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Thesis Structure

This thesis is written in cumulative form. It includes a general introduction where I focus on the
goals of the thesis, and where I made an in-depth investigation on the state of the art concerning
porins and efflux pump system.

A paper on my project describes the main experiences performed, while additional collateral
experiments are reported successively. All results are further discussed and brought into perspectives

at the end of the thesis.

III



Summary

Pseudomonas aeruginosa is a Gram-negative opportunistic pathogen responsible for severe
infections in immunocompromised and vulnerable patients. This microorganism is characterized by
a marked intrinsic resistance to antibiotics, mediated by the constitutive expression of f-lactamases
and efflux pumps, combined with the lack of large, non-specific porins, that renders its outer
membrane poorly permeable to antibiotics.

In addition to this intrinsic resistance, P. aeruginosa can further acquire resistance to the limited
therapeutic options available, either through the acquisition of exogenous resistance determinants,
such as plasmid-encoded B-lactamases, or through the overexpression of endogenous systems,
including efflux pumps and the chromosomally encoded B-lactamase AmpC. Furthermore,
resistance to imipenem (and a general decrease in susceptibility to carbapenems) is a well-
established fact in the literature and results from the loss of OprD porin expression. This association
is explained by the structural similarity between arginine, the natural substrate of OprD, and the side
chain of imipenem. To date, available studies investigating the role of other porins in the permeation
of B-lactams have been scarce and fragmented.

In this study, we refined a previously described methodology designed to measure the periplasmic
entry of B-lactam antibiotics by expressing BlaR-CTD, a high-affinity sensor for these antibiotics,
in the periplasmic space. The results are summarized as follows.

First of all, this approach allowed us to evaluate the outer membrane permeability of the wild-type
P. aeruginosa PAOI strain and of several mutant strains lacking one or more porins. The comparison
between PAO1 and an isogenic oprD-deficient mutant demonstrated that phenotypic variations in
carbapenem susceptibility, with the exception of imipenem, were not correlated with a decreased
rate of periplasmic entry. A reduction in the entry rate of other carbapenems was only observed in a
strain simultaneously deleted for both oprD and opdP, thus defining the synergistic contribution of
these two porins in the uptake of meropenem and biapenem.

Secondly, to further confirm the involvement of OpdP in antibiotic resistance, we assessed its
increased expression in response to OprD loss. Additionally, we showed that the single deletion of
opdP, which does not affect MIC values or permeability coefficients compared to wild-type PAO1,
can nonetheless favor the selection of carbapenem-resistant strains in the presence of sub-inhibitory
concentrations of meropenem. While the so derived resistance is typically mediated by mutations in
oprD, we also identified a previously unreported mechanism of negative regulation of OprD

expression.
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Finally, as previously documented, multiple lineages of PAOI exist. Unexpectedly, in our case,
some of these lineages, although never directly utilized in our experiments, carried a mutation
leading to the overexpression of OpdP.

All these results significantly advanced our understanding of the function of OpdP, a key porin for

carbapenems uptake whose role had so far remained unclear.



Résumé

Pseudomonas aeruginosa est une bactérie a Gram-négatif pouvant provoquer de graves
complications chez les patients fragiles. Elle se caractérise par une résistance intrinséque marquée
aux antibiotiques, médiée par I’expression constitutive de B-lactamases et de pompes d’efflux, ainsi
que par I’absence d’expression de larges porines non spécifiques, ce qui rend sa membrane externe
faiblement perméable aux antibiotiques.

En outre, cette bactérie peut développer des résistances aux rares options thérapeutiques disponibles,
soit par l’acquisition de déterminants de résistance exogenes, tels que des [-lactamases
plasmidiques, soit par la surexpression de systemes constitutifs comme les pompes d’efflux ou la -
lactamase AmpC. De plus, la résistance a I'imipénéme (et la diminution générale de la sensibilité
aux carbapénémes) est bien documentée et résulte de I’absence d’expression de la porine OprD.
Cette association est due a la similarité structurale entre I’arginine, substrat naturel de cette porine,
et la chaine latérale de I’imipénéme. Les études disponibles dans la littérature concernant le role
d’autres porines dans la perméation des B-lactamines étaient jusqu’a présent rares et fragmentaires.
Dans ce travail, nous avons affiné une méthodologie précédemment décrite permettant de mesurer
I’entrée d’un B-lactamine dans le périplasme par la production dans ce compartiment cellulaire du
BlaR-CTD, un senseur a haute affinité pour ces antibiotiques.

En premier lieu, nous avons ainsi déterminé la perméabilité de la membrane externe de la souche
sauvage P. aeruginosa PAO1 et de différents mutants délétés pour une ou plusieurs porines.

La comparaison entre PAO1 et un mutant isogénique délété de la porine oprD a montré que les
variations phénotypiques de sensibilité¢ aux carbapénémes, a I’exception de I’imipénéme, n’étaient
pas corrélées a un ralentissement de la vitesse d’entrée dans le périplasme. Pour observer un
ralentissement dans I’entrée d’autres carbapénémes, il était nécessaire de considérer une souche
délétée simultanément des génes oprD et opdP, définissant ainsi le réle synergique de ces deux
porines dans la pénétration du méropénéme et du biapéneme.

En second lieu, pour corroborer I’implication d’OpdP dans la résistance aux antibiotiques, nous
avons vérifié ’augmentation de son expression en réponse a I’absence d’OprD. Par ailleurs, nous
avons montré que la délétion unique d’opdP, qui n’entraine aucune variation ni de la CMI ni du
coefficient de perméabilité en comparaison de la souche sauvage PAO1, peut néanmoins favoriser
la sélection de souches résistantes aux carbapénémes en présence de concentrations sous-inhibitrices

de méropéneéme. La résistance qui en résulte est généralement médiée par des mutations dans le géne
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oprD, mais nous avons également mis en évidence un mécanisme inédit de régulation négative de
la porine OprD.

En dernier lieu, nous avons aussi constaté 1’existence de plusieurs lignées de PAO1 (un fait bien
connu). De fagon inattendue certaines d’entre elles (qui n’ont jamais été utilisées directement dans
nos expériences) présentaient une mutation provoquant une surexpression d’OpdP.

Dans I’ensemble, ce travail a permis de faire progresser de maniére significative la compréhension
de la fonction d’OpdP, une porine clé dans ’absorption des carbapénemes, dont le role restait

jusqu’ici mal défini.
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1 INTRODUCTION

1.1 Pseudomonas aeruginosa

Pseudomonas aeruginosa is a Gram-negative rod-shaped bacterium (1-5 pm long and 0.5-1.0 um
wide), belonging to the class Gammaproteobacteria, to the order Pseudomonadales and is the main
pathogen in the family Pseudomonadaceae.

The German botanist Joseph Schroeter suggested the name Bacterium aeruginosum based on
experiments with pigmented microbes conducted around 1870 (Schroeter, 1872). The first pure
culture was however isolated almost ten years later by Carle Gessard in Paris and was described in
his dissertation "De la pyocyanine et de son Microbe" (Gessard, 1882). Gessard also linked the
bacterium to clinical infections and named it Bacillus pyocyaneus. In the same period at the
University of Karlsruhe, Walter Migula continued to study the bacterial species, changing its name
first to Pseudomonas pyocyanea and later to Pseudomonas aeruginosa (Migula, 1894). The term
used to define the genus derives from the Greek pseudo, which means false, and monas, which
means unity and refers to the tendency of this bacterium to associate in pairs. The name of the species
instead derives from the Latin aerugo, or rust/verdigris (as the result of copper ‘s corrosion) and
refers to the resemblance of the typical blue-green of bacterial chromopeptides to oxidized copper
(Garrity et al., 2005).

Its genome contains about 6.3 million base pairs, coding for more than 5000 genes. Historically, the
P. aeruginosa strain PAOI, isolated in 1954 from a wound in Melbourne, Australia, is regarded as
the reference strain for this species, and was the first to be sequenced in 2000 (Stover et al., 2000).
The worldwide propagation of P. aeruginosa PAO1 among laboratories and strain collections has
produced several mutations, generating a great diversity in the PAOT1 sublines. This microevolution
has brought scientists to work on different PAOI strains with marked differences in relevant
characteristics, like antibiotic resistance, virulence, or bacterial fitness, jeopardising the research
reproducibility (Klockgether ef al., 2010).

P. aeruginosa is known to be extremely versatile in its ability to catabolize various species of
naturally occurring organic compounds, allowing it to colonize a wide range of ecological niches; it
has in fact been isolated in water (fresh or salty), air, soil, animals and plants and is therefore
considered ubiquitous (Alonso et al., 1999; Zarei et al., 2018; Crone et al., 2020); moreover, it can
metabolize a variety of simple and complex organic substrates as a sole carbon and energy source,

thus being able to growth on minimal medium (Ambreetha et al., 2024). This versatility is thought



to result from the presence of numerous cellular regulatory systems, including 90 two-component
regulatory systems present in the bacterial genome, which, in the simultaneous presence of multiple
substrates, are activated in an orderly manner based on survival needs (Sivaneson et al., 2011;

Ambreetha et al., 2024).

1.1.1 Microbiological characteristics

P. aeruginosa is a non-lactose-fermenting facultative aerobic/anaerobic bacterium and derives
energy from carbohydrates by oxidation. During aerobic incubation it grows on most media, liquid
or solid, without needing special supplementary nutrients, although it prefers to grow in the oxygen-
rich air-media interphase.

It grows in a temperature range between 4 °C and 42 °C with an optimal temperature of 37 °C. It is
a fast-growing bacterium with an average duplication time in Luria-Bertani (LB) medium at 37 °C
of 25-35 minutes (LaBauve et al., 2012).

It is able to use a wide variety of carbon sources for the production of energy, favoring tricarboxylic
acid cycle intermediates, amino acids or sugars, like glycerol even if glucose does not appear to be
a substrate of choice (Dolan et al., 2020; Rojo, 2010). This feature, useful for bacterial growth in
soil and other environments, however, raises great concern with regard to infection control,
especially in hospital settings.

P. aeruginosa can also grow anaerobically, using nitrates (NO3") or nitrites (NOy) as terminal
electron acceptors, compounds found readily in infection sites such as the airway mucus of patients
with cystic fibrosis (CF) (Wu et al., 2005).

P. aeruginosa does not ferment lactose. This characteristic is used in MacConkey medium, a
selective medium for Gram-negative bacteria. Only the strains capable of fermenting this sugar will
in fact exhibit a color with various shades of red while the non-fermenters, such as P. aeruginosa,
will remain colourless.

The presence of cytochrome C oxidase determines the positivity to the oxidase test, useful for
distinguishing Pseudomonadaceae from Enterobacterales (a family that includes other common
non-lactose fermenters). It also turns out to be positive for the catalase test due to the production of
catalases such as KatA, KatB and KatE (Heo ez al., 2010).

Depending on the specific pH, the P. aeruginosa colonies, and sometimes the surrounding media,
can assume a different blue/green pigmentation due to the production of pyocyanin, a soluble
chromopeptide belonging to the group of tricyclic phenazines. Other chromopeptides produced by

these bacteria include pyorubin (red) pyomelanin (brown-black) and/or pyoverdine (yellow-green
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or yellow-brown). These substances are important virulence factors, responsible for oxidative stress
induction. They can also act as siderophores for iron uptake and take part in the regulation of quorum
sensing (Kothari et al., 2022).

The growth of P. aeruginosa also develops a characteristic grape or apple odor, due to the secretion
of 2’-aminoacetophenone, a volatile compound derived from the tryptophan catabolic pathway,

which may represent a further help in an early identification (Cox et al., 1979).

1.1.2 P. aeruginosa pathogenicity

P. aeruginosa has a large arsenal of virulence factors that allow it to disrupt the human innate
immune system and modulate human adaptive immune mechanisms, thus allowing the bacterium to
establish systemic or chronic infections, particularly in immunocompromised patients. First, P.
aeruginosa virulence factors include a variety of extracellular toxins (exotoxin A, phospholipase C,
elastase) that can cause extensive damage to host tissues through their enzymatic activities and these
factors play an important role in acute infections. Another group of virulence factors are adhesion
and motility organelles, including flagella and pili (Jurado-Martin et al., 2021).

In the case of chronic infections, P. aeruginosa is known for its conversion from a non-mucoid
(environmental) phenotype to a mucoid (clinical) phenotype. It is able to synthesize a mucilaginous
film mainly made of alginate, which confers the ability to aggregate in biofilms to the colonies. The
production of alginate increases the virulence and survival of P. aeruginosa in several ways since
this compound acts as a barrier for bacterial cells against phagocytes and antibodies. It interferes
with both opsonophagocytic killing and with non-opsonic phagocytosis (Pier et al., 2001; Mishra et
al., 2012). It allows the bacteria to be less exposed to the host immune system and to antibiotics
(Mann et al., 2012; Jurado-Martin et al., 2021); finally, it is believed that alginate is able to minimize
the toxic effect mediated by oxidative radicals released by phagocytic cells (Simpson et al., 1993).

The biofilm has a rather complex organization, with bacterial populations exhibiting a differentiated
metabolism related to their localization within this structure. This type of growth is particularly
prevalent in the lungs of patients with CF, making it almost impossible to eradicate the bacterium
(Mathee et al., 1999; Moradali et al., 2019).

P. aeruginosa appears to be an opportunistic human pathogen, with a remarkable ability to cause
hospital acquired infections, being able to virtually infect all body parts, but with a marked tropism
for respiratory, urinary, and skin infections. It is a common infectious agent in patients with
immunodeficient conditions and is the most common pathogen colonizing patients with CF (Weber

et al., 2007; Lamas Ferreiro et al., 2017; Jurado-Martin et al., 2021; Staudinger et al., 2014).



The most recent data available for P. aeruginosa incidence in Healthcare-Associated Infections
(HAI) range between 7.1 % and 8.0 %, confirming the importance of this pathogen in public health
management (ECDC 2023; Weiner-Lastinger ef al., 2020).

P. aeruginosa appears to be of great concern in critical wards, such as intensive care units, where its
incidence doubles compared to the generality of hospital infections, also due to numerous outbreaks
noticed worldwide, causing a marked worsening of the clinical outcome (Ribeiro et al., 2019; Khedr

etal., 2022).

1.1.3 Therapeutic options, resistance, and epidemiology

P. aeruginosa is intrinsically resistant to different classes of antibiotics and the few available
therapeutic options include some P-lactams, aminoglycosides, quinolones, polymyxins and
fosfomycin. To increase the chances of therapeutic success, especially during empirical therapy, a
combination therapy consisting of a B-lactam plus a second drug belonging to a different class is
recommended (Bassetti ez al., 2018).

The B-lactams active against P. aeruginosa are aztreonam, cefepime and carbapenems (imipenem
and meropenem). However, the combination of B-lactams and B-lactamase inhibitors, such as
piperacillin/tazobactam, ceftazidime/avibactam, ceftolozane/ tazobactam and imipenem/relebactam
are being increasingly preferred lately (Angrill ef al., 2020; Curran et al., 2018; Zhanel et al., 2018;
Sader et al., 2021). More recently, the introduction of cefiderocol, a siderophore cephalosporin
capable of overcoming the intrinsic impermeability of P. aeruginosa and exhibiting good stability
against B-lactamases, including carbapenemases, is emerging as an alternative that is included into
therapeutic options (Sato ef al., 2019; Rayner et al., 2023).

Regarding the other classes of antibiotics, the aminoglycosides that exhibit activity against P.
aeruginosa include gentamicin, tobramycin, amikacin, netilmicin while colistin and polymyxin B
are the two polymyxins that can be successfully administered (Bassetti et al., 2018). Finally, the
quinolones that are effective for therapy are ciprofloxacin, levofloxacin and ofloxacin (Sihotang et
al., 2022).

Unfortunately, P. aeruginosa acquires various resistance mechanisms which can compromise the
success of chemotherapy. The resistant bacteria can be classified as multidrug resistant (MDR) if it
is resistant to at least one compound belonging to 3 different classes of antibiotics, or as eXtensively
Drug Resistant (XDR) where the strain remains susceptible to only one or two antimicrobial
categories. Finally, there can be strains resistant to all available antibiotics that are defined as Pan-

Drug Resistant (PDR) (Magiorakos et al., 2012).



The widespread diffusion of antibiotic resistance in P. aeruginosa is a serious problem, which
compromises the appropriate treatments and is therefore associated with significant morbidity and
mortality. For example, in 2023 in Europe the European Antimicrobial Resistance Surveillance
Network (EARS-Net) highlighted how 32 % of P. aeruginosa isolates involved in invasive
infections presented at least one resistance to at least one of the antibiotic groups and of these at
least 67 % carried of at least one mechanism of resistance to f-lactams. Among the most interesting
data, it was reported that 14.5 % of the isolates were resistant to carbapenems and 15 % to
piperacillin/tazobactam, in line with the World Health Organization (WHO) indications that inserted
carbapenem-resistant P. aeruginosa among the high priority pathogens for which the development
of new molecules is required (WHO, 2024).

The disease severity and the inauspicious clinical outcome, mostly associated to antibiotic resistance
has resulted in the inclusion of P. aeruginosa in a group of particularly relevant pathogens. This
group includes Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp., whose initials gave
birth to the acronym ESKAPE. They are associated to MDR and XDR profiles, achieved in different
ways. B-lactams, including carbapenems, resistance represents a worrisome problem for A.
baumannii, P. aeruginosa, K. pneumoniae and Enterobacter spp., while S. aureus can be resistant
to methicillin and vancomycin and E. faecium displays resistance to vancomycin. Infections by these
pathogens are associated to a high mortality risk, and increased health care costs. WHO has
highlighted the need for new therapeutic molecules that might act against different targets. However,
an approach that aims to improve the use of the already existing antibiotics might be successful. In
Gram-negative bacteria, a better understanding of the outer membrane (OM) permeability is

undoubtedly closely related to this purpose (Mulani et al., 2019).

1.2 Bacterial cell walls

The great ability of bacteria to adapt to different environments and to escape toxic compounds,
including antibiotics and detergents, is mostly mediated by their capacity to isolate themselves from
the environment.

To reach this goal, bacteria have been exploiting the properties of peptidoglycan (PG) to secure
protection and rigidity outside the phospholipid cell membrane (CM).

PG is an heteropolymer constituted by long, acylated saccharide chains of variable length. These
consist of monomeric subunits of N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid

(MurNAc), cross-linked through B-(1,4) glycosidic bonds. Each disaccharide monomer carries a
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short peptide chain (from three to five amino acids) linked to the MurNAc carboxylic group and
presenting a precise sequence.

The PG synthesis is quite conserved among different bacteria, but its architecture has evolved in two
completely different cell wall organizations, both efficiently performing their protective functions.
The bacterial cell wall is involved in many different functions, such as allowing bacterial shape
maintenance but also associated to specific inserted structures. Bacterial cell wall also performs
important tasks in bacterial pathogenesis, being responsible for their adherence to host cells and

involved in the host immunological response.

1.2.1 Gram-positive bacteria

We know from the first experiments made in 1884 by the Danish scientist Hans Christian Gram that
bacteria have different response to crystal violet staining, reflecting the properties of their envelopes.
Gram-positives possess a thick layer (20-80 nm) of bacterial wall, mostly composed of PG and
teichoic acids (Figure 1); this structure, as a consequence, retains the crystal violet staining fixed
with Lugol’s iodine, resulting in a purple colour.

In general, in Gram-positive bacteria, the sequence of the MurNAc linked pentapeptide stem is L-
alanine (L-Ala), D-glutamic acid (D-Glu), L-lysine (L-Lys), D-alanine (D-Ala) and D-Ala, although
some substituents of these peptides have been identified (Vollmer et al., 2008).

Teichoic acids can be bound to the diacylglycerol inserted in the CM, giving rise to lipoteichoic
acids, thus creating a thin chamber identified as periplasm, whose existence has long been debated
(Erickson et al., 2021).

This organization confers stress resistance but allows the diffusion of molecules up to a mass of 57
kDa, allowing different antibiotics to cross this barrier (Lambert, 2002).

Some Gram-positive bacteria like Streptococcus pneumoniae and Streptococcus agalactiae possess
a further shell formed by polysaccharides, that is called capsule. This structure might be extremely
variable, and differences found in capsular structures have been used to antigenically differentiate
capsular serotypes. For instance, 98 different S. pneumoniae serotypes have been identified up to
now (Geno et al., 2017).

The capsule facilitates the escape of the microorganism from the opsonophagocytic killing mediated
by the host immune response, but it is also effective in reducing interactions with external

hydrophobic toxic compounds.



1.2.2 Gram-negative bacteria

Gram-negative bacteria have a double envelope structure, that is an OM over a PG layer, and the
CM, also defined as inner membrane (IM) (Figure 1). The OM and the CM create a space exhibiting
a thickness between 10-50 nm called periplasm.

The OM, the CM and the periplasm, including the PG within it, constitute the cell envelope which
differs from that of Gram-positive bacteria by their particular OM organization and by the limited
(5 %) PG contribution to the structure.

This arrangement in Gram staining determines the iodine-fixed crystal violet decolorization after an

ethanol wash, leading to the typical pink/red coloration of the safranine counterstaining.
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Figure 1: Comparison between Gram-positive (left) and Gram-negative (right) wall structures
(https://www.technologynetworks.com/immunology/articles/gram-positive-vs-gram-negative-

323007).

1.2.2.1 Outer membrane (OM)

The OM is an asymmetric lipid bilayer. Its internal layer is formed by phospholipids similar to those
in the CM, whereas its external layer consists of glycolipids, in particular lipopolysaccharides (LPS).
The OM inner leaflet composition includes phospholipids highly conserved in living cells, such as
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE), 1,2-dioleoyl-sn-glycero-3-phospho-
ethanolamine (DOPE), 1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol (DPPG) and 1,2-dioleoyl-sn-
glycero-3-phosphoglycerol (DOPG) (Li et al., 2018).



The LPS is a negatively charged, heat-stable, semi-rigid amphiphilic macromolecule, with distinct
lipidic and polysaccharidic portions; it plays a crucial role in the defence against environmental
stress and in bacterium-host interactions.

Its rigid structure and strong electrostatic interactions make LPS a semi-impermeable barrier that
allows the passage of small hydrophilic compounds such as sugars and amino acids, but drastically
slows down the permeation of hydrophobic molecules and negatively charged antibiotics (Ruiz et
al., 2009). This feature, present in all Gram-negative bacteria, is particularly important in P.
aeruginosa, given the absence of large non-specific porins.

LPS is also known for its toxicity properties mediated by a host hyper-inflammatory response and,
for this reason, it is also referred to as endotoxin.

LPS, as shown in Figure 2, is composed of the following three elements that are independently

synthesized before being assembled:

e Lipid A is a conserved structure that enables the anchorage of the LPS into the inner leaflet
of the OM mediated by electrostatic and hydrophobic interactions. It contains glucosamine
disaccharides, bonded to phosphate groups (amide-linked fatty acids and ester-linked fatty
acids).

P. aeruginosa lipid A is characterized by shorter fatty acids when compared to that of
Enterobacterales. In particular, it contains a hexa-acylated structure due to the addition of
secondary fatty acids that can be further modified to facilitate the escape from the host

immune response (Ernst et al., 2006).

e Core oligosaccharide (OS) can be further divided into an inner and an outer core. The inner
core is a tetrasaccharide that acts as the anchor site through a covalent bond with the lipid A;
it consists of two residues of 3-deoxy-D-manno-oct-2-ulosonic acid and two residues of L-
glycero-D-manno-heptose highly phosphorylated (Knirel et al., 2006).
The outer core is connected to the O-antigen, and is constituted of one D-galactosamine,
substituted on N2 by an alanyl group, one L-rhamnose and three D-glucose residues. It may
be acylated, a feature particularly frequent in bacteria involved in chronic infections,
probably due to a role in the escape from host opsonization. Moreover, several modifications
have been reported, thus creating heterogenicity and participating in evading the host

immune response (Knirel ez al., 2006).



e O-polysaccharide (O-Antigen), also known as somatic antigen, is the outermost part of
LPS and is the result of the assembling of a high number (up to 50) of saccharide units
composed of 1 to 8 residues, including 6-deoxyhexosamines, 2-amino-2-deoxyhex-uronic,
2,3-diamino-2,3-dideoxyhexuronic or 5,7-diamino-3,5,7,9-tetradeoxynon-2-ulosonic acids
(Knirel et al., 2006).

The O-antigen exhibits an extreme variability across different strains belonging to the same
species, and is considered as the antigenic determinant of the LPS, responsible for its
immunogenic properties.

In P. aeruginosa, the various O-Antigen compositions and organization results in the
definition of 20 different serotypes, according to the International Antigenic Typing Scheme
(IATS) (Kocincova and Lam, 2011).

The LPS molecules containing the O antigen are termed “capped”, while the possible
absence of the O-Antigen produces colonies with a rough appearance and a pronounced
sensitivity to the human immune response. However, it has been shown that LPS remodelling
with the lack of O-Antigen can be used to modulate the biofilm growth and the detachment
from the polysaccharide matrix of the biofilm (Augustin ef al., 2007).

Capped Uncapped O antigen

0 antigen

OSA (05) CPA
n | |

Lipid A + Adaptor?
Core
Lipid A +
Core

> .
N clen N GaN /) FucNAc
() Kdo . Glc e ManA
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Figure 2: Simplified chemical structure of P. aeruginosa PAO1 LPS; the different aspect of the
colonies, smooth or rough, depend to the presence or absence of the O-Antigen. The proposed O-
antigen structure refers to the serotype O5. The predominant penta-acylated lipid A structure is
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shown. The l-configuration of the rhamnose in the core is denoted by 1 to distinguish it from d-
rhamnose found in the CPA repeat unit.

OC, outer core; IC, inner core; LA, lipid A; GIcN, glucosamine; GalN, galactosamine; FucNAc, N-
acetyl-d-fucosamine Kdo, 3-deoxy-d-manno-oct-2-ulosonic acid; Glc, glucose; ManA, manuronic
acid; 1,d-Hep, l-glycero-d-manno-heptose; Rha, rhamnose; Cm, 7-O-carbamoylation; 1-Ala, 2-1-
alanylation; n, variable number of repeats; NAm, N-amidino; NAc, N-acetyl (Huszczynski et al.,
2019).

Up to 163 proteins are inserted into the OM that are involved in various mechanisms essential for
the survival of the bacterium (Hancock and Brinkman, 2002).

Notably, the OM contains the B-Barrel Assembly Machine (BAM), a system composed of a B-barrel
membrane protein, BamA, and four lipoproteins, BamB, BamC, BamD, and BamE. Its role is to
direct the proper insertion of B-barrel proteins, including porins, into the OM. Its activity is therefore
essential and any alterations in the BAM system can affect the functionality of the porins themselves
(Jansen et al., 2012; Hoang et al., 2011).

One can find proteins involved in LPS and PG synthesis such as Pagl and LptD, the flagellum
anchoring proteins FlgH and FIiF and proteins involved in fimbrial biosynthesis like PilQ.

Other proteins that are located in the OM mediate specific functions, such as alginate production,
essential for biofilm production (AlgE), or the type III secretion system, taking part in virulence and
host cells colonization (PopN and PscC).

However, the most represented group (approximatively 64) belongs to the porin family, involved in
the uptake of nutrients or, when associated with efflux pump systems, in the extrusion of waste

compounds. We will deal with these specific proteins in the next chapters.

1.2.2.2 Periplasm and peptidoglycan synthesis

The periplasmic space is a compartment filled by a concentrated gel-like matrix, called periplasm.
Within this compartment, we can find the PG that is thinner (2-3 nm) than in Gram-positive bacteria.
Its small dimensions notwithstanding, even in Gram-negative bacteria PG plays a fundamental role
in the stability to the structure.
In Gram-negative bacteria, the MurNAc linked pentapeptide stem is composed of L-Ala, D-Glu,
meso-diaminopimelic acid (mDAP), D-Ala and D-Ala (Vollmer et al., 2008).
The PG synthesis implies three stages (Figure 3):
* The first one, the cytoplasmic phase, results in the synthesis of uridine diphosphate-N-
acetylmuramyl-pentapeptide ~ (UDP-MurNAc-pentapeptide) starting from UDP-N-
acetylglucosamine (UDP-GIcNAc) by means of MurA and MurB, a transferase and a
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reductase, respectively. Notably, the structural similarity between a MurA substrate (the
phosphoenolpyruvate) and the antibiotic fosfomycin allows the inactivation of Mur A
(Kahan et al., 1974).

The subsequent peptide addition is catalysed by four ATP-dependent ligases namely MurC,
MurD, MurE and MurF.

The UDP-MurNAc-pentapeptide is then ligated to the cytosolic membrane through the
addition of an undecaprenyl phosphate molecule (C55-P), mediated by the MraY transferase,
leading to the synthesis of the intermediate named lipid 1.

Interestingly, this stage is the target of peptidyl nucleosides, a class of natural antibiotics that
is widely produced by bacteria, generated by the assembly of nucleotides into peptide
scaffolds. Different peptidyl molecules are able to inhibit MraY and they might represent
promising candidates for the development of new compounds that might become useful in
clinical settings (Walsh et al., 2011).

The MurG glycosyltransferase is then responsible for the GlcNAc addition to lipid I, leading
to the formation of another intermediate named lipid II.

The second phase leads to the transport across the cytoplasmic membrane of lipid II by the
Mur] flippase.

The third phase takes place in the periplasm and leads to PG polymerization. It involves a
first transglycosylation step, i.e., the formation of glycan chains derived from the
polymerization of the lipid II saccharide units, and the consequent detachment of a
pyrophosphate derivative of C55-P.

Subsequently, the cross-linking between glycan chains catalysed by DD-transpeptidases
takes place. This involves the binding of the mDAP of one chain to D-Ala in the fourth
position of the adjacent chain, using the stem terminal D-Ala-D-Ala as an acyl donor and,
thus improving the elasticity and strength to the PG. Interestingly, those enzymes are also
defined as Penicillin Binding Proteins (PBPs). The B-lactam antibiotics act as suicide
inhibitors (Tipper and Strominger, 1965) due to their structural analogy with the D-Ala-D-

Ala natural substrates.
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Figure 3: Schematic representation of cytoplasmic and membrane-related steps of PG biosynthesis;
the antibiotics that could interrupt the PG formation are reported. It is important to note that the DD-
transpeptidase activity of PBPs is the target of the large family of B-lactam antibiotics (Laddomada
etal., 2019).

Depending on their size, PBPs can be divided into high (> 45 kDa) and low (< 45 kDa) molecular
mass (HMM and LMM, respectively). HMM-PBPs can be further distinguished for their dual
transpeptidase and glycosyltransferase activity (Class A HMM-PBPs) or sole transpeptidase activity
(Class B HMM-PBPs); both appear to be essential for bacterial survival. LMM-PBPs, defined as
Class C PBPs exhibit carboxypeptidase or endopeptidase activity and take part in cell separation,
maturation, and PG recycling. However, LMM-PBPs are not essential, and their deletion do not
result in a significant effect on bacterial viability or growth (Chen W. et al., 2016).

P. aeruginosa manufactures 8 PBPs, of which 5 HMM-PBPs (1a, 1b, 2, 3 and 3a/3x) and 3 LMM-
PBPs (4, 5/6 and 7) (Chen W. et al., 2016).

In addition to PG, the periplasm of P. aeruginosa is characterized by an oxidizing state with salt and
pH levels similar to those of the extracellular medium, but lacking ATP as energy source (Allen et
al., 2009).

The periplasm also contains specific enzymes involved in the synthesis and in the assembly of
different components of the OM, and proteins involved in the extrusion of compounds out of the

periplasm, such as efflux pumps and secretion systems. Among the different reactions that take place
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in the periplasm, we can mention protein folding, cell division regulation, and different signaling
functions (Imperi et al., 2009). In particular, periplasmic chaperones have evolved the ability to store
energy from the substances they bind to, ensuring the correct folding of various proteins.

P. aeruginosa chaperones contribute significantly to bacterial virulence. We can for instance
mention Skp, responsible for the folding of Lipase A that is involved in the response against the
host’s immune response, and PaFkbA that operates via the negative alginate regulator MucD
involved in biofilm formation (Allen et al., 2009; Huang et al., 2021; Papadopoulos et al., 2022).
Among the periplasmic processes, we have to mention that the synthesis of pyoverdine, a fluorescent
chromopeptide that plays a primary role under iron-limiting conditions, is finalized within this
cellular compartment (Ringel and Briisel, 2018).

Moreover, there is a periplasmic phase in the assembly of the flagellum and the type III secretion
system, and these structures contain a periplasmic domain (Galle et al., 2012; Bouteiller ez al., 2021).
Last but not least, we must remember how the periplasm, together with the external membrane,
constitutes an additional filter that slows down or prevents the entry into the cytoplasm of toxic
molecules, including antibiotics. Moreover, enzymes capable of hydrolyzing B-lactams (B-
lactamases) that managed to cross the external membrane can be present in this compartment. The
combined effect of poor penetration and drug inactivation makes many Gram-negative bacteria

inherently resistant to different f-lactam antibiotics (Montaner ef al., 2023).

1.2.2.3 Inner membrane (IM)

In P. aeruginosa the internal limit of the periplasm is defined by the CM formed by four lipid
chemical classes: phosphatidylethanolamines, phosphatidylcholines, phosphatidylglycerols and
cardiolipins (Kondakova et al., 2015).

Phospholipids are composed of an acyl chain whose length varies from C14 to C18 and can further
be saturated, unsaturated or cyclopropylated. These different organizations represent responses to
the environmental conditions to which the bacterium is exposed, in order to modulate the stability
and fluidity of the membrane (Benamara et al., 2014).

Furthermore, it has recently been highlighted that amphiphilic aminoglycoside derivatives are able
to interact with cardiolipins, thus inducing an IM permeabilization with dysregulation of the
respiratory chain. This antimicrobial activity might be associated with other antibiotic compounds
to improve their response and allow therapeutic success (El Khoury et al., 2017; Swain et al., 2018).
Numerous proteins are also inserted into the internal membrane, and they are involved in various

essential processes for the bacterium; examples of these are translocons, regulatory proteins and
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export systems, involved in bacterial adaptation and virulence (Bleves et al., 2010; Casabona ef al.,

2013).

1.2.2.4 Capsule and extracellular polysaccharide matrix

Different Gram-negative bacteria produce an outer polysaccharidic protective layer, the capsule, that
surrounds the OM and is attached to lipid A. The capsule protects the bacterium from phagocytosis
by polymorphonuclear granulocytes and prevents bacterial death caused by bactericidal serum
factors (Williams and Tomas, 1990). In addition, it can provide resistance to desiccation, confer
adherence to host cells and is responsible for the glistening property of colonies grown in rich media
plates (Roberts, 1996; Brisse et al., 2006). The main pathogen characterized by capsule production
is K. pneumoniae for which more than 80 capsular types have been described, with various
involvements in determining virulence (Qrskov and Orskov, 1984; D'Andrea et al., 2014).
Conversely, P. aeruginosa has the ability to produce an exopolysaccharide matrix, that can be
constituted of alginate (D-mannuronic and L-guluronic acids), Psl (D-mannose, L-rhamnose, and
D-glucose) or Pel (glucose-rich) polymers (Ryder et al., 2007; Franklin et al., 2011; Whitney et al.,
2012). The exopolysaccharide differs from a capsule because it is not attached to the OM (Costerton
et al., 1981; Cescutti, 2010).

Exopolysaccharides and capsule equally contribute to protect bacteria and to increase the
impermeability of the envelope to different compounds, including antibiotics. In particular, alginate
is implicated in biofilm formation, enhancing the bacterial isolation from the hostile environment
(Hentzer et al., 2001; Yin et al., 2013; Li et al., 2019). This mucoid phenotype is often found in
strains involved in CF respiratory infections but, notably, it has not been found in reference P.

aeruginosa PAO1 and PA14 strains (Wozniak et al., 2003; Yin et al., 2013).
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1.3 Porins

The Gram-negative diderm envelope confers an effective protection against toxic compounds. This
feature also allows the bacteria to reduce their exposure to antibiotics that generally target periplasmic
or cytoplasmic pathways and thus must diffuse through one or two membranes, of which the
outermost is extremely impermeable to hydrophilic compounds. However, the bacterial physiological
needs imply that nutrients and other substrates must cross the OM barrier. This function relies on
specific OM porins that represent entrance doors, with different levels of selectivity.

In this chapter we focus on the P. aeruginosa porin repertoire, highlighting also differences and
similarities with the systems expressed by Escherichia coli. We focus on three of the four porin
families produced by P. aeruginosa, with a particular description of their role in antibiotic
penetration. Due to a different involvement in antibiotic resistance, the same attention has not
accorded to all members of the P. aeruginosa porin arsenal. For this reason, the information related
to some channels remains elementary, while for other porins numerous studies have focused on
various aspects, supplying a more elaborate knowledge.

We therefore provide an exhaustive overview of the general and substrate specific porins while the
TonB-dependent transporters (TBDTs) will be treated in a more general way due to their abundance
and their lower involvement in classical antibiotic permeation. Concerning substrate specific porins,
the main focus will be on OprD, whose expression represents a well-recognized model for modifying
the OM permeability thus conferring antibiotic resistance. The other substrate specific porins
belonging to the OprD family are reviewed in order to assess their possible implications in antibiotic
permeation. A summary of the various characteristics of the substrate specific porins is reported in
Table 1. Details on the different pathways that lead to a reduced or absence of OprD expression are

given in the chapter dealing with B-lactam resistance mechanisms.
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Porin Alternative Preferential Antibiotic Mass Preferential
name substrate (kDa) conductance (pS)
OprF PA1777 Structural 37.6 -
. Imipenem,
OprD OccD1 (PA0958) Arg, Lys, His Meropenem. 459 21
OpdP OccD3 (PA4501) Gly-Glu, Arg Meropenem 53.0 670
OpdC OccD2 (PA0162) His, Arg 48.9 20
OpdB OccD7 (PA2700) Pro -
OpdT OccD4 (PA2505) Tyr 49.8 158
OpdI OccD5 (PA0189) Tricarboxylates, 48.9 20
citrate, aconitate.
OprQ OccD6 (PA2760) Arg Meropenem 46.9 420
OpdJ OccD8 (PA2420) Arg Aztreonam 51.3
Carbenicillin,
OpdK OccK 1 (PA4898) Vanillate, benzoate temocillin, 45.8 240
cefoxitin,
tetracycline.
Carbenicillin,
OpdF OccK2 (PA0240) Glucoronate temocillin, 46.1 242
cefoxitin,
gentamicin.
OpdO OccK3 (PA2113) Pyroglutamate Cefotaxime 44.3 144
OpdL OccK4 Phenylacetate, 46.0 50
pyruvate
Cis-aconitate,
OpdH OccK5 citrate, succinate, Ceftazidime 47.0 353
glutamate.
OpdQ OccK6 Nitrobenzoate Pipera/tazo, 46.7 71
meropenem.
Short-chain fatty
OpdD OccK7 acids, Meropenem 46.5 379
dicarboxylates
OprE OccKS Arg,. Pro, glllltannc Ceftamfhme, 497 216
acid, succinate cefepime
OpdG OccK9 Phtalate 45.4 -
OpdN 0ccK 10 5-aminolevulinate, 478 )
glutamate
OpdR OccK11 Phenylacetate 45.7 -
OprB PA3IR6 Glucose, glyce-rol, Tohraygn, 380 )
fructose, mannitol. amikacin.
OprB2 PA2291 Glucose 37.0 -
OprB3 PA4099 Glucose 47.3
OprP PA3279 Monophosphate Fosfomyein, 482 .
fosmidomycin.
Di-, poly- Fosfomycin,
OprO PA3280 phosphate. fosmidomycin. 478 )
FadL PA1288 Fatty acid 45.6 -
FadL2 PA1764 Fatty acid 59.0 -
FadL3 P4589 Fatty acid 49.7 -
. Ceftazidime,
oprG PA4067 Hydrophobic tetracycline, 252 -
molecules, Fe .
kanamycin.
Membrane .
OprH PA1178 stabilization Polymyxins 21.6 -
Tsx PA0165 Nucleosides, 314 -
deoxynucleosides.
Tsx PA0234 Nucleosides, 311 -
deoxynucleosides.
SphA PA5325 Sphingosine 35.5 -
QbdB PA3772 Sphingosine 32.7 -

Table 1: List of substrate specific porins described throughout this chapter; the alternative names,
according to the Occ nomenclature, and the PAO1 gene annotation is reported together with the
molecular mass. Preferential substrates, antibiotics for which some involvement has been reported,
even if not directly correlated to the transport and the conductance measurements described in the
text are also reported (in the case of more sub-states, the value ascribable to the most prevalent is
reported).
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1.3.1 P. aeruginosa and E. coli, similarities and differences

The OM of Gram-negative bacteria is rich in transmembrane [-barrel proteins that consist of
antiparallel B-strands, connected by extra membrane loops governing the uptake of nutrients and other
hydrophilic compounds that otherwise would not permeate through the OM. These proteins are water-
filled diffusion channels known as porins and first described in E. coli in 1976 (Nakae, 1976).
Gram-negative bacteria generally possess non-specific general porins (like OmpF, OmpC and PhoE
in E. coli) consisting in a trimeric structure, where each monomer is composed by 16 intramembrane
B-strands and, as a consequence, the channel is formed inside these three monomers (Cowan et al.,
1992). They enable passive diffusion depending on the size, shape, charge, and polarity of the
substrates and on their concentration gradients. The passage takes place without binding the substrates
with a measurable affinity and the general porins are highly efficient in allowing the diffusion of
molecules up to a defined size exclusion limit. Their function is commonly exploited by antibiotics
to cross the OM.

Gram-negative bacteria, owing to the presence of the additional OM barrier, possess additional
specific porins responsible for the internalization of essential compounds that might be in low
concentration in the environment. We can mention for instance the E. coli porins LamB and Tsx,
which constitute a path for sugars and nucleosides respectively (Klebba et al., 1994; Ye and van den
Berg, 2004).

However, P. aeruginosa produces only the latter type of proteins and, despite the differentiation
between general porins and specific channels, the literature generally refers to P. aeruginosa channels
as “porins” (Henderson et al., 2016).

In P. aeruginosa the absence of large nonspecific pores is one of the causes of its high intrinsic
impermeability. It has long been known, in fact, that its OM permeability is up to 100-fold lower than
that of E. coli (Nikaido and Hancock, 1986).

In the P. aeruginosa PAO1 genome at least 70 porins have been identified and these can be subdivided
into four different types: 1) general/non-specific, 2) substrate specific, 3) TonB family of gated porins
and 4) OprM family, involved in efflux pump systems (Stover et al., 2000; Hancock and Brinkman,
2002). We now focus on the first three types, while we will discuss the OprM family porins as a part

of efflux pump systems.
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1.3.2 General porins

In this subclass of porins in P. aeruginosa we find only one member, but for its features is important
for bacterial survival and essential for its virulence (Jurado-Martin et al., 2021).

The monomeric 37.6 kDa OprF is the most expressed porin in P. aeruginosa. Firstly identified in
1979 as protein F, it can be considered as homologous of E. coli OmpA, due to a 76 % similarity in
the C-terminal region (Hancock et al., 1979; Duchéne et al., 1989).

Usually, there are approximately 10° to 3-10° OprF copies in each cell (Nicas and Hancock, 1983).
Nevertheless, P. aeruginosa is defined by a low effective permeability for small sugars, as a result
of the OprF 40-fold lower permeability when compared to E. coli OmpF for this type of substrates
(Yoshimura et al., 1983).

However, OprF allows the passage of larger molecules than its E. coli orthologues, enabling the
uptake of solutes up to 3 kDa, while for instance OmpF is able to translocate solutes only up to
500/600 Da (Bellido et al., 1992; Hancock and Brinkman, 2002; Eren ef al., 2012).

The porin exhibits two conformers, a closed state representing approximatively 95 % of the
expressed porins, and 5 % as an open conformer. The current model supposes that the porin can
alternate between both structures, depending also on environmental factors (Sugawara et al., 2006;
Nestorovich et al., 2006).

It has been argued that the closed conformer is required for the structural integrity of the cell
envelope and its stability, probably due to interactions with other proteins such as Oprl, an OM
lipoprotein, or the PG-associated OM protein OprL (Navare et al., 2015).

The open state resides in the first 162 amino acids that fold as a single B-barrel domain, forming a 2
nm pore that determines the exclusion size limit. In this conformation, the porin is not associated
with structural proteins, but different OprF molecules can oligomerize and form multiprotein
complexes (Brinkman et al., 2000; Sugawara et al., 2006).

This dual nature has generated many controversies regarding its role in permeation. Despite the large
number of studies concerning this porin and its involvement in various biological processes, its role
in the penetration of substrates still remains unclear and seems anyway very marginal.

OprF plays instead a very important role in other processes. For example, it is required for cell-shape
maintenance, bacterial adhesion to different substrates, like the glial or the pulmonary epithelial cells
and it is essential in quorum sensing, enhancing bacterial virulence (Fito-Boncompte et al., 2011).
Moreover, OprF has also been associated with biofilm formation, for example interacting with the
fucose binding protein LecB, and acting in cooperation for the adhesion that is required for biofilm

growth (Funken ef al., 2012). OprF is also found in the Outer Membrane Vesicles (OMVs), the

18



micelles commonly produced by Gram-negative bacteria. The OMVs are generated by budding from
the OM, thus inheriting its structural components, and are filled with periplasmic content. They
represent a response to stress and transport communication or virulence factors and are also involved
in the escape from host immune system (Kulp and Kuehn, 2010).

Interestingly, a strain with an oprF deletion has shown anyway an OMV overproduction (Wessel e?
al., 2013). This seems to indicate that OprF is not an essential element for OMV functionality, but
can be present in these structures due to its abundant presence in the OM.

Due to its elevated expression in P. aeruginosa cells, OprF has promisingly been investigated for
designing an antipseudomonal vaccine (Gomi et al., 2017; Hassan R. et al., 2018), but further studies

are necessary before this porin becomes a practical target for therapeutic purpose.

1.3.3 Specific porins
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Figure 4: Graphic representation of different substrate specific and TBDT porins expressed by P. aeruginosa
(www.translocation.eu).

This group of P. aeruginosa porins includes more than 30 members, all characterized by the presence
of specific sites that allow single molecules to bind (Figure 4). These specific sites enable the uptake
of substrates present in the external medium in low concentrations, a function that would not be
possible with the non-specific porin OprF. The abundance of such channels in P. aeruginosa,
probably derived from duplication events occurred during its evolution, is one of the reasons for the
extreme versatility of this bacterium (Stover et al., 2000). These porin genes are often found in the
genome adjacent to genes encoding for specific proteins, whose substrates can be internalized by the
same specific porin. This genetic organization often allows a positive induction of the porin when its

preferred substrate is present in the external medium (Tamber et al., 2006). Nevertheless, the
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possibility that some compounds can diffuse through these porins, albeit less efficiently, in a
concentration gradient-dependent manner cannot be completely ruled out (Tamber et al., 2006).
Traditionally, these porins have been named with the prefix Opr (outer membrane protein), followed
by a letter that identifies the specific porin. For example, OprP and OprO are specific porins for
phosphate and polyphosphate respectively, OprC is involved in copper homeostasis, and OprD is
responsible for the uptake of basic amino acids. The mapping of the first P. aeruginosa genome led
to the identification of a total of a further 18 OprD paralogs, sharing 46 to 57 % sequence similarity
and to the definition of the new discovered porins with the prefix Opd (outer membrane protein D)
(Figure 5) (Tamber et al., 2006). Interestingly, the same type of channels is detectable in other species,
like A. baumannii that possesses at least five orthologues (Eren et al., 2012). Within these 19 porins,
a further subdivision was made between 7 porins than share a greater amino acid sequence similarity
with OprD and have a marked propension for cations uptake, while 10 porins are more related to
OpdK and involved in anions translocation (Liu et al., 2012a; Liu et al., 2012b). This feature resulted
in a second nomenclature, based on the prefix Occ (outer membrane carboxylate channel) that refers
to the common characteristic, followed by a letter (D or K depending on the higher affinity with OprD
or OpdK) and a progressive number (Eren et al., 2012). Despite their homology, the 19 Occ family
porins are well distinguished on the basis of the specific substrate transported and, ultimately, for the
peculiar ability to enable antibiotic permeation. It must be noted, however, that the role of substrate
spectrum differences between the two porin groups has recently been considered to be less important,
since it has been shown that both porin groups play a role in facilitating the permeation of different
molecules (Ude ef al., 2021). Finally, the same authors have reconsidered the porin functions in P.
aeruginosa, emphasizing the possibility that many antibiotics and nutrients might be able to permeate

via a porin-independent pathway (Ude et al., 2021).
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1.3.3.1 OpdD subfamily
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Figure 5: Phylogenetic relationships among OprD and its 18 paralogs sequences from P. aeruginosa PAO1.
Both nomenclatures (Opr and Occ) are reported, and the principal substrates related to each porin are shown.
The unrooted dendrogram was generated using neighbor-joining algorithm from evolutionary distances;
bootstrap values correspond to 1000 pseudo-replicates (Chevalier et al., 2017).

1.3.3.1.1 OprD

OprD is the most studied substrate specific porin, because of its role in carbapenems uptake and
antibiotic resistance that was firstly highlighted in 1990, only five years after the beginning of
imipenem clinical use (Trias and Nikaido 1990b). Initially known as outer membrane protein D2 or
OprD2, and currently also named OccD1, it is a 45.9 kDa monomeric protein consisting of 443 amino
acids, structured into 18 B-sheets, connected by 8 loops on the periplasmic side and 9 on the external
side (Eren et al., 2012). The solved crystal structure revealed a negative charged, narrow pore (~ 2,15
A), whose width is delimited by loops 3 and 7 and characterized by two positively charged arginine

residues (Figure 6).
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Figure 6: Structure of P. aeruginosa OprD. a): OprD from the side (left) and from the extracellular
environment (right). B-strands are represented in green; loops and turns in gray; a-helices in red;

constrictions loops L3 and L7 in orange and blue, respectively b): representation of OprD basic
ladder (Biswas et al., 2007).

The presence of a basic ladder is a conserved feature among OccD porin family members. This basic
ladder is responsible for an asymmetric charge distribution that may drive the flux of substrates,

particularly those with an acidic group (Figure 7) (Biswas et al., 2007; Eren et al., 2012).

Figure 7: Representation of the conserved basic ladder among OprD and other eight porins belonging to the

OprD subfamily. Porins are shown in identical orientations and the specific basic residues are numbered (Eren
etal.,2012).
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The OprD association to form a labile trimeric structure conformation was also suggested, but it
appears to be unstable (Biswas et al., 2007). OprD exhibited a preferential and stable open state
defined by low conductance (21 £ 3 pS) and the occurrence of rare and shorts spikes that can reach
up to 900 pS (Liu et al., 2012a). One of the reasons of the low conductance stems from the constriction
region formed by loop 3. In fact, an OprD with a mutated loop 3 was shown to possess a higher than
usual conductance (~ 90 pS) (Biswas et al., 2007). Despite its usually low conductance, due to its
abundant expression, OprD is a porin of great interest for P. aeruginosa viability.

OprD is synthetized in the cytoplasm as a pre-protein, with a 23-amino acid signal peptide and
addressed to the IM via the Sec translocon. In the periplasm, it loses the signal peptide and is
subsequently inserted in the OM via the BAM complex (Solov'eva et al., 2012; Klein et al., 2019).
OprD possess a narrow constriction pore predominantly negatively charged, where two positively
charged arginine residues on one face of the pore give rise to an asymmetric charge distribution. Four
others positively charged residues (arginine and lysine), located on the pore constriction and on the
extracellular funnel, constitute an electrophoretic path that promote the uptake of molecules
containing an acidic group (Figure 6) (Biswas et al., 2007). Given these features, even a limited
number of amino acid substitutions can alter the OprD ability to be correctly inserted into the OM or
can modify the translocation specificities of the pore (Huang et al., 1995; Li et al., 2012).

OprD is the major pathway for the translocation of basic amino acids, like arginine, lysine, and
histidine. Its involvement in small peptide (Ala-Lys, Lys-Ala, Thr-Ser-Lys, and Pro-Phe-Gly-Lys)
and gluconic acid uptake have also been established (Trias and Nikaido, 1990a; Huang and Hancock,
1993).

On minimal medium, this expression of the porin has been shown to be positively induced by
arginine, glutamate, or histidine when these amino acids are added as sole carbon or nitrogen sources.
This regulation appears to be mediated by ArgR, an arginine regulator, in the case of arginine
mediated induction (Ochs ef al., 1999b). However, a glutamate OprD induction is also possible in an
argR deficient mutant, indicating the presence of other regulators that contribute to a more complex
modulation (Ochs ef al., 1999a). A negative regulation has also been shown after exposure to the
preferred carbon sources, but this effect appeared to be due to the presence of metals such as zinc,
copper, and the aromatic weak acid salicylate (Ochs et al., 1999a). The key factor behind zinc
mediated OprD repression is the regulator CzcR (Caille et al., 2007), while CopR is involved in porin
downregulation in presence of copper (Perron et al., 2004). Moreover, OprD expression is inversely
proportional to that of the MexEF-OprN efflux pump, that is regulated by a different mechanism and

could also be influenced by several mutations (Ochs ef al., 1999a). All these mechanisms contribute
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to shed light on OprD expression that is carefully regulated in order to protect the bacterium when it
is exposed to toxic compounds, by reducing its uptake capacity, and increasing its extrusion ability.

OprD is one of the preferred porins used by carbapenems to diffuse across the P. aeruginosa OM
and, as a consequence, any variation in OprD expression results in changes in its susceptibility to
carbapenems (Hancock and Speert, 2000; Gutiérrez et al., 2007). The OprD involvement in imipenem
uptake is due to the structural similarity between the natural substrate arginine and the antibiotic, and
more specifically to the carboxyl group and the substituent on C2 of the imipenem molecule (Figure
8) (Trias and Nikaido, 1990a). A confirmation of this involvement arises also from the evidence that
the addition of L-Lysine to the medium during antibiotic susceptibility determination contributes to
an increase in the imipenem minimal inhibitory concentration (MIC) value, ranging up to 8-fold

(Fukuoka et al., 1993).

HoN N/\/\HJ\OH
H
NH
Imipenem Arginine

Figure 8: Comparison between the structures of the amino acid arginine and the carbapenem imipenem.

In the literature, unfortunately, there is a great confusion about the OprD role in the uptake of other
carbapenems. Pérez and coworkers assumed that meropenem resistance was not influenced by OprD
downregulation, due to the tendency of meropenem and others carbapenems, with the exclusion of
imipenem, to use different channels for their translocation (Pérez et al., 1996). However, this
assumption was soon refuted by Kohler’s group that observed a 4 to 8-fold reduction of meropenem
susceptibility in a strain deleted of OprD porin, although a clear resistance phenotype was solely
associated with the overexpression of the MexAB-OprM efflux system (Kohler T. et al., 1999a). A
similar conclusion was also reached by Sakyo and coworkers in 2006, who verified the increased
resistance to different carbapenems (meropenem and doripenem) in P. aeruginosa isogenic mutants
lacking the OprD porin (Sakyo et al., 2006). The disagreement about the real involvement of OprD
in resistance to meropenem and other carbapenems can be due to the fact that the porin deletion causes

an increased MIC endpoint for all carbapenems but not a clear resistance profile, according to the
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clinical breakpoints for carbapenems published by the Clinical and Laboratory Standards Institute
(CLSI) and the European Committee on Antimicrobial Susceptibility Testing (EUCAST), with the

exception of imipenem (Hombach et al., 2012).

1.3.3.1.20pdP

OpdP or OccD3 is the largest substrate porin expressed by P. aeruginosa, with a molecular mass of
approximatively 53 kDa with 51 % homology to OprD. It is a monomeric 18-stranded B-barrel porin,
synthetized in the cytoplasm and addressed outwards after the cleavage of a predicted 25 amino acids
signal peptide. Similarly to OprD, the pore contains a basic ladder and is delimited by loops 3 and 7,
but differs by a larger diameter (~ 3 A). In the N-terminus 30 residues contribute to shrink the hole
that otherwise would be larger (Liu ef al., 2012a; Soundararajan et al., 2017). The porin is also known
as PA4501, from the first PAO1 genome annotation (Stover et al., 2000). It is important to note that
sometimes OpdP is erroneously referred to as OpdD, most likely due to an imprecise initial genome
annotation. Unfortunately, this attribution is still reported in a number of articles, generating a lot of
confusion among researchers who try to shed further light on this porin’s properties (e.g., Sonnleitner
et al., 2012; van Delden et al., 2013; Bitar et al., 2022; Salva-Serra et al., 2023). To the best of our
knowledge, OpdD refers to OccK7, another substrate specific porin with no marked homology with
OpdP, albeit in the annotated P. aeruginosa PAO1 (www.pseudomonas.com) the porin was named
OpdD until July 2023. Our group has recently flagged this incongruence to the administrators of the
Pseudomonas database, and the reference to OpdD has since been eliminated to avoid further
confusion.

The OpdP porin is strictly correlated to the ATP-binding cassette superfamily (ABC) dipeptides
transporter system, consisting of different proteins responsible for the amino acid uptake, in
particular dipeptides in stationary phase, thus enlarging the bacterial metabolic versatility (Kiely et
al., 2008; Pletzer et al., 2014; Chevalier et al., 2017). The network includes an ABC transporter
(DppBCDF), four dipeptide-binding proteins (DppAl-4), a Metallo dipeptidase (MdpA) and the
repressor PsdR. A further component (DppAS5), located downstream (~ 940000 base pairs away) in
the genome, has been identified for its homology to the other dipeptide binding proteins, and appears
to be related to the other four dipeptide-binding proteins (Kiely et al., 2008; Pletzer et al., 2014).

In general terms, after a protein’s extracellular degradation mediated by different proteases, the
mechanism should perform the dipeptide transfer from the outside into the periplasm through the
OpdP porin. The subsequent translocation into the cytoplasm is mediated by the ABC transporter
and the cytoplasmic cleavage is performed by various peptidases. Among these, the MdpA
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dipeptidase enables the dipeptide metabolism as carbon sources and, by consequence, this pathway
is associated with a faster bacterial growth in the absence of other nutrients (Kiely et al., 2008;
Pletzer et al., 2014).

However, two different gene organizations have been proposed for this machinery. The first one
assumes that opdP belongs to the dppA4BCDF operon, that also encodes the proteins mentioned
before, all regulated by PsdR (Kiely et al., 2008). On the other hand, the same region has been
described to be organized as a shorter operon, only including the dppBCDF ABC transporter,
regulated by PsdR. In addition, a second operon is constituted by the dipeptide binding proteins
dppA4 and opdP (Pletzer et al., 2014). Also in this description, the regulation and transcription of
the dipeptidase and the dipeptide binding proteins are reported as correlated for a successfully
internalization of metabolites, especially in nutrient deprivation conditions (Pletzer et al., 2014;
Willsey and Wargo, 2015). Furthermore, recent studies have shown that psdR is prone to acquire
mutations but their impact on the OpdP expression have not been described yet (Asfahl et al., 2015;
Liu et al., 2012a; Smalley et al., 2022).

In any case, irrespective of how the expression of these genes is described, there is no doubt that this
ABC transport system is participating in recruiting nutrients, involved in alternative metabolic
systems, modulated for instance by the catabolite repressor control or by the alginate regulator
(Browne et al., 2010; Sonnleitner et al., 2012; Hua et al., 2022). In addition, we should not forget its
role in strengthening biofilm formation and regulation, thus acting as an important virulence factor
(Pletzer et al., 2014; Lee Y. et al., 2018).

The dpp operon is quite conserved in Gram-negative and Gram-positive bacteria, including E. coli
and Bacillus subtilis (Abouhamad and Manson, 1994; Slack et al., 1995). By way of illustration, in
E. coli it has been established that its expression is correlated with chemotaxis regulation and is more
expressed during the stationary phase of bacterial growth (Abouhamad et al., 1991; Abouhamad and
Manson, 1994). Although no evidence of a growth dependent regulation of this operon in P.
aeruginosa has been mentioned in the literature, the possibility that, in the stationary phase, the
bacteria can induce a different metabolism when the primary carbon sources are being consumed, as
observed for E. coli, might apply also to P. aeruginosa.

The pioneering work of Hancock and coworkers has demonstrated that OpdP is induced by the
glycine-glutamate dipeptide, that appears to be its natural substrate (Tamber et al., 2006).
Furthermore, its involvement in arginine uptake has been proposed, especially in an OprD-deficient
isogenic mutant. An arginine-mediated induction was also verified, highlighting a redundancy of

OprD and OpdP porins for the translocation of the basic amino acid arginine. However, its role in the
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uptake of the basic amino acid analogous antibiotics imipenem and meropenem was only supposed
without a clear demonstration (Tamber and Hancock, 2006).

It was only in 2015 that Miller and coworkers discovered the OpdP role in antibiotic uptake. In a
nutshell, they constructed a transposon insertion mutant in a P. aeruginosa PAO1 AoprD strain and
they subjected it to meropenem stress (0.5 pg/mL, that corresponds to 1 x MIC), identifying strains
with an opdP disrupted gene as the only porin mutants with a selective advantage in response to this
antibiotic (Isabella et al., 2015). Another proof of the OpdP involvement in meropenem uptake was
provided by Van Bambeke’s group. They simply showed that the MIC value for meropenem in a
PAO1 AoprD strain increases 2-fold (from 2 to 4) when 10 mM glycine-glutamate (Gly-Glu)
dipeptide, the natural OpdP substrate, was added to the medium (Chalhoub et al., 2016). In view of
these considerations, we can speculate that the hypothetical porin reported in 1999 by Kéhler’s group
might be OpdP. They studied a P. aeruginosa PAO1 AoprD and found, after exposure to meropenem,
a spontaneous mutant with a decreased expression of an unknown 55-kDa porin. Interestingly, this
mutant revealed a slightly increased MIC for meropenem, compared to its parental strain (Kohler T.
et al., 1999a).

Conductivity studies, performed by Winterhalter and colleagues on planar lipid bilayers, revealed that
OpdP, when in its unique open conformation, is characterized by a higher conductance compared to
the ortholog OprD (1 nS vs 20 pS, respectively) and to the other OccD subfamily members. Similar
results were obtained by Liu and coworkers that determined OpdP conductance as approximatively
670 pS (Liu et al., 2012a). These results report conductivity values that are more similar to the non-
specific E. coli porins that, by way of comparison, are OmpF ~700 pS per monomer and OmpC ~900
per monomer (Saint et al., 1996; Bir6 et al., 2010). In addition, it has been shown that the presence
of negatively charged residues in the constriction zone of loop 7 and in the basic ladder of the OpdP
porin is important. Indeed, the residues in both locations play a crucial role in the translocation of
compounds with an amino group such as imipenem and meropenem, demonstrating an active role of
OpdP for carbapenem uptake (Soundararajan et al., 2017). The expression levels of OprD and OpdP
are nevertheless unbalanced, with that of the former higher than that of the latter, in this way showing
that OpdP contributes minimally to the wild type strain carbapenem uptake.

Despite the fact that some evidence on the possible role of OpdP in antibiotic resistance has emerged,
no strain with the only mutation in this porin defined by a carbapenem resistance phenotype has been
isolated yet. Nevertheless, a recent study has started taking into consideration the carbapenem
translocation through OpdP in clinical strains characterized by OprD deletion/mutation, that did not

however exhibit the characteristic phenotype of the specific imipenem resistance.
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This study has indeed shifted the attention on OpdP as a target for research, in particular with the aim
of quantifying its expression, in order to better understand its contribution to the final resistance
phenotype in clinical strains (Atrissi ef al., 2021).

All the results and evidence reported so far are particularly interesting because OpdP expression
appears to be regulated within an operon by different external stimuli. In a naturally low OM
permeability situation, during the stationary growth phase and/or in biofilm growth, a more
pronounced expression of a porin with some carbapenems selectivity might emerge. This is an

interesting possibility that should be kept in mind.

1.3.3.1.30pdC, OpdT and OpdB

OpdC, also known as OccD2 shares a 58 % homology with OprD. It is induced by histidine and for
this reason it has been correlated to the uptake of this amino acid, but it appears to be involved in low
levels of non-specific uptake of basic amino acids and dipeptides (Tamber and Hancock, 2006;
Tamber et al., 2006). It is conserved among different P. aeruginosa strains, possessing a narrow pore
(<3 A) and having a conductance of approximatively 20 pS (Chevalier et al., 2017; Liu et al., 2012b).
Interestingly, OpdC expression appears to be regulated by SigX as a stress response (Schulz ef al.,
2015; Fléchard et al., 2018).

OpdB, also known as OccD7, as the other members of the OccD subfamily, shares a 57 % homology
with OprD and its sequence appears to be conserved among different P. aeruginosa strains. It is
constitutively expressed and involved in proline permeation (Tamber et al., 2006). It is included in
an operon, together with the hypothetical proteins PA2699 and PA2701 that seems to be involved in
histidine metabolism and/or in the twin-arginine translocation (Ulrey et al., 2014; Ball et al., 2016).
Up to now however, the available data related to the proteins included in this operon are still too scant
to allow a determination of their specific function.

OpdT or OccD4 was described for tyrosine uptake (Tamber ef al., 2006), and unlike other members
of the OccD subfamily, it is not responsible for arginine influx (Eren ef al., 2012). In its open state a
conductance of about 158 pS was determined (Liu et al., 2012a). OpdT seems to be induced by copper
stress, that causes the simultaneous OprD downregulation via the Czc regulation system. As already
mentioned, this event was postulated to be a compensatory mechanism to modulate the OM
permeability as a response to copper exposure (Perron et al., 2004; Teitzel et al., 2006; Wright et al.,
2019).

The expression of these three porins is relatively low and none of them has been shown to be

correlated with the uptake of a specific antibiotic in contrast to OprD. However, in an experiment of
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RNA seq, OpdC, OpdB and OpdT were included in the first five porins (after OprD and OpdP),
expressed by a P. aeruginosa PAO1 strain grown in minimal medium. During this study, an isogenic
mutant with the deletion of the five porins was obtained, but the phenotypic resistance profile was

similar to that of the single oprD knock-out strain (Isabella et al., 2015).

1.3.3.1.4 Other OpdD-subfamily porins

Other OprD analogues, Opdl (OccD5), OprQ (OccD6) and OpdJ (OccDS) are expressed in a low
copy number and appear to be used for the translocation of arginine, but no clear involvement in
antibiotic uptake or resistance has been determined (Chevalier et al., 2017).

OpdlI is poorly expressed and together with OprQ is apparently the only entry pathway for
tricarboxylates, citrate and aconitate (Ude et al., 2021). In addition, OpdI has a low conductance
signature (~20pS) (Liu et al., 2012a), so that its role in OM permeability is marginal.

OprQ, once known as OprE3, was defined for its ability to bind to human fibronectin, emerging as a
virulence factor. In addition, its deletion resulted in strains with an increased growth rate under metal
deprivation stress, underlying a potential role of the porin in the decrease of the P. aeruginosa
multiplication rate under unfavorable conditions (Arhin and Boucher, 2010). The same authors
speculate that an OprQ overexpression could lead to a more sensitive profile to some antibiotics,
including meropenem, probably due to a different regulation of other proteins that interact with the
antibiotic (Arhin and Boucher, 2010). Interestingly, OprQ exhibited two open sub-states, both
characterized by a high conductance (~420 and ~1900 pS, respectively), although the same authors
consider as implausible that the higher conductance prevails in physiological condition (Liu et al.,
2012a).

OpdJ deletion was recently conjectured to increase the aztreonam MIC (McLean et al., 2019). It is
important to consider however that the authors have reported analogous values of increased
aztreonam MIC for both OpdJ and OprD deleted mutants, thus resulting in the first report of
association between OprD and the aztreonam MIC, after years of experiments conducted with OprD
mutants (McLean et al., 2019). We therefore believe that this result should be carefully examined and
that it would be interesting to clarify the possible presence of other mutations that involve this

particular resistance phenotype.

29



1.3.3.2 OpdK subfamily

This porins group is characterized by a marked homology with the vanillate specific porin OpdK
(OccK1). Porins in this group share a characteristic constriction region with positively charged
residues that confer a conserved selectivity for anionic substrates containing carboxylate groups.
However, this selectivity is different for distinct OccK porins. Moreover, in planar lipid bilayer
experiments OccK porins showed a conductance alternance between two or three possible open states,
defined by variable openings (Liu et al., 2012b).

OpdK possess 18 B-strands and in early studies it has been described to have a kidney-shaped large
pore (~8 A), characterized by the presence of both positively and negatively charged residues (Biswas
et al., 2008). The pore size diameter was subsequently reassessed to ~5 A, revealing a more complex
determination of porin’s features on the basis of the solved crystal structures (Liu ef al., 2012b). The
porin is generally expressed as a monomer but, when overexpressed, it reveals a labile trimeric
structure in the OM. The same authors determined that the channel’s most probable conductance was
between 345 + 65 pS (Biswas et al., 2008). In a later study, Liu’s group determined a lower
conductance (~ 240 pS) but, in any case, they confirmed the higher conductance of OpdK compared
to OprD (Liu et al., 2012a). OpdK appeared to have three different open-state conformations,
depending on the conformational changes in the constriction loop L7, with the propensity for the high
conducting O sub-state (Cheneke ef al., 2011; Pothula et al., 2015). The specificity for vanillate and
aromatic acids was determined on the genetic context and after substrate exposure, but the real OpdK
involvement in vanillate permeation, also due to the vanillate low solubility in water, still remains a
subject of debate (Tamber et al., 2006; Biswas et al., 2008; Wang et al., 2012). The search for specific
substrates led to benzoate, that was verified to be preferentially internalized through OpdK (Eren et
al., 2012). However, due to its anion-specificity, OpdK has been proposed to facilitate the diffusion
of carboxypenicillins such as carbenicillin and temocillin and the anionic cephalosporin cefoxitin
(Eren et al., 2012; Chalhoub et al., 2017). In addition, disturbances in the normal anionic molecules
flux were observed in the presence of tetracycline, a compound that lacks a carboxyl group, also
highlighting a possible role in the diffusion of this antibiotic (Eren et al., 2012).

OpdF (OccK?2) was first described as a glucuronate-specific porin but has also been associated to
biofilm formation (Tamber et al., 2006; Eren et al., 2012; O'Toole, 2003). It has been described to
fluctuate between three different open states, with the prevalence for O, with an estimated
conductance of 242 + 40 pS that was the highest among the three states (Liu et al., 2012b). The crystal
structure of OpdF was solved with glucuronate, verifying the importance of the L3 and L7 loops in

determining the substrate specificity (Eren et al., 2013). It was shown that OpdF shares its B-lactams
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uptake specificity with OpdK, but differs by facilitating gentamicin, rather than tetracycline,
translocation (Eren et al., 2012; Chalhoub et al., 2017).

OpdO (OccK3) was thought to mediate pyroglutamate uptake. It has a unique possible open state
and a conductance of 144 + 36 pS was determined (Tamber et al., 2006; Liu et al., 2012b). OpdO
does not seem to have anion-selectivity, in contrast to the other sub-group members (Liu et al.,
2012b). Interestingly, during a liposome swelling assay testing the pyroglutamate flux through OpdO,
a strong disturbance has been observed in the presence of cefotaxime, suggesting the participation of
OpdO in cefotaxime uptake (Eren et al., 2012). Like OpdP, OpdO is included in an operon, but in
this case the genes encode a major facilitator superfamily transporter, involved in
pyroglutamate/lactam uptake (Tognon et al., 2019). OpdO was found to be overexpressed in an
artificial urine medium, probably in order to adapt the metabolism to the limited iron availability, by
enhancing different amino acid degradation pathways (Tielen et al., 2013). Its upregulation has also
been determined, as a consequence of AmiE aliphatic amidase overproduction, thus resulting in a
decreased virulence due to a decrease in pyocyanin production (Clamens et al., 2017). In contrast to
that of other homologues, OpdO expression is decreased upon biofilm growth (Tan et al., 2021). A
recent study has shown a slight downregulation when P. aeruginosa is exposed to meropenem (Salva-
Serra et al., 2023).

OpdL (OccK4) was predicted to play a role in phenylacetate permeation and recently a preference
for pyruvate has been reported (Ude et al., 2021). However, the capacity of OpdL-mediated
phenylacetate uptake was determined as moderate but, remarkably exhibited the highest efficacity
for this process among P. aeruginosa porins (Tamber et al., 2006; Eren et al., 2012). OpdL is
characterized, in its most probable open sub-state, by a conductance of ~50 pS, although a second
conformation with a higher conductance is possible (Liu et al., 2012b). The study performed by
Bumann and coworkers has emphasized the OpdL capacity to allow a pyruvate metabolism when the
porin is singly expressed, revealing a novel function and a possible induction in presence of this
substrate (Ude et al., 2021).

OpdH (OccK5) was defined as a tricarboxylate (i.e., cis-aconitate and citrate) but also succinate and
glutamate specific porin (Tamber et al., 2006; Tamber et al., 2007; Ude et al., 2021) but their transport
within the porin has not been fully explained (Eren et al., 2012; Underhill et al., 2022). However, the
capacity to facilitate the influx of compounds containing anionic groups in the presence of various
cation concentrations was assessed through an all-atom molecular dynamic (MD) simulation (Lee J.
et al., 2018). OpdH has two possible distinct open state configurations with the most probable one
exhibiting a high conductivity of 353 + 22 pS (Liu et al., 2012b).
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Similarly to OpdP and OpdO, OpdH is included in an operon (opdH-tctCBA) that, as in Salmonella
enterica serovar Typhimurium, appears to be involved in an ABC tricarboxylate transport system
(Tamber et al., 2007; Underhill et al., 2022). In the presence of a tricarboxylic acid the operon is
activated via the two-component system TctD and TctE (Taylor ez al., 2019). Interestingly, the TctDE
regulator is involved in biofilm formation and is also able to maintain a certain level of
aminoglycoside (tobramycin and gentamicin) resistance. This evidence was interpreted as implying
a mediation by the regulation of OpdH expression (Zhang et al., 2013). However, a AtctDE mutant
was found to be unable to growth on citric acid as a sole carbon source, even though the repressor
deletion would have increased the OpdH expression, which questions its real contribution (Taylor et
al., 2019; Underhill et al., 2022). The most recent hypothesis is that the tricarboxylates uptake is
mainly driven by the tripartite TctCBA system, rather than OpdH, given the growth defects observed
with citrate or cis-aconitate as sole carbon sources in a Atct4 mutant and not in a AopdH strain
(Underhill et al., 2022).

OpdH expression also seems to be directed by the catabolite repressor control, that manages the
metabolism modulation as a response to bacterial stress (Fléchard et al., 2018). Moreover, the
translocation of ceftazidime through OpdH was demonstrated by an increased MIC in an OpdH
knock-out mutant, although this resistance phenotype has not been described yet in clinical strains
(Tamber et al., 2007). The evidence provided by the literature cited here is not yet sufficient to fully
explain the physiological role of OpdH, but these results emphasize the general complexity of porin
specificity. Moreover, the availability of many research contributions on OpdH clearly underlines the
requirement of a multi-sided approach to allow a better understanding of the properties of porins.
No substrate profile has been defined for OpdQ (OccK6) but the genetic context suggests a role
associated to nitrobenzoate (Tamber et al., 2006) A weak anion selectivity and the ability to mildly
allow the uptake of glucose, glutamate and the aromatic amino acid tyrosine have been reported (Liu
etal.,2012b; Eren et al., 2012; Ude et al., 2021). Two possible open states have been identified, with
a preeminence of the low conductance state, quantified at 71 + 34 pS (Liu ef al., 2012b). Little is
known about this porin but notably its expression can be modulated by transcriptional and
posttranscriptional regulations (Fowler et al., 2015). OpdQ expression can be downregulated under
hypoxic growth conditions or enhanced as a response to nitrate or oxidative stress, also involving the
carbon catabolite control system (Chang et al., 2005; Fowler et al., 2015; Fléchard et al., 2018;
Martins et al., 2020). In addition, an upregulation in small colony variants has been demonstrated
(Wei et al., 2011). Recently, two P. aeruginosa strains with discrepancies in antibiotic susceptibility
were isolated from the same patient. Among the genes with a divergent expression, the increased

OpdQ expression has been shown to be correlated with the phenotypic switch from resistant to
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sensitive towards piperacillin/tazobactam (Huang et al., 2020). Moreover, the exposure to
meropenem induced an OpdQ downregulation (Salva-Serra et al., 2023). It is not easy to correlate
the OpdQ expression with antibiotic resistance, but this kind of evidence provides a suggestion about
the relevance that a porin may have with specific antibiotics.

OpdD (OccK7) may be involved in short-chain fatty acids or dicarboxylates permeation (Tamber et
al., 2006). In support of this hypothesis, opdD belongs to an operon involved in fatty acids
metabolism, although further studies are required to fully describe the functions of all the co-
transcribed proteins (Ball et al., 2019). OpdD can assume three different open states, all of these
enabling a good conductance with a preponderance for O, whose conductivity was determined at
379 + 45 pS (Eren et al., 2012; Liu et al., 2012b). The simultaneous presence of meropenem and of
the putative natural substrate benzoate showed a drastic decrease in benzoate uptake, leading to the
assumption that meropenem can flow through OpdD (Eren et al., 2012). Furthermore, a genome
computer-based analysis of clinical P. aeruginosa strains revealed the presence of opdD mutations in
carbapenem resistant strains. However, the concomitant appearance of oprD mutations, the presence
of Class D B-lactamases, and the lack of information about the efflux pumps expression are all factors
that do not allow to conclude in a clear interdependence between OpdD and meropenem resistance
(Savinova et al., 2021).

OprE (OccKS8) has a small pore size with low conductance and a substrate specificity for arginine
and proline was originally proposed (Tamber ef al., 2006). However, its involvement in glutamic acid
and succinate translocation was recently reported (Dogan Guzel et al., 2021; Ude et al., 2021). It was
one of the first P. aeruginosa porins detected in the late 1980’s, due to its relative abundance and its
anaerobic induction mediated by the sigma factor RpoN as a stress response (Yamano et al., 1993;
Yoshihara and Nakae, 1989; Yamano et al., 1998). Peculiarly, OprE can assume three different open
conformations, distinguished by contrasting uptake properties, with the most likely state
characterized by a conductance of 216 + 20 pS (Dogan Guzel et al., 2021). The OprE involvement in
ceftazidime and cefepime uptake was demonstrated. This was the consequence of the presence in the
scaffolds of these two antibiotics of a negative group that helps the molecules to slide along the basic
ladder and, at the same time, a positive group that enables the interaction with a specific residue in
the recognition pocket of the porin (Samanta et al., 2018).

OpdG (OccK9) was associated to phthalate transport (Tamber et al., 2006). We can suppose that it
is not an essential porin, on the basis of the detection of P. aeruginosa strains lacking this porin or
producing a truncated version (Chevalier et al., 2017; Nascimento et al., 2016). Curiously, bacterial
biofilm growth in the presence of Candida albicans showed an increased expression of OpdG (Alam

et al., 2023) but the real role of this variation is still largely unexplained.
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OpdN (OccK10) was predicted to be involved in 5-aminolevulinate or glutamate translocation
(Tamber et al., 2006).

It has been hypothesized that OpdR (OccK11) participates in phenylacetate permeation (Tamber et
al., 2006). Although this porin can acquire mutations, it appears to be conserved in more than 60 P.
aeruginosa available genomes (Chevalier et al., 2017). This result might result from the inclusion of
opdR into an operon involved in Acyl-CoA dehydrogenase production.

In spite of all the research conducted in recent years and leading to important inroads, little is known

about these three porins and more studies are needed to characterize their specificities.

1.3.3.3 Other substrate specific porins

In addition to those belonging to the OprD family, P. aeruginosa has other porins that are involved
in the internalization of important nutrients. We now provide a succinct description of the main
characteristics of the channels that facilitate the uptake of elements essential to the survival of the
bacterium.

For example, glucose, an essential sugar for P. aeruginosa, is absorbed by OprB and OprB2, two
homologous porins that are characterized by a high degree of similarity. A third porin is OprB3
(PA4099), but it has not been widely studied so far. It is present in the P. aeruginosa PAO1 genome
and shows a marked similarity with the two most studied glucose porins.

OprB was first considered as an 18-strand p-barrel, orthologous to the E. coli maltodextrins-specific
LamB porin and initially believed to associate in trimeric structures (Hancock and Carey, 1980).
However, it was later demonstrated that it is a monomeric 16-strand B-barrel with a specific transport
profile for glucose and other monosaccharides such as glycerol, fructose, and mannitol but not for
disaccharides (Wyle and Worobec, 1995; van den Berg, 2012). The OprB involvement in antibiotic
uptake was excluded, at least for gentamycin, whose structure includes some sugar residues (van den
Berg, 2012). However, a transposon mutant lacking OprB and OprB2 was shown to exhibit an
increased MIC to tobramycin, another aminoglycoside antibiotic (MacLeod et al., 2012).
Interestingly, another study showed that the deletion of both porins resulted in a strain with an
unchanged growth capacity but with an altered transcription profile, affecting the virulence in animal
infection models (Raneri et al., 2018). Another important result is that the decreased glucose
intracellular availability derived from uptake deficiencies results in the inactivation of glycolysis, that
is able to influence the activity of amikacin, and in general of aminoglycoside antibiotics (Tang et al.,
2022). In this context, the possible reported changes in antibiotic susceptibility are the result of a

metabolic response rather than of OM impermeability. OprB belongs to the gltBFGKoprB operon,
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including gltB, that encodes a periplasmic binding protein and the other genes that constitute the
specific ABC transporter. Notably, its induction on glucose-enriched media was observed (Hancock
and Carey, 1980). Also the related OprB2 porin is predicted to be included in an operon that contains
a TBDT (PA2289) and a glucose dehydrogenase (PA2290), suggesting a precise regulation of
nutrients uptake (Chevalier et al., 2017).

The phosphate translocation, induced under phosphate starvation conditions, is mediated by two
specific porins OprP and OprO, respectively. They both are homotrimers of 16 strand B-barrels, that
form narrow pores and share a 76 % homology (Siehnel et al., 1992). They both present an arginine
ladder on the extracellular side and a lysine cluster on the periplasmic side, thus facilitating the flow
of anionic compounds. However, they show different substrate specificities, due to their properties in
the constriction region. OprP prefers the Pi monophosphate, while OprO is more oriented to di- and
poly- phosphates (Hancock et al., 1992; Golla et al., 2022). During infections, they can be upregulated
by the action of specific regulators, such as PhoB, while their repression is mediated by the
transcriptional regulator TctD (Siehnel ef al., 1992; Bielecki et al., 2015).

Research had documented an involvement of both porins in the uptake of fosfomycin and
fosmidomycin, two phosphonic acid antibiotics. Fosfomycin is increasingly found to be a valid option
in the case of infections due to MDR strains (Diez-Aguilar and Canton, 2019). Fosmidomycin, that
was in the beginning exploited as an antimalarial drug, has recently been repurposed as a valid
therapeutic option against both Gram-positive and Gram-negative MDR strains, including P.
aeruginosa (Knak et al., 2022). In particular, both antibiotics showed a preference for OprP (Piselli
and Benz, 2021; Golla ef al., 2022), although a previous study had emphasized a higher affinity of
fosfomycin for OprO (Citak et al., 2018). Besides this controversy, the permeation of phosphonic
acid antibiotics mediated by the phosphate channel is also extremely interesting for the study of new
antibacterial compounds.

Large hydrophobic molecules, such as long-chain fatty acids, cross the OM through the bidirectional
14 strand B-barrel porin FadL (PA1288). In addition, also the two cryptic porins FadL2 (PA1764)
and FadL3 (PA4589) can be involved in this process (Nouwens et al., 2002; Martinez et al., 2013).
The fatty acid translocation proceeds according to a special mechanism conserved in Gram-negative
bacteria. This mechanism implies the opening of a lateral opening (~ 8 x 10 A) inside the
transmembrane barrel, that allows the direct integration of hydrophobic molecules into the OM,
avoiding the interactions with the external LPS (Hearn et al., 2009; van den Berg, 2010). So far, these
channels have not been considered yet as involved in antibiotic uptake. However, this peculiar lateral
diffusion mechanism could be exploited to develop hydrophobic molecules with an antibacterial

activity that could avoid the OM barrier (van den Berg, 2010; Touw et al., 2010).
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OprG is a small channel, constituted of eight B-strands with a narrow hydrophobic channel,
responsible for hydrophobic molecules uptake and relatively highly expressed in P. aeruginosa
(McPhee et al., 2009). It was shown that OprG is overexpressed under anaerobic conditions such as
biofilm growth and as a response to high iron ion concentration. The latter piece of evidence leads us
to suggest its involvement in iron uptake, similarly to the function of the orthologous OmpW in 4.
baumannii (McPhee et al., 2009; Catel-Ferreira et al., 2016). Moreover, the similarity with E. coli
OmpW suggests an involvement in the lateral transport of small hydrophobic molecules similar to
that of the FadL porin family (van den Berg, 2010). The tightness of its pore suggests an inability to
accommodate small amino acids, like glycine, serine, alanine, or valine. However, the passage of
these amino acids through OprG has been confirmed via a liposome swelling assay. A possible lateral
gating mechanism, with an involvement of a proline residue was first proposed (Kucharska et al.,
2015), but an alternative explanation arises from results showing that the porin can aggregate, forming
dimers or oligomers (Sanganna Gari et al., 2018). In addition, the lack of OprG has been associated
with a decreased infectivity and also to a reduced growth rate. An oprG-deleted mutant has in fact
turned out to be less cytotoxic to human bronchial epithelial cells compared to its parental wilt type
strain (McPhee et al., 2009). This evidence can be associated to the role of OprG as a laminin-binding
protein, thus involved in adherence to the respiratory epithelium (Paulsson ef al., 2019). OprG was
also believed to be involved in the permeation of some antibiotics such as tetracycline and kanamycin,
since its downregulation confers resistance to such compounds (Peng et al., 2005). Moreover, an
oprG isogenic mutant exhibited an increased MIC value for ceftazidime (Hwang et al., 2016), but
this study remains an isolated report. The real involvement of OprG in antibiotic internalization still
remains unclear.

OprH is the smallest porin (21.6 kDa), composed of eight B-strands and has an important role of OM
stabilization through cross-linking with the LPS (Rehm and Hancock, 1996). Its role in the
internalization of nutrients and other substances is still largely unknown. It is included in the phoP-
phoQ operon and, similarly to the PmrA-PmrB system, it is induced upon magnesium starvation
(Macfarlane ef al., 1999). In addition to this effect, it should be noted that phoP/phoQ alterations are
associated with modifications in LPS structure and, as a consequence, with resistance to polymyxins
(Barrow and Kwon, 2009). This class of antibiotics includes polymyxins B and E (or colistin) and is
used, due to its intrinsic toxicity, as the last resource antibiotic to treat infections caused by XDR
strains, in some cases also in combination therapy. Polymyxins disrupt the outer and inner membranes
by binding to the LPS in a specific cationic binding site. The inactivation of phoQ induces the addition
of a 4-amino-l-arabinose to lipid A, causing modifications in the LPS electric charge, and

consequently polymyxins resistance (Miller et al., 2011). Similarly, OprH overexpression interferes
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with the correct binding of polymyxins and is involved in the stabilization of the OM under
magnesium starvation. This phenomenon contributes in part to polymyxin resistance (Young et al.,
1992).

Hypothetical proteins, orthologous of E. coli Tsx nucleoside specific porin, are found in the P.
aeruginosa PAO1 genome and are identified as PA0165 and PA0234 (Ye and van den Berg, 2004).
This subclass of porins is widely distributed in Gram-negative bacteria. They share a 12 B-strand
structure with a long and narrow pore. They are primary responsible for the selective uptake of
nucleosides and deoxynucleosides, that are found in the external medium in low concentrations (Ye
and van den Berg, 2004; Gao et al., 2022).

Another group of porins appears to be regulated by sphingosine, a sphingolipid that is generally
acquired from bacterial hosts. Sphingosine can enhance bacterial virulence, but it is also described as
exhibiting an antimicrobial activity (Heung et al., 2006; van den Berg et al., 2015). P. aeruginosa
PAOI can produce two 12-strand B-barrel porins that are sphingosine induced and involved in its
uptake, formerly known as SphA (PA5325) and QbdB (PA3772) (van den Berg et al., 2015).

On the basis of the studies published so far, an involvement of the Tsx or SphA types of porins in
antibiotic permeation can be excluded. In support of this conclusion, a mutant where these types of
porins have been deleted together with other porins does not exhibit any alteration in the MIC that

could be ascribed to their absence (Ude ef al., 2021).

1.3.3.4 TonB family of gated porins (TBDTs)

The P. aeruginosa genome was described to encode 35 porins belonging to the TBDT family, a wide
group of transporters involved in the uptake of fundamental nutrients such as metal ions and vitamin
Bi2 (Noinaj et al., 2010). TBDT systems are commonly found in Gram-negative bacteria, and they
consist of a 22-strand f-barrel OM porin that interacts with a TonB-ExbB-ExbD IM complex, the
latter extending towards the periplasm. The role of this system is to feed the active transport through
the OM porin, using the proton motive force across the IM (Andrews et al., 2003; Noinaj et al., 2010).
Iron regulation is essential for bacterial survival because of its involvement in various metabolic
pathways, where this metal acts as a redox factor. Iron regulation is crucial for P. aeruginosa survival,
and it has therefore evolved in meticulous mechanisms. Indeed, bacteria must somehow secure an
appropriate supply of these ions and, at least in theory, this class of transporters has to be considered
as essential.

Metal ions internalization is mediated by specific chelating molecules, defined as metallophores or

siderophores. They are produced by bacteria and then extruded through specific efflux pumps in the
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external medium to scavenge the free ions in the external medium. Among these molecules, P.
aeruginosa primarily produce pyoverdines, a group consisting of at least three chromopeptides, that
differ in their peptide chain residues. Different strains can produce different chromopeptides (PVDI,
PVDII and PVDII) and, for instance, P. aeruginosa PAO1 is a PVDI producer. Pyoverdines are
responsible for iron uptake and their production is revealed by the peculiar yellow-green coloring of
P. aeruginosa cultures (Schalk and Guillon, 2013). Pyoverdine is mainly internalized by FpvA, the
most expressed TBDT (8000 to 33000 copies per cell) (Bhamidimarri et al., 2021) and FpvB. In
addition to the siderophore internalization, the bond between FpvA and pyoverdine also triggers a
series of signals that causes a cytoplasmic transcription of several products, including pyoverdine
itself (Lamont et al., 2002). FpvB has also recently been shown to be able to transport other
siderophores with greater efficiency than pyoverdine, in this way behaving as more different from
FpvA than previously assumed (Chan and Burrows, 2023).

Moreover, P. aeruginosa produces smaller quantities of pyochelin, a second iron siderophore and
pseudopaline, that is the principal agent in zinc and cobalt ions uptake (Ghssein and Ezzeddine, 2022).
FptA is the porin that enables pyochelin to be internalized (Manzoor et al., 2021). Other substrates
have additional preferential porins, like zinc or nicotianamine that are internalized via ZnuD and
OptC, respectively. In addition, the PhuR and HasR porins are known to be heme transporters.

For over 20 years, TBDTs have attracted increasing attention following the synthesis of B-lactam
conjugates to siderophores, although it was only in 2019 that a compound with these features was
approved for human use (Braun and Braun, 2002; Wang et al., 2024). These antibiotics exploit the
above-mentioned capacity to facilitate the metal ion diffusion via TBDT to help them reach their
periplasmic target(s).

In P. aeruginosa the TBDTs PiuA, PiuB, PiuD and PirA have attracted considerable attention. In fact,
they have been associated with the internalization of cefiderocol and other B-lactam-siderophore
analogues that are still under study (Luscher et al., 2018).

Moreover, mutations in the pird, piuA, piuB, fupB, fecA and fiuA genes have been found in clinical
strains that present an increased MIC for cefiderocol and might contribute to the appearance of a
cefiderocol resistant profile (Sadek et al., 2023).

Hence, the P. aeruginosa TBDTs reservoir is particularly interesting in order to better assess the
interactions that cefiderocol, or other siderophores-conjugated B-lactams, might have with these
porins. Another purpose would be to ascertain the possibility of resistance mediated by the deletion
of one of these porins, as in the case of imipenem resistance induced by an altered synthesis of the

OprD porin.
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Finally, another peculiar TBDT is OprC, one of the first porins to be identified in P. aeruginosa OM
due to its abundance (1000 to 10000 copies per cell). It regulates the copper ion uptake, without the
need of siderophores. It presents in fact a methionine track that leads copper towards a site that can
irreversibly bind the metal (Bhamidimarri et al., 2021). The importance of copper regulation is due
to its toxicity, but also to the capacity that copper gives to bacteria to allow the anaerobic respiration,
thus increasing the persistence during infections and in biofilm growth. Furthermore, OprC seems to
act as a copper accumulator, by ligating it on the extracellular side and proceeding to the TonB
mediated internalization only as a response to internal stimuli (Bhamidimarri ef al., 2021). Due to its
unique features, OprC does not seem to be involved in antibiotic uptake. An OprC isogenic mutant

was indeed shown to not influence antibiotic MICs (Yoneyama et al., 1995).
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1.4 Efflux pumps

In P. aeruginosa an array of mechanisms performs the extrusion of molecules, including antibiotics,
that could be toxic for bacterial survival from the cytoplasm and the periplasm. These include the
ATP-binding cassette (ABC) superfamily, the small multidrug resistance (SMR) family, the major
facilitator superfamily (MFS), the multidrug and toxic compound extrusion (MATE) family, the
proteobacterial antimicrobial compound efflux (PACE) family and the resistance/nodulation/cell

division (RND) family (Figure 9) (Lorusso et al., 2022).
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Figure 9: Schematic representation of the six transporter families that contain MDR efflux pumps (Avakh et
al., 2023).

A complete survey of all the strategies devised by P. aeruginosa to eliminate compounds that
otherwise would be toxic would be arduous, and beyond the scope of this thesis. For this reason, we
will limit our scope to an overview of the six families of transporters, highlighting their involvement
in antibiotic and/or relevant toxic compound extrusion. We will start with the efflux pumps associated
with important biological processes that are likely to be involved in OM permeability. Subsequently,
we will focus on the OM porins belonging to the OprM family. Finally, we will discuss the RND
efflux pumps, their role in intrinsic antibiotic resistance and the consequences that their mutations
might have in increased antibiotic resistance. Moreover, their relevance for a wider global modulation

that includes the porin expression, in particular OprD, will be described.
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1.4.1 ABC transporters

The ABC transporters are ATPases widely distributed in living organisms, including humans. They
evolved to play different biological roles (Wilkens, 2015). Concerning permeability, they mediate a
bidirectional, energy-dependent transport across membranes (Locher, 2009). They are divided into
two separate subgroups, one with an import capacity (found only in prokaryotes), and the other with
export (prokaryotes and eukaryotes) properties. ABC transporters combine a pair of extremely
conserved cytoplasmic components involved in ATP hydrolysis with a pair of transmembrane
domains that facilitate passage of the molecules. Single members of this family may have notably
different organizations (Locher, 2009).

P. aeruginosa possesses several ABC transporters that are involved in the secretion of important
substrates, such as the PvdE and PvdRT-OmpQ systems for pyoverdine extrusion (Yeterian et al.,
2010; Filloux, 2011; Hannauer et al., 2012; Oura et al., 2015). The PvdE ABC transporter actively
exports into the periplasm a non-fluorescent pyoverdine precursor, that will complete its synthesis in
this compartment (Yeterian et al., 2010). The PvdRT-OmpQ tripartite ABC transporter features an
IM component providing the required energy (PvdT), a periplasmic adaptor (PvdR), and a member
of the OprM porins family (OmpQ), all working together to eject periplasmic pyoverdine in multiple
ways. PvdRT-OmpQ throws out the newly synthetized pyoverdine and the one that has already
released its iron cargo into the periplasm but can also eject the periplasmic pyoverdine that has been
chelated with non-iron metal ions (Hannauer et al., 2012). Therefore, PvdE and PvdRT-OmpQ,
together with the FpvA TBDT that allows the entry of the chelated pyoverdine, act in synergy to
assure the iron homeostasis (Yeterian et al., 2010; Schalk and Guillon, 2013; Hannauer et al., 2012).
Within the subgroup of ABC multipartite efflux systems, the Ttg2ABCDE system, together with VacJ
OM protein, has been defined for its homology with the Pseudomonas putida toluene tolerance genes.
In P. aeruginosa, this system has been noted to be active for the extrusion of tetracycline,
ciprofloxacin, trimethoprim, chloramphenicol, and to confer a basal resistance to various other
antibiotics (Chen and Duan, 2016; Yero et al., 2021). Due to its similarity to the E. coli MacAB-TolC
efflux pump, the extrusion function has been thought to be mediated by interactions between Vac]
and a porin homologous to the E. coli TolC. However, the presence of such a component in P.
aeruginosa has not been confirmed yet (Yero et al., 2021).

The second ABC transporter subgroup mediates molecules uptake by means of specific substrate-
binding proteins, released in the periplasm to scavenge their substrates. Once coupled, they head
towards two hydrophobic transmembrane permeases that mediate internalization using the energy

provided by the cytosolic ATP-binding domains (Higgins, 2001). This mechanism enables bacteria
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to enhance their virulence, allowing the internalization of a wide range of amino acids or
oligopeptides. A notable member of this subgroup is NppA1A2BCD, that is involved in the uptake
of peptidyl nucleoside antibiotics, a class of molecules that target MraY translocase I. This leads to
the inhibition of PG synthesis (Pletzer ef al., 2015). To the best of our knowledge, NppA1A2BCD is
not involved in oligopeptides permeation, and its physiological role has not been fully elucidated yet.
A second ABC transporter is SppABCD, co-transcribed with the SppR TBDT. It may be involved in
siderophores uptake, due to the simultaneous upregulation of the pyoverdine biosynthesis as a
response of the spp operon overexpression (Pletzer et al., 2016). The third component of this
subgroup of transporters is the already mentioned DppBCDF transporter, that allows the cytoplasmic
internalization of di- and tri- peptides that have crossed the OM via the OpdP porin, thus enlarging
the metabolic capacities of P. aeruginosa (Pletzer et al., 2014). Interestingly, the features of the ABC
importers make them interesting candidates for the design of specific antibacterial molecules that

could enter via their systems.

1.4.2 Major facilitator superfamily (MFS)

MEFS is a large group of proteins, widely distributed in all domains of life, including bacteria, that,
acting as uniporters, symporters, and antiporters, enable nutrients uptake and the discharge of a broad
spectrum of toxic compounds. Their pivotal structure consists of 12 or 14 transmembrane segments.
In Gram-negative bacteria they might be found also as tripartite complexes that reach the OM and
excrete toxic compounds in the medium (Quistgaard et al., 2016). A noteworthy MFS subgroup is
the Tet efflux pumps group, a broad set of MFSs responsible for tetracycline resistance. They enable
the extrusion of a magnesium-tetracycline complex using the proton gradient across the IM (Chopra
and Roberts, 2001). The Tet group includes TetA, first discovered on a plasmid carried by an E. coli
strain, that confers resistance to tetracycline and is commonly found in Enterobacterales (Levy and
McMurry, 1978). To overcome the resistance mediated by these pumps, tigecycline, a tetracycline
derivative that is not recognized by Tet efflux pumps, has been developed (Chopra, 2002). However,
this class of tetracycline-specific efflux pumps is not present in the P. aeruginosa PAO1 wild type
genome; for this reason, it has been widely used as a selectable antibiotic marker for cloning vectors
(Kovach et al., 1995). The P. aeruginosa PAO1 genome encodes at least two MFSs, formerly known
as Mfs1 (PA1262) and Mfs2 (PA1282) that have been correlated with toxic compound extrusion, but
their activity against antibiotics appears limited. MFSs are induced as a response to oxidative stress,
their deletion does not alter antibiotic susceptibility, although their overexpression causes an

increased resistance to aminoglycosides and fluoroquinolones. It must be noted that this phenomenon
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is best interpreted within the context of a RND efflux pumps overexpression mediated by MFSs
induction, that clearly correlates with the above-mentioned antibiotic resistance profiles
(Dulyayangkul et al., 2021). Interestingly, an acquired MFS encoding gene included in a transposon

was found to mediate chloramphenicol resistance in a P. aeruginosa strain (Bissonnette et al., 1991).

1.4.3 Multidrug and toxic compound extrusion (MATE)

MATE efflux pumps exploit a cations electrochemical gradient for the extrusion of various unrelated
compounds, including antibiotics. They were first described in Vibrio parahaemolyticus and E. coli,
and recently they have been widely found in both prokaryotes and eukaryotes (Brown et al., 1999).
They share a 12-transmembrane helix structure and act as antiporters. The general model implies that
ions (in this case Na* or H") bind to the protein when an open site is exposed to the external side of
the membrane. This interaction causes a temporary rearrangement of the protein structure, that directs
the protein open site to the interior, allowing binding of the toxic substrates and, subsequently, the
outflow of these toxic molecules (Mitchell, 1957). P. aeruginosa expresses the MATE PmpM efflux
pump that can mediate the extrusion into the periplasm of different toxic compounds, including

fluoroquinolones, using H" ions as antiporters (He et al., 2004).

1.4.4 Small multidrug resistance family (SMR)

The SMR is a wide family that includes small transporters, constituted of four transmembrane o-
helices that use the proton motive force to extrude various lipophilic compounds, including -lactams
and aminoglycosides. They are found in both Gram-positive and Gram-negative bacteria, but they
are also frequently isolated on mobile genetic elements which increases their dissemination (Bay e?
al., 2008). In the P. aeruginosa PAO1 genome, two SMRs are encoded. The first one is EmrE
(PA4990), that corresponds to the E. coli ethidium multidrug resistance protein E EmrE. The
homologous P. aeruginosa EmrE associates in dimers or oligomers. It uses H' ions to extrude
antibiotics such as gentamicin, kanamycin, and neomycin (Gottschalk et al., 2004; Wargo, 2013;
Cherak et al., 2021). The second member is SugE (PA1882), a protein on which few studies are
available, that seems to be involved in cationic drug export, as the orthologous SugE in E. coli (Duan

et al.,2003).

43



1.4.5 Proteobacterial antimicrobial compound efflux (PACEs)

PACEs, the last transport family to be described, are constituted of four transmembrane a-helices
that, similarly to SMRs, tend to oligomerize and exploit the proton-motive force as energy source
(Hassan et al., 2019). They were first identified in A. baumannii and have been found in numerous
proteobacteria. The family prototype is A. baumannii Acel, a conserved efflux protein involved in
the extrusion of chlorhexidine, a common antiseptic used in clinics (Hassan et al., 2013; Hassan K.A.
et al., 2018). Their physiological substrates were recently identified as diamines (i.e., cadaverine,
putrescine) a group of compounds that share structural similarities with chlorhexidine. Interestingly,
PACE:s are involved in different biological functions, including the host immune responses and
bacterial virulence (Hassan et al., 2019). The P. aeruginosa PAO1 genome contains PA2880, a
recently identified Acel ortholog that, in spite of some sequence divergences, shares with PACE

efflux pumps the affinity for chlorhexidine but not with cadaverine (Zhao et al., 2022).

1.4.6 Resistance/nodulation/cell division family (RND)

In Gram-negative bacteria, the most important role in the extrusion of toxic compounds is performed
by RNDs. These systems are extremely efficient ways of mediating the efflux through the diderm
protection. They belong to a permease family widely distributed in living organism. In Gram-negative
bacteria, this family has specifically evolved to expel an extremely broad spectrum of antibiotics and
toxic compounds, like detergents, disinfectants, or organic solvents. This feature enables bacteria
producing RND efflux pumps to increase their virulence, facilitating the host colonization (Fernando
and Kumar, 2013).

RND efflux pumps are tripartite protein complexes spanning the IM and OM. They are composed of
an inner membrane protein (IMP), a membrane fusion protein (MFP) and an outer membrane factor
(OMF), generally co-transcribed as an operon. They capture their substrates either from the cytoplasm
or from the periplasmic space, using a proton gradient to canalize them into the OM porin, allowing
their release into the external medium (Piddock, 2006). This feature enables them to also confer
resistance to B-lactams, that accumulate in the periplasm. Their expression has been related to a
diminished capacity to form biofilms, although the presence of antibiotics in biofilms leads to an
increased expression of RND efflux pumps (Fernando and Kumar, 2013; Gillis ef al., 2005). Based
on their substrate specificity, Gram-negative RND efflux pumps involved in toxic compounds
extrusion can be classified into two subgroups: the heavy metal efflux (HME) and the multidrug

hydrophobe/amphiphile efflux 1 (HAE1) (Nikaido, 2018). Interestingly, their activity is inhibited by
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specific compounds that can restore antibiotic efficacy (Compagne et al., 2023). The first of such
molecules to be discovered was the phenylalanine-arginine -naphthylamide (PABN) (Lomovskaya
etal.,2001). PABN acts by binding to the RND efflux pumps in a competitive manner, thus inhibiting
their action against certain substrates. Successive studies revealed that PABN can interfere with the
OM stability, thus enhancing antibiotic potency in a double way (Lamers et al., 2013). Despite initial
great expectations, none of the different molecules identified as inhibitors of the efflux pumps have
entered clinical trials, due to their toxicity or limited in vivo activity (Compagne et al., 2023).

The prototype of this family is the E. coli AcrA-AcrB-TolC system, homologous to P. aeruginosa
MexA-MexB-OprM one; both efflux pumps have been the objects of numerous studies. Given their
prominence in the literature, we will now proceed to describe their general structures that can be

roughly extended to all RND efflux pump family members.

1.4.6.1 Inner membrane proteins (IMPs)

The IMPs (i.e., MexB) belong to the proper RND superfamily, that includes the entire class of efflux
transporters. Starting from the AcrB solved X-ray structure, we know that they consist of symmetrical
homotrimers, forming a complex transmembrane structure where each monomer contains three
domains (Murakami et al., 2002; Murakami et al., 2006; Sennhauser ef al., 2009):
a) A 12 a-helix transmembrane domain presenting a cytoplasmic drug-binding pocket, called the
vestibule, situated above the inner membrane, and used by the most hydrophobic substrates.
It also contains the machinery that confers energy from the proton-motive force.
b) A pore domain, consisting of a funnel-like structure of each monomer, that has been assumed
to perform the capture of less hydrophobic substrates from a periplasmic cleft.
c) A large docking domain that enables the connection to the OMF, that might also act as an
entry point for the substrates.
The three different substrate pockets enable the capture of molecules with different physio-chemical
properties, and subsequently the RNDs undergo conformational changes that allow the outward

addressing of the compounds.

1.4.6.2 Membrane fusion proteins (MFPs)

The MFPs, such as the E. coli AcrA or the P. aeruginosa MexA, are anchored in the IM, and extend
into the periplasm, laterally binding the IM and the OMF (Akama et al., 2004b). They have an active

role in the assembly of the system, and they are an essential element in the functioning of RNDs (Kim
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et al., 2015). The role of MFPs in periplasmic B-lactams capture and transfer into the OMF lumen
still remains to be fully elucidated (Catte et al., 2022).

1.4.6.3 Outer membrane factors (OMFs)

The OMFs are porins that belong to a specific class, the OprM family, and associate into homotrimers.
Their structures comprise two domains (Akama et al., 2004a):

a) A conserved OM region, composed of a 12-stranded B-barrel anchored in the OM, with a pore

size of approximatively 6-8 A.
b) A periplasmic extension consisting of a conserved 12 a-helix domain and other structures that
interact with the other RND components.

Interestingly, OprM is able to adopt a closed state before the complete assembly of the tripartite efflux
pump. That avoids the formation of a hole allowing the entry of external molecules (Phan et al.,
2010). The P. aeruginosa OprM family includes 18 members, but only eight of them are components
of RND efflux pumps (Stover et al., 2000; Hancock and Brinkman, 2002; Yonehara et al., 2016). The
active components are: OprM (PA0427), OprJ (PA4597), OprN (PA2495), OpmB (PA2525), OpmD
(PA4208), OpmE (PA3521), OpmH (PA4974) and OpmN (PA2522), also known as CzcC.
In addition, we should mention OpmQ (PA2391), OpmL (PA1875), OpmM (PA3404 also known as
HasF), AprF (PA1248), OpmK (PA4144) and OpmF (PA4592). These appear to be the OM elements
of various ABC transport systems, since they are included in operons encoding the other efflux pump
components (Filloux, 2011; Hannauer et al., 2012; Oura et al., 2015; Poudyal et al., 2018; Al-
Thabhawee and Al-Dahmoshi, 2022). On the contrary, opml (PA3894) does not seem to be included
in any operon encoding an ABC transporter, but the gene is adjacent to the opuCABCD operon, that
encodes the ABC-type proline/glycine betaine transport system. This evidence leads us to assume
that Opml might be the associated OM porin. However, Hancock and collaborators have shown that
opml disruption is associated with an aminoglycoside decreased MIC, without reference to any
connection to an ABC transporter (Jo et al., 2003). Except for OpmQ), the other porins are components
of hypothetical or poorly characterized ABC transporters, on which scant information is available in
the literature.
Finally, OpmG (PA5158) OpmJ (PA1238) and OpmA (PA2837) belong to operons encoding
tripartite MFS efflux systems, whose functions and structures have not been clearly explained up to
now (Heacock-Kang et al., 2018). Further studies are required to shed light on these porins that are
produced by P. aeruginosa and that might have a more important role in antibiotic transport than

assumed in past studies.
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1.4.6.4 P. aeruginosa RNDs

To date, twelve different RND systems have been annotated in the P. aeruginosa PAO1 genome,
eleven ones belonging to the HAEI subgroup and one (CzcABC) to the HME subgroup (Stover ef
al., 2000). Beside CzcABC, the other systems have been described to play some role in antibiotic
resistance or toxic compound extrusion, thus contributing to the intrinsic resistance of the bacterium
(Lorusso et al., 2022). As further evidence of this, a knockout strain lacking the six most highly
expressed efflux pumps showed a marked decrease in the MICs for various classes of antibiotics,
including B-lactams (Cooper ef al., 2018). In P. aeruginosa all the HAEI efflux pump components
IMPs, MFPs and their regulators were named with the acronym Mex, standing for multiple efflux,
followed by a letter. They are defined by the precise association between an RND, an MFP and an
OMF, giving rise for example to MexA-MexB-OprM or MexC-MexD-OprJ (Figure 10). However,
in the case of an OMF deletion, an interchangeability feature allows, for example, MexAB to
associate also with OprJ or MexCD to yield a functional complex with OprM (Yoneyama et al.,

1998). Different RND efflux pumps are resumed in Table 2.

outer
membrane

periplasm

inner
membrane

Figure 10: Schematic structures of the four main RND efflux pumps involved in P. aeruginosa antibiotic
resistance (Lorusso et al., 2022).
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Main substrates

Regulators

Name
Aminoglycosides, fluoroquinolones, macrolides, MexR, NalD, BrlIR, CpxR,
MexAB-OprM tetracyclines, tigecycline, B-lactams (with the exception RocS1/2-A2, AmpR,
of imipenem), detergents, biocides. PA3225, MexT.
Fluoroquinolones, tetracyclines, tigecycline, some
MexCD-OprJ cephalosporins (i.e. cefepime, ceftriaxone but not NfxB, EsrC.
ceftazidime), toxic compounds.
MexXY-OprM Aminogl i fl inol li
exXY-Opr minog ycos?des, uoroquinolones, macro ides, MexZ, No, ParRS.
(or -OprA) tetracyclines and some cephalosporins.
MexEF-OprN Fluoroquinolones, chloramphlenicol, and trimethoprim MexT, MexS, AmpR, ParRS.
(no B-lactams), toxic compounds.
exJK-OprM .Er.ythrorlecm MexL.
(or -OpmH) Biocide (triclosan).
MexGHI-OpmD Phenazine, Fluoroquinolone (norfloxacin). -
MexMN-OprM Chloramphen1c91, SOFH? B-lactams (i.e., carbenicillin, MmnRS.
ticarcillin, aztreonam).
MexPQ-OpmE Fluoroquinolones, macrolides, and tetracycline. CueR.
MexVW-OprM fluoroquinolones, tetracycline, erythromycin, and i

chloramphenicol.

MuxABC-OpmB

Novobiocin, macrolides, tetracycline, aztreonam.

TriABC-OpmH

Biocide (triclosan).

CzcCBA

Heavy metal efflux.

CzcRS, CopRS.

Table 2: List of RND efflux pumps described throughout this chapter; main substrates extruded and
the main regulators systems are reported. Noteworthy only CZCCBA is an HME, while other efflux
pumps belong to the HAE1 subgroup. The different substrate specificity of MexJK due to the

association with OprM or OpmH is reported.
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1.4.6.4.1 MexA-MexB-OprM

MexA-MexB-OprM, an E. coli AcrA-AcrB-TolC orthologous, was the first efflux pump of this group
to be described in P. aeruginosa. It has a physiological role for pyoverdine release into the external
medium, but its antibiotic removal capacity has also been rapidly noted (Li et al., 1995). It is the
major efflux pump expressed by P. aeruginosa, and it enables the extrusion of non-antibiotic
substrates such as detergents or biocides such as triclosan. Concerning the extrusion of antibiotics,
aminoglycosides, fluoroquinolones, macrolides, tetracyclines, tigecycline and all the B-lactams
subfamilies including B-lactamase inhibitors, are substrates of the MexAB-OprM extrusion system.
This feature confers to P. aeruginosa an intrinsic profile of low susceptibility or resistance to many
of these drugs (Lorusso et al., 2022; Kohler T. et al., 1999a; Dreier and Ruggerone, 2015). Notably,
a strain deprived of the four major efflux pumps (MexAB-OprM, MexCD-OprJ, MexEF-OprN, and
MexXY-OprM) exhibits a phenotype with a restored susceptibility to different antibiotic classes. In
the same study, it was observed that a mutant expressing only MexAB-OprM among the major RNDs,
showed an antibiotic resistance profile quite similar to that of the wild-type strain (Morita ef al.,
2001). However, the only exception to the broad-spectrum antibiotic resistance is imipenem, that is
poorly captured by MexAB-OprM. A computer simulation study highlighted that this was due to the
hydrophilic imipenem side chain that prevents a good affinity to the MexB binding pockets. On the
contrary, meropenem, that is efficiently expelled contains hydrophobic groups that ensure better
interactions with MexB (Collu et al., 2012). MexAB-OprM is constitutively synthetized, although
differences have been observed according to the growth-phase. In particular, its expression is
increased in the late exponential/early stationary phases of bacterial growth, suggesting a participation
in the quorum-sensing regulation (Evans and Poole, 1999). The modulation is mediated by a wide
number of regulators. One of these is the repressor MexR, that acts by binding to a specific site in the
mexA-mexR intergenic region as a response to external stress factors such as reactive oxygen species.
The transcriptional start site of another operon is regulated by the NalD repressor that, together with
MexR, is responsible for MexAB-OprM inactivation (Sobel et al., 2005b; Morita et al., 2000).
Moreover, the activation of MexAB-OprM can be induced by different activators, including the
biofilm-correlated BrIR transcriptional regulator and the multifaceted regulator CpxR (Liao ef al.,
2013; Tian et al., 2016). Other regulators that contribute to the expression have been identified in the
two-component system RocS1/2-A2 (Sivaneson ef al., 2011), AmpR (Balasubramanian et al., 2012),
PA3225 (Hall et al., 2017) and in the global regulator MexT (Maseda et al., 2004).
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1.4.6.4.2 MexC-MexD-OprJ

MexC-MexD-OprJ efflux pump can be induced as a consequence of the lack of MexAB-OprM, and
it does not appear to directly respond to the presence of antibiotics (Li ef al., 2000; Morita et al.,
2001). Concerning antibiotic resistance, it enables the extrusion of fluoroquinolones, tetracyclines,
tigecycline and zwitterionic cephalosporins as does MexAB-OprM. However, MexCD-OprJ, in
contrast to MexAB-OprM, is unable to extrude carbenicillin, ceftazidime, and moxalactam (Masuda
et al., 2000; Morita et al., 2012). In contrast, MexCD-Opr] appears to export fourth-generation
cephalosporins (i.e., cefepime) with a better affinity than MexAB-OprM (Masuda et al., 2000).
Moreover, MexCD-OprJ exhibits a selectivity for toxic compounds, such as triclosan. MexCD-OprJ
negative regulation is caused by the NfxB repressor, that constantly binds the promoter region
upstream the mexCD-oprJ operon, thus blocking its transcription. External stimuli, such as the
presence of disinfectants (for instance chlorhexidine) that alter the membrane integrity, can cause the
detachment of NfxB, resulting in expression of the efflux pump, in order to extrude the toxic
compounds (Morita et al., 2003). A complementary repressor is EsrC, that is involved in the envelope
stress response and acts similarly to NfxB. Together with the mexCD-oprJ operon, esrC is regulated
by NfxB, thus providing a second repressor that comes into play only when NfxB is no longer active,

to avoid an excessive MexCD-Opr]J expression (Purssell et al., 2015).

1.4.6.4.3 MexX-MexY/OprM

MexX-MexY/OprM is the second constitutive efflux pump expressed by P. aeruginosa. It
specifically recognizes aminoglycosides, to which it represents one the most important resistance
determinants (Morita et al., 2012). Indeed, a mutant strain with an inactivating insertion into mexX
was shown to exhibit an aminoglycoside susceptibility phenotype (Aires et al., 1999). In addition, it
can also expel fluoroquinolones, macrolides, tetracyclines and zwitterionic cephalosporins. It has a
narrower B-lactam spectrum than MexCD-Opt], since it is not able to accommodate aztreonam, even
if it has a moderate activity on cefepime (Morita et al., 2012). The system is encoded by an operon
lacking a specific OMP and, for this reason, it has been assumed to be generally associated with
OprM, although complexes with OMPs OprA, OpmB, OpmG, OpmH, and Opml have been described
(Chuanchuen et al., 2008). Interestingly, when MexXY is paired with OprA, the efflux pump turns
out to be more efficient for the extrusion of antibiotics and its activity spectrum is extended to
carbenicillin (Singh et al., 2020). Besides its constitutive expression, the presence of antibiotics

targeting the ribosome can induce the MexXY expression that is thus the only efflux pump that
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responds to aminoglycosides presence. The regulator MexZ performs a transcriptional repression by
ligating to the specific promoter region; its release leads to transcription, as a response to the presence
of ribosome-targeting agents (Morita et al., 2012). Additionally, the functioning of MexZ depends on
a second regulator, also responding to the protein synthesis perturbation, mediated by the presence of
aminoglycoside antibiotics. This is the anti-repressor ArmR that operates by destabilizing the MexZ
bound to the promoter region, thus inducing the mexXY transcription (Cao et al., 2004; Yamamoto et
al., 2009). Among the other regulators that can influence MexXY expression, we report the two-
component signal transduction system ParR-ParS, consisting of an IM transmembrane histidine
kinase sensor (ParS) and a cytoplasmic signal transducer (ParR). This system was first described as
being involved in LPS modification conferring resistance to polymyxins. Successively, it was
demonstrated that the ParRS activation in response to LPS stress is also involved in MexXY

upregulation and, in addition, in OprD downregulation (Muller et al., 2011).

1.4.6.4.4 MexE-MexF-OprN

MexE-MexF-OprN is another quiescent efflux pump that is regulated by the MexT repressor. When
expressed, it is involved in the extrusion of fluoroquinolones, chloramphenicol, and trimethoprim but,
in contrast to the above-mentioned systems, it does not recognize -lactams as substrates. Moreover,
it can also mediate the extrusion of toxic compounds, like triclosan. Transcription of MexEF-OprN
is activated by the binding of the global regulator MexT in the promoter region, that turns out to be
nonfunctional in wild-type strains. Interestingly, mutations in mex7 that restore its activity, lead to
the nfxC phenotype (Maseda et al., 2000). These mutants overproduce MexEF-OprN which thus
reduces the susceptibility to the target antibiotics and also exhibit a decreased expression of both
MexAB-OprM efflux pump and porin OprD. In consequence this increases their resistance to
imipenem (Maseda et al., 2000; Kohler T. et al., 1999b; Ochs et al., 1999a; Sobel et al., 2005a). A
similar result can also be due to mutations in the oxidoreductase mexS, a mexT negative regulator,
and this mechanism appears to be the most frequently found in nfxC phenotypes (Uwate et al., 2013;
Maseda et al., 2010). Various other regulators have been proposed to have an impact on MexEF-
OprN expression. Among them, let us mention the MexEF-OprN downregulation driven by the global
regulator AmpR (Balasubramanian et al., 2012), and its overexpression mediated by ParR, through
the MexS-MexT pathway (Wang et al., 2013). This finding adds a further element to the role of ParRS

in antibiotic resistance, in addition to those mentioned above concerning MexXY regulation.
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1.4.6.4.5Other RND efflux pump systems

The other RND efflux pump systems produced by P. aeruginosa are poorly expressed and have a
minimal role in antibiotic resistance. They allow the extrusion of different chemotherapeutic
substrates, with a marginal impact on B-lactams. We therefore provide a brief list of these systems,
focusing on their relevant characteristics.

Similarly to MexXY, MexJ-MexK/OprM is encoded by an operon that lacks a specific OMF and is
usually associated with OprM (Chuanchuen et al., 2002). Nevertheless, an association with OpmH
has been reported and the replacement of one OMF by another modifies the substrate specificity
(Chuanchuen et al., 2005). The presence of OprM allows the systems to extrude some antibiotics,
such as erythromycin, while the association with OpmH makes it efficient in the extrusion of
triclosan, a biocide for which MexJK turns out to be the specific elimination pathway (Chuanchuen
et al.,2002). The operon mexJK is negatively regulated by a TetR repressor, also known as MexL, in
a way completely similar to the RNDs described above (Chuanchuen et al., 2002).
MexG-MexH-MexI-OpmD is responsible for the extrusion of phenazine, an endogenous antibiotic
that is an intermediate in the synthesis of pyocyanin (Aendekerk et al., 2002; Sakhtah et al., 2016). It
is encoded by a specific operon and, notably, it requires an additional MFP (MexG) whose
functionality has not been fully elucidated yet. MexGHI-OpmD is expressed in response to the
increasing concentration of cytoplasmic phenazine. In this way, the resulting system avoids excessive
intracellular accumulation of this compound that might become toxic for the bacterium (Sakhtah et
al., 2016). Concerning antibiotic resistance, MexGHI-OpmD was shown to facilitate the
detoxification of the fluoroquinolone antibiotic norfloxacin, due to a decrease in the MIC value
observed for a strain lacking this pump (Sekiya et al., 2003).

MexM-MexN/OprM is encoded by a further operon (mexMN) lacking the specific OMF, and for this
reason it is generally associated to the highly expressed OprM (Mima ef al., 2005). Notably, the pump
presents some selectivity for antibiotics such as chloramphenicol and some -lactams (i.e.,
carbenicillin, ticarcillin and aztreonam), without causing a marked resistance phenotype (Mima et al.,
2005; Ranjitkar et al., 2019). MexMN expression is mediated by MmnRS, a two-component
regulatory system with an uncertain function, but probably involved in the response to copper stress.
In particular, a MexMN-OprM upregulation was highlighted in a strain where the major MexAB-
OprM was blocked, thus compensating the loss of function (Ranjitkar et al., 2019). The same MmnRS
regulator was also implicated in OprD downregulation, and its activation, in fact, caused increased

carbapenems MICs (Ranjitkar et al., 2019). Notably, the MexMN nomenclature refers to an efflux
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pump produced in the P. aeruginosa PAK strain, while the system in the annotated P. aeruginosa
PAOI1 is known as PA1435-PA1436 (Liu et al., 2022).

The MexP-MexQ-OpmE efflux pump presents a selectivity for fluoroquinolones, macrolides, and
tetracycline (Mima et al., 2005). Little information is available on this efflux pump, except that its
regulation is mediated by the copper regulator CueR. However, MexPQ involvement in copper
extrusion, as first assumed, is to be excluded (Mima et al., 2005).

MexV-MexW/OprM is a poorly studied RND that enables the extrusion of a wide set of antibiotics
like fluoroquinolones, tetracycline, erythromycin, and chloramphenicol, although no evidence of
clinical multi-resistance has been found. Due to the lack of a co-transcribed OMF, it is most likely
associated with OprM (Li et al., 2003).

MuxA-MuxB-MuxC-OpmB is a quadripartite system, and all its components are encoded by the
same operon (Mima et al., 2009). MuxABC-OpmB shares a homology with the E. coli MdtABC
efflux pump and other similar systems produced by different Enterobacterales (Nagakubo et al.,
2002). All these systems include two IMPs (MuxB and MuxC in P. aeruginosa), both essential for
their functionality (Mima et al., 2009). MuxABC-OpmB extrusion is mainly directed against
novobiocin, an antibiotic that acts against the DNA gyrase, contributing to the P. aeruginosa intrinsic
resistance to this drug. It also allows the ejection of other antibiotics such as macrolides, tetracycline
and aztreonam (Mima et al., 2009).

The TriA-TriB-TriC-OpmH efflux pump was identified as specific for the extrusion of the biocide
triclosan. Remarkably, it is a quadripartite system, the only one composed of two MFPs (TriA and
TriB), both necessary for the functioning of the pump and co-transcribed with the IMP TriC in an
operon. The gene encoding OpmH is somewhat distant from the #7i4BC operon (Mima et al., 2007).
The regulation of the operon has not been fully clarified. The presence of a repressor, like many
RNDs, is understandable, but the involvement of two regulators adjacent to #7iABC operon was
excluded (Mima et al., 2007). The TriABC-OpmH was reported to be strongly expressed when a
mutant deprived of the other systems responsible for triclosan clearance (MexAB-OprM, MexCD-
OprJ, MexEF-OprN, and MexJK-OpmH) was exposed to this biocide (Mima et al., 2007). In the
literature this efflux pump has not been described to expel any antibiotic.

Finally, the RND family includes CzecCBA, the only HME efflux pump known to be produced by P.
aeruginosa, that is not apparently involved in the extrusion of antibiotics or toxic compounds. It is
one of the systems responsible for the regulation of zinc, cadmium, or cobalt, allowing the metal
extrusion from the cytoplasm or the periplasm to the extracellular medium, when their concentrations

reach an excessive level. Remarkably, CzcA is the IMP component, CzcG the MFP and CzcC, also
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known as OpmN represents the OMF and they assemble in a way similar to that of the HAEI efflux
pumps (Ducret et al., 2020).

Although this pump does not promote the extrusion of any antibiotic, its expression is closely related
to carbapenems resistance, due to the concomitant action that their regulators have on OprD
expression. In particular, CzcCBA expression is controlled by the two-component system CzcR-
CzcS, a cytoplasmic signal transducer and an inner transmembrane sensor, respectively. CzcS can
detect the increased periplasmic zinc concentration, thus activating CzcR. The CzcR activation,
together with the chaperone Hfq, allows CzcR to bind on the oprD promoter, causing the porin’s
downregulation (Perron et al., 2004; Ducret et al., 2016). Like CzcRS, the periplasmic copper
accumulation activates the two-component system CopR-CopS. Once activated after copper detection
by CopS, CopR promotes the synthesis of CzcCBA. Moreover, CopR and Hfq interact to target the
oprD promoter, thus repressing oprD transcription (Caille et al., 2007; Ducret et al., 2016). Both
systems are therefore involved in switching the bacterium to a ““state of emergency”, as a response to
metal accumulation stress. This is achieved by enhancing the main metal extrusion system and, at the
same time, by repressing one of the most expressed porins involved in the uptake of various

substrates.
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1.5 p-lactam antibiotics

In 1928 Alexander Fleming observed that the mold Penicillium notatum (later known as Penicillium
chrysogenum) that had contaminated a S. aureus culture produced a compound causing the bacterial
lysis; in this way he discovered the molecule progenitor of the -lactam family and named penicillin,
but he did not directly propose a clinical use (Fleming, 1929).

It was in fact only in 1940 that the therapeutic properties of penicillin were studied in a clinical trial
and the compound was massively used for the treatment of infected war wounds in the US army
after 1943.

We do not know how much this discovery has influenced the fate of the II World War, but we can
certainly affirm that penicillin represented one of the first “bullet” used to successfully fight bacterial
infections.

It was only in 1945 that the chemical structure of penicillin was solved by X-ray crystallography
(Figure 11) and the characteristic -lactam ring was firstly described (Crowfoot et al., 1949).

The B-lactam family presently represents 60 % of the antibiotics used worldwide and, despite the

emergence of several resistance mechanisms, remains generally effective for antibacterial treatment

(Oztiirk et al., 2015).

1.5.1 Mechanism of action

Despite its massive clinical use, the exact mechanism of B-lactam action remained unclear for
several decades.

It was only in 1965 that it was first hypothesized that, thanks to the steric similarity between the D-
ala-D-ala dipeptide and penicillins, this class of antibiotics might act as a suicide inhibitor of the
specific DD-carboxypeptidase-transpeptidase (Tipper and Strominger, 1965); the study of the
acylation of a serine residue in the Streptomyces R61 DD-peptidase that confirmed the assumed
penicillin mechanism of action is worth mentioning (Frére et al., 1976).

On this basis, it was confirmed that penicillin interferes with the formation of cross links, the last
step of PG synthesis, and compromises the structural integrity of the bacterial cell wall.

In broader terms, for this reason all DD-peptidases have been described as PBPs due to their property
of being acylated by penicillin.
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1.5.2 B-lactam classification

Despite the initial lack of information about its exact mechanism of action, after penicillin
introduction, different studies identified other natural compounds, derived from molds (i.e.,
cephalosporins) or bacteria (i.e., nocardicine, monobactams and carbapenems) or chemically
modified other molecules (Abraham et al., 1953; Hashimoto et al., 1976; Sykes et al., 1981; Kahan
etal., 1979).

B-lactam antibiotics are characterized by the presence of the 4-atom B-lactam ring, containing an
amide bond and this class of bactericidal molecules can be subdivided into 4 families and 13 sub-
families distinguished by different spectra of action and different capacities to circumvent the
resistance mechanisms evolved by bacteria. The structures of different compounds belonging to the

B-lactam subfamilies that will be discussed within this chapter is reported in Figure 11.

56



Name R, R, Name R, R, Ry

1st generation 1st generation A s
Penicillin G —H QHYC— Cefaloridine - —H /Q
0, S
P
QO*CHr Cefalotin Y —H /Q

2nd generation OCH, 2nd generation Hac‘O\N

O _NH,
Methicillin —H Cefuroxime > —H M
o o
CH;,
. CHs
3rd generation o
0. _CH; N
Oxacillin —H Cefotaxime ~ Y —H N
7\ [e] HzN\(/
o /
S OH

Penicillin V —H

. p— NH. O~
o R, Aminopenicillin . 2 R N Re s @ o ot
R - —] S L + —H

R2—6—HN S s oy Ampicillin @/k \E Ceftazidime ~ Ny i N N‘

H\Q:CHB_ NH, 7R e

s
d O, Amoxicillin = Q/k o
HO 4th generation CHs

Penicillins Cephal i o
Carboxypenicillin H ephalosporins

C— ) “H N
Carbenicillin —H ©/ g%o Cofepime '\D H,N__N ‘
4
" \(J/\
. NH;
5th generation
Ticarcillin —H /D) }O if o] o
HN:
27 Ceftolozane N/\g\ o —H NN '7’0
y NH, 2
Temocillin —OCH; Y Yo ST h¢ VK
\

Me

i OH
Ureid icilli Siderophore he O
reidopenicillin L

pemet @ o ¢l e

7 Q OH —H o CHs
- z Cefiderocol — ;
Piperacillin —H \/’\g/\z J{N/\) iderocol ~_- \/\u)klé[ N‘
H
OH HyN
4 o 2 \gf\

Name R, R, Name Structure
H o NH o) OH
Imipenem —H N‘( Clavulanic acid J N
—S H o ~
y o 07> OH
N o_0
Meropenem —CHj, N~ b
! Sulbactam N\)/
—S O ", -
COzH 3
: 07 0H
o} O\S’O
B . °s” N
Ertapenem —CHj, N — NN
Tazobactam Nf \__/
NH c//L L
Carbapenems - " o B 07> 0H
N w° inhibitors | o
. . N-S~
Doripenem —CH; ;j/\H NH, HN )\,
—S Avibactam Q
/=N
. N2 N
Biapenem —CH; L/N o 0S05
— - J
Relebactam HON* HI -
Name R, R, 2 N
- ) J—N

Ry, X N so
/Q\I )\ C*C*HN\ o -
N - Aztreonam —SOsH  H,N SE

N H
1 s N
o} R Q Vaborbactam o
! C~cH UL
Monobactam HyC o; 3 Ho o0 o

Figure 11: Structures of different B-lactam subfamilies listed in the text; B-lactamase inhibitors
structures are also reported (adapted from Bush et al., 2016).
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1.5.2.1 Penicillins

Penicillin was the first compound to be isolated, but the same term may also refer to a B-lactam
family, that includes the penicillin G, also known as benzylpenicillin, very similar to the compound
discovered by Fleming.

All these molecules are characterized by the presence of a penam, a bicyclic system containing a f3-
lactam moiety attached to a thiazoline ring (a five-membered ring containing a sulfur atom). These
molecules differ by their specific R substituents.

This is a very wide family of compounds, exhibiting different activities, antimicrobial spectra,
stability and susceptibility to inactivating enzymes (B-lactamases).

The B-lactam family can be further divided into 6 subfamilies:

L. First generation (or natural) penicillins (i.e., penicillin G, penicillin V), that include compounds

derived from P. chrysogenum and active only against non-B-lactamase producing Gram-positive
cocci, including group A streptococci, such as viridans streptococci and S. pneumoniae.

These penicillins are also generally active against non-penicillinase producing Staphylococcus spp.,
but their use is no longer recommended, due to the high likelihood of emerging resistance profiles.
Benzylpenicillin is the only compound belonging to this subfamily that is still used clinically as a

valid option to treat life-threatening infections.

I1. Second generation penicillins (i.e., methicillin, oxacillin), which have been synthesized from the
backbone of mold-produced antibiotics by substituting side chains to confer resistance to some [3-
lactamases, even though this modification led to decreased efficiency of the compounds.
Methicillin was introduced for clinical uses in 1959 but as soon as 1961 S. aureus resistant strains
were reported (Jevons, 1961). The resistance is mediated by the synthesis of an alternative PBP
target, named PBP2a that is encoded by the mecA gene.

This gene is carried on mobile genetic elements, thus facilitating the spread of this resistance.
Strains producing the alternative PBP target are defined as methicillin resistant S. aureus (MRSA)
and are characterized by resistance to different B-lactam subclasses. Oxacillin, due to its higher

stability compared to methicillin, is currently used to screen MRSA strains (Chambers, 1997).

ITI. Aminopenicillins (i.e., ampicillin, amoxicillin) were synthesized with the addition of a positively
charged amino group, helping the translocation through bacterial porins (Danelon ef al., 2006). This
feature made it also adequate for oral administration (no hydrolysis under acidic conditions) and
extended their use against different Gram-negative bacteria including E. coli but not P. aeruginosa.

These compounds, however, are quite sensitive to -lactamases and, for this reason, are nowadays
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usually prescribed in association with f-lactamase inhibitors, such as clavulanate or sulbactams, that
are essential for therapeutic efficiency (Geddes et al., 2007).

IV. Carboxypenicillins (i.e., carbenicillin, ticarcillin, temocillin), which are characterized by the

presence of a carboxylic acid or a carboxylic acid ester group in their variable side chain; this feature
enlarged their activity spectrum against P. aeruginosa or Proteus spp., but the compounds remained
sensitive to P-lactamases. For this reason, their administrations in association with B-lactamase
inhibitors is recommended.

Importantly, temocillin, a methoxy-derivative of ticarcillin, is characterized by its stability to AmpC
and different Extended-Spectrum B-Lactamases (ESBLs), including TEM, SHV, and CTX-M
(Glupczynski et al., 2007).

However, temocillin is inactive against Gram-positive and P. aeruginosa, in contrast with the other
members of this subgroup. After a first phase when its use was limited due to its narrow activity
spectrum, this antibiotic has been reconsidered as a valid therapeutic option for some resistant
Enterobacterales (Livermore and Tulkens, 2009).

In the case of P. aeruginosa, its intrinsic resistance has been correlated with efflux pump expression,
or in a broader term with OM permeation, but the point is still debated.

A recent study has remarkably revealed that P. aeruginosa strains, isolated from CF patients and
carrying mutations in the MexAB-OprM machinery, exhibited a restored susceptibility to temocillin
(Buyck et al., 2012; Chalhoub et al., 2017).

V. Ureidopenicillins (i.e., mezlocillin, piperacillin) differ from penicillins by the substitution of the

amino acid side chain with a variety of cyclic ureas, conferring a broad activity spectrum against
Gram-positive and Gram-negative bacteria, including P. aeruginosa, and a favorable
pharmacokinetic profile.

They are characterized by a better penetration through the bacterial cell wall, and a higher affinity
for the PBPs but, as other penicillins subclasses, they are susceptible to f-lactamase inactivation.
For this reason, piperacillin, a specific ureidopenicillin, is commonly administered in association

with the B-lactamase inhibitor tazobactam.

1.5.2.2 Cephalosporins

The discovery of the cephalosporins was similar to that of penicillins and resulted from an
environmental monitoring. In the 1940s, the Italian scientist Giuseppe Brotzu observed a decreased

incidence of salmonellosis in Cagliari’s port wastewater, compared to other similar environments.
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He hypothesized the presence of some bactericidal agent, isolated a Cephalosporium acremonium
strain and managed to produce an antibacterial extract, called “mycetin”.

The subsequent identification of cephalosporin C from this extract was achieved in 1953 (Abraham
et al., 1953) and this molecule is considered as the progenitor of a wide number of antibiotic
compounds.

Cephalosporins share the same structure of a six-membered dihydrothiazine ring, bound to the p-
lactam ring yielding the cephems nucleus. This wide group of compounds is characterized by a
moderate activity against penicillin-resistant strains.

Based on their discovery, they are traditionally divided into at least five different generations,
according also to their properties and antibacterial activities.

First-generation cephalosporins (i.e., cefalotin, cefaloridine) are very active against Gram-positive

cocci except for Enterococcus spp., methicillin-resistant staphylococci or Listeria spp. but can also
be efficient against some Gram-negative, including E. coli, K. pneumoniae and Proteus spp..

Second-generation cephalosporins (i.e., cefuroxime, cefaclor) possess a similar spectrum of action

to that of the first-generation cephalosporins, although less active against Gram-positive bacteria,
but they can also be used to treat infections caused by Haemophilus influenzae and Klebsiella
aerogenes. In particular, cefuroxime is widely used to successfully treat urinary and respiratory tract
infections (Perry and Brogden, 1996).

Traditionally, due to their clinical properties, the cephamycin compounds cefoxitin and cefotetan
are included in this subgroup.

Third-generation cephalosporins (i.e., cefotaxime, ceftriaxone, ceftazidime) have a weaker activity

against Gram-positive bacteria but, with the exception of ceftazidime, can be successfully used
against staphylococcal infections; their main property is a higher activity in cases of infections due
to Gram-negative bacteria.

Moreover, they are able to cross the blood-brain barrier and are effective against central nervous
system infections or sepsis caused by Gram-negative bacteria.

Of particular interest is ceftazidime, an efficient therapeutic option to treat infections due to
Enterobacterales and P. aeruginosa.

However, the expression of ESBLs or AmpC [-lactamases has compromised its efficacy,
subsequently restored by the co-administration of avibactam, a non-f-lactam B-lactamase inactivator
(van Duin and Bonomo, 2016).

Fourth-generation cephalosporins (i.e., cefepime, cefpirome), due to their zwitterionic nature,

possess a higher capacity to cross the Gram-negative OM and are characterized by their resistance

to B-lactamases that can hydrolyze third-generation cephalosporins.
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For instance, cefepime possesses a quaternary ammonium group that facilitates translocation across
the Gram-negative OM. It has a broad antibacterial activity spectrum, and its antipseudomonal
properties are similar to those of ceftazidime (Kessler, 2001).

Fifth-generation cephalosporins (i.e., ceftaroline, ceftolozane, ceftobiprole) have been designed to

treat particularly drug-resistant strains. For example, ceftobiprole is active against MRSA, while
ceftolozane, in combination with the B-lactamase inhibitor tazobactam, is used for complicated
urinary tract infections caused by B-lactamases producing Gram-negative bacteria (van Duin and
Bonomo, 2016).

Siderophore cephalosporin. The traditional cephalosporins classification by generation does not fit

all recently approved compounds. Notably, cefiderocol is the first siderophore cephalosporin,
approved in Europe in 2020, that exploits the properties of the chlorocatechol group linked to the C-
3 side chain (Sato et al., 2019). This structure allows the uptake of the compound by the siderophore
transport systems of Gram-negative bacteria and confers resistance to P-lactamase hydrolysis,
including different carbapenemases.

The permeation via active iron transporters, which has so far remained untapped, has made
siderophores a Trojan horse against pathogens that are currently resistant to almost all available

compounds (Rayner et al., 2023).

1.5.2.3 Monobactams

This group possesses a peculiar B-lactam structure, defined by a monocyclic ring lacking the second
ring.

Firstly isolated from Chromobacterium violaceum, aztreonam is the only member of this subclass
to be used in clinical practice (Sykes ef al., 1981).

Aztreonam presents a low toxicity and has activity against aerobic Gram-negative bacilli, including
P. aeruginosa. Moreover, it has a good stability towards metallo-B-lactamases (MBL), but can be
hydrolyzed by other B-lactamases, such as the CTX-M type.

The urgent search for valid options to treat MDR strains has made aztreonam a good candidate to
be administrated in combination with avibactam, to ensure its activity against different inactivating
enzymes (Crandon and Nicolau, 2013).

Although the combination aztreonam-avibactam is not available yet, different studies have
encouraged the utilization of an association therapy with aztreonam and ceftazidime/avibactam to

successfully fight Gram-negative bacteria producing various -lactamase classes (Lee ef al., 2021).
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1.5.2.4 Carbapenems

Among B-lactams, carbapenems are the most potent broad-spectrum compounds and are resistant to
most Ambler class A and C B-lactamases but are nevertheless susceptible to MBLs hydrolysis, like
L1 produced by Stenotrophomonas maltophilia. However, E. faecium and MRSA are resistant to
carbapenems due to low affinity of modified PBPs.

They are considered as the last resort therapeutic strategy, and they should be carefully utilized only
against MDR strains.

Carbapenems have a penicillin-like five-membered ring but the sulfur atom in position 1 of the five-
membered ring is replaced by a carbon atom, and a double bond is found between C2 and C3; this
structure is known as penem.

Unlike, penicillins and cephalosporins, they have a hydroxyethyl side chain in trans configuration
that makes them stable to inactivating enzymes.

The first member of this subfamily to be discovered was thienamycin, a natural compound produced
by Streptomyces cattleya (Kahan et al., 1979). Despite its encouraging properties, thienamycin was
found to be unstable in aqueous solutions and therefore unsuitable for in vivo therapies. A N-
formimidoyl chemical modification to thienamycin structure increased its stability and the new
molecule was named imipenem (Miyadera et al., 1983).

Imipenem was the first clinically approved carbapenem but presented a rapid degradation by renal
tubular brush border dehydropeptidase I (DPH 1), that was prevented by the co-administration of
cilastatin, a DPHI I inhibitor (Norrby, 1985).

The imipenem lateral chain is conformationally and structurally identical to that of arginine, and this
feature appears to be crucial for the drug penetration through specific basic amino acids channels
(Figure 8).

The association of relebactam, a B-lactamases inhibitor, to imipenem/cilastatin has recently enlarged
the arsenal for the treatment of complicated infections (i.e., pneumonia, bacteriemia or urinary
infections) caused by MDR Gram-negative bacteria with limited treatment options, including P.
aeruginosa (O'Donnel and Lodise, 2022).

The research of a higher stability to renal degradation led to the addition of a methyl group to the 1-
B position and almost all other carbapenems share this feature.

One of these compounds, meropenem, is also characterized by a wider antibacterial spectrum,
exhibiting better results against infections mediated by Enterobacterales and P. aeruginosa.
Meropenem, due to its broad-spectrum antibacterial activity, is indicated for empirical therapy and

can be prescribed, for example, in case of septicemia or meningitis before exact bacterial
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identification. However, susceptibility tests, including manual ones, must always be performed, as
it is not uncommon to find strains resistant to meropenem and susceptible to imipenem (Harino et
al., 2013).

In addition, meropenem is also widely used to treat complicated infections affecting different areas
such as abdomen, skin, respiratory or urinary tracts (Baldwin et al., 2008).

Its recent association with vaborbactam, a -lactamases inhibitor, enhances its efficiency against
Ambler class A B-lactamases producing organisms, especially for the extremely diffused KPC-
producing K. pneumoniae strains (Novelli et al., 2020).

Ertapenem, that differs from meropenem in its 2 substituent, carrying a meta-substituted benzoic
acid group (Koéhler J. et al., 1999), is active against different Gram-positive and Gram-negative
bacteria but has a marginal activity against important non-fermenters pathogens, such as
Acinetobacter spp. or P. aeruginosa, thus limiting its empirical prescription for nosocomial
infections (Livermore ef al., 2003).

Another member of this family, biapenem, characterized by a 2-substituted triazolium moiety, was
approved in Japan in 2001 and its use was approved only in some Asiatic nations.

Biapenem has been described to be highly effective against P. aeruginosa, including strains growing
in adherent biofilms or exhibiting MexCD-OprJ efflux pump overexpression (Vora and Tiwaskar,
2022).

Doripenem is a broad-spectrum carbapenem with enhanced affinity for P. aeruginosa PBP2 and

PBP3, giving this compound antipseudomonal properties (Fritsche et al., 2005; Davies et al., 2008).

1.5.2.5 p-lactamase inhibitors

We have mentioned several times various -lactamase inhibitors that allow the continued utilization
of compounds that are sensitive to inactivating enzymes. We will focus in this section on these
compounds that share structural similarities with B-lactams and are increasingly at the center of
studies searching for new therapeutic solutions.

B-lactamase inhibitors can broadly be divided on the basis of their mechanism of action: i) they can
act as P-lactamase suicide inhibitors by binding to the enzyme active site or ii) they can create

sterically unfavorable interactions.

Clavulanic acid, a B-lactam with a modest antibacterial activity, was discovered in 1977 in
Streptomyces clavuligerus (Reading and Cole, 1977) and behaves as a suicide inhibitor. It is

characterized by a clavam core, a f-lactam structure where an oxygen atom replaces the sulfur in
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the 5-member ring and devoid of acylamino side chain. The ability to block the hydrolyzing activity
is mediated by the acylation of the serine residue in the active site of the enzyme, resulting in the
inactivation of many B-lactamases (almost only Ambler classes A), including different TEM and
SHV variants and CTX-M (Chen and Herzberg, 1992; Drawz and Bonomo, 2010).

Sulbactam and tazobactam, two penicillin sulfones derivates, were successively synthetized
respectively in 1978 and 1980, with the aim of inactivating a large number of B-lactamases.
Sulbactam has an enhanced activity against class C B-lactamases, exhibits a modest antibacterial
activity against Acinetobacter spp., and, compared to clavulanic acid, is less prone to induce B-
lactamase production (Akova, 2008).

Tazobactam has an activity similar to that of sulbactam, but its association with piperacillin was
shown to have a better synergic activity against MDR Gram-negative infections (Kuck et al., 1989).
The second group includes the non B-lactams B-lactamase inhibitors, a heterogeneous family of
compounds which exploits various mechanisms to inactivate clinically relevant enzymes.
Avibactam is a diazabicyclooctane (DBO) compound that forms a covalent carbamate bond with the
enzyme active serine. It is characterized by a reversible acylation, thus enabling its re-cyclization
and allowing its successive binding to additional enzymes (Ehmann et al., 2012). Avibactam is used
to restore the antibiotic activity against different Ambler class A (in particular KPC), class C and
some class D B-lactamases (especially OXA-48-like enzymes), and in 2015 it has been approved by
Food and Drug Administration (FDA) for clinical administration with ceftazidime.

Relebactam is another DBO with an added piperidine ring. Its mechanism and spectrum of action is
similar to those of avibactam, differing, however, for its limited activity against class D
carbapenemases (Blizzard et al., 2014). It has been approved in 2019 by FDA for clinical use in
association with imipenem/cilastatin, to improve their antibacterial activities against complicated
urinary and intra-abdominal infections. Notably, resistance to imipenem/cilastatin/relebactam have
been reported associated to mutations in porins and efflux pump systems (Karaiskos et al., 2025).
Vaborbactam is a cyclic boronic acid B-lactamase inhibitor that exploits the already known
properties of boronic acid to hamper enzyme activity by forming a transient adduct with the catalytic
serine, a reaction that blocks the active site responsible for antibiotic degradation (Werner et al.,
2017). For this reason, it only inhibits enzymes that contain an active site serine, in particular against
KPC enzymes, and remains inactive against MBLs. It is the first boronic acid derivative inhibitor
approved in 2017 by the FDA in combination with meropenem, with an indication in the case of
complicated urinary tract infections, and it is currently utilized to treat the extremely widespread

KPC-producing K. pneumoniae (Dhillon et al., 2018; Giacobbe et al., 2023).
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Although it is effectively used for MDR infections, resistances mediated by mutations in OmpK35
and OmpK36 porins have been described in K. pneumoniae. These studies highlight how, in this

case as well, resistance may depend on a different porin expression that alters outer membrane

permeability (Karaiskos ef al., 2025).
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1.6 pP-lactam resistance

The antibacterial activity of B-lactams is challenged by the emergence of bacteria resistant to
antibiotics. In Gram-negative bacteria this phenomenon is caused by the interplay between four
independent factors: i) the sensitivity of the target enzymes, the PBPs ii) the properties and
concentration of enzymes capable of inactivating B-lactams i.e., periplasmic B-lactamases and
alterations of the traffic through the OM mediated by iii) the overexpression of active efflux systems

or iv) a reduced expression of the OM porins (Figure 12) (Poole, 2011).

Enzymatic
inactivation

p-lactamase
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Figure 12: Graphical representation of the main mechanisms involved in bacterial resistance to -
lactams. The antibiotic efficacy depends on the bind between -lactam and the PBP target and this
can be modified by the synthesis of an alternative target; the production of inactivating enzymes (B-
lactamases) can be mediated by constitutive or acquired genes, thus leading to antibiotic
degradation; the B-lactam need to reach and adequate periplasmic concentration to perpetuate its
activity, and this can be altered by a decreased/modified porin expression, or by efflux pumps
overexpression (Nordmann ef al., 2012).

A fifth and more recent element that influences the OM reduced permeability mechanism is the LPS
thickening (Alvarez-Ortega et al., 2010).

All these mechanisms can be found in P. aeruginosa resistant strains, with a notably different
incidence. In particular, in P. aeruginosa it is very common to find different simultaneous resistance
mechanisms. As many different pieces of a complex jigsaw puzzle, this phenomenon generates

many distinct phenotypic profiles.
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We will now describe the different alterations that could change the antibiotic susceptibility, with a

particular focus on P. aeruginosa p-lactam resistome.

1.6.1 Target modifications

The synthesis of alternative PBP targets is prevalently found in Gram-positive cocci, but some
Gram-negative, such as Neisseria spp. and Haemophilus spp., are well known to produce modified
PBPs that can confer resistance to B-lactams (Zapun et al., 2008).

The relevance of this mechanism has long remained controversial for Pseudomonadaceae and,
although some PBP alterations have been associated with B-lactams increased resistance, their role
is marginal.

In any case, the first correlation found was an indirect one, since mutations in dacB gene, encoding
the non-essential PBP4, are the cause of AmpC B-lactamase overexpression, and consequently an
increased resistance to some f-lactams (Moya et al., 2009).

A second observation was the reduced expression of the PBP pattern, correlated to antibiotic
resistance, but not sufficient to result in a resistance phenotype by itself (Giske et al., 2008).

The third piece of evidence was revealed by the association of PBP1la/b modifications to some
cephalosporin and carbapenem resistance (Moya et al., 2012).

Another example is the adaptative PBP3 polymorphisms, derived from exposure to -lactams, that
are associated with a reduced susceptibility not only to cephalosporins but also to meropenem (Clark
etal., 2019).

PBP modification is therefore a mechanism not widely present in P. aeruginosa clinical isolates, but
to be anyway taken into consideration, especially as a possible response to the new generation

cephalosporins.

1.6.2 Production of inactivating enzymes

B-lactamase-mediated resistance is undoubtedly the most developed mechanism in Gram-negative
bacteria. It is the main cause of the rising incidence rate of antibiotic resistance in clinical settings,
although the interplay with other mutations, like efflux pumps overexpression, can enhance the final
phenotype.

In Gram-negative bacteria these enzymes are produced in the periplasm and are responsible for the
hydrolysis of the amide bond in the B-lactam ring resulting in the production of an inactive derivative

(Frére, et al., 2016).
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These enzymes can be constitutively expressed in Gram-negative bacteria, but their emergence is
mainly due to the localization of the corresponding genes in mobile DNA elements, such as plasmids
and transposons, thus facilitating their spread through horizontal gene transfer.

Since the first report in 1940 of an “enzyme able to destroy penicillin” more than 1500 different p-
lactamases have been identified (Frere et al., 2016) and a description of them, constantly updated,
can be found in the online available database (http://www.bldb.eu) (Naas et al., 2017). The first
broad classification can be made on the basis of their structures and hydrolysis mechanisms resulting
in i) serine B-lactamases (SBLs) and ii) metallo-B-lactamases (MBLs) enzymes (Bush and Jacoby,
2010).

SBLs hydrolysis occurs via the formation of a covalent intermediate between the side-chain oxygen
of the active site serine residue and the C=O carbon atom of the B-lactam ring. The acyl-enzyme
product is then usually rapidly hydrolyzed, and the enzyme is ready for a successive reaction, unless
a B-lactamase inhibitor is present.

MBLs are characterized by the presence in their catalytic site of at least one zinc cofactor
participating in antibiotic hydrolysis. Due to their dependence on metal ions availability, their
activity is inhibited by the presence of metal chelating agents, like ethylenediaminetetraacetic acid
(EDTA) or dipicolinic acid (DPA). These compounds decrease B-lactam MIC values, but no clinical
application is possible due to their intrinsic effect as membranes destabilizers and their general
toxicity (Prachayasittikul et al., 2007; Bahr et al., 2017). Notably, variations in MIC values, must
also take account of the membrane fluidification that would facilitate antibiotic diffusion.

The discovery of a metal chelator with low or no toxicity would certainly be a milestone in the
treatment of infections caused by MBL-producing bacteria, but this seems to be presently an
impossible dream.

A second classification, based on amino acid sequence similarities was proposed by Ambler and
presently distinguishes four different classes, named A, B, C or D (Ambler, 1980). Class B
represents MBLs while the other three classes include different SBLs.

It is worth mentioning that based on the very different kinetic properties of the enzymes, another
classification has been proposed that defines four groups and multiple major subgroups (Bush,
2023). Nevertheless, the following discussion will be based on the Ambler classification, that we

consider an adequate starting point to discuss the P. aeruginosa resistance mechanisms.
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1.6.2.1 Class A B-lactamases

This class includes a wide range of enzymes, characterized by very diverse spectrum of antibiotic
hydrolysis.

Among the most widespread, we can mention the TEM-1 and SHV-1 variants, enzymes with a
strong propensity to hydrolyse penicillins and early generation cephalosporins, such as
cephaloridine and cephalothin.

However, the introduction of third generation cephalosporins has resulted in the appearance of new
TEM- and SHV-derived enzymes. These are characterized by one to three specific amino acid
substitutions that enlarge their activity spectra, conferring resistance to third generation
cephalosporins and monobactams (Livermore, 1995). For this reason, these enzymes have been
defined as ESBLs.

Successively, CTX-M B-lactamases, that hydrolyze cefotaxime, ceftazidime and ceftriaxone, have
emerged in clinical settings. CTX-M are generally found in E. coli and K. pneumoniae while
detection of P. aeruginosa strains producing these f-lactamases is sporadic (Al Naiemi et al., 2006).
The GES enzyme, defined as an ESBL, is worth mentioning. Some variants are characterized by a
carbapenemase activity. In particular, GES-5, that has been isolated from P. aeruginosa strains, is
able to confer resistance to imipenem (Matlock et al., 2024).

In addition, among class A B-lactamases, the most worrisome enzyme is KPC that confers resistance
to all B-lactams, including carbapenems. It is generally carried by mobile genetic elements, and is
increasingly found in K. pneumoniae clinical isolates, but also in P. aeruginosa (Gali et al., 2023).
Finally, P. aeruginosa possesses a constitutive Class A imipenemase, named PIB-1, recently
described to confer intrinsic resistance to carbapenems (Fajardo et al., 2014). However, this enzyme
is not highly expressed in the laboratory reference strain PAO1 (Zincke et al., 2015).

Despite the concerns that these enzymes represent in clinical settings, Class A B-lactamases,
including ESBLs, are generally susceptible to p-lactamase inactivators such as clavulanic acid,
sulbactam, or tazobactam. In addition, KPC type enzymes are generally susceptible to non -lactams
B-lactamase inhibitors, such as vaborbactam or relebactam that restore the antibiotic activity, except

for some KPC variants carrying specific mutations in the omega loop region (Findlay et al., 2021).

1.6.2.2 Class B p-lactamases (MBL)

The first enzyme belonging to this class was identified in 1966 in Bacillus cereus and, for many

years, was not considered to have a significant clinical impact. However, the ability of MBLs to
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inactivate both third and fourth generation cephalosporins and carbapenems has made them currently
one of the most worrisome problems in the fight against bacterial resistance.

MBLs constitute a heterogeneous group with high variations in sequence identities, that can be lower
than 23 %. In many cases several allelic variants have been documented (Queenan and Bush, 2007).
Among the most prevalent, we can mention the VIM, IMP, NDM enzymes, while GIM, SIM, DIM
and SPM are sporadically isolated.

P. aeruginosa does not have any MBL in its genome but it can acquire the corresponding genes
thanks to mobile genetic elements like plasmids, transposons or integrons.

Interestingly, two of the currently most prevalent MBL carbapenemases, the IMP imipenemase and
the Verona Integron-encoded-MBL VIM were first isolated in P. aeruginosa (Watanabe et al., 1991;
Lauretti et al., 1999). Remarkably, two others MBLs, SPM and GIM, that are associated to specific
high-risk clones mostly widespread in clinical settings in Brazil and Germany, respectively, were
also initially identified in P. aeruginosa (Toleman et al., 2002; Castanheira et al., 2004; Silveira et
al.,2016; Wendel et al., 2015).

A worldwide diffusion of MDR P. aeruginosa strains carrying different variants of b/aviv has caused
a large number of outbreaks, particularly in clinical settings (Hong et al., 2015). In particular, the
European epidemiology considers VIM-2 as the most prevalent MBL, due to the proliferation of
specific clones carrying this determinant (Fortunato et al., 2023).

MBLs are able to hydrolyze all B-lactams and are not inhibited by any of the currently available
inhibitors. They are less active towards monobactams and, for this reason, the ceftazidime/avibactam
combination together with aztreonam may sometimes be efficient (Falcone et al., 2021).

The real revolution was represented by the introduction of siderophore cephalosporins, that are
currently not good substrates for MBLs. However, selective pressure is undoubtedly a factor that
may facilitate the appearance of new allelic variants with activity against cefiderocol (Wang et al.,
2024).

Despite these few available options, MBL producing P. aeruginosa represents an alarming challenge
that almost exclude B-lactams from therapeutic choices against strains that often carry a large
number of resistance determinants to other antibiotic classes. In particular, the simultaneous
overexpression of efflux pump systems that can confer resistance to a wide range of antibiotics

different from B-lactams, greatly restricts the range of efficient therapeutic options.
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1.6.2.3 Class C B-lactamases

Class C B-lactamases are enzymes that are generally chromosomally encoded in different
Enterobacterales, but also in P. aeruginosa and are generally more active against cephalosporins
than penicillins; interestingly their activity is important against aztreonam and they are not inhibited
by clavulanic acid.

In P. aeruginosa the presence of a chromosomal inducible AmpC, also known as Pseudomonas-
derived cephalosporinase (PDC), is the leading cause of its intrinsic resistance to aminopenicillins,
first- and second-generation cephalosporins (Jacoby, 2009).

Its induction is mediated by PG damage that cause the accumulation of large amounts of
muropeptides that mediate an AmpR-dependent induction of AmpC. Some f-lactams, such as
cefoxitin or imipenem, are strongly related to this activation pathway (Curtis et al., 1986; Tausk et
al., 1985). For this reason, the efficiency of antipseudomonal -lactams results from the poor AmpC
induction mediated by antibiotics such as piperacillin or ceftazidime, although these molecules can
be hydrolyzed by AmpC when overexpressed (Lopez-Argiiello et al., 2021).

However, AmpC hyperproduction may result from the mutational inactivation of ampD or ampR,
two regulators involved in AmpC expression, altering the correct regulation of this mechanism (Juan
et al., 2005).

Unlike what happens to Enterobacterales, in P. aeruginosa AmpC overexpression is the cause of an
extended activity against third- and fourth- generation cephalosporins in a dose-dependent manner.
For this reason, resistance to ceftazidime and cefepime may only result from an AmpC upregulation
(Castanheira et al., 2014).

It has also been demonstrated that exposure to ceftazidime/avibactam and ceftolozane/tazobactam
can induce AmpC mutations in the active site that confer resistance to these drug combinations
(Ruedas-Lopez et al., 2022). On the contrary, AmpC mutations or overexpression are not sufficient

to provide resistance to carbapenems (Jacoby, 2009).

1.6.2.4 Class D B-lactamases

Class D B-lactamases are enzymes able to hydrolyze oxacillin and not affected by most of the
currently available inhibitors, except for avibactam. These enzymes are often found in 4. baumannii
strains, where they were also first isolated in 1993, and more that 1100 allelic variants have been
described up to now and can be retrieved on the -lactamase data base (http://www.bldb.eu) (Paton

et al., 1993; Bush, 2023; Naas et al., 2017).
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Historically (and unfortunately) they have all been defined by the term OXA, followed by a number,
but at least nine majors different OXA subgroups can be identified.

Class D includes enzymes with different substrate specificities, among which some have a profile
limited to penicillins while other have acquired ESBL properties. In addition, some variants evolved
to broaden their spectrum of action while exhibiting carbapenemase activity.

Notably, OXA-10, which confers resistance to cefotaxime and ceftriaxone, but not to ceftazidime,
is frequently found in P. aeruginosa clinical strains thanks to the diffusion of specific plasmids. In
the same subgroup, different allelic variants have been isolated in P. aeruginosa clinical strains with
different spectra of action. For instance, we can mention OXA-14 that has an enlarged activity
against ceftazidime (Danel ef al., 1995).

Moreover OXA-40 and OXA-198, both with carbapenemases properties, have been isolated in P.
aeruginosa, which contributes to the enlargement of its antibiotic resistance arsenal (Sevillano et
al.,2009; El Garch et al., 2011).

Interestingly, OXA-48, a worldwide prevalent class D carbapenemase and its allelic variants are
frequently found among Enterobacterales, while their detection in P. aeruginosa clinical strains is
less frequent, although reported occurrences have been recently rising (Vatansever et al., 2020;
Gondal et al., 2024).

Finally, in P. aeruginosa PAO1, a chromosomally encoded B-lactamase, named PoxB (OXA-50),
has been reported to be constitutively expressed, and also has been speculated to be associated with
the inactivation of some carbapenems (Zincke et al., 2015). However, it does not seem to
significantly contribute to P. aeruginosa PAO]1 intrinsic resistance, but a possible selective pressure
mediated by the introduction of the new non B-lactams [(-lactamase inhibitors may make this

constitutive resistance mechanism progressively more relevant (Zincke et al., 2015).

1.6.3 Permeability modifications

In Gram-negative bacteria the efficiency of a B-lactam rests on its capacity of reaching the PBPs,
the molecular targets of the antibiotic. This is influenced by the permeability of the OM, that can be
extremely variable among different species. In particular, P. aeruginosa wild type strains are
characterized by a marked impermeability when compared to Enterobacterales such as E. coli
(Matsumura et al., 1999). Moreover, different mechanisms can enhance the inaccessibility of the
PBPs to B-lactams.

We will now focus on the different mechanisms that can increase B-lactam resistance in P.

aeruginosa clinical strains.
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1.6.3.1 LPS modification

Alterations in the composition of the OM may change the membrane’s properties, resulting in an
increased impermeability to antibiotics.

This mechanism has been recently described and associated with B-lactam tolerance and/or
resistance to certain molecules.

In particular, we can report the increase in the MIC for ceftazidime and meropenem after the
appearance of mutation in galU, encoding a UDP-glucose pyrophosphorylase and wapR, a
rhamnosyltransferase, both involved in the synthesis of the LPS core (Alvarez-Ortega et al., 2010).
Remarkably, these modifications are frequently found after exposure to repeated cycles of antibiotic
therapies, like in CF treatments.

Various other mutations in genes involved in LPS synthesis have been found to alter the
susceptibility to ceftazidime and, although in a marginal way, they all contribute to the final

resistome of the bacteria (Alvarez-Ortega et al., 2010).

1.6.3.2 Efflux pumps alterations

As already described, up to twelve different efflux pump systems are produced by P. aeruginosa
and, although to a different extent, they all contribute to an intrinsic antibiotic resistance phenotype.
Their expression is finely modulated by several regulator genes as a response to a multitude of
external stimuli (Morita et al., 2003; Sivaneson et al., 2011; Morita et al., 2012; Liao et al., 2013;
Tian et al., 2016). The antibiotic selective pressure is by far the most relevant event that may induce

mutations in the repressor genes, resulting in an uncontrolled increased expression of these pumps.

MexAB-OprM is the main efflux pump system whose overexpression gives rise to pronounced
resistance to a broad range of antibiotics, including nearly all B-lactams, with the exclusion of
imipenem, imipenem/relebactam and ceftolozane/tazobactam. As already mentioned, MexAB-
OprM are under the control of different negative regulators and mutations altering their activity
result in an increased antibiotic resistance (Srikumar et al., 2000).

Historically, strains that carry a mutated mexR repressor are defined as having a nalB phenotype
(Saito et al., 1999). Similarly, na/D mutants that present an increased efflux pump expression are
defined as nalD phenotypes (Morita et al., 2006). These mutations generally imply a translational

disruption or non-sense substitutions that hamper the repressors’ DNA binding site.
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Other mutations may involve a large number of various regulator genes, among which one of the
most studied is nalC, which has an indirect activity on MexR expression, giving rise to the so-called
nalC phenotype (Cao et al., 2004).

Whatever mutation the dysregulation is caused by, MexAB-OprM overexpression can confer a

worrying resistance profile to multiple antibiotics.

Concerning others efflux pumps, MexXY/OprM overexpression poorly correlates with -lactams
resistance, since aminoglycosides represent its principal target, but it can confer resistance to some
cephalosporins (cefepime and ceftolozane/tazobactam) and carbapenems (imipenem and
meropenem) (Castanheira et al., 2022). This phenotype can be due to various mutations involving
the repressor MexZ or its target, the mexX-mexZ intergenic region. Furthermore, overexpression has
been associated with mutations affecting the two-component activator ParR-ParS, or with an
impaired protein synthesis that is mediated by mutations in the 7p/4 gene that encodes a ribosomal
protein (Morita et al., 2012).

NfxB mutants, resulting in a MexCD-OprJ upregulation, are not widespread and are associated with
an increased resistance to cefepime and also to fluroquinolones and chloramphenicol. However,
these mutants are generally characterized by a higher susceptibility to ticarcillin, aztreonam, and
imipenem due to a decreased expression of MexAB-OprM and/or mexXY (Poole et al., 1996;
Jeannot et al., 2008). Interestingly, it has recently been shown that an additional mutation in MexD
in a nfxB mutant can also confer resistance to ceftazidime/avibactam and to ceftolozane/tazobactam

(Gomis-Font et al., 2021).

MexEF-OprN overexpression is mainly mediated by mexS or mexT inactivating mutations and these
strains present an increased resistance to fluroquinolones, trimethoprim, and chloramphenicol but
not to B-lactams (Kohler et al., 1997). However, the mexT mediated MexEF-OprN upregulation
coincides with an OprD downregulation, causing an indirect increased resistance to carbapenems

(Kohler et al., 1997; Ochs et al., 1999a).

1.6.3.3 Porin deletion and modification

The intrinsic low OM permeability is a consequence of the absence of non-specific large pores, but
this feature can also be enhanced by specific alterations.
OprD mutations that result in downregulation or lack of expression of a functional porin are textbook

examples of the imipenem resistance related to a single porin. As a result, the same mutations have
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increased MICs for all the carbapenems, although below the breakpoints for resistance, without
significantly affecting the others -lactam subclasses.

This can be achieved in several ways, including i) mutations, ii) nucleotide insertions or deletions
(indel), iii) integration of insertion sequences truncating oprD. Interestingly, all these mutations can
be quite easily acquired during prolonged antibiotic therapies (Fang et al., 2014; Ocampo-Sosa et
al., 2012; Rojo-Bezares et al., 2014; Sherrard et al., 2022).

Mutations may cause changes in the amino acid sequence, resulting in structural alterations that,
when occurring in certain positions, may inhibit the porin’s functionality (Alvarez-Ortega et al.,
2010; Rojo-Bezares et al., 2014). The indel mutations may change the frameshift and/or introduce
a premature stop codon, while the insertion sequence integration disrupts the gene. These events
result in the inactivation of the porin.

It is also important to highlight that oprD frequently presents polymorphisms like, for example,
between PAO1 and PA 14, another laboratory strain, that only result in very small MIC differences
(Alvarez-Ortega et al., 2010). For this reason, if frameshifts or insertions easily correlate with the
loss of porin functionality, each mutation must be carefully correlated with the changes produced in
the tertiary structure. Any mutation affecting oprD must be confirmed by MIC determinations and,
if possible, by testing the porin insertion into the OM, to differentiate between polymorphisms and
alterations inactivating OprD (Gonzélez-Vazquez et al., 2021). The main evidence is that mutations
in the external loops L2 and L3, both involved in basic amino acids and imipenem binding, increases
resistance to carbapenems (Ochs et al., 2000; Li et al., 2012; Ocampo-Sosa et al., 2012). However,
the substitution of 12 residues with a different sequence of 10 amino acids that shortens the external
loop L7 induces an enlarged opening of the channel. This results in the usual resistance to imipenem,
common to different oprD mutations but, at the same time, in an increased susceptibility to
meropenem (Epp et al., 2001). A similar effect of meropenem increased activity was observed as a
result of the deletion of 8 amino acids in loop L7 without affecting the imipenem MIC (Huang et
al., 1995). To further complicate the understanding of OprD behaviour, a recent study contradicted
the previous assumption made by Epp and coworkers, highlighting meropenem resistance in strains
carrying the 8 amino acid substitutions in loop L7 (Abu Khadra et al., 2022).

An interesting study by Pirnay and co-workers took into consideration 55 different P. aeruginosa
strains, both from hospital settings and the environment with different sensitivities to imipenem.
They pointed out the great oprD variability between imipenem-sensitive strains and identified
unique mutations in 12 imipenem-resistant strains (Pirnay et al., 2002). This evidence is in
agreement with an antibiotic pressure that randomly selects mutations that decrease or prevent porin

expression (Chalhoub et al., 2016).
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Recently, a P. aeruginosa strain belonging to the sequence type 175 emerged as a high-risk clone
due to multiple resistance mechanisms and reached a worldwide diffusion. Interestingly, these
strains share the Q142X substitution that inactivate OprD and can be considered as one of the most
prevalent OprD mutations (Cabot et al., 2016).

In addition to the modifications in the oprD gene sequence, it is important to emphasize that
mutations in a wide number of regulator genes may cause a transcriptional repression of the porin.
Among the most widespread we can report MexT, activator of MexEF-OprN expression, that
negatively regulates OprD transcription (Ochs et al., 1999a). A similar effect is triggered by other
regulators, including ParR-ParS, responsible for MexXY/OprM induction, but at the same time
acting as an OprD repressor (Muller et al., 2011). The induction of the CzcCBA efflux pump,
mediated by the transcriptional regulators CzcR-CzcS, can decrease OprD expression due to CzcR
binding to the oprD promoter (Perron et al., 2004; Ducret et al., 2016). A similar effect is driven by
the copper regulator CopR that, in addition to inducing CzcCBA can repress OprD expression by
binding to its specific promoter (Caille et al., 2007; Ducret et al., 2016).

Finally, concerning OprD mediated resistance, it is important to highlight that, due to the porin
specificity for arginine and other basic amino acids, carbapenems MICs increase in the presence of
large amounts of the natural substrates (Muramatsu et al., 2003).

The involvement of other porins to antibiotic resistance is still a matter of debate, with different
reports of antibiotic resistance in strains with various mutations that include one or more porins
different from OprD.

Furthermore, different studies have determined the ability of specific porins to allow the diffusion
of various B-lactams, but none of these porins appeared to play as important a role as OprD.

In the previous chapter we reported the current state of knowledge on P. aeruginosa porins and their
correlations with antibiotic permeation and/or resistance. However, none of these correlations
resulted in a resistance mechanism that can be frequently found in clinical settings. On the contrary,
these may contribute to enhance resistant phenotypes caused by other mechanisms.

A recent study even put the contribution of other porins to antibiotic uptake in doubt and
hypothesized a porin-independent permeation and therefore dismissed any kind of correlation
between porin deletion and antibiotic resistance, except for the confirmed relation between OprD

and carbapenems (Ude et al., 2021).
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1.7 Outer membrane permeability determination

Since B-lactam efficiency in Gram-negative bacteria is dependent on their ability to reach to PBPs,
various studies have investigated the OM permeability or the specific permeation properties of the
porins. These studies aim at interpreting f-lactamase independent resistance and, possibly, to
address the research of new compounds with improved permeability properties.

In addition, the determination of a permeability coefficient is useful to compare the effects of other
compounds, including antibiotics, on OM stability. Moreover, these approaches may elucidate the
roles of one or more porins in the permeation of a specific antibiotic.

We now summarize the various methods described in the literature (note that we do not include
absolutely all the proposed techniques). We focus on their advantages and disadvantages and on the
information that they can give on the permeability of P. aeruginosa.

These procedures can take account of i) the permeation properties of one single porin ii) the

complexity of the whole bacterial cell.

1.7.1 Single porin studies

The study of single porin permeation properties has been made possible by various techniques that

exploit liposomes, planar lipid bilayers or computational simulations.

1.7.1.1 Liposome based assay

Artificial micelles of various sizes, similar to the natural OMVs, can be synthetized to perform
permeability studies. Specific porins can be inserted into the membranes of these vesicles, thus
determining a selective gateway for internalization of the solute and allowing to determine the
substrate specificity. The antibiotic is then added under iso-osmotic conditions to the solution
containing the liposomes into which it can diffuse. The process of solute accumulation inside the
vesicle induces the swelling of the liposome that can be followed thanks to the alteration of the light-
scattering pattern, thus giving an idea of the relative permeability of the porin to the antibiotic
(Nikaido and Rosenberg, 1983; Eren ef al., 2012; Samanta et al., 2018; Kucharska et al., 2015).

The liposomes have also been used in multiple modified tests that exploit various systems to quantify
the crossing of the lipidic membrane by antibiotics, such as liquid chromatography-mass

spectrometry (LC-MS) or the addition of fluorescent dyes inside the liposomes (Richter et al., 2022).
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These methods are useful to easily test a wide set of solutes, although to a limited extent, due to the
altered lipid environment (Samanta et al., 2018). Moreover, results for charged molecules might be

distorted by the counter-ion flow (Winterhalter and Ceccarelli, 2015).

1.7.1.2 Electrophysiology

The reconstitution of specific porin systems can also be achieved in planar lipid bilayers, that are
constituted by two chambers separated by a thin partition subjected to an ionic current. Insertion of
the channels induces a specific conductance that is altered by the passage of a specific solute. lon
current fluctuations, caused by the permeation of the antibiotic, can be monitored by
electrophysiology, and can lead to the determination of translocation properties of a specific channel
(Zakharian, 2013).

This procedure is very useful to characterize the contribution of a single porin to the internalization
of various substrates at a single molecule level. In addition, it allows to easily investigate the effects
that different external parameters, like temperature, pH and ionic strength may have on translocation
(Nestorovich et al., 2002). Moreover, it is very useful to distinguish between the different possible
channel open states and can be used to assess the contribution of specific mutations (Liu et al.,
2012a; Liu et al., 2012b).

Regarding its limitations, it is quite difficult to set up functional bilayers and the presence of an
important background noise that complicates the measurements cannot be ruled out (Zakharian,
2013). Moreover, due to its specific behavior, it cannot discriminate the effective passage of a solute

from a simple external binding that does not result in a real translocation (Nestorovich et al., 2002).

1.7.1.3 Computer simulation

The feasibility of simulation-based computational predictions of dynamic information on molecules
interactions has been explored from the beginning of computer science in the 1950’s. Recently, the
availability of increasingly powerful computing systems has made possible the in-silico analysis of
porin specificities.

Molecular dynamic (MD) is a simulation technique used to predict movements and interactions
between atoms and molecules at atomic resolution that has been applied to the study of the
interactions that may occur between porins and solutes (Danelon et al., 2006). MD uses as input the

high-resolution structure of porins and the information of charge distributions within the antibiotics,
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and yields an evaluation of the energy of the system (Parkin and Khalid, 2014; Lee J. ef al., 2018;
Samanta et al., 2018).

The prospective usefulness of this kind of analysis is enormous, especially for designing new
molecules, albeit the availability of good resolution crystal structures is necessary in order to
produce reliable results.

Nevertheless, all these methods have so far undoubtedly failed to fully represent the complexity of
bacterial response to antibiotics, since synergic effects are not noticeable. Moreover, the lack of a
bacterial native environment may lead to biased results, rendering these techniques unsuitable for

the study of possible physiological adjustments that bacteria typically implement.

1.7.2 Whole cell-based studies

The ability to determine internalization of the antibiotics in a living cell is undoubtedly a fascinating
challenge and it might lead to further achievements in this field.

This aim has been achieved in various ways that involve the use of i) enzymatic reactions, i7)
radiolabeled modified targets, iii) fluorescent compounds, iv) mass spectrometry v) drug
susceptibility determination.

These methodologies have often been applied in combination with each other, due to the lack of any
method to evaluate bacterial specific permeabilities widely recognized as reliable and robust.

In this regard, a useful tool might be to perform analyses based on whole cell permeation. This
approach that most likely has not been fully exploited yet, might prove to be useful for the discovery
of new permeation properties, even if the limits of these procedures should always carefully be
considered.

We now provide some details on the methodologies that have been described as successful to reach
this goal, with a particular focus on a protocol developed a few years ago by researchers affiliated

to the University of Li¢ge that has now been revisited and used within this PhD project.

1.7.2.1 Use of enzymatic reactions

One of the first attempts was the pioneering work by Zimmermann and Rosselet, in which they
exploited the hydrolysis by a periplasmic B-lactamase and compared this reaction to that obtained
with a bacterial lysate thanks to a micro-iodometric assay (Zimmermann and Rosselet, 1977). The
rapid hydrolysis of the antibiotic by the B-lactamase results in a passive antibiotic diffusion mediated

by the OM barrier as the rate-limiting step. The ensuing steady state is such that the antibiotic rate
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of penetration that obeys Fick’s first law of flux, is equal to that of the enzymatic hydrolysis that
follows Henri-Michaelis kinetics.

This approach only allows to investigate those B-lactams that are good substrates for a -lactamase
and was used for the determination of cephalosporins permeability coefficients, in E. coli strains.
Moreover, the permeability properties of E. coli strains characterized by different patterns of porin
deletions and of other Gram-negative bacteria have been evaluated (Yoshimura and Nikaido, 1980;
Nikaido et al., 1983; Kojo et al., 1980; Zimmermann, 1980; Cornaglia et al., 1995). In particular,
this approach was applied to P. aeruginosa and the availability of an MBL has also been used to
determine the specific permeability coefficients of carbapenems (Zimmermann, 1980; Iyobe ef al.,
1999). However, the validity and the reproducibility of the method has been questioned for
overexpressing efflux pump strains, like P. aeruginosa, due to a variable involvement of these
systems in the antibiotic extrusion. Moreover, the low intrinsic OM permeability of P. aeruginosa
amplifies the error resulting from the presence of disturbing factors such as the presence of B-
lactamases in the extracellular medium (Livermore and Davy, 1991).

These difficulties are therefore serious obstacles in the attempts to reliably determine permeability
coefficients for P. aeruginosa, casting a shadow on the efforts to study the mechanisms underlying

the antibiotic influx in this bacterium.

1.7.2.2 Radiolabeled p-lactams

The use of radioactive-labeled B-lactams may provide an alternative and sensitive method for
quantifying antibiotic permeation (Simonet et al., 2000). Bacteria are incubated in a medium
containing an excess of radio-labelled antibiotic and, after elimination of the excess of external
antibiotic, the measurement of the cell-associated radioactivity provides a reliable measurement of
the internalized compound. Although this method has the advantage of being potentially applied to
all classes of antibiotics, rather than only to B-lactams, it is however hampered by the high costs
associated with using a wide set of radioactive compounds. Moreover, direct permeation
measurements of radiolabeled antibiotics are complicated by the nonspecific adsorption that occurs
on the bacterial surface. This effect makes impossible to distinguish between adsorption and true

uptake, therefore requiring the use of indirect measurements (Richmond et al., 1976).
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1.7.2.3 Fluorescent -lactams

A similar approach can be followed by exploiting the natural fluorescence of some antibiotics (i.e.,
fluoroquinolones and tetracyclines) or by attaching a fluorescent group to B-lactams. The fluorescent
antibiotics may be used in a liposome swelling assay, but they can also be used to evaluate the
permeation into intact bacterial cells. In this second case, the antibiotic that has diffused into the
periplasm can be measured in two ways: i) measurement of the fluorescence after bacterial cell lysis;
or i) directly by either a microfluidic method or UV micro spectrofluorimetry (Vergalli et al., 2018;
Allam et al., 2017). Compared to radioactive compounds, these compounds can be more easily
synthetized and can therefore be adapted to a wider range of studies. By contrast their activity can
be modified by the fluorescent group itself. In particular, the fluorescent group properties and
volume may reduce the affinity for the PBP targets and/or cause an altered permeation through the

OM (Miao et al., 2020).

1.7.2.4 Mass Spectrometry-based analysis

Mass Spectrometry (MS) based analysis is another approach used to quantify antibiotic
accumulation inside the periplasm. Bacterial cultures are incubated with the tested antibiotic and its
quantification inside bacterial cells can be performed in two ways: i) by evaluating the decrease of
B-lactam concentration in the supernatant; or i) the corresponding increase of B-lactam in the cell
lysate (Six et al., 2018; Zhou et al., 2015).

An MS-based analysis can also be optimized by simultaneously screening several compounds, thus
providing a high-throughput screening method (Widya et al., 2019).

MS-based analyses are often coupled with fluorescent or radiolabeled drugs. An example is the use
of radiolabeled ciprofloxacin together with a LC-MS-based assay used to determine the uptake of
quinolones by P. aeruginosa strains, characterized by a different efflux pumps expression (Cai et
al., 2009).

This approach, despite the positive aspects already mentioned, is very time consuming and requires
highly specific equipment that is not available in many laboratories worldwide. In addition, as
already mentioned, the use of radiolabeled antibiotics has the disadvantage of the compound
adsorption to the membrane, thus making very complicated the determination of the real antibiotic

uptake (Richmond et al., 1976).
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1.7.2.5 Permeability determined from drug susceptibility

The idea that one or more porins influence the permeation of a specific antibiotic implies as a direct
consequence that the MIC must also be increased by the deletion of one or more porins.

This has for example been used to determine the influence of OprD expression in an E. coli strain
in the so called “titratable OM permeability assay system” (Iyer et al., 2017). In brief, the authors
of this study used an E. coli strain deprived of three of the most expressed natural porins and
transformed with a plasmid carrying oprD under the control of an arabinose expression vector that
regulates expression of the porin. The carbapenem MIC variations were correlated to the modulated
OprD expression and therefore consistent with the permeation characteristics for the specific
compound (Iyer et al., 2017). This experiment is clearly useful to correlate the OprD expression
with the variation of periplasmic antibiotic accumulation and, for this purpose, it has been
successfully used to study the OprD-mediated permeation of new compounds. However, this method
is not appropriate for describing the natural adaptative response of P. aeruginosa, whose MICs are
only marginally related to the expression of different porins, except in the case of absence or

downregulation of OprD.

1.7.2.6 Permeability determined from periplasmic PBP expression

The various protocols described so far provide sound reasons to believe that MICs, -lactamases
kinetic properties and permeability features are closely related to each other, and that knowing two
of them one can predict the unknown third variable.

An interesting study devised some years ago by researchers at the University of Li¢ge (Lakaye et
al., 2002) is a relevant development in this approach. The authors exploited the properties of the C
terminal domain of the Bacillus licheniformis B-lactams receptor BlaR (BlaR-CTD), whose
properties and specificities for B-lactams were topics of great interest at that time. The production
of this “B-lactam sponge” in a Gram-negative periplasm as described in the paper allowed the team
to directly quantify the BlaR-CTD-B-Lactam adduct as a function of time. It was shown in the paper
that this adduct was directly quantifiable when a radioactive antibiotic was studied or, for non-
radioactive antibiotics, by performing a counter-labeling of the residual BlaR-CTD with a
radioactive -lactam.

By doing so, the authors achieved the determination of permeability coefficients for six antibiotics

in Enterobacter cloacae and K. aerogenes (previously known as Enterobacter aerogenes) and, in
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particular, they evaluated the very low coefficient specific for aztreonam a compound with which
the steady state described in the protocol of Zimmerman and Rosselet’s could not have been reached.
However, for P. aeruginosa only preliminary results were obtained, while an appropriate procedure
for permeability estimation in this species appears to have been devised (Lakaye et al., 2002).

Interestingly, the permeability results obtained with this procedure, combined with the possible
presence of B-lactamases and efflux pump systems, led to the predictions of MICs that were roughly

in line with the results obtained by direct measurements.
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2 OBJECTIVES

P. aeruginosa is a versatile pathogen that can acquire antibiotic resistance in multiple ways,

including a reduced OM permeability to external agents. Resistance can be achieved by an increased

efflux pumps expression and/or a reduced porin expression, both resulting in a reduced susceptibility

or an acquired resistance to carbapenems.

To date, the knowledge of the mechanisms underlying the antibiotic permeation is still limited.

A better understanding of the antibiotic translocation properties is fundamental for conducting

research on new antibiotics and the WHO has inserted carbapenem-resistant P. aeruginosa as a high

priority pathogen for which new molecules are urgently needed (WHO, 2024).

Given its relevance, the study of the OM properties of P. aeruginosa has been the principal aim of

the project described in this Ph.D. thesis. The results have been obtained according to the following

successive steps:

1.

The first goal was the development of a system that would allow the determination of the
outer membrane permeability of P. aeruginosa through the production of a periplasmic
sensor. To achieve this objective, we decided to revisit a previously described methodology
(Lakaye et al., 2002) and apply it to P. aeruginosa strains, verifying that all the interactions
with the physiological response of the bacterium were minimal or absent.

The second goal was the determination of permeability coefficients of P. aeruginosa PAOI
and of a collection of isogenic porin deleted mutants for a wide set of B-lactam subclasses to
assess each porin’s role in the entry of different antibiotics.

Initially the project included a third goal: the in vitro determination of the MIC of porin
mutant strains, on the basis of the determined permeability coefficients. However, since we
obtained results which clearly indicated the absence of a correlation between MIC and rate
of antibiotic entry, we broadened the scope of our analysis to unravel the mechanisms behind
this discrepancy.

We consequently decided to quantify the expression of various porins as a function of
cellular growth, to highlight the different physiological conditions that occurred between
MIC and permeability determinations that could determine a divergent response to some
carbapenems. This analysis was performed on different porin mutants, with the purpose of
detecting compensatory effects implemented by P. aeruginosa as a result of the absence of
a porin.

Finally, we sought to determine whether the OpdP porin could acquire a direct role in
antibiotic resistance, a function not previously clearly demonstrated. To this end, we
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performed an experiment involving the selection of resistant mutants under sub-MIC
antibiotic pressure, and subsequently examined several derived strains for mutations that

conferred stable resistance to carbapenems.
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3 MATERIALS AND METHODS

3.1 Bacterial strains

3.1.1 P. aeruginosa strains

In this project we also studied strains not reported in the article.

Prof. Hiroshi Yoneyama (Tohoku University, Japan) kindly provided us with a complete collection
of eight strains (Table 3) characterized by deletions in the main expressed porins OprC, OprD and
OprE. The collection included single, double and triple porin mutants.

Prof. Frangoise Van Bambeke (Catholic University of Louvain, Belgium) provided us with P.
aeruginosa PAOS509 (dmexAB-oprM, AmexCD-oprJ, AmexJK, AmexXY, AmexEF-oprN), a strain
where the main efflux pumps MexAB-oprM, MexCD-OprJ, MexJK, MexXY and MexEF-OprN
where deleted (Mima et al., 2007).

Table 3 resume all the strains used during the study.
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P. aeruginosa Relevant characteristics Reference I::ggz:sg
ATCC 15692 PAO1 Wild type (WT) BCCM
ATCC 27853 PAO1 WT CLSI
PAOIl-Jap PAO1 WT Satake et al., 1991 SAMN35794375
TNP004 loprD Satake et al., 1991 SAMN35794376
TNP064 AoprC Yoneyla;rglg etal.,
YY100 AoprE Yoneyla;rglg etal.,
TNPO065 doprC, |oprD Yoneyla;rglz etal,
TNP066 AoprC, AoprE Yoneyla;rglg etal,
YY200 LoprD, AoprE Yoneyla;;;‘ etal,
TNPO67 AoprC, |oprD, AoprE Yoneyla;rglz etal,
ARC545 WT Isabella et al., 2015 SAMN35794377
ARC5990 AoprD Isabella et al., 2015
ARCS5170 AopdP Isabella et al., 2015
ARC5782 AoprD, AopdP Isabella et al., 2015
ARC5998 AoprD, AopdP, AopdB, AopdC, AopdT Isabella et al., 2015
PAO509 AmexdBoprtt | ’Z"jfeigzi’);f]\f’ mexJK, Mima et al., 2007
LGO1 Resistance to cart})’i{ggnlems derived from This study
LGO2 Resistance to cezlﬁzg)grllggls derived from This study
LGO3 Resistance to cezlﬁzg)grllggls derived from This study SAMN35794378
LG04 Resistance to cezlﬁzg)grllggls derived from This study
LGOS Resistance to cigﬁg?ggls derived from This study
LGO6 Resistance to cezlﬁzg)grllggls derived from This study
LGO7 Resistance to cezlﬁzg)grllggls derived from This study

Table 3: Collection of P. aeruginosa mutant strains used in the study; | indicate a downregulation
expression of specific gene coding for OprD porin. The genome BioSample number is reported for
the strains for which this information is available.

3.2 Antibiotics and other reagents

Antibiotics and growth medium used in this study were mainly purchased from Sigma-Aldrich

(Belgium). Exceptions were:
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Bocillin FL, a boron-dipyrromethene fluorescent derivative of penicillin V (Gee et al., 2001), was
purchased from Invitrogen (Waltham, MA, USA). Nitrocefin, a chromogenic cephalosporin [3-
lactamases substrate, was purchased from Unipath Oxoid (UK).

Dipicolinic acid (DPA) was purchased from Sigma-Aldrich (Belgium).

3.3 Determination of MIC values

MICs were performed, using the broth microdilution method as described by CLSI. P. aeruginosa
ATCC 27853 strain was used as a reference strain.

Cellstar 48-wells polypropene microplates (Greiner BioOne, Belgium) were used and 200 pl of
Mueller Hinton IT (MHB II) broth was dispensed in each well.

A stock of each antibiotic was prepared 40 times more concentrated than the highest concentration
we wanted to test (Solution A) and then was filtered using a 0.2 um pore size syringe filter. Then
the solution A was diluted 1:10 in MHB 1II broth and 200 pL were distributed in the first column of
the plate. Then, serial dilutions were made with 200 puL in each well. The bacterial concentration
needed was prepared by suspending some fresh colonies in physiological solution until a turbidity
of 0.5 McFarland (ODe2s =0.15) was reached. Then the bacterial suspension was diluted 1:200 in
MHB II (Solution B), obtaining a concentration of 5*10 unit forming colony (CFU)/mL. Finally,
200 pL were distributed in each well, obtaining a final concentration of 4*10 CFU/ml in each well.
The plates were incubated at 37°C for 18 hours.

The obtained MIC values were the result of a biological independent triplicate.

3.4 Molecular biology

3.4.1 PCR amplifications

We routinely used Polymerase Chain Reaction (PCR) for the in vitro amplification of DNA
fragments (templates) not only to detect the presence of specific genes, but also to make the DNA
product available for other applications (for example cloning or sequencing).

The PCR were realized starting from bacterial colonies picked up from freshly grown agar plates,
diluted in 500 pL of sterile H>O, followed by boiling at 100 °C for 10 minutes. The lysed bacteria

were then pelleted in a bench-top centrifuge at 16000 x g for 10 minutes and the supernatants were
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used as template for the PCR. Specific oligonucleotides used in this thesis were ordered from
Eurogentec (Li¢ge, Belgium) and the complete list is reported in Annex, Table S1 (page 217).
PCR amplifications were performed using different polymerases, depending on the application,

using the Thermal Cycler T100 (Bio-Rad, Hercules, CA, USA).

OneTaq® Quick-Load® 2X Master Mix with Standard Buffer (NEB, New England BioLabs,
Ipswich, MA, USA) contains a polymerase without proofreading activity and was used to assess the
presence/absence of a specific target in a wide variety of samples. Reactions were carried out in a
volume of 25 pL, which consisted of 12.5 puL of Master Mix, 0.5 puL of each of the primers (10 uM),
9.5 uL of sterile distilled H>O, and 2 pL of DNA template prepared as above described. The cycling
conditions were set as follows: initial denaturation at 94 °C for 30 seconds, followed by 35 cycles
of 94 °C for 30 seconds, hybridation at the specific primer’s couple temperature for 45 seconds, and
the amplification at 68 °C for a period of 1 minute and 20 seconds each Kb, with a final extension

at 72 °C for 10 minutes.

Q5® High-Fidelity 2X Master Mix (NEB) contains a polymerase with proofreading activity that
was used for successive cloning or sequencing applications. Reactions were carried out in a volume
of 50 pL of which 25 pL of Master Mix, 2.5 pL of each of the primers (10 uM) 18 pL of sterile
distilled H2O and 2 pL of DNA template prepared as above described; in the case of amplification
from plasmids or purified PCR fragments, the DNA template was 0.5 pL and the sterile distilled
H>O was 19.5 pL. The cycling conditions were: initial denaturation at 94 °C for 30 seconds, followed
by 35 cycles of 94 °C for 30 seconds, hybridation at the specific primer’s couple temperature for 45
seconds and the amplification at 68 °C for a period of 1 minute each Kb and 20 seconds, with a final

extension at 72 °C for 10 minutes.

3.4.2 Agarose gel electrophoresis

Nucleic acids electrophoresis allows the separation of DNA fragments in accordance with their
length. It was performed in agarose gel, generally at the concentration of 1.0 % (w/v), although
lower or higher agar concentrations were used, on the basis of different fragments’ length. Agarose
gels were supplemented with Midori Green (Nippon Genetics Europe, Diiren, Germany), diluted
1:10000, in 40 mM Tris-acetate, | mM EDTA, pH 8.0 (TAE) buffer. Samples were loaded adding
the 6 X Orange DNA loading dye (Thermo Fisher Scientific).
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Different DNA ladders were used in line with the fragment sizes. In particular, O’GeneRuler 1 kb
DNA ladder was generally used, while the O'GeneRuler 50 bp DNA Ladder was used to discriminate
the small size fragments, and the O’GeneRuler 1 kb plus DNA ladder was preferred in the case of
long fragments; All three ladders are commercialized by Thermo Fisher Scientific.

The electrophoresis runs have been carried out using 5 pL of each sample with a constant voltage
(5-7 V/cm).

Gels were scanned using the Gel Doc™ EZ Imager (Bio-Rad) that allows the Midori Green’s

fluorescence revelation.

3.4.3 Nucleic acids quantification

The NanoVue Plus spectrophotometer (GE Healthcare, Little Chalfont, UK) was used to measure
the DNA and RNA concentration and purity (Abs260nm/Abs280nm and Abs260nm/Abs23onm ratios)

values.

3.4.4 Nucleic acid purification

3.4.4.1 Gel Extraction and PCR product purification

Purification of DNA was performed from samples directly resulting from PCR amplification, but
also from an excised band derived from agarose gel migration. In both cases it was carried out using
the NucleoSpin® Gel and PCR Clean-up (Macherey-Nagel), according to the protocol of the

supplier.

3.4.4.2 Genomic DNA extraction and purification

The genomic DNA of P. aeruginosa strains to be sequenced were extracted using the NucleoSpin®
Microbial DNA Mini kit (Macherey-Nagel) The kit allows the isolation of genomic DNA of an
adequate purity for successive whole genome sequencing. Bacterial samples were vortex-mixed with
the supplied glass beads to perform cell wall mechanical disruption and, subsequently, the protocol

indicated in the user guide was followed.
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3.4.4.3 Plasmid DNA extraction and purification

Extraction and purification of plasmids solutions were obtained through purification commercial
kits.

Depending on the bacterial culture volume used, minipreps or maxipreps were performed using a
NucleoSpin Plasmid, Mini kit for plasmid DNA (Macherey-Nagel) or NucleoBond Xtra Maxi kit
(Macherey-Nagel), respectively.

The colonies containing the interested plasmid were cultivated overnight in LB, added with the
appropriate antibiotic; in particular, bacterial culture of 5 mL and 100 mL were used for miniprep
or maxiprep, respectively. Bacterial pellets were collected through centrifugation at 1600 x g for 5

minutes at 4°C and then samples were processed according to the manufacturer’s instructions.

3.4.5 Plasmids

The complete list of plasmids used in this work is available in Table 4.

We received pDML309 and pKT240 vectors from Prof. B. Lakaye (Giga Neurosciences, ULi¢ge).
The pDML309 is a derivative plasmid from pBR322 and was used in a previous study for BlaR-
CTD expression in E. cloacae (Lakaye et al., 2002). The pKT240 is a 12.9 kb broad spectrum
plasmid belonging to the IncQ/P4 incompatibility group.

We received pME6001 plasmid (Blumer et al., 1999) from Prof. M.C. Thaller (Tor Vergata,
University of Rome), previously used for protein expression in P. aeruginosa.

Finally, the pET28b vector was used for protein’s expression.

Plasmid Resistance Reference
pDML309 TET Lakaye et al., 2002
pKT240 AMP; KAN Lakaye et al., 2002
pME6001 GEN Blumer et al., 1999
pKT240blaR TET This study
pKT240neg TET This study
pKT240blaR-gen TET; GEN This study
pET28b KAN
pET28b-opdP-fw?2 KAN This study

Table 4: list of plasmids used in this study.
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3.4.6 Vector construction

3.4.6.1 Cloning through Gibson Assembly protocol

Gibson assembly is a method that enables the assembly in the correct order of linear large-scale
DNA fragments (Gibson et al., 2009). It exploits the properties of three enzymes: i) an exonuclease
that chews back DNA from the 5' end, allowing the fragments anneal; ii) a polymerase that
incorporates nucleotides in the remaining gaps, and iii) a DNA ligase that promotes covalent bounds
between adjacent DNA segments and that also removes possible nicks in the DNA.

At different times, in our laboratory we used two commercial kits for Gibson assembly: the Gibson
Assembly® Master Mix and NEBuilder® HiFi DNA Assembly, both distributed by New England
Biolabs. In particular, NEBuilder® is an improved Gibson Assembly® version, with a higher fidelity
polymerase.

Both kits share the same procedure described as follows: DNA fragments containing identic ~20
base pairs extremities were obtained by PCR amplification or enzymatic digestion; successively,
0.2—1.0 pmoles of DNA fragments were added to 10 puL of the 2X master mix and distilled H>O was
added to reach the final volume of 20 pL. The mixture was then incubated for 30 minutes at 50 °C.
Gibson assembly products were transformed in E. coli DH5a; the correct ligation was verified trough

specific PCR amplification on adjacent fragments.

3.4.6.1.1pKT240blaR

The goal was to recreate the vector used by Lakaye and coworkers (Lakaye et al., 2002).

A portion of the pPDML309 plasmid was amplified trough PCR with 309-inf-fw and 309-inf-rev
primers to obtain a 6204 kB fragment, containing the fet4(C) gene for tetracycline resistance and
the BlaR-CTD expression system (blaR-CTD gene under the control of the /pp” promoter of the E.
coli lipoprotein, controlled by the lac-UVS5 promoter-operator). A fragment derived from the
pKT240 plasmid was PCR-amplified with pkt-fw-1 and pkt-rev-2 primers to obtain a 5953 kB
fragment, containing the broad-host range origin of replication RSF1010.

The two segments were purified and merged using the Gibson Assembly® Master Mix to obtain the

pKT240blaR vector (Figure 13).
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(12.100 .. 12.119) pkt-rev-2 309-inf-fw (1 ..23)

neg2-rev (2156 ..2175
— 9 ( )

pKT240blaR
12.119 bp

" EcoRl (3855)
negl-fw (3912 ..3931)

(8328 .. 8347) negl-rev and neg2-fw

(6143 .. 6186) 309-inf-rev pkt-fw-1 (6167 .. 6186)

Figure 13: pKT240blaR plasmid map. The main genes and promoters are reported.

3.4.6.1.2pKT240neg

The plasmid excised from blaR-CTD was obtained by PCR amplification of two fragments from
pKT240blaR.

In particular, fragment 1 of 4460 bp resulted from the amplification of negl-fw and negl-rev while
fragment 2 of 5966 bp was obtained with neg2-fw and neg2-rev.

Both fragments were purified and ligated using Gibson assembly to obtain the pKT240blaRneg
plasmid (Figure 14).

pKT240neg
10.392 bp

Figure 14: pKT240neg plasmid map. The main genes and promoters are reported.
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3.4.6.1.3pKT240blaR-gen

The aacl gene for gentamicin resistance, derived from pME6001 plasmid, was inserted in
pKT240blaR to enable plasmid transformation in strains already resistant to tetracycline.

Briefly, pKT240blaR plasmid was digested with EcoRI (New England Biolabs). The aac/ gene was
PCR-amplified from pME6001 using gmr-eco-fw and gmr-eco-rev primers.

The fragments were purified and successively ligated using the Gibson assembly, in this way

producing the pKT240blaR-gen vector (Figure 15).

(12.741 .. 12.760) pkt-rev-2 309-inf-fw (1 ..23)

neg2-rev (2156 .. 2175)

pKT240blaRgen
12.760 bp

» e —"
(8969 .. 8988) negl-rev and neg2-fw '\gmrfeco—fw (3864 .. 3883)

NN
N\ gmr-eco-rev (4473 .. 4492)
negl-fw (4553 ..4572)

(6784 .. 6827) 309-inf-rev pkt-fw-1 (6808 .. 6827)

Figure 15: pKT240blaR-gen plasmid map. The main genes and promoters are reported.

3.4.6.1.4pET28b-opdP-fw2

The plasmid was designed to insert opdP, including its signal peptide, under the control of the lac
promoter and to enable an in-frame translation of the polyhistidine tag.

The pET28b plasmid was digested with Ncol and BamHI restriction enzymes (New England
Biolabs).

The opdP sequence was amplified from P. aeruginosa PAO1 with opdP-gib-fw2 and opdP-gib-rev2
primers.

Both plasmid and PCR fragments were purified and subjected to ligation with NEBuilder® HiFi
DNA assembly (Figure 16).
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(6525) BamHI

(5069) Ncol

pET28b-opdP-fw2

RBS” 6727 bp
T7 promoter

Figure 16: pET28b-opdP-fw2 plasmid map. The main genes and promoter are reported.

3.4.7 RT-qPCR

Reverse transcription quantitative (real time) PCR (RT-qPCR) is an extremely powerful technique
that we used to quantify porins (and efflux pumps) gene expression.

This method requires different steps that are reported below.

3.4.7.1 RNA extraction

Total RNA isolation of different P. aeruginosa strains was performed using the NucleoSpin® RNA
Plus kit. The obtained samples were subsequently processed via enzymatic digestion with a
deoxyribonuclease, rDNase, to eliminate any DNA trace. The deoxyribonuclease was removed from
the samples using the NucleoSpin® RNA Clean-up XS kit. Elutions were performed using
RNase/DNase-free water. All the kits were commercialized by Macherey-Nagel and were used

according to the manufacturer’s recommendations.

3.4.7.2 Reverse transcription

The mRNA reverse transcription allows the synthesis into complementary DNA (cDNA) of all the
mRNA present in the total RNA extract. It was performed using the SuperScript III® Reverse

Transcriptase (Invitrogen), triggered by random hexamers and supplemented with Ribosafe RNase

95



Inhibitor (Bioline, USA). First-strand cDNA synthesis reactions consisted in two steps i): 1 pg of
total RNA was added to 1 pL of ANTPs (10 mM), 1 pL of random hexamers (50 ng/uL) in a total
volume of 13 pL, reached with RNase/DNase-free water. The reaction was processed at 65°C for 5
minutes and was subsequently stopped by cooling it on ice for 5 minutes. ii) the samples were added
with 7 uL of an enzyme mixture so composed: 4 pL of first-strand buffer, 1 pL of dithiothreitol
(DTT) (0.1 M), 1 pL Superscript III enzyme (200 U/uL) and 1 puL of Ribosafe RNase Inhibitor (40
U/ul).

The 20 pL of the obtained mixture was processed at 25°C for 5 minutes, 50°C for 60 minutes, and
the reactions were stopped by heating at 70°C for 15 minutes. The newly synthetized cDNA was
diluted to 1:50 in RNase/DNase-free water and used as target for qRT-PCR.

3.4.7.3 RT-qPCR amplification

RT-qPCR amplifications were performed using Takyon Low Rox SYBR Master Mix (Eurogentec,
Belgium) in 384-well plates. Primers used were both found in the literature and designed in the
course of this project, and the list with references is reported in Annex, Table S2 (page 218).

Each well contained 5 pL of polymerase master mix, 4 pL of cDNA (dilution 1:50 after reverse
transcription) and 1 pL of primer mix (2.5 uM each primer). The QuantStudio 5 Real-Time PCR
system (Thermo Fisher Scientific) was used to set up the following conditions: 2 minutes at 95°C,
followed by 40 cycles, each of them made by 15 seconds at 95°C, and 1 minute at 60°C.

A negative control reaction was performed for each sample by using the original RNA mixture, prior
to the reverse transcription, to verify the absence of residual DNA. Experiments were reproduced in
four biological replicates and three technical replicates for each target gene. An equivalent threshold
was set-up and preferred to the automated value in order to adequately compare all RT-qPCR

replicates.

3.4.7.4 Statistical analysis

The quality of the quantitative PCR was checked by analyzing the dissociation and amplification
curves. For each primer pair, the mean reaction efficiencies were calculated using the LinRegPCR
software (Ruijter et al., 2009) The obtained values were used to quantify relative gene expression
levels by normalization using selected reference genes, known to have stable expression during the
different experimental conditions. Analyses were performed with the qBase software (Biogazelle;

Hellemans et al., 2007). The adequacy of the reference genes to normalize gene expression in the
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experimental conditions was checked using the geNorm module in qBase (Vandesompele et al.,
2002). Graphical results were obtained using GraphPad Prism software version 7 (GraphPad
Software, Inc., San Diego, CA, USA).

3.4.8 DNA sequencing

Both Sanger and whole genome sequencing were carried out at a sequence facility (GIGA-

Genomics, Liege, Belgium).

3.4.8.1 Sanger sequencing

The dideoxy chain-termination sequencing method (Sanger et al., 1977) was performed on PCR or
plasmid DNA samples. DNA fragments were sequenced in pairs, using as primers both the original
forward and reverse primers; occasionally, internal primers were used to cover with high score
internal regions of long fragments (> 1000 base pairs). Plasmids were sequenced using specific
primers. All the primers are reported in Annex, Table S1 (page 217).

The software Vector NTI 10.0 (Informax, Bethesda, MD, USA) was used to process raw sequences;
comparisons were performed with the online tool BLAST (http://www.ncbi.nlm.nih.gov/BLAST/).

3.4.8.2 Whole genome sequencing

Whole genome sequences were performed on genomic DNA samples on a NovaSeq (Illumina, USA)
sequencer, generating paired end reads (2*150). Reads corrections and assembly were made in
collaboration with Olivier Verlaine (InBioS — CIP, ULiége). Raw reads were corrected by a
homemade workflow, performing various step of analysis, using software included in the BBTools
package (Bushnell et al., 2017) (https://sourceforge.net/projects/bbmap/). In synthesis, reads were
overlapped with BBMerge and afterwards quality-trimmed and any remaining adapters were
removed by the BBduk function. Tadpole and BBMap were in sequence used to perform a quick
assembly and BBduk was used for a quality calibration; finally, BBNorm was used to normalize the
coverage, and Tadpole was used for a final process of error-correction.

The sequence mapping was carried out with the Geneious (v10.2.6) software (Kearse ef al., 2012).

Genome assembly was achieved by mapping single verified reads to a reference P. aeruginosa
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genome sequence (strain PAO1, GenBank accession number AE004091) and the resulting variations

have been applied to the reference to generate the strains sequences.

3.4.9 Bacterial transformation methods

3.4.9.1 E. coli heat-shock transformation

Competent E. coli DH5a and BL21 (DE3) cells were prepared by treatment with calcium chloride
(Sambrook and Russell, 2001) and transformed with the specific plasmid by a heat-shock protocol
(20 minutes at 4°C, 1 minute at 42°C, 5 minutes at 4°C). Subsequently, 1 mL of super-optimal broth
with catabolite repression (SOC) was added, and bacteria were allowed to grow for 1 hour, at 37°C
with shaking. Finally, transformed cells were spread onto LB agar (LBA) plates containing the
appropriate antibiotic and incubated at 37°C, overnight. Depending on the strain and plasmid used,

the LBA was supplemented with tetracycline (10 pg/mL) or gentamycin (10 pg/mL).

3.4.9.2 P. aeruginosa electroporation

Electroporation was used to transform P. aeruginosa strains with the respective plasmids. First of
all, a protocol to prepare electrocompetent cells was performed. Starting from an overnight culture
in LB, cells were grown in super-optimal broth (SOB) until an ODsoo of 0.6 was reached. Cells were
successively washed three times with 10 % ice-cold glycerol and finally resuspended with in 100
uL of 10 % ice-cold glycerol (corresponding to 1:100 of the initial volume). The transformation by
electroporation was carried out in an ice-cold 0.2 cm electroporation cuvette with the following
parameters: 200 Q, 25 pF, 2.5 kV on a Gene Pulser Xcell Electroporation System (Bio-Rad).
Subsequently, 1 mL of SOC was added and the then cells were then incubated in a shaking incubator
(250 rpm) for 1 hour at 37°C. Finally, shocked P. aeruginosa cells were spread onto LBA
additionated with tetracycline (50 pg/mL) or gentamycin (10 pg/mL), according to the used plasmid,

and incubated overnight to select transformant cells.
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3.5 Protein analysis

3.5.1 Protein concentration determination

The specific sample’s protein concentration has been determined using the bicinchoninic acid assay
(BCA), also known as Smith assay (Thermo Fisher Scientific). This method is based Cu®* reduction
in an alkaline solution by means of peptide bonds and amino acid residues (cysteine, tyrosine, and
tryptophan). The Cu'*, in presence of bicinchoninic acid, forms a complex that absorbs at 562 nm.
Tests were performed using a 96-well microplate (Greiner Bio One), using the manufacturer’s
protocol, and the absorbances were measured using the plate reader Tecan Infinite 200 Pro to (Tecan

Group Ltd., Switzerland).

3.5.2 Polyacrylamide gel electrophoresis (SDS-PAGE)

Sodium Dodecyl Sulphate-PolyAcrylamide Gel Electrophoresis (SDS-PAGE) was carried out
according to the Laemmli protocol (Laemmli, 1970). Samples were treated with Loading Dye (Tris-
HCI 50 mM, pH 6.8, B-mercaptoethanol 5 %, SDS 2 %, Glycerol 10 %, Bromophenol Blue 0.1 %)
and further denatured by heating (5 minutes at 100 °C). Denatured samples were loaded on Mini-
PROTEAN TGX precast 4-20 % acrylamide gel (Bio-Rad). The electrophoresis was carried at 120-
160 V, in TGS pH 8.3 (Tris-HCI1 25 mM, Glycine 192 mM, SDS 0.1 %) running buffer.

The protein markers used were Pierce Unstained Protein MW Thermo Fisher Scientific (Rockford,
IL, USA) or Protein marker V (pre-stained) VWR (Radnor, PA, USA) in the case of a subsequent
membrane transfer.

The gels were stained with PageBlue protein staining solution (Fermentas, St. Leon-Rot, Germany).
In the case of fluorescence detection (i.e., permeability determinations performed with Bocillin FL)
or Western blot analyses, gels were stained after the respective analyses/procedures to assess the
protein’s contained in the samples, or the correct transfer of proteins on the membrane, respectively.
The excess of staining was eliminated through washes with water and gels were scanned using the

ImageQuant™ LAS 4000 GE Healthcare.
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3.5.3 Anti-OpdP antibodies production and purification

3.5.3.1 OpdP production

OpdP production was performed in E. coli BL21 cells, using the plasmid pET28b-opdP-fw2.
Bacterial growth was performed in 800 mL LB + 50 pg/mL of kanamycin, added with
approximatively 25 mL of overnight preculture, in agitation at 37 °C. The OpdP production in
inclusion bodies was achieved by inducing the culture at ODgsoo ~ 0.6 with 500 uM isopropil-p-D-1-
thiogalactopyranoside (IPTG) for 3 hours at 37 °C.

Bacterial pellets were isolated by centrifugation for 15 minutes at 5000 x g at 4 °C, using the Avanti
J-E (Beckman Coulter, Brea, CA, USA).

Bacterial pellets were solubilized in 40 mL of a chaotropic solubilization buffer, composed of 8 M
urea, 50 mM NaCl 50 mM phosphate buffer, pH 7.0 and incubated overnight in agitation at 20 °C.
The sample was firstly centrifuged at 10000 x g for 20 minutes at 20 °C and the supernatant,
corresponding to the solubilized fraction, was collected. Successively, the solution was recovered

and filtered with a 0.45 pm syringe filter.

3.5.3.2 OpdP purification by affinity chromatography

The production of OpdP containing a 6-Histidine tag at their c-terminal enabled the purification
trough Immobilized Metal Affinity Chromatography (IMAC).

Purification was performed on bench with a 5 mL IMAC Ni NTA (HiTrap IMAC FF, GE
Healthcare) column with the help of a peristaltic pump. The column was firstly charged with metal
ions by passing 5 column volume (CV) of 0.1 M NiSO4 and successively equilibrated with 5 CV of
water and 5 CV of solubilization buffer. The solubilized inclusion bodies were then loaded on the
column at 0.8 mL/min. The washing steps were realized with 5 CV of the equilibration buffer to
eliminate contaminants and a successive 5 CV of 20 mM imidazole (20 mM HEPES buffer, 100
mM NaCl and 20 mM imidazole, pH 8.0). Finally, 2 CV of 500 mM imidazole (20 mM HEPES
buffer, 100 mM NaCl and 500 mM imidazole, pH 8.0) were passed into the column to perform OpdP
elution.

Different fractions of washing and elution were collected, and the presence of the protein was

assessed by SDS-PAGE.
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All fractions containing OpdP were pooled, concentrated until 500 pL with an Amicon 30 KDa
(Merck, Germany) and successively dialyzed against an 8 M urea pH buffer overnight at 4 °C.

A rough estimation of the protein concentration was performed using the BCA test and by assessing
the protein concentration on SDS-PAGE.

The correctness of the protein was verified through mass spectrometry, performed by an external
facility (GIGA-Proteomics, Li¢ge, Belgium).

OpdP isolation for the following immunization purpose was performed excising the protein band

from SDS-PAGE gels.

3.5.3.3 Polyclonal antibodies production and purification

Polyclonal antibodies were obtained by immunizing a rabbit with four subcutaneous injections of
200 pg of OpdP, performed at days 0, 14, 28 and 56. The protocol was performed by an external
facility, the CER group (Marloie, Belgium). The obtained sera were conditioned in 50 mM
phosphate-buffered saline (PBS) pH 7.5 buffer. The polyclonal antibodies were purified using a
HiTrap Protein A HP 1 mL column (Cytiva, formerly GE Healthcare, Uppsala, Sweden) with the
help of a bench peristaltic pump. The column was equilibrated with 10 CV PBS pH 7.5 and the sera,
previously clarified via a 10-minute centrifugation at 1600 x g, were loaded on the column; 10 CV
PBS pH 7.5 were charged to wash the column and antibodies were eluted in 10 fractions (1 mL each)
with 100 mM glycine pH 2.2 and directly neutralized with 100 pL of 1.5 M TRIS-HCI pH 8.5.
Different samples were subjected to SDS-PAGE, fractions containing antibodies were pooled and
dialyzed against a 50 mM PBS pH 7.5 buffer over night at 4°C.

The concentration of the polyclonal antibodies was measured by BCA.

3.5.4 Outer membrane profile

The outer membrane profiling of the proteins expressed by different P. aeruginosa strains was
performed modifying a previous described protocol (Kolayli et al., 2004): accordingly, bacteria were
grown in LB broth in agitation at 37 °C, harvested at ODsoo 1.6 and 250 mL of the cultures were
pelleted for 20 minutes at 1600 x g at the temperature of 4 °C. The pellets were washed two times
with 10 mL of lysis buffer (NaCl 50 mM, Tris-HC] 50 mM pH 8.0) by centrifuging 20 minutes at
1600 x g at 4 °C.

Cells were subsequently disrupted using the French press Emulsiflex C3 homogenizer (Avestin,

Mannheim, Germany), passing the samples four times in the apparatus with a pressure ranging from
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1000 to 1500 psi; cellular debris, collected on ice, were pelleted by centrifugation for 30 minutes at
1600 x g at 4 °C. The supernatants were then ultra-centrifuged on an Avanti J-E (Beckman Coulter)
centrifuge one hour at 150000 x g at 4 °C.

The obtained pellets, that contain the outer membranes, were resolubilized in 8 mL of resuspension
buffer (Tris-HCI 30 mM pH 8.0, N-lauroylsarcosinate 1 %) with the aid of a mortar and pestle Potter-
Elvehjem homogenizer, and then kept in agitation at room temperature for one hour.

A successive ultra-centrifugation of 30 minutes at 150000 x g was performed and the pellets were
resuspended in 2 mL of the above-mentioned resuspension buffer.

After one hour of agitation at room temperature to facilitate the resuspension of the proteins, the
samples contained the outer membrane proteins and were then used for SDS-PAGE and/or Western

blot analysis.

3.5.5 Periplasmic extraction

Periplasmic proteins were extracted following the “spheroplasting by lysozyme and sucrose”
method, described by Imperi and coworkers as the most efficient extraction protocol for successive
proteomic analysis (Imperi et al., 2009). In essence, bacterial pellet derived from 1 L culture was
resuspended in 30 mL of TES (30 mM Tris-HCI, 4 mM EDTA, sucrose 20 % 0.5 mg/mL lysozyme
pH 8.0), preincubated at 30°C; after 2 minutes MgCl, was added to reach a final 10 mM
concentration, and the suspension was incubated while gently shaking it for 60 minutes. The
suspension was then centrifuged at 11000 x g for 15 minutes at 4 °C and the periplasmic content was

recovered from the supernatant.

3.5.6 Western blot

Western blot analyses were used to verify the presence of specific proteins in our samples and to
relative quantify their production.

The polyclonal, rabbit derived primary antibodies used were: i) anti-BlaR-CTD received from Dr.
A. Amoroso (InBios CIP, Uliege), (Duval et al., 2003), ii) anti-OprD, received from Dr. Thilo
Kohler (University of Geneva, Switzerland) (Kohler et al., 1999a), iii) anti-OpdP, obtained during
this study.

The protein transfer from SDS-PAGE gel to PolyVinyliDene Fluoride membrane (PVDF) was

performed, after methanol activation, using the Trans-Blot Turbo Transfer System (Bio-Rad), using
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the Trans-Blot Turbo RTA Mini 0.2 um PVDF Transfer kit (Bio-Rad), following the manufacturer’s
protocol.

After transfer, the membrane was incubated 2 hours in agitation at room temperature with the
blocking solution (Tris-HCl 200 mM, NaCl 1.5 M), the so-called Tris-Buffered Saline (TBS)
solution, added with 3 % of milk powder.

The membrane was then washed three times in TTBS (TBS added with Tween-20 0.05 %) in
agitation at room temperature for 15 minutes each wash.

The membrane was then incubated overnight (approximatively 16 hours) in agitation at 4 °C in a
solution of 5 mL of TTBS, 1 % of milk powder, and 1 pL of the specific primary antibody.

The membrane was washed three times in TTBS as above described and incubated for one hour at
room temperature in a TTBS solution added with 1:2000 diluted goat anti-rabbit secondary antibody,
conjugated to horseradish peroxidase (HRP) (Bio-Rad).

The membrane was again washed three times in TTBS, in agitation, 5 minutes each wash and the
revelation was performed with the Clarity Western ECL substrate kit (Bio-Rad), following the
manufacturer’s protocol.

Chemiluminescence detection was performed using the ImageQuant™ LAS 4000 GE Healthcare.

3.5.7 Two-dimensional gel electrophoresis

Two-dimensional gel electrophoresis (2-DE) is a technique that enables the separation of proteins
according to their isoelectric point (first dimension) and based on their molecular mass (second
dimension). This feature allows the comparison of proteins extracts between different samples,
allowing the identification of differentially expressed targets.

During this project, we compared different periplasmic proteomes to assess the differences induced
by plasmid transformation, BlaR-CTD production or multiple porins deletions.

Experiences were performed at the Department of Life Sciences, University of Siena, Italy in
collaboration with Dr. A. Gagliardi of the proteomics laboratory, directed by Prof. L. Bini.

The protocol used took inspiration from previous works on Gram-negative bacteria proteome
(Gagliardi et al., 2016).

Samples were processed in biological triplicate.
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3.5.7.1Isoelectric focusing (IEF)

Isoelectric focusing (IEF) on the periplasmic extracts were performed on a precast, 18-cm long non-
linear Immobiline™ Dry-Strip, with a 3-10 range of immobilized pH gradient (Cytiva). Runs were
performed using the Ettan™ IPGphor™ system (Cytiva). Immobilized pH gradient (IPG) strips for
analytic runs were rehydrated following the manufacturer’s indications with 350 pL of lysis buffer,
added with bromophenol blue in trace, carrier ampholytes 0.2 % (v/v) and 60 ng of proteins for 1
hour at 0 V and for 8 hours at 30 V, at 16 °C. Proteins were focused at 16°C, according to the following
voltage program: 200 V for 1 hour, from 300 V to 3500 V for 30 minutes, 3500 V for 3 hours, from
3500 V to 8000 V for 30 minutes, 8000 V for 3 hours, 10000 V, and finally 10000 V for a total volt-
hours accumulated during the run of 80000 VhT.

In the case of MS-preparative runs, strips were rehydrated for 12 hours at 20 °C with 350 pL lysis
buffer added with bromophenol blue in trace, carrier ampholytes 2 % (v/v). The protein samples, 600
ng, were added through a cup loading in the IPGphor Cup Loading Strip Holders (Cytiva) and were
applied at the cathodic end of the strip. Proteins were then focused at 16°C, according to the following
voltage program: 30 V for 30 minutes, 200 V for 2 hours, 500 V for 2 hours, from 500 V to 3500 V
in 30 minutes, 3500 V for 5 hours, from 3500 V to 5000 V in 30 minutes, 5000 V for 4 hours, from
5000 V to 8000 V in 30 minutes, 8000 V for 3 hours, and finally10000 V for a total volt-hours
accumulated during the run of 100000 VhT.

After IEF, the IPG strips were equilibrated into two buffers whose compositions were as follows: i)
buffer 1: 6 M urea, 2 % (w/v) SDS, 2 % (w/v) DTE, 30 % (v/v) glycerol and 0.05 M Tris-HCI pH
6.8 for 12 minutes; ii) buffer 2: 6 M urea, 2 % (w/v) SDS, 2.5 % (w/v) iodoacetamide, 30 % (v/v)
glycerol, 0.05 M Tris-HCI pH 6.8 and a trace of bromophenol blue for further 5 minutes.

3.5.7.2 Second-dimension run

The second-dimension runs were performed on house-made 9-16 % polyacrylamide linear gradient
gels (18 x 20 cm x 1.5 mm) and carried out at 40 mA/gel constant current at 9°C. The runs were
performed as long as the dye front reached the bottom of the gel.

Ammoniacal silver staining was used for analytical gels (Oakley et al., 1980) and the scans were
performed using the ImageScanner III densitometer (Cytiva).

In the case of MS-preparative gels, they were previously attached covalently to a glass surface using
Bind-Silane (y-methacryloxypropyltrimethoxysilane) (LKB-Produkter AB, Bromma, Sweden);

SYPRO Ruby staining (Bio-Rad) was successively performed, following manufacturer’s protocol.
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MS-preparative gels were digitalized with a Typhoon 9400 laser densitometer (Cytiva), at 532 nm

wavelength.

3.5.7.3Image and statistical analysis of proteomic data

Analytic gels were analyzed using the Image Master 2D Platinum v 6.0 software (Cytiva).

Briefly, for each tested condition, the biological triplicates were merged on a master reference gel
that was used to perform comparisons between different samples.

Statistically significant quantitative and qualitative differences were identified on the basis of a fold
change of at least + 2.0 in relative volume (%V) ratio and on the basis of statistically analysis with

two-tailed Student’s #-test score less than 0.05.

3.5.7.4 Mass spectrometry

Matrix-Assisted Laser Desorption/Ionization Time-Of-flight (MALDI-TOF) was used to identify
spots that statistical analysis flagged as differentially expressed.

Selected spots were automatically excised from MS preparative gels by means of an ETTAN™ Spot-
picker (GE Healthcare) and minced into < 1 mm?® fragments. Samples were destained twice with a
solution composed of 2.5 mM ammonium bicarbonate and 50 % (v/v) acetonitrile at 37 °C, with
shaking for 30 minutes. Afterwards they were dehydrated in acetonitrile at 20 °C for 10 minutes and
acetonitrile by the means of a vacuum centrifuge (SpeedVac™, Thermo Fischer Scientific, Waltham,
MA, USA). Subsequently, spot rehydration was performed on ice for 60 minutes with 10 ng/uL
trypsin solution (Sigma Aldrich, St. Louis, MO, USA), and protein digestion was performed by an
overnight incubation at 37 °C.

The digested protein samples (1.25 pL) were directly spotted onto the MALDI-TOF target, air-dried,
covered with 1 pL of matrix solution (5 mg/mL a-cyano-4-hydroxycinnamic acid, dissolved in 50 %
(v/v) of acetonitrile and 5 % (v/v) of trifluoroacetic acid), and subsequently air-dried.

Mass spectra were acquired using an Ultraflex I[II MALDI-TOF/TOF mass spectrometer (Bruker
Daltonics, Billerica, MA, USA), armed with a 200 Hz smartbeam I laser. Spectra were acquired by
delayed extraction technology with reflectron in positive mode (laser frequency: 100 Hz), and then
analyzed with the Flex Analysis software v.3.0 (Bruker). Auto-proteolytic trypsin peptides were used
to calibrate internal standards of the acquired spectra. Filtering of the resulting mass lists was
performed to remove contaminants, such as mass matrix-related ions, keratin-derived peaks, and

trypsin auto-lysis peptides peaks. Protein identification was carried out by using the peptide mass
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fingerprinting database, with the online available software MASCOT (Matrix Science Ltd., London,
UK), searching on Swiss-Prot/TrEMBL database. The define searching parameters were the
following: P. aeruginosa as taxonomy, 100 ppm as mass tolerance, one admissible missed cleavage
site, carbamidomethylation (iodoacetamide alkylation) of cysteine as fixed modification, and

oxidation of methionine as a variable modification.

3.6 Development of a protocol for the outer membrane permeability

determination

The antibiotic flux passing through the P. aeruginosa outer membrane can be described by the Fick’s

first law of flux (1) that is:

AC
J=-D-A-= (1)

Where J denotes the flux of the antibiotic through the outer membrane; D is the diffusion coefficient
of the antibiotic; A is the outer membrane area (that can be assumed as 132 cm?); AC is the

concentration gradient of the antibiotic, and Ax indicates the membrane’s thickness.

Given that the B-lactam flux in P. aeruginosa is influenced by specific porins expression, rather than
only passive diffusion, we can introduce the permeability coefficient P (2), which is defined as the

ratio between the diffusion coefficient and the membrane thickness:

P=-> (2)

As a result, the antibiotic flux can be expressed by equation 3:

J=P-A-AC(3)
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With these assumptions, the antibiotic flux can be estimated by expressing in the periplasm of P.
aeruginosa a probe capable to rapidly and stably acylate any B-lactams entered in this compartment.
This premise can lead to determine low permeability coefficients, as in the case of P. aeruginosa.
The C-terminal domain of BlaR (BlaR-CTD), a PBP derived from B. licheniformis, might be
effective for this purpose (Lakaye et al., 2002). BlaR-CTD affinity for different B-lactams was
previously assessed to be particularly elevated (Duval ef al., 2003).

The periplasmic BlaR-CTD expression is therefore suitable to allow the direct quantification of the
B-lactam concentration present in the periplasmic space, and, consequently, to measure the

permeability coefficient (4) as shown in the following equation:

_ d(EI)/dt

A : [Ie] (4)

where E;I* is the concentration of the acyl-enzyme complex BlaR-CTD/B-Lactam, and [l.] denotes
the external B-lactam concentration. The d(E;I*)/dt ratio was measurable and equal to the slope of
the line which define the evolution of the concentration of the acyl-enzyme adduct in function of the
incubation time (Figure 17B).

To validate this model, it must be confirmed that the BlaR-CTD sensor possesses a strong affinity
for all the B-lactams tested and consequently rapidly reacts with the B-lactams entered in the
periplasm. At the same time, B-lactams must not induce the constitutive Ambler Class C B-lactamase
AmpC, which would then compete with BlaR-CTD for pB-lactams’ acylation.

To substantiate these two preconditions, specific experiences have been performed.
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Figure 17: Example of densitometric analysis for -lactam translocation measurement.

A): densitometric analysis of the fluorescence signal given by the complex BlaR-CTD-Bocillin FL,
reported as an example; samples from 1 to 7 represent different aliquots, taken every 5 minutes for
determining meropenem uptake in ARC5782 (PAO14oprD, AopdP); samples 8 and 9 are aliquots
taken before the addition of meropenem in the culture, representing the total quantity of BlaR-CTD
produced and sample 10 is an aliquot not sonicated, used to quantify possible BlaR-CTD released
in the medium.

B): graph representing the increase of the complex Meropenem+BlaR-CTD as a function of time;
this quantification was possible by subtracting to the total BlaR-CTD produced in an aliquot
(samples 8 or 9 of figure A) the values obtained during the experience (samples 1-7 of figure A).
The slope of the line represents the antibiotic flux passing the outer membrane.

3.6.1 BlaR-CTD affinity

BlaR-CTD is a PBP derived from B. licheniformis that possess structural homologies with Class D
B-lactamases (Joris ef al., 1990; Zhu et al., 1990). BlaR-CTD has a high affinity for B-lactams but,
unlike SBL, is less prone to catalyse the diacylation step. Generally, the reaction between p-lactams

and B-lactamases can be described by Michaelis-Menten’s kinetic (5) as:
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k+1 k k
N 2 3
E+C_ECSE-C->E+X (5

k_1

where E is the B-lactamase, C the B-lactam, E.C the Henri-Michaelis complex, E-C* the acyl-
enzyme, and X the hydrolysed B-lactam, obtained via the addition of one H>O molecule, k+1 is the
foreword rate constant, k-1 is the reverse rate constant, k2 is the second-order rate constant and k3

is the first-order rate for deacylation constant.

Due to the incapacity of BlaR-CTD to catalyse the last diacylation step, the interaction of BlaR-

CTD with B-lactams can be obtained as in equation (6):

k.1 k
5 2

E+C_Z EC—E—-C (6)
k_q

where E, in this case, indicates BlaR-CTD.

The pseudo-first order rate constant for acylation (k) is given by (7):

k,[C] k_{+k,
r __ 7
— where K’ = —k+1 (7)

PBPs are characterized by k2 values that are much smaller than £.;; these assumptions lead to the

formulation of (8):

— _kalCT where K = k- (8)
* K+ [C] k.4

However, high acylation rates are found when [C]<<K and, for this reason, the PBP’s acylation

constant might be described by (9):
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2 (9)

The (k2/K") ratio corresponds to the second-order rate constant for the formation of the acyl-enzyme
complex and refers to the acylation step efficiency (Frére and Joris, 1985).

This parameter is determined by simultaneously incubating a known concentration of antibiotic
whose k»/K is to be measured with a known concentration of reporter antibiotic (r), whose kinetic
parameters are known. The proportion of each acyl-enzyme formed at saturation is dependent on the
concentration and on the k»/K ratio of the antibiotics (equation 10) (Frére et al., 1992). In our case,
we firstly used ampicillin (Ag**? = 13000 M! cm™) as a reporter molecule to determine k»/K ratio
for nitrocefin (Ae*? = 15000 M! cm™) (ko/Knitrocefin = 3.6 £ 0.3 uM™! s71),

Successively, nitrocefin was used as reporter molecule to determine cefalotin, ceftazidime,
imipenem, meropenem, ertapenem, biapenem and doripenem k»/K values.

The assay can be described as:

ey _ (@)rlclr
ECT  (%2)«1c)

KI

(10)  and [EC*]r + [EC*] = [Eq]

[ECl, (%)r*[C]r
[Eo] — [EC], (%)* (C]

Where [EC*]r and [EC*] are, respectively, the concentrations of BlaR-nitrocefin and BlaR-
antibiotic acyl-enzymes, [C]r and [C] correspond to the concentration of the nitrocefin and of the
tested antibiotic respectively. (k2/K’)r and (k2/K’) represent the acylation rate constant of the
antibiotic for BlaR-CTD for reporter and the antibiotic.

Reactions were carried out in PBS pH 7.5 and the absorbance at 482 nm was measured using the

Specord 50 plus spectrophotometer (Analytic Jena, Jena, Germany). BlaR-CTD (20 uM) previously
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produced and purified (Duval et al., 2003) was added to a solution containing nitrocefin (80 uM)

and variable concentrations (25 - 1000 uM) of tested antibiotics.

3.6.2 B-Lactamase assays

The level of expression of the AmpC [B-lactamase was measured in crude cell extracts from the
different P. aeruginosa PAO]1 cultures as follows. The growth of the bacteria was monitored by
measuring ODgoo. At an absorbance value of 1.6, the culture was divided into two aliquots of 10 mL.
One culture corresponded to the control. The second culture was obtained by adding the different
antibiotic tested at a final concentration equal to the maximum concentration of the antibiotic tested
in the permeability assay. The cultures were then incubated for a time that corresponds to the time
of incubation with the selected antibiotic in the permeability test. 1 mL of each culture was
centrifuged at 13000 x g for 10 minutes, the pellet was washed twice and resuspended in 1 mL of
10 mM PBS buffer pH 7.4. Cells were then disrupted by sonication with the refrigerated and
automated Bioruptor® Plus (Diagenode, Liége, Belgium), thus minimizing the variability in this
step. The cellular extract was then clarified by centrifugation at 13000 x g for 30 minutes at 4°C.
The protein concentration of each extract was measured with the help of a BCA protein assay kit
(Pierce, Rockford, IL, USA).

The B-lactamase activity of the crude extracts was determined by measuring the initial rate of
hydrolysis of a 100 pM nitrocefin solution in 10 mM PBS buffer pH 7.4 at 30°C as reporter substrate.
The Hanes-Wolf linearization and the Henri-Michaelis equation were used to determine the sample’s
AmpC concentration. The wave lengths and the molar extinction coefficient variations are reported
in Annex, Table S3 (page 219). The absorbances were measured on the Specord 50 plus
spectrophotometer.

Positive controls for AmpC induction in P. aeruginosa PAO1 were analysed as previously described
and incubated for six hours with 50 uM ampicillin and 50 uM cefoxitin; the negative controls were
obtained as the culture without antibiotic, grown for the different incubation times tested.

Specific activity, expressed in micromoles per minute per milligram of protein, resulted from
dividing AmpC quantification by total protein amount, thus expressing the rate of hydrolysis of each

substrate.
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3.6.3 Permeability determination

Antibiotic diffusion in the periplasmic space was analysed in planktonic cultures. The different P.
aeruginosa strains, previously transformed with pKT240blaR or pKT40blaR-gen in the case of
TNPO004, were precultured overnight in LB medium added with antibiotic selection (tetracycline 50
pg/mL or gentamicin 10 ug/mL, respectively). Successively, the culture was scaled up in 100 mL
LB medium additionated with 1:50 reached the late exponential phase (ODsoo = 1.6) a prefixed -
lactam concentration was added in the medium and aliquots (1 mL) were harvested at different

incubation times. All the antibiotics tested, their concentrations and the time frame of sampling, are

reported in Table 5.

Antibiotics Tested concentrations (nM)
Benzylpenicillin 40 20 10
Cefoxitin 30 15 7.5
Cefuroxime 60 30 15
Cefotaxime 60 30 15
Ampicillin 20 10 5
Cephaloridin 8 4 2
Imipenem 0.02 0.01 0.005
Imipenem* 4 2 1
Meropenem 8 4 2
Meropenem” 20 10 5
Ertapenem 7.5 5 25
Doripenem 4 2 1
Biapenem 0.04 0.02 0.01
Biapenem” 4 2 1

Table 5: Different antibiotic concentrations tested for the determination of the permeability
coefficients. The asterisk indicates the concentrations tested on strains deprived of OprD, while the
circumflex denotes the concentrations tested on strains both deprived of OprD and OpdP.

The MBL VIM-4, produced and purified in a previous study (Lassaux et al., 2011) was used with
the purpose of hydrolysing all the antibiotic present outside the cells and consequently interrupting
its permeation in an active form. In particular, 2 pL of VIM-4 (1 mg/mL) was added to the bacterial
culture to immediately stop the antibiotic permeation. EDTA (1 mM) was successively added to the
medium in order to chelate the metal ions, thus inactivating the MBL VIM-4. The crude extract was
obtained by means of ten cycles of refrigerated sonication at 4°C, performed with the Bioruptor®

Plus Diagenode. The BlaR-CTD acylation with the tested antibiotics was assessed by counter-
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marking experiments with the fluorescent reporter antibiotic Bocillin FL. The crude extract was
incubated at 37 °C for 5 minutes with 2 pL. of Bocillin FL (2.5 pM), and the reaction was stopped
by the addition of SDS-loading buffer.

Two positive controls for BlaR-CTD production were harvested on the culture before the antibiotic
addition; a negative control was obtained from the supernatant culture, to ensure low concentrations
of BlaR-CTD released into the medium.

Samples were submitted to SDS-PAGE and the fluorescence intensity of BlaR-CTD labeled with
Bocillin FL was revealed using the Typhoon Trio+ imager (GE Healthcare) (excitation at 488 nm
and emission at 650 nm). The quantification of the decrease of BlaR-CTD acylated with Bocillin FL
as a function of time, and consequently the increase of BlaR-CTD acylated with the unlabelled
antibiotic, was performed by densitometry with the Image Quant TL software (GE Healthcare)
(Figure 17A). An assumed value of 100 ng was given to one of the two positive controls, to represent
the initial concentration of BlaR-CTD produced by the culture taken into consideration.

The obtained densitometric data were plotted on a graph where on the horizontal axis the time is
reported in second, while the vertical axis reports the quantity of the BlaR-CTD complex acylated
with Bocillin FL, expressed in picomoles. The slope of the resulting straight line is estimated and
the associated R? should be larger that 0.9 to be considered adequate, as shown in Figure 17B.
Analyses were performed in duplicate at three different antibiotic concentrations, that are reported

in Table 5.

3.6.4 Complementary permeability experience

The fine-tuned protocol was suitable to determine the effect of different conditions on membrane
stability. Dipicolinic acid (DPA), a metal ions chelator, was studied for its involvement on membrane
integrity. In essence, DPA at different concentrations (1 mM, 750, 500, 250, 100 and 50 uM) was
added to 5 uM ampicillin and submitted to the permeability coefficient determination.

Any variation in antibiotic penetration is to be considered caused by DPA effect on membrane

integrity.
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4 RESULTS

This paper summarizes the main results obtained in the course of this thesis project with respect to
the set objectives. Specifically, it describes the studies carried out to validate the use of BlaR-CTD
as a periplasmic sensor for determining the permeability coefficients of the outer membrane of P.
aeruginosa, with minimal or no interaction with the physiological response. Permeability
coefficients were successively determined for a large number of B-lactams in P. aeruginosa PAO1

and a series of isogenic mutants deleted for various porins.

The paper also highlights the different expression of porins depending on the bacterial growth phase
and in response to the absence of OprD, a phenomenon that partly explains the lack of correlation
between the increase in MICs for carbapenems and the pretty unaltered (except for imipenem) outer

membrane permeability coefficients obtained in the absence of the OprD porin.

The RT-PCR results are reported in Figures 4, 5 and S2 of the paper, and are also presented in the
annexes of this thesis—Figure S1 (Annex, page 220), Figure S2 (Annex, page 220) and Figure S3
(Annex, page 221) with additional details of the statistical analyses performed.

The role of the OpdP porin is further analyzed in a different setting, shown by exposing a mutant
lacking this porin to sub-MIC concentrations of meropenem. This experiment revealed an increased
propensity, under this condition, to select mutants deleted for (or downregulating) OprD, in the

absence of OpdP.

Finally, whole-genome sequencing revealed previously undocumented mutations associated with
carbapenem resistance profiles. Together with the content of the paper, the raw sequencing data

from these experiments have been uploaded under the same Bioproject (PRINA985251).
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ABSTRACT Gram-negative bacteria are a major concern for public health, particularly
due to the continuous rise of antibiotic resistance. A major factor that helps the
development of resistance is the outer membrane that is essential since it acts as a
strong permeability barrier to many antibiotics that are effective against other bacteria.
In this study, we determine the specific permeability coefficients for various antibiotics in
Pseudomonas aeruginosa strains, which differ from each other for their porin expressions.
We showed that OprD and OpdP porins contribute both to internalize meropenem
and biapenem. Using qRT-PCR, we demonstrated that their expression is dependent of
the various phases of cellular growth. We were able to show how the OpdP porin is
less expressed in exponential growth phases, while it tends to be produced when the
bacterial culture enters into the latent phase, in an inversely proportional way compared
to the OprD porin. The deletion of the OpdP porin, in the presence of meropenem
at concentrations equivalent to the MIC values, contributes to the selection of carba-
penem-resistant strains. Therefore, the presence of mutations/deletions of the OpdP
porin should receive greater consideration from a clinical point of view as the use of
meropenem at nonoptimal concentrations could lead to the appearance of resistance
phenotypes.

IMPORTANCE Carbapenem-resistant strains of Pseudomonas aeruginosa are among the
major threats to public health. The permeability of the outer membrane for the B-lactam
antibiotics is one of the major factors that reduce the activity of the antibiotics. In this
study, we measure the low permeability coefficient of the P. aeruginosa outer membrane
to B-lactams. The methodology we develop to determine the permeability can be
applied to other antibiotic families and/or pathogens.

KEYWORDS OpdP porin, external membrane permeability, Pseudomonas aeruginosa,
porins

he gram-negative rod-shaped y-proteobacterium Pseudomonas aeruginosa (P.

aeruginosa) is a ubiquitous and opportunistic pathogen responsible for life-threat-
ening infections, especially in immune-compromised patients, such as those with
ventilator-associated pneumonia (VAP) or with urinary tract infections (UTls) and is the
leading cause of respiratory tract infections (RTls) in cystic fibrosis patients (1-4). It
is intrinsically resistant to different classes of antibiotics, and the few available thera-
peutical options include some B-lactam compounds, often delivered in combination
with B-lactamase inhibitors, such as piperacillin/tazobactam, ceftazidime/avibactam,
and imipenem/relebactam (5-8). Unfortunately, this bacterium has developed different
mechanisms of resistance. In the case of B-lactam antibiotics, the major resistance
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mechanism is the production of enzymes (B-lactamases) that can hydrolyze the B-lactam
ring (3, 9). P. aeruginosa carries a chromosomally encoded and inducible AmpC
B-lactamase (10). In addition, it can acquire extended-spectrum B-lactamases (ESBLs)
and/or metallo-B-lactamases (MBLs), which confer resistance to carbapenems (11-13).

Moreover, P. aeruginosa is characterized by a low outer membrane permeability to
B-lactams, due to the presence of OprF, a nonspecific pore, homologous to OmpC and
OmpF from Escherichia coli. This porin is, indeed, present into two conformers, and
the closed fraction represents approximatively 95% of the total OprF expressed by the
bacteria, leaving a minority in the open state, and its involvement in the permeation is
still debated (14, 15).

As a consequence, hydrophilic nutrients and antibiotic internalization are mediated
by a wide number of substrate selective channels (15).

Interplay with other resistance mechanisms, like the efflux pump upregulation, can
extrude a wide variety of antibiotics present in the cytoplasmic or periplasmic space of
the bacteria. In particular, increased expression of MexAB-OprM contributes to -lactam
resistance, as commonly found in clinical multiresistant isolates (16-18).

It is well documented that a decrease in the outer membrane permeability can
be mediated by an altered expression of OprD. This porin facilitates basic amino acid
uptake and influences antibiotic sensitivity, primarily to imipenem, due to the structural
homology between arginine and the C2 antibiotic lateral chain (19, 20).

P. aeruginosa possesses 18 OprD homologs, characterized by their structural
similarities and substrate specificities. They belong to the family of outer membrane
carboxylate channel (Occ).

Within this family, two subgroups are identified: the OprD (or OccD) and the OpdK (or
OccK) subfamilies (15, 21, 22).

OpdP (OccD3) shows the highest sequence identity with OprD (51%). It is associ-
ated with glycine-glutamate dipeptide translocation, and it has been assumed to
be involved in meropenem uptake, although a clear phenotypic resistance profile in
deletion mutants has not been determined (21, 23-26). This porin belongs to the
dppA4BCDF operon, encoding the ABC machinery responsible for the utilization of
dipeptides during the stationary phase, increasing the bacterial metabolic versatility.
Its expression is controlled by the PsdR regulator (27, 28). Recent studies have shown that
psdR is prone to acquire mutations, but their impact on the OpdP expression has not yet
been described (29-31).

The research for antibiotic-specific channels has been directed to other porins
belonging to the Occ family. For instance, in the study by Isabella and coworkers,
porins selected for their expression quantified by RNAseq analysis after growth in
minimal medium were hypothesized to be involved in the entry of antibiotics. The
study identified the OpdC (OccD2), OpdT (OccD4), and OpdB (OccD7) porins as possible
candidates. However, a P. aeruginosa isogenic mutant where the genes encoding three
porins were deleted, together with opdP and oprD, did not display a modification of the
antibiotic resistance profile compared to the single oprD mutant (24). Even a P. aerugi-
nosa strain stripped of 40 porins resulted in MICs comparable to those of the single oprD
knockout, suggesting the presence of alternative translocation pathways, independent
of porins (32). For this reason, the MIC determination of P. aeruginosa isolates does not
reflect the real pattern of porin expression and does not exhibit a reliable predictive
value for bacterial permeability.

Therefore, an improved understanding of B-lactam translocation mechanisms in
gram-negative bacteria might help in the design of new molecules, formulated also
on the basis of their abilities to cross the outer membrane barrier.

Different methods have been proposed to study the outer membrane permeability
in P. aeruginosa, starting from the pioneering work by Zimmermann and Rosselet (33).
Comparing the periplasmic B-lactam hydrolysis of intact cells with the one obtained by a
lysate made it possible to determine the outer membrane permeability coefficients for P
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aeruginosa (34). Unfortunately, this method turned out to be poorly reproducible due to
the contribution of efflux pumps that interfere with antibiotic accumulation (35).

The use of radio-labeled B-lactams has been proposed as an alternative method for
the quantification of the antibiotic periplasmic concentration (36). However, this method
is limited by the difficulty of obtaining a wide set of radioactive compounds.

Whole-cell analytical techniques, including mass spectrometry-based analysis, allow
the quantification of the variation in extracellular antibiotics or the measurement of the
direct accumulation in the periplasm (37-39), but they are highly time-consuming.

Another approach being pursued was the study of single porin permeation proper-
ties using different techniques such as the liposome swelling assay, electrophysiology,
or molecular dynamics simulations. They have importantly contributed to the definition
of the specific role of single porins, the determination of their specific conductance, and
have identified the consequences that mutations may have on translocation properties
(40-44). Nevertheless, the study of the single porin properties undoubtedly failed to
comprehend the complexity of the bacterial response to antibiotics, given that synergic
effects are not noticeable.

In a first approach, we determined the P. aeruginosa outer membrane permeability
toward B-lactam, as described below. This method exploits the property of BlaR-CTD, a
soluble penicillin-binding protein that displays a high affinity for B-lactams. Its expres-
sion in the periplasm allows an accurate estimation of the quantity of the antibiotic that
permeates through the outer membrane (45).

Unlike the previously mentioned methods, the study of single or multiple porin(s)
isogenic mutants can elucidate the role of a single porin or the presence of any synergic
effect in double or multiple knockout strains for a broad variety of B-lactams, and this
was the first aim of our research.

The second goal of this study was to ascertain the real contribution of OpdP in
carbapenem resistance, especially under stress conditions. To the best of our knowledge,
we were the first to investigate the expression of different porins during different
bacterial growth phases by means of qRT-PCR, and we believe that this is a useful tool to
broaden our understanding of the response to antibiotic therapy.

Our third goal was to verify whether the single deletion of the OpdP porin confers
a selective advantage in developing a phenotype of carbapenem resistance. To this
end, we performed a multistep resistance experiment using meropenem at sub-mini-
mum inhibitory concentrations and subsequently analyzed the resistant mutants thus
obtained.

Finally, we performed whole-genome sequencing on selected strains to clarify the
specific resistance genotype.

RESULTS AND DISCUSSION
Antibiotic resistance determination and mutant selection

Different subclasses of B-lactams were tested to evaluate the MIC variations associated to
porin deletions, and the resistance profiles of P. aeruginosa strains are reported in Table 1.

MIC values for carbapenems were increased in all the strains where OprD was deleted
and also in TNP004, described to downregulate OprD expression (47). The deletions of
the other porins did not change the resistance phenotype and did not suggest any
synergic effect for the antibiotic tested.

We further obtained P. aeruginosa mutant strains, derived from P. aeruginosa PAO1
and P. aeruginosa ARC5170 (PAO1AopdP), with the help of a multistep resistance
experiment.

Colonies were cultured and then plated at different growth phases at sub-MIC
meropenem concentrations. We registered the appearance of resistant colonies for both
strains and at the different growth phases tested, but ARC5170 proved to be the most
adept at acquiring the ability to grow in the presence of meropenem, 30 times more
frequently than for the other strain; in particular, we found approximatily 600 colonies
derived from ARC5170, while only 20 were derived from PAO1.
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We selected P. geruginosa LGO1, derived from PAO1, and six mutants derived from
ARC5170 named P. geruginosa LG02-LGO7; determined their MICs; and observed that all
the strains presented a stable resistance profile characterized by a reduced sensitivity to
carbapenems, identical to that of the strains deprived of OprD (Table 1).

OprD sequencing and whole-genome sequencing

P. aeruginosa TNP004 was described to produce an undetectable amount of OprD (47),
but the cause underlying this downregulation has not been elucidated yet. For this
reason, we sequenced the oprD gene and observed that it contained a single-nucleo-
tide mutation (T1301C) yielding the Leu434Pro mutation in OprD, a modification in a
transmembrane domain that increases the instability of the porin (GenBank accession
number OR069747).

We were also interested in assessing whether the carbapenem resistance found in
the strains selected under meropenem pressure was attributable to oprD mutations and
consequently performed Sanger sequencing. For P. aeruginosa LGO1, the insertion of one
cytosine between positions 1,205 and 1,206 was found to induce a frameshift in the oprD
open reading frame (GenBank accession number OR069748). LGO2 is characterized by a
single-nucleotide substitution (G1017A), introducing a premature STOP codon (GenBank
accession number OR069749). The strains LG04, LGO5, LG06, and LGO7 shared the same
nucleotide deletion in position 1,291 (G), resulting in a frameshift and in the synthesis
of a truncated porin (GenBank accession number OR069750). Figure S3 summarizes the
alignments of the different oprD mutated genes. Interestingly, P. aeruginosa LG03 did not
exhibit any mutation when compared to the oprD wild-type gene, despite a carbapenem
resistance profile similar to that of the other oprD mutants.

The whole-genome sequences of P. aeruginosa TNP004 and LGO3 were determined
to identify other mutations that could lead to the carbapenem resistance genotype
associated to those strains. Due to the report of many polymorphisms in different
PAQOT1 reference strains diffused worldwide (48), PAO1-Jap and ARC545, parental strains
of TNP004 and ARC5170, respectively, were sequenced in order to exclude the role
of mutations already present in these strains for carbapenem resistance observed in
TNP004 and LGO3.

The nucleotide sequences were deposited in the GenBank database, Bioproject
PRINA985251 under accession number SAMN35794375-8, while the observed mutations
are reported in Fig. 1.

TNP004, besides the nucleotide substitution in oprD, presented other mutations
including a deletion in fliF and two point mutations in /asR and pilR. However, these
genes have not been described to be involved in the regulation of OprD expression, and
so we concluded that the mere amino acid substitution in OprD causes the lack of porin’s
expression.

We also observed that, when compared to the reference PAO1, LGO3 exhibited two
single-nucleotide polymorphisms in nalD and dsbS in addition to the opdP deletion.

dsbS was recently described as a histidine-kinase sensor that acts together with
the cognate response regulator dsbR in copper homeostasis (49). The copper-induced
response has been previously shown to reduce the OprD expression through a
regulation mediated by different two-component systems, such as czcRS and copRS (50,
51). It is reasonable to speculate that also this third copper regulation system might
govern OprD expression. nalD is a transcriptional repressor of cellular efflux whose
mutations have been correlated with MexAB-OprM overexpression (52); the upregulation
of another efflux pump system, MexEF-OprN, mediated by the regulator mexT is known
to decrease OprD expression (53). However, although many strains have been described
to exhibit mutations in nalD causing MexAB-OprM overexpression, there is no evidence
in the literature that these mutations could directly influence OprD.

The sequencing has therefore revealed that a single mutation can cause carbapenem
resistance in TNP004, while oprD mutations for six of the seven mutants selected under
meropenem pressure alter the correct OprD synthesis, giving rise to increased resistance
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FIG1 Circular visualization of the genome assembly obtained using the software Geneious (version R10). (A) The genome sequence of TNP004 was compared to
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ARC545. The opdP deletion is highlighted, and the other observed mutations are shown.

to carbapenems. Furthermore, the whole-genome sequencing has revealed the presence
in LGO3 of two mutations that contribute to carbapenem resistance, but their actual
contribution requires further investigations.

Western blot

The expression of OprD in different mutant strains was verified by means of Western
Blot (Fig. 2). As assumed, we confirmed the absence of the porin not only in the deleted
mutants but also in the oprD mutant TNP004 and in the LGO1, LG02, and LG04-LGO7
strains, confirming the sequencing results. Interestingly, we could observe that LGO3
was characterized by a downregulation of OprD, thus resulting in a consistent resistance
profile to carbapenems.
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FIG 2 OprD detection performed by Western Blot in the following strains: (A). 1, protein marker; 2,PAO1; 3,TNP004; 4, ARC5990 (PAO1.AoprD); 5, ARC5170
(PAO1AopdP); 6, ARC5782 (PAO1AoprD, AopdP) and 7, ARC5998 (PAO1AoprD, AopdPAopaB, AopdC, and AopdT). (B). 1, protein marker; 2, PAO1; 3, LGO1; 4,
ARC5170 (PAO1AopdP); 5, LGO2; 6, LGO3; 7, LGO4; 8, LGO5; 9, LGO6 and 10, LGO7. The porin OprD is marked by an arrow. Protein markers’ pictures were put aside

the chemiluminescence scans.
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Growth curves

The planktonic growth in the LB medium of different porin mutants was compared to
that of the wild-type PAO1 (Fig. 3). Remarkably, we did not observe an important delay
in the growth of the different tested mutants compared to P. aeruginosa PAO1. Even
ARC5998, with five different porins deleted, was able to grow in the LB medium at a rate
similar to that of the PAO1 wild-type strain.

A possibly relevant difference is shown only in TNP004 where the cell density is
slightly larger compared to the other strains. We could so assess that the lack of one or
more porins does not influence bacterial growth, at least in the LB medium.

Permeability coefficient determination

A better understanding of the permeability of gram-negative bacteria, and in particular
of P. aeruginosa, is an important factor for better directing the search for new antibiotics
(54, 55).

While the role of the OprD porin in imipenem resistance is now widely understood
(20, 56), the permeation of other antibiotics through the outer membrane remains
difficult to interpret (15, 26, 57); indeed, antibiotic diffusion due to other porins does not
seem to be sufficient to explain their uptake (32).

With this aim in mind, we adapted a previously described protocol (45) to quantify the
B-lactam translocation into P. aeruginosa periplasm in order to determine the permeabil-
ity coefficients of the outer membrane to different B-lactams. We performed validations
to exclude major interfering events that could occur during measurements that include
the following: i) the absence of MIC variation as a consequence of BlaR-CTD periplasmic
production, ii) the verification of BlaR-CTD high affinity for the B-lactams tested, and iii)
the absence of significant AmpC induction in the presence of B-lactams.

We transformed P. aeruginosa PAO1, ARC5990 (PAO1AoprD), ARC5170 (PAO1AopdP),
ARC5782 (PAO14oprD, AopdP), ARC5998 (PAO1 five porins mutant) with plasmid
pKT240blaR, and TNP004 (PAO1 lOprD) with pKT240blaR-gen, a derived plasmid
carrying gentamicin resistance, to produce BlaR-CTD in the periplasm of these strains.

Growth curves

Microbiology Spectrum
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FIG 3 Growth curves of P. aeruginosa strains in LB cultures.
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We compared the MIC profiles of the strains producing BlaR-CTD or not. We also
transformed PAO1 with an empty vector (pKT240neg) as a control to compare the effects
induced by the plasmid alone to those caused by BlaR-CTD expression.

As reported in Table 2, the presence of BlaR in the periplasmic space did not alter
the MIC values of the host bacteria with the exception of three compounds, piperacil-
lin, ceftazidime, and cefepime, that presented unexpected MIC increases ranging from
twofold to fourfold dilutions when compared to the blaR-devoid strain.

This phenomenon could be explained by a lower affinity of these three antibiotics
for natural PBPs compared to the other antibiotics tested. A similar conclusion was
made by Montaner and coworkers studying the effect of AmpC hyperexpression (58).
The periplasmic BlaR-CTD production, similarly to AmpC hydrolysis, might reduce the
intracellular concentration of these three antibiotics to a limit level that would change
the PBP occupancy causing increases in MICs, or, equivalently, might induce AmpC
expression. However, whatever the exact cause, we excluded these antibiotics from our
permeability study and preferred to concentrate on antibiotics whose MICs were not
altered by BlaR-CTD expression.

We successively measured the acylation constants of BlaR-CTD with the different
B-lactam antibiotics (Table 3). Our data confirmed that the formation of a stable
acyl-enzyme was not a rate-limiting step in our experiments (kp/K’ >0.02 pM™" 7).

We finally verified that the expression of the chromosome-encoded AmpC (-lacta-
mase did not affect the detection of labeled BlaR-CTD. To do so, we determined the
level of production of the AmpC B-lactamase in the different P. aeruginosa PAO1 cultures.
The concentration of the antibiotic added to the culture was identical to its maximum
concentration used during the permeability assay, and the incubation times for different
B-lactams were equal to the maximum duration of the permeability measurements for
the specific antibiotic. We, therefore, determined the AmpC concentration in the function
of the incubation time (Table 4).

We showed that the specific activity of the chromosome-encoded AmpC remained
similar to those obtained for the negative controls. Nevertheless, ertapenem showed a
minor increase in the AmpC activity (fourfold compared to the negative control). The
validity of the assay to detect increased expression of the B-lactamase was demonstra-
ted by verifying the strong AmpC induction after a longer incubation (6 hours) in the
presence of ampicillin and cefoxitin, known to be good AmpC inductors (59).

Antibiotic penetration was assessed in planktonic cultures grown in LB, and the assay
was performed during the late exponential growth phase (Aggp approximatively 1.6),
thus excluding an increase in periplasmic BlaR-CTD due to bacterial duplication during
the short duration of the analysis (maximum 40 minutes).

We first determined the permeability coefficients for different B-lactams in P.
aeruginosa PAO1, and the results are reported in Table 5 (60-62). One can immediately
notice the lower outer membrane permeability of P. aeruginosa when compared to that
of E. coli.

We then selected a penicillin (ampicillin), a first-generation cephalosporin (cepha-
loridine) and five carbapenems (imipenem, meropenem, ertapenem, doripenem, and
biapenem) and determined their permeability coefficients in different mutant strains
(Table 6). As expected, decreased values for imipenem uptake were detected in all the
strains where OprD was deleted or mutated. The OprD mutants exhibited a 130-fold
reduction in the permeability coefficient when compared to PAO1. The values obtained
for the TNP004 mutant are similar to those for ARC5990 (PAO1AoprD), confirming that
the porin is not expressed in TNPOO4.

This result is in accordance with the specific role of OprD in imipenem uptake, due
to the structural identity between the C2 side-chain of imipenem and that of arginine,
the natural substrate of the porin. For the other tested carbapenems, the increase in
MIC values does not clearly map into a marked permeability decrease since we only
measured a twofold difference between the single OprD mutants and the wild-type.

April 2025 Volume 13 Issue 4

122

Microbiology Spectrum

10.1128/spectrum.00495-24 8



Microbiology Spectrum

Research Article

N SUIRJIS SEUOWOPNISJ 9} JO SaWIBU BY) Juasaidal s191deleyd pjog ay L,

‘pPauIWIRIBP JoU N ‘3|qe[IeAR Jou :¥N '(9%) ISTD Aq paiaidiaul syutodyesiq

1da2sNSs JJI Y 03 $13J31 *ISNs [STD “SDIIl JO AdeINdDE BY) JOLUOW O} Pasn sulells [013U0d A)ijenb 10j sywi| 3|qeIdadde o) s1ja1 piepuels [STD By Paliodal ale suleils PALLIOJSURII-UOU Y} J0j paulelqo A|snolaaid sanjea ay L,

4 4 4 4 4 4 4 4 9l 4 4 L [ =50 upiweusn

871< 8 871< 8 871< 8 871< 8 871L< 8 871L< 871L< 8 s [431] auipAdensy

L L L L ST0 ST0 L L L L S0 ST0 ST0 TS S0-TLO wauaduog

¥ ¥ 14 14 S0 S0 14 ¥ 14 14 S0 S0 S0 WUN =50 wauaderg

43 [43 [43 43 8 8 43 [43 [43 [43 8 8 8 VN 8-C wauadeny

14 ¥ 14 14 0] S0 14 ¥ 4 4 S0 S0 S0 T 1-21'0 wauadoldpy

8 8 8 8 L L 8 8 8 8 L L [ -1 wauadiw|

¥ L ¥ L v L 14 L ¥ L ¥ L [ -2 =50 awidaje)

9L L oL L oL L 9L L [43 4 9L L [ -2 -1 awipizeya)

oL gL 9L oL gL 9l gL gL 9l 8 oL 9l 9L V¥N €8 aWIxejo)

005 00S 005 005 00S 005 005 00S 0St 0S¢ 0S¢ 0St 0S¢ VYN VN awixoinye)

000°L 000'L 000°L 0001 000'L 000°L 000l 000'L 005 005 005 000l 000'L  V¥N VN unIxoya)

000'Z< 000'Z< 000T<  000'T< 000T<  000T< 000T<  000T< 000T  000Z< 000'Z< 000T<  000Z< VN VN auipuojeyda)

000'Z< 000'2< 000T<  000'T< 000T<  000T< 000T<  000T< 000T  000Z< 000'Z< 000T<  000Z< VN VN unoje;s)
8 4 8 4 8 4 8 4 14 4 14 L T 9ls 8-1
000'2< 000'2< 000T<  000T< 000T<  000T< 000T<  000T< 000T<  000Z< 000C 000T<  000Z< VN VN
000'L 000°L 000'L 000'L 000'L 000'L 000'L 000°L 005  000'L 000'L 000'L 000 VN VN

(dpdoy

Hejqorziyd (sunodsy) yejqoyzind — ‘pidoy) yelqovzidd  (dpdoy) yeiqoyzidd  (pidoy) yejqoyziyd yejqorzind bauopzid sng  piepueis

866SJ¥Y 866SDYY  78/SDYY 78/SDYY  OZLSDHV O0ZLSDHY  066SDHV 066SDHV #00dNL t00dNL LOvd LOvd LOvVd ISTD 1S1D (wy/6r)

(qwy/6M) SO psourbniap g sanolqruuy

2»01D-4e|g 10U 1o Bupnpoid sutens psouIbnIab ¢ JUSISPIP 3Y3 JO sanjeA DN Z 319VL

10.1128/spectrum.00495-24 9

Issue 4

April 2025 Volume 13

123



Research Article Microbiology Spectrum

TABLE 3 Acylation rate constant (K,/K) for the different tested antibiotics

Antibiotic ko/K (UM - s7") Reference
Nitrocefin 3.6+0.3 This study
Benzylpenicillin 87+1.1 (57)
Ampicillin 1.3+0.1 (57)
Cephaloridine 5.9+0.2 (57)
Cefoxitin 0.06 +0.02 (57)
Cefuroxime 0.02 +0.005 (57)
Cefotaxime 0.04 +0.003 (57)
Imipenem 0.8+0.2 This study
Meropenem 0.8+0.2 This study
Ertapenem 1.1+£02 This study
Biapenem 14+03 This study
Doripenem 1.7+£03 This study

The permeability coefficients of ARC5170 (PAO1AopdP) were similar to those of the
reference strain PAO1, suggesting that OpdP was not involved in antibiotic uptake.

Interestingly, a different result was noticed in the analysis of the mutant ARC5782,
that lacks both OprD and OpdP. The imipenem permeability coefficient was similar to
that of ARC5990 (PAO14oprD), while, for meropenem and biapenem, the permeability
coefficients were respectively tenfold and 30-fold lower than that of the wild-type PAO1.

These data underline a synergistic role of the OprD and OpdP porins in meropenem
and biapenem uptake. An involvement of OpdP in meropenem permeation had already
been suggested in the literature (24), but the diffusion of biapenem through this porin
had never been described before.

We performed the same analysis on ARC5998 and obtained data similar to those
observed with the double OprD and OpdP mutants, indicating that OpdB, OpdC, and
OpdT are not primarily involved in the uptake of the tested antibiotics.

This approach allowed the evaluation of the specific permeability coefficients for
various antibiotics in a series of P. aeruginosa strains (Table 6), which exhibit different
levels of porin expressions.

TABLE 4 Periplasmic AmpC concentration and specific activity of the AmpC B-lactamase in the presence
or absence (/) of B-lactams for the different P. aeruginosa cultures?

Incubation time (min)  Antibiotic (final concentra- Periplasmic AmpC Specific activity

tion uM) (mg/L) (pmol - min™' - mg™)
12 Imipenem (0.02) 0.029 0.07
Doripenem (1) 0.024 0.06
Biapenem (0.04) 0.020 0.05
/ 0.026 0.06
20 Meropenem (2) 0.020 0.05
/ 0.042 0.10
30 Ampicillin (20) 0.026 0.05
Benzylpenicillin (40) 0.027 0.08
Cephaloridine (7.5) 0.024 0.08
Ertapenem (7.5) 0.073 0.25
/ 0.029 0.06
40 Cefoxitin (30) 0.49 1.25
Cefuroxime (60) 0.018 0.03
Cefotaxime (60) 0.021 0.03
/ 0.017 0.03
360 Ampicillin (50) 226 143
Cefoxitin (30) 90.4 5.76
/ 4.88 0.31

“The activity was followed by nitrocefin hydrolysis. (/) refers to a negative culture where no antibiotic was added.
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TABLE 5 Permeability coefficients determined in P. aeruginosa PAO1 for a set of different B-lactams,
belonging to penicillin, cephalosporin (1st, 2nd, and 3rd generation), and carbapenem families®

Permeability coefficients (nm/sec)

Antibiotic P. aeruginosa PAO1 E. coli
Ampicillin 0.008 + 0.004 28(70)
Benzylpenicillin 0.006 + 0.002

Cephaloridine 0.03 +0.01

Cefoxitin 0.002 + 0.0006

Cefuroxime 0.001 + 0.0004

Cefotaxime 0.001 + 0.0005 180(72)
Imipenem 20+9 1800 (71)
Meropenem 0.06 +0.01 300(71)
Ertapenem 0.06 +0.02

Doripenem 0.56 + 0.38

Biapenem 47+14

“Values reported in the literature for E. coli are shown for comparison.

We also highlighted the presence of compensatory effects in the permeation of
antibiotics, in particular, the contribution of both OprD and OpdP porins in the
internalization of meropenem and biapenem. Deleting each of these porins individually
does not alter the entry rate of these antibiotics in the respective mutants, while in the
mutant deprived of both porins, a marked decrease in permeability for both antibiot-
ics is observed (tenfold and 30-fold, respectively). This outcome could not have been
inferred from the MIC values, which are in fact identical in all mutants for the antibiotics
mentioned above (Table 1).

The method described here can, in principle, be extended to other antibiotics and
also to other gram-negative pathogens of clinical interest, representing a useful tool to
study porin’s functionality.

gRT-PCR

The relative expression of oprD, together with four other porins (opdP, opdB, opdC, and
opdT) at four different time points of cellular growth was quantified by qRT-PCR. Total
mMRNAs were so extracted at ODggg of 0.6, 1.2, 1.6, and 2.0, corresponding, respectively, to
the early, mid and late exponential, and early stationary phase.

PA3340, gyrA, and cysG genes, due to their relative stable expressions, were chosen as
reference genes, and the exact protocol that results in their selection is reported in the
Supplementary Material.

The relative oprD expression in P. aeruginosa PAO1, TNP004, and ARC5170
(PAO14o0pdP) is reported in Fig. 4A. We confirmed that, as previously assumed, the
expression of oprD mRNA is inversely proportional to cell density (53); as a consequence,
the decreased expression of oprD observed at ODggy 1.6, compared to the early

Microbiology Spectrum

TABLE 6 Permeability coefficients for different B-lactams determined for P. aeruginosa PAO1 and other porin(s) or efflux pump mutants®

Permeability coefficients (nm/sec)

Antibiotic PAO1 TNP004 ARC5990 ARC5170 ARC5782 ARC5998

Relevant characteristics lOprD AoprD AopdP AoprD, AopdP  AoprD, AopdP, AopdB, AopdC, and
AopdT

Ampicillin 0.008 + 0.005 0.008 £ 0.003 0.02£0.01 0.01 £0.002 0.01 +£0.002 0.02 +0.005

Cephaloridine 0.03 £0.02 0.02 +£0.004 ND 0.03 £0.01 0.03£0.01 0.04 +£0.01

Imipenem 20+9 0.13£0.07 0.14£0.07 15+58 0.13+0.05 0.12+0.06

Meropenem 0.06 +£0.01 0.03 +£0.02 0.03 £0.01 0.1£0.05 0.006 + 0.002 0.01 +£0.005

Ertapenem 0.06 +0.02 0.03 £0.01 0.04 £0.02 0.02 £0.01 0.02+0.01 0.02+0.01

Doripenem 0.51+0.35 0.16 = 0.06 0.07 £0.03 0.11£0.02 0.14+0.11 0.11+£0.05

Biapenem 47+14 34+19 42+27 72+29 021+0.13 0.12+0.03

“ND refers to a coefficient not determined.
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FIG 4 Relative expressions of (A) oprD, (B) opdP, (C) opdB, (D) opdC, and (E) opdT mRNAs in P. aeruginosa PAOI and four porin(s) mutant strains; mRNAs were
extracted at four different points of bacterial growth, reported in the x-axis as the absorbance at 600 nm, and the relative expression reported on the y-axis is the

mean of the transcription of three indipendent reference genes (PA3340, gyrA, and cysG). Data were analyzed by two-way analysis of variance (ANOVA), followed

by Bonferroni multiple comparison post-test.

exponential phase (ODggg 0.6), might explain the differences found between carbape-
nem MICs and the permeability coefficients obtained in this study.

During our permeability measurements performed during the late exponential
growth phase, as a consequence of the low physiological expression of OprD, the
deletion of this porin does not produce a strong decrease in permeability for carbape-
nems, except for imipenem. In contrast, the MICs, whose determination involves the
passage through the exponential phase in the overnight culture, show the effect of
OprD’s higher expression in the early growth phase.

Interestingly, in TNP004, oprD mRNA appeared to be upregulated, but this did not
reflect in the insertion of a functional porin in the outer membrane, as demonstrated
by Western blot analysis. The bacteria are, therefore, able to respond to the lack of
the functional porin by overexpressing oprD mRNA transcription, suggesting that the
expression of this porin is controlled by a precise regulatory mechanism.

We performed the same screening on opdP mRNA in P. aeruginosa PAO1, TNP004, and
ARC5990 (PAO1AoprD), and the results are shown in Fig. 4B.

In P. aeruginosa PAO1 the expression of OpdP does not seem to be regulated by
cell density, but, in contrast to OprD, its expression is slightly increased during the
early stationary phase. Moreover, its expression is increased 20-fold when oprD mRNA
is not expressed as in the case of ARC5990 (PAO14oprD). In TNP0O4, in fact, the relative
opdP expression remains similar to that in PAO1, probably due to the simultaneous
over-transcription of oprD mRNA. This finding highlights how the absence of a porin can
be compensated for, but it does not fully elucidate the mechanism that prevails in the
TNPOO4 strain.

It is important to notice that the relative mRNA expression of opdP in ARC5990
(PAO1A0prD) is ten times less than that of oprD in ARC5170 (PAO1AopdP); nevertheless,
the permeability coefficients for all carbapenems, except for imipenem, are similar in the
two considered strains.
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However, OpdP has been described to exhibit a 30-fold higher conductance than
OprD (30), and this can explain how a lower expression of this porin allows the uptake of
all carbapenems at the same rate, with the exception of imipenem.

We finally quantified the relative mRNA expression of the oprB, oprC, and oprT porin
genes, previously chosen for their high relative expression in minimal medium (24), in P.
aeruginosa PAO1, TNP004, ARC5990 (PAO14oprD), ARC5170 (PAO14opdP), and ARC5782
(PAO1A4oprD, AopdP).

The results for these porins are reported in Fig. 4C through E, respectively, and show
that all three porins have a basal expression level, while only that of opdB mRNA seems
to be directly proportional to cell density. However, their low expression does not seem
to be crucial for antibiotic uptake, as shown by the MICs and the permeability coefficient
determinations.

We also quantified the relative expression of oprD mRNA in two strains selected
during the multistep resistance experiment. We chose LGO1, derived from P. aeruginosa
PAO1, carrying a mutated oprD sequence, and LG03, derived from ARC5170 (PAO1A4opdP)
that possesses an intact oprD, and we compared the relative expression of the porin at
Aso0 = 1.6, using the reference genes mentioned above.

The results reported in Fig. 5 show an increased expression of oprD mRNA, similarly to
TNPO0O04, in LGO1 when compared to the wild-type, most likely due to the synthesis of a
mutated unstable porin.

Interestingly, oprD mRNA expression in LGO3 appears to be tenfold downregulated
compared to PAO1, probably as a consequence of the already mentioned mutations
found in the nalD or dsbS genes.

Thus, the so far undocumented mechanism results in a downregulation of the porin
(verified by qRT-PCR and Western blot), which causes carbapenem resistance highlighted
by the MIC values.
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FIG5 Relative expression of oprD mRNA in P. aeruginosa PAQI, LGO1, and LG03; mRNAS were extracted at A600 = 1.6, and the relative expression reported on the

y axis is the mean of the transcriptions of three indipendent reference genes (PA3340, gyrA, and cysG) mentioned above. Data were analyzed by two-way analysis

of variance (ANOVA), followed by Bonferroni multiple comparison post-test.
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These experiments shed further light on OpdP, demonstrating that this porin is less
expressed during the exponential growth phase, while its production increases when
the bacterial culture enters the latent phase. This phenomenon turns out to be of
particular importance during the permeability determinations, which were performed
with cultures in the late exponential growth phase, but also during an in vivo infection.
Conversely, the production of OprD follows an inverse pathway (Fig. 5A and B), and this
mechanism contributes to explain why the MIC values appear to be mostly influenced
by OprD. The determination of the MICs necessarily requires an exponential growth
phase and, therefore, more affected by the presence/absence of the OprD porin in P.
aeruginosa.

Besides this experimental evidence, it is, therefore, important to highlight how the
simultaneous absence of OprD and OpdP porins might determine the poor efficacy of
meropenem and biapenem during an antibiotic therapy, while the single deletion of
OpdP can favor the appearance of a carbapenem resistance phenotype after exposure to
meropenem in a concentration close to the MIC value.

Therefore, the presence of mutations/deletions of the OpdP porin should receive
greater consideration from a clinical point of view, and further studies on the expression
of this porin in clinical strains could lead to a better understanding of the resistance
mechanisms mediated by this porin.

MATERIALS AND METHODS
Bacterial strains, growth conditions, plasmids, and antibiotics

Antibiotics were purchased from Sigma-Aldrich and nitrocefin from Oxoid Ltd. (Basing-
stoke, UK).

Biapenem was kindly provided by Dr. O. Lomovskaya from The Medicines Company
(San Diego, CA, USA).

Bacterial strains are listed in Table 7, and the porin(s) deletion assessment is reported
in supplemental data. Plasmids are reported in Table S1. Bacteria were grown aerobically
at 37°Cin LB, purchased from Sigma-Aldrich.

To perform planktonic cultures, a single colony was inoculated into liquid medium
and incubated overnight (14-16 hours). Cultures were then diluted 1:20 into fresh media,
and bacterial growth was monitored by following the absorbance at 600 nm using an
Ultrospec 10 spectrophotometer (BioChrom, St Albans, UK).

TABLE 7 Collection of P. aeruginosa strains used in the study”

P. aeruginosa Relevant characteristics Reference
PAO1 Wild-type BCCM
PAO1-Jap Presumptive TNP004 parental strain (47)
TNP004 10prD (47)
ARC545 ARC presumptive parental strain (24)
ARC5990 AoprD (24)
ARC5170 AopdP (24)
ARC5782 AoprD, AopdP (24)
ARC5998 AoprD, AopdC, AopdP, AopdT, and AopdB (24)

LGO1 oprD mutant, derived from PAO1 This study
LG02 oprD mutant, derived from ARC5170 This study
LGO3 oprD mutant, derived from ARC5170 This study
LG04 oprD mutant, derived from ARC5170 This study
LGO5 oprD mutant, derived from ARC5170 This study
LGO6 oprD mutant, derived from ARC5170 This study
LGO7 oprD mutant, derived from ARC5170 This study

240prD indicates a downregulated expression of OprD.
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The pKT240blaR shuttle vector (45) includes the B. licheniformis blaR-CTD gene under
the control of the Ipp-lac fusion promoter. The pKT240neg vector was derived from
pKT240blaR where blaR-CTD was excised. Finally, pKT240blaR-gen was obtained by the
addition of the aac? gene, in order to confer resistance to gentamicin. Both latter
constructs were produced using the Gibson assembly technology (63), by amplifying
fragments of the pKT240blaR plasmid and the aacT gene in the case of pKT240blaR-gen.
Primers are listed in Table S2. The different plasmids were transformed in E. coli DH5a-
Proteobacterium Pseudomonas aeruginosa. They were purified using the NucleoBond
Xtra Maxi kit (Macharey-Nagel, Bethlehem, PA) and used to transform P. aeruginosa
strains by electroporation using the Gene Pulser Xcell Electroporation System (Bio-Rad,
Hercules, CA, USA), in an ice-cold 0.2 cm cuvette with the following parameters: 200 Q,
25 pF, and 2.5 kV.

We further selected new P. geruginosa mutant strains where the permeability of
the outer membrane is affected. Those strains were obtained with the help of a
multistep resistance experiment. Briefly, P. aeruginosa PAO1 and P. aeruginosa ARC5170
(PAO1AopdP), grown in liquid LB medium, were harvested in the mid- and late-exponen-
tial growth phase (Aggg ~1.2 and 1.6) and streaked (10° CFU) onto Petri plates contain-
ing two different meropenem concentrations (1 and 2 pg/mL), higher than the MICs
determined for both parental strains (0.5 pg/mL). The plates were incubated for 16 hours
at 37°C. Seven colonies (P. aeruginosa LGO1, derived from P. aeruginosa PAO1, and P.
aeruginosa LG02-LGO7 derived from P. aeruginosa ARC5170) were then randomly selected
for further characterizations.

Susceptibility testing

Antimicrobial susceptibility was evaluated by broth microdilutions in cation-adjusted
Mueller-Hinton broth (MHBII), purchased from Sigma-Aldrich, according to the Clinical
and Laboratory Standards Institute guidelines (46). P. aeruginosa ATCC 27853 was used as
a control strain, and data were collected in triplicate independent experiences.

PCR amplification, DNA sequencing, and whole-genome sequencing (wgs)

PCR screenings on different targets were performed on crude extracts using OneTaq
polymerase (New England Biolabs, Ipswich, MA, USA), while Q5 High-Fidelity enzyme
(New England Biolabs) was used in case of a successive Sanger sequencing analysis.

The oprD sequence was determined by Sanger sequencing of PCR products, obtained
using the pair of primers oprD_flankF and oprD_flankR (Table S2).

The nucleotide and protein sequences were analyzed using the blastn and blastp
algorithms, available on the National Center of Biotechnology Information website
(http://www.ncbi.nlm.nih.gov), and the alignments of the translated amino acid
sequences of OprD were performed using the software Alignx (InforMax, Bethesda, MD,
USA).

To perform whole-genome sequencing, genomic DNA was extracted using the
NucleoSpin DNA Plus kit (Macherey-Nagel). Samples were then processed on a NovaSeq
(Illumina, Inc., San Diego, CA, USA) sequencer, generating paired-end reads (2 x 150); raw
reads were corrected by a homemade workflow, performing various steps of analysis,
using software included in the BBTools package (64); briefly, reads were overlapped
with BBMerge and subsequently quality-trimmed, and any remaining adapters were
removed by the BBduk function. Tadpole and BBMap were in sequence used to perform
a quick assembly, and BBduk was used for quality calibration; finally, BBNorm was used to
normalize the coverage, and Tadpole was used for a final process of error-correction.

The sequence mapping was carried out with the Geneious (v10.2.6) software (65).
Genome assembly was achieved by mapping single verified reads to a reference P.
aeruginosa genome sequence (strain PAO1, GenBank accession number AE004091),
and the resulting variations have been applied to the reference to generate the strain
sequences.
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Both Sanger and whole-genome sequencing were carried out at the GIGA-Genomics
platform (GIGA-Genomics, Liege, Belgium).

RNA extraction, cDNA synthesis, and quantitative qRT-PCR

Quantitative real-time PCR (qRT-PCR) was used to compare the expressions of porins
genes, at four different moments of cellular growth (Aggp = 0.6, 1.2, 1.6, and 2.0).

Total RNA isolation of the different aliquots was performed using the NucleoSpin RNA
Plus kit (Macherey-Nagel), and rDNase (Macherey-Nagel) digestion was subsequently
performed to eliminate any DNA trace. The samples were finally purified using the
NucleoSpin RNA Clean-up XS kit (Macherey-Nagel) according to the manufacturer’s
recommendations.

RNA quantification was performed by measuring the absorbance at 260 nm with the
help of a NanoVue spectrophotometer (GE Healthcare, Little Chalfont, UK). Then, 1 pg
of RNA was retrotranscribed using the SuperScript Ill reverse transcriptase (Invitrogen,
Waltham, MA, USA), triggered by random hexamers and supplemented with 0.4 U/puL
of Ribosafe RNase Inhibitor (Bioline, USA). The reaction was carried out at 25°C for
5 minutes, 50°C for 60 minutes, and stopped by heating to 70°C for 15 minutes. The
newly synthesized cDNA was diluted to 1:50 in RNase/DNase-free water and used as a
target for qRT-PCR.

Amplifications were performed in 384-well plates with a QuantStudio 5 Real-Time
PCR system (Thermo Fisher Scientific, Waltham, MA, USA) using Takyon Low Rox SYBR
MasterMix Eurogentec (Seraing, Belgium); the list of primers used is reported in Table S3.

A control reaction was performed for each sample by using the original RNA mixture
to verify the absence of residual DNA. Experiments were reproduced in four biological
replicates and three technical replicates for each target gene.

The quality of the quantitative PCR was checked by the analysis of dissociation and
amplification curves. For each primer pair, the mean reaction efficiencies were calculated
using the LinRegPCR software (66) (Table S3). Those values were used to quantify relative
gene expression levels by normalization using three reference genes (PA3340, gyrA,
and cysG) with the gBase software (Biogazelle) (67). The reference genes were chosen
because they were similarly expressed in the various growth phases. The adequacy of
the reference genes to normalize gene expression in the experimental conditions was
checked using the geNorm module in gBase (68).

BlaR-CTD affinity

BlaR-CTD is the soluble C-terminal domain of the BlaR transmembrane protein that
displays a high affinity for B-lactams characterized by the acylation constant (ky/K), the
second-order rate constant for the formation of the acyl-enzyme adduct characterizing
the acylation step efficiency. This rate constant can be determined by incubating a
known concentration of the antibiotic, whose ky/K’ is to be measured, together with a
known concentration of a reporter antibiotic (r), whose kinetic parameters are known.
The proportion of each acyl-enzyme formed at saturation depends on the concentration
and ky/K” value of each antibiotic (equation 1) (69). Our reporter molecule was nitrocefin
(Ae*?=15,000M~"' cm™).
The assay can be described as follows:

k
[ECyr _ (#)r* [Chr e
W = Wand [EC*]r + [EC"] = [Eo]
[EC]r — (kZ/KI)r[C]r
[Eol = [EC],  (ko/KN[C]

, @

where [EC*]r and [EC*] are the concentrations of BlaR-nitrocefin and BlaR-antibiotic
acyl-enzymes, respectively. [Cr and [C] correspond to the concentrations of nitrocefin
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and of the tested antibiotic, respectively. (ko/K)r and (ko/K) represent the acylation rate
constants of BlaR-CTD for the nitrocefin and the tested antibiotic.

We first determined the acylation rate constant of BlaR-CTD for nitrocefin. Purified
BlaR-CTD was previously purified at the CIP (70). BlaR-CTD (20 puM), was added to
a solution of nitrocefin (80 uM) containing increasing concentrations (25-600 uM) of
ampicillin, whose ky/K’ is known (1.3 10° M- s™') (70). The variation of Asg; is directly
proportional to the concentration of the BlaR-CTD-nitrocefin adduct. The ky/K” for
nitrocefin was then calculated (3.6 10° M- s™') and used as a competitor to determine
the other affinity values. The acylation rate constants were so determined for cefalotin,
ceftazidime, imipenem, meropenem, ertapenem, biapenem, and doripenem.

B-Lactamase assays

The production of the class C AmpC B-lactamases was measured in crude cell extracts
from the different P. aeruginosa PAO1 cultures as follows. The growth of the bacteria
in LB at 37°C was monitored by measuring Aggg. At a value of 1.6, the culture was
divided into two 10 mL aliquots. One aliquot was used as a control. Antibiotic was added
to the second aliquot at a final concentration equal to the maximum concentration
of the antibiotic tested in the permeability assay (Table 8). The cultures were then
incubated for a time corresponding to the incubation time with the selected antibiotic
in the permeability test. One mL of each culture was then centrifuged at 13,000 g for
10 minutes. The pellet was washed twice and resuspended in 1 mL of 10 mM PBS
buffer pH 7.4. Cells were lysed by sonication with the Bioruptor Plus Diagenode (Seraing,
Belgium). The cellular extract was clarified by centrifugation at 13,000 g for 30 minutes at
4°C.

Positive controls for AmpC induction in P. aeruginosa PAO1 were analysed as
previously described and incubated for six hours in presence of 50 pM ampicillin and
50 uM cefoxitin. The negative controls were made by the culture without antibiotic,
grown for the different tested incubation times.

The protein concentration in each extract was measured with the help of a BCA
protein assay kit (Pierce, Rockford, IL). The B-lactamase activity of the extract was
determined by measuring the initial rate of hydrolysis of 100 uM nitrocefin. All the
enzymatic assays were performed in 10 mM PBS buffer pH 7.4 at 30°C. The specific
activity of the different samples was the rate of hydrolysis of each substrate expressed in
nmoles per minute per milligram of protein.

TABLE 8 Different antibiotics concentrations tested during permeability experiments

Antibiotics Concentrations tested (uM)
Benzylpenicillin 40 20 10
Cefoxitin 30 15 7.5
Cefuroxime 60 30 15
Cefotaxime 60 30 15
Ampicillin 20 10 5
Cephaloridine 8 4 2
Imipenem 0.02 0.01 0.005
Imipenem? 4 2 1
Meropenem 8 4 2
Meropenem® 20 10 5
Ertapenem 7.5 5 25
Doripenem 4 2 1
Biapenem 0.04 0.02 0.01
Biapenem® 4 2 1

“* refers to tests performed on strains lacking the OprD porin.
bwhile A refers to tests performed on strains deprived of both OprD and OpdP porins.
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Permeability determination

The antibiotic flux passing through the outer membrane can be described by the Flick’s
first law of flux (2).

— _p. A.AC
J=-D- A3 )

where J is the flux of the antibiotic through the outer membrane OM, D the diffusion
coefficient of the antibiotic, A the OM area (assumed as 132 cm?), AC the concentration
gradient of the antibiotic, and Ax the OM thickness.

B-lactam flux in P. aeruginosa can be characterized by the permeability coefficient P
(3), that is defined as the ratio between the diffusion coefficient and the OM thickness. It
can be defined as:

D
P= -2 ®

The antibiotic flux is defined by equation 4:
J=P-A-AC. @

The estimation of the antibiotic flux can be achieved by expressing the high affinity
BlaR-CTD in the bacterial periplasm, allowing the direct quantification of the -lactam
concentration present in the periplasmic space, and consequently to measure the
permeability coefficient (5)

_ d(ECY)/dt
P=xTcl ®

where EC* is the concentration of the BlaR-CTD-f3-lactam adduct and [C¢] the external
B-lactam concentration.

d(EC*)/dt is equal to the slope of the line reflecting the increase of the acyl-enzyme
concentration vs the incubation time (Fig. 6B).

Antibiotic diffusion in the periplasmic space was analyzed in planktonic cultures. The
different P. geruginosa strains, previously transformed with pKT240blaR (or pKT40blaR-
gen in the case of TNP004), were grown in LB medium added with selection antibiotic
(50 pg/mL tetracycline or 10 pg/mL gentamicin, respectively). When the culture reached
the late exponential phase (Aggp = 1.6) a prefixed B-lactam concentration was added
to the medium and aliquots (1 mL) were harvested at different incubation times. Two
microliters of the metallo-B-lactamase VIM-2 (1 mg/mL) was added to the bacterial
culture to hydrolyze all the antibiotics present outside the cells and consequently
interrupt its permeation in an active form. EDTA (1 mM) was then added in order
to chelate the metal ions and inactivate the metallo-B-lactamase. The crude extract
was obtained by means of ten cycles of refrigerated sonication at 4°C, performed
with the Bioruptor Plus Diagenode. The quantification of BlaR-CTD acylated by the
tested antibiotic was performed by adding 2.5 uM Bocillin FL (Invitrogen), a fluorescent
derivative of penicillin V, to the crude extracts. The proteins of the different cell extracts
were separated by SDS-PAGE, and the fluorescence intensity of BlaR-CTD recorded using
a Typhoon Trio +imager and Image Quant TL software (GE Healthcare) (Fig. 6A). The
quantification of the BlaR-CTD-Bocillin adduct vs the incubation time in presence of
an unlabeled B-lactam allowed the determination of the quantity of BlaR-CTD acylated
with the unlabelled compound. Analyses were performed in duplicate at three different
antibiotic concentrations as reported in Table 8.
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FIG 6 (A) Densitometric analysis of the fluorescence signal of the BlaR-CTD-Bocillin adduct, shown as an example; samples from 1 to 7 represent different
aliquots, taken every 5 minutes for determining meropenem uptake in ARC5782 (PAO1AoprD, AopdP); samples 8 and 9 are aliquots taken before the addition
of meropenem to the culture, representing the total quantity of produced BlaR-CTD; sample 10 is a not sonicated aliquot, used to quantify possible BlaR-CTD
release in the medium. (B) Graph representing the increase of the meropenem-BlaR-CTD adduct as a function of time; this quantification was made possible by
subtracting the values obtained during the experiment (samples 1-7 of panel A) from the total BlaR-CTD produced in an aliquot (samples 8 or 9 of panel A). The

slope of the line represents the antibiotic flux passing through the outer membran.

Protein extraction, SDS, and Western Blot

The outer membrane profiling was performed on LB cultures as previously described
(71).

SDS-PAGE was carried out according to the Laemmli protocol, using 4%-20%
Mini-Protean (Bio-Rad) gels and Coomassie blue staining.

For Western blot analysis, proteins were electroblotted onto a PYDF membrane, using
a commercial kit (Bio-Rad), and the protein marker V (pre-stained) VWR (Radnor, PA, USA)
was used.

The membranes were then incubated with 1:2,000 rabbit-derived anti-OprD
polyclonal antibody (72), kindly provided us by Dr Thilo Kohler (University of Geneva,
Switzerland) and finally with the secondary antibody 1:5,000 goat anti-rabbit HRP
antibody (Bio-Rad).

For the revelation, Clarity Western ECL substrate kit (Bio-Rad) was added, and signals
were detected using an ImageQuant LAS 4000 camera (GE Healthcare).
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Porin(s) deletion assessment

A PCR-based screening was carried out on porin mutant strains to verify the presence/absence of
the porins as previously described. Results are shown in Figure S1.

RT-PCR reference genes

The first goal to perform RT-PCRs was the determination of the most reliable reference genes
for their stability at the different growth phases; we selected ten genes (PA2875, PA3340, gyrA,
recA, rho, proC, mreB cysG, gapA and mutl), previously reported to be used as reference for
qRT-PCR experiments and we analysed their relative expression in PAO1 in the early and late
exponential phase and also during the stationary phase.

The quantification result is reported in figure S2.

We selected as references genes for the successive analysis P43340, gyrA and cysG genes, on
the basis of their stability during the bacterial growth and for their different relative expression.
They have been in fact used as qRT-PCR internal controls.
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Figure S1: PCR amplifications for the following different targets: A opdP, B opdC, C opdT and D opdB.
The corresponding sample are the following: 1 ARC545, 2 ARC5990, 3 ARC5170, 4 ARC5782, 5
ARC5998, 6 negative controls. M corresponds to 1 Kb DNA ladder.
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Figure S2: Relative expression of PA2875, PA3340, gyrA, recA, rho, proC, mreB, cysG, gapA and mutL
in P. aeruginosa PAO1; the relative expression reported on the y axis is the expression of the target
gene relative to the mean expression level of two genes used as reference (rpoS and rpsL). Data were
analyzed by two-way analysis of variance (ANOVA) followed by Bonferroni multiple comparison

post-test.
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Table S1: Collection of plasmids used in this study.

Plasmid Description Resistance Reference
Shuttle vector for BlaR-CTD expression
pKT240blaR . . . TET (45)
in E. coli and P. aeruginosa
pKT240neg pKT240blaR depleted of blaR-CTD gene TET This study
pKT240blaR-gen pKT240blaR added with aacl gene TET, GEN  This study
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Table S2: Collection of primers used in this study for PCR amplification and sequencing.

Primer Sequence 5'=>3' Reference Use
blaR-fw CCATGCAAAAAGAAACACGC This study blaR-CTD
. amplification and
blaR-rev TTCTTGCCTCCAAGTTCCGT This study sequencing
blaR-seq-rev ACAGGACAAAGCCCCCTGAGGCTG This study  blaR-CTD sequencing
oprD-fw ATGAAAGTGATGAAGTGGAGCG 1
oprD detection
oprD-rev TTACAGGATCGACAGCGGATAG 1
oprD_flankF CGGCTGAGGGGAAAGTCGCC 2
oprD sequencing
oprD_flankR TACGCGGTCATTCTCGGGCG 2
opdB-fw ATGATCCGCGTTCGACCGGTCG This study
opdB detection
opdB-rev TCAGAGCGAGCCTTTGAGTGGG This study
opdC-fw ATGAGGAATCTGTTCGCCTTGA This study
opdC detection
opdC-rev TCAGAACACGTCGATGGGATAG This study
opdP-fw GTGATGAGAAACCAACGTGTGA This study
opdP detection
opdP-rev TTACAGCAGGTTGAAGGGGAAG This study
opdT-fw ATGCAAGGGGATGGAAAGAAAC This study
opdT detection
opdT-rev TCAGAGGACTTGCAGCGGGTAT This study
negl-fw AATAGGCGTATCACGAGGCCCTTTGCGTTCAGGCTGCTAAAGATG  This study pKT240neg
negl-rev TCATGGTCTATTGCCTCCCG This study construction
neg2-fw CGGGAGGCAATAGACCATGA This study pKT240neg
neg2-rev CAAAGGGCCTCGTGATACGC This study construction
gmr_fw GTTACGCCGTGGGTCGATGT This study ~ pKT240blaR-gen
gmr_rev AATTTACCGAACAACTCCGC This study construction
gmr-inf-fwl  GCGGAGTTGTTCGGTAAATTAGAAATTGCATCAACGCATA  This study pKT240blaR-gen
gmr-inf-rev1 GCGGGGTTTGGTGTGGGGTT This study construction
gmr-inf-fw2 AACCCCACACCAAACCCCGC This study pKT240blaR-gen
gmr-inf-rev2  ACATCGACCCACGGCGTAACATGGAAGCCGGCGGCACCTC  This study construction

144



Table S3. Sequences and reaction efficiencies of quantitative RT-PCR primer pairs.

Reaction  Standard
Primer Sequence 5'-3' Reference efficiency deviation
(RE) (SD)
oprD-rt-fw ATCTACCGCACAAACGATGAAGG 3
1.925 0.0247
oprD-rt-rev GCCGAAGCCGATATAATCAAACG 3
opdB-rt-fw GCTCAACCGCAACTACTTCC This study
1.753 0.0164
opdB-rt-rev GCGTCGGAATACTCGCTGGC This study
opdC-rt-fw GCTGAAGATCCGCGCCTTC This study
1.835 0.0178
opdC-rt-rev GCTGAGATGATGGCTGTCGC This study
opdP-rt-fw CAACACCGAATTCAAGGCC This study
1.923 0.0195
opdP-rt-rev CCGTACTCGGTGGTCATGTC This study
opdT-rt-fw GCTTCACCCTGGTCAACGAC This study 1853 00181
.85 .
opdT-rt-rev GAAGCTGGTGCCGGCGTAGT This study
PA3340-rt-fw GCTTGCAGTTCCTCAACGAG 4
1.933 0.0229
PA3340-rt-rev CACCAGGAAATTCAGGTAGGG
gyrA-rt-fw TGTGCTTTATGCCATGAGCGA 5
1.934 0.0188
gyrA-rt-rev TCCACCGAACCGAAGTTGC 5
cysG-rt-fw GCAGCAGCGCCGGGTGTTC This study
1.856 0.0223
cysG-rt-rev ACGTCGGCCTGCTGCATC This study
rpsL-rt-fw GCAAGCGCATGGTCGACAAGA 6
1.883 0.0214
rpsL-rt-rev CGCTGTGCTCTTGCAGGTTGTGA 6
proC-rt-fw CAGGCCGGGCAGTTGCTGTC 7
1.919 0.0267
proC-rt-rev GGTCAGGCGCGAGGCTGTCT 7
gapA-rt-fw CAACGACCAGAACCTCTCCG This study
1.884 0.0208
gapA-rt-rev ACCTGCACGGTGAGATCGAC This study
mreB-rt-fw CTGTCGATCGACCTGGG 8
1.877 0.0184
mreB-rt-rev GATCACGCCGTCTTTCATCG This study
rtho-rt-fw GCAACGGCTCCACCGAAGAC This study
1.901 0.0185
rho-rt-rev GTCACTTCCTCAGGGCGCTC This study
recA-rt-fw GAATCCTCGGGCAAGACCAC This study
1.910 0.0203
recA-rt-rev CACGTCGACCGCGTTGGAGC This study
mutL-rt-fw CAAGTTCCTGCGTGCCGAGA This study
1.651 0.0176
mutL-rt-rev CAGCGCCTGCTCGAGGAATG This study
PA2875-rt-fw AGTTTCCAGCGCATCCAGTT 9
1.903 0.0205
PA2875-rt-rev CGGGATGGAAGACGAATTG 9
rpoS-rt-fw CTCCCCGGGCAACTCCAAAAG 7
1.898 0.0225
rpoS-rt-rev CGATCATCCGCTTCCGACCAG 7
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4.2 Complementary results

In this section, we present results obtained during this Ph.D. project that, for various reasons, were

not included in the paper.

A wider set of strains were considered only in an initial phase, or not used for the results reported in

the paper. Their MIC values are reported below.

The proteomics results, obtained in collaboration with a laboratory at the University of Siena (Italy),
provided an overall view of the alterations caused by the lack of OprD expression and by the

production of BlaR-CTD. However, we did not consider these results complete enough to be

published.

We decided to include in this section also the results regarding the determination of permeability in
a strain deprived of the main efflux pump systems. Additionally, we report here a collateral use of
the outer membrane permeability determination methodology to assess potential alterations that

various substances might cause to outer membrane integrity.

We also thought worth reporting the presence of different PAOI lineages obtained from genome
sequencing, which, by pure serendipity, led to the discovery of strains that appeared to be OpdP

OVETCXPressors.

Finally, we report the results obtained thanks to Western blot quantification of OpdP expression,
despite its limitations due to the non-specificity of the anti-OpdP antibodies raised during this

project.
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4.2.1 Antibiotic resistance patterns

All the strains received during the study were characterized for MIC for a subset of B-lactams, in
order to detect the possible role of porins or efflux pumps deletion in antibiotic resistance. The results

obtained for the strains not included in the paper are reported in Table 6.

Antibiotics CSI;:I PAO1 | TNP004 | TNP064 | YY100 | TNP065 | TNP066 | YY200 | TNP067 [PA0S09 P_ﬁ)?:g9
AmexAB-oprM,
. AoprC, | AmexCD-oprJ,
Characteristics :"ld (lOprD) | (4doprC) | (doprE) it || oG, | eyl (l(;)[I)Jrlg, j;ixJ;é: ’
ype 1OprD) | doprE) | AoprE) AoprE) AmexXY,
AmexEF-oprN
Benzylpenicillin NA >2000 | >2000 2000 >2000 2000 >2000 | >2000 | >2000 | 1000 500
Ampicillin NA 2000 1000 1000 2000 1000 2000 2000 2000 125 62.5
Piperacillin 1-8 2 2 2 2 2 2 2 2 0.25 4
Cefalotin NA | >2000| >2000 | >2000 [ >2000 | >2000 | >2000 | >2000 | >2000 ND ND
Cephaloridine NA | >2000| >2000 | >2000 [ >2000 | >2000 | >2000 | >2000 | >2000 ND ND
Cefoxitin NA 1000 500 500 500 500 500 500 500 ND ND
Cefuroxime NA 250 250 250 250 250 250 250 250 500 250
Cefotaxime 8-32 16 8 16 16 16 16 16 16 0.5 0.5
Ceftazidime 1-4 1 2 2 2 2 2 0.5 2 0.5 16
Cefepime 0.5-4 1 0.5 1 1 1 1 1 1 0.12 4
Imipenem 1-4 1 8 1 1 8 1 8 8 1 1
Meropenem 0.12-1 0.5 2 0.5 0.5 2 0.5 2 2 0.12 0.25
Ertapenem 2-8 8 32 8 8 16 8 16 16 2 4
Biapenem 0.5-2 0.5 4 0.5 0.5 4 0.5 4 4 0.5 0.25
Doripenem 0.12-0.5| 0.25 1 0.25 0.25 1 0.25 1 0.5 0.12 0.12
Tetracycline 8-32 8 8 >128 128 >128 128 128 128 <0.25 >32
Gentamicin 0.5-2 1 2 1 2 1 2 2 2 1 1

Table 6: MIC values for the different P. aeruginosa strains. CLSI standard refers to acceptable limits
for quality control strains used to monitor the accuracy of MICs. NA: not available, ND not
determined.

One can notice that the strains belonging to the porin mutant collection provided by Prof. Yoneyama
present an increased MIC for carbapenems only for the strains derived from TNPO004, that have a
mutated oprD (i.e. TNP065, YY200 and TNP067). The other porin mutant strains, deleted of oprC
and/or oprE, show MIC values similar to those of the reference strain PAO1. We highlighted a two-
fold dilution difference for some antibiotics such as ampicillin, cefoxitin, ceftazidime but this
divergence can be ascribed to the experimental variability.

A close correlation between the deletion of a porin and an increase in MIC could not be demonstrated,

except for the already known porin OprD. We can also notice that all the porin deleted strains derived
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from TNPO004 presented an increased MIC for tetracycline, due to the use of this resistance
determinant for gene suppression (Yoneyama ef al., 1995).

In order to standardize the experimental variability, we constructed the pKT240blaR-gen plasmid, to
be used for TNP004, that is not resistant to tetracycline, and for all its derived strains.

However, concerning this strain collection, we only performed our study on TNP004, and we were
more interested in studying the effect of the lack of OpdP, rather than focusing on OprC or OprE. We
did not have the opportunity to determine permeability coefficients for these strains, but this is the
reason why TNPO0O04 is the only strain we transformed with pKT240blaR-gen.

We kindly received from Prof. Van Bambeke the strain PAOS509, characterized by the deletion of the
five main efflux pump systems (mexA4B-oprM, mexCD-oprJ, mexJK, mexXY, mexEF-oprN) (Mima
et al., 2007). We first proceeded with a phenotypic resistance characterization by MIC analysis, and
we highlighted as expected a strong MIC decrease for several antibiotics, including ampicillin,
piperacillin, cefotaxime, cefepime, meropenem and ertapenem (Table 6). The general MIC reduction
is consistent with the absence of a constitutive expression of the five efflux pumps, and in particular
with the absence of MexAB-OprM, which has the wider spectrum of action (Morita et al., 2001).
Further proof of the most relevant role of MexAB-OprM across the other efflux systems is that the
imipenem MIC remains unchanged between PAO1 and PAO509, due to the poor affinity of MexB
for this antibiotic (Collu et al., 2012). However, a similar consideration made for imipenem can be
done also for biapenem and doripenem, probably for a poor capability of MexAB-OprM to extrude
these compounds. Interestingly, the absence of the other efflux pumps does not reflect a difference in
susceptibility for imipenem, biapenem and doripenem, suggesting a marginal role for this antibiotic
when the other pumps are not overexpressed.

We also verified the PAOS509 strain transformed with the pKT240blaR plasmid. We noted increased
MIC values for piperacillin, ceftazidime and cefepime, similarly to the other strains, as already
reported in the paper and we did not use these antibiotics in permeability determinations.

We finally ascribed all the other MIC values increases to experimental variability, considering that

they are limited to a two-fold variation.
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4.2.2 Proteomic analysis

4.2.2.1 Influence of BlaR-CTD expression on periplasmic proteome

The proteomic content of the periplasm of P. aeruginosa strains was extracted according to the
protocol described by Imperi and colleagues (Imperi et al., 2009). P. aeruginosa PAO1 was compared
to the strains transformed with the BlaR-CTD producing vector (pKT240blaR) and with the same
plasmid deprived of blaR-CTD (pKT240neg), respectively. This analysis was performed to make sure
that the periplasmic production of BlaR-CTD was not the cause of an altered proteomic profile, and
this claim was investigated with a two-dimensional gel electrophoresis (2-DE). Image analysis
identified 1465 spots for PAO1 gel, 981 spots for PAO1+pKT240blaR gel and 984 spots for
PAO1+pKT240neg gel.

The comparative analysis between P. aeruginosa PAO1 and P. aeruginosa PAO1+pKT240blaR
uncovered 31 statistically relevant differences. The spots were subjected to mass spectrometry and

19 were identified as reported in Table 7.
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Mascot search results

PAO1lvsBlaR

Spot Protein name Accession abaiz Sequence  |PAO1/|BlaR/|  T-test
N. number Score [matched o
peptides coverage (%) | BlaR | PAO1|PAO1lvsBlaR
378 | Chaperone protein ClpB (PA4542) | CLPB_PSEAE | 245 | 20/22 30 04282339  0.008
395 Non identified 2485|0402  0.032
480 Fe(”)'py"(“'ll’zﬂgzr‘f;epmr FtA | EpTA PSEAE | 167 | 12113 21 0.489 | 2.043 |  0.041
623 |Clucans b‘°sy?1§1:§657§;°te‘“ GOpeG| opGG PSEAS | 102 | 811 15 only in PAO1|  0.001
694 ABCpﬁ‘;islfcl’;t;;ng(slﬁfz&‘)‘;dlng WP _057388431.1| 199 | 18/28 35 only inPAOL|  0.100
723 Non identified 2.183] 0458 |  0.001
911 Non identified 277410360 |  0.012
913 Non identified 2.010 0498 |  0.022
1088 Non identified 5279 0.189 |  0.003
1096 |Polyamine transporter PotD (PA3610)| EJZ73984.1 245 | 22/38 66 only in PAOL1 0.005
1121 Non identified 0392 [2.553|  0.001
1319 Tol-pal S-‘V(Srf:ggf)tem YbeF AGV59417.1 | 139 | 8/11 42 2368 (0422  0.023
1374 | Short-chain dehydrogenase (PA1828) [WP_062838333.1| 155 | 8/8 30 2.102| 0476 | 0.017
1463 Hydrolase YcaC (PA1202) WP_031799024.1| 135 | 9/16 71 2.028 0493 |  0.040
1484 2'dehﬁ‘}g‘(’;lz‘sgegzaygh(%sﬁg‘l’§lgc°“ate WP_074253171.1| 109 | 7/14 46 0224 | 4474 |  0.019
1507 Protease PasP (PA0423) Y421 PSEA8 | 100 | 5/5 26 only in PAOL |  0.031
1510 | étfyicd:flgﬁi‘ff; Cclli I‘,’;O(t;f;ﬁ 6)| CLPP2PSEAE | 110 | 67 | 39 C-fragment |onlyinPAOT|  0.111
1512 |Glutamine amidotransferase (PA4336)|WP_033941094.1| 169 | 9/11 52 0.217] 461 0.015
1513 Non identified only in PAOL1 0.004
1580 Non identified 44160226  0.050
1648 Non identified onlyinPAOL|  0.006
1650 |Appr-1-p processing protein (PA1746)|WP_038828181.1| 103 8/12 36 2.857 | 0.350 0.020
1656 | Aspartokinase LysC (PA0904) AK_PSEAE | 118 | 10/16 21 onlyin PAOL|  0.010
1702 Non identified only in PAO1 0.007
1707 Non identified only in PAO1 0.019
1768 Peroxiredoxin (PA1203) WP_034022270.1| 153 | 9/17 60 only in PAOL |  0.006
1966 Immunomo‘h(l;a:gé?fta“‘)p“’tease IMPA_PSEAE | 189 | 16/19 21 447710223 | 0.053
2022 | Hypothetical protein (PA2450)  |[WP_047925318.1| 169 | 11/15 41 only in PAOL |  0.001
2172 dﬁ?ﬁﬁ‘g‘ﬁggﬁzﬁlz‘ﬁg%) MMSA_PSEAE | 156 | 11/14 30 only in PAOL | 0.026
2273 Non identified 0353]2.831] 0043
BlaR Regulatory protein BlaR-CTD BLAR BACLI | 178 16/25 26 C-fragment | only in PAO1 0.015

Table 7: MALDI-TOF identification of the spots exhibiting a different abundance in P. aeruginosa
PAOL1 vs P. aeruginosa PAO1+pKT240blaR. The table reports the associated spot number during the
gel analysis, protein name, UniProt Accession number, Mascot search results including score, number
of matched peptides and sequence coverage, fold-change in both PAO1 and PAOI1 producing BlaR-

CTD,

and T-test value.
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The same analysis was performed for the comparison between P. aeruginosa PAO1 and P.
aeruginosa PAO1+pKT240neg, highlighting 20 differently abundant spots, 13 of which were
identified (Table 8).

Mascot search results PAOlvsneg
Spot . Accession N. of
Protein name : -
N. 1 —_— Score |matched Sequencoe PAO1/| neg/ T-test
. coverage (%) neg |PAO1{PAQOlvsneg
peptides

430 | FeG +)'py°Cheh;‘pr$ept°r (PA422D) | kpra pSEAE | 167 | 12/13 21 only in PAOL |  0.001

492 | Nitrous-oxide reductase (PA3392) | NOSZ PSEAE | 177 | 14/17 27 2.097 | 0.477 0.041
Gluconate 2-dehydrogenase,
587 membrane-bound, flavoprotein EYT98518.1 154 | 12/16 22 2.913 {0.343 0.050
(PA2265)

607 | 60 kDa chaperonin (PA4385) GroEL | CH60 PSEA8 | 209 | 19/27 43 0.479 |2.088 0.010

616 Not identified only in PAO1 0.0001
ABC transporter substrate-binding

647 protein DppA4 (PA4502) WP_031768557.1| 118 8/10 22 6.456 |0.155 0.034

873 | X-Pro dipeptidase (PA4498) MdpA |WP_031754074.1| 266 | 17/20 53 2.054 |0.487 0.005
1-deoxy-D-xylulose 5-phosphate

894 reductoisomerase (PA3650) YaeM DXR PSEA8 171 13/18 35 2.233 | 0.448 0.020
913 Not identified 2.881 |0.347 0.039
1096 | polyamine transporter PotD (PA3610)| EJZ73984.1 245 | 22/38 66 only in PAO1 0.005
1283 Not identified 0.256 | 3.901 0.043

amino acid ABC transporter substrate-
1354 binding protein (PAS076) WP_031766234.1| 172 | 11/15 56 0.416 |2.406 0.029
1373 Not identified 0.284 |3.515 0.032
1405 Not identified 0.204 | 4.905 0.004
1455 | MexE family multidrug efflux RND \op 16054000 11 96 | 6/7 20 2913 {0.343|  0.030
transporter periplasmic adaptor subunit| = —
1648 Not identified only in PAO1 0.006
1656 Aspartokinase LysC (PA0904) AK PSEAE 118 | 10/16 21 only in PAO1 0.010
1702 Not identified only in PAO1 0.007
2022 hypothetical protein (PA2450) WP_047925318.1| 169 | 11/15 41 only in PAO1 0.001
N-succinylglutamate 5-semialdehyde

2174 dehydrogenase (PA0898) AruD ASTD PSEAE | 152 | 10/11 22 0.409 |2.445 0.031

Table 8: MALDI-TOF identification of the spots exhibiting a different abundance in P. aeruginosa
PAOI1 vs P. aeruginosa PAO1+pKT240neg. The table reports the associated spot number during the
gel analysis, protein name, UniProt Accession number, Mascot search results including score, number
of matched peptides and sequence coverage, fold-change in both PAO1 and PAO1 transformed with
pKT240neg, and T-test value.

Spots 480, 913, 1096, 1702 and 2022 were already described in PAO1vsBlaR.
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Finally, the comparison between PAO1+pKT240blaR and PAO1+pKT240neg revealed only 8
differently expressed spots, 2 of which were specific to this comparison, while the remaining 6 were

already found in the two above-mentioned 2-DE investigations (Table 9).

Mascot search results BlaRvsneg

Spot . Accession N. of

N. Protein name number Score |matchea|  Seduence BlaR/| neg/ T-test

. coverage (%) | neg | BlaR | BlaRvsneg
peptides

931 Non identified 2.625 | 0.381 0.045

1088 Non identified 0.154 | 6.491 0.011
Tol-pal system protein YbgF
1319 (PA0974) AGV59417.1 139 8/11 42 0.413 | 2.420 0.022
1374 | Short-chain dehydrogenase (PA1828) (WP_062838333.1| 155 8/8 30 0.457 | 2.188 0.046
2-dehydro-3-deoxyphosphogluconate .

1484 aldolase EdaB (PA3131) WP_074253171.1| 109 7/14 46 only in BlaR 0.007
1512 |Glutamine amidotransferase (PA4336)|WP_033941094.1| 169 9/11 52 7.507| 0.133 0.012
1584 Gamma'gl‘(‘{f‘ﬁy;;rg;“pep“dase GGT PSEAE | 111 | 10/12 | 15 C-fragment |0.139| 7.183 |  0.005
BlaR Regulatory protein BlaR-CTD BLAR BACLI | 178 16/25 26 C-fragment | only in BlaR 0.015

Table 9: MALDI-TOF identification of the spots exhibiting a different abundance in P. aeruginosa
PAO1+pKT240blaR vs P. aeruginosa PAO1+pKT240neg. The table reports the associated spot
number during the gel analysis, protein name, UniProt Accession number, Mascot search results
including score, number of matched peptides and sequence coverage, fold-change in both PAO1
producing BlaR and PAO1 transformed with pKT240neg, and T-test value.

Spots 1088,1319,1374,1484,1512 and BlaR were already described in PAO1vsBlaR; only spots 931
and 1584 are specific to this analysis.

Despite the lack of identification of some spots, the preliminary results obtained did not indicate a
clear and univocal increase of some protein pathways that would be responsible for antibiotic
resistance or permeability adaptations. Consequently, we decided to rest with the obtained results,
and we did not attempt to identify the other spots. We demonstrated that the changes induced by the
plasmid and the periplasmic BlaR-CTD production were minor, thus validating our method for this

variable.
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4.2.2.2 Influence of OprD deletion on periplasmic proteome

TNPO63, a strain derived from TNP004, characterized by the deletion of oprC porin, in addition to
the oprD mutation described in TNP004 (Yoneyama et al., 1995) was available.

TNPO065 periplasmic content was extracted as for the other strains and was compared to that obtained
for P. aeruginosa PAOL.

The image analysis identified 1176 spots on the TNP065 gel, and the comparative analysis showed
24 differently expressed spots between the two strains, 16 of which were identified by mass
spectrometry (Figure 18, Table 10).

The first interesting result is the presence of OprD as a different expressed spot. At the time of the
experiment, we believed that this porin was deleted in TNP004 and its derivative strain TNP065.
However, the subsequent identification of the nucleotide substitution in oprD, previously exposed in
the paper, provided an explanation for the presence of OprD in TNP065. The mutated non-functional
porin, whose mRNA was demonstrated to be overexpressed in TNP004, and thus probably in the
same way in TNP065, somehow manages to reach the periplasm, but the mutation does not allow
OprD to be inserted in the outer membrane, as suggested by the western-blot analysis. Moreover, the
fraction that has been isolated in the periplasm is also very small when compared to the reference
PAOL.

Secondly, we notice that OprC, deleted in TNP065, is identified in two spots, and, as expected, is
only expressed in the wild type PAO1.

The third result highlighted by this analysis is the absence of any identified porin among the spots
that are upregulated in TNP065. However, one can notice that 4 spots are more expressed in TNP065
compared to PAOL1 are identified as DppA3 and DppA4, two dipeptide-binding proteins included in
the network of the DppBCDF transporter, of which OpdP is the associated outer membrane porin.
Between the eight non identified spots only one (named 2222) was overexpressed in TNP065. This
isolated protein upregulation allowed us to exclude a massive expression of other porins as a response
to the absence of OprD and OprC, two of the most highly expressed porins.

The identification of DppA4 as one of the proteins with differential expression in other conditions
(i.e. PAO1lvs neg) might be related to the samples collection time at the beginning of the stationary
phase, when OpdP increased expression was described by RT-PCR in the paper.

We cannot be sure that the 2222 spot corresponds to the OpdP porin, but the differential expression
of DppA3 and DppA4 was the alarm bell which subsequently led us to investigate the OpdP porin.
In order to obtain a general view of the different expressed proteins, we tried without success to define

specific pathways. From this attempt, we can tentatively conclude that the absence of two porins
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induced some changes in the bacterial metabolism, increasing for example the expression of the Clp2
protease and the dipeptide transporters DppA3 and DppA4. We should not be surprised if the absence

of such important porins could cause some minor metabolic adaptations.

Mascot search results BlaRvsTNP065
Spot . Accession N. of T-test
Protein name :
N. ' number Score |matched coszg;legtoe/) TPI\?IS())I6/5 TPNi’(O)615/ PAOlvs
peptides verage (7o TNP065
418 Not identified 2.268 | 0.441 0.009
457 Not identified only in PAO1 0.045
Fe(3+)-pyochelin receptor
481 FptA(PA4221) FPTA PSEAE | 321 | 25/30 41 4264 | 0.235 0.033
482 Not identified only in PAO1 0.001
TonB-dependent copper receptor OprC .
483 (PA3790) EOT19083.1 112 8/9 15 only in PAO1 0.013
4g5 |TonB-dependent copper receptor OprC) - py119083 1 | 229 | 19/27 36 only inPAOL | 0.017
(PA3790)
2-isopropylmalate synthase LeuA
571 (PA3792) LEUl PSEAE | 223 | 19/31 45 0.458 | 2.185 0.026
Gluconate 2-dehydrogenase,
587 membrane-bound, flavoprotein EYT98518.1 154 | 12/16 22 4307 | 0.232 0.016
(PA2265)
616 Not identified only in PAO1 0.0001
ABC transporter substrate-binding
647 protein DppAd (PA4502) WP_031768557.1| 118 8/10 22 0.275 | 3.636 0.050
Peptide ABC transporter substrate-
648 binding protein DppAd (PA4502) WP_069954591.1| 171 | 14/23 33 0.199 | 5.014 0.001
649 | ABC transporter DppA4 (PA4502) |WP_021264151.1| 223 | 22/40 53 0.270 | 3.707 0.006
694 | ABC transporter substrate-binding \\p (573884311| 199 | 18/28 35 0217 | 4617 | 0.002

protein DppA3 (PA4500)
851 OprD PORD PSEAE | 223 | 19/30 57 5.703 | 0.175 0.023

ATP-dependent Clp protease
proteolytic subunit 2 ClpP2 (PA3326)

AsnC family transcriptional regulator

1510 CLPP2_PSEAE | 110 6/7 39 C-fragment | 0.097 | 10.334 | 0.001

1643 (PA3965) WP _034044015.1| 138 | 7/7 ) 0368 | 2.720 | 0.036

1707 Not identified 0.409 | 2.444 | 0.048

1726 Not identified 3272 | 0306 | 0.028

1757 Not identified 2908 | 0.344 | 0.046

1768 peroxiredoxin WP _034022270.1 153 | 9/17 60 2253 | 0444 | 0.050

2043 | Rubredoxin-NAD(¥) reductase RubB | pjpp psEAE | 129 | 8/9 25 0374 | 2.671 | 0.050
(PA5349) —

Methylmalonate-semialdehyde

2172 | dehydrogenase [acylating] MmsA | MMSA PSEAE | 156 | 11/14 30 0.465 | 2.151 0.036
(PA3570)

2222 Not identified 0358 | 2.792 | 0.0032

2251 | Probable binding protein component | poy 17 pgpaE | 76 | 8731 28 0379 | 2.638 | 0.046

of ABC iron transporter (PA5217)

Table 10: MALDI-TOF identification of spots exhibiting a different abundance in P. aeruginosa
PAOI1 vs P. aeruginosa TNP065. The table reports the associated spot number during the gel analysis,
protein name, UniProt Accession number, Mascot search results including score, number of matched
peptides and sequence coverage, fold-change in both PAO1 and TNP065, and T-test value.
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Figure 18: Representative silver stained electropherograms of P. aeruginosa PAO1 and TNP065
periplasm; two-dimensional gels that show patterns of proteins ranging from 200 to 10 kDa molecular
masses and isoelectric points ranging from 3.5 to 10 pH. Black circles highlight 5 spots only present
in PAO1; yellow spots indicate 7 spots that are quantitatively more expressed in PAOI; red spots
point out 12 spots that are quantitatively more expressed in TNP065.
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4.2.3 Outer membrane permeability determinations

The measurements of antibiotic influx in P. aeruginosa PAO1 and different isogenic mutants are
described in the paper. The availability of the protocol described in the paper gave us the possibility
to measure permeability coefficients also in other conditions, thus allowing the determination of the
influence that these may have on permeation. The relevant variables include: i) the presence of

molecules described to enhance antibiotic activity; ii) the deletion of the main efflux pump systems.

4.2.3.1 Membrane stability analysis

Dipicolinic Acid (DPA) is a metal ions chelator, thus possessing the ability to inhibit Metallo-f3-
lactamases activity and, consequently, to minimize their contribution to B-lactams resistance. This
property has been exploited in a research performed by A. Vila’s group, aiming at determining the
influence of zinc deprivation on NDM-1 activity (Bahr et al., 2017). These researchers stated that
DPA is not lethal for bacteria and, starting from this assumption, we decided to investigate whether
DPA could otherwise interfere with outer membrane stability, thus enhancing antibiotic permeation
and adding a determinant to the decreased MIC observed in their experiments (Bahr et al., 2017).
For this purpose, we determined the permeability to ampicillin, whose permeability coefficient for P.
aeruginosa PAO1 was previously fixed at 0.008 + 0.004 nm/sec, in presence of different
concentration of DPA.

We tested DPA concentrations ranging from 1 mM to 50 uM (in details: 1000, 750, 500, 250, 100,
50 uM). The first result was that concentrations greater or equal to 500 uM did not allow the
determination of any permeability coefficient; in fact, the test performed in presence of 5 pM
ampicillin showed a complete acylation of BlaR-CTD by ampicillin already in the first sample
collected at time 0. This evidence highlighted a sort of membrane disruption, mediated by DPA, that
promoted a massive entry of antibiotic which was therefore no longer mediated by porins or any other
permeation mechanisms consistently with what shown by Ude and colleagues (Ude et al., 2021).

On the contrary, when the entry of 5 uM ampicillin was performed with 250 uM, 100 uM or 50 uM
DPA we succeeded in determining a permeability coefficient by measuring the decrease of
periplasmic BlaR-CTD not acylated by the antibiotic. The result was 0.03 + 0.004 nm/sec, an
approximatively 4-fold increase of the permeability coefficient previously measured for ampicillin

alone.
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The ampicillin permeation coefficient was amongst the most easily reproducible ones, across the
different antibiotic tested on P. aeruginosa PAO1, suggesting that the observed variation has to be
due to the presence of DPA.

This result confirms the hypothesis that DPA plays also a role in the membrane stability and that the
MIC decrease, that could be observed in MBL producing bacteria, might be the result of both an
enzyme inhibition and a membrane destabilization that increases antibiotic internalization.

We therefore suggest that the decrease in MICs reported by Vila and colleagues was attributable not

only to an enzyme inhibition but also to a membrane destabilization induced by DPA.

4.2.3.2 Permeability in an efflux pumps deprived strains

Our method proved sufficiently robust to detect permeability differences due to the lack of porins and
gave interesting results concerning the capacity of P. aeruginosa to compensate for the absence of a
porin.

We were interested in determining the role of a constitutive antibiotic extrusion mediated by efflux
pumps in P. aeruginosa PAO1, by comparison with the results obtained for PAO509, deprived of the
five major efflux pump systems. The results are reported in Table 11, but one can immediately notice
that the permeability coefficients results obtained for PAO509 are generally similar to those

previously determined for the reference strain PAO1.

. Permeability coefficients (nm/sec)
Antibiotic

PAO1 PAOS09
Ampicillin 0.008 + 0.004 0.03 £0.007
Cephaloridin 0.03 +£0.01 0.06 +0.02
Imipenem 20+£9 18+9
Meropenem 0.06 +0.01 0.07 +£0.02
Ertapenem 0.06 +0.02 0.03 +£0.01
Doripenem 0.56 +0.38 0.13+0.03
Biapenem 47+14 40+14

Table 11: Permeability coefficients determined in P. aeruginosa PAO1 and PAOS509, deprived of the
five main efflux pump systems. A penicillin, a cephalosporin and five carbapenems were tested.

This aspect of the results can be explained by the high affinity of BlaR-CTD for the different 3-
lactams (paper, Table 3); the acylation rate constants were high enough to ensure that the efflux
pumps expressed in the wild type PAO1 and in the porin(s) mutants were able to play their extrusion

role solely with the excess of antibiotic that has not acylated BlaR-CTD.
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The efflux pumps action can therefore be appreciated when MICs are determined while the shortest
time in which permeability determinations are performed only allows to evaluate the instantaneous
bond that is formed between BlaR-CTD and the antibiotic. As a consequence, we must retreat from
our expected goal of determining the influence of efflux pumps on periplasmic antibiotic
accumulation in a wild type strain (PAO1), or in any other strain described to overexpress these

systems.

4.2.4 Different P. aeruginosa PAQO1 lineages

The presence of different lineages of P. aeruginosa PAOI1, previously available in several distinct
laboratories across the world has been widely documented (Klockgether et al., 2010). For this reason,
when we received the two porin mutant collections provided with their parental strains PAO1-Jap
and ARC545 respectively, we first proceeded to store them in our laboratory collection at -80°C, and
every passage was performed from the frozen stock to minimize the risk of accumulation of
mutations. We characterized the antibiotic susceptibility of all the mutants, as reported in the article,
but also the two reference strains.

Here we report the results obtained for the reference strains that have not been shown in the paper
(Table 12). The reference strains showed the same resistance profile as the P. aeruginosa PAOL1 strain
that we obtained from the Belgian Co-ordinated Collections of Micro-organisms (BCCM), and with
which we started the determination of permeability coefficients. Moreover, the three strains presented
the same MIC values as the P. aeruginosa ATCC 27853 strain, that is mentioned in the CLSI
guidelines as the reference quality control for P. aeruginosa MICs determinations and that was

present in our laboratory strain collection.
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Ampicillin NA 2000 2000 2000 2000
Benzylpenicillin NA >2000 >2000 >2000 >2000
Piperacillin 1-8 2 2 2 2
Cefalotin NA >2000 >2000 >2000 >2000
Cephaloridine NA >2000 >2000 >2000 >2000
Cefoxitin NA 1000 1000 1000 1000
Cefuroxime NA 250 250 250 250
Cefotaxime 8-32 16 16 16 16
Ceftazidime 1-4 1 1 1 1
Cefepime 1-8 1 1 1 1
Aztreonam 2-8 4 4 4 4
Imipenem 1-4 1 1 1 1
Meropenem 0.25-1 0.5 0.5 0.5 0.5
Ertapenem 2-8 8 8 8 8
Biapenem 0.5-2 0.5 0.5 0.5 0.5
Doripenem 0.12-0.5 0.25 0.25 0.25 0.25
Tetracycline 8-32 8 8 8 8
Gentamicin 0.5-2 1 1 1 1

Table 12: MIC values of three different P. aeruginosa PAO1 and P. aeruginosa ATCC 27853
reference strains; CLSI standard refers to acceptable limits for quality control strains (ATCC 27853)
used to monitor the accuracy of MICs.

MIC results supported our assumption that the three P. aeruginosa PAO]1 strains, despite their
different origins, could be considered for our permeability experiments as the same reference strain.
For this reason, permeability measurements were only performed on the reference P. aeruginosa
PAOLI strain obtained from BCCM, although the porin mutant strains for which we characterized the
permeation properties were characterized as obtained from both PAO1-Jap and ARC545.

4.2.4.1 Searching for mutations

As previously reported in the paper, a whole genome sequencing was performed in order to find
mutations in two strains (TNP004 and L.GO03) characterized by increased carbapenems MICs. To
simplify the analysis, we assumed that the inclusion of the two parental strains, PAO1-Jap and
ARCS545 from which TNP004 and LGO03 had been derived respectively, would have facilitated the

search of specific mutations.
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For this reason, the sequencing of two strains, strictly correlated with each other would have easily
highlighted mutations involved in the phenotypic resistance profile, excluding variations due to
different lineages. As a proof of that, we found that the (supposed) reference strains PAO1-Jap and
ARC545, formerly both P. aeruginosa PAO1 strains, carried some different mutations compared to
the reference PAO1 (GenBank accession number AE004091). Interestingly, the mutations found
were not limited to single nucleotide polymorphisms that could have been generated in the various
passages performed in the laboratories of origin, or during the few passages we performed in order to
stock the strains in our bacterial collection. Indeed, we found two different deletions that were
curiously located in the same /ocus for both strains, i.e. the dipeptide-binding protein dppA3 gene and
an adjacent intragenic region. Notably, the intergenic region separates dppA3 from opdP, the porin

we contributed to characterized for antibiotic permeation specificity and its role in antibiotic

resistance (Figure 19).
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Figure 19: Graphic representation of the genome fragment including opdP, dppA3 and the intergenic
region located between these genes.

In particular, both strains exhibited a 6-nucleotide deletion (CCCTGA) in dppA3 after G 1596,
resulting in the deletion of its TGA stop codon and of the successive 2 nucleotides (TG) in the
following intergenic region. In addition, ARC545 was deleted of 2 nucleotides (AG) after C 1594
that precede the above mentioned 8 bp deletion, while PAO1-Jap contained a 10 nucleotides deletion
(CCGACGCCGC) in the intergenic non-coding region located between dppA3 and opdP, that
followed the 8bp common deletions (Figure 20).

PAO1l BCCM CTTCTATGGCGTAGCCAACCAGCCCIGATGCCGACGCCGCCCCGGTCGTGAAACGACCGG 60
PAOl-Jap CTTCTATGGCGTAGCCAACCAG-—-———————————————— CCCGGTCGTGAAACGACCGG 42
ARC545 CTTCTATGGCGTAGCCAACC-—===————— CCGACGCCGCCCCGGTCGTGAAACGACCGG 50
TNP004 CTTCTATGGCGTAGCCAACCAGCCCITGATGCCGACGCCGCCCCGGTCGTGAAACGACCGG 60
LGO3 CTTCTATGGCGTAGCCAACCAGCCCTGATGCCGACGCCGCCCCGGTCGTGAAACGACCGG 60
ARC5170| CTTCTATGGCGTAGCCAACCAGCCCIGATGCCGACGCCGCCCCGGTCGTGAAACGACCGG 60
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Figure 20: Alignments of dppA3 and the adjacent intragenic region for three different PAO1 strains
(PAOL1 obtained from BCCM, PAO1-Jap, ARC545), TNP004 derived from PAO1-Jap, ARC5170
and LGO3 derived from ARC545. The dppA3 TGA stop codon is highlighted in green.

Moreover, these mutations found in PAO1-Jap and ARC545 were not present in the derived strains
TNP004 and LGO03, thus indicating that the reference strains had been propagated several times (and
maybe subjected to some selective pressure) after the completion of the experiments where porin
deletion mutants were obtained (Satake et al., 1991; Isabella et al., 2015).

The same region was verified by Sanger sequencing on P. aeruginosa PAO1 obtained from the
BCCM collection and on ARC5170, the strain from which we derived the LG03 mutant, confirming
that they were homologous to the reference PAO1 (GenBank accession number AE004091) (Figure
20).

We can therefore speculate that PAO1-Jap and ARC545 would have somehow accumulated these
mutations not found in TNP004 and ARC5170 and, as a consequence, we cannot really consider them

as parental strains.

4.2.4.21s OpdP expression affected?

The proximity of these mutations with the studied opdP gene made us suspect that these might
somehow affect OpdP expression. As previously mentioned, an operon, regulated by the repressor
PsdR, determines the expression of dppBCDF, while the inclusion of opdP and dppA4 in such an
operon is a debated question (Kiely et al., 2008; Pletzer et al., 2014). For this reason, we wondered
whether these mutations could have somehow altered the operon organization and consequently OpdP
expression.

An in-silico analysis performed using operon-mapper, a web server tool for operon prediction was
performed (Taboada ef al., 2018). It predicted that these deletions were responsible for the change of
the operon organization, by eliminating the function of a transcription terminator, located before the
opdP gene. In particular, in P. aeruginosa PAOI1-Jap, dppA3 and opdP are supposed to be co-
transcribed in a unique 1088 amino acid fusion protein. However, the specific porin signal peptide
has been predicted to be recognised, despite the synthesis of OpdP as a fusion protein. In consequence,
it is reasonable to conclude that the expression of the porin is no longer influenced by the repressor
located between dppA3 and opdP, thus resulting in upregulation.

On the contrary, in ARC545 the deletion caused the synthesis of a 73 amino acid longer DppA3, thus
changing the opdP operon organization. Accordingly, the mutated dppA3 seems to be included in the

downstream operon and, by consequence, also in this case, OpdP is no longer regulated by the
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transcription terminator. In conclusion, both mutations seem to alter OpdP expression and give rise
to an overexpression of this porin.

These are the only main mutations that we found in PAO-Jap and ARC545 and we were very
surprised that these mutations seemed to alter the expression of OpdP, resulting in two hypothetical

OpdP overexpressors.

4.2.5 OpdP quantification

The relative opdP expression has been investigated by means of RT-PCR, demonstrating the
increased expression of the porin in the late exponential phase, but also its positive regulation
mediated by the lack of expression of OprD, as in the case of ARC5990.

We were interested in validating this result through the quantification of the increased expression of
the synthesized porin and its insertion in the outer membrane. Moreover, we were intrigued by the
prediction that assumed an OpdP overexpression in PAO1-Jap and ARC545.

We will now expose the results obtained in this regard.

4.2.5.1 Outer membrane profiles

The outer membrane profiling, as reported in the paper concerning OprD western-blot, was performed
by adapting a previously reported protocol (Kolayli et al., 2004). We were careful to collect all the
samples at the same point of the growth phase, in order to correctly compare results. This approach
allowed us to visually appreciate the proteins associated to the outer membrane in an SDS-PAGE,
removing several proteins that are not related, thus supporting the possibility to evaluate the
presence/absence of specific porins. This potentiality is limited to highly expressed porins, such as
OprD or OprF. For example, it is possible to demonstrate the absence of OprD in TNP004, ARC5990,
ARC5782 and ARC5998 (Figure 21).

However, it turned out to be impossible to recognize the absence of the 53 kDa OpdP porin in
ARC5170, ARC5782 and ARC5998. As a consequence, the method we used turned out not to be

valid in order to detect any variations in OpdP expression.

162



Figure 21: Outer membrane profiles of the following strains: 1) PAO1, 2) TNP004, 3) ARC5990
(doprD), 4) ARC5170 (dopdP) 5) ARC5782 (doprD, AopdP) 6) ARC5998 (doprD, AopdP, AopdB,
AopdC, AopdT); the porins OprD (45.9 kDa) and OprF (37.6 kDa) are identified by an arrow.

4.2.5.2 Setting up OpdP western-blot

Western-blot is clearly a validated method to detect variations in the expression of a selected protein.
In the case of OprD, we easily obtained a previously raised antibody (Epp et al., 2001) and, as reported
in the paper, we demonstrated the absence of functional OprD in TNP004, ARC5990 and in the other
oprD-deleted strains, but also a decreased expression in LG03 (/bid., Figure 2). However, the lack of
availability of an already used antibody against OpdP made the direct quantification of OpdP
expression more laborious.

We now describe the various steps that resulted in the development of a western-blot protocol for

OpdP quantification.
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4.2.5.2.10pdP production and purification

OpdP production was obtained in inclusion bodies in LB medium. OpdP expression was performed
with an Hise tag to facilitate its purification by affinity chromatography using a Ni-NTA HisTrap
column.

The purification of the solubilized inclusion bodies was achieved on a bench column. The collected
different fractions of washing and elution were analyzed on an SDS-PAGE (Figure 22). Note that the

majority of contaminants did not bind to the column and were not retained.

v &
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Figure 22: Purification of OpdP porin; 1) marker, 2) load, 3) not retained, 4-5) two fractions of
washing with equilibration buffer, 6-7) two fractions of washing with 20 mM imidazole, 8) eluted
protein.

The fraction containing the porin was concentrated and dialyzed against 8§ M urea, and a porin
concentration of approximatively 2 mg/mL was obtained.

For further confirmation, the produced protein was identified as OpdP by mass spectrometry. Since
it turned difficult to correctly refold the porin, we decided that using the denatured porin would be

the easiest way to provide the antigen for rabbit immunization.

4.2.5.2.20pdP immunization

The rabbit immunization was performed by an external facility, where the possibility to use SDS-
PAGE-slices as a starting material to be injected was tested. Different fractions of rabbit serum were

provided following a specific scheduled timing.
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4.2.5.2.3 Purification of polyclonal antibodies by affinity chromatography

The polyclonal antibodies were purified by affinity chromatography using a HiTrap Protein A HP
antibody purification column (Cytiva). This chromatography allows to bind the antibodies to the
protein A on the matrix by the fragment crystallizable region of the antibodies. Elution of the
polyclonal antibodies was performed under acid condition (20 mM glycine buffer, pH 2.2).

The polyclonal antibodies purification was performed on different sera samples obtained at different
collection times. In particular, we purified the zero-time serum (pre-immunization) and the sera
collected at day 38, 66 and 87.

The different elution fractions were collected and loaded onto an SDS-PAGE to identify those
containing antibodies. The Coomassie-stained SDS-PAGE demonstrated the presence in the first
elution fraction of two bands of approximatively 25 and 50 kDa. These correspond, respectively, to

the light and heavy chain of polyclonal antibodies (Figure 23).

—
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Figure 23: Coomassie-stained SDS-PAGE used to assess the efficiency of the affinity purification.
Gel A: 1) marker, 2) loading, 3) wash 1 fraction, 4) wash 2™ fraction, 5-10) elutions, fractions 1 to
6; Gel B 1) marker, 2-5) elutions, fractions 7 to 10.

4.2.5.2.40pdP western blot

We had originally decided to verify the absence in the rabbit serum of any antibody that could
recognize OpdP, formerly an outer membrane protein, with domains shared with other bacterial outer
membrane proteins. Unfortunately, we noticed that at the initial time, the rabbit already possessed an

immunization status which led it to recognize proteins collected in the outer membrane extract.
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The wester-blot shown in Figure 24 highlighted a signal present in all the strains, including ARC5170
that lack OpdP suggesting the presence in the outer membrane extracts of some proteins containing
epitopes recognized by antibodies present in rabbit serum.

We were not able to identify which proteins were recognized, but we excluded a previously raised
response against OpdP, considering the negative result in the sample containing the purified porin.
Moreover, as shown in Figure 24, the nonspecific proteins exhibit a molecular mass not far from the

53 kDa of the OpdP porin.

1T I 1T .

Figure 24: Western-blot using antibodies purified from pre-injection serum. 1) marker, 2) PAO1
BCCM, 3) PAOLl-Jap, 4) TNP004, 5) ARC545, 6) ARC5990 (doprD), 7) ARC5170 (dopdP), 8)
ARCS5782 (doprD, AopdP), 9) ARC5998 (ASporins), 10) OpdP purified.
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Confident that the nonspecific signal would have decreased (and not being able to do otherwise,
considering the already started immunization protocol), we performed western-blot using the
antibodies raised from the three-bleeding points. Several attempts were made to obtain evaluable
results. However, the antibodies obtained at the three times were all characterized by the presence of
nonspecific signals.

We show here what we believe to be the best result obtained on this topic (Figure 25). The recognition
of the purified OpdP confirmed the presence of specific antibodies, but the nonspecific bands did not
allow us to consider them as an adequate result to be included in the paper. One can notice that the
highest OpdP expression was in ARC545, consistent with the porin overexpression suggested by the
operon prediction.

The absence of OpdP in ARC5170 was a result similar to that obtained with the double mutant
ARCS5782 (doprD, AopdP) and with the five porin mutants ARC4567, but also with PAO1 derived
from BCCM for which RT-PCR exhibited a basal expression. Compared to P. aeruginosa PAO1
BCCM, ARC5990, the strain lacking OprD showed an increased OpdP expression, consistent with

the increased mRNA expression observed by RT-PCR. Despite the transcription of a nonfunctional
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oprD, TNP004 did not show an OpdP increased expression. This result is in agreement with what
found through RT-PCR, which showed an opdP transcription similar to that in PAO1 BCCM.
Finally, PAO1-jap showed an OpdP expression which is between those in PAO1-Jap and ARC545.
This evidence can be rationalized as the result of the expression of a DppA3-OpdP fusion protein and
the consequent lack of OpdP repressor activity. In contrast, ARC545 mutations appear to induce a
single OpdP protein overexpression, thus resulting in a more abundant OpdP expression.

The analysis of small amounts of expressed porin, in particular in comparison with OprD, and the
presence of nonspecific bands did not allow us to obtain a precise quantification of the increased ratio
between P. aeruginosa PAO1 (BCCM) and the isogenic oprD mutant ARC5990. However, our
results confirmed what we had shown by RT-PCR i.e. that the absence of oprD, but not the
transcription of a nonfunctional porin, caused an OpdP upregulation.

Interestingly, this experiment allowed us to verify what the operon-mapper suggested i.e. that the

mutations found in ARC545 and PAO1-Jap are indeed the cause of an OpdP overexpression.
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Figure 25: OpdP detection by western-blot. 1) marker, 2) PAO1 BCCM, 3) PAO1-Jap, 4) TNP004,
5) ARC545, 6) ARC5990 (doprD), 7) ARC5170 (dopdP), 8) ARCS5782 (doprD, AopdP), 9)
ARC5998 (ASporins), 10) OpdP purified.
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S DISCUSSION

In this thesis we studied the permeability of the outer membrane of P. aeruginosa by analyzing the
role of some porins in the entry of B-lactams. The intrinsic resistance of P. aeruginosa to many
antibiotics is well known, as is the fact that it is mediated, among other factors, by low permeability
of the outer membrane. Furthermore, the involvement of the porin OprD in the uptake of imipenem
is well known, particularly the presence of resistance profiles to this antibiotic when the porin is not
properly expressed. The inclusion of P. aeruginosa in the so-called ESKAPE pathogens, for which
the development of new therapeutic alternatives is required, also necessitates a better understanding
of the intrinsic permeation properties of the bacterium. To highlight this interest, during this doctoral
project, a consortium of European universities participated in the “New Drugs 4 Bad Bugs” program.
One of the challenges of this program was the study of translocation properties, directing efforts to
understand the penetration of antibiotics through the double membrane of Gram-negative bacteria.
Considering the importance of this topic, and independently from other research centers -as we were
initially unaware of their studies- we found it interesting to revisit a study conducted at the
University of Lieége that had yielded intriguing preliminary results regarding the permeability

characteristics of P. aeruginosa.

5.1 Validation of the analysis methodology

The objective of this study was to reproduce the method delineated by Lakaye and colleagues, who
more than 20 years ago successfully determined permeability coefficients for E. cloacae and K.
aerogenes and provided preliminary findings for P. aeruginosa. We also introduced appropriate
modifications to keep the conditions that could potentially influence our measurements under
control.

The commercial availability of Bocillin, a fluorescent penicillin, allowed us to avoid using
radiolabeled antibiotics, which would have complicated the measurement process and also would
have produced biased results due to the difficulty of distinguishing adsorption from uptake. In this
way, any B-lactam could be evaluated with Bocillin as an indirect reporter molecule.

Moreover, during the development phase of the analysis, it was established that the utilization of a
refrigerated and automated sonicator significantly increased the reproducibility of the isolation of
the periplasmic content, compared to the previously described freeze-thaw method.

As outlined in the literature and summarized in the introductory chapter 1.7, all methodologies

employed thus far to ascertain the permeation characteristics of compounds through biological
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membranes have different strengths and limitations regarding the extrapolation of results. While we
do not claim that the proposed method is devoid of challenges, we consider it a cautious way to
minimize the influencing variables and to verify that the developed system closely reflects the

physiological entry of the antibiotic.

5.1.1 Growth phase

First of all, our measurements were based on the periplasmic amount of BlaR-CTD in a given culture
volume. The maximum time required to record the entry of an antibiotic in our measurements was
40 minutes. Considering this assumption, we had to face the fact that during exponential (log) phase
for a P. aeruginosa culture, the bacterial doubling time is about 20-30 minutes. For this reason, we
excluded to perform the measurement during the log phase, since bacterial growth during this time
interval would have consequently resulted in increased synthesis of BlaR-CTD, interfering with the
accuracy of the results.

For this reason, we decided to start our measurements when the bacterial culture exited the log
growth phase, going into the stationary phase, at an OD of approximately 2. As shown in Figure 3
of the paper, all strains tested for permeability -despite the deletion of one or more porins- displayed
similar growth patterns. In particular, around an OD of approximatively 2 and within the maximal
40-minute time frame used in our experiments, there was no significant increase in bacterial
population that could have affected the results.

This choice allowed for good reproducibility of the experiments, but also confronted us with
conditions that were initially unexpected. The role of the OpdP porin appeared to be marginal in the
early log phases, being less expressed when compared to the initial stationary phase, as can be seen
in Figure 4 of the paper. Conversely, the OprD porin was less expressed when the culture entered
the stationary phase.

Therefore, performing our measurements at the onset of the stationary phase helped us to better
highlight the role of the OpdP porin. Its deletion caused little to no changes in the MIC of meropenem
and biapenem, two antibiotics for the uptake of which we found a significant involvement of OpdP
during our experiments.

This observation also led us to a broader consideration: how MIC measurement may have limitations
in predicting the behavior of the bacterium in vivo.

We can imagine that during an infection caused by a P. aeruginosa strain carrying an oprD deletion,
a portion of the bacterial population -likely not marginal, given the tendency of the bacteria to form

biofilms- might appear resistant to meropenem based on MIC values. However, this evidence could
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be partially contradicted in vivo, due to a possible overexpression of OpdP that correlates with

increased meropenem permeability.

5.1.2 Influence of efflux pumps

In 1991 Livermore and Davy pointed out that the method developed by Zimmermann and Rosselet,
which was efficiently used to determine permeability coefficients in E. coli, was not suitable for
bacteria expressing a high number of efflux pumps, such as P. aeruginosa (Livermore and Davy,
1991). This assumption first led Lakaye and collaborators, and later us, to use a different method for
measuring specific permeability coefficients of B-lactams in P. aeruginosa.

The question of whether varying efflux pump expression could influence our measurements did
arise. However, the idea that P. aeruginosa PAO1 and all the tested PAO1 derived-mutant strains
expressed similar levels of efflux pumps initially allayed our concerns in this regard. In fact, the
possibility to highlight the increased or decreased permeability due to the absence (or
overexpression) of a porin was a matter of fact.

A clear answer regarding the reliability of our antibiotic permeability measurements came when we
had to confront our inability to assess the role of the absence of the major efflux pumps in the
PAOS509 strain on the permeability coefficients. The different MIC values determined for the wild-
type PAOI and the PAOS5009 strain confirmed the role that these pumps play in antibiotic resistance.
However, despite this significant difference, we obtained similar permeability coefficients for both
strains. This indicates that our method allows to immediately detect the antibiotic entry via the
acylation of BlaR-CTD. As a consequence, the antibiotics did not have time to be intercepted and
expelled by efflux pumps, thus eliminating any possible effect of the efflux pumps.

On the other side, this also led us to conclude that our method does not allow to determine the
amount of antibiotic expelled by the efflux pumps, and therefore cannot be used to better

characterize their activity.

5.1.3 Study of the periplasm

One of the issues that concerned us from the outset was the evaluation of the impact that the
expression of an additional PBP, such as BlaR-CTD, could have at the periplasmic level, or whether
the presence of a plasmid might alter the composition of the periplasm. For this reason, we
collaborated with the proteomics laboratory at the University of Siena (where I had previously

completed an internship over several months). In this regard we thought that it would be interesting
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to assess whether and how the periplasmic content might change depending on the presence of a
plasmid containing the blaR-CTD gene, or the same plasmid but lacking this gene. To carry out this
analysis, we replicated a method described in the literature to be highly effective in isolating the
periplasm of P. aeruginosa (Imperi et al., 2009). By subjecting cells representing the three
possibilities to 2-DE analysis, we found that the proteins differentially expressed according to the
conditions were few, and none of them appeared to be related to systems that could affect
permeability, or potentially the degradation of the antibiotic that had entered the periplasm. Of
particular interest, the comparison between two strains transformed with the two plasmids, one
carrying blaR-CTD and the other not, showed that, besides BlaR-CTD, only 7 proteins were
differentially expressed. Of these, only 5 were identified, and the lack of metabolic correlation
among them reassured us that the changes introduced by the plasmid as a consequence of the
production of BlaR-CTD were minimal. As previously mentioned, any method used to measure
membrane permeability represents a compromise between the measurement itself and any changes
that the imposed conditions might have on the results. In any case, our system allowed us to detect
variations in permeability in strains expressing different porin profiles, thereby making it possible

to fully achieve the goal of our study.

5.1.4 MIC variations

To rule out any possible effect that the periplasmic production of BlaR-CTD might have on the
bacteria, we found it necessary to compare the MICs for various strains with those of the
corresponding ones transformed with the pKT240blaR plasmid (or with pKT240blaR-gen in the
case of TNP004). As shown in Table 2 of the paper, for most antibiotics, no changes in MIC values
were recorded between the parent strain and the corresponding derivative transformed with the
plasmid containing the blaR-CTD gene. Obvious exceptions were tetracycline and gentamicin, that
were the selective antibiotics for the utilized plasmids. This result allowed us to conclude that the
presence of an additional PBP in the periplasm of P. aeruginosa did not alter its susceptibility to the
various antibiotics tested. However, this conclusion did not hold for piperacillin, ceftazidime, and
cefepime. In all tested conditions, the presence of BlaR-CTD, but not the presence of the empty
plasmid pKT240neg, was associated with an increase of up to four serial dilutions in MIC values
between the non-BlaR-CTD-producing strain and its BlaR-CTD-producing counterpart.

This finding led us to exclude these three antibiotics from the permeability experiments and raised

questions about the real causes of such a change.
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Although we were not able to conduct specific investigations on this matter, we believe that a
possible explanation could be the lower affinity of the natural PBPs of P. aeruginosa for these three
antibiotics (Montaner et al., 2023). During the overnight incubation, when the bacterial inoculum
remains in contact with the antibiotics, after these antibiotics cross the outer membrane, they might
bind more efficiently to BlaR-CTD than to their natural PBP targets. This difference, over the course
of the incubation period, could result in the MIC-increased phenotype that we observed. However,
this explanation remains a hypothesis that was not verified or further investigated, as we preferred
to exclude these antibiotics from our measurements and rather focus on enlarging the range of tested

carbapenems, with which we obtained interesting results.

5.1.5 Presence of inducible pB-lactamase

P. aeruginosa PAOI carries three genes coding for f-lactamases. Although PIB-1 and POX-B have
been described as playing only a marginal role in the resistance mechanisms of the bacterium, with
their expression limited to a constitutive basal level, the same cannot be said for AmpC.

AmpC is known to be inducible, and its expression is triggered by peptidoglycan degradation
products in the presence of B-lactams, particularly imipenem and cefoxitin. Given the significant
association between imipenem and OprD, and therefore the importance of comparing permeability
coefficients between the wild-type and the porin-deleted strain, it was essential to verify that the
presence of the antibiotic at the highest concentration tested during the experiment did not induce
AmpC expression. This would have affected the measurement during the test. Equally important,
we were concerned that other antibiotics, which were tested for a longer duration than imipenem,
might also induce AmpC production. AmpC could then compete with BlaR-CTD for binding the
antibiotic, leading to unreliable data over the course of the experiment. This possibility was ruled
out by verifying that none of the antibiotics, at their highest concentrations and within the specific
timeframes used in the permeability experiments, caused considerable AmpC induction. As shown
in Table 4 of the paper, nearly all tested antibiotics induced specific AmpC activity to a level similar
to that of the control, that was measured by assessing AmpC activity in the absence of any antibiotic.
A slight induction was observed in the case of ertapenem (4-fold compared to the baseline value of
cultures grown without antibiotics). However, we do not believe that this minimal induction
significantly modified the observed data. Different considerations hold for cefoxitin, which is well
known to be a strong inducer of AmpC. Indeed, we observed an approximately 40-fold increase in
AmpC specific activity when 30 uM cefoxitin was incubated for 30 minutes in a culture of P.

aeruginosa PAOI. This result highlights a potential limitation of the system used, namely that for
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certain antibiotics, a strain deleted for AmpC should ideally be used to avoid competition between
this enzyme and the expressed BlaR-CTD. However, the data related to cefoxitin were used only in
the case of P. aeruginosa PAO1 and appeared consistent with other second- and third-generation
cephalosporins, suggesting that the system is sufficiently robust to remain unaffected by AmpC
induction. Moreover, the measurements were taken within time frames shorter than 40 minutes, the
time interval within which AmpC induction was observed, which might nevertheless allow an

accurate measurement.

5.1.6 BlaR-CTD affinity for p-lactams

The last variable we wanted to analyze was the affinity of various -lactams for BlaR-CTD.

Since the first study conducted on BlaR-CTD, the high specificity of this water-soluble carboxy-
terminal domain of the B. licheniformis receptor for a wide range of penicillins, cephalosporins, and
monobactams had already been demonstrated (Duval ef al., 2003).

The published kinetic parameters for BlaR-CTD were indeed significantly higher than those
determined for the B. licheniformis PBP1 or for a wide set of PBPs expressed by other bacteria.

A complete list of the affinity parameters of P. aeruginosa PBPs for all the antibiotic tested has not
been determined but, based on the available data, we believe that they cannot reach the high values
published for BlaR-CTD (Smith et al., 2013; Montaner et al., 2023).

We therefore extended the determination of BlaR-CTD kinetic parameters to all the antibiotics
considered in the permeability study. As expected, we were able to verify that, despite minor
differences, all the antibiotics whose membrane permeability was analyzed formed a stable acyl-
enzyme with BlaR-CTD. In this way, we were able to demonstrate that the BlaR-CTD produced in
the periplasm could successfully compete with the antibiotic target, thus capturing almost
instantaneously the B-lactam that crossed the outer membrane. This evidence thus supported our

study model.

5.2 Determination of Permeability Coefficients

After having ruled out the possibility that any of the involved variables could alter the bacterial
physiological uptake, the method relying on the expression of BlaR-CTD in the periplasm was used
to determine the permeability coefficients of many B-lactams in P. aeruginosa PAO1. To our
knowledge, this study is the first to characterize the translocation properties of a wide range of -
lactams in an in vivo model of P. aeruginosa.

173



Interestingly, we identified carbapenems as the antibiotics with the highest capacity to overcome the
outer membrane barrier. We found that imipenem, with a coefficient of 20 £ 9 nm/sec, is the
antibiotic with the fastest penetration rate, followed by biapenem (4.7 + 1.4 nm/sec) and doripenem
(0.56 + 0.38 nm/sec). Their ability to reach the periplasm more easily than other B-lactams,
combined with their moderate stability towards inactivating enzymes and good affinity for the
bacterial PBPs, makes carbapenems a valid option in the treatment of these infections.

Penicillins and cephalosporins, although largely not considered valid therapeutic choices, were
included in the study to determine their permeation characteristics. With the exception of
cephaloridine, their permeability coefficients were at least 10 times lower than those of
carbapenems.

The MICs for piperacillin, ceftazidime, and cefepime (that represent valid therapeutic options)
increased in the presence of BlaR-CTD. For this reason, we did not consider the determination of
their specific coefficients to be reliable. Furthermore, some preliminary experiments carried out to
establish measurements with these three antibiotics and (in addition with cefotaxime) did not
produce consistent and reproducible data to reliably determine permeability coefficients.

The inability to apply the method to all antibiotics, likely due to in vivo interactions, is undoubtedly
a limitation of this study. However, this drawback must be weighed against the opportunity to
investigate the characteristics of numerous antibiotics, including carbapenems.

The second goal of the study was to determine the changes that the absence of one or more porins
could cause to the previously determined coefficients. We received two mutant strains with deletions
of the OprD porin that, despite different underlying mechanisms (i.e., deletion or synthesis of a
structurally non-functional porin), showed rather similar permeability results. Specifically, although
the MICs for all carbapenems increased, the only permeability coefficient that increased for both
strains was that for imipenem (by about 130-fold). Notably coefficients for the other carbapenems
remained stable (Paper, Table 6).

This result was partially expected on the basis of literature data describing the role of OprD in the
permeation of imipenem that underlined the structural homology between arginine (the natural
substrate of the porin) and the side chain of imipenem. The generalized increased MICs for all
carbapenems in the absence of the OprD porin would instead have suggested some change in
permeability that, however, was not noticeable. In a constructive way, this result led us to conclude
that it is not possible to use our developed method to predict in vitro MIC values. In fact, initially,
we speculated that the MIC variations resulting from an absence of a porin might directly correlate
with a decrease in permeability, and consequently that the knowledge of the permeability coefficient

could thus be used to predict in vitro MIC variations. This finding prompted us to focus on the
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mechanism underlying this apparent incongruity and on the potential role of other porins in the
permeation of the remaining carbapenems.

Although we had access to two different collections of porin mutant strains, we decided to focus
only on the one that included the deletion of the OpdP porin, that according to the literature, showed
the highest homology with OprD. Moreover, using a proteomic approach that compared TNP065 to
the reference strain PAO1, we observed an increased expression of proteins encoded by a genomic
region adjacent to the one containing opdP. This finding provided us with an additional rationale to
investigate this porin.

The mutant strain with a single deletion of opdP did not display significant differences in MIC
values. Similarly, the measured permeability coefficients were very close to those for the PAO1 wild
type. Unexpectedly, strains with simultaneous deletions of both oprD and opdP and that
phenotypically exhibited a resistance profile similar to that of the single oprD mutant, exhibited an
unexpected permeability behavior.

The double deletion of these two porins led to significant drops in the permeability coefficients of
meropenem and biapenem, 10-fold and 30-fold respectively, highlighting how both porins are
associated with these antibiotics and how they exhibit a synergistic organization.

The single deletion of either oprD or opdP alone did not suggest their involvement in biapenem or
meropenem uptake, due to the residual compensatory activity shown by the remaining porin. A 20-
fold increase in opdP expression observed by RT-PCR in log phase in the strain deleted of oprD
undoubtfully constitutes a valid explanation of the compensatory effect (Paper, Figure 4). However,
the opdP expression in the log phase is only marginally increased in TNP004, while in the stationary
phase both OprD mutated strains restored an OpdP expression level that does not markedly deviate
from that of the wild-type PAOI. We therefore hypothesized that the correlation between
permeability coefficients and porin expression levels in OprD mutant strains was related to the OpdP
conductance, that has been determined as 30-fold high compared with OprD (Liu et al., 2012a). We
concluded that the slight OpdP increased expression as a function of growth phase is sufficient in
the early stationary phase to compensate for the absence of OprD in the uptake of meropenem and
biapenem.

This result underscores the importance of characterizing permeation both in vivo and in vitro,
allowing for the detection and elucidation of such compensatory phenomena.

In an attempt to determine the function of other porins in permeation, we repeated permeability
coefficient measurements for strain ARC5998, deleted of three additional porins, as well as of OprD

and OpdP. In this case, however, we observed coefficients comparable to those of the OprD, OpdP

175



double mutant, thereby excluding the involvement of OpdC, OpdB, and OpdT in the permeation of
the studied antibiotics.

Despite having single porin mutants for oprC and oprE and various combinations of their deletions
along with the oprD mutation, characteristic of TNP004, determining permeability coefficients for
these strains was not deemed necessary for our study. In these strains, the absence of MIC changes
between wild type and oprC and/or oprE mutants was one of the reasons for their exclusion from
the study. However, the specificity of OprC for copper ion uptake, essentially functioning as a
siderophore, did not suggest a particular involvement in carbapenem permeation. Moreover, the lack
of overexpression of other porins in strain TNP065, verified through a proteomic approach, led us
to consider the deletion of OprE as not particularly significant.

It would certainly be of interest in the future to characterize the permeability coefficients of these
strains and of additional porin-deleted strains to assess their potential individual or combined role in
B-lactam uptake. In this regard, it would be advisable to accordingly analyze the strain deleted of 40
porins (described by Ude and collaborators, 2021), to evaluate potential variations in permeability

in addition to simple MIC measurements.

5.3 Other Possible Studies

In addition to determining coefficients and observing how they vary with the deletion of one or more
porins, we wanted to assess the possibility of observing permeability changes caused by external
factors. This includes evaluating the outer membrane destabilizing effects induced by the presence
of DPA. We observed in fact a consistent increase in ampicillin permeability in the presence of low
concentrations of DPA (250, 100, and 50 uM). This result can only be explained by an interaction
between DPA and the outer membrane, thereby altering the ability of the bacteria to internalize
antibiotics. Furthermore, the presence of DPA concentrations starting from 500 uM prevented the
measurement of coefficients, as an immediate saturation of periplasmic BlaR-CTD was observed,
suggesting a more extensive damage to membrane integrity. Possible extensions of the current study
could therefore be exploited to determine the potential activity of various compounds to interact
with the outer membrane of P. aeruginosa.

The existence of compounds that enhance outer membrane permeation, besides polymyxins, has
already been described and we consider that other molecules belonging to this functional class may
in the future potentially find some in vivo applications (Chan et al., 2021). In any case, our method

could represent a valuable tool for evaluating the efficiency of these compounds.
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5.4 Compensatory mechanisms for the loss of OprD

Prior to this study, no evidence had been provided on the involvement of porins other than OprD in
the development of antibiotic resistance in P. aeruginosa. In this context, the work by Ude and
coworkers demonstrated that a strain with 40 porin deletions exhibited a resistance phenotype
similar to that of a single oprD mutant, suggesting that none of the non-expressed porins participated
in antibiotic uptake.

At the outset of our investigation, before these findings were published, we considered it worthwhile
to perform a proteomic analysis aimed at identifying potential alterations in the expression of other
porins in the absence of OprD. We hypothesized that this approach, which to our knowledge had not
previously been applied in this context, could allow to identify a candidate protein potentially
compensating for OprD function.

When we focused on this subject, the only strain available to us was TNP065, which harbored both
an oprD L434P point mutation and a deletion of oprC. Although this study should have been ideally
performed using the single oprD mutant ARC5990, we believe that the results obtained with
TNPO65 are sufficient.

Proteomic analyses revealed the overexpression of 10 proteins in the absence of OprD and OprC,
none of which could be clearly identified as a porin. The uncertainty concerning the detection of a
porin upregulation was due to the failure to identify two protein spots whose expression was
increased in the mutant strain compared to the wild-type. The collaborative nature of these
experiments with another Unversitary laboratory and the lack of clear evidence for porin
involvement limited the possibility of repeating the proteins identification.

Nevertheless, particular attention was drawn to the overexpression of two proteins involved in
dipeptide transport, whose expression is closely linked to that of the OpdP porin. This finding
prompted us to further investigate this pathway.

This preliminary result, on which subsequent analyses rested, was confirmed through transcriptomic
studies. These investigations first characterized the increased expression of the opdP gene during
different bacterial growth phases. Moreover, deletion of oprD led to a significant upregulation of
opdP transcription, a phenomenon less evident in TNP004, in agreement with proteomic
observations performed with the derivative TNP065 strain.

This was confirmed by permeability assays involving meropenem and biapenem in the oprD-deleted
strain. Notably, the permeability coefficients for these antibiotics remained similar to those of the

wild-type strain, due to the OpdP compensatory expression.
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Finally, despite the known limitations related to the low specificity of the raised antibodies, the
direct OpdP targeting trough Western blot confirmed the overexpression of this porin in the absence
of OprD.

Together, these findings provide substantial evidence of a regulatory interplay between OprD and
OpdP, thus highlighting the potential compensatory role of OpdP in maintaining carbapenem

permeability in P. aeruginosa lacking OprD.

5.5 Involvement of OpdP deletion in mutant selection

The identification of an active role for OpdP in meropenem permeation, particularly in the absence
of the OprD porin, raises the question of the significance of this porin. We therefore tried to
determine if the single opdP deletion, that by itself did not produce any phenotypic effect (neither
in terms of increased MIC nor in permeability coefficient variations) for any carbapenem, might
nonetheless play a role in bacterial resistance.

Aware of the increased expression of OpdP during the stationary phase, we investigated the
differential responses between the wild-type strain and the opdP-deleted strain in this specific
growth phase.

On the basis of our previous demonstration of the dual involvement of OprD and OpdP in
meropenem uptake, it was not surprising to observe that strains lacking OpdP expression were more
prone to developing carbapenem resistance mediated by the loss of OprD expression.

Interestingly, in addition to detecting strains with various mutations within oprD, we also identified
a downregulatory mechanism affecting OprD expression, mediated by a regulatory system that had
not been previously described in the literature. We hypothesize that, in addition to the already known
downregulation of OprD mediated by different two-component systems involved in copper
homeostasis, the mutation found in dsbR, encoding the response regulator of a histidine kinase
sensor, may be responsible for this regulatory effect on OprD expression. However, an in-depth
study involving targeted mutagenesis of dsbR, followed by complementation assays, is required to
clarify the precise role of this newly suggested regulatory mechanism, while excluding any potential
contribution from the additional mutation detected in our mutant strain, particularly in the nal/D
gene.

In future research, it would also be of considerable interest to characterize the carbapenem
permeability coefficients of the LGO3 strain, that displays a feasible level of OprD expression to

better understand the contribution of a downregulation to carbapenems uptake.
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The multistep resistance experiment we performed served as a simple factual proof of the different
behaviors of the opdP-deleted strain and the wild-type in the presence of meropenem.

We were thus able to report for the first time an active role for OpdP in antibiotic resistance and to
demonstrate how its absence facilitates the emergence of better known oprD mutations when the
bacterium is exposed to sub-MIC meropenem concentrations. It is important to consider that during
antibiotic therapy, drug distribution may be suboptimal, and the mutant selection observed
experimentally could possibly occur in specific organs in vivo.

There is no doubt that characterizing a larger number of strains selected in the presence of
meropenem, or conducting additional selection cycles, might lead to the identification of further
OprD downregulation mechanisms as well as additional gene mutations. A similar study performed
using biapenem would also be of significant interest and could ideally provide further insight into
the role of OpdP in carbapenem resistance.

It should be noted, however, that the results obtained in this area stem from a secondary experiment
carried out during the final months of this doctoral project, that was specifically aimed at
differentiating the opdP-deleted strain from its wild-type counterpart with respect to antibiotic
resistance. We believe that this objective was successfully achieved, and we are confident that future
reproduction and extension of this experimental approach will undoubtedly provide a solid basis for

obtaining further meaningful results.

5.6 Different PAO1 Lineages

In the early stages of designing this study, we knew that, in order to better interpret variations in
permeability, it would have been simpler to compare a wild-type strain with its isogenic mutants,
without considering clinical isolates, at least initially.

For this reason, we obtained from BCCM PAO1, the worldwide reference strain for P. aeruginosa,
extensively characterized under many aspects in numerous studies. However, the possibility of
obtaining collections of PAO1 mutants with deletions in different porins already described in the
literature was particularly appealing. As soon as we received them, we began to characterize these
mutants in terms of permeability, setting aside the initial plan to generate gene deletions ourselves.
It was already known that different lineages of PAO1 are spread across various laboratories
worldwide, but the permeability results we obtained were reassuring, showing outcomes consistent
with what had been previously described (Klockgether ef al., 2010).

After obtaining strain LG03, we decided to undertake a genomic approach on several strains,

including the characterization of potential differences in the parental strains from which the two
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collections of porin mutants had been derived. Ideally, we expected that identifying mutations in
PAOI1-Jap would be reflected in its derivative TNP004 and, in the same way, that ARC545 might
carry mutations traceable in all its derivatives.

However, the results surprised and puzzled us. In both collections (obtained independently from two
different continents!) we observed two similar issues. Neither collection, in fact, harbored the same
mutations identified in their supposed parental strains. Moreover, the main mutation found in both
parental strains was located in the same genomic region, albeit with distinct features.

Adding to the intrigue, the mutations identified were in a region of the genome close to opdP, and
both were associated with promoting the overexpression of this porin. We do not know how many
passages the parental strains we received may have undergone in their respective laboratories of
origin over the years. Such a circumstance could explain the accumulation of mutations in the
parental strains that were absent in their supposed derived strains.

Furthermore, considering that Yoneyama’s work dates back to 1995, while Isabella’s was published
20 years later, it would be interesting to determine whether sample of PAOI-Jap was used in
Isabella’s experiments, or whether PAO1-Jap and ARC545 independently derive from the original
strain isolated in Melbourne in 1954 (Stover et al., 2000).

In any case, it would be of great interest to understand the possible selective pressures these strains
were subjected to over time, or whether the similar mutations observed are merely the result of
chance.

The observation of these differences also highlights the fact that, in experiments performed over
several years, it is crucial to minimize plate passages and consistently restart from a frozen, stable
strain to avoid the emergence of similar issues. As far as we are concerned, we can confidently state
that the identified mutations likely did not originate in our laboratory, as we have always been
mindful of this matter and minimized the number of culture passages after we received the various
strains.

We regret that these genomic analyses were only performed at the end of the project, so that we did
not have the opportunity to characterize the permeability profiles of PAO1-Jap and ARC545, that
turn out to be OpdP overexpressors. In the future, this analysis would certainly be an interesting

study to undertake, in order to describe the potential effects of OpdP overexpression on permeability.
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6 CONCLUSIONS AND FUTURE PERSPECTIVES

The multidrug resistance of Gram-negative bacteria, and in particular P. aeruginosa, is the result of
the interplay between multiple mechanisms, making the characterization of the various aspects of
this phenomenon extremely important. The permeability of the outer membrane to a given antibiotic
is a critical variable in determining its efficiency, yet studies addressing this subject in living
bacterial cells remain scarce and fragmented. This gap has become even more apparent after the
introduction of cefiderocol, the first siderophore cephalosporin, that exploits siderophore porins as
entry channels into the periplasm.

The study we conducted was the first to measure in vivo the permeability coefficients of P.
aeruginosa PAO1 and of various porin mutants for a wide range of f-lactams belonging to different
subfamilies. This approach allowed to compare the effects that the deletion of one or more porins
exerts on specific permeability coefficients, thus helping to define the synergistic role of OprD and
OpdP in the permeation of some carbapenems, an interaction that would not have been detectable
with conventional phenotypic drug susceptibility testing.

The validation of this approach through the results presented in our work represents only a starting
point. In the future, we hope to characterize the permeability of additional P. aeruginosa strains, that
either overexpress or are deleted for one or more porins, to further elucidate potential compensatory
effects. Furthermore, applying this study to clinical isolates would be of great interest, providing a
clearer picture of the adaptive response of the bacteria following prolonged antibiotic therapy.

An equally intriguing prospect would be to expand the panel of B-lactams examined, including
cefiderocol, in order to investigate the resistance profiles associated with this drug. Moreover, it
would be interesting to study the permeability variations induced by the presence of various other
compounds, as already demonstrated in the case of DPA.

The same analytical strategy could also be successfully applied to characterize the permeability
properties of other MDR Gram-negative pathogens, such as K. pneumoniae or A. baumannii, the
latter representing a major challenge in terms of the spread of pan-drug-resistant strains.

For all these purposes, it would be valuable to automate the analytical procedures, for example, by
performing BlaR-CTD quantification through fluorescence detection upon capillary electrophoresis,
thereby simplifying the workflow.

Our interest in the various different behaviors of porin mutants also led us to focus on quantifying
variations in porin expression as a function of bacterial growth phase. This result was achieved
through RT-PCR, that, in any case, is limited to the analysis of the selected porins under

investigation. We believe that a transcriptomic approach based on bacterial growth phases could still
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yield valuable insights. Particularly, this could be achieved by performing RNA sequencing, which
would allow the simultaneously quantification of protein expression, resulting in the identification
of additional compensatory mechanisms.

Similarly, inducing mutagenesis through antibiotic exposure in strains deleted for one or more porins
is a strategy that could lead to further significant findings. Future research may better characterize
the novel OprD downregulation system identified in strain LGO3, expand the genotypic
characterization of mutants derived from meropenem exposure in the opdP-deleted strain. In
addition, the same experiment could be performed with biapenem.

Finally, if one considers the rather small variations observed in the permeability coefficients of
ertapenem and doripenem across the various mutants studied, it would be of interest to expose strain
ARCS5998, already deleted for five porins, to sub-MIC concentrations of these two antibiotics. We
speculate that such conditions might select mutations in the residual porin(s) responsible for

mediating the entry of these carbapenems.
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8 Annex

Name Sequence Lenght
blaR-fw CCATGCAAAAAGAAACACGC 20
blaR-seq-rev ACAGGACAAAGCCCCCTGAGGCTG 24
blaR-rev TTCTTGCCTCCAAGTTCCGT 20
ompl-rev TGACACCACGATGCCTGCAG 20
pkt-fw-1 CAGCTGAAACGGGAAGCTCA 20
pkt-rev-1 TGAGCTTCCCGTTTCAGCTG 20
pkt-fw-2 ATGCTCTTCTGCTCCTGCAG 20
pkt-rev-2 CTGCAGGAGCAGAAGAGCAT 20
309-fw CTATGAACATGAATGATGCGCAAA 24
tet-fw GCTCCGAGAACGGGTGCGCAT 21
tet-rev ACCATCAGGGACAGCTTCAA 20
309-inf-fw GTATGCTCTTCTGCTCCTGCAGGCATCGTGGTGTCACGC 39
309-inf-rev TGAGCTTCCCGTTTCAGCTGGTTAACGGCGGGATATAACATGAG 44
tet-rev-seq TATTCTCAGAATGACTTGGTTGAGT 25
240-ori-rev TCGGTCTGCCGCCACGCCAG 20
laci-fw CGGTGTCTCTTATCAGACCG 20
tet-fw-seq CCAGGGTGACGGTGCCGAGG 20
negl-fw AATAGGCGTATCACGAGGCCCTTTGCGTTCAGGCTGCTAAAGATG 45
negl-rev TCATGGTCTATTGCCTCCCG 20
neg2-fw CGGGAGGCAATAGACCATGA 20
neg2-rev CAAAGGGCCTCGTGATACGC 20
gmr-eco-fw CGCCGGAATTCCGGGTTACGCCGTGGGTCGATGT 34
gmr-eco-rev CGCCGGAATTCCGGAATTTACCGAACAACTCCGC 34
oprD-fw ATGAAAGTGATGAAGTGGAGCG 22
oprD-rev TTACAGGATCGACAGCGGATAG 22
opdB-fw ATGATCCGCGTTCGACCGGTCG 22
opdB-rev TCAGAGCGAGCCTTTGAGTGGG 22
opdC-fw ATGAGGAATCTGTTCGCCTTGA 22
opdC-rev TCAGAACACGTCGATGGGATAG 22
opdP-fw GTGATGAGAAACCAACGTGTGA 22
opdP-rev TTACAGCAGGTTGAAGGGGAAG 22
opdT-fw ATGCAAGGGGATGGAAAGAAAC 22
opdT-rev TCAGAGGACTTGCAGCGGGTAT 22
oprD-flankF CGGCTGAGGGGAAAGTCGCC 20
oprD-flankR TACGCGGTCATTCTCGGGCG 20

oprD-rev-seql

CGCTCCACTTCATCACTTTCAT

22

oprD-rev-seq2

CAGAGTGTAGGCTGCCGCCAGG

22

oprD-rev-seq3 CTGCTTCAAGGGTTGGTTGC 20
oprD-rev-seq4 GATCGCTGACGAATGCGTCG 20
oprD-rev-seq5 GCCCTCGGTGAAGTGGCCTG 20
oprD-fw-seql GTCCGGCCAAGGACCTGTCG 20
mexR-fw CGCCATGGCCCATATTCAG 19
mexR-rev GGCATTCGCCAGTAAGCGG 19
rpoS-fw ATGGCACTCAAAAAAGAAGG 20
rpoS-rev TCACTGGAACAGCGCGTCAC 20
rpsL-fw ATGGCAACTATCAACCAGCT 20
rpsL-rev TTACTTCGGACGCTTGGCGC 20
nalD-ext-fw GATTCGACTACCCAGCACAG 20

nalD-ext-rev

CCCAGGTACTCGAGGCGATC

20

PA2480-fw ATGAGCCTGCGCCTGCGCCT 20
PA2480-rev TCACTCGCGCAGCGGCATTT 20
PA2480-rev-seq GTCGAACGACAGGCTGCCTT 20
PA4500-int-fw CTACGGCTGCGACTCGATCA 20
PA4500-ext-rev CCTTTATTGTTGTCGTTGGC 20
PA4501-ext-rev GTACTGGACGATATCGAAGC 20
PA4500-fw ATGCGTAAGATCCTTCCCCT 20
PA4500-rev TCAGGGCTGGTTGGCTACGC 20
mexT-fw ATGCCTGTCAGTGATCCTAT 20
mexT-rev TCAGAGACTGTCCGGATCGC 20
lasR-fw ATGGCCTTGGTTGACGGTTT 20
lasR-rev TCAGAGAGTAATAAGACCCAAA 22
opdP-gib-fw2 CTTTAAGAAGGAGATATACCATGGCTAGAAACCAACGTGTGACCAG 46
opdP-gib-fw3 CTTTAAGAAGGAGATATACCATGGCTGCCGACGAGCAGGAAAACCC 46

Table S1: list of primers used for PCR amplification and/or Sanger sequencing.
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Name Sequence Lenght Reference
oprD-rt-fw ATCTACCGCACAAACGATGAAGG 23 Caille et al., 2007
oprD-rt-rev GCCGAAGCCGATATAATCAAACG 23 Caille et al., 2007
opdB-rt-fw GCTCAACCGCAACTACTTCC 21
opdB-rt-rev GCGTCGGAATACTCGCTGGC 20
opdC-rt-fw GCTGAAGATCCGCGCCTTC 19
opdC-rt-rev GCTGAGATGATGGCTGTCGC 20
opdP-rt-fw CAACACCGAATTCAAGGCC 19
opdP-rt-rev CCGTACTCGGTGGTCATGTC 20
opdT-rt-fw GCTTCACCCTGGTCAACGAC 21
opdT-rt-rev GAAGCTGGTGCCGGCGTAGT 20
PA3340-rt-fw GCTTGCAGTTCCTCAACGAG 21 Costaglioli et al., 2014
PA3340-rt-rev CACCAGGAAATTCAGGTAGGG 22 Costaglioli et al., 2014
gyrA-rt-fw TGTGCTTTATGCCATGAGCGA 21 Bragonzi et al., 2005
gyrA-rt-rev TCCACCGAACCGAAGTTGC 20 Bragonzi et al., 2005
cysG-rt-fw GCAGCAGCGCCGGGTGTTC 19
cysG-rt-rev ACGTCGGCCTGCTGCATC 18
rpsL-rt-fw GCAAGCGCATGGTCGACAAGA 21 Dumas et al., 2006
rpsL-rt-rev CGCTGTGCTCTTGCAGGTTGTGA 23 Dumas et al., 2006
proC-rt-fw CAGGCCGGGCAGTTGCTGTC 21 Savli et al., 2003
proC-rt-rev GGTCAGGCGCGAGGCTGTCT 21 Savli et al., 2003
gapA-rt-fw CAACGACCAGAACCTCTCCG 20
gapA-rt-rev ACCTGCACGGTGAGATCGAC 20
mreB-rt-fw CTGTCGATCGACCTGGG 17 Gupta et al., 2013
mreB-rt-rev GATCACGCCGTCTTTCATCG 20
rtho-rt-fw GCAACGGCTCCACCGAAGAC 20
rtho-rt-rev GTCACTTCCTCAGGGCGCTC 20
recA-rt-fw GAATCCTCGGGCAAGACCAC 20
recA-rt-rev CACGTCGACCGCGTTGGAGC 20
mutL-rt-fw CAAGTTCCTGCGTGCCGAGA 20
mutL-rt-rev CAGCGCCTGCTCGAGGAATG 20
PA2875-rt-fw AGTTTCCAGCGCATCCAGTT 21 Costaglioli et al., 2014
PA2875-rt-rev CGGGATGGAAGACGAATTG 20 Costaglioli et al., 2014
rpoS-rt-fw CTCCCCGGGCAACTCCAAAAG 21 Savli et al., 2003
rpoS-rt-rev CGATCATCCGCTTCCGACCAG 21 Savli et al., 2003

Table S2: list of primers used for qRT-PCR.
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Molar extinction

Absorbance
Antibiotics (am) coefficient
e (M1 em?)
Ampicillin 235 1860
Benzylpenicillin 235 1200-1300
Piperacillin 235 1800
Cephaloridin 260 12000-12500
Cefoxitin 260 8250
Cefuroxime 260 15700
Cefotaxime 260 16000
Ceftazidime 260 22000
Cefepime 260 19000
Imipenem 297 9000
Meropenem 297 6900
Ertapenem 298 9000
Doripenem 296 7540
Biapenem 296 7540
Nitrocefin 482 15000

Table S3: Molar extinction coefficients for antibiotics tested for permeability coefficient
determination.
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Figure S1: Relative expressions of (A) oprD, (B) opdP, (C) opdB, (D) opdC, and (E) opdT mRNAs
in P. aeruginosa PAOI and four porin(s) mutant strains at 4 different points of cellular growth (ODeoo
=0.6, 1.2, 1.6 and 2). Data were analyzed by two-way analysis of variance (ANOVA), followed by
Bonferroni multiple comparison post-test. Statistically significant differences between means
between strains are indicated by stars (* P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001; the
absence of an asterisk implies the lack of a statistical difference between different strains) or between
different ODgoo within strains by different letters (P<0.05).

200

= PAOI
== Feli}l
g 150
z == LGO3
8
o
8 100 B
(5] - —
=
3 A
&2 50 T
C
0 r : i
N S o
Q \) Q
¥ N N

Figure S2: Relative expression of oprD mRNA in P. aeruginosa PAOI, LGO1, and LG03 at ODsoo
= 1.6. Data were analyzed by two-way analysis of variance (ANOVA), followed by Bonferroni
multiple comparison post-test. Statistically significant differences between means between strains
are indicated by different letters (P<0.05).
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Figure S3: Relative expression of PA2875, PA3340, gyrA, recA, rho, proC, mreB, cysG, gapA and
mutL in P. aeruginosa PAO1 at ODgoo = 0.6, 1.2 and 2; the relative expression reported on the y axis
is the expression of the target gene relative to the mean expression level of two genes used as
reference (rpoS and rpsL). Data were analyzed by two-way analysis of variance (ANOVA) followed
by Bonferroni multiple comparison post-test. Statistically significant differences between means
between genes are indicated by different letters (P<0.05).
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