGTCCTG This study

mexEFN-bam-R1 ACACGGATCCCGGTGAATTCGTCCCACTC This study

mexEFN-bam-F2 ACACGGATCCGAAGGCACCACCGATTTCCT This study

mexEFN-eco-R2 ACACGAATTCCCCACCAACAGACCAACAG This study
Cloning of mexAB-oprM in pSRKGm

mexABM-F-Xba ACACTCTAGAGAGGCTTTCGGACGTTTACAA This study

mexABM-R-Hind ACACAAGCTTCGACTTCCGCGAGGATAAAA This study
Cloning of mexCD-oprd in pPSRKGm

mexC-xba ACACTCTAGACAATCAACGGTCGGGTGTGT This study

oprJ-hind ACACAAGCTTCGTCCTGATCTACGGCATGG This study
Cloning of mexXY-oprM in pSRKGm

mexXY-eco-R ACACGAATTCGTTTCGCTAGGGGCATCAGG This study

oprM-eco-F ACACGAATTCGTTCTACGTGGCGGTCAGCA This study
Cloning of mexEF-oprN in pSRKGm

mexE-Xba-F ACACTCTAGAATTAGTTCCCTGCCGGAGCA This study

oprN-hind-R ACACAAGCTTCGTCAACCATGGCACCTACC This study
Cloning of mexPQ-opmE in pSRKGm

mexPQE-F-bam ACACGGATCCTTGCCGGACTTCCCTTCCTA This study

mexPQE-R-hind ACACAAGCTTAACGCAGAGGCACAGGAGTG This study
Strains Genotypes, characteristics Reference
PA14 Wild type He et al. (2004)
PA14A4mex Genomic deletion of mexA/mexB/oprM/mexE/mexF/oprN/ This study

mexX/mexY/mexC/mexD/opr] genes

PA14AmexABM Genomic deletion of mexA/mexB/oprM genes. Background for | Dr Pletzer

PA14A4mex construction

PAOI pgsA CTX-luxHpgsA

Lux cassette replacing the pgsA gene for Ags quantification

Fletcher et al. (2007)

JM109

Bioluminescence plasmid pSB1075for HSL detection

Winson et al. (1998)

S17-1Apir (TE52)

Strain used for plasmid mobilization

De Lorenzo et al. (1993)

DH10B

F- endA1 deoR+ recAl galE15 galK16 nupG rpsL A(lac)X74
@80lacZAM15 araD139 A(ara,leu)7697 mcrA A(mrr-hsdRMS-

mcrBC), SmR, A

Laboratory collection
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TABLE 2 (Continued)

10.3389/fmicb.2024.1512472

MENI Description Reference

PEXG2 Suicide vector, Gentamicin resistance cassette Hmelo et al. (2015)

PSRKGm Gentamicin resistance cassette, IPTG inducible Khan et al. (2008)

pSRKGm + mexAB-oprM mexAB-oprM overexpression, gentamicin resistance This study
cassette, IPTG inducible

pSRKGm + mexEF-oprN mexEF-oprN overexpression, gentamicin resistance This study
cassette, IPTG inducible

pSRKGm + mexPQ-opmE mexPQ-opmE overexpression, gentamicin resistance This study
cassette, IPTG inducible

PSRKGm + mexXY-oprM mexXY-oprM overexpression, gentamicin resistance This study
cassette, IPTG inducible

pSRKGm + mexCD-opr] mexCD-opr] overexpression, gentamicin resistance This study
cassette, IPTG inducible

pSB1075 Bioluminescent, HSL detection Winson et al. (1998)

(OD600) in 96-well microtiter plates in a BioTek Synergy H1 plate
reader under static conditions at 37°C.

Construction of knockout deletions

The generation of knockout mutants was based on the protocol by
Hoang et al. (1998). DNA fragments of 500 to 700 bp in the 5" and 3’
regions of the genes or operons were PCR-amplified using primer
pairs F1/R1 and F2/R2, respectively (Table 2). After amplification, the
obtained fragments were gel purified, and approximately 40 ng of each
fragment was used in a PCR fusion amplification with primers F1 and
R2. The resulting fusion products were gel purified and further cloned
into the suicide vector pEXG2 (Rietsch et al., 2005) with the
appropriate restriction enzymes. The cloned PCR fragments were
verified by Sanger sequencing. The gene replacement vectors were
introduced by conjugation into P. aeruginosa via biparental mating
using E. coli strain S17-1Apir as donor. Merodiploid strains were
selected on gentamicin containing LB-agar and unmarked mutants
yielding the desired genetic deletion were enriched by repeated
streaking on low salt LB agar plates supplemented with 10% sucrose.
The generated gene knockouts were verified by PCR amplification
using the external primers (F1 and R2) and Sanger sequencing.

Construction of expression plasmids

The coding regions of the genes or operons of interest, including
at least 50 nucleotides (nt) upstream of the ATG initiation codon and
20 nt downstream of the STOP codon, were amplified by PCR from
P, aeruginosa PA14 wild type genomic DNA using the plasmids listed
in Table 2. The amplified fragments were digested with corresponding
restriction enzymes and cloned into vectors. The Q5 high-fidelity
DNA polymerase (NEB) was used for all amplifications. PCR
conditions were as follows: denaturation at 98°C for 2 min, followed
by 27 cycles of 98°C for 20 s, 57°C for 30 s and 72°C for 2 min, and a
final extension at 72°C for 4 min. The plasmids were transferred into
P aeruginosa by electroporation, and cells were plated on LB agar
supplemented with the appropriate antibiotic selection. Plasmids were
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also introduced in E. coli DH10B by heat shock transformation for
conservation in the laboratory conservation. All constructs were
verified by Sanger sequencing.

Alkylquinoline measurement in
supernatants

Alkylquinoline measurements in the supernatants were performed
using a protocol based on the technique described by Fletcher et al.
(2007). In a pgsA knockout mutant (PAO1ApgsA), a copy of the pgsA
promoter was linked to the luxCDABE genes and inserted into a
This called
PAO1pqsA:luxCDABE was used as a biosensor. For measurement of

neutral site on the chromosome. strain,
AQs, the supernatants (SNs) were prepared as previously described
and then adjusted to OD600 = 1, centrifuged and filtered through
0.22 pm syringe-driven filters (Millipore). The biosensor was grown
overnight in LB and then adjusted to OD600 = 1, and further diluted
into fresh LB at concentrations of either 1/50 (test wells) or 1/100
(control wells). 100 pL of 1/50 diluted biosensor was added to each
test well, where 100 pL of supernatant were added, for a total of 200 pL
per well. The biosensor was then grown for 24 h at 37°C using a
BioTek Synergy H1 plate reader. The cell density (OD600) as well as
the luminescence were recorded every 30 min. The results are given
in relative light units (RLU) per unit of OD600 (luminescence/OD600).

Pyocyanin quantification

Pyocyanin measurements in the supernatants were performed as
follows. Strains of interest were grown for 20 h at 37°C with shaking
(250 rpm) in 2 mL LB or MHB supplemented with appropriate
antibiotics for plasmid selection and supernatants were prepared as
previously described. 500 pL of CHCI; was added to 700 pL of
supernatant in Eppendorf tubes, that were then centrifuged for 2 min
at 23’000 rpm. The lower phase was removed and 500 pL of 0.2 N HCI
was added. Finally, 400 pL of supernatant was mixed with 400 pL of
H,O in glass cuvettes and absorption was read at 520 nm. The results
were expressed as absorption (520 nm)/cell density (OD600) ratios.
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Long chain HSLs quantification

The quantity of long chain HSLs was assessed in supernatants via
an E. coli reporter strain harboring the bioluminescence plasmid
pSB1075 (Priya et al., 2013) carrying a lasI-luxCDBAE reporter fusion
Briefly, the E. coli strain + pSB1075 was grown overnight in 3 mL LB
supplemented with 50 pg/mL ampicillin. The next morning, the
overnight culture was diluted 1/10 in fresh LB. The diluted culture was
distributed into 96-well plates containing 190 pL per well.
Supernatants were added at 10 pL per well, and luminescence as well
as growth (OD600) were recorded over 24 h using a microplate reader.
The results were given as the peak luminescence/cell density (OD600).

Transcriptomic analysis

Strains were grown in 96 wells plates, 150 pL per well, at 37°C
static over-night in MHB until cell density (OD600) = 1.5-2. Four
wells were pooled to form one sample. Two volumes of RNA Protect
Bacteria solution (Qiagen) were added. The samples were then
pelleted by centrifugation at 13°000 rpm for 5 min at RT. Supernatant
was discarded and the pellets were stored at —20°C for later use. RNA
was extracted from the pellets using the RNAeasy Qiagen kit
according to manufacturer’s instructions. The RNA obtained was
immediately frozen at —80°C or underwent DNase treatment using
Promega RNAse-free DNAse. RNA quantity was measured at
nanodrop after extraction. Approximately 200 ng of total RNA for
each sample was ribodepleted using the removal kit for bacteria
Ribo-Zero rRNA (Epicentre) according to manufacturer’s
instructions. The Illuma kit Stranded Total RNA Ribo-Zero Plus was
used to prepare libraries. The Illumina HiSeq4000 instrument was
used to sequence (iGE3 Genomics platform of the University of
Geneva). Sequencing quality control was done with the FastQC
quality control tool. The sequencing quality was determined to
be good. The fastq files were mapped to the Ensembl Pseudomonas
aeruginosa UCBPP-PA14 (GCA_000014625) genome with BWA
v.0.7.17 aligner software (Dobin et al., 2013). The average number of
mapped reads was 99.65%. The table of counts with the number of
reads mapping to each gene feature of Ensembl Pseudomonas
aeruginosa UCBPP-PA14 (GCA_000014625) reference was prepared
with HTSeq v0.9.1 (htseq-count). After normalization, the poorly
detected genes were filtered out genes with a count above 10 were
kept for the analysis. The differential expression analysis was
performed with the statistical analysis R/Bioconductor package
edgeR 3.34. with a multiple testing Benjamini and Hochberg
correction FDR 5% and a fold change threshold of 2.

Supernatant extraction for metabolomics
analysis

Supernatants were prepared from overnight cultures in 20 mL
Mueller-Hinton (MH) broth supplemented with gentamicin 2.5 pg/
mL and 2 mM IPTG. Cultures were then collected, centrifuged and
filtered using a 0.22 pm filter. Josamycin (Sigma-Aldrich, Switzerland)
was spiked (1.25 pg/mL) into each supernatant as an internal control
for an expected post-extraction concentration of 75 pg/mL. Filtered
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supernatants were extracted using four consecutive liquid-liquid
extractions with first 20 mL and then 10 mL of dichloromethane
followed by 20 mL and 10 mL of ethyl acetate. The combined organic
layers were washed with brine and dried over MgSO,, filtered,
concentrated in vacuo and finally under nitrogen flux to yield crude
extracts. After determination of their masses, the dried extracts were
resuspended in DMSO at a concentration of 10 mg/mL and analyzed
by UHPLC MS/MS and/or by GC-MS.

UHPLC-ESI-HRMS/MS analyses

The UHPLC-ESI-HRMS/MS analysis was carried out on a Waters
Acquity UPLC IClass system interfaced to a Q Exactive Focus mass
spectrometer (Thermo Scientific, Bremen, Germany), using a heated
(HESI-II)
separation was performed on a column of Waters BEH C18 50 x

electrospray ionization source. Chromatographic
2.1 mm i.d., 1.7 pum, mobile phase consisted of 0.1% formic acid in
water (A) and 0.1% formic acid in acetonitrile (B), flow rate was
600 pL/min, injection volume was 1 uL, and linear gradient elution
from 5% to 100% B in 7 min, followed by isocratic at 100% B for
1 min, and decreased to 5% B at the final step for 2 min. Positive and
negative ionization mode were applied in this study. The diisooctyl
phthalate C24H3804 [M-H]- ion (m/z 389.2697) was used as an
internal lock mass. The optimized HESI-II parameters were set as
follows: source voltage, 3.5 kV (pos) or 2.5 kV (neg); sheath gas flow
rate (N2), 48 units; auxiliary gas flow rate, 11 units; spare gas flow
rate, 2.0; capillary temperature, 300°C (pos), S-Lens RF Level, 55. The
mass analyzer was calibrated using a mixture of caffeine, methionine-
arginine-phenylalanine-alanine-acetate (MRFA), sodium dodecyl
sulfate, sodium taurocholate, and Ultramark 1,621 in an acetonitrile/
methanol/water solution containing 1% formic acid by direct
injection. The data-dependent MS/MS events were performed on the
three most intense ions detected in full scan MS (Top3 experiment).
The MS/MS isolation window width was 2 Da, and the normalized
collision energy (NCE) was set to 35 units. In data-dependent MS/
MS experiments, full scans were acquired at a resolution of 35,000
fwhm (at m/z 200) and MS/MS scans at 17,500 fwhm both with a
maximum injection time of 50 ms. After being acquired in a MS/MS
scan, parent ions were placed in a dynamic exclusion list for 2.0 s.
The chromatographic separation was done on a Waters BEH C18
column (50 x 2.1 mm i.d., 1.7 um, Waters, Milford, MA) using a
gradient as follows (time (min), %B): 0.5,5; 7,99; 8,99; 9.10,5; 9.75, 5.
The mobile phases were (A) water with 0.1% formic acid and (B)
acetonitrile with 0.1% formic acid. The flow rate was set to 600 uL/
min, the injection volume was 1 pL, and the column was kept at
40°C. The PDA detector was used from 210 to 400 nm with a
resolution of 1.2 nm. The CAD detector was kept at 40°C, for a data
collection rate of 20 Hz. Supernatant extracts from PA14, PA14A4mex
and EP overexpressing strains were profiled by UHPLC coupled to a
Q-Exactive Focus Mass-spectrometer with automated acquisition of
MS/MS spectra. The MS data were converted from. RAW (Thermo)
standard data format to.mzXML format using the MSConvert
software, part of the ProteoWizard package. The converted files were
treated using the MZMine software suite v. 4.0.3. The dereplication
strategy consisted of a combination of annotation tools: SIRIUS
(Diihrkop et al.,, 2019) and MS2Query (de Jonge et al., 2023) for
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analog prediction. All annotations results were re-ranked using
taxonomic information (Tima-R) (Rutz et al., 2019).

GC-MS analysis

The extracted supernatant was dried and resuspended in
chloroform:methanol (3:1) at a concentration of 10 mg/mL. Of this
solution, 50 pL were re-dried in a centrifugal evaporator and total
fatty acids converted to their methyl esters by reconstituting samples
in a mix of chloroform (48%, v/v), methanol (24%, v/v) and
3-(trifluoromethyl)-phenyltrimethyl ammomium hydroxide in
methanol (TCI, T0961; 28%, v/v). Samples were analyzed on an 8,890
GC System (Agilent) equipped with a DB5 capillary column (J&W
Scientific, 30 m, 250 pm inner diameter, 0.25-pm film thickness),
with a 10-m inert duraguard, connected to a 5977B GC/MSD in
electron impact (EI) mode linked to a 7693A autosampler (Agilent).
The GC-MS settings were as follows: Inlet temperature: 270°C, MS
transfer line temperature: 280°C, MS source temperature: 230°C and
MS quadrupole temperature: 150°C. The oven temperature gradient
during the sample run was as follows: 80°C (2 min); 80°C to 140°C
at 30°C/min; 140°C to 250°C at 5°C/min; 250°C to 310°C at 15°C/
min; 310°C for 2 min. Samples (1 pL) were injected splitless and
analyzed in scan mode (m/z 70-700).

Peak detection and deconvolution were performed using
MassHunter Unknowns Analysis 12.1 (Agilent), using the default
settings but limiting the analysis to features with a signal intensity
of >500 counts. Features were tentatively identified using NIST
MS Search Program 2.4, considering only those with a match
factor of >70. The list of tentatively identified features was further
curated manually by removing duplicate identifications, keeping
only those with the highest match factor and removing features
that were more abundant in fresh medium than in spent medium
(MHB). This resulted in a library of 116 putatively secreted
metabolites, the associated qualifier ions and retention time of
which were exported as a quantitative method. Next, the
abundance of each of these putative metabolites was determined
across all samples using MassHunter Quantitative Analysis
Software 12.0 (Agilent). Compounds were identified based on the
presence of three qualifier ions and quantified based on the signal
intensity (area under the curve) of the most abundant target ion
at the assigned retention time with a left and right retention time
delta of 0.06 min.

Statistical analysis of metabolomic data

The metabolomic data were analyzed as follows for both GC-
MS and UHPLC-MS using the MetaboanalystR RStudio package
workflow (Pang et al., 2024). Briefly, the features with a constant or
single value across all samples were found and deleted. Then the
mission values were replaced by the LoDs (1/5 of the minimum
positive values of their corresponding variables). The data were then
normalized on the internal standard josamycin for the UHPLC-MS
analysis or on the median value (each metabolite peak intensity is
divided by the median value) for the GC-MS, and then transformed
into log10. The fold change analysis was unpaired, and FCs were
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calculated as the ratio between the two groups means. Features of
interest were defined as having a fold change >2 and a raw p-value
<0.05. The Principal Component analysis was performed on the
Metaboanalyst platform as follows: data were normalized on the
internal standard and transformed to log10 and then an autoscaling
was performed (mean-centering and division by the standard
deviation of each variable). A quality control sample (pooled
samples) was used to verify the quality of the PCA analysis. The
significance of the analysis was assessed using a permanova
permutation test.

Data availability statement

The original contributions presented in the study are publicly
available. This data can be found at: https://doi.org/10.5281/
zenodo.13361298.

Author contributions

LM: Data curation, Formal analysis, Funding acquisition,
Investigation, Methodology, Writing - original draft. AB: Data
curation, Formal analysis, Methodology, Writing — original draft. AL:
Data curation, Formal analysis, Investigation, Writing — review &
editing. JK: Formal analysis, Investigation, Methodology, Writing —
review & editing. J-LW: Supervision, Writing - review & editing. CD:
Conceptualization, Funding acquisition, Supervision, Writing -
review & editing. TK: Conceptualization, Formal analysis, Funding
acquisition, Investigation, Methodology, Supervision, Writing -
review & editing, Writing — original draft.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. L. Mazza
received financial support from the National MD-PhD program of
the Swiss National Science Foundation (grant number 501100001711-
214541). We further acknowledge support from the Bridge funding
program from the Swiss National Science Foundation (grant number
40B2-0_211759).

Acknowledgments

We are grateful to G. Mislin and I. Schalk (University of Strasbourg,
France) for providing pyochelin and aeruginol, and to J. Boccard (Institute
of Pharmaceutical Sciences of Western Switzerland, University of Geneva)
for the guidance regarding the statistical analyses.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1512472
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.5281/zenodo.13361298
https://doi.org/10.5281/zenodo.13361298

Mazza et al.

Generative Al statement

The author(s) declare that no Gen Al was used in the creation of
this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,

References

Adamiak, J. W,, Jhawar, V., Bonifay, V., Chandler, C. E., Leus, I. V., Ernst, R. K., et al.
(2021). Loss of RND-type multidrug efflux pumps triggers iron starvation and lipid a
modifications in Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 65:¢0059221.
doi: 10.1128/AAC.00592-21

Alav, I, Kobylka, J., Kuth, M. S., Pos, K. M., Picard, M., Blair, J. M. A,, et al.
(2021). Structure, assembly, and function of tripartite efflux and type 1 secretion
Systems in Gram-Negative Bacteria. Chem. Rev. 121, 5479-5596. doi: 10.1021/acs.
chemrev.1c00055

Alcalde-Rico, M., Olivares-Pacheco, J., Alvarez-Ortega, C., Cadmara, M., and
Martinez, J. L. (2018). Role of the multidrug resistance efflux pump Mex CD-Opr J in
the Pseudomonas aeruginosa quorum sensing response. Front. Microbiol. 9:2752. doi:
10.3389/fmicb.2018.02752

Alcalde-Rico, M., Olivares-Pacheco, J., Halliday, N., Cémara, M., and
Martinez, J. L. (2020). The impaired quorum sensing response of Pseudomonas
aeruginosa Mex AB-Opr M efflux pump overexpressing mutants is not due to non-
physiological efflux of 3-oxo-C12-HSL. Environ. Microbiol. 22, 5167-5188. doi:
10.1111/1462-2920.15177

Amieva, R., Gil-Gil, T., Martinez, J. L., and Alcalde-Rico, M. (2022). The Mex JK
multidrug efflux pump is not involved in acquired or intrinsic antibiotic resistance in
Pseudomonas aeruginosa, but modulates the bacterial quorum sensing response. Int. .
Mol. Sci. 23:492. doi: 10.3390/ijms23147492

Babushok, V. L., Linstrom, P. J., Reed, J. J., Zenkevich, I. G., Brown, R. L.,
Mallard, W. G., et al. (2007). Development of a database of gas chromatographic
retention properties of organic compounds. J. Chromatogr. A 1157, 414-421. doi:
10.1016/j.chroma.2007.05.044

Barr, H. L., Halliday, N, Barrett, D. A., Williams, P,, Forrester, D. L., Peckham, D., et al.
(2017). Diagnostic and prognostic significance of systemic alkyl quinolones for P
aeruginosa in cystic fibrosis: a longitudinal study. J. Cyst. Fibros. 16, 230-238. doi:
10.1016/j.jcf.2016.10.005

Botelho, J., Grosso, E, and Peixe, L. (2019). Antibiotic resistance in Pseudomonas
aeruginosa — mechanisms, epidemiology and evolution. Drug Resist. Updat. 44:100640.
doi: 10.1016/j.drup.2019.07.002

Clinical and Laboratory Standards Institute (2012). Methods for dilution antimicrobial
susceptibility tests for bacteria that grow aerobically. Wayne, PA: Clinical and Laboratory
Standards Institute, 92.

de Jonge, N. E, Louwen, J. ]. R,, Chekmeneva, E., Camuzeaux, S., Vermeir, E J.,
Jansen, R. S., et al. (2023). MS2Query: reliable and scalable MS2 mass spectra-based
analogue search. Nat. Commun. 14:1752. doi: 10.1038/s41467-023-37446-4

De Lorenzo, V., Cases, L., Herrero, M., and Timmis, K. N. (1993). Early and late
responses of TOL promoters to pathway inducers: identification of Postexponential
promoters in Pseudomonas putida with lac Z-tet Bicistronic reporters. J. Bact. 175,
6902-6907. doi: 10.1128/jb.175.21.6902-6907.1993

Diggle, S. P, Matthijs, S., Wright, V. J., Fletcher, M. P, Chhabra, S. R, Lamont, I. L.,
etal. (2007). The Pseudomonas aeruginosa 4-quinolone signal molecules HHQ and PQS
play multifunctional roles in quorum sensing and Iron entrapment. Chem. Biol. 14,
87-96. doi: 10.1016/j.chembiol.2006.11.014

Dobin, A., Davis, C. A., Schlesinger, E,, Drenkow, J., Zaleski, C., Jha, S., et al. (2013).
STAR: Ultrafast universal RNA-seq aligner. Bioinformatics 29, 15-21. doi: 10.1093/
bioinformatics/bts635

Dreier, J., and Ruggerone, P. (2015). Interaction of antibacterial compounds with RND
efflux pumps in Pseudomonas aeruginosa. Front. Microbiol. 6:660. doi: 10.3389/
fmicb.2015.00660

Du, D., Wang-Kan, X., Neuberger, A., van Veen, H. W,, Pos, K. M., Piddock, L. J. V.,
etal. (2018). Multidrug efflux pumps: structure, function and regulation. Nature Reviews
Microbiol. 16, 523-539. doi: 10.1038/s41579-018-0048-6

Duffey, M., Jumde, R. P,, da Costa, R. M. A., Ropponen, H. K., Blasco, B., and
Piddock, L. J. V. (2024). Extending the potency and lifespan of antibiotics: inhibitors of

Frontiers in Microbiology

10.3389/fmicb.2024.1512472

or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1512472/
full#supplementary-material

gram-negative bacterial efflux pumps. ACS Infect. Dis. 10, 1458-1482. doi: 10.1021/
acsinfecdis.4c00091

Diihrkop, K., Fleischauer, M., Ludwig, M., Aksenov, A. A., Melnik, A. V., Meusel, M.,
et al. (2019). SIRIUS 4: a rapid tool for turning tandem mass spectra into metabolite
structure information. Nat. Methods 16, 299-302. doi: 10.1038/s41592-019-0344-8

Ernst, S., Volkov, A. N., Stark, M., Hélscher, L., Steinert, K., Fetzner, S., et al. (2022).
Azetidomonamide and Diazetidomonapyridone metabolites control biofilm formation
and pigment synthesis in Pseudomonas aeruginosa. . Am. Chem. Soc. 144, 7676-7685.
doi: 10.1021/jacs.1c13653

Evans, K., Passador, L., Srikumar, R., Tsang, E., Nezezon, ., and Poole, K. (1998).
Influence of the Mex AB-Opr M multidrug efflux system on quorum sensing in
Pseudomonas aeruginosa. J. Bact. 180, 5443-5447.

Fletcher, M. P, Diggle, S. P,, Cdmara, M., and Williams, P. (2007). Biosensor-based
assays for PQS, HHQ and related 2-alkyl-4-quinolone quorum sensing signal molecules.
Nat. Protoc. 2, 1254-1262. doi: 10.1038/nprot.2007.158

Gotoh, N., Tsujimoto, H., Tsuda, M., Okamoto, K., Nomura, A., Wada, T., et al. (1998).
Characterization of the Mex C-Mex D-Opr ] multidrug efflux system in Mex A-Mex
B-Opr M mutants of Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 42,
1938-1943. doi: 10.1128/AAC.42.8.1938

Guo, S., Hu, H., Wang, W, Bilal, M., and Zhang, X. (2022). Production of antibacterial
Questiomycin a in metabolically engineered Pseudomonas chlororaphis HT66. J. Agric.
Food Chem. 70, 7742-7750. doi: 10.1021/acs.jafc.2c03216

Hannauer, M., Yeterian, E., Martin, L. W,, Lamont, I. L., and Schalk, 1. J. (2010). An
efflux pump is involved in secretion of newly synthesized siderophore by Pseudomonas
aeruginosa. FEBS Lett. 584, 4751-4755. doi: 10.1016/j.febslet.2010.10.051

He, J., Baldini, R. L., D¢, E,, Saucier, M., Zhang, Q., Liberati, N. T, et al. (2004). The
broad host range pathogen Pseudomonas aeruginosa strain PA14 carries two
pathogenicity islands harboring plant and animal virulence genes. Proc. Natl. Acad. Sci.
USA 101, 2530-2535. doi: 10.1073/pnas.0304622101

Henderson, P. J. E, Maher, C., Elbourne, L. D. H,, Eijkelkamp, B. A., Paulsen, I. T., and
Hassan, K. A. (2021). Physiological functions of bacterial ‘multidrug’ efflux pumps.
Chem. Rev. 121, 5417-5478. doi: 10.1021/acs.chemrev.0c01226

Hmelo, L. R., Borlee, B. R., Almblad, H., Love, M. E., Randall, T. E., Tseng, B. S., et al.
(2015). Precision-engineering the Pseudomonas aeruginosa genome with two-step allelic
exchange. Nat. Protoc. 10, 1820-1841. doi: 10.1038/nprot.2015.115

Hoang, T. T., Karkhoff-Schweizer, R. R., Kutchma, A. J., and Schweizer, H. P.
(1998). A broad-host-range Flp-FRT recombination system for site-specific
excision of chromosomally-located DNA sequences: application for isolation of
unmarked Pseudomonas aeruginosa mutants. Gene 212, 77-86. doi: 10.1016/
S0378-1119(98)00130-9

Hodgkinson, J. T., Gross, J., Baker, Y. R,, Spring, D. R., and Welch, M. (2016). A new
Pseudomonas quinolone signal (PQS) binding partner: Mex G. Chem. Sci. 7, 2553-2562.
doi: 10.1039/C55C04197]

Isom, G. L., Coudray, N., Mac Rae, M. R., McManus, C. T., Ekiert, D. C., and
Bhabha, G. (2020). Let B structure reveals a tunnel for lipid transport across the bacterial
envelope. Cell 181, 653-664.e19. doi: 10.1016/j.cell.2020.03.030

Isom, G. L., Davies, N. J., Chong, Z. S., Bryant, J. A., Jamshad, M., Sharif, M., et al.
(2017). MCE domain proteins: conserved inner membrane lipid-binding proteins
required for outer membrane homeostasis. Sci. Rep. 7:7. doi: 10.1038/s41598-017-
09111-6

Kaplan, A. R., Musaev, D. G., and Wuest, W. M. (2021). Pyochelin biosynthetic
metabolites bind Iron and promote growth in pseudomonads demonstrating
Siderophore-like activity. ACS Infect. Dis. 7, 544-551. doi: 10.1021/acsinfecdis.0c00897

Kawamura-Sato, K., Shibayama, K., Horii, T, limuma, Y., Arakawa, Y., and Ohta, M.
(1999). Role of multiple efflux pumps in Escherichia coli in indole expulsion. FEMS
Microbiol. Lett. 179, 345-352. doi: 10.1111/j.1574-6968.1999.tb08748.x

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1512472
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1512472/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1512472/full#supplementary-material
https://doi.org/10.1128/AAC.00592-21
https://doi.org/10.1021/acs.chemrev.1c00055
https://doi.org/10.1021/acs.chemrev.1c00055
https://doi.org/10.3389/fmicb.2018.02752
https://doi.org/10.1111/1462-2920.15177
https://doi.org/10.3390/ijms23147492
https://doi.org/10.1016/j.chroma.2007.05.044
https://doi.org/10.1016/j.jcf.2016.10.005
https://doi.org/10.1016/j.drup.2019.07.002
https://doi.org/10.1038/s41467-023-37446-4
https://doi.org/10.1128/jb.175.21.6902-6907.1993
https://doi.org/10.1016/j.chembiol.2006.11.014
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.3389/fmicb.2015.00660
https://doi.org/10.3389/fmicb.2015.00660
https://doi.org/10.1038/s41579-018-0048-6
https://doi.org/10.1021/acsinfecdis.4c00091
https://doi.org/10.1021/acsinfecdis.4c00091
https://doi.org/10.1038/s41592-019-0344-8
https://doi.org/10.1021/jacs.1c13653
https://doi.org/10.1038/nprot.2007.158
https://doi.org/10.1128/AAC.42.8.1938
https://doi.org/10.1021/acs.jafc.2c03216
https://doi.org/10.1016/j.febslet.2010.10.051
https://doi.org/10.1073/pnas.0304622101
https://doi.org/10.1021/acs.chemrev.0c01226
https://doi.org/10.1038/nprot.2015.115
https://doi.org/10.1016/S0378-1119(98)00130-9
https://doi.org/10.1016/S0378-1119(98)00130-9
https://doi.org/10.1039/C5SC04197J
https://doi.org/10.1016/j.cell.2020.03.030
https://doi.org/10.1038/s41598-017-09111-6
https://doi.org/10.1038/s41598-017-09111-6
https://doi.org/10.1021/acsinfecdis.0c00897
https://doi.org/10.1111/j.1574-6968.1999.tb08748.x

Mazza et al.

Khan, S. R, Gaines, J., Roop, R. M., and Farrand, S. K. (2008). Broad-host-range
expression vectors with tightly regulated promoters and their use to examine the
influence of Tra R and Tra M expression on Ti plasmid quorum sensing. Appl. Environ.
Microbiol. 74, 5053-5062. doi: 10.1128/AEM.01098-08

Kim, H. W,, Wang, M., Leber, C. A., Nothias, L. E, Reher, R., Bin, K. K,, et al. (2021).
NPClassifier: a deep neural network-based structural classification tool for natural
products. J. Nat. Prod. 84, 2795-2807. doi: 10.1021/acs.jnatprod.1c00399

Klapper, M., Braga, D., Lackner, G., Herbst, R., and Stallforth, P. (2018). Bacterial
alkaloid biosynthesis: structural diversity via a minimalistic nonribosomal peptide
Synthetase. Cell Chem. Biol. 25, 659-665.€9. doi: 10.1016/j.chembiol.2018.
02.013

Klapper, M., Gétze, S., Barnett, R., Willing, K., and Stallforth, P. (2016). Bacterial
alkaloids prevent Amoebal predation. Angewandte Chemie 55, 8944-8947. doi: 10.1002/
anie.201603312

Klepp, L. I, Sabio Garcia, J., and Bigi, F. (2022). Mycobacterial MCE proteins as
transporters that control lipid homeostasis of the cell wall. Tuberculosis 132:102162. doi:
10.1016/j.tube.2021.102162

Kohler, T., Pechere, J. C., and Plésiat, P. (1999). Bacterial antibiotic efflux systems of
medical importance. Cell. Mol. Life Sci. 56, 771-778. doi: 10.1007/s000180050024

Kéhler, T., van Delden, C., Curty, L. K., Hamzehpour, M. M., and Pechere, J. C. (2001).
Overexpression of the MexEF-OprN multidrug efflux system affects cell-to-cell signaling
in Pseudomonas aeruginosa. J. Bacteriol. 183, 5213-5222. doi: 10.1128/
JB.183.18.5213-5222.2001

Laborda, P.,, Alcalde-Rico, M., Chini, A., Martinez, J. L., and Hernando-Amado, S.
(2021). Discovery of inhibitors of Pseudomonas aeruginosa virulence through the search
for natural-like compounds with a dual role as inducers and substrates of efflux pumps.
Environ. Microbiol. 23, 7396-7411. doi: 10.1111/1462-2920.15511

Lamarche, M. G., and Déziel, E. (2011). Mex EF-opr N efflux pump exports the
pseudomonas quinolone signal (PQS) precursor HHQ (4-hydroxy-2-heptylquinoline).
PLoS One 6:¢24310. doi: 10.1371/journal.pone.0024310

Lamut, A., Peterlin Masi¢, L., Kikelj, D., and Tomasi¢, T. (2019). Efflux pump
inhibitors of clinically relevant multidrug resistant bacteria. Medicinal Res. Rev. 39,
2460-2504. doi: 10.1002/med.21591

Lépine, E, Milot, S., Déziel, E., He, J., and Rahme, L. G. (2004). Electrospray/mass
spectrometric identification and analysis of 4-hydroxy-2-alkylquinolines (HAQs)
produced by Pseudomonas aeruginosa. J. Am. Soc. Mass Spectrom. 15, 862-869. doi:
10.1016/j.jasms.2004.02.012

Li, Y., Mima, T., Komori, Y., Morita, Y., Kuroda, T., Mizushima, T., et al. (2003). A new
member of the tripartite multidrug efflux pumps, Mex VW-Opr M, in Pseudomonas
aeruginosa. J. Antimicrobial Chemother 52, 572-575. doi: 10.1093/jac/dkg390

Lister, P. D., Wolter, D. J., and Hanson, N. D. (2009). Antibacterial-resistant
Pseudomonas aeruginosa: clinical impact and complex regulation of chromosomally
encoded resistance mechanisms. Clin. Microbiol. Rev. 22, 582-610. doi: 10.1128/
CMR.00040-09

anovskaya, 0., Warren, M. S., Lee, A., Galazzo, J., Fronko, R., Lee, M., et al. (2001).
Identification and characterization of inhibitors of multidrug resistance efflux pumps in
Pseudomonas aeruginosa: novel agents for combination therapy. Antimicrob. Agents
Chemother. 45,105-116. doi: 10.1128/AAC.45.1.105-116.2001

Maseda, H., Sawada, L., Saito, K., Uchiyama, H., Nakae, T., and Nomura, N. (2004).
Enhancement of the Mex AB-Opr M efflux pump expression by a quorum-sensing
autoinducer and its cancellation by a regulator, Mex T, of the Mex EF-Opr N efflux pump
operon in Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 48, 1320-1328. doi:
10.1128/AAC.48.4.1320-1328.2004

Mashburn-Warren, L., Howe, J., Garidel, P, Richter, W, Steiniger, F., Roessle, M., et al.
(2008). Interaction of quorum signals with outer membrane lipids: insights into
prokaryotic membrane vesicle formation. Mol. Microbiol. 69, 491-502. doi:
10.1111/j.1365-2958.2008.06302.x

Masuda, N., Sakagawa, E., Ohya, S., Gotoh, N., Tsujimoto, H., and Nishino, T. (2000).
Substrate specificities of Mex AB-Opr M, Mex CD-Opr J, and Mex XY-Opr M efflux
pumps in Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 44, 3322-3327. doi:
10.1128/AAC.44.12.3322-3327.2000

Mehla, J., Malloci, G., Mansbach, R., Lépez, C. A., Tsivkovski, R., Haynes, K., et al.
(2021). Predictive rules of efflux inhibition and avoidance in Pseudomonas aeruginosa.
MBio 12, 1-19. doi: 10.1128/mBi0.02785-20

Meikle, V., Zhang, L., and Niederweis, M. (2023). Intricate link between siderophore
secretion and drug efflux in Mycobacterium tuberculosis. Antimicrob. Agents Chemother.
67:€0162922. doi: 10.1128/aac.01629-22

Miller, W. R., and Arias, C. A. (2024). ESKAPE pathogens: antimicrobial resistance,
epidemiology, clinical impact and therapeutics. Nat. Rev. Microbiol. 22, 598-616. doi:
10.1038/s41579-024-01054-w

Nakayama, K., Ishida, Y., Ohtsuka, M., Kawato, H., Yoshida, K. I, Yokomizo, Y, et al.
(2003). Mex AB-Opr M-specific efflux pump inhibitors in Pseudomonas aeruginosa. Part
1: discovery and early strategies for lead optimization. Bioorg. Med. Chem. Lett. 13,
4201-4204. doi: 10.1016/j.bmcl.2003.07.024

Neuberger, A., Du, D., and Luisi, B. F. (2018). Structure and mechanism of
bacterial tripartite efflux pumps. Res. Microbiol. 169, 401-413. doi: 10.1016/j.
resmic.2018.05.003

Frontiers in Microbiology

10.3389/fmicb.2024.1512472

Olivares, J., Alvarez-Ortega, C., Linares, J. E, Rojo, E, Kohler, T., and Martinez, J. L. (2012).
Overproduction of the multidrug efflux pump Mex EF-Opr N does not impair Pseudomonas
aeruginosa fitness in competition tests, but produces specific changes in bacterial regulatory
networks. Environ. Microbiol. 14, 1968-1981. doi: 10.1111/j.1462-2920.2012.02727.x

Pages, J. M., Masi, M., and Barbe, J. (2005). Inhibitors of efflux pumps in gram-
negative bacteria. Trends Mol Med. 11, 382-389. doi: 10.1016/j.molmed.2005.06.006

Pang, Z., Xu, L., Viau, C,, Lu, Y., Salavati, R., Basu, N., et al. (2024). Metabo analyst R
4.0: a unified LC-MS workflow for global metabolomics. Nat. Commun. 15:3675. doi:
10.1038/541467-024-48009-6

Pearson, J. P, Van Delden, C., and Iglewski, B. H. (1999). Active efflux and diffusion
are involved in transport of Pseudomonas aeruginosa cell-to-cell signals. J. Bact. 181,
1203-1210. doi: 10.1128/JB.181.4.1203-1210.1999

Pezzoni, M., De Troch, M., Pizarro, R. A., and Costa, C. S. (2022). Homeophasic
adaptation in response to UVA radiation in Pseudomonas aeruginosa: changes of
membrane fatty acid composition and induction of des a and des B expression.
Photochem. Photobiol. 98, 886-893. doi: 10.1111/php.13548

Priya, K., Yin, W. E, and Chan, K. G. (2013). Anti-quorum sensing activity of the
traditional chinese herb, Phyllanthus amarus. Sensors 13, 14558-14569. doi: 10.3390/
s131114558

Qu, C., Schneider, B. I, Kearsley, A. J., Keyrouz, W,, and Allison, T. C. (2021).
Predicting Kovats retention indices using graph neural networks. J. Chromatogr. A
1646:462100. doi: 10.1016/j.chroma.2021.462100

Renau, T. E., Léger, R., Filonova, L., Flamme, E. M., Wang, M., Yen, R, et al. (2003).
Conformationally-restricted analogues of efflux pump inhibitors that potentiate the
activity of levofloxacin in Pseudomonas aeruginosa. Bioorg. Med. Chem. Lett. 13,
2755-2758. doi: 10.1016/50960-894X(03)00556-0

Reynolds, D., and Kollef, M. (2021). The epidemiology and pathogenesis and
treatment of Pseudomonas aeruginosa infections: An update. Drugs Adis. 81,2117-2131.
doi: 10.1007/s40265-021-01635-6

Rietsch, A., Vallet-Gely, I, Dove, S. L., and Mekalanos, J. J. (2005). ExsE, a secreted
regulator of type III secretion genes in Pseudomonas aeruginosa. Proc. Natl. Acad. Sci.
U. S. A. 102, 8006-8011. doi: 10.1073/pnas.0503005102

Rutz, A., Dounoue-Kubo, M., Ollivier, S., Bisson, J., Bagheri, M., Saesong, T., et al.
(2019). Taxonomically informed scoring enhances confidence in natural products
annotation. Front. Plant Sci. 10:10. doi: 10.3389/fpls.2019.01329

Sakhtah, H., Koyama, L., Zhang, Y., Morales, D. K., Fields, B. L., Price-Whelan, A.,
et al. (2016). The Pseudomonas aeruginosa efflux pump Mex GHI-Opm D transports a
natural phenazine that controls gene expression and biofilm development. Proc. Natl.
Acad. Sci. USA 113, e3538-e3547. doi: 10.1073/pnas.1600424113

Sanz-Garcia, F, Hernando-Amado, S., Lopez-Causapé, C., Oliver, A., and
Martinez, J. L. (2022). Low ciprofloxacin concentrations select multidrug-resistant
mutants overproducing efflux pumps in clinical isolates of Pseudomonas aeruginosa.
Microbiol Spectr. 10:723. doi: 10.1128/spectrum.00723-22

Sharma, A., Gupta, V. K., and Pathania, R. (2019). Efflux pump inhibitors for bacterial
pathogens: from bench to bedside. Indian J. Med. Res. 149, 129-145. doi: 10.4103/ijmr.
IJMR_2079_17

Tambat, R., Mahey, N., Chandal, N., Verma, D. K., Jangra, M., Thakur, K. G., et al.
(2022). A microbe-derived efflux pump inhibitor of the resistance-nodulation-cell
division protein restores antibiotic susceptibility in Escherichia coli and Pseudomonas
aeruginosa. ACS Infect. Dis. 8, 255-270. doi: 10.1021/acsinfecdis.1c00281

Teelucksingh, T., Thompson, L. K., and Cox, G. (2020). The evolutionary conservation
of Escherichia coli drug efflux pumps supports physiological functions. J. Bacteriol.
202:€00367. doi: 10.1128/JB.00367-20

Venter, H., Mowla, R., Ohene-Agyei, T., and Ma, S. (2015). RND-type drug efflux
pumps from gram-negative bacteria: molecular mechanism and inhibition. Front.
Microbiol. 6:377. doi: 10.3389/fmicb.2015.00377

Vercheére, A., Dezi, M., Adrien, V., Broutin, I, and Picard, M. (2015). In vitro transport
activity of the fully assembled Mex AB-Opr M efflux pump from Pseudomonas
aeruginosa. Nat. Commun. 6:6. doi: 10.1038/ncomms7890

Wang-Kan, X., Rodriguez-Blanco, G., Southam, A. D., Winder, C. L., Dunn, W. B,,
Ivens, A., et al. (2021). Metabolomics reveal potential natural substrates of Acr B in
Escherichia coli and Salmonella enterica serovar typhimurium. MBio 12:109. doi:
10.1128/mBi0.00109-21

Wells, R. M., Jones, C. M., Xi, Z., Speer, A., Danilchanka, O., Doornbos, K. S., et al.
(2013). Discovery of a Siderophore export system essential for virulence of
Mycobacterium tuberculosis. PLoS Pathog. 9:1003120. doi: 10.1371/journal.ppat.1003120

Winson, M. K., Swift, S., Fish, L., Throup, J. P, Jérgensen, F,, Chhabra, S. R,, et al.
(1998). Construction and analysis of lux CDABE-based plasmid sensors for investigating
N-acyl homoserine lactone-mediated quorum sensing. FEMS Microbiol. Lett. 163,
185-192. doi: 10.1111/j.1574-6968.1998.tb13044.x

Zeng, B., Wang, H., Zou, L., Zhang, A., Yang, X., and Guan, Z. (2010). Evaluation and
target validation of indole derivatives as inhibitors of the Acr AB-Tol C efflux pump.
Biosci. Biotechnol. Biochem. 74, 2237-2241. doi: 10.1271/bbb.100433

Zenkevich, I. G., Babushok, V. I, Linstrom, P. ]., White, V. E., and Stein, S. E. (2009).
Application of histograms in evaluation of large collections of gas chromatographic
retention indices. J. Chromatogr. A 1216, 6651-6661. doi: 10.1016/j.chroma.2009.07.065

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1512472
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1128/AEM.01098-08
https://doi.org/10.1021/acs.jnatprod.1c00399
https://doi.org/10.1016/j.chembiol.2018.02.013
https://doi.org/10.1016/j.chembiol.2018.02.013
https://doi.org/10.1002/anie.201603312
https://doi.org/10.1002/anie.201603312
https://doi.org/10.1016/j.tube.2021.102162
https://doi.org/10.1007/s000180050024
https://doi.org/10.1128/JB.183.18.5213-5222.2001
https://doi.org/10.1128/JB.183.18.5213-5222.2001
https://doi.org/10.1111/1462-2920.15511
https://doi.org/10.1371/journal.pone.0024310
https://doi.org/10.1002/med.21591
https://doi.org/10.1016/j.jasms.2004.02.012
https://doi.org/10.1093/jac/dkg390
https://doi.org/10.1128/CMR.00040-09
https://doi.org/10.1128/CMR.00040-09
https://doi.org/10.1128/AAC.45.1.105-116.2001
https://doi.org/10.1128/AAC.48.4.1320-1328.2004
https://doi.org/10.1111/j.1365-2958.2008.06302.x
https://doi.org/10.1128/AAC.44.12.3322-3327.2000
https://doi.org/10.1128/mBio.02785-20
https://doi.org/10.1128/aac.01629-22
https://doi.org/10.1038/s41579-024-01054-w
https://doi.org/10.1016/j.bmcl.2003.07.024
https://doi.org/10.1016/j.resmic.2018.05.003
https://doi.org/10.1016/j.resmic.2018.05.003
https://doi.org/10.1111/j.1462-2920.2012.02727.x
https://doi.org/10.1016/j.molmed.2005.06.006
https://doi.org/10.1038/s41467-024-48009-6
https://doi.org/10.1128/JB.181.4.1203-1210.1999
https://doi.org/10.1111/php.13548
https://doi.org/10.3390/s131114558
https://doi.org/10.3390/s131114558
https://doi.org/10.1016/j.chroma.2021.462100
https://doi.org/10.1016/S0960-894X(03)00556-0
https://doi.org/10.1007/s40265-021-01635-6
https://doi.org/10.1073/pnas.0503005102
https://doi.org/10.3389/fpls.2019.01329
https://doi.org/10.1073/pnas.1600424113
https://doi.org/10.1128/spectrum.00723-22
https://doi.org/10.4103/ijmr.IJMR_2079_17
https://doi.org/10.4103/ijmr.IJMR_2079_17
https://doi.org/10.1021/acsinfecdis.1c00281
https://doi.org/10.1128/JB.00367-20
https://doi.org/10.3389/fmicb.2015.00377
https://doi.org/10.1038/ncomms7890
https://doi.org/10.1128/mBio.00109-21
https://doi.org/10.1371/journal.ppat.1003120
https://doi.org/10.1111/j.1574-6968.1998.tb13044.x
https://doi.org/10.1271/bbb.100433
https://doi.org/10.1016/j.chroma.2009.07.065

Mazza et al. 10.3389/fmicb.2024.1512472

Zgurskaya, H. I., Walker, J. K., Parks, J. M., and Rybenkov, V. V. (2021). Multidrug Zwama, M., Yamaguchi, A., and Nishino, K. (2019). Phylogenetic and functional
efflux pumps and the two-faced Janus of substrates and inhibitors. Acc. Chem. Res. 54, characterisation of the Haemophilus influenzae multidrug efflux pump Acr B. Comm.
930-939. doi: 10.1021/acs.accounts.0c00843 Biol. 2:340. doi: 10.1038/s42003-019-0564-6

Frontiers in Microbiology 17 frontiersin.org


https://doi.org/10.3389/fmicb.2024.1512472
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1021/acs.accounts.0c00843
https://doi.org/10.1038/s42003-019-0564-6

	Multidrug efflux pumps of Pseudomonas aeruginosa show selectivity for their natural substrates
	Introduction
	Results
	Gene expression, antibiotic resistance, and growth profile of the PA14Δmex4 mutant and efflux pump overexpressors
	Deletion of the four clinically relevant EPs changes the global content of the exo-metabolomes
	EPs modulate the exo-metabolome fatty acid content
	Selectivity of EPs for their potential natural substrates
	Signaling molecules, metabolic byproducts, and secondary metabolites are potential natural substrates of Mex efflux pumps

	Discussion
	Pseudomonas aeruginosa Mex efflux pumps are involved in the transport of molecules harboring alkyl side chains
	A majority of natural substrates are EP-specific
	Mex efflux pumps transport virulence factors and signaling molecules

	Materials and methods
	Bacterial strains and growth conditions
	Construction of knockout deletions
	Construction of expression plasmids
	Alkylquinoline measurement in supernatants
	Pyocyanin quantification
	Long chain HSLs quantification
	Transcriptomic analysis
	Supernatant extraction for metabolomics analysis
	UHPLC-ESI-HRMS/MS analyses
	GC–MS analysis
	Statistical analysis of metabolomic data


	References

