Roma Tre

SCIENZE

Dipartimento di Eccellenza

Roma Tre University, Department of Science

XXXVIII PhD program in
Biomedical Sciences and Technologies

Building the shield: new insights into
cell envelope biogenesis and
homeostasis in Pseudomonas aeruginosa

PhD candidate Davide Sposato
PhD supervisor Prof. Francesco Imperi

Coordinator of the PhD program Prof.ssa Alessandra Di Masi



Building the shield: new insights into cell envelope biogenesis and homeostasis in Pseudomonas
aeruginosa
PhD thesis

Author
Davide Sposato, Department of Science, Roma Tre University, Rome, Italy
0000-0002-3616-853X

Supervisor
Prof. Francesco Imperi, Department of Science, Roma Tre University, Rome, Italy

Thesis reviewers
Prof. Alessandra Maria Martorana, Department of Pharmacological and Biomolecular Sciences
"Rodolfo Paoletti", University of Milano, Milano, Italy

Prof. Emanuela Frangipani, Department of Biomolecular Sciences, University of Urbino Carlo Bo,
Urbino, PU, Italy


https://orcid.org/0000-0002-3616-853X

TABLE OF CONTENTS

SUMMIARY ..ottt ettt et et et e st e st e st e e st et e eneesseenseenseaseenseenseeseeaseenseeneenseenseensenns 1
CHAPTER 1. INTRODUCGTION .....ccoiiiiiiiieeietee ettt ettt nseeneesaeeseenae e 5
1.1.  The cell envelope of Gram-negative bacteria ..........cceccueeevveeeiieeeiieeeiie e eeiee e e 5
1.1.1. The outer membrane: composition, biogenesis and function ...........c.ccceeeeveeeeieeennenn. 6
Synthesis and transport of lipopolysaccharide.....................ccccocvveeviiiiciiieeiiieeiieeeee e, 8
Synthesis and transport of integral outer membrane proteins.................ccccceeecveeeceeencreeennnn.. 11
Synthesis and transport of outer membrane [ipOPrOtEIns ..............ccc.ocvveeeceeesceeenirieeereeennnn 13
Synthesis and transport of glycerophoSpholipids ...................ccccccovviveviiiiiiiniiaiieeiieiee, 15

1.1.2. The cell wall: structural organization and assembly ...........c.cccceevieriiiiiiieniienieneenn, 19

The lipid carrier undecaprenyl phosphate: synthesis, recycling and functions ..................... 21

1.2.  The cell envelope as target for antibiotics: state of the art and perspectives..................... 25
1.2.1. Mechanisms of action and resistance of envelope-targeting antibiotics.................... 26
Beta-1actam QREIDIOTICS .............cccoiiuiiiiiiii it 26
POIYIYXIIS ..ottt et ettt et e e e e aaeas 28

Other cell wall- and membranes-targeting AntibiotiCs .............c.ccccveeeieeeeieeeeieeeiieeeeeeeee 30

1.2.2. Emerging targets and novel therapeutic Strategies..........cceevveverierienieiereenieeneeeeenn, 31

1.3.  The Gram-negative pathogen Pseudomonas Qeruginosd..............c.ccueecueeevescureseensveenunens 33
L. RETEIEIICES ...ueiitieiee ettt ettt et e st e et e s et e e bt e s st e enseesaaeenbeesnbeenseans 36
CHAPTER 2. AIM OF THE THESIS ...ttt 52
CHAPTER 3. Redundant essentiality of AsmA-like proteins in Pseudomonas aeruginosa......53

CHAPTER 4. Structure-function relationship of the Pseudomonas aeruginosa AsmA-like
proteins YhdP and YdbH involved in outer membrane biogenesis ...............c.c.ccoccoveeniinnenne. 73

CHAPTER 5. The Pseudomonas aeruginosa DedA protein PA4029 is an undecaprenyl

phosphate flippase important for polymycin resistance.................ccccooccveeviiiiniiiiniece e, 86
CHAPTER 6. The Pseudomonas aeruginosa DedA protein PA4011 functions as a C55-PP
phosphatase via a PAP2-like domain ...................ccooiiiiiiiiiiiicecce e 104

CHAPTER 7. Bacterial AsmA-like proteins involved in phospholipid transport are
independent of DedA family Proteins...............cccoooviiiiiiiiiiiiii e 126

CHAPTER 8. Activation of the envelope stress-responsive two-component system AmgRS
compensates for depletion of the essential lipoprotein signal peptidase LspA in Pseudomonas
AOVTUZINOSA .........oooeeeeeeeeeeeeeee e e ettt e e e ettt e e et eee e e sttt e e e asseee e e ssteeesansseeeeannnbeeesassaaeesanssneeeannnseeens 134

CHAPTER 9. CONCLUDING REMARKS .......cooiiiiiiiiiicceceecteeseere e 146

APPENDIX. Manuscripts I co-authored that are not directly related to the main topic of my
PR tRESIS. ..ottt ettt et ettt e nt et e enteeneenaeenteas 150



SUMMARY

SUMMARY

Gram-negative bacteria have evolved a highly specialized cell envelope that allows them to survive
in dynamic and often hostile environments by providing both mechanical protection and selective
permeability. Unlike Gram-positive bacteria, whose envelope consists of the cytoplasmic membrane
surrounded by a thick peptidoglycan layer, Gram-negative bacteria possess a more complex,
multilayered envelope composed of the cytoplasmic (or inner) membrane (IM), a thin peptidoglycan
layer located within the periplasm, and an outer membrane (OM). The IM is a typical
glycerophospholipid (GPL) bilayer, while the OM is a defining feature of Gram-negative bacteria
and represents a unique biological membrane with an asymmetric organization. Its inner leaflet is
composed of GPLs, whereas the outer leaflet is primarily formed by lipopolysaccharide (LPS), a
hallmark molecule of Gram-negative bacteria. The dense packing of LPS molecules, stabilized by
divalent cations, confers low membrane fluidity and reinforces the barrier properties of the OM,
which are a major determinant of the intrinsic antibiotic resistance of Gram-negative bacteria. In
addition to GPLs and LPS, the OM contains B-barrel OMPs that mediate nutrient uptake and regulate
membrane permeability, as well as lipoproteins involved in envelope biogenesis, maintenance, and
signaling. Together, these components contribute to the structural integrity of the OM and establish
a selective permeability barrier that limits the entry of many toxic compounds and antibiotics. Located
between the IM and the OM, the periplasm contains the peptidoglycan layer, a rigid macromolecular
network consisting of repeating units of N-acetylglucosamine and N-acetylmuramic acid, which are
cross-linked by peptide side chains. Peptidoglycan provides structural support, maintains cell shape,
and protects the cell from osmotic stress, thus being essential for envelope integrity and cell viability.
This structural complexity is essential to ensure envelope integrity and maintain a robust permeability
barrier, that underlies the intrinsic antibiotic resistance of Gram-negative bacteria. Thus, dissecting
the molecular pathways underlying cell envelope biogenesis is crucial both to advance our
understanding of fundamental aspects of Gram-negative bacterial physiology and to uncover new
targets for antibacterial intervention. However, despite major advances in recent years, several key
aspects of the pathways governing cell envelope biogenesis and homeostasis remain poorly
understood. In this context, the aim of this PhD thesis was to investigate unexplored molecular
mechanisms involved in the biogenesis of Gram-negative cell envelope, using the human pathogen
Pseudomonas aeruginosa as a model organism. In particular, this PhD project focused on elucidating
the pathways responsible for the anterograde transport of GPLs and characterizing the mechanisms
underlying the recycling of the essential lipid carrier undecaprenyl phosphate (Und-P), two central

hubs in cell envelope biosynthesis. In parallel, as part of a PRIN-funded project aimed at identifying
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novel antibacterial targets, the essential role of the lipoprotein signal peptidase LspA was examined,
and its suitability as a candidate target for antibacterial drug development was evaluated.

To understand how GPLs move from the IM to the OM, in the study presented in chapter 3 we
systematically investigated the role of AsmA-like family proteins, previously proposed to be
implicated in GPL transport in the model organism Escherichia coli. Bioinformatic analyses
identified seven asmA-like genes in P. aeruginosa, whose deletion in multiple combinations coupled
with conditional mutagenesis demonstrated that four of them are essential but redundant for P.
aeruginosa growth and OM integrity. Depletion of AsmA-like proteins caused severe defects in the
OM permeability barrier, which were partially alleviated by reducing LPS synthesis or transport.
Given that a precise balance between GPLs and LPS is critical for OM integrity, these findings
support a role for AsmA-like proteins in mediating GPL transport to the OM.

Then, to elucidate the specific features that enable individual AsmA-like proteins to facilitate GPL
transport and maintain membrane homeostasis, in the study reported in chapter 4 we investigated the
structural and functional determinants of YhdP, the AsmA-like protein that exhibits the highest
activity in maintaining OM integrity in both E. coli and P. aeruginosa. Using structural predictions,
molecular dynamics simulations, and genetic complementation assays, we identified two
hydrophobic a-helices at the C-terminal region of YhdP that are crucial for its function. Notably,
fusing the YhdP C-terminal domain to YdbH, a shorter essential AsmA-like protein with lower
activity, was found to enhance its functionality. Specifically, a YdbH-YhdP fusion protein long
enough to span the periplasmic space was more effective than the wild-type YdbH protein in
promoting growth and OM integrity. We also showed that, while YdbH activity depends on the OM
protein partner YnbE, the YdbH-YhdP fusion protein functions independently of YnbE. Overall,
these results suggest that the YhdP C-terminus provides OM anchoring and is likely to assist GPL
insertion.

In the next study, presented in chapter 5, we explored the functional importance of DedA family
proteins, which have been recently proposed as Und-P flippases in some Gram-positive and Gram-
negative bacteria. P. aeruginosa encodes six DedA proteins, and by combining deletion mutagenesis,
phenotypic assays, and biochemical analyses we demonstrated that one of them, i.e. PA4029, is
involved in Und-P recycling. Indeed, deletion of PA4029 sensitized cells to the Und-P synthesis-
targeting antibiotic fosmidomycin and reduced the emergence of spontaneous colistin-resistant
mutants, phenotypes consistent with defects in Und-P recycling. Using native mass spectrometry, we
demonstrated that PA4029 binds Und-P with high affinity, and that this interaction is disrupted by
the Und-P-targeting antibiotic amphomycin. Together, these findings place PA4029 within the
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conserved DedA-mediated lipid carrier pathway and highlight its importance for cell envelope
homeostasis and antibiotic resistance in P. aeruginosa.

In the manuscript in preparation described in chapter 6, we further investigated the role of DedA
proteins in P. aeruginosa. Here, we focused on the PA4011 protein which, besides the DedA domain,
also contains a PAP2-like domain which is found in the E. coli phosphatases YbjG, PgpB, and LpxT.
These enzymes, together with UppP, are responsible for Und-PP dephosphorylation, which occurs
before Und-P is flipped back to the cytoplasmic side of the IM and is essential for the Und-P recycling
process. Through the generation of double deletion mutants and a triple conditional mutant in PA4011
and the genes encoding the homologs of the E. coli proteins UppP and LpxT, we provided preliminary
evidence suggesting that PA4011 contributes to Und-P(P) recycling as an Und-PP phosphatase.
Deletion of uppP in the PA4011 mutant increased susceptibility to EDTA and to fosmidomycin, and
led to growth arrest at 25°C, a temperature which strongly suppresses /pxT expression. Consistently,
growth was fully abrogated when LpxT was depleted in APA4011 AuppP cells. Furthermore, by
creating PA4011 variants carrying amino acid substitutions in predicted catalytic residues, as well as
a construct expressing only the PAP2-like domain, we showed that the activity of PA4011 primarily
depends on its phosphatase domain. Together, these results draw attention to a previously
unrecognized role for PA4011 in the Und-P(P) recycling pathway of P. aeruginosa, likely mediated
through the phosphatase function of its PAP2-like domain.

In chapter 7 we systematically investigated whether DedA proteins are required for AsmA-like
protein function. Indeed, based on the observed interaction and cooperation of some DedA and
AsmA-like homologs in lipid trafficking in Eukaryotes, DedA proteins were hypothesized to act as
functional partners of AsmA-like proteins, possibly assisting them in GPL extraction from the IM. In
this work, we deleted each dedA gene in four P. aeruginosa triple mutants that rely on a single AsmA-
like protein for growth. Through growth assays, we demonstrated that loss of individual DedA
proteins do not decrease growth rates or yields in any genetic background, implying that DedA
proteins are not required for the function of any essential AsmA-like protein. This evidence strongly
suggests that DedA-mediated GPL transport is unlikely to underlie GPL extraction from the IM by
AsmA-like proteins. This study has been presented as a concise short-format article, reflecting its
specific scope and the presentation of a single experimental data set.

Finally, chapter 8 presents the results obtained from the study of the P. aeruginosa LspA enzyme,
which have been compiled in a manuscript currently under review. LspA is a signal peptidase that
catalyzes a critical step in lipoprotein maturation and was predicted to be essential in P. aeruginosa.
In this study, we generated a conditional /spA4 mutant to investigate the role of LspA in this bacterium.

LspA depletion caused complete growth arrest, loss of viability, and severe OM defects, increasing
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susceptibility to antibiotics normally ineffective against this pathogen. Analysis of suppressor
mutants revealed a gain-of-function mutation in amgS, encoding the sensor kinase of the AmgRS
two-component system, which partially restored growth, membrane integrity, and antibiotic
resistance under LspA-limiting conditions, without however restoring lipoprotein maturation.
Functional assays showed that this compensatory effect requires the AmgRS-regulated IM proteins
HtpX and YccA. Overall, this work confirms LspA as essential in P. aeruginosa, validates it as a
potential antibacterial target, and uncovers a previously unrecognized role of the AmgRS stress

response in alleviating defects in lipoprotein biogenesis.



CHAPTER 1. INTRODUCTION

CHAPTER 1. INTRODUCTION

1.1.  The cell envelope of Gram-negative bacteria

Unlike the cells of higher organisms, bacteria must face unpredictable, diluted, and often hostile
environments. To survive, they have evolved a sophisticated and complex cell envelope that not only
provides physical protection but also mediates the selective uptake of nutrients and the release of
waste products. In 1884, Christian Gram developed a differential staining procedure that allowed the
classification of most bacteria into two major groups: those that retain the Gram’s stain were
designated as Gram-positive and those that do not as Gram-negative. The distinction reflects
fundamental differences in the architecture of the cell envelopes of these two groups of bacteria
(Figure 1). The Gram-positive cell envelope consists of a cytoplasmic membrane surrounded by a
thick layer of peptidoglycan, which also contains long anionic polymers, called teichoic acids,
composed of glycerol phosphate, glucosyl phosphate, or ribitol phosphate repeats. Gram-negative
bacteria, by contrast, have a more complex envelope consisting of three principal layers: the
cytoplasmic or inner membrane (IM), the outer membrane (OM), and a thin peptidoglycan layer
located within the periplasmic space between them. The IM is a typical glycerophospholipid (GPL)
bilayer containing proteins essential for energy generation, lipid biosynthesis, signal transduction,
nutrient uptake, and protein secretion. The OM, instead, is an asymmetric bilayer composed of GPLs
in the inner leaflet, while the outer leaflet contains lipopolysaccharide (LPS), the hallmark molecule
of Gram-negative bacteria. In addition, the OM hosts lipoproteins and B-barrel proteins involved in

nutrient transport, signal transduction, and the biogenesis and homeostasis of the membrane itself (1).
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Figure 1. Depiction of Gram-positive and Gram-negative cell envelopes. CAP: covalently attached protein; IMP:
integral membrane protein; LP: lipoprotein; LPS: lipopolysaccharide; LTA: lipoteichoic acid; OMP: outer membrane

protein; WTA: wall teichoic acid. (1)
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1.1.1. The outer membrane: composition, biogenesis and function

The OM is the defining feature of Gram-negative bacteria. Its unique organization provides bacterial
cells with mechanical strength and protection from large and/or lipophilic compounds (2, 3), thus
rendering many antibiotics which are effective against Gram-positive bacteria inactive against Gram-
negative ones (4). The inner leaflet of the OM is composed of GPLs, which slightly vary in
composition among bacterial species; the major GPL classes in Gram-negative bacteria are
phosphatidylethanolamine, phosphatidylglycerol, and cardiolipin, the same GPL species that also
predominate in the IM (5, 6). The OM also contains proteins that can be broadly divided into two
classes: lipoproteins and B-barrel proteins. Lipoproteins are found across all bacterial phyla and are
characterized by a lipid moiety covalently attached to the N-terminal cysteine residue. In Gram-
negative bacteria, they can be anchored to the periplasmic leaflet of IM or to either leaflet of the OM
(1, 7). OM lipoproteins participate in various cellular processes, including OM biogenesis,
maintenance of cell shape, and transport of diverse molecules. B-barrel proteins, commonly referred
to as OM proteins (OMPs), are integral components of the OM. They consist of 8-26 antiparallel -
strands inserted into the OM, with hydrophobic amino acid residues facing the lipid environment and
hydrophilic residues lining a center pore, forming water-filled channels that mediate the passage of
hydrophilic molecules across the membrane (8, 9). Some OMPs, such as porins, facilitate the passive
diffusion of small solutes with a molecular mass cutoff of approximately 600 Da, whereas others
mediate active or energy-coupled transport of specific substrates (1). OMPs thus play a key role in
bacterial physiology and environmental adaptation by enabling nutrient uptake essential for
metabolism and modulating the permeability of the OM through their distinctive structural and
functional properties (8).

What most clearly distinguishes the OM from other biological membranes, however, is the presence
of LPS in its outer leaflet, the distinctive feature of most Gram-negative bacteria. LPS is a large,
amphipathic and negatively charged molecule whose stability relies on hydrophobic and electrostatic
interactions mediated by divalent cations such as Mg?*" and Ca?'. It is composed of three major
regions: the lipid A, the core oligosaccharide, and the O-antigen (Figure 2) (4, 10). Lipid A is a
phosphorylated glycolipid composed of a diphosphorylated glucosamine (GIcN) disaccharide
backbone decorated with four to seven acyl chains and serves as the hydrophobic anchor that tethers
LPS to the OM. It can undergo several modifications, such as the addition of 4-amino-4-deoxy-L-
arabinose (L-Ara4N) or phosphoethanolamine (PEtN), which neutralize its negative charge and
reduce cell susceptibility to cationic antimicrobial peptides, including polymyxin antibiotics (e.g.,
colistin) (11, 12). The core oligosaccharide is covalently linked to the GlcN backbone of lipid A and

consists of an inner and outer region. The inner core, which is highly conserved among Gram-negative
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species, contains 3-deoxy-a-D-manno-octulosonic acid (Kdo), whereas the outer core includes
heptose sugars, some of which are phosphorylated, and provides the attachment site for the O-antigen.
Owing to its exposure to selective pressures and environmental stress, the outer core is less conserved
and varies in sugar composition and arrangement (11, 12). The O-antigen represents the most distal
and variable portion of LPS, extending outward from the cell surface. It is an elongated
polysaccharide composed of repeating oligosaccharide units (each containing two to eight sugars)

and displays extensive variability both across and within species (4, 13).

I

O antigen

outer core

apleyesos)|o 2103

Figure 2. Schematic representation of the core structural components of LPS P: phosphate group; Kdo: 3-deoxy-a-D-

manno-octulosonic acid (Adapted from ref. 14).

The length of the O-antigen can vary from complete absence to more than 100 repeating units with
branched sugar chains. Gram-negative bacteria that do not produce the O-antigen assemble only lipid
A linked to the core oligosaccharide; this truncated form is known as lipooligosaccharide (LOS) (13).
The O-antigen is antigenic and can be recognized and neutralized by human antibodies; however,
some variants can mimic the composition of host glycans, allowing bacteria to hide from the innate
and acquired immune systems of the host (4). LPS plays a crucial role in maintaining the barrier
function of the OM. The acyl chains of lipid A contribute to the formation of the hydrophobic region
of the membrane, which prevents the diffusion of hydrophilic molecules, whereas the core
oligosaccharide and O-antigen create a dense hydrophilic layer that limits the penetration of
hydrophobic compounds (13). The barrier properties of the OM are also enhanced by its low fluidity.
The acyl chains of lipid A are predominantly saturated, allowing tight packing and extensive
intermolecular interactions among LPS molecules. These interactions are further stabilized by
divalent cations such as Ca?" and Mg?**, which neutralize the negative charges of phosphate groups

and bridge adjacent LPS molecules, reducing membrane fluidity (1). This complex architecture is a
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key factor underlying the intrinsic antibiotic resistance of Gram-negative bacteria, as the OM acts as
a selective permeability barrier that restricts the entry of many toxic and antimicrobial compounds.
Understanding the specific molecular mechanisms involved in OM assembly is therefore fundamental
for the development of novel antimicrobial strategies.

The biosynthesis, transport, and insertion of OM components must be tightly coordinated with cell
growth and must occur without compromising OM integrity and function (15). All OM components
are synthetized in the cytoplasm and must therefore cross the IM and the aqueous periplasmic
environment to reach and be properly inserted into the OM. While transport across the IM can exploit
the energy sources available in the cytoplasm or in the membrane, translocation across the periplasm
and insertion into the OM pose unique challenges, as no utilizable energy sources, like adenosine
triphosphate (ATP) or the proton motive force (PMF), are present in the periplasm or the OM (15).
Much of our current knowledge about these transport mechanisms comes from studies performed in

Escherichia coli, the Gram-negative model organism.

Synthesis and transport of lipopolysaccharide

The biosynthesis of LPS, the major component of the OM outer leaflet, is a complex process that
requires spatial and temporal coordination of several independent pathways that converge to produce
the full-length LPS molecule (Figure 3) (17). The lipid A moiety is synthesized together with the Kdo
residues of the core oligosaccharide through a biosynthetic pathway called the Raetz pathway,
whereas the O-antigen subunits are assembled independently from LOS on the cytoplasmic side of
the IM (13). These intermediates are then independently flipped to the periplasmic leaflet of the IM
by dedicated transporters; then, the O-antigen is polymerized and ligated to the core oligosaccharide
moiety (13). Finally, the mature LPS is extracted from the IM, transported across the periplasm, and
inserted into the OM outer leaflet by the LPS transport (Lpt) complex (16). More in detail, the first
step of the Raetz pathway (Figure 3) consists in the fatty-acylation of N-acetylglucosamine (GIcNAc)
linked to the nucleotide carrier uridine diphosphate (UDP) by the enzyme LpxA (17). LpxA catalyses
the transfer of R-3-hydroxymyristate from acyl carrier protein (ACP) to the 3-hydroxyl group of
UDP-GIcNAc, generating UDP-3-O-(3-OH-acyl)-GIcNAc (17). This intermediate is then irreversibly
deacetylated by the zinc-dependent enzyme LpxC to form UDP-3-O-(acyl)-GIcN, which is further
acylated by LpxD to yield UDP-2,3-diacyl-GlcN (13). The pyrophosphatase LpxH then cleaves the
pyrophosphate bond of UDP-2,3-diacyl-GlcN to generate 2,3-diacyl-GIlcN-1-phosphate, known as
lipid X (17). Lipid X is condensed with 2,3-diacyl-GlcN by LpxB, forming a lipid A disaccharide
that is inserted in the inner leaflet of the IM (13). The lipid A disaccharide is then phosphorylated at
the fourth position by the kinase LpxK to produce lipid IVA, which is subsequently linked to two
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activated Kdo molecules (CMP-Kdo) by the enzyme WaaA (13). Two further acylation reactions,
catalyzed sequentially by the LpxL and LpxM acyltransferases, complete the lipid A-Kdo moiety, to
which additional sugars of the core oligosaccharide are added by specific glycosyltransferases (13).
Finally, the lipid A-core moiety is flipped to the periplasmic leaflet of the IM by the ATP binding
cassette (ABC) transporter MsbA, which couples this translocation with ATP hydrolysis, since the

transfer of amphipathic molecules across GPL membranes is energetically unfavorable (18).
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Figure 3. Schematic representation of LPS biogenesis and transport. Lipid A and core oligosaccharide synthesis
occurs on the cytoplasmic side of the IM via the Raetz pathway, whereas O-antigen subunits are produced separately on
the lipid carrier undecaprenyl pyrophosphate (Und-PP). Specific ABC transporters independently flip the lipid A-core
moiety (LOS) and O-antigen subunits across the IM. In the periplasm, O-antigen is polymerized and subsequently ligated
to LOS. Finally, the Lpt complex transports mature LPS from the IM to the outer leaflet of the OM (19).

The O-antigen is synthesized through a distinct biochemical pathway. Despite the variable nature of
O-antigens, the first step is well conserved among Gram-negative bacteria and involves the transfer
of a sugar monophosphate to the lipid carrier molecule undecaprenyl phosphate (Und-P) on the
cytoplasmic side of the IM. This reaction generates sugar-pyrophosphate-undecaprenol (sugar-Und-
PP), which serves as the acceptor for further glycosylation reactions that vary among species and
strains (13). The O-antigen subunits are then flipped to the periplasmic leaflet of the IM by the integral
membrane protein Wzx, where the Wzy polymerase catalyzes the block-wise polymerization of O-
antigen repeat units, with chain length regulated by Wzz. Once assembled, the mature O-antigen is
ligated to the lipid A-core oligosaccharide moiety of the nascent LPS molecule by the WaalL ligase
on the periplasmic side of the IM (20, 21).
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At this point, LPS molecules are anchored to the periplasmic leaflet of the IM. To reach their final
destination in the OM, they must be extracted from IM, transported across the periplasm, and finally
inserted into the outer leaflet of the OM. All these steps are mediated by the Lpt complex (Figure 4),
which harnesses the energy of ATP hydrolysis in the cytoplasm to drive LPS transport from the IM
to the OM. The Lpt system is highly conserved among Gram-negative bacteria and typically consists
of seven proteins spanning all compartments of the cell envelope: LptB on the cytoplasmic side of
the IM; LptF, LptG, and LptC within the IM; LptA in the periplasm; LptD and LptE in the OM (13).
The engine of the system is constituted by the tetramer LptB2FG, an ABC transporter that couples
the energy from ATP hydrolysis in the cytoplasm to the extraction of LPS from the periplasmic leaflet
of the IM (17). LptB provides the nucleotide-binding domains (NBDs) responsible for ATP binding
and hydrolysis, while LptF and LptG are transmembrane proteins, each formed by six transmembrane
helices (TMHs) and a large periplasmic domain folded as a B-jellyroll (17). LptF and LptG interact
with each other through their TM1 and TMS5 helices, forming an outward facing V-shaped
hydrophobic cavity that spans the IM and protrudes slightly into the periplasm (17). The LptB>FG
complex cycles through three conformational states: a nucleotide-free state with an open
conformation of the LptB dimer when ATP is not bound; an ATP-binding state in which LptB
monomers move close together, with this conformational change being transmitted to LptF and LptG,
inducing the opening of a lateral gate between one of the TM1-TMS interfaces and allowing LPS to
enter the cavity; last, an ATP-hydrolyzed state in which ADP release induces the conformational
switch back to the nucleotide-free state, closing the lateral gate and expelling LPS toward the
periplasmic domains of LptF and LptG (17). Once extracted, LPS is transferred to a periplasmic
protein bridge formed by LptC, LptA, and the periplasmic domain of LptD. All three proteins share
a B-jellyroll fold characterized by a hydrophobic pocket that accommodates the acyl chains of LPS.
LptC is anchored to the IM via a single transmembrane domain and is stably associated with the
LptB2FG complex. LptA is a soluble periplasmic protein that oligomerizes to connect the IM and OM
by binding to the periplasmic domains of LptC and LptD. During LPS transport, the acyl chains of
the lipid A moiety are shielded by this hydrophobic bridge, while the hydrophilic oligosaccharide
portion remains exposed to the periplasm. Finally, LPS transport across the OM and its assembly at
the cell surface is mediated by the OM translocon, formed by the B-barrel protein LptD and the tightly
associated lipoprotein LptE, which helps LPS insertion and stabilizes LptD, ensuring correct
assembly of the translocon (22, 23). When LPS reaches the periplasmic B-jellyroll domain of LptD,
its acyl chains are deposited directly into the hydrophobic OM environment, while the hydrophilic
portion of LPS is translocated through the lumen of the LptD B-barrel (13).

10
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Figure 4. The LPS transport pathway. The lipid A-core moiety synthesized at the inner leaflet of the IM is flipped
across the membrane by the ABC transporter MsbA and ligated to the O-antigen (not shown in the figure). The LPS
molecule is then extracted from the IM, translocated across the periplasm, and assembled into the outer leaflet of the OM

by the transenvelope Lpt complex (17).

Synthesis and transport of integral outer membrane proteins

All proteins are synthesized by ribosomes in the cytoplasm and then sorted to their appropriate
cellular localizations. Proteins destined for the periplasm, the OM, or the extracellular milieu are
synthesized as precursors carrying an N-terminal cleavable signal sequence, known as a type I signal
peptide, which directs them for translocation across the IM (1). Although the sequence of the signal
peptide varies among proteins, it exhibits conserved structural features: a positively charged N-
terminal region, a central hydrophobic core, and a hydrophilic C-terminal region containing the signal
peptidase cleavage site (24). Exported proteins are recognized by the heterotrimeric SecYEG
translocon, an essential and universally conserved protein transport channel that mediates
translocation of proteins across the cytoplasmic membrane (25) (Figure 5). The SecYEG translocon
constitutes only a passive pore that connects the cytoplasm to the periplasm, and therefore its activity
relies on the coordinated action of multiple partner proteins that select potential Sec substrates,
provide the driving force for their transport, regulate substrate release from the SecYEG channel, and
interact with components of the proteostasis network (25). Because folded polypeptides cannot pass
through the SecYEG channel, the substrates need to be maintained in an unfolded form. In the phylum
Pseudomonadota (formerly known as Proteobacteria), this function is mainly carried out by the
cytoplasmic chaperone SecB, which forms a tetramer with a hydrophobic surface involved in

substrate binding (Figure 5) (25). Sec substrates are translocated in a post-translational phase,
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meaning that the energy for transport is not provided by polypeptide ribosomal elongation but instead
by the ATPase SecA (1). SecB delivers the preprotein to SecA by binding its C-terminal domain,
while SecA recognizes the hydrophobic region of N-terminal signal peptides via its preprotein-
binding domain (25). SecA then loads the preprotein onto the Sec translocon by binding with high
affinity the cytosolic loops of SecY. During secretion, the signal peptide is proteolytically removed

by a Type I Signal Peptidase (SPase-I) (25).

Preprotein

\
-

cytoplasm SecA
periplasm SecYEG-
complex

Figure 5. The general secretory (Sec) pathway in Pseudomonadota (Proteobacteria). The chaperone SecB binds
preproteins in the cytoplasm and maintains them in an unfolded state. SecA recognizes the signal peptide of secretory
proteins (in red) and interacts with the SecYEG translocon, which functions as the protein-conducting channel. ATP

hydrolysis by SecA pushes the polypeptide through the SecYEG channel (Adapted from ref. 25)

After translocation through the Sec pathway, the proteins located into the periplasm follow different
routes depending on their final destination and/or their chemical composition. The OMPs are inserted
into the OM through the B-barrel assembly machinery (Bam). The Bam system of E. coli, the best
characterized and widely used as a model, is composed of five proteins. BamA, itself a B-barrel OMP,
contains five periplasmic polypeptide transport—associated domains (POTRA, P1-P5), and interacts
with four OM-anchored lipoproteins, namely BamB, BamC, BamD, and BamE (Figure 6) (15). BamB
and BamD bind directly to BamA via the P3 and P5 domains, respectively, whereas BamC and BamE
associate with BamD to stabilize the complex (8). While BamA and, to a lesser extent, BamD are
essential in E. coli and highly conserved among Gram-negative bacteria, the other components are
present only in certain species and are nonessential in E. coli, indicating that they play accessory roles

in the B-barrel assembly pathway (15).
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Figure 6. Model of p-barrel OMP assembly by the Bam complex. (a) In its closed conformation, BamA prevents
substrate access to its lumen. (b) Substrate engagement with BamD triggers opening of the BamA lateral gate. (c—d) The
substrate then enters the BamA lumen, where it is progressively folded in a C-to-N-terminal direction. (e) The fully folded

B-barrel is subsequently released into the OM (26)

To reach the Bam complex, OMPs, which are rich in hydrophobic residues, must traverse the aqueous
periplasmic environment without (mis)folding. To accomplish this, Gram-negative bacteria rely on
periplasmic chaperones such as SurA and Skp, which prevent misfolding and aggregation of OMPs
during their transit toward the OM (8). Although in E. coli both chaperones participate in OMP
transport, most OMPs are escorted primarily by SurA, whereas Skp appears to play an additional role
in rescuing OMPs under stress conditions, when the normal assembly pathway is compromised (8).
SurA interacts directly with BamA via the P1 domain, whereas BamD binds unfolded OMPs (15).
BamD not only recognizes substrates but also regulates BamA conformational cycling through its
interaction with the P5 domain (15). BamA initially adopts a closed conformation that blocks access
to the barrel lumen. Upon substrate delivery, BamD triggers a conformational change in the BamA
B-barrel, allowing capture of the OMP C-terminus by the N-terminal B-strand of BamA. The substrate
then enters the BamA B-barrel, where folding occurs, and is ultimately inserted into the OM through

the opening of a lateral gate in BamA (8, 26).

Synthesis and transport of outer membrane lipoproteins

Lipoproteins are synthesized as non-acylated precursors, named preprolipoproteins. These are
translocated across the cytoplasmic membrane by the Sec pathway and remain anchored to the
membrane via their N-terminal type II signal peptide, which contains at its C-terminus a conserved
four-amino acid motif known as the lipobox, typically composed of leucine, alanine, glycine, and
cysteine. The cysteine residue provides the acylation site during lipoprotein maturation and becomes

the N-terminus of the mature lipoprotein (27).
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After translocation across the cytoplasmic membrane, preprolipoproteins undergo a series of
sequential modifications catalyzed by three transmembrane enzymes, namely Lgt, LspA, and Lnt
(Figure 7) (28). First, Lgt transfers a diacylglycerol moiety from phosphatidylglycerol to the
sulfhydryl group of the lipobox cysteine, generating a prolipoprotein. Next, the type II signal
peptidase (SPase-1I), named Lsp or LspA in many bacteria, cleaves the lipobox, leaving the
diacylglyceryl-modified cysteine as the N-terminus of the protein; at this stage, the lipoprotein
remains anchored to the cytoplasmic membrane via the diacylated cysteine residue. Finally, the
acyltransferase Lnt adds a third acyl chain from phosphatidylethanolamine to the amino group of the
N-terminal cysteine, producing a mature triacylated lipoprotein (28). In Gram-negative bacteria,
lipoproteins destined for the OM are extracted from the IM and transported by the lipoprotein OM
localization (Lol) system, which in most Gram-negatives consists of five proteins: LolA, LolB, LolC,

LolD, and LolE (Figure 7).

Pre-pro- Pro- Apo

COOH COOH COOH

Lgt Lsp
> —

Cys Cys-g Cys~§
Cytoplasm NH, NH,

L _ACys—-ZJ ATP ADP+Pi
==y
Signal peptide

Figure 7. Lipoprotein maturation and transport in Gram-negative bacteria. The N-terminal signal peptide (in red)

Periplasm

Phospholipids M

directs cytoplasmic preprolipoproteins to the Sec translocon. After translocation across the IM, Lgt transfers a
diacylglycerol moiety to the conserved cysteine within the lipobox. LspA then cleaves the signal peptide, and Lnt adds a
third acyl chain to the amino group of the newly exposed N-terminal cysteine. The mature triacylated lipoprotein is
subsequently extracted from the IM by the LolCDE ABC transporter in an ATP-dependent manner, shuttled across the
periplasm by LolA, and finally inserted into the OM by LolB (Adapted from ref. 29).

Due to their N-terminal lipid moiety, lipoproteins are highly hydrophobic and must therefore
overcome the energetically unfavorable processes of detachment from the IM and transport across
the hydrophilic periplasmic space to reach the OM (18).This is made possible by the hydrolysis of
ATP mediated by an ABC transporter, the LolCD:E complex, composed of two integral membrane
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proteins, LolC and LolE, and two copies of the ATPase LolD (18). LolC and LolE are homologous
in structure, each containing four TMHs, but functionally distinct: LolE binds the lipoprotein,
whereas LolC recruits the periplasmic chaperone LolA (30). After extraction of the mature OM
lipoprotein from the IM by LolCD:E, LolA receives the lipoprotein from LolC and shields its
hydrophobic acyl chains from the aqueous periplasm. Finally, lipoproteins are directionally delivered
from LolA to LolB in a mouth-to-mouth manner, due to the higher affinity of LolB for the lipid
moiety compared to LolA (28).

Synthesis and transport of glycerophospholipids

In Gram-negative bacteria, GPL biosynthesis takes place in the inner leaflet of the IM and begins
with the stepwise acylation of glycerol-3-phosphate by PlsB and PlsC to generate phosphatidic acid
(PA). PA is then converted into CDP-diacylglycerol (CDP-DAG), the central precursor for the major
GPLs. From CDP-DAG, phosphatidylserine synthase (PssA) and phosphatidylserine decarboxylase
(Psd) produce phosphatidylethanolamine, while phosphatidylglycerophosphate synthase (PgsA)
together with specific phosphatases generates phosphatidylglycerol. Two phosphatidylglycerol
molecules can be condensed by cardiolipin synthases (CIsA/B/C) to form cardiolipin, releasing
glycerol (31).

In contrast to other OM components, the mechanism mediating the anterograde transport of GPLs
from the IM to the OM remained uncertain for many years. Decades ago, it was proposed that GPLs
could flow bidirectionally between the IM and OM (32), in contrast to the unidirectional transport of
LPS mediated by the Lpt system. One possible explanation is that GPLs move via diffusive flow,
either at zones of hemifusion between the IM and OM, referred to as Bayer’s junctions (33), or
through protein channels connecting the two membranes. Although the hemifusion sites were initially
suggested based on electron microscopy images of E. coli cells, later studies indicated that they likely
were artifacts (34). More recently, proteins containing the Mammalian Cell Entry (MCE) domain and
AsmA-like proteins, which are implicated in lipid trafficking in eukaryotes, have been proposed to

play a role in the anterograde transport of GPLs from the IM to the OM.
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Figure 8. The retrograde transport of GPLs. The Mla proteins (MlaA—F), together with their trimeric B-barrel partner
OmpC (or OmpF), mediate the retrograde unidirectional transport of GPLs from the OM back to the IM in an ATP-

dependent manner (35).

The first GPL transport system to be characterized, however, was the one responsible for retrograde
movement from the OM to the IM, identified several years ago (36). This system, named OmpC-Mla,
consists of the OM porin OmpC and several Mla proteins that are localized in the OM, the periplasm,
or the IM (Figure 8). The OmpC-MlaA complex specifically recognizes mislocalized GPLs in the
outer leaflet of the OM and delivers them to the periplasmic lipid chaperone MlaC, which possesses
a deep hydrophobic pocket to bind the GPL molecule and shuttle it to the IM protein MlaD. MlaD
contains a periplasmic MCE domain, and six of these domains have been shown to oligomerize into
a donut-shaped structure with a hydrophobic central pore capable of hosting GPLs. MlaD is part of
the ABC transporter MIaFEDB, which utilizes ATP to extract GPLs from MlaC and finally insert
them into the IM (37).

The MCE domain capable of hosting GPLs is also present in other protein complexes conserved in
some Gram-negative bacteria, namely PqiABC and YebST, which have been proposed to play a role
in lipid transport between the IM and OM (38). The PqiABC system consists of three components:
the IM integral protein PqiA, the single-pass IM protein PqiB, and the OM protein PqiC. PqiB

contains three MCE domains and a long C-terminal helix, and, like MlaD, it can oligomerize into a
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hexamer, forming a structure with the MCE rings stacked near the IM and connected to a more
constricted lipophilic tunnel, possibly interacting with PqiC in the OM to bridge the two membranes.
The YebST system works in a similar manner, with YebS as the integral IM protein and YebT
containing seven MCE domains. YebT forms a hexameric assembly of MCE rings that form a long
hydrophobic tunnel which is predicted to connect the IM and OM (37). Both PqiB and YebT have
been shown to be capable of interacting with GPLs and possess structural and biochemical features
compatible with lipid transport across the periplasmic space (37, 40). However, the simultaneous
deletion of PqiB, YebT, and the other MCE protein MlaD in E. coli only causes minor defects in OM
integrity without affecting bacterial growth (38). This strongly suggests that MCE proteins are not
responsible for the essential anterograde transport of GPLs in Gram-negative bacteria. However, it
cannot be excluded that they may play a role under stress conditions, since the expression of both
PqiABC and YebST is regulated by pathways activated in response to membrane stress (40-42).
Only recently, studies performed in E. coli provided evidence that members of the AsmA-like protein
family are likely responsible for the transport of GPLs from the IM to the OM. The AsmA-like protein
clan is a family of proteins conserved in Gram-negative bacteria, anchored to the IM by an N-terminal
TMH, and characterized by a large periplasmic region containing a Chorein-N domain and an AsmA-
like domain (Figure 9). The 100—150-residue Chorein-N domain is also present in eukaryotic lipid-
transfer proteins (43), whereas the AsmA-like domain varies in length and is predicted to be
composed of B-taco repeats, forming a structure that resembles the Lpt bridge transporting LPS across
the periplasm (35). YhdP was the first AsmA-like protein proposed to participate in anterograde GPL
transport (44). Grimm and colleagues identified YhdP while studying a m/aA4 gain-of-function mutant
(mlaA*), which expresses an MlaA variant that aberrantly translocates GPLs to the outer leaflet of
the OM, opposite to the normal retrograde function of wild-type MlaA. Mislocated GPLs activate the
OM phospholipase PIdA, which generates free fatty acids from mislocalized GLPs (45). The cell
perceives this as a sign of lipid imbalance, triggering increased LPS synthesis (46). Normally, this
response restores OM lipid balance, but in MlaA* cells the constant GPL mislocalization drives
chronic LPS overproduction, OM destabilization and loss of OM material through blebbing. This
triggers an excessive compensatory GPL flow from the IM, ultimately compromising IM integrity
and leading to cell lysis (44). In this context, YhdP was identified in a transposon mutant screen, as
vhdP inactivation suppressed mlaA*-induced lysis, likely by slowing GPL flow to the OM. This
hypothesis was supported by the observation that the double mutant AyhdP mlaA* showed a reduced
anterograde GPL flux, confirming that YhdP contributes to GPL transport across the periplasm.
However, the viability of AyhdP cells indicates that YhdP is not essential, suggesting redundancy in
GPL transport pathways (44).
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Figure 9. Cellular localization and predicted domain organization of the six AsmA-like proteins of E. coli. Each
protein is anchored to the IM by an N-terminal TMH. In the periplasm, they contain a region homologous to the eukaryotic
chorein-N domain, implicated in intermembrane lipid transport, followed by a large C-terminal region predicted to include
multiple AsmA domains. Among them, TamB has been experimentally shown to interact with the OM B-barrel protein

TamA (47).

Later, Ruiz and colleagues systematically investigated the involvement of AsmA-like proteins in GPL
transport and OM homeostasis (47). To this aim, they generated single and multiple mutants in the
six asmA-like genes of E. coli (tamB, yhdP, ydbH, asmA, yicH, and yhjG). While single deletions did
not cause major growth defects, the double mutant AtamB AyhdP displayed severe envelope-
associated phenotypes, including increased OM permeability, altered cell morphology, and a strong
tendency to lyse in stationary phase, suggesting functional redundancy between these two AsmA-like
proteins. Notably, inactivation of the Mla system or of P1dA fully suppressed the lysis phenotype of
the AtamB AyhdP mutant, further supporting a link between TamB/YhdP and GPL transport.
Remarkably, the simultaneous loss of a third AsmA-like protein, YdbH, together with TamB and
YhdP resulted in a lethal phenotype, indicating that these three proteins are essential but functionally
redundant in E. coli (47). Concurrently, another research group reached similar conclusions and
additionally demonstrated that a AtamB AydbH mutant with reduced YhdP levels shows decreased
amounts of GPLs in the OM, further supporting the involvement of AsmA-like proteins in
intermembrane GPL transport (48).

The model proposed for GPL transport mediated by AsmA-like proteins suggests that they form
bridge-like structures reminiscent of the Lpt system, thereby connecting the IM and OM to enable

GPL delivery to the OM. For such a mechanism to function, their structures would need to extend
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approximately ~250 A to span the periplasmic space. Among these proteins, YhdP is the only one
predicted to be long enough to traverse the entire periplasm. YdbH, in contrast, is considerably
shorter, implying that it likely requires an OM partner to reach the OM (35). Consistent with this idea,
vdbH 1is part of an operon that also encodes the OM lipoprotein YnbE. Structural predictions indicate
that these proteins can interact, with the C-terminal region of YdbH engaging a -strand periplasmic
domain of YnbE multimers positioned near the OM. Deletion of ynbE in a AtamB AyhdP background
resulted in a lethal phenotype, mirroring the effect of removing ydbH (47), supporting the hypothesis
that YdbH requires YnbE to fulfill its function in GPL transport (49). TamB and YhdP are similar in
size, each containing roughly 1,260 residues. However, TamB is predicted to have a shorter
periplasmic domain of ~160 A due to its higher degree of superhelicity (50). Nevertheless, TamB is
known to interact with the OM protein TamA, a component of the translocation and assembly module
(TAM), which was first proposed to mediate the transport or insertion of specific OMP subclasses,
such as autotransporters (51). This interaction enables TamB to reach the OM by forming a stable
intermembrane-spanning complex, providing a plausible route for delivering TamB-transported
GPLs to the OM. Indeed, TamB function in GPL transport in E. coli has been shown to depend on
TamA (47). Nonetheless, TamA is unlikely to constitute a universal OM partner for AsmA-like
proteins, as it is generally nonessential and is absent from many Gram-negative bacteria (52). In
contrast to TamB and YdbH, YhdP is predicted to be able to reach the OM autonomously, suggesting
that it may insert into the IM via its N-terminal TMH and into the OM through its C-terminal domain.
This hypothesis is supported by the presence of two highly hydrophobic a-helices near the YhdP C-
terminus, which could mediate interactions with the OM. Consistently, a very recent study
demonstrated that these hydrophobic helices are essential for the functioning of E. coli YhdP (53).

To date, it remains unclear whether AsmA-like proteins involved in GPL transport require IM
partners to extract their substrates from the membrane. While the extraction of LPS and GPLs by the
Lpt and Mla systems depends on ATP hydrolysis, preliminary evidence suggests that YhdP-mediated
GPL movement across the cell envelope may occur without ATP consumption (44). One possibility
is that GPL transfer through AsmA-like proteins is driven solely by the concentration gradient of

GPLs across the envelope, given that their synthesis takes place in the IM.

1.1.2. The cell wall: structural organization and assembly

The bacterial cell wall contains peptidoglycan, a rigid exoskeleton that provides structural support to
the cell, protects it from osmotic lysis, and maintains cell shape. Peptidoglycan consists of repeating
units of GIcNAc and N-acetylmuramic acid (MurNAc), which are cross-linked by peptide side chains

(1). Each MurNAc residue carries a peptide chain linked to its D-lactoyl group, most commonly
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composed of L-alanyl-y-D-glutamyl-meso-2,6-diaminopimeloyl-D-alanyl-D-alanine in nascent
peptidoglycan monomers, with the terminal D-Ala residue being removed during maturation of the
macromolecule. Cross-linking of glycan strands generally occurs between the carboxyl group of the
D-Ala at position 4 and the amino group of the diamino acid (meso-diaminopimelic acid or L-lysine)
at position 3, either directly or via a short peptide bridge (54).

The biosynthesis of peptidoglycan is a complex, multistep process that begins in the cytoplasm, where
the precursors are synthesized, and continues on the inner and outer sides of the cytoplasmic
membrane, where lipid-linked intermediates are assembled and polymerization reactions take place,
respectively (Figure 10) (55). Cytoplasmic precursors are synthesized through independent pathways:
(1) UDP-GlcNAc is produced from fructose-6-phosphate by the Glm enzymes; (ii)) UDP-MurNAc is
derived from UDP-GIcNAc through the activity of MurA and MurB; (iii) UDP-MurNAc-
pentapeptide (UDP-Mpp) is formed by the sequential addition of amino acids composing the peptide
chain to the D-lactoyl group of UDP-MurNAc by the Mur ligases MurC, MurD, MurE, and MurF;
(iv) D-Glu is synthesized either from racemization of L-Glu or through a D-amino-acid
aminotransferase that converts D-Ala and a-ketoglutarate into D-Glu and pyruvate; and (v) the D-
Ala-D-Ala dipeptide is formed by condensation of two molecules of D-Ala, previously generated
from L-Ala by alanine racemase (55). Then, the integral membrane phospho-MurNAc-pentapeptide
transferase MraY catalyzes the first membrane-associated step of peptidoglycan synthesis by
transferring the phospho-MurNA c-pentapeptide moiety from UDP-Mpp to Und-P, leading to uridine-
monophosphate (UMP) and undecaprenyl-pyrophosphoryl-MurNAc-pentapeptide, commonly
referred to as Lipid I (56). Subsequently, the glycosyltransferase MurG transfers a GIcNAc moiety
from UDP-GIcNAc to Lipid I to form undecaprenyl-pyrophosphoryl-MurNAc-(pentapeptide)-
GlcNAc, known as Lipid II. Lipid II is then flipped across the cytoplasmic membrane by a dedicated
flippase, identified as either MurJ (57) or FtsW (58), delivering peptidoglycan precursors to the outer
leaflet of the membrane, where polymerization takes place. The final steps of peptidoglycan synthesis
are catalyzed by a set of well characterized enzymes, including peptidoglycan glycosyltransferases
and transpeptidases as well as the bifunctional penicillin binding proteins (PBPs), which harbor both

enzymatic activities within distinct transglycosylase and transpeptidase domains (56, 59).
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Figure 10. Peptidoglycan biosynthesis. Mur enzymes generate UDP-MurNAc-pentapeptide (UDP-Mpp), and MraY
transfers this phospho-MurNAc-pentapeptide to Und-P, forming lipid I. MurG then adds GIcNAc to produce Lipid II,
which is flipped to the outer side of the cytoplasmic membrane by Mur]. At the cell surface, PBPs or dedicated
transglycosylases (TGases) and transpeptidases (TPases) polymerize glycan strands and form peptide crosslinks,
ultimately assembling the three-dimensional peptidoglycan network. Ddl: D-Ala-D-Ala ligase; PBP: penicillin-binding
proteins; TGase: transglycosylase; TPase: transpeptidase. (Adapted from ref. 60).

The transglycosylase domain polymerizes the glycan strands by repetitively adding disaccharide—
peptide units to either the reducing or the nonreducing end of the growing chain. The transpeptidase
domain catalyze peptide crosslinking through a three-step mechanism: (i) the rapid, reversible, and
non-covalent formation of a complex between the enzyme and the pentapeptide, (ii) the cleavage of
the C-terminal D-Ala-D-Ala peptide bond, leading to the release of a D-Ala, and (iii) the transfer of
the D-Ala residue to the stem on the diamino acid in the third position of another peptide (61, 62).

Together, these reactions ultimately result in the formation of the peptidoglycan layer.

The lipid carrier undecaprenyl phosphate: synthesis, recycling and functions

A key role in the peptidoglycan synthesis is played by Und-P, an essential lipid carrier belonging to
the polyprenyl phosphate family, which includes carriers of sugars and glycopolymers across
biological membranes in all domains of life (63). Und-P is a long-chain isoprenoid composed of 11
isopentenyl-diphosphate units forming a 55-carbon lipid that serves as the membrane-embedded
scaffold for assembling and flipping lipid-linked intermediates required for cell wall biogenesis (64).

The role of Und-P is to facilitate translocation of a polar head group (mono- or oligosaccharides)
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across the highly hydrophobic environment of the cytoplasmic membrane (Figure 11) (64). Besides
peptidoglycan precursors, it also mediates the transport of the monomers of other glycopolymers,
including O-antigens, teichoic acids, and capsular polysaccharides, and carries sugars and

oligosaccharides that are used to glycosylate lipid A, teichoic acids, and surface proteins (63).
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Figure 11. Glycopolymer substrates transported by Und-P. Schematic representation of glycopolymers and sugar

modifications whose translocation and assembly in bacteria depend on the lipid carrier Und-P (Adapted from ref. 63).

Und-P is produced by both de novo synthesis and recycling pathways (64). The de novo synthesis is
performed by Und-PP synthase (UppS), that catalyzes consecutive condensation reactions in which
eight isopentenyl pyrophosphates are added to a farnesyl pyrophosphate, which is a 15-carbon long
chain composed of three units of isopentenyl diphosphate previously synthesized by a farnesyl-
diphosphate synthase. The resulting Und-PP is then dephosphorylated to produce Und-P (56). This
final reaction was originally attributed to the Und-P phosphatase (UppP), but this was shown to be
incorrect when the membrane topology of the E. coli UppP enzyme was determined, which revealed
that its catalytic residues face the periplasmic leaflet of the IM. This finding suggested that there is
either an as yet unidentified Und-PP phosphatase specifically acting on the cytoplasmic face of the
membrane, or that de novo synthesized Und-PP undergoes a “flip-flop” mechanism, being flipped to
the periplasmic leaflet of the IM for UppP-dependent dephosphorylation before being flipped back to
the cytoplasmic side for use in cell envelope polysaccharide biosynthesis (65).

The recycling of Und-P(P), on the other hand, depends on membrane associated phosphatases, that
in E. coli are the above-mentioned phosphatase UppP and the PAP2 (Phosphatidic Acid Phosphatase
type 2)-domain proteins PgpB, YbjG (Figure 12) and LpxT (64-67). These enzymes remove a
phosphate group from Und-PP to regenerate Und-P, which is then translocated back to the
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cytoplasmic leaflet of the membrane. However, how Und-P is flipped back to the cytoplasmic side of

the IM during the last step of recycling has remained unclear for a long time.
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Figure 12. Schematic representation of Und-P(P) recycling process. Und-P(P) is recycled through a
dephosphorylation reaction catalyzed by BacA (recently renamed UppP) or a member of the PAP2 superfamily (e.g.,
PgpB and YbjG in E. coli), followed by flipping back to the cytoplasmic side of the cytoplasmic membrane, likely
mediated by DedA proteins or DUF368-containing proteins (Adapted from ref. 68)

Recent studies, performed in the Gram-negative bacterium Vibrio cholerae and the Gram-positive
bacteria Bacillus subtilis and Staphylococcus aureus (63, 66), provided evidence that Und-P
translocation from the outer to the inner side of the cytoplasmic membrane is mediated by proteins
containing the DUF368 domain and/or belonging to the DedA family, a highly conserved family of
integral membrane proteins found across all domains of life, which vary in number among bacterial
species (69-71). Sit and colleagues were studying the V. cholerae gene vca0040, which encodes for
a multi-pass IM protein containing the widely conserved domain DUF368 and a large putative cleft,
typical of ligand-binding or transport domains. A V. cholerae mutant strain lacking VCA0040
(Avca0040) exhibited alkaline sensitivity and cell shape defects, reduced peptidoglycan levels with
concurrent accumulation of the peptidoglycan precursor UDP-Mpp, suggestive of a peptidoglycan
biosynthesis defect. Similar defects were observed in a S. aureus deletion mutant in the
SAOUHSC 00846 gene, encoding a DUF368 protein. This mutant also displayed increased
sensitivity to amphomycin, a Ca**-dependent lipopeptide antibiotic that specifically binds Und-P in
the outer leaflet of the cytoplasmic membrane, indicative of a defective Und-P recycling and
suggesting that DUF368 proteins could act as Und-P flippases. Transposon mutagenesis in V.
cholerae further showed that simultaneous inactivation of vca0040 and vca0534, encoding a

homologue of the E. coli DedA protein YghB, caused a lethal phenotype, suggesting that VCA0534
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(YghB) is also involved in Und-P translocation. Accordingly, overexpression of VCA0534 (YghB)
was able to rescue the growth defect of the V. cholerae Avca0040 mutant under alkaline conditions
(66). These findings were confirmed by another study conducted in B. subtilis and S. aureus (63).
Using an amphomycin derivative conjugated with a fluorescent dye (MX2401-FL), it was observed
that mutants lacking the dedA4 genes yngC in B. subtilis and SAOUHSC 02816 in S. aureus had higher
membrane-associated fluorescence than wild-type strains, and overexpression of those genes
drastically reduced the MX2401-FL signal. Cross-species complementation also demonstrated that
yngC and SAOUHSC 02816 homologs from E. coli, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Bacillus cereus conferred MX2401 resistance to a B. subtilis double mutant lacking
yngC and its paralog ykoX. However, since B. subtilis AyngC AykoX had no discernable growth or
morphological defects, it was also hypothesized that Und-P could at least partially flip-flop
spontaneously across the membrane or through additional transporters involved in Und-P recycling
(63).

The mechanism underlying Und-P function appears to be highly conserved: the sugar/glycan is first
transferred from a nucleotide-diphosphate activated donor to the lipid carrier, generating a membrane-
bound polyprenyl-(mono- or di-) phosphate-glycan intermediate. However, the linkage of the sugar
to the lipid carrier is not sufficient to overcome the thermodynamic barrier represented by the
translocation of a polar group across a lipid bilayer; therefore, this step requires a dedicated flippase
(64), such as MurJ or FtsW for Lipid II translocation or ArnE and ArnF for the translocation of Und-
P-L-Ara4N. Indeed, Und-P is also involved in the modification of lipid A with L-Ara4N, which is
the main mechanism of polymyxin resistance in several Gram-negative bacteria, as it reduces the
negative charge of lipid A and thereby decreases its affinity for polymyxins. L-Ara4N biosynthesis
starts with the conversion of UDP-glucose to UDP-glucuronic acid (Figure 13). ArnA then catalyzes
the oxidative decarboxylation of UDP-glucuronic acid to generate a novel UDP-4-ketopentose. This
is then transaminated by ArnB, using glutamic acid as the amine donor, to form UDP-B-L-Ara4N,
which is N-formylated by the N-terminal domain of ArnA. ArnC then transfers the N-formylated L-
Ara4N moiety to Und-P, with the product being rapidly deformylated by ArnD. After being
transported to the periplasmic leaflet of the IM by the flippases ArnE and ArnF, the L-Ara4N group
is transferred from Und-P-L-Ara4N to lipid A by ArnT (Figure 13) (72).
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Figure 13. Biosynthesis transfer of L-Ara4N to lipid A. ArnA, ArnB, ArnC, and ArnD catalyze the synthesis of Und-
P-L-Ara4N. Then, ArnE and ArnF mediate the transport of Und-P-L-Ara4N to the periplasmic leaflet of the IM. Finally,
the membrane enzyme ArnT transfers L-Ara4N to lipid A (72)

1.2.  The cell envelope as target for antibiotics: state of the art and perspectives

Antibiotic resistance remains a major global public-health challenge. According to a recent report by
World Health Organization (WHO), antimicrobial resistance is directly responsible for more than 1
million deaths worldwide each year and contributes to a total of about 5 million deaths annually when
including indirect effects (73). The European Centre for Disease Prevention and Control (ECDC)
estimates that more than 35,000 people die each year in Europe because of infections caused by
antimicrobial-resistant bacteria (74). These numbers underscore the severity of the crisis, a situation
that some experts describe as a return to a “pre-antibiotic era,” in which even common infections and
minor injuries may again become lethal (75). Recent global projections from the Global Research on
Antimicrobial Resistance (GRAM) further emphasize the urgency of this problem: according to
updated analyses, drug-resistant infections could be responsible for over 39 million deaths by 2050
if no effective countermeasures are implemented (75). This scenario highlights the pressing need for
robust antibiotic stewardship, improved infection-prevention strategies, better diagnostics, and the
development of new antimicrobials. In 2024, the WHO included in its Bacterial Priority Pathogens
List Gram-negative species and strains all sharing a common feature: they are protected by complex
cell envelopes that most antibiotics cannot penetrate, which reduce drug efficacy contributing to
antibiotic resistance (76). However, since the discovery of penicillin, some of the most successful

antibiotics have targeted the bacterial cell envelope. One clear advantage of targeting the envelope is
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that these drugs do not need to enter the cytoplasm (76). Other attractive aspects of cell envelope-
targeting antibacterials include the fact that cell envelope biogenesis relies on specialized enzymatic
machineries and essential precursors that represent vulnerable points that antibiotics can exploit. In
addition, antibiotics that act on non-proteinaceous targets, such as lipid components of the bacterial
cell envelope, are usually less prone to resistance development, as modifications in these targets
require extensive changes in the bacterial biosynthetic machinery rather than simple genetic mutation
(77, 78). Furthermore, as some envelope components only exist in bacteria, the risk for unwanted oft-
target effects in human cells is reduced. Together, these considerations make the cell envelope of
bacterial pathogens an attractive target for the development of new and potentially safe antibacterial

drugs (76).

1.2.1. Mechanisms of action and resistance of envelope-targeting antibiotics

When Alexander Fleming deliberately left his plates on the bench to capture airborne agents that
might kill staphylococci, his success exceeded anything he could have anticipated. In his original
publication, he described a substance that was unstable in aqueous solution but that could act as an
antiseptic or as a selective agent for isolating Gram-negative bacteria from mixed cultures of
staphylococci and streptococci. This substance, later recognized as penicillin G, became the first

antibiotic ever discovered, revolutionizing the treatment of bacterial infections (79).

Beta-lactam antibiotics

As the potential utility of penicillin G as a therapeutic agent became more evident, Fleming and a
consortium of scientists optimized its isolation and identification (79, 80). These efforts set the stage
for the launch of the most successful class of antibiotics in history, the B-lactams, currently the most
widely used antibacterial agents for treating infectious diseases (81). B-lactams exert bactericidal
activity by interrupting bacterial cell-wall synthesis through covalent binding to essential PBPs,
thereby disrupting peptidoglycan cross-linking and ultimately causing cell lysis (82). Penicillin G
represents the archetype of all B-lactam antibiotics and remains a benchmark for understanding the
structural and functional principles of this antibiotic class. Originally isolated from Penicillium
chrysogenum (79, 80), the molecular architecture of penicillin G is defined by the penam nucleus,
composed of a B-lactam ring fused to a thiazolidine ring, to which a benzyl side chain is attached
(83). It is highly effective against many Gram-positive bacteria, including streptococci, non—f-
lactamase-producing staphylococci, and certain anaerobic species, while showing limited activity
against most Gram-negative bacteria, due to permeability barriers and [-lactamase-mediated

hydrolysis (81). Indeed, the vulnerability of penicillin G to enzymatic degradation by f-lactamases
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has historically restricted its clinical utility (84). This limitation prompted the development of semi-
synthetic penicillins with enhanced properties, including ampicillin and amoxicillin with broader
Gram-negative coverage, penicillinase-resistant penicillins such as methicillin and nafcillin, designed
to overcome staphylococcal resistance, and extended-spectrum penicillins such as carbenicillin and
piperacillin, which are active against P. aeruginosa and certain enteric pathogens. Furthermore, the
combination of penicillins with f-lactamase inhibitors (e.g., amoxicillin-clavulanate and piperacillin-
tazobactam) has become a widely adopted strategy to restore activity against resistant strains. Despite
these advancements, the continuous emergence of B-lactamase-producing organisms, including
extended-spectrum B-lactamases (ESBLs) and other resistance mechanisms, has gradually reduced
the clinical efficacy of penicillin G and many of its derivatives (81, 84).

Cephalosporins are a major subclass of B-lactam antibiotics, derived from the natural compound
cephalosporin C, originally isolated from Cephalosporium acremonium (85), later renamed
Acremonium chrysogenum. Their bicyclic B-lactam structure resembles that of penicillins, but
chemical modifications on side chains have yielded numerous semi-synthetic derivatives with
expanded antibacterial spectrum (86). First generation cephalosporins were primarily effective
against Gram-positive bacteria (e.g., staphylococci and streptococci) and some non—f-lactamase-
producing enteric species. Later generations of cephalosporins with “expanded-spectrum” (e.g.,
cefotaxime, ceftriaxone, ceftazidime, and cefepime) exhibited increased stability against common [3-
lactamases (e.g., TEM-1 and SHV-1), and greater potency against Gram-negative bacteria. Some
newer cephalosporins (e.g. ceftaroline and ceftobiprole) were designed to bind PBP2a of methicillin-
resistant S. aureus (MRSA), thereby restoring activity against resistant staphylococci. However, the
emergence and global spread of ESBLs have significantly compromised the efficacy of most
cephalosporins (81).

Carbapenems represent the broadest-spectrum B-lactams. Structurally, they consist of a classic -
lactam ring fused to a five-membered ring in which a carbon atom replaces the sulfur found in
penicillins (87), a modification that confers remarkable stability against many B-lactamases (84). The
prototype, imipenem, retains activity against a wide range of Gram-positive, Gram-negative, and
anaerobic bacteria. Later carbapenems such as meropenem, doripenem, and ertapenem are
characterized by improved chemical stability and pharmacokinetics properties, broadening their
clinical utility. Carbapenems act by binding multiple PBPs, interfering with cell-wall synthesis at
several steps, a multi-target mechanism that reduces the likelihood of resistance emerging from a
single PBP mutation (81). Their major limitation today is the rise of carbapenemases (both serine-
type and metallo-B-lactamases) which can efficiently hydrolyze carbapenems and severely

compromise their efficacy (81, 84).
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Monobactams, clinically represented by aztreonam, differ structurally from penicillins and
cephalosporins because they contain a single B-lactam ring without a fused second ring (88).
Aztreonam shows selective activity mainly against aerobic Gram-negative rods, especially
Pseudomonas spp., by binding tightly to PBP3, leading to filamentation and cell lysis. When first
introduced, it was resistant to hydrolysis by all common B-lactamases, but the subsequent spread of
ESBLs and carbapenemases has reduced its effectiveness against multi-resistant organisms.
Nevertheless, because its monocyclic core is a poor substrate for many metallo-f-lactamases, there
remains interest in combining aztreonam with B-lactamase inhibitors (or other B-lactams) to treat
infections caused by bacteria expressing multiple B-lactamases (81, 84).

Building on the therapeutic potential of B-lactam antibiotics, f-lactamase inhibitors were developed
to counteract one of the major resistance mechanisms which limits their efficacy, i.e. enzymatic
degradation by B-lactamases. These molecules, including clavulanic acid, sulbactam, and tazobactam,
resemble the B-lactam core of penicillins but possess little intrinsic antibacterial activity. By forming
a stable complex with B-lactamases, they prevent the hydrolysis of co-administered B-lactam
antibiotics, allowing these drugs to reach their targets. Widely used in combination therapies, such as
amoxicillin-clavulanate or piperacillin-tazobactam, B-lactamase inhibitors have significantly
expanded the clinical utility of older B-lactams, providing an effective strategy against both Gram-

positive and Gram-negative -lactamase-producing pathogens (81, 84).

Polymyxins

A small number of antibiotics can directly target LPS with high affinity. Beyond not requiring entry
into the cell, a key advantage is that these antibiotics also permeabilize the OM, enabling the
internalization of agents that would normally be excluded, thus opening additional therapeutic
avenues (89, 90). Polymyxins are the most clinically important antibiotics that bind LPS (91). They
are produced by the Gram-positive spore-forming soil bacterium Paenibacillus polymyxa (previously
known as Bacillus polymyxa) via non-ribosomal peptide synthesis (92, 93). Historically, five variants
(polymyxin A-E) were described, all with similar antibacterial spectra and properties. Today,
polymyxin B and polymyxin E (also known as colistin), are the agents used in clinical settings
because of their relatively lower nephrotoxicity (94, 95). Additional polymyxins produced by
different have been identified, including polymyxin M (96), polymyxin S (97), polymyxin T (98) and
polymyxin F (99).

Colistin consists of a cyclic heptapeptide with a tripeptide side chain acylated at the N-terminus by a
fatty acid tail (100, 101), and differs from polymyxin B only in the amino acid residue at position 6,

which is a D-leucine in colistin and a D-phenylalanine in polymyxin B (101, 102). The remaining
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residues in polymyxins consist of various L-leucine and L-threonine residues, along with six
conserved L-a-y-diaminobutyric acid (DAB) residues at positions 1, 3, 4, 5, 8, and 9. These DAB
residues play a crucial role in imparting a net positive charge to the polymyxin ring at physiological
pH. The cationic, hydrophilic nature of this macrocycle, together with the presence of the
hydrophobic lipid tail, is essential for the antimicrobial properties of polymyxins (101, 102).

The mode of action of colistin involves binding to LPS molecules, which explains their exclusive
activity against Gram-negative bacteria (101, 103, 104). The most recent proposed mechanism of
action involves the interaction of the antibiotic with the phosphate groups of lipid A moiety of LPS,
which leads to the displacement of divalent cations such as Mg?" and Ca®’, resulting in the
destabilization of the OM. Consequently, the weakened bonds in the LPS monolayer trigger the
release of LPS from the bacterial surface, allowing colistin to access the periplasm. Here, it interacts
with newly synthesized LPS molecules transiently present in the periplasmic leaflet of the IM,
awaiting translocation to the OM by the Lpt system. Colistin binding to LPS in the IM destabilizes
the membrane bilayer, ultimately causing membrane permeabilization, loss of cytoplasmic content,
and cell lysis (105). Colistin has a narrow antibacterial spectrum, being active against some clinically
relevant Gram-negative pathogens, including P. aeruginosa, Acinetobacter spp., Klebsiella spp.,
Enterobacter spp., E. coli, Salmonella spp., Shigella spp., and Haemophilus influenzae (101, 103,
106). Conversely, it is also noteworthy that some Gram-negative species, such as Proteus spp.,
Serratia spp., Neisseria spp., Brucella spp., Helicobacter pylori, and the Burkholderia cepacia
complex, are intrinsically resistant to colistin (101, 103, 106, 107). Colistin resistance in Gram-
negative bacteria arises through intrinsic, acquired, and plasmid-mediated mechanisms, all
converging on lipid A modification. Intrinsically resistant bacteria, such as Serratia, Neisseria, and
Proteus, constitutively express lipid A—modifying enzymes that add cationic groups such as L-Ara4N
or PEtN to the phosphate group of lipid A, reducing the affinity of colistin for its target and ultimately
leading to resistance (19, 101, 108). In Serratia, resistance is mediated by the expression of the
arnBCADTEF (arn) operon, which encodes the enzymes for L-Ara4Ndependent modification of lipid
A, whereas in Neisseria and Proteus it depends on the expression of eptd/eptB/eptC (ept) genes,
which encode PEtN transferases enzymes responsible for the addition of PEtN (109-111).

In most Gram-negative bacteria such as P. aeruginosa and A. baumannii, acquired colistin resistance
results from mutations in the two-component systems PhoPQ and/or PmrAB, which lead to
constitutive activation of the arn operon or ept genes, thereby promoting L-Ara4N or PEtN
modification of lipid A (112, 113). Additional resistance arises from mgrB loss-of-function mutations

in K. pneumoniae, E. coli, and S. enterica, causing PhoPQ hyperactivation (114, 115).
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A unique mechanism occurs in 4. baumannii, where loss-of-function mutations in lipid A
biosynthesis genes (IpxA/IpxC/IpxD) lead to complete LPS loss and high-level colistin resistance,
albeit with major fitness costs (108, 116). More recently, plasmid-mediated resistance has emerged
through mcr genes, first identified in China in 2015 (117). mcr encodes a PEtN transferase that
modifies lipid A analogously to the products of chromosomal ept genes. Since then, mcr-1 to mcr-10
and over 30 mcr-1 variants have been detected globally in Enterobacteriaceae (118, 119). The co-
occurrence of mcr with ESBL or carbapenemase genes on the same plasmid is of major clinical

concern, prompting ECDC recommendations for surveillance (74).

Other cell wall- and membranes-targeting antibiotics

The peptidoglycan precursor molecules of the Lipid II cycle, anchored in the cytoplasmic membrane
by Und-P, also represent antibiotic targets. As these precursors are not directly genetically encoded,
resistance against antibiotics targeting them typically develops very slowly (76, 78). The most
prominent class of clinically used Lipid II-binding antibiotics are the glycopeptides, with vancomycin
representing the prototypical agent (120). Vancomycin exerts its bactericidal effect by binding the D-
Ala—D-Ala dimer of Lipid II, disrupting transglycosylation and thus peptidoglycan polymerization,
similarly to B-lactams. Although vancomycin resistance via substitution of D-Ala-D-Ala with D-Ala-
D-Lac/Ser emerged decades after its introduction (121), semi-synthetic analogues have restored
potency against resistant strains (122). Teicoplanin, for example, is a lipoglycopeptide which
similarly binds Lipid II but also forms supramolecular assemblies on bacterial membranes, enhancing
membrane residence time and target specificity (123). Another strategy is to target the pyrophosphate
moiety of cell wall precursors, which further lowers down resistance development. An example is
teixobactin, which sequesters Lipid II by self-assembling into supramolecular fibrils that block
peptidoglycan synthesis and compromise membrane integrity showing potent activity against
resistant bacteria in vitro and in vivo, with a very low frequency of resistance (124-127). Bacitracin,
although structurally distinct, also targets the Lipid Il cycle by forming a zinc-mediated complex with
Und-PP, preventing its dephosphorylation and recycling (128, 129). Moreover, the calcium-
dependent lipopeptide daptomycin targets phosphatidylglycerol-rich membranes, where its Ca**-
dependent insertion perturbs membrane organization and ultimately compromises membrane
integrity (130, 131). Finally, fosfomycin acts by irreversibly inhibiting the cytoplasmic enzyme
MurA, thereby blocking the first step of peptidoglycan synthesis and exerting bactericidal activity
against a broad spectrum of Gram-positive and also some Gram-negative bacteria, as its small size
and hydrophilic nature allows it to cross the OM of Gram-negatives enabling access to its intracellular

target (132, 133). In contrast, large antibiotics such as vancomycin and other glycopeptides or
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polypeptides retain potent activity against Gram-positive pathogens but are largely ineffective against
Gram-negative species, as their OM serves as a permeability barrier that prevents these compounds

from reaching their targets (2).

1.2.2. Emerging targets and novel therapeutic strategies

As discussed above, although numerous antibiotics targeting the bacterial cell envelope are currently
available and active against some Gram-negative pathogens, the widespread and increasing resistance
to many of these agents underscores the urgent need not only to discover new antibiotics but also to
identify novel and more effective therapeutic targets for drug development. Given that most of the
OM assembly pathways are essential in many Gram-negative bacteria, it is reasonable to consider
that directly inhibiting these pathways might be a compelling strategy for developing antibiotic
compounds.

The LPS biosynthesis and transport pathways can be targeted at various stages as part of an antibiotic
drug discovery approach (134). LpxC, a key enzyme in the Raetz pathway for lipid A biosynthesis,
has long been considered an attractive antimicrobial target because it is essential and conserved across
Gram-negative pathogens (135). LpxC inhibitors were the first and only LPS-biosynthesis inhibitors
to enter clinical development. The first compound, L.-161,240, showed potent activity against E. coli
but lacked efficacy against P. aeruginosa (135, 136). The most advanced candidate, ACHN-975,
reached phase I trials but was discontinued due to hydroxamate-related off-target toxicity (135, 136).
Although challenges remain, such as poor solubility and toxicity of currently available LpxC
inhibitors, LpxC persists as a promising, conserved, and human-homologue-free target. Another
promising strategy focuses on the IM flippase MsbA: compounds such as G907 block its activity by
wedging into a transmembrane pocket and stabilizing the transporter in a cytoplasmic-facing
conformation, thereby preventing LPS translocation toward the periplasm (137)

Additional therapeutic opportunities arise from targeting components of the Lpt machinery,
particularly the B-barrel protein LptD responsible for inserting LPS into the OM. The first LptD
inhibitors emerged from peptidomimetic libraries modeled on protegrin-1, yielding compounds with
nanomolar potency and remarkable specificity for P. aeruginosa, as they target the N-terminal region
of LptD, which is distinct in this species compared to other Gram-negative species (135). Further
optimization led to POL7080, also known as murepavadin (138), which advanced to phase III trials
for ventilator-associated pneumonia caused by P. aeruginosa (135). Another strategy focuses on
inhibiting the Bam complex, responsible for inserting B-barrel OMPs into the OM. The macrocyclic
B-hairpin peptidomimetic JB-96 was proposed to interfere with B-barrel assembly, as it disrupts OM
integrity, rapidly depletes OM [-barrel proteins, and photolabels both BamA and the structurally
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similar LptD (139). However, its comparable activity against the Gram-positive bacterium S. aureus
suggests additional targets beyond BamA (139). A more specific BamA-targeting antibiotic is
darobactin, a ribosomally synthesized and post-translationally modified heptapeptide produced by
some species of the genus Photorhabdus, which acts by stabilizing the closed lateral gate of BamA,
thus blocking OMP insertion (140). Darobactin shows potent activity against major Gram-negative
pathogens, including E. coli and P. aeruginosa, and efficacy in protecting mice from lethal infections.
These results further highlight surface-exposed B-barrel proteins like BamA and LptD as highly
promising targets for OM-acting antibiotics.

The Sec machinery, essential for protein translocation across the cytoplasmic membrane, also
represents a potential drug target. Virtual screening for inhibitors of E. coli SecA led to the
identification of SCA-21, a bis-triazole pyrimidine compound, and of the more potent analogues
SCA-107 and SCA-112 (141). Another target is the SPase-I1 LepB, which is inhibited by arylomycins;
however, their activity against Gram-negative is limited due to amino acid substitutions in the LepB
protein that vary among species, reducing the binding affinity of these compounds (142).
Nevertheless, optimized analogues, such as G0775, are highly active against multi-drug resistant
(MDR) E. coli and K. pneumoniae and show efficacy in murine models of Gram-negative infections
(142).

Finally, also lipoprotein biogenesis represents attractive antibacterial targets as lipoproteins are
essential for bacterial physiology, and the enzymes responsible for their maturation are conserved
across Gram-negative pathogens. One strategy involves inhibiting LspA, the SPase-II that cleaves the
signal peptide of prolipoproteins. Globomycin, an amphiphilic antibiotic produced by Streptomyces,
and its analogues display antibacterial activity against some Gram-negative bacteria (143), by
inhibiting LspA and blocking its access to the prolipoprotein substrate (144). Another approach is
targeting the Lol system that shuttles lipoproteins to the OM. The periplasmic chaperone LolA was
initially considered promising after its identification as the target of the antibacterial compound
MAC13243 (145), but later studies demonstrated that MAC13243 antibacterial activity likely results
from inhibition of the cytoskeletal protein MreB (28). Thus, despite its potency, MAC13243 requires
careful reassessment due to off-target effects.

To date, no inhibitors of GPL transport from the IM to the OM have been identified, as the underlying
mechanisms have only been partially elucidated in recent years and remain poorly understood.

However, this pathway may represent a promising antibacterial target for future research.
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1.3. The Gram-negative pathogen Pseudomonas aeruginosa

P. aeruginosa is a Gram-negative, rod-shaped bacterium belonging to the class Gammaproteobacteria
and the family Pseudomonadaceae. It was first isolated and described by Carle Gessard in 1882 in his
study “On the blue and green coloration of bandages”. The distinctive blue-green pigmentation of P.
aeruginosa cultures is due to the production of metabolites such as pyocyanin, a phenazine compound
with both antimicrobial and cytotoxic properties (146). This bacterium is characterized by a large
circular chromosome of approximately 6-7 Mbp. The first genome to be sequenced was that of the
laboratory-adapted strain PAOI1, originally isolated from a chronic wound in the 1950s (147, 148).
The PAO1 genome, consisting of 6.3 Mbp and 5,570 predicted open reading frames, represented one
of the largest bacterial genomes sequenced at the time (147).

Recent bioinformatic analyses have revealed the existence of a core genome and an extremely large
pangenome in P. aeruginosa. A study analyzing over 1,300 strains identified a pangenome of 54,272
genes, consisting of core, flexible, and unique genes, accounting for approximately 1.2%, 48.7%, and
50.1% of the total genes, respectively (149). Core genes are conserved across all isolates, flexible
genes are shared among multiple but not all isolates, and unique genes are specific to a single isolate.
This extensive genetic variability translates into remarkable phenotypic diversity, supporting
metabolic versatility and the ability to thrive in diverse environmental niches, including soil, water,
and marine habitats, as well as in multiple host species such as plants, animals, and humans (150-
152).

Clinically, P. aeruginosa is responsible for a wide range of potentially life-threatening acute and
chronic infections, particularly in hospitalized or immunocompromised patients and individuals with
traumatic wounds or burns. It is also a major cause of chronic lung infections in people with cystic
fibrosis (150-152). Its persistence in healthcare settings is facilitated by multiple adaptive, survival,
and resistance mechanisms, providing tolerance to disinfectants and antibiotics, as well as the ability
to colonize moist surfaces of medical devices (151, 153-155). These factors, together with the high
adaptability and virulence potential, have led the WHO to classify P. aeruginosa as a high priority
pathogen, highlighting the urgent need for new therapeutic strategies and continued research (156).
P. aeruginosa exhibits multiple traits that significantly contribute to its pathogenicity, including the
production of several cell-associated factors, such as LPS, flagellum, type IV pili, and the type III
secretion system (T3SS) (157, 158), and secreted virulence factors, including pyocyanin, which
induces oxidative stress and promotes extracellular DNA release, contributing to biofilm formation
(159, 160), and the siderophores pyoverdine and pyochelin which are crucial for iron acquisition,
promoting growth and biofilm formation in iron-limited environments such as human tissues (161,

162). Collectively, these cell-associated and secreted virulence factors, along with the strong host
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inflammatory response they trigger, make acute P. aeruginosa infections severe and potentially life-
threatening (163).

Given the high prevalence of hospital-acquired infections caused by P. aeruginosa, prevention of
patient colonization is critical. Strategies include strict hygiene practices, such as regular disinfection
and replacement of moisture-prone medical devices (e.g., catheters, tubing), and frequent
handwashing by healthcare providers (164). In recent years, several trials have been initiated to
develop vaccines against P. aeruginosa, but none of them has progressed to clinical stages. So, the
use of antibiotics continues to be essential in the fight against P. aeruginosa infections (165). While
the variety of PB-lactam antibiotics exhibiting antipseudomonal activity is limited, they remain
commonly prescribed as the primary treatment for P. aeruginosa infections. Non-carbapenem [3-
lactam antibiotics, such as ceftazidime, cefepime, piperacillin-tazobactam, carbenicillin and
aztreonam are the first-line therapy against P. aeruginosa susceptible clinical isolates (166, 167),
while carbapenems, including imipenem, doripenem, and meropenem are reserved to eliminate
infections caused by P. aeruginosa resistant to traditional B-lactams (152, 166, 167). Moreover,
fluoroquinolones such as ciprofloxacin and levofloxacin also serve as broad-spectrum antibiotics
employed in the treatment of P. aeruginosa infections. They exert their bactericidal effect by
inhibiting DNA gyrase and topoisomerase [V, essential enzymes for DNA synthesis in bacteria (168).
In addition to B-lactam antibiotics and fluoroquinolones, aminoglycosides, including amikacin,
gentamicin, and tobramycin, play a crucial role as broad-spectrum bactericidal antibiotic targeting
the 30S subunit of bacterial ribosomes, inhibiting protein synthesis (169). In particular, tobramycin
is extensively utilized to address exacerbations of chronic pneumonia caused by P. aeruginosa in
individuals with CF (170, 171).

Combination therapy, typically a B-lactam with an aminoglycoside or fluoroquinolone, is commonly
employed to exploit distinct mechanisms of action and reduce the risk of inadequate empirical
treatment (152, 172, 173).

Unfortunately, P. aeruginosa has developed multiple resistance mechanisms that can be classified as
intrinsic, arising from inherent bacterial traits, and acquired, through chromosomal mutations or
horizontal gene transfer (HGT) (174, 175). Intrinsic resistance is mainly due to: (i) the low
permeability of its OM, which restricts antibiotic entry; (ii) the activity of chromosomally encoded
efflux pumps, which expel B-lactams, fluoroquinolones, and aminoglycosides (176, 177); and (iii) the
expression of antibiotic-modifying enzymes (155, 178). Beyond intrinsic resistance, P. aeruginosa
readily acquires resistance via HGT or mutations in genes encoding antibiotic targets or regulatory

systems (179).

34



CHAPTER 1. INTRODUCTION

The spread of MDR P. aeruginosa is a major public health concern. In Europe, about 32.2 % of
invasive P. aeruginosa isolates were resistant to at least one of the antimicrobial groups under
surveillance (74). MDR P. aeruginosa is defined as nonsusceptible to >1 agent in >3 antimicrobial
classes, B-lactams, fluoroquinolones, and aminoglycosides (180). More recently, the category of
“difficult-to-treat resistance” (DTR) was established, designating strains nonsusceptible to multiple
key antipseudomonal agents, including piperacillin-tazobactam, ceftazidime, cefepime, aztreonam,
carbapenems, and fluoroquinolones (166). Given the rise of MDR and DTR isolates, polymyxins such
as colistin and polymyxin B have re-emerged as last-resort treatments. However, as discussed above,
P. aeruginosa can also acquire resistance to colistin through multiple mechanisms, most commonly
chromosomal mutations leading to constitutive induction of the arn operon and subsequent addition
of L-Ara4N to lipid A, which reduces its negative charge and impairs colistin binding. (181-183). P.
aeruginosa also carries an endogenous gene, eptA, which encodes a functional PEtN transferase
capable of modifying lipid A with PEtN and thereby reducing the efficacy of colistin (184, 185).
However, in vitro evolution studies and genetic analysis of clinical isolates have shown that, although
eptA is functional, lipid A aminoarabinosylation remains the predominant mechanism of colistin
resistance in P. aeruginosa (183, 186, 187). In addition, although less frequently reported in P.
aeruginosa as compared to Enterobacteriaceae, HGT of mcr genes can similarly mediate lipid A
phosphoethanolamination and colistin resistance (117, 185). These mechanisms collectively limit the

efficacy of colistin and highlight the urgent need for novel therapeutic options.

35



CHAPTER 1. INTRODUCTION

1.4.
1.

10.

11.

12.

13.

References

Silhavy TJ, Kahne D, Walker S. The bacterial cell envelope. Cold Spring Harb Perspect Biol.
2010 May;2(5):a000414. doi: 10.1101/cshperspect.a000414. Epub 2010 Apr 14.

Nikaido H. Molecular basis of bacterial outer membrane permeability revisited. Microbiol
Mol Biol Rev. 2003 Dec;67(4):593-656.

Henderson JC, Zimmerman SM, Crofts AA, Boll JM, Kuhns LG, Herrera CM, Trent MS. The
Power of Asymmetry: Architecture and Assembly of the Gram-Negative Outer Membrane
Lipid Bilayer. Annu Rev Microbiol. 2016 Sep 8;70:255-78.

Dong H, Tang X, Zhang Z, Dong C. Structural insight into lipopolysaccharide transport from
the Gram-negative bacterial inner membrane to the outer membrane. Biochim Biophys Acta
Mol Cell Biol Lipids. 2017 Nov;1862(11):1461-1467.

Jeucken A, Helms JB, Brouwers JF. Cardiolipin synthases of Escherichia coli have
phospholipid class specific phospholipase D activity dependent on endogenous and foreign
phospholipids. Biochim Biophys Acta Mol Cell Biol Lipids. 2018 Oct;1863(10):1345-1353.
Tan BK, Bogdanov M, Zhao J, Dowhan W, Raetz CR, Guan Z. Discovery of a cardiolipin
synthase utilizing phosphatidylethanolamine and phosphatidylglycerol as substrates. Proc
Natl Acad Sci U S A. 2012 Oct 9;109(41):16504-9.

Grabowicz M. Lipoproteins and Their Trafficking to the Outer Membrane. EcoSal Plus. 2019
Mar;8(2):10.1128/ecosalplus.ESP-0038-2018.

Masi M, Winterhalter M, Pages JM. Outer Membrane Porins. Subcell Biochem. 2019;92:79-
123.

Impey RE, Hawkins DA, Sutton JM, Soares da Costa TP. Overcoming Intrinsic and Acquired
Resistance Mechanisms Associated with the Cell Wall of Gram-Negative Bacteria.
Antibiotics (Basel). 2020 Sep 19;9(9):623.

Saha S, Lach SR, Konovalova A. Homeostasis of the Gram-negative cell envelope. Curr Opin
Microbiol. 2021 Jun;61:99-106.

Needham BD, Trent MS. Fortifying the barrier: the impact of lipid A remodelling on bacterial
pathogenesis. Nat Rev Microbiol. 2013 Jul;11(7):467-81.

Raetz CR, Whitfield C. Lipopolysaccharide endotoxins. Annu Rev Biochem. 2002;71:635-
700.

Bertani B, Ruiz N. Function and Biogenesis of Lipopolysaccharides. EcoSal Plus. 2018
Aug;8(1):10.1128/ecosalplus.ESP-0001-2018.

36



CHAPTER 1. INTRODUCTION

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Lin TL, Shu CC, Chen YM, Lu JJ, Wu TS, Lai WF, Tzeng CM, Lai HC, Lu CC. Like Cures
Like: Pharmacological Activity of Anti-Inflammatory Lipopolysaccharides From Gut
Microbiome. Front Pharmacol. 2020 Apr 30;11:554.

Konovalova A, Kahne DE, Silhavy TJ. Outer Membrane Biogenesis. Annu Rev Microbiol.
2017 Sep 8;71:539-556.

Sperandeo P, Martorana AM, Polissi A. Lipopolysaccharide Biosynthesis and Transport to
the Outer Membrane of Gram-Negative Bacteria. Subcell Biochem. 2019;92:9-37.

Wilson A, Ruiz N. Transport of lipopolysaccharides and phospholipids to the outer
membrane. Curr Opin Microbiol. 2021 Apr;60:51-57.

Narita S. ABC transporters involved in the biogenesis of the outer membrane in gram-negative
bacteria. Biosci Biotechnol Biochem. 2011;75(6):1044-54.

Simpson BW, Trent MS. Pushing the envelope: LPS modifications and their consequences.
Nat Rev Microbiol. 2019 Jul;17(7):403-416.

Burrows LL, Charter DF, Lam JS. Molecular characterization of the Pseudomonas aeruginosa
serotype OS5 (PAO1) B-band lipopolysaccharide gene cluster. Mol Microbiol. 1996
Nov;22(3):481-95.

Kintz E, Goldberg JB. Regulation of lipopolysaccharide O antigen expression in
Pseudomonas aeruginosa. Future Microbiol. 2008 Apr;3(2):191-203.

Lo Sciuto A, Martorana AM, Fernandez-Pifar R, Mancone C, Polissi A, Imperi F.
Pseudomonas aeruginosa LptE is crucial for LptD assembly, cell envelope integrity, antibiotic
resistance and virulence. Virulence. 2018;9(1):1718-1733.

Chimalakonda G, Ruiz N, Chng SS, Garner RA, Kahne D, Silhavy TJ. Lipoprotein LptE is
required for the assembly of LptD by the beta-barrel assembly machine in the outer membrane
of Escherichia coli. Proc Natl Acad Sci U S A. 2011 Feb 8;108(6):2492-7.

Personne Y, Curtis MA, Warecham DW, Waite RD. Activity of the type I signal peptidase
inhibitor MD3 against multidrug-resistant Gram-negative bacteria alone and in combination
with colistin. J Antimicrob Chemother. 2014 Dec;69(12):3236-43.

Oswald J, Njenga R, Natriashvili A, Sarmah P, Koch HG. The Dynamic SecYEG Translocon.
Front Mol Biosci. 2021 Apr 15;8:664241.

Tomasek D, Kahne D. The assembly of B-barrel outer membrane proteins. Curr Opin
Microbiol. 2021 Apr;60:16-23.

Chahales P, Thanassi DG. A more flexible lipoprotein sorting pathway. J Bacteriol. 2015
May;197(10):1702-4.

37



CHAPTER 1. INTRODUCTION

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Lehman KM, Smith HC, Grabowicz M. A Biological Signature for the Inhibition of Outer
Membrane Lipoprotein Biogenesis. mBio. 2022 Jun 28;13(3):e0075722.

Tang X, Chang S, Zhang K, Luo Q, Zhang Z, Wang T, Qiao W, Wang C, Shen C, Zhang Z,
Zhu X, Wei X, Dong C, Zhang X, Dong H. Structural basis for bacterial lipoprotein relocation
by the transporter LolICDE. Nat Struct Mol Biol. 2021 Apr;28(4):347-355.

Kaplan E, Greene NP, Jepson AE, Koronakis V. Structural basis of lipoprotein recognition by
the bacterial Lol trafficking chaperone LolA. Proc Natl Acad Sci U S A. 2022 Sep
6;119(36):¢2208662119.

Dowhan W, Bogdanov M. Eugene P. Kennedy's Legacy: Defining Bacterial Phospholipid
Pathways and Function. Front Mol Biosci. 2021 Mar 25;8:666203.

Jones NC, Osborn MJ. Translocation of phospholipids between the outer and inner
membranes of Salmonella typhimurium. J Biol Chem. 1977 Oct 25;252(20):7405-12.

Bayer ME. Areas of adhesion between wall and membrane of Escherichia coli. J Gen
Microbiol. 1968 Oct;53(3):395-404.

Kellenberger E. The 'Bayer bridges' confronted with results from improved electron
microscopy methods. Mol Microbiol. 1990 May;4(5):697-705.

Kumar S, Ruiz N. Bacterial AsmA-Like Proteins: Bridging the Gap in Intermembrane
Phospholipid Transport. Contact (Thousand Oaks). 2023 Jul 12;6:25152564231185931.
Malinverni JC, Silhavy TJ. An ABC transport system that maintains lipid asymmetry in the
gram-negative outer membrane. Proc Natl Acad Sci U S A. 2009 May 12;106(19):8009-14.
Ekiert DC, Bhabha G, Isom GL, Greenan G, Ovchinnikov S, Henderson IR, Cox JS, Vale RD.
Architectures of Lipid Transport Systems for the Bacterial Outer Membrane. Cell. 2017 Apr
6;169(2):273-285.e17.

Isom GL, Davies NJ, Chong ZS, Bryant JA, Jamshad M, Sharif M, Cunningham AF, Knowles
TJ, Chng SS, Cole JA, Henderson IR. MCE domain proteins: conserved inner membrane
lipid-binding proteins required for outer membrane homeostasis. Sci Rep. 2017 Aug
17;7(1):8608.

Isom GL, Coudray N, MacRae MR, McManus CT, Ekiert DC, Bhabha G. LetB Structure
Reveals a Tunnel for Lipid Transport across the Bacterial Envelope. Cell. 2020 Apr
30;181(3):653-664.¢19.

Koh YS, Roe JH. Dual regulation of the paraquat-inducible gene pqi-5 by SoxS and RpoS in
Escherichia coli. Mol Microbiol. 1996 Oct;22(1):53-61.

38



CHAPTER 1. INTRODUCTION

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Nakayama T, Zhang-Akiyama QM. pqiABC and yebST, Putative mce Operons of Escherichia
coli, Encode Transport Pathways and Contribute to Membrane Integrity. J Bacteriol. 2016
Dec 13;199(1):e00606-16.

Yeow J, Chng SS. Of zones, bridges and chaperones - phospholipid transport in bacterial outer
membrane assembly and homeostasis. Microbiology (Reading). 2022 Apr;168(4).

Levine TP. Remote homology searches identify bacterial homologues of eukaryotic lipid
transfer proteins, including Chorein-N domains in TamB and AsmA and Mdm31p. BMC Mol
Cell Biol. 2019 Oct 14;20(1):43.

Grimm J, Shi H, Wang W, Mitchell AM, Wingreen NS, Huang KC, Silhavy TJ. The inner
membrane protein YhdP modulates the rate of anterograde phospholipid flow in Escherichia
coli. Proc Natl Acad Sci U S A. 2020 Oct 27;117(43):26907-26914.

Sutterlin HA, Shi H, May KL, Miguel A, Khare S, Huang KC, Silhavy TJ. Disruption of lipid
homeostasis in the Gram-negative cell envelope activates a novel cell death pathway. Proc
Natl Acad Sci U S A. 2016 Mar 15;113(11):E1565-74.

May KL, Silhavy TJ. The Escherichia coli Phospholipase PIdA Regulates Outer Membrane
Homeostasis via Lipid Signaling. mBio. 2018 Mar 20;9(2):e00379-18.

Ruiz N, Davis RM, Kumar S. YhdP, TamB, and YdbH Are Redundant but Essential for
Growth and Lipid Homeostasis of the Gram-Negative Outer Membrane. mBio. 2021 Dec
21;12(6):¢0271421.

Douglass MV, McLean AB, Trent MS. Absence of YhdP, TamB, and YdbH leads to defects
in glycerophospholipid transport and cell morphology in Gram-negative bacteria. PLoS
Genet. 2022 Feb 28;18(2):¢1010096.

Kumar S, Davis RM, Ruiz N. YdbH and YnbE form an intermembrane bridge to maintain
lipid homeostasis in the outer membrane of Escherichia coli. Proc Natl Acad Sci U S A. 2024
May 21;121(21):e2321512121.

Josts I, Stubenrauch CJ, Vadlamani G, Mosbahi K, Walker D, Lithgow T, Grinter R. The
Structure of a Conserved Domain of TamB Reveals a Hydrophobic B Taco Fold. Structure.
2017 Dec 5;25(12):1898-1906.€5.

Stubenrauch CJ, Lithgow T. The TAM: A Translocation and Assembly Module of the -
Barrel Assembly Machinery in Bacterial Outer Membranes. EcoSal Plus. 2019
Feb;8(2):10.1128/ecosalplus.ESP-0036-2018.

Heinz E, Selkrig J, Belousoff MJ, Lithgow T. Evolution of the Translocation and Assembly
Module (TAM). Genome Biol Evol. 2015 May 20;7(6):1628-43.

39



CHAPTER 1. INTRODUCTION

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Cooper BF, Clark R, Kudhail A, Dunn D, Tian Q, Bhabha G, Ekiert DC, Khalid S, Isom GL.
Phospholipid Transport Across the Bacterial Periplasm Through the Envelope-spanning
Bridge YhdP. J Mol Biol. 2025 Jan 15;437(2):168891.

Vollmer W, Blanot D, de Pedro MA. Peptidoglycan structure and architecture. FEMS
Microbiol Rev. 2008 Mar;32(2):149-67.

Barreteau H, Kovac A, Boniface A, Sova M, Gobec S, Blanot D. Cytoplasmic steps of
peptidoglycan biosynthesis. FEMS Microbiol Rev. 2008 Mar;32(2):168-207.

Liu Y, Breukink E. The Membrane Steps of Bacterial Cell Wall Synthesis as Antibiotic
Targets. Antibiotics (Basel). 2016 Aug 26;5(3):28.

Sham LT, Butler EK, Lebar MD, Kahne D, Bernhardt TG, Ruiz N. Bacterial cell wall. MurJ
is the flippase of lipid-linked precursors for peptidoglycan biogenesis. Science. 2014 Jul
11;345(6193):220-2.

Mohammadi T, van Dam V, Sijbrandi R, Vernet T, Zapun A, Bouhss A, Diepeveen-de Bruin
M, Nguyen-Distéche M, de Kruijff B, Breukink E. Identification of FtsW as a transporter of
lipid-linked cell wall precursors across the membrane. EMBO J. 2011 Apr 20;30(8):1425-32.
Egan AJF, Errington J, Vollmer W. Regulation of peptidoglycan synthesis and remodelling.
Nat Rev Microbiol. 2020 Aug;18(8):446-460.

Utsunomiya H, Saiki N, Kadoguchi H, Fukudome M, Hashimoto S, Ueda M, Takechi K,
Takano H. Genes encoding lipid II flippase MurlJ and peptidoglycan hydrolases are required
for chloroplast division in the moss Physcomitrella patens. Plant Mol Biol. 2021 Nov;107(4-
5):405-415.

Goffin C, Ghuysen JM. Multimodular penicillin-binding proteins: an enigmatic family of
orthologs and paralogs. Microbiol Mol Biol Rev. 1998 Dec;62(4):1079-93.

Sauvage E, Kerff F, Terrak M, Ayala JA, Charlier P. The penicillin-binding proteins: structure
and role in peptidoglycan biosynthesis. FEMS Microbiol Rev. 2008 Mar;32(2):234-58.
Roney 1J, Rudner DZ. The DedA superfamily member PetA is required for the transbilayer
distribution of phosphatidylethanolamine in bacterial membranes. Proc Natl Acad Sci U S A.
2023 May 16;120(20):¢2301979120.

Manat G, Roure S, Auger R, Bouhss A, Barreteau H, Mengin-Lecreulx D, Touzé T.
Deciphering the metabolism of undecaprenyl-phosphate: the bacterial cell-wall unit carrier at
the membrane frontier. Microb Drug Resist. 2014 Jun;20(3):199-214.

Workman SD, Strynadka NCJ. A Slippery Scaffold: Synthesis and Recycling of the Bacterial
Cell Wall Carrier Lipid. J Mol Biol. 2020 Aug 21;432(18):4964-4982.

40



CHAPTER 1. INTRODUCTION

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

Sit B, Srisuknimit V, Bueno E, Zingl FG, Hullahalli K, Cava F, Waldor MK. Undecaprenyl
phosphate translocases confer conditional microbial fitness. Nature. 2023 Jan;613(7945):721-
728.

El Ghachi M, Derbise A, Bouhss A, Mengin-Lecreulx D. Identification of multiple genes
encoding membrane proteins with undecaprenyl pyrophosphate phosphatase (UppP) activity
in Escherichia coli. J Biol Chem. 2005 May 13;280(19):18689-95.

Folcher V, Auger R, Louche C, Serror P, Touzé T. Mechanistic insights into enterocin C
targeting the undecaprenyl phosphate recycling protein BacA. J Biol Chem. 2025 Nov
11;302(1):110929.

Sikdar R, Doerrler WT. Inefficient Tat-dependent export of periplasmic amidases in an
Escherichia coli strain with mutations in two DedA family genes. J Bacteriol. 2010
Feb;192(3):807-18.

Boughner LA, Doerrler WT. Multiple deletions reveal the essentiality of the DedA membrane
protein family in Escherichia coli. Microbiology (Reading). 2012 May;158(Pt 5):1162-1171.
Todor H, Herrera N, Gross CA. Three Bacterial DedA Subfamilies with Distinct Functions
and Phylogenetic Distribution. mBio. 2023 Apr 25;14(2):e0002823.

Yan A, Guan Z, Raetz CR. An undecaprenyl phosphate-aminoarabinose flippase required for
polymyxin resistance in Escherichia coli. J Biol Chem. 2007 Dec 7;282(49):36077-89.
World Health Organization. Global antibiotic resistance surveillance report 2025: WHO
Global Antimicrobial Resistance and Use Surveillance System (GLASS)

European Centre for Disease prevention and Control. Antimicrobial consumption in the
EU/EEA (ESAC-Net) Annual Epidemiological Report for 2024

GBD 2021 Antimicrobial Resistance Collaborators. Global burden of bacterial antimicrobial
resistance 1990-2021: a systematic analysis with forecasts to 2050. Lancet. 2024 Sep
28;404(10459):1199-1226.

Ntallis C, Martin NI, Edwards AM, Weingarth M. Bacterial cell envelope-targeting
antibiotics. Nat Rev Microbiol. 2025 Oct 13.

Richter MF, Drown BS, Riley AP, Garcia A, Shirai T, Svec RL, Hergenrother PJ. Predictive
compound accumulation rules yield a broad-spectrum antibiotic. Nature. 2017 May
18;545(7654):299-304.

Breukink E, de Kruijff B. Lipid II as a target for antibiotics. Nat Rev Drug Discov. 2006
Apr;5(4):321-32.

41



CHAPTER 1. INTRODUCTION

79.

80.

81.

82.

83.

&4.

85.

86.

87.

88.

89.

90.

91.

92.

Fleming A. On the antibacterial action of cultures of a penicillium, with special reference to
their use in the isolation of B. influenzae. 1929. Bull World Health Organ. 2001;79(8):780-
90.

Chain E. Thirthy years of penicillin therapy. Proc R Soc Lond B Biol Sci. 1971 Dec
31;179(1057):293-319.

Bush K, Bradford PA. B-Lactams and B-Lactamase Inhibitors: An Overview. Cold Spring
Harb Perspect Med. 2016 Aug 1;6(8):a025247.

Ghuysen JM, Frére JM, Leyh-Bouille M, Nguyen-Distéche M, Coyette J, Dusart J, Joris B,
Duez C, Dideberg O, Charlier P, et al. Bacterial wall peptidoglycan, DD-peptidases and beta-
lactam antibiotics. Scand J Infect Dis Suppl. 1984;42:17-37.

Crowfoot D, Bunn CW, Rogers-Low BW, Turner-Jones A (1949). XI. The X-Ray
Crystallographic Investigation of the Structure of Penicillin.

Bush K. Proliferation and significance of clinically relevant B-lactamases. Ann N 'Y Acad Sci.
2013 Jan;1277:84-90.

Newton GG, Abraham EP. Cephalosporin C, a new antibiotic containing sulphur and D-alpha-
aminoadipic acid. Nature. 1955 Mar 26;175(4456):548.

Abraham EP, Newton GG. The structure of cephalesporin C. Biochem J. 1961
May;79(2):377-93.

Kahan JS, Kahan FM, Goegelman R, Currie SA, Jackson M, Stapley EO, Miller TW, Miller
AK, Hendlin D, Mochales S, Hernandez S, Woodruff HB, Birnbaum J. Thienamycin, a new
beta-lactam antibiotic. I. Discovery, taxonomy, isolation and physical properties. J Antibiot
(Tokyo). 1979 Jan;32(1):1-12.

Sykes RB, Cimarusti CM, Bonner DP, Bush K, Floyd DM, Georgopapadakou NH, Koster
WM, Liu WC, Parker WL, Principe PA, Rathnum ML, Slusarchyk WA, Trejo WH, Wells JS.
Monocyclic  beta-lactam antibiotics produced by bacteria. Nature. 1981 Jun
11;291(5815):489-91.

MacNair CR, Brown ED. Outer Membrane Disruption Overcomes Intrinsic, Acquired, and
Spontaneous Antibiotic Resistance. mBio. 2020 Sep 22;11(5):e01615-20.

MacNair CR, Rutherford ST, Tan MW. Alternative therapeutic strategies to treat antibiotic-
resistant pathogens. Nat Rev Microbiol. 2024 May;22(5):262-275.

Zavascki AP, Goldani LZ, Li J, Nation RL. Polymyxin B for the treatment of multidrug-
resistant pathogens: a critical review. J Antimicrob Chemother. 2007 Dec;60(6):1206-15.
Storm DR, Rosenthal KS, Swanson PE. Polymyxin and related peptide antibiotics. Annu Rev
Biochem. 1977;46:723-63.

42



CHAPTER 1. INTRODUCTION

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Choi SK, Park SY, Kim R, Kim SB, Lee CH, Kim JF, Park SH. Identification of a polymyxin
synthetase gene cluster of Paenibacillus polymyxa and heterologous expression of the gene in
Bacillus subtilis. J Bacteriol. 2009 May;191(10):3350-8.

Falagas ME, Kasiakou SK. Toxicity of polymyxins: a systematic review of the evidence from
old and recent studies. Crit Care. 2006 Feb;10(1):R27.

Trimble MJ, Mlynarc¢ik P, Kolat M, Hancock RE. Polymyxin: Alternative Mechanisms of
Action and Resistance. Cold Spring Harb Perspect Med. 2016 Oct 3;6(10):a025288.

Martin NI, Hu H, Moake MM, Churey JJ, Whittal R, Worobo RW, Vederas JC. Isolation,
structural characterization, and properties of mattacin (polymyxin M), a cyclic peptide
antibiotic produced by Paenibacillus kobensis M. J Biol Chem. 2003 Apr 11;278(15):13124-
32.

ShojiJ, Kato T, Hinoo H. The structure of polymyxin S. (Studies on antibiotics from the genus
Bacillus. XXI). J Antibiot (Tokyo). 1977 Dec;30(12):1035-41.

Shoji J, Kato T, Hinoo H. The structure of polymyxin T1. (Studies on antibiotics from the
genus Bacillus. XXII). J Antibiot (Tokyo). 1977 Dec;30(12):1042-8.

Parker WL, Rathnum ML, Dean LD, Nimeck MW, Brown WE, Meyers E. Polymyxin E, a
new peptide antibiotic. J Antibiot (Tokyo). 1977 Sep;30(9):767-9.

Li J, Nation RL, Turnidge JD, Milne RW, Coulthard K, Rayner CR, Paterson DL. Colistin:
the re-emerging antibiotic for multidrug-resistant Gram-negative bacterial infections. Lancet
Infect Dis. 2006 Sep;6(9):589-601.

Poirel L, Jayol A, Nordmann P. Polymyxins: Antibacterial Activity, Susceptibility Testing,
and Resistance Mechanisms Encoded by Plasmids or Chromosomes. Clin Microbiol Rev.
2017 Apr;30(2):557-596.

Matar KM, Al-Refai B. Quantification of Colistin in Plasma by Liquid Chromatography-
Tandem Mass Spectrometry: Application to a Pharmacokinetic Study. Sci Rep. 2020 May
18;10(1):8198.

Biswas S, Brunel JM, Dubus JC, Reynaud-Gaubert M, Rolain JM. Colistin: an update on the
antibiotic of the 21st century. Expert Rev Anti Infect Ther. 2012 Aug;10(8):917-34.
El-Sayed Ahmed MAE, Zhong LL, Shen C, Yang Y, Doi Y, Tian GB. Colistin and its role in
the Era of antibiotic resistance: an extended review (2000-2019). Emerg Microbes Infect.
2020 Dec;9(1):868-885.

Sabnis A, Hagart KL, Klockner A, Becce M, Evans LE, Furniss RCD, Mavridou DA, Murphy
R, Stevens MM, Davies JC, Larrouy-Maumus GJ, Clarke TB, Edwards AM. Colistin kills

43



CHAPTER 1. INTRODUCTION

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

bacteria by targeting lipopolysaccharide in the cytoplasmic membrane. Elife. 2021 Apr
6;10:€65836.

Karaiskos I, Lagou S, Pontikis K, Rapti V, Poulakou G. The "Old" and the "New" Antibiotics
for MDR Gram-Negative Pathogens: For Whom, When, and How. Front Public Health. 2019
Jun 11;7:151.

Loutet SA, Valvano MA. Extreme antimicrobial Peptide and polymyxin B resistance in the
genus burkholderia. Front Microbiol. 2011 Jul 22;2:159.

Moftatt JH, Harper M, Boyce JD. Mechanisms of Polymyxin Resistance. Adv Exp Med Biol.
2019;1145:55-71.

Tzeng YL, Ambrose KD, Zughaier S, Zhou X, Miller YK, Shafer WM, Stephens DS. Cationic
antimicrobial peptide resistance in Neisseria meningitidis. J Bacteriol. 2005
Aug;187(15):5387-96.

Aquilini E, Merino S, Knirel YA, Regué¢ M, Tomés JM. Functional identification of Proteus
mirabilis eptC gene encoding a core lipopolysaccharide phosphoethanolamine transferase. Int
J Mol Sci. 2014 Apr 21;15(4):6689-702.

Baron S, Leulmi Z, Villard C, Olaitan AO, Telke AA, Rolain JM. Inactivation of the arn
operon and loss of aminoarabinose on lipopolysaccharide as the cause of susceptibility to
colistin in an atypical clinical isolate of proteus vulgaris. Int J Antimicrob Agents. 2018
Mar;51(3):450-457.

Baron S, Hadjadj L, Rolain JM, Olaitan AO. Molecular mechanisms of polymyxin resistance:
knowns and unknowns. Int J Antimicrob Agents. 2016 Dec;48(6):583-591.

Zhang H, Srinivas S, Xu Y, Wei W, Feng Y. Genetic and Biochemical Mechanisms for
Bacterial Lipid A Modifiers Associated with Polymyxin Resistance. Trends Biochem Sci.
2019 Nov;44(11):973-988.

Esposito EP, Cervoni M, Bernardo M, Crivaro V, Cuccurullo S, Imperi F, Zarrilli R.
Molecular Epidemiology and Virulence Profiles of Colistin-Resistant K/ebsiella
pneumoniae Blood Isolates From the Hospital Agency "Ospedale dei Colli," Naples, Italy.
Front Microbiol. 2018 Jul 16;9:1463.

Hamel M, Rolain JM, Baron SA. The History of Colistin Resistance Mechanisms in Bacteria:
Progress and Challenges. Microorganisms. 2021 Feb 20;9(2):442.

Beceiro A, Moreno A, Fernandez N, Vallejo JA, Aranda J, Adler B, Harper M, Boyce JD,
Bou G. Biological cost of different mechanisms of colistin resistance and their impact on

virulence in Acinetobacter baumannii. Antimicrob Agents Chemother. 2014;58(1):518-26.

44



CHAPTER 1. INTRODUCTION

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Liu YY, Wang Y, Walsh TR, Yi LX, Zhang R, Spencer J, Doi Y, Tian G, Dong B, Huang X,
Yu LF, Gu D, Ren H, Chen X, Lv L, He D, Zhou H, Liang Z, Liu JH, Shen J. Emergence of
plasmid-mediated colistin resistance mechanism MCR-1 in animals and human beings in
China: a microbiological and molecular biological study. Lancet Infect Dis. 2016
Feb;16(2):161-8.

Wang C, Feng Y, Liu L, Wei L, Kang M, Zong Z. Identification of novel mobile colistin
resistance gene mcr-10. Emerg Microbes Infect. 2020 Mar 2;9(1):508-516.

Nang SC, LiJ, Velkov T. The rise and spread of mcr plasmid-mediated polymyxin resistance.
Crit Rev Microbiol. 2019 Mar;45(2):131-161.

Sheldrick GM, Jones PG, Kennard O, Williams DH, Smith GA. Structure of vancomycin and
its complex with acetyl-D-alanyl-D-alanine. Nature. 1978 Jan 19;271(5642):223-5.

Leclercq R, Derlot E, Duval J, Courvalin P. Plasmid-mediated resistance to vancomycin and
teicoplanin in Enterococcus faecium. N Engl J Med. 1988 Jul 21;319(3):157-61.

van Groesen E, Innocenti P, Martin NI. Recent Advances in the Development of
Semisynthetic Glycopeptide Antibiotics: 2014-2022. ACS Infect Dis. 2022 Aug
12;8(8):1381-1407.

Jekhmane S, Derks MGN, Maity S, Slingerland CJ, Tehrani KHME, Medeiros-Silva J,
Charitou V, Ammerlaan D, Fetz C, Consoli NA, Cochrane RVK, Matheson EJ, van der
Weijde M, Elenbaas BOW, Lavore F, Cox R, Lorent JH, Baldus M, Kiinzler M, Lelli M,
Cochrane SA, Martin NI, Roos WH, Breukink E, Weingarth M. Host defence peptide
plectasin targets bacterial cell wall precursor lipid II by a calcium-sensitive supramolecular
mechanism. Nat Microbiol. 2024 Jul;9(7):1778-1791.

Ling LL, Schneider T, Peoples AJ, Spoering AL, Engels I, Conlon BP, Mueller A, Schéberle
TF, Hughes DE, Epstein S, Jones M, Lazarides L, Steadman VA, Cohen DR, Felix CR,
Fetterman KA, Millett WP, Nitti AG, Zullo AM, Chen C, Lewis K. A new antibiotic kills
pathogens without detectable resistance. Nature. 2015 Jan 22;517(7535):455-9.

Shukla R, Medeiros-Silva J, Parmar A, Vermeulen BJA, Das S, Paioni AL, Jekhmane S,
Lorent J, Bonvin AMJJ, Baldus M, Lelli M, Veldhuizen EJA, Breukink E, Singh I, Weingarth
M. Mode of action of teixobactins in cellular membranes. Nat Commun. 2020 Jun
5;11(1):2848.

Shukla R, Lavore F, Maity S, Derks MGN, Jones CR, Vermeulen BJA, Melcrova A, Morris
MA, Becker LM, Wang X, Kumar R, Medeiros-Silva J, van Beekveld RAM, Bonvin AMJJ,
Lorent JH, Lelli M, Nowick JS, MacGillavry HD, Peoples AJ, Spoering AL, Ling LL, Hughes

45



CHAPTER 1. INTRODUCTION

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

DE, Roos WH, Breukink E, Lewis K, Weingarth M. Teixobactin kills bacteria by a two-
pronged attack on the cell envelope. Nature. 2022 Aug;608(7922):390-396.

Lawrence WS, Peel JE, de Winter R, Ling LL, Nitti AG, Peoples AJ, Shukla R, MacGillavry
HD, Heine HS, Hensel ME, Whorton EB, Weingarth M, Lewis K, Hughes DE. Teixobactin:
A Resistance-Evading Antibiotic for Treating Anthrax. ACS Infect Dis. 2025 Mar
14;11(3):727-737.

Johnson BA, Anker H, Meleney FL. BACITRACIN: A NEW ANTIBIOTIC PRODUCED
BY A MEMBER OF THE B. SUBTILIS GROUP. Science. 1945 Oct 12;102(2650):376-7.
Stone KJ, Strominger JL. Mechanism of action of bacitracin: complexation with metal ion and
C 55 -isoprenyl pyrophosphate. Proc Natl Acad Sci U S A. 1971 Dec;68(12):3223-7.

Zhang T, Muraih JK, MacCormick B, Silverman J, Palmer M. Daptomycin forms cation- and
size-selective pores in model membranes. Biochim Biophys Acta. 2014 Oct;1838(10):2425-
30.

Grein F, Miiller A, Scherer KM, Liu X, Ludwig KC, Klockner A, Strach M, Sahl HG,
Kubitscheck U, Schneider T. Ca**-Daptomycin targets cell wall biosynthesis by forming a
tripartite complex with undecaprenyl-coupled intermediates and membrane lipids. Nat
Commun. 2020 Mar 19;11(1):1455.

Hendlin D, Stapley EO, Jackson M, Wallick H, Miller AK, Wolf FJ, Miller TW, Chaiet L,
Kahan FM, Foltz EL, Woodruff HB, Mata JM, Hernandez S, Mochales S. Phosphonomycin,
a new antibiotic produced by strains of streptomyces. Science. 1969 Oct 3;166(3901):122-3.
Falagas ME, Vouloumanou EK, Samonis G, Vardakas KZ. Fosfomycin. Clin Microbiol Rev.
2016 Apr;29(2):321-47.

Nikaido H. Molecular basis of bacterial outer membrane permeability revisited. Microbiol
Mol Biol Rev. 2003 Dec;67(4):593-656.

Bisht R, Charlesworth PD, Sperandeo P, Polissi A. Breaking Barriers: Exploiting Envelope
Biogenesis and Stress Responses to Develop Novel Antimicrobial Strategies in Gram-
Negative Bacteria. Pathogens. 2024 Oct 11;13(10):889.

Romano KP, Hung DT. Targeting LPS biosynthesis and transport in gram-negative bacteria
in the era of multi-drug resistance. Biochim Biophys Acta Mol Cell Res. 2023
Mar;1870(3):119407.

Kumar Pal S, Kumar S. LpxC (UDP-3-O-(R-3-hydroxymyristoyl)-N-acetylglucosamine
deacetylase) inhibitors: A long path explored for potent drug design. Int J Biol Macromol.
2023 Apr 15;234:122960.

46



CHAPTER 1. INTRODUCTION

138.

139.

140.

141.

142.

143.

144.

145.

Ho H, Miu A, Alexander MK, Garcia NK, Oh A, Zilberleyb I, Reichelt M, Austin CD, Tam
C, Shriver S, Hu H, Labadie SS, Liang J, Wang L, Wang J, Lu Y, Purkey HE, Quinn J, Franke
Y, Clark K, Beresini MH, Tan MW, Sellers BD, Maurer T, Koehler MFT, Wecksler AT,
Kiefer JR, Verma V, Xu Y, Nishiyama M, Payandeh J, Koth CM. Structural basis for dual-
mode inhibition of the ABC transporter MsbA. Nature. 2018 May;557(7704):196-201.
Srinivas N, Jetter P, Ueberbacher BJ, Werneburg M, Zerbe K, Steinmann J, Van der Meijden
B, Bernardini F, Lederer A, Dias RL, Misson PE, Henze H, Zumbrunn J, Gombert FO,
Obrecht D, Hunziker P, Schauer S, Ziegler U, Kich A, Eberl L, Riedel K, DeMarco SJ,
Robinson JA. Peptidomimetic antibiotics target outer-membrane biogenesis in Pseudomonas
aeruginosa. Science. 2010 Feb 19;327(5968):1010-3.

Choi U, Lee CR. Antimicrobial Agents That Inhibit the Outer Membrane Assembly Machines
of Gram-Negative Bacteria. ] Microbiol Biotechnol. 2019 Jan 28;29(1):1-10.

Imai Y, Meyer KJ, linishi A, Favre-Godal Q, Green R, Manuse S, Caboni M, Mori M, Niles
S, Ghiglieri M, Honrao C, Ma X, Guo JJ, Makriyannis A, Linares-Otoya L, Bohringer N,
Wuisan ZG, Kaur H, Wu R, Mateus A, Typas A, Savitski MM, Espinoza JL, O'Rourke A,
Nelson KE, Hiller S, Noinaj N, Schiberle TF, D'Onofrio A, Lewis K. A new antibiotic
selectively kills Gram-negative pathogens. Nature. 2019 Dec;576(7787):459-464. doi:
10.1038/s41586-019-1791-1. Epub 2019 Nov 20. Erratum in: Nature. 2020
Apr;580(7802):E3.

Cui J, Jin J, Chaudhary AS, Hsieh YH, Zhang H, Dai C, Damera K, Chen W, Tai PC, Wang
B. Design, Synthesis and Evaluation of Triazole-Pyrimidine Analogues as SecA Inhibitors.
ChemMedChem. 2016 Jan 5;11(1):43-56.

Smith PA, Koehler MFT, Girgis HS, Yan D, Chen Y, Chen Y, Crawford JJ, Durk MR,
Higuchi RI, Kang J, Murray J, Paraselli P, Park S, Phung W, Quinn JG, Roberts TC, Rougé
L, Schwarz JB, Skippington E, Wai J, Xu M, Yu Z, Zhang H, Tan MW, Heise CE. Optimized
arylomycins are a new class of Gram-negative antibiotics. Nature. 2018 Sep;561(7722):189-
194.

Kiho T, Nakayama M, Yasuda K, Miyakoshi S, Inukai M, Kogen H. Synthesis and
antimicrobial activity of novel globomycin analogues. Bioorg Med Chem Lett. 2003 Jul
21;13(14):2315-8.

Vogeley L, El Arnaout T, Bailey J, Stansfeld PJ, Boland C, Caffrey M. Structural basis of
lipoprotein signal peptidase II action and inhibition by the antibiotic globomycin. Science.

2016 Feb 19;351(6275):876-80.

47



CHAPTER 1. INTRODUCTION

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.
157.

Pathania R, Zlitni S, Barker C, Das R, Gerritsma DA, Lebert J, Awuah E, Melacini G, Capretta
FA, Brown ED. Chemical genomics in Escherichia coli identifies an inhibitor of bacterial
lipoprotein targeting. Nat Chem Biol. 2009 Nov;5(11):849-56.

Diggle SP, Whiteley M. Microbe Profile: Pseudomonas aeruginosa: opportunistic pathogen
and lab rat. Microbiology (Reading). 2020 Jan;166(1):30-33. doi: 10.1099/mic.0.000860.
Erratum in: Microbiology (Reading). 2021 Aug;167(8).

Stover CK, Pham XQ, Erwin AL, Mizoguchi SD, Warrener P, Hickey MJ, Brinkman FS,
Hufnagle WO, Kowalik DJ, Lagrou M, Garber RL, Goltry L, Tolentino E, Westbrock-
Wadman S, Yuan Y, Brody LL, Coulter SN, Folger KR, Kas A, Larbig K, Lim R, Smith K,
Spencer D, Wong GK, Wu Z, Paulsen IT, Reizer J, Saier MH, Hancock RE, Lory S, Olson
MV. Complete genome sequence of Pseudomonas aeruginosa PAOI1, an opportunistic
pathogen. Nature. 2000 Aug 31;406(6799):959-64.

Klockgether J, Munder A, Neugebauer J, Davenport CF, Stanke F, Larbig KD, Heeb S,
Schock U, Pohl TM, Wiehlmann L, Timmler B. Genome diversity of Pseudomonas
aeruginosa PAO1 laboratory strains. J Bacteriol. 2010 Feb;192(4):1113-21.

Freschi L, Vincent AT, Jeukens J, Emond-Rheault JG, Kukavica-Ibrulj I, Dupont MJ, Charette
SJ, Boyle B, Levesque RC. The Pseudomonas aeruginosa Pan-Genome Provides New Insights
on Its Population Structure, Horizontal Gene Transfer, and Pathogenicity. Genome Biol Evol.
2019 Jan 1;11(1):109-120.

Lyczak JB, Cannon CL, Pier GB. Establishment of Pseudomonas aeruginosa infection:
lessons from a versatile opportunist. Microbes Infect. 2000 Jul;2(9):1051-60.

Moradali MF, Ghods S, Rehm BH. Pseudomonas aeruginosa Lifestyle: A Paradigm for
Adaptation, Survival, and Persistence. Front Cell Infect Microbiol. 2017 Feb 15;7:39.

Wood SJ, Kuzel TM, Shafikhani SH. Pseudomonas aeruginosa: Infections, Animal
Modeling, and Therapeutics. Cells. 2023 Jan 3;12(1):199.

Donlan RM. Biofilms and device-associated infections. Emerg Infect Dis. 2001 Mar-
Apr;7(2):277-81.

Driscoll JA, Brody SL, Kollef MH. The epidemiology, pathogenesis and treatment of
Pseudomonas aeruginosa infections. Drugs. 2007;67(3):351-68.

Poole K. Pseudomonas aeruginosa: resistance to the max. Front Microbiol. 2011 Apr 5;2:65.

World Health Organization. WHO List of Medically Important Antimicrobials A risk

management tool for mitigating antimicrobial resistance due to non-human use. 2024

48



CHAPTER 1. INTRODUCTION

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Sadikot RT, Blackwell TS, Christman JW, Prince AS. Pathogen-host interactions in
Pseudomonas aeruginosa pneumonia. Am J Respir Crit Care Med. 2005 Jun 1;171(11):1209-
23.

Liao C, Huang X, Wang Q, Yao D, Lu W. Virulence Factors of Pseudomonas Aeruginosa and
Antivirulence Strategies to Combat Its Drug Resistance. Front Cell Infect Microbiol. 2022 Jul
6;12:926758.

Lau GW, Ran H, Kong F, Hassett DJ, Mavrodi D. Pseudomonas aeruginosa pyocyanin is
critical for lung infection in mice. Infect Immun. 2004 Jul;72(7):4275-8.

Das T, Manefield M. Pyocyanin promotes extracellular DNA release in Pseudomonas
aeruginosa. PLoS One. 2012;7(10):e46718.

Visca P, Leoni L, Wilson MJ, Lamont IL. Iron transport and regulation, cell signalling and
genomics: lessons from Escherichia coli and Pseudomonas. Mol Microbiol. 2002
Sep;45(5):1177-90.

Imperi F, Massai F, Ramachandran Pillai C, Longo F, Zennaro E, Rampioni G, Visca P, Leoni
L. New life for an old drug: the anthelmintic drug niclosamide inhibits Pseudomonas
aeruginosa quorum sensing. Antimicrob Agents Chemother. 2013 Feb;57(2):996-1005.
Gellatly SL, Hancock RE. Pseudomonas aeruginosa: new insights into pathogenesis and host
defenses. Pathog Dis. 2013 Apr;67(3):159-73.

Spagnolo, Anna Maria; Sartini, Marina; Cristina, Maria Luisa. Pseudomonas aeruginosa in
the healthcare facility setting. Reviews in Medical Microbiology 32(3):p 169-175, July 2021.
Elmassry MM, Colmer-Hamood JA, Kopel J, San Francisco MJ, Hamood AN. Anti-
Pseudomonas aeruginosa Vaccines and Therapies: An Assessment of Clinical Trials.
Microorganisms. 2023 Mar 31;11(4):916.

Tamma PD, Aitken SL, Bonomo RA, Mathers AJ, van Duin D, Clancy CJ. Infectious Diseases
Society of America Guidance on the Treatment of Extended-Spectrum B-lactamase Producing
Enterobacterales (ESBL-E), Carbapenem-Resistant Enterobacterales (CRE), and
Pseudomonas aeruginosa with Difficult-to-Treat Resistance (DTR-P. aeruginosa). Clin Infect
Dis. 2021 Apr 8;72(7):e169-e183.

Tamma PD, Aitken SL, Bonomo RA, Mathers AJ, van Duin D, Clancy CJ. Infectious Diseases
Society of America 2023 Guidance on the Treatment of Antimicrobial Resistant Gram-
Negative Infections. Clin Infect Dis. 2023 Jul 18:ciad428.

Bhatt S, Chatterjee S. Fluoroquinolone antibiotics: Occurrence, mode of action, resistance,
environmental detection, and remediation - A comprehensive review. Environ Pollut. 2022

Dec 15;315:120440.

49



CHAPTER 1. INTRODUCTION

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.
182.

Block M, Blanchard DL. Aminoglycosides. 2023 Jul 17. In: StatPearls [Internet]. Treasure
Island (FL): StatPearls Publishing; 2025 Jan.

Ramsey BW, Dorkin HL, Eisenberg JD, Gibson RL, Harwood IR, Kravitz RM, Schidlow DV,
Wilmott RW, Astley SJ, McBurnie MA, et al. Efficacy of aerosolized tobramycin in patients
with cystic fibrosis. N Engl ] Med. 1993 Jun 17;328(24):1740-6.

Olivares E, Badel-Berchoux S, Provot C, Jaulhac B, Prévost G, Bernardi T, Jehl F.
Tobramycin and Amikacin Delay Adhesion and Microcolony Formation in Pseudomonas
aeruginosa Cystic Fibrosis Isolates. Front Microbiol. 2017 Jul 11;8:1289.

Zakhour J, Sharara SL, Hindy JR, Haddad SF, Kanj SS. Antimicrobial Treatment
of Pseudomonas aeruginosa Severe Sepsis. Antibiotics (Basel). 2022 Oct 18;11(10):1432.
Karruli A, Catalini C, D'Amore C, Foglia F, Mari F, Harxhi A, Galdiero M, Durante-Mangoni
E. Evidence-Based Treatment of Pseudomonas aeruginosa Infections: A Critical Reappraisal.
Antibiotics (Basel). 2023 Feb 16;12(2):399.

Moore NM, Flaws ML. Epidemiology and pathogenesis of Pseudomonas aeruginosa
infections. Clin Lab Sci. 2011 Winter;24(1):43-6.

Pang Z, Raudonis R, Glick BR, Lin TJ, Cheng Z. Antibiotic resistance in Pseudomonas
aeruginosa: mechanisms and alternative therapeutic strategies. Biotechnol Adv. 2019 Jan-
Feb;37(1):177-192.

Schweizer HP. Efflux as a mechanism of resistance to antimicrobials in Pseudomonas
aeruginosa and related bacteria: unanswered questions. Genet Mol Res. 2003 Mar 31;2(1):48-
62.

Dreier J, Ruggerone P. Interaction of antibacterial compounds with RND efflux pumps in
Pseudomonas aeruginosa. Front Microbiol. 2015 Jul 8;6:660.

Torrens G, Herndndez SB, Ayala JA, Moya B, Juan C, Cava F, Oliver A. Regulation of
AmpC-Driven B-Lactam Resistance in Pseudomonas aeruginosa: Different Pathways,
Different Signaling. mSystems. 2019 Dec 3;4(6):¢00524-19.

Breidenstein EB, de la Fuente-Nufiez C, Hancock RE. Pseudomonas aeruginosa: all roads lead
to resistance. Trends Microbiol. 2011 Aug;19(8):419-26.

ECDC 2025

Magiorakos AP, Srinivasan A, Carey RB, Carmeli Y, Falagas ME, Giske CG, Harbarth S,
Hindler JF, Kahlmeter G, Olsson-Liljequist B, Paterson DL, Rice LB, Stelling J, Struelens
MJ, Vatopoulos A, Weber JT, Monnet DL. Multidrug-resistant, extensively drug-resistant and
pandrug-resistant bacteria: an international expert proposal for interim standard definitions for

acquired resistance. Clin Microbiol Infect. 2012 Mar;18(3):268-81.

50



CHAPTER 1. INTRODUCTION

183.

184.

185.

186.

187.

188.

189.

Gooderham WJ, Gellatly SL, Sanschagrin F, McPhee JB, Bains M, Cosseau C, Levesque RC,
Hancock REW. The sensor kinase PhoQ mediates virulence in Pseudomonas aeruginosa.
Microbiology (Reading). 2009 Mar;155(Pt 3):699-711.

Jeannot K, Bolard A, Plésiat P. Resistance to polymyxins in Gram-negative organisms. Int J
Antimicrob Agents. 2017 May;49(5):526-535.

Lo Sciuto A, Imperi F. Aminoarabinosylation of Lipid A Is Critical for the Development of
Colistin Resistance in Pseudomonas aeruginosa. Antimicrob Agents Chemother. 2018 Feb
23;62(3):¢01820-17.

Nowicki EM, O'Brien JP, Brodbelt JS, Trent MS. Extracellular zinc induces
phosphoethanolamine addition to Pseudomonas aeruginosa lipid A via the ColRS two-
component system. Mol Microbiol. 2015 Jul;97(1):166-78.

Cervoni M, Lo Sciuto A, Bianchini C, Mancone C, Imperi F. Exogenous and Endogenous
Phosphoethanolamine Transferases Differently Affect Colistin Resistance and Fitness
in Pseudomonas aeruginosa. Front Microbiol. 2021 Oct 27;12:778968.

Jochumsen N, Marvig RL, Damkizr S, Jensen RL, Paulander W, Molin S, Jelsbak L,
Folkesson A. The evolution of antimicrobial peptide resistance in Pseudomonas aeruginosa is
shaped by strong epistatic interactions. Nat Commun. 2016 Oct 3;7:13002.

Cervoni M, Sposato D, Lo Sciuto A, Imperi F. Regulatory Landscape of the Pseudomonas
aeruginosa Phosphoethanolamine Transferase Gene ept4 in the Context of Colistin

Resistance. Antibiotics (Basel). 2023 Jan 18;12(2):200.

51



CHAPTER 2. AIM OF THE THESIS

CHAPTER 2. AIM OF THE THESIS

The Gram-negative cell envelope functions as an integrated and highly coordinated system whose
structural complexity is central to bacterial viability, environmental fitness, and pathogenicity.
Understanding the molecular mechanisms governing cell envelope biogenesis is essential not only
for elucidating core principles of Gram-negative bacterial cell biology, but also for identifying novel
vulnerabilities that can be exploited for the development of innovative antimicrobial strategies
targeting the bacterial cell envelope.

Despite continuous advances in the characterization of Gram-negative cell envelope biogenesis, some
fundamental processes remain poorly understood. In particular, at the outset of this PhD project, little
was known about the molecular mechanisms of GPL transport from the IM to the OM. Only recently,
studies performed in E. coli proposed a role for some AsmA-like proteins in this pathway (47, 48).
Similarly, the mechanisms governing the recycling of the essential lipid carrier Und-P were poorly
understood until latest studies implicated members of the DedA family as proteins involved in this
process (63, 66). Addressing these gaps is critical for achieving a comprehensive understanding of
envelope homeostasis and for identifying novel targets for antimicrobial intervention.

Based on this, the overall aim of this PhD thesis was to further investigate fundamental mechanisms
underlying the biogenesis and maintenance of the Gram-negative bacterial cell envelope, with a
particular focus on GPL anterograde transport and Und-P recycling process, using the opportunistic
human pathogen P. aeruginosa as a model organism. Specifically, my studies focused on (i)
confirming the possible role of AsmA-like proteins in GPL transport and identifying the molecular
determinants by which these proteins contribute to OM biogenesis, and (ii) investigating the
functional importance of DedA proteins in Und-P recycling and/or other functions related to cell
envelope homeostasis. Additionally, within the framework of a PRIN project focused on the
characterization of potential antibacterial drug targets, I also investigated the essentiality of the P.
aeruginosa LspA enzyme, involved in lipoprotein maturation, and its potential as a target for the
development of new antibacterial compounds.

Each of the following chapters is preceded by a short preface introducing (i) the published work on
AsmA-like proteins and a DedA protein responsible for Und-P transport (chapters 3-5), (ii) two
manuscripts in preparation on a DedA protein involved in Und-PP dephosphorylation (chapter 6) or
the possible functional interaction between AsmA-like and DedA proteins (chapter 7), and (iii) a
manuscript currently under review on LspA (chapter 8). Together, these chapters summarize the
results collected during this PhD journey. Finally, the thesis includes an appendix with two

manuscripts | co-authored that are not directly related to the main focus of my PhD research.
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CHAPTER 3. Redundant essentiality of AsmA-like proteins in Pseudomonas

aeruginosa

PREFACE

The OM of Gram-negative bacteria represent a crucial permeability barrier and is a major determinant
of intrinsic resistance to antibiotics. While dedicated pathways for LPS and OMP assembly have been
characterized in detail in the last decades, how GPLs are delivered and inserted into the inner leaflet
of the OM has long remained elusive until studies performed in E. coli proposed a role for AsmA-
like proteins in this process. However, their functional relevance and essentiality in other bacteria
were unknown.

In the study described in this chapter, we investigated the role of AsmA-like proteins in the
opportunistic human pathogen P. aeruginosa. Through a combination of genetic, molecular, and
phenotypic analyses, this work confirmed that multiple AsmA-like proteins are essential but
redundant for bacterial viability and OM integrity also in P. aeruginosa. Notably, the observation that
perturbations in LPS synthesis or transport partially suppressed the defects associated with AsmA-
like protein deficiency highlighted the critical importance of maintaining a finely tuned balance
between GPLs and LPS in the OM. These findings are consistent with the proposed role for AsmA-
like proteins in GPL transport toward the OM. Finally, we demonstrated that P. aeruginosa possesses
an additional essential AsmA-like protein that is not present in E. coli, thereby expanding the range
of AsmA-like proteins known to play key roles in Gram-negative bacteria.

This work has been published in mSphere in 2024. The Supplementary material has not been
included in this chapter, but is available at

https://pmc.ncbi.nlm.nih.gov/articles/instance/10900882/bin/msphere.00677-23-s0001.pdf
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ABSTRACT The outer membrane (OM) is an essential structure of Gram-negative
bacteria that provides mechanical strength and protection from large and/or hydropho-
bic toxic molecules, including many antibiotics. The OM is composed of glycerophospho-
lipids (GPLs) and lipopolysaccharide (LPS) in the inner and outer leaflets, respectively,
and hosts integral B-barrel proteins and lipoproteins. While the systems responsible for
translocation and insertion of LPS and OM proteins have been elucidated, the mecha-
nism(s) mediating transport of GPLs from the inner membrane to the OM has remained
elusive for decades. Very recently, studies performed in Escherichia coli proposed a role
in this process for AsmA-like proteins that are predicted to share structural features
with eukaryotic lipid transporters. In this study, we provide the first systematic investiga-
tion of AsmA-like proteins in a bacterium other than E. coli, the opportunistic human
pathogen Pseudomonas aeruginosa. Bioinformatic analyses revealed that P. aeruginosa
possesses seven AsmA-like proteins. Deletion of asmA-like genes in many different
combinations, coupled with conditional mutagenesis, revealed that four AsmA-like
proteins are redundantly essential for growth and OM integrity in P. aeruginosa, including
a novel AsmA-like protein (PA4735) that is not present in E. coli. Cells depleted of
AsmA-like proteins showed severe defects in the OM permeability barrier that were
partially rescued by lowering the synthesis or transport of LPS. Since fine balancing
of GPL and LPS levels is crucial for OM integrity, this evidence supports the role of
AsmA-like proteins in GPL transport toward the OM.

IMPORTANCE Given the importance of the outer membrane (OM) for viability and
antibiotic resistance in Gram-negative bacteria, in the last decades, several studies
have focused on the characterization of the systems involved in OM biogenesis, which
have also been explored as targets for antibacterial drug development. However, the
mechanism mediating translocation of glycerophospholipids (GPLs) to the OM remained
unknown until recent studies provided evidence that AsmA-like proteins could be
responsible for this process. Here, we demonstrate for the first time that AsmA-like
proteins are essential and redundant for growth and OM integrity in a Gram-negative
bacterium other than the model organism Escherichia coli and demonstrate that the
human pathogen Pseudomonas aeruginosa has an additional essential AsmA-like protein
that is not present in E. coli, thus expanding the range of AsmA-like proteins that play key
functions in Gram-negative bacteria.
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of glycerophospholipids (GPLs), the outer membrane (OM) is an asymmetric bilayer
composed of GPLs in the inner leaflet and lipopolysaccharide (LPS) in the outer
leaflet, which hosts integral B-barrel proteins (OMPs) and lipoproteins (2). The OM is an
essential structure of Gram-negative bacteria, and the asymmetric assembly of its lipid
components provides a selective permeability barrier that protects the cell from large
and/or hydrophobic toxic molecules such as many antibiotics, partially accounting for
the high intrinsic drug resistance of most Gram-negative pathogens (3). Recent studies
uncovered that the OM also provides mechanical strength to compensate for the thin
cell wall of Gram-negative bacteria (4).

Since the OM is essential and represents a major hurdle to antibiotic success against
Gram-negative bacteria, the molecular machineries involved in its biogenesis have been
investigated as targets for drug development (5-7). Interfering with OM biogenesis can
directly kill bacterial cells or sensitize them to antimicrobials unable to cross a functional
OM barrier (8, 9).

OM biogenesis is a complex process that poses several challenges. The biosynthesis
of the major OM components takes place in the cytoplasm or at the IM and their
transport to and assembly into the OM must be coordinated with cell growth and
accomplished in an environment, the periplasm, that is devoid of obvious energy sources
(1). Progress has been made in the past two decades in elucidating the molecular
mechanisms that enable Gram-negative bacteria to overcome these challenges, leading
to the discovery and characterization of dedicated protein machineries that mediate
the assembly of individual OM components. OM proteins (OMPs and lipoproteins) are
predominantly translocated across the IM in an unfolded state through the general
secretory (Sec) system (10, 11). In the periplasm, OMPs are assisted by chaperones and
delivered to the B-barrel assembly machinery (Bam), which promotes their final folding
and integration into the OM (12, 13). Lipoproteins are maturated on the periplasmic
side of the IM through the addition of the lipid moiety which anchors them to the IM.
Then, OM lipoproteins are detached from the IM and shuttled to the OM by the Lol
(localization of lipoproteins) system, which involves a soluble periplasmic protein (LolA)
that masks the hydrophobic acyl chains from the aqueous periplasmic environment (14,
15). Intermembrane transport of LPS occurs through the seven-component LPS transport
(Lpt) trans-envelope system, which forms a continuous protein bridge that connects the
IM and OM and mediates LPS detachment from the IM, transit across the periplasm, and
insertion into the outer leaflet of the OM (16, 17).

Despite this wealth of information on OM biogenesis, the mechanism mediating
transport across the periplasm of the GPLs necessary for building the inner leaflet of
the OM has remained elusive for decades. Several hypotheses have been formulated,
including the presence of (i) hemifusion structures formed by the fusion of the IM and
OM periplasmic leaflets into a contiguous bilayer crossing the periplasm, (ii) soluble
periplasmic carriers, or (jii) proteinaceous tunnels connecting the IM and OM, but none of
them has been experimentally confirmed yet (18, 19). This is mainly due to the inability
to identify essential genes involved in this process, while it is logical to assume that GPL
transport to the OM should be crucial for cell survival. In contrast, a system called Mla
(maintenance of OM lipid asymmetry), that is devoted to maintaining OM asymmetry
by removing mislocalized GPLs from the outer leaflet of the OM and transporting them
back to the IM (retrograde transport), has been identified and characterized in several
Gram-negative bacteria (18, 20, 21).

Recently, two independent studies performed in the model organism Escherichia coli
demonstrated that three members of the AsmA-like protein clan (i.e., TamB, YhdP, and
YdbH) are critical for OM integrity and proposed that they could provide a hydrophobic
proteinaceous tunnel for GPL transport to the OM (22, 23). Indeed, single or double
deletion mutants in these AsmA-like genes displayed impaired growth, cell morphol-
ogy alterations, enhanced vesiculation, and/or increased antibiotic susceptibility, due to
defects in OM integrity, while the triple deletion of yhdP, tamB, and ydbH was syntheti-
cally lethal, indicating that these genes are essential but redundant in E. coli (22, 23).
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Notably, E. coli cells impaired in the expression of these essential AsmA-like proteins were
also found to accumulate GPLs in the IM (23), suggesting that these proteins are involved
in GPL transport toward the OM. This is in line with the results of a previous study
showing that the inactivation of the yhdP gene was able to reduce the flow of GPLs to
the OM and, thus, attenuate the membrane defects of an E. coli mutant (m/aA*) in which
the Mla system works in reverse, leading to GPL accumulation in the outer leaflet of the
OM, increased flow of GPLs from the IM, and consequently, IM shrinkage (24). Notably,
AsmA-like proteins are predicted to have an IM-anchoring N-terminal transmembrane
helix (TMH) and a large periplasmic domain with a structure resembling that of the
eukaryotic proteins (e.g., Vps13 and Atg2) involved in GPL transport between organelles
(25-27).

Overall, this body of evidence strongly supports the role of AsmA-like proteins in
GPL transport. However, up to date, the involvement of AsmA-like proteins in GPL
transport and OM homeostasis has been systematically investigated only in E. coli. To
provide further support to the possible role of AsmA-like proteins in the biogenesis of
the Gram-negative cell envelope, we analyzed the effect of AsmA-like protein depletion
in the opportunistic human pathogen Pseudomonas aeruginosa. Here, we confirm that
AsmA-like proteins are essential and redundant for growth and OM integrity also in P.
aeruginosa and provide indirect evidence that supports their role in the transport of GPLs
to the OM. We also demonstrate that P. aeruginosa has an additional essential AsmA-like
protein that is not present in E. coli, thus expanding the range of AsmA-like proteins that
might play essential role(s) in diderm bacteria.

RESULTS
P. aeruginosa has seven AsmA-like proteins

The possible role of AsmA-like proteins in GPL transport and OM homeostasis has only
been investigated in the model organism E. coli. This bacterium possesses six AsmA-like
proteins (i.e, AsmA, TamB, YhdP, YdbH, YhjG, and YicH), of which TamB, YhdP, and YdbH
were found to be essential but redundant for growth and OM integrity (22, 23).

To verify the role of AsmA-like proteins in P. aeruginosa, we first searched for
homologs of E. coli AsmA-like proteins in the Pseudomonas Genome Database (https://
pseudomonas.com/) and for P. aeruginosa proteins in the Pfam database that belong
to families within the AsmA-like clan. Seven genes encoding AsmA-like proteins were
identified in the reference strain P. aeruginosa PAOT, all of which are conserved in
the P. aeruginosa complete genomes deposited in the Pseudomonas Genome Database
(Table 1). Five of these proteins have homology with E. coli proteins, and hereafter, they
have been renamed as their putative E. coli orthologs, while a homolog of the E. coli
protein YicH was not identified in P. aeruginosa. In addition, P. aeruginosa has two other
AsmA-like proteins, PA4735 and PA2708, which are not present in E. coli (Table 1). The

TABLE 1 AsmA-like proteins in P. aeruginosa
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P. aeruginosa PAO1 E.colihomolog (aa) Identity (%) Alignmentlength (aa) E value Pfam % of P. aeruginosa
AsmA-like protein (aa) genomes with ortholog®
PA2542 (1,221) TamB (1,259) 25.81 1,259 0.0 PF04357 100°

PA4476 (1,276) YhdP (1,266) 21.62 1,309 0.0 PF13502/PF13116 100°

PA4879 (688) YhjG (686) 53.00 666 0.0 PF05170 100

PA5146 (750) AsmA (617) 17.81 320 1.15E-6 PF05170 100

PA5307 (855) YdbH (879) 24.49 147 7A3E-5 PF11739 100

PA4735 (1,088) =€ = = = PF05359 100

PA2708 (361) = @ = = PF05359 100¢

“Putative orthologs were retrieved from 257 complete genomes according to the Pseudomonas Ortholog Groups of the Pseudomonas Genome Database (https:/

pseudomonas.com/).

“The ortholog of the P. aeruginosa strain PADK2_CF510 is probably a pseudogene.

The ortholog of the P. aeruginosa strain 2192 is probably a pseudogene.

“The orthologs of the P. aeruginosa strains 2192; BWH034 and MRSN 20176 are probably pseudogenes.
“The symbol "-" indicates the absence of a homolog in E. coli".
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FIG 1 (A) Three-dimensional structures of P. aeruginosa AsmA-like proteins predicted by AlphaFold (https://alphafold.ebi.ac.uk/). The predicted molecular
weights are also shown. (B) Plating efficiency of P. aeruginosa PAO1 and selected isogenic mutants with single, double, or triple deletions in asmA-like genes on
MH agar plates supplemented or not with SDS and EDTA (0.25% and 0.25 mM, respectively), vancomycin (Van), or colistin (Col) at concentrations corresponding
to 0.05, 0.25, or 0.5x MIC for the wild-type strain (as indicated). Images were taken after 24 h of incubation at 37°C and are representative of at least three
independent experiments. The single mutants AtamB, AydbH, and APA4735 were included as controls. (C) Planktonic growth of P. aeruginosa PAO1 and selected
isogenic mutants with single, double, or triple deletions in asmA-like genes in Mueller-Hinton (MH) broth in microtiter plates at 37°C. Values are the mean

(+standard deviation) of three independent experiments performed in triplicate.
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predicted three-dimensional structure of the P. aeruginosa AsmA-like proteins has been
retrieved from the AlphaFold Protein Structure Database (https://alphafold.ebi.ac.uk/)
(28). All P. aeruginosa AsmA-like proteins are predicted to share an N-terminal TMH and
an elongated tube-like structure rich in B-strands with a lateral opening along the long
axis (Fig. TA). This structure resembles the periplasmic bridge made by Lpt proteins
responsible for LPS transport across the periplasm (29, 30). Notably, the P. geruginosa
protein PA2708 is much smaller than the other AsmA-like proteins of both P. aeruginosa
and E. coli (Table 1), and the length of its periplasmic domain is likely not sufficient to
span the entire periplasmic space (Fig. 1A).

Four AsmA-like proteins are redundantly essential in P. aeruginosa

In order to investigate the role of AsmA-like proteins in P. aeruginosa, we attempted to
construct single, double, and triple in-frame deletion mutants in asmA-like genes in the
reference strain P. aeruginosa PAO1. To reduce the number of possible combinations, at
this stage, we decided to exclude PA2708 from the analysis, as its length and structure
do not appear to be compatible with GPL transport across the cell envelope (Fig. 1A).
However, the possible role of this protein has been investigated later in this study (see
below). Forty-two mutants, corresponding to single, double, and triple mutants in asmA,
tamB, yhdP, ydbH, yhjG, and PA4735 in all possible combinations, were generated (Table
S1). Notably, although the concomitant inactivation of tamB, yhdP, and ydbH was found
to be lethal in E. coli (22, 23), the triple mutant AtamB AyhdP AydbH was successfully
obtained in P. aeruginosa.

To preliminary screen all these mutants for defects in growth and/or OM integrity,
we performed a qualitative spot plating assay on MH agar plates supplemented or not
with the membrane-perturbing agents SDS and EDTA or sub-inhibitory concentrations
of vancomycin (poorly active against Gram-negative cells with an intact OM) or colistin
(that primarily targets the OM) (31-34). Several mutants displayed impaired growth
and/or OM integrity defects with respect to the wild-type strain PAO1 (Fig. S1), thus
confirming that AsmA-like proteins play important role(s) also in P. aeruginosa. The
mutants that show an individual effect of each asmA-like gene on P. aeruginosa growth
and OM integrity are shown in Fig. 1B. Single deletion of any asmA-like genes did not
affect P. aeruginosa growth, even if the absence of YhdP made the cells more sensitive to
vancomycin (no growth at 0.5x MIC for PAO1, corresponding to 1 mg/mL) (Fig. 1B; Fig.
S1). The concomitant lack of YhdP and TamB (AtamB AyhdP mutant) slightly impaired
growth (smaller colonies on MH agar) and hugely increased vancomycin sensitivity (no
growth at 0.05x MIC for PAO1). The absence of YdbH in YhdP-deficient cells (AyhdP
AydbH mutant) slightly increased colistin sensitivity at both 0.5x and 0.25x MIC for
PAOT1 (corresponding to 0.25 and 0.125 pg/mL, respectively). Although viable, the triple
mutant AtamB AyhdP AydbH was strongly defective in growth and more sensitive to
the membrane-destabilizing agents SDS and EDTA compared with the other strains (Fig.
1B). The deletion of asmA and/or yhjG in combination with all other mutations did not
further impair growth under any conditions tested (Fig. S1), implying that these genes
have no relevant effects on the phenotypes investigated in this assay. Interestingly, the
inactivation of PA4735 in the AtamB AyhdP and AyhdP AydbH mutants reduced the
bacterial colony size under some conditions tested (Fig. 1B), suggesting that the lack
of this protein might have a detrimental effect on P. aeruginosa cells defective in other
important AsmA-like proteins.

To quantitatively assess the impact of AsmA-like proteins on P. aeruginosa growth,
planktonic growth assays were performed in MH broth for all mutants. The growth
curves of the single mutants (including AyhdP) and the wild-type strain were almost
identical (Fig. 1C and data not shown), corroborating the results of the spot plating assay.
A slight decrease in growth yields was observed for the double mutant AtamB AyhdP
and, to a greater extent, for the triple mutant AtamB AyhdP APA4735, while both growth
rates and yields were drastically reduced in the triple mutant AtamB AyhdP AydbH (Fig.
10).
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These results demonstrate that YhdP, TamB, and YdbH are redundant and important
for P. aeruginosa growth and OM integrity, in line with what was previously observed
in E. coli (22, 23). However, the viability of the triple mutant AtamB AyhdP AydbH in
P. aeruginosa strongly suggests the presence of additional protein(s) in this bacterium
that may be involved in the same physiological process, thus sustaining the low level
of growth observed in the absence of YhdP, TamB, and YdbH. The detrimental effect
of PA4735 inactivation on cells deficient in other AsmA-like proteins (Fig. 1) prompted
us to investigate whether PA4735 could be responsible for the residual growth of
AtamB AyhdP AydbH cells. Several attempts to obtain a quadruple deletion mutant
in tamB, yhdP, ydbH, and PA4735 failed, corroborating the hypothesis that PA4735
could be essential in YhdP-, TamB-, and YdbH-deficient cells. Therefore, we generated
a conditional mutant carrying a rhamnose-dependent copy of tamB in a neutral site
of the chromosome and deleted the endogenous copies of tamB, yhdP, and ydbH
(AyhdP AydbH AtamB rhaSR-Phapap::tamB; Table S1). As expected, the growth of this
conditional mutant was promoted by rhamnose (Fig. 2), although basal tamB expression
in the absence of the inducer alleviated the growth defect relative to the triple-deletion
mutant AtamB AyhdP AydbH (Fig. 1 and 2). Then, asmA, yhjG, PA4735, and PA2708
genes were individually deleted in this conditional mutant. Growth assays on agar
plates and in liquid medium revealed that P. aeruginosa growth was abrogated by the
concomitant inactivation or depletion of YhdP, YdbH, TamB, and PA4735 (Fig. 2). In
contrast, the deletion of asmA, yhjG, or PA2708 in the conditional mutant AyhdP AydbH
AtamB rhaSR-Pyhasap:tamB did not exacerbate the growth defects of this strain under
non-inducing conditions (Fig. 2A). This result demonstrates that PA2708, which was not
investigated in the initial genetic screening, is not required for P. aeruginosa growth, and
confirms that, compared with E. coli, P. aeruginosa has an additional AsmA-like protein
(i.e., PA4735) that cooperates with YhdP, TamB, and YdbH to support bacterial growth.

To further investigate this issue, we introduced a plasmid for the IPTG-inducible
overexpression of PA4735 (pMEPA4735; Table S2) into the conditional mutant AyhdP
AydbH AtamB rhaSR-Pypagap::tamB APA4735. For comparison, YhdP- or YdbH-express-
ing plasmids (i.e., pMEyhdP and pMEydbH; Table S2) were also generated and tested.
Plasmids carrying yhdP or ydbH were able to rescue the growth of the conditional mutant
under non-permissive conditions (absence of rhamnose) both in the presence and in
the absence of IPTG (Fig. 3A and B), indicating that the basal level of expression from

A B

Rha

Growth (ODgq)

s R R
Time (h)
APA4735 — PADL
== AyhdP AydbH AtamB rhaSR-P , ,ga0::tamB (+ Rha)
10? =——> 10° 10?2 —> 10°
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AyhdP AydbH AtamB
rhaSR-P ;. ga0::tamB

= AyhdP DydbH AtamB rhaSR-P,, q,0::tamB APA4735
== AyhdP DydbH AtamB rhaSR-P pqsa0::tamB APA4735 (+ Rha)

FIG 2 (A) Plating efficiency of P. aeruginosa PAO1, the rhamnose-dependent conditional mutant AyhdP AydbH AtamB rhaSR-PhagapitamB, and its derivatives
deleted of yhjG, asmA, PA4735, or PA2708 on MH agar plates supplemented or not 0.01% rhamnose (Rha). Images were taken after 24 h of incubation at
37°C and are representative of three independent experiments. (B) Planktonic growth of the wild-type strain and the conditional mutants AyhdP AydbH AtamB
rhaSR-Ppaap::itamB and AyhdP AydbH AtamB rhaSR-Ppqeap:tamB APA4735 in MH broth in microtiter plates at 37°C. Values are the mean (+standard deviation)
of three independent experiments performed in triplicate.
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FIG 3 (A) Plating efficiency and (B) planktonic growth of the conditional mutant AyhdP AydbH AtamB rhaSR-Pnagapi:tamB APA4735 complemented with the
IPTG-inducible construct pMEyhdP, pMEydbH, or pMEPA4735 or the empty plasmid pME6032 as negative control, cultured in the presence or absence of 0.5 mM
IPTG. (C) Plating efficiency and (D) planktonic growth of the triple mutant AtamB AyhdP AydbH carrying pME6032 or pMEPA4735, cultured in the presence and/or
absence of 0.5 mM IPTG and/or vancomycin at 100 pg/mL. In all experiments, P. aeruginosa PAO1 carrying pME6032 was used as the positive control of growth.

Data are the mean (+standard deviation) or are representative of at least three independent experiments.

the IPTG-dependent promoter in P. aeruginosa is sufficient to restore YhdP and YdbH
functionality. Interestingly, ectopic expression of YdbH at both basal and induced levels
did not restore growth at wild-type levels or at levels achieved upon YhdP (over)expres-
sion (Fig. 3B). This suggests that YdbH could be less effective than YhdP in performing
the essential function(s) that AsmA-like proteins provide in P. aeruginosa. The introduc-
tion of pMEPA4735 in the conditional mutant did not restore growth unless IPTG was
added to the medium (Fig. 3A and B), implying that high levels of PA4735 expression are
required to support growth. This was confirmed by introducing the pMEPA4735 plasmid
into the triple mutant AtamB AyhdP AydbH, which expresses PA4735 at physiological
levels. Upon induction with IPTG, the mutant carrying pMEPA4735 showed growth and
vancomycin resistance profiles almost comparable to those of the wild-type strain (Fig.
3Cand D), indicating that, when overexpressed, PA4735 is able to sustain growth and OM
integrity even in the absence of the other essential AsmA-like proteins YhdP, TamB, and
YdbH.

In conclusion, these results demonstrate that four AsmA-like proteins are essential
but redundant in P. aeruginosa, including one (PA4735) that is not present in the model
organism E. coli. A search for orthologs in the Pseudomonas Genome Database revealed
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that PA4735 is not restricted to P. aeruginosa, as putative PA4735 orthologs are present
in many Pseudomonas species (https://pseudomonas.com/). While BLASTP search in the
NCBI database did not identify any putative PA4735 homologs outside the Pseudomo-
nas genus, structure-based comparisons in the AlphaFold database retrieved putative
structural homologs of PA4735 in some distantly related bacteria belonging to different
classes or phyla of diderm bacteria (Table S3). Alignment of the predicted 3D structures
of PA4735 and some of these putative structural homologs confirmed that the overall
fold of PA4735 is highly conserved in these proteins (Fig. S2). Even if this analysis is only
based on structural predictions and might not be comprehensive, it strongly suggests
that PA4735-like proteins are not exclusive to the Pseudomonas genus.

AsmA-like proteins are important for cell morphology and membrane
integrity

In E. coli, depletion of essential AsmA-like proteins causes significant defects in cell
morphology and membrane permeability (22, 23). Confocal microscopy imaging of cells
stained with the membrane-labeling dye FM4-64 showed that cells of the double mutant
AtamB AyhdP are smaller (reduced cell area) and rounder (lower length/width ratio) than
wild-type cells (Fig. 4 and S3), while all other single or double mutants did not show
any apparent alteration of cell morphology (data not shown). Comparable phenotypes
were observed for the triple mutants AtamB AyhdP APA4735 and AtamB AyhdP AydbH,
as well as for cells of the conditional mutant AyhdP AydbH AtamB rhaSR-P,pagap:tamB
APA4735, whose growth was arrested by progressively reducing the concentration of
rhamnose in the medium (Fig. 4 and S4). This suggests that the lack of TamB and YhdP
proteins is mainly responsible for the observed cell elongation defects, even if growth
is only marginally affected in TamB- and YhdP-depleted cells (Fig. 1). Notably, under
non-permissive conditions, the growth of the conditional mutant AyhdP AydbH AtamB
rhaSR-P papap:tamB APA4735 was arrested without a relevant decrease in the optical
density at 600 nm (ODgqg), suggesting that depletion of essential AsmA-like proteins
does not cause lysis in P. aeruginosa, different from what was observed in E. coli (22).
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FIG 4 (A) Confocal microscopy images of P. aeruginosa PAO1 and the mutants AtamB AyhdP, AtamB AyhdP AydbH, AtamB AyhdP APA4735, and AyhdP AydbH
AtamB rhaSR-Ppaap::tamB APA4735 stained with the membrane-labeling dye FM4-64. Strains were cultured in MH until the mid-exponential phase, except for
the conditional mutant AyhdP AydbH AtamB rhaSR-PihagapitamB APA4735 that was progressively depleted of TamB using the culturing strategy shown in Fig.
S4. Images are representative of two independent experiments and several fields of view showing the same results. (B) Violin plots showing cell area (um?) and
aspect ratio (length/width) for 100 cells of the same strains shown in panel A, calculated with the ImageJ software. Asterisks indicate a statistically significant
difference with respect to the wild-type strain (*P < 0.05 and **P < 0.01; unpaired t test). Confocal microscopy images and analysis of the single mutants AtamB,
AyhdP, AydbH, and APA4735 are shown in Fig. S3.
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The introduction of a plasmid expressing an FtsZ-GFP fusion protein (pMEftsZ-GFP;
Table S2) (35) allowed demonstrating that the Z-ring is assembled and correctly localized
at mid-cell in double and triple asmA-like gene mutants (Fig. S5), leading to hypothesiz-
ing that depletion of essential AsmA-like proteins does not directly affect the divisome
assembly and, plausibly, cell constriction.

The importance of AsmA-like proteins for membrane functionality was investigated
through cell permeability assays with the fluorescent probes 1-N-phenylnaphthylamine
(NPN) and propidium iodide (PI), on strains that showed growth or antibiotic resistance
defects (Fig. 1 and 2). NPN is a hydrophobic probe whose fluorescence is strongly
increased upon binding to membrane lipids and is commonly used to measure OM
destabilization, while Pl only enters cells with damaged membranes and increases its
fluorescence upon binding to nucleic acids (36, 37). Cells lacking TamB and YhdP were
found to be 20-fold more permeable to NPN than wild-type cells (Fig. 5), indicating
that the permeability barrier of the OM is significantly compromised. Permeability to
NPN was further increased in TamB- and YhdP-deficient cells also lacking PA4735 or
YdbH (Fig. 5), indicating that all these AsmA-like proteins contribute to some extent to
OM homeostasis. Accordingly, the OM of P. aeruginosa cells was extremely permeable
to NPN when the four AsmA-like proteins were concomitantly depleted (conditional
mutant AyhdP AydbH AtamB rhaSR-Ppapap:tamB APA4735 in Fig. 5). The Pl permeability
profiles of all these mutants substantially mirrored those of NPN (Fig. 5), confirming that
AsmA-like protein depletion causes relevant defects in membrane functionality.

Lowering LPS synthesis or transport partially rescues the OM defects caused
by AsmA-like protein depletion

Reduced biosynthesis or transport of GPLs is expected to affect bacterial cell size
and growth rate by hampering the ability of the bacterium to create biomass for cell
elongation and division (38, 39). However, the integrity and functionality of the OM as
a permeability barrier mainly rely on the balance between the LPS and GPL content in
the outer and inner leaflets, respectively (23, 38, 40, 41). Thus, if AsmA-like proteins are
indeed responsible for GPL transport from the IM to the OM, one might expect the OM
defects of cells depleted of AsmA-like proteins to be rescued by reducing the amount
of LPS in the OM. This has been demonstrated in E. coli, where the replacement of the
LPS biosynthetic gene IpxC with the less functional allele JpxC701, resulting in reduced
LPS synthesis, partially restored OM functionality in cells deficient in essential AsmA-like
proteins (23). We attempted to demonstrate if the same occurs in P. geruginosa by using
two complementary approaches, based on (i) chemical inhibition of LpxC activity or (ii)
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conditional mutagenesis to lower the expression of the IptB gene, which encodes the
ATPase essential to energize LPS transport through the Lpt machinery (42).

For chemical inhibition, we used the LpxC inhibitor PF-5081090 previously demon-
strated to be active against many Gram-negative bacteria including P. aeruginosa (43).
Preliminary growth assays in the presence of different concentrations of PF-5081090
were performed for the wild-type strain PAO1 and the triple mutant AtamB AyhdP AydbH
to select the highest concentration that did not affect growth (Fig. 6A). Then, strains
were cultured in the presence of the selected sub-inhibitory PF-5081090 concentration
(0.031x MIC) and the NPN permeability assay was performed to monitor OM function-
ality. In wild-type cells, PF-5081090 treatment caused a mild (1.6-fold) increase in OM
permeability (Fig. 6B), in line with what was previously observed in P. aeruginosa cells
impaired in LPS transport (44). Conversely, treatment with an equivalent amount of
PF-5081090 led to a significant twofold reduction of OM permeability in the AtamB
AyhdP AydbH mutant (Fig. 6B), though this was not sufficient to restore growth and OM
integrity at wild-type levels (Fig. 6A and B)

Almost identical results were obtained by placing the LPS transport gene IptB under
the control of a rhamnose-dependent promoter in PAO1 and in the AtamB AyhdP AydbH
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FIG 6 (A) Planktonic growth of P. aeruginosa PAO1 and the triple mutant AtamB AyhdP AydbH cultured in MH broth in the presence or absence of different
sub-inhibitory concentrations of the LpxC inhibitor PF-5081090. The MIC of PF-5081090 was 0.25 pg/mL for PAO1 and 0.125 pg/mL for AtamB AyhdP AydbH.
(B) Uptake of NPN by the same strains described in panel A cultured until mid-exponential phase in the presence or absence of 0.031x MIC of PF-5081090,
measured as RFU normalized to the ODgg of the bacterial suspension. (C) Planktonic growth of the conditional mutants AlptB rhaSR-P,pqeap:/ptB and AtamB
AyhdP AydbH AlptB rhaSR-Pyhaeap:iptB cultured in MH broth in the presence or absence of different concentrations of rhamnose as indicated. The parental
strains PAO1 (left panel) and AtamB AyhdP AydbH (right panel) cultured in the absence of rhamnose were included as controls (black lines). (D) Uptake of NPN by
the same strains described in panel C cultured until mid-exponential phase in the presence of rhamnose at 0.01% (AlptB rhaSR-Phagap:/ptB) or 0.005% (AtamB
AyhdP AydbH AlptB rhaSR-P,paeap:IptB), measured as RFU normalized to the ODggg of the bacterial suspension. Values are the mean (+standard deviation) of
three independent experiments. The unpaired t test was used to assess statistically significant differences between treated and untreated samples in panel B and
between parental strains and the cognate IptB conditional mutants in panel D.
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mutant. As expected, the growth of both conditional mutants (AlptB rhaSR-Ppaap::IptB
and AtamB AyhdP AydbH AlptB rhaSR-P,pqpap::IptB; Table S1) was promoted by rhamnose
in a dose-dependent manner (Fig. 6C), confirming the essentiality of the Lpt system in
P. aeruginosa (45). By performing the NPN permeability assay on cells cultured in the
presence of sub-optimal concentrations of rhamnose, again, we observed that the OM
was twofold more permeable in the AsmA-like protein-proficient strain and twofold less
permeable in the strain deficient in AsmA-like proteins (Fig. 6D).

Overall, these results demonstrate that the OM of cells defective in AsmA-like protein
function(s) can be partially stabilized by reducing LPS levels in the OM, thus corroborat-
ing the proposed role of AsmA-like proteins in GPL transport to the OM (22-24, 26).

TamA is only required for TamB activity

In E. coli, TamB interacts with the OM B-barrel protein TamA to form the so-called TAM
complex (46), which was originally proposed to be involved in the insertion into the OM
of a subset of B-barrel proteins, such as autotransporters and fimbrial ushers (47, 48).
More recently, genetic evidence highlighted that TamA is required for the function of
TamB in maintaining OM homeostasis in E. coli (22). Since a tamA ortholog is present in P.
aeruginosa (PA2543 in PAO1) and appears to be operonic with tamB (https://pseudomo-
nas.com/), we decided to verify whether TamA is required for TamB activity also in this
bacterium. To this aim, we generated an in-frame deletion in tamA in the wild-type and
AyhdP AydbH backgrounds. The single mutant AtamA did not show any growth defect,
in line with what was observed for the AtamB mutant (Fig. 7). In contrast, deletion of
tamA in the mutant lacking YhdP and YdbH drastically reduced growth, both on agar
plates and in liquid medium. Notably, the growth profile of the AyhdP AydbH AtamA
mutant was almost identical to that of the AtamB AyhdP AydbH mutant (Fig. 7), strongly
suggesting that the absence of TamA makes TamB inactive and, thus, that TamB-TamA
interaction is likely important for TamB functionality also in P. aeruginosa. Notably, the
AtamA mutant also showed no increase in NPN permeability or vancomycin sensitivity
(data not shown), indicating that the integrity of the OM is not (or only marginally)
compromised in TamA-deficient P. aeruginosa cells. Since OM integrity is very sensitive to
the absence of YhdP, YdbH, and/or PA4735 (Fig. 1 and 5), this finding leads us to propose
that the other essential AsmA-like proteins do not rely on TamA for their function(s).

DISCUSSION

The anterograde transport of GPLs from the IM to the OM of Gram-negative bacteria is
one of the most elusive essential physiological processes in bacteria. Recently, independ-
ent studies performed in the model organism E. coli provided genetic and biochemical
evidence that proteins belonging to the AsmA-like clan could account for this task
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(22-24). Although a direct demonstration that AsmA-like proteins are able to bind and
transport GPLs still lacks, it has been shown that E. coli cells depleted of the AsmA-like
proteins YhdP, TamB, and/or YdbH (i) have a reduced flux of GPLs toward the OM (24);
(i) are defective in growth, cell elongation, OM integrity, and antibiotic resistance, all
phenotypes reminiscent of impaired OM biogenesis (22, 23); and (iii) accumulate GPLs
in the IM (23). These findings, together with the predicted subcellular localization and
tube-like structure of AsmA-like proteins, resembling eukaryotic inter-organelle GPL
transporters and Lpt proteins responsible for LPS transport toward the OM (26, 27,
29, 30), strongly support the hypothesis that these proteins may represent the long
sought-after mechanism for GPL translocation from the IM to the OM (22, 23, 26).

Since GPL transport is expected to be essential for OM biogenesis in all diderm
bacteria, proving that AsmA-like proteins play a key role in cell envelope biogenesis and
cell viability also in other species is pivotal to propose these proteins as the universal GPL
transport mechanism of Gram-negative bacteria. Although the possible role of AsmA-like
proteins in GPL transport has only been recently proposed (22, 23), the effect of the lack
of specific AsmA-like protein(s) has been occasionally investigated in diderm bacteria
other than E. coli. Most of the studies were focused on TamB orthologs, probably because
of the originally proposed role of this AsmA-like protein in the maturation of a subset
of OM B-barrel proteins (46-48). Similar to what was observed in E. coli, the Brucella suis
TamB homolog MapB is required for proper assembly of an autotransporter adhesin in
the OM, although MapB-deficient cells also display anomalies in cell morphology and
division (49). The lack of the TamB homolog MorC in Aggregatibacter actinomycetemcomi-
tans does not affect autotransporter levels in the OM (50) but changes OM morphology
from rugose to flat, decreases cell size, and induces autoaggregation (51). Likewise, the
TamB homolog DR_146T of Deinococcus radiodurans is important for the maintenance of
cell envelope integrity and for resistance to shear and osmotic stresses (52), while the
lack of TamB in the intracellular pathogen Edwardsiella tarda leads to pleiotropic defects
in membrane integrity under stresses, motility, cell invasion, and intracellular replication
(53). In Salmonella, the Tam system does not appear to be involved in the assembly
of autotransporters but affects OM homeostasis and shows some functional interplay
with the Bam machinery (54). Finally, it has been recently found that tamB inactiva-
tion alleviates the OM lipid asymmetry defects of a Mla-defective mutant of Veillonella
parvula, a diderm member of the Gram-positive phylum Firmicutes (55), suggesting that
the role of TamB in OM lipid homeostasis may be widely conserved.

In this study, we provide the first systematic investigation of AsmA-like proteins in
a Gram-negative bacterium different from E. coli. Our results revealed that, in line with
what was previously demonstrated in E. coli, P. aeruginosa has multiple highly conserved
AsmA-like proteins, some of which are essential but redundant for growth and OM
integrity. The three essential AsmA-like proteins of E. coli (i.e., YhdP, TamB, and YdbH)
seem to be functionally conserved in P. aeruginosa, as well as their relative contribution
to OM homeostasis, with YhdP playing a more critical role than TamB and YdbH (Fig.
1) (22). However, we also found that an additional AsmA-like protein absent in E. coli,
PA4735, compensates for the lack of YhdP, TamB, and YdbH, thus supporting the growth
of the triple mutant AtamB AyhdP AydbH in P. aeruginosa (Fig. 2 and 3). We therefore
propose to name the PA4735 gene epaF (for essential Pseudomonas AsmA-like protein
four). While sequence homology search suggested that this protein may be specific to
the Pseudomonas genes, we identified putative structural homologs in several diderm
bacteria (Table S3 and Fig. S2), implying that this protein might be involved in cell
envelope biogenesis also in other species. Although we did not provide direct evidence
of GPL translocation through AsmA-like proteins, we confirmed that also in P. aeruginosa,
the defects in the OM permeability barrier caused by AsmA-like protein deficiency can
be partially rescued by reducing the synthesis or transport of LPS (Fig. 6), as previously
observed in E. coli (23). This is consistent with the notion that the balance between LPS
and GPL in the OM is crucial for maintaining OM asymmetry and a functional permeabil-
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ity barrier (23, 38, 40, 41), thus indirectly supporting the proposed role of AsmA-like
proteins in GPL anterograde transport (22, 23, 26).

The P. aeruginosa genomes have three other asmA-like genes that, based on the
assays performed in this study, do not seem to play a major role in OM biogenesis or
homeostasis. Two of them encode putative homologs of the E. coli proteins AsmA and
YhjG. While inactivation of yhjG, alone or in combination with other asmA-like genes,
has no or very low impact on phenotypes related to OM integrity also in E. coli (22,
23), the effect of AsmA deficiency on P. aeruginosa markedly differs from that observed
in the model organism E. coli. Indeed, the importance of AsmA for E. coli cell envelope
homeostasis has been known for years (56) and has been recently confirmed (22). In
contrast, we did not observe any effects of asmA deletion on P. aeruginosa, even when
combined with the inactivation of multiple asmA-like genes (Fig. S1 and S2). Notably,
the P. aeruginosa and E. coli AsmA proteins are highly divergent in terms of sequence
homology and size, with the P. aeruginosa protein being 20% longer than the E. coli
counterpart (Table 1), suggesting that either they are not actually orthologs or they
diverged toward different functions in these two bacteria. However, the possibility that
asmA in P. aeruginosa is only expressed in response to specific stimuli cannot be ruled
out. The third non-essential AsmA-like protein of P. aeruginosa (PA2708) is much shorter
than all the other AsmA-like proteins characterized so far (Table 1 and Fig. 1) (22, 23,
49-55), and its size is not expected to allow to cross the periplasmic space unless PA2708
can interact with OM partners protruding into the periplasm. Interestingly, this protein is
conserved in different Pseudomonas species (https://pseudomonas.com/), indicating that
it has been maintained during Pseudomonas evolution. Further studies are required to
uncover its role in Pseudomonas physiology.

Overall, this work supports the recently proposed role of AsmA-like proteins in GPL
transport, by demonstrating that a subset of AsmA-like proteins is redundantly essential
for growth and OM biogenesis also in P. aeruginosa, and provides evidence that the
repertoire of essential AsmA-like proteins of Gram-negative bacteria might be more
variegated than that described in the model organism E. coli. However, there are still
many open issues that need to be addressed to confirm the involvement of AsmA-like
proteins in GPL anterograde transport and to decipher their mechanism of action. First,
there is no biochemical and structural evidence that confirms the capability of AsmA-like
proteins to interact with GPLs. Second, no data are available on the mechanism(s) by
which AsmA-like proteins could extract GPLs from the IM and insert them into the OM.
The OM B-barrel protein TamA is required for TamB function in OM biogenesis, both
in E. coli and P. aeruginosa (22) (Fig. 7). Moreover, TamA possesses a lateral gate in the
barrel domain similar to the one present in BamA that allows insertion of OM B-barrel
proteins (57, 58). Thus, TamA could provide a possible route for inserting GPLs into the
OM. However, since TamA is generally not essential in Gram-negative bacteria (59), it
is unlikely that TamA represents a universal OM partner of AsmA-like proteins for GPL
insertion into the OM. This would also be in line with phylogenomic evidence suggesting
that many diderm bacteria have TamB but not TamA orthologs (60). Thus, either the
other OM partner(s) of AsmA-like proteins have yet to be identified or, alternatively,
some AsmA-like proteins could have intrinsic insertase activity, as it has been recently
demonstrated for lipoprotein insertion by LolA in Gram-negative bacteria lacking the
OM component LolB of the Lol system (61). Regarding the pathway(s) and mechanism(s)
responsible for GPL extraction from the IM, if AsmA-like proteins require a dedicated IM
protein machinery for GPL extraction, this should be essential for growth. However, it
is hard to believe that it has not yet been identified after decades of research on cell
envelope biogenesis in Gram-negative bacteria, unless redundant systems exist (as for
AsmA-like proteins themselves) or protein machineries responsible for other essential
transport processes are involved. The most obvious candidates could be the LptBFG or
the LolCDE complexes, responsible for ATP-dependent extraction from the IM of LPS
and lipoproteins, respectively (14-17). However, the first amino acids of mature OM
lipoproteins appear to play a prominent role in substrate binding by LolCDE (62), and
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biochemical and structural studies strongly suggest that LptBFG specifically binds LPS
(63-65). Thus, unless their specificity is somehow affected by AsmA-like proteins or
other still unidentified modulators, these ABC transporters are unlikely to account for
GPL extraction from the IM and transfer to the AsmA-like proteins. Alternatively, the
GPL flux toward the periplasmic groove of AsmA-like proteins could be directly driven
by GPL synthesis at the IM, a mechanism that would not require the involvement of a
specific energy-dependent transporter and that has been hypothesized for eukaryotic
inter-organelle GPL transporters (27, 66). The high-flux diffusive flow of GPLs from the
IM to the OM that has been observed in E. coli (24) would however require the presence
of spots of very intensive GPL synthesis or local lipid packing perturbations that could
facilitate an efficient loading of AsmA-like proteins with GPLs. In the coming years, we
expect much exciting research to clarify these issues and finally unravel the mechanism
of anterograde GPL transport in Gram-negative bacteria.

MATERIALS AND METHODS
Bacterial strains, plasmids and growth conditions

Strains and plasmids used in this study are listed in Tables S1 and S2, respectively.
Bacteria were routinely cultured in Lysogeny broth, Lennox formulation (LB) for genetic
manipulation. MH broth was used for plate efficiency and growth assays, permeability
assays, and confocal microscopy studies. When required, antibiotics were added at the
following concentration for E. coli (the concentrations used for P. aeruginosa are shown
in brackets): ampicillin, 100 pg/mL; tetracycline, 12.5 ug/mL (50-100 pg/mL); carbenicillin
(500 pg/mL); nalidixic acid, 15 pg/mL; and chloramphenicol, 30 pg/mL (375 pg/mL).

Generation of plasmids and recombinant strains

To obtain the constructs for the in-frame deletion of the P. aeruginosa tamB, yhdP, yhjG,
asmA, ydbH, PA4735, and PA2708 genes, two DNA fragments of approximately 500 bp
each, encompassing the upstream and downstream region of each gene of interest,
were PCR amplified, directionally cloned into the sacB-based suicide vector pDM4 (67),
and verified by DNA sequencing. Primers and restriction enzymes used for PCR and
cloning are listed in Table S4. The resulting pDM4 derivatives were transferred into
P. aeruginosa by conjugation, and transconjugants were selected on LB agar plates
containing 15 pg/mL nalidixic acid and 375 pg/mL chloramphenicol. Deletion mutations
were obtained by recombination and sucrose-based selection as previously described
(68). Gene deletions were verified by PCR. To generate the tamB and the IptB conditional
mutants, the tamB and the IptB coding sequences were individually PCR amplified
and directionally cloned into the mini-CTX1 derivative pJM253 (69) downstream of the
rhaSR-P,hagap regulatory element. The resulting pJM253 derivatives were transferred
into P. aeruginosa by conjugation, and transconjugants were selected on LB agar plates
containing 15 pg/mL nalidixic acid and 100 pg/mL tetracycline. The plasmid backbone
was removed using the sacB-based suicide vector pFLP2 (70) as previously described
(68), and pFLP2 was cured by plating onto LB agar plates supplemented with 10%
sucrose. Carbenicillin-sensitive clones were analyzed by colony PCR to verify the insertion
of the rhaSR-P pagap::tamB or rhaSR-P,,agap:/ptB construct into the chromosome. Then,
in-frame deletion of the endogenous copies of tamB or IptB was obtained by recombina-
tion and sucrose-based selection using the pDM4tamB and pDM4/ptB constructs under
permissive condition (i.e. growth in the presence of 0.01% rhamnose). The comple-
menting plasmids pMEyhdP, pMEydbH, and pMEPA4735 (Table S2) were generated by
individually cloning the PCR-amplified coding sequence of yhdP, ydbH, or PA4735 into
the shuttle vector pME6032, under the control of an IPTG-inducible promoter (71). All
constructs were verified by DNA sequencing.
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Plating efficiency and growth assays

For plating efficiency assays, bacterial strains were precultured in MH, supplemented
with 0.01% rhamnose for the conditional mutants, harvested by centrifugation, and
resuspended in sterile saline solution at ODggp = 1. Serial 10-fold dilutions were
prepared, and 5-pL aliquots of selected dilutions were spotted onto MH agar plates
containing or not 0.25% SDS and 0.25 mM EDTA, 100 or 1,000 pg/mL vancomycin
(corresponding to 0.05x or 0.5x MIC for the PAO1 wild-type strain, respectively), or 0.125
or 0.25 pg/mL colistin (corresponding to 0.25x and 0.5x MIC for the PAOT wild-type
strain, respectively) in the presence or not of 0.01% rhamnose or 0.5 mM IPTG, when
appropriate.

For planktonic growth assays, bacterial strains were precultured in MH, supplemented
with 0.01% rhamnose for the conditional mutants, and then refreshed 1:1,000 in MH
in the absence or presence of 0.01% rhamnose, 0.5 mM IPTG, or increasing concentra-
tions of the LpxC inhibitor PF-5081090 (43), when appropriate. Bacterial cultures were
incubated in 96-well microtiter plates (200 pL in each well) at 37°C in a Tecan Spark 10M
microtiter plate reader, and growth was measured over time as the ODgq of the bacterial
cultures.

TamB-depleted cells of the conditional mutant AyhdP AydbH AtamB rhaSR-Ppq-
gADtamB APA4735 (Table S1), which were used for microscopy and cell envelope
stability assays, were obtained through a previously described dual-refresh culturing
strategy (72). Briefly, cells were cultured overnight in the presence of 0.01% rhamnose
and then refreshed at high cell density (1:30 dilution) in the absence of rhamnose,
cultured for 2 h, and then refreshed again (1:50 dilution) in the same medium. Cells
were collected as soon as a growth defect was observed in the conditional mutant with
respect to the wild-type strain (Fig. S4).

Confocal microscopy

Bacterial strains carrying the constructs pMEftsZ-GFP were cultured in flask in MH,
supplemented or not with 0.01% rhamnose, in the presence of 0.003 mM IPTG to induce
non-toxic expression levels of the FtsZ-GFP fusion protein (35). Two hundred microliters
of late-exponential phase cultures were collected, the fluorescent dye FM4-64 (73) was
added at 5 pg/mL, and the samples were incubated at 37°C for 30 min. Then, 5 pL of
the bacterial cell suspensions were spotted on a microscope glass slide overlaid with
0.5% agarose and imaged with a Nikon A1R HD25 confocal laser scanning microscope
equipped with an Apo TIRF 100x oil immersion objective (NA 1.49). The 488- and 561-nm
laser lines were employed for the GFP and FM4-64 excitation, respectively. Emission
bandwidths at 500-540 nm and 600-720 nm were used for GFP and FM4-64 detection,
respectively. Images were acquired at a sampling dimension of 512 x 512 pixels and
were deconvoluted using the NIS-Elements software (Nikon), using default parameters.
Image processing to determine cell morphological parameters was performed according
to a previously established pipeline (74). Cell area and aspect ratio were calculated using
ImageJ v.1.53c for 100 cells of each bacterial strain (75).

Membrane permeability assays

Bacterial strains were cultured in MH, supplemented or not with 0.01% rhamnose, in the
absence or presence of the LpxC inhibitor PF-5081090 at 0.031x MIC (corresponding to
0.008 pg/mL for PAOT and 0.004 ug/mL for AtamB AyhdP AydbH). Exponential phase cells
were harvested by centrifugation and resuspended in 5 mM HEPES (pH 7.2) at ODggo = 3.
Equal volumes (150 pL) of HEPES solution containing or not Pl (40 pg/ml) or NPN (20 uM)
and the bacterial suspensions were mixed, and 100 pL of each sample was aliquoted
on a black flat-bottom 96-well plate. ODgg and fluorescence were measured in a Tecan
Spark 10M microtiter plate reader (excitation at 350 nm and emission at 420 nm for NPN;
excitation at 580 nm and emission at 620 nm for PI) after 2 min at room temperature,
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subtracted of the background values of samples without NPN or PI, and normalized to
the ODggg of the cell suspension (76).

MIC assays

The MIC of antibiotics (vancomycin and colistin) or the LpxC inhibitor PF-5081090 were
determined through the broth microdilution method. P. aeruginosa strains precultured
in MH were refreshed in the same medium at ca. 5 x 10° cells/mL in the presence
of increasing concentrations of each antibiotic/compound. MIC was recorded after
20 h at 37°C. At least three independent experiments were performed for each strain/
compound.

Bioinformatic analyses

TMHs were predicted using the online tool TMHMM 2.0 (https://services.health-
tech.dtu.dk/services/TMHMM-2.0/) (77). Predicted 3D structures were retrieved from
the AlphaFold Protein Structure Database (https://alphafold.ebiac.uk/) (28). Ortho-
logs within the Pseudomonas genus were identified using the Ortholog Group Mem-
bers function of the Pseudomonas Genome Database (https://pseudomonas.com/)
(78). Putative structural homologs of PA4735 were searched with Foldseek (https://
search.foldseek.com/search) (79), by using the PDB downloaded by the AlphaFold
Database as query.

Statistical analysis

Statistical analysis was performed with the software GraphPad Instat, using the unpaired
t test or the ANOVA test as indicated.
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AsmA-like proteins YhdP and YdbH involved in outer membrane biogenesis

PREFACE

While the previous study identified AsmA-like proteins as key contributors to OM integrity in P.
aeruginosa (see chapter 3), the structural determinants underlying their function remained
unexplored. In particular, the specific features that enable individual proteins to facilitate GPL
transport and maintain membrane homeostasis were unknown.

In the study described in this chapter, we focused on two AsmA-like proteins, YhdP and YdbH, to
dissect the structural elements required for their function. Structural modeling, molecular dynamics
simulations, and genetic complementation assays revealed that the C-terminal domain of YhdP
contains two hydrophobic a-helices that are crucial for its function in maintaining OM integrity. To
further explore the modularity of AsmA-like proteins and functional significance of these
hydrophobic a-helices, we constructed a YdbH-YhdP hybrid protein by fusing the C-terminal domain
of YhdP to YdbH. This hybrid protein markedly enhanced YdbH function, promoting bacterial
growth and OM stability more effectively than wild-type YdbH. Interestingly, while we confirmed
that YdbH normally requires the OM partner protein YnbE for its activity also in P. aeruginosa, the
YdbH-YhdP hybrid operates independently of this partner, suggesting that the C-terminal domain of
YhdP can act autonomously as a modular element capable of anchoring and/or facilitating GPL
insertion into the OM. Overall, this work provided new insights into the molecular determinants of
GPL transport and established a framework for investigating the mechanisms by which AsmA-like
proteins contribute to OM biogenesis.

This work has been published in Protein Science in 2025. The Supplementary material has not been

included in this chapter, but is available at

https://pmc.ncbi.nlm.nih.gov/articles/instance/12447247/bin/PRO-34-70227-s001.pdf
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Abstract

The outer membrane (OM) of Gram-negative bacteria is an asymmetric
bilayer composed of glycerophospholipids (GPLs) in the inner leaflet
and lipopolysaccharide in the outer leaflet, which is critical for viability and
antibiotic resistance. While the mechanisms for lipopolysaccharide and
OM protein transport across the periplasm are well characterized, it has
only recently been proposed that AsmA-like proteins are likely involved in
the anterograde transport of GPLs. Here, we investigated the structural
and functional features of Pseudomonas aeruginosa YhdP, an AsmA-like
protein that exhibits higher activity in maintaining OM integrity than its
paralogs. Through structural predictions, molecular dynamics simulations,
and genetic complementation assays, we demonstrated that two hydro-
phobic a-helices at the C-terminal region of YhdP are crucial for its func-
tion. Moreover, we found that fusing the YhdP C-terminal domain to YdbH
enhances the functionality of this shorter and lower-activity AsmA-like pro-
tein. Specifically, a YdbH-YhdP fusion protein long enough to potentially
span the periplasmic space was more active than the wild-type YdbH
protein in promoting growth and OM integrity. Furthermore, while YdbH
activity requires the OM protein partner YnbE, the functionality of the
YdbH-YhdP fusion protein is YnbE-independent. These findings support
the hypothesis that the YhdP C-terminus provides OM anchoring and
likely assists GPL insertion, and prove that it can be used as a modular
element for improving the activity of other AsmA-like proteins. Our work
sheds light on the molecular determinants of GPL transport and offers a
framework for studying the mode of action of AsmA-like proteins in OM
biogenesis.

KEYWORDS

anterograde transport, Escherichia coli, glycerophospholipids, Gram-negative bacteria, hybrid
proteins, molecular dynamics simulations, outer membrane integrity, periplasm, Pseudomonas
aeruginosa, structure—function relationship
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1 | INTRODUCTION

The tripartite cell envelope of Gram-negative bacteria
consists of the cytoplasmic/inner membrane (IM), a
periplasmic space containing a thin peptidoglycan cell
wall, and the outer membrane (OM) (Silhavy
et al., 2010). While the IM is a typical glycerophospholi-
pid (GPL) bilayer, the OM is an asymmetric bilayer
made of GPLs in the inner leaflet and lipopolysaccha-
ride (LPS) in the outer leaflet, which also accommo-
dates numerous integral OM proteins (OMPs) and
lipoproteins (Henderson et al., 2016).

The OM is an essential structure of Gram-negative
bacteria that provides mechanical strength and protection
from large and/or hydrophobic toxic molecules, including
many antibiotics, partly explaining the intrinsic drug resis-
tance of Gram-negative pathogens (Nikaido, 2003; Sun
et al., 2022). Understanding the composition and biogen-
esis of the OM remains a crucial area of research, as it
holds potential for identifying novel drug targets and
developing new antibacterials (Choi & Lee, 2019;
Sperandeo et al., 2023; Walker & Black, 2021). Disrupt-
ing OM biogenesis can indeed directly lead to bacterial
cell death or increase susceptibility to antimicrobials that
would otherwise be ineffective due to the OM permeabil-
ity barrier (Lehman & Grabowicz, 2019; Wesseling &
Martin, 2022).

The assembly of the OM requires the transport of
several hydrophobic molecules across the aqueous
periplasmic space, which occurs through specialized
protein transport systems. Lipoproteins and OMPs are
translocated and inserted into the OM by the Lol and
Bam systems, respectively, which use soluble carrier
proteins to shuttle their substrates across the periplasm
(Plummer & Fleming, 2016; Zuckert, 2014). LPS is
transported to the OM as a continuous stream through
the Lpt system, a periplasm-spanning protein complex
that bridges the IM and the OM (Okuda et al., 2016;
Sperandeo et al., 2019). On the other hand, the mecha-
nism by which GPLs are translocated across the peri-
plasm and inserted into the OM (anterograde GPL
transport) remained elusive for decades. However,
recent studies performed in Escherichia coli and Pseu-
domonas aeruginosa provided indirect genetic and bio-
chemical evidence that members of the AsmA-like
protein family are likely responsible for this process
(Cooper et al., 2025; Douglass et al., 2022; Grimm
et al., 2020; Rai et al., 2024; Ruiz et al., 2021; Sposato
et al., 2024). Specifically, three AsmA-like proteins
(YhdP, TamB, and YdbH) were found to be essential
yet redundant in E. coli (Ruiz et al., 2021), and four in
P. aeruginosa (YhdP, TamB, YdbH, and PA4735/EpaF)
(Sposato et al., 2024) (Figure 1a). Moreover, the deple-
tion of these proteins resulted in defective phenotypes
consistent with impaired GPL transport from the IM to
the OM, which could be partly rescued by restoring the
asymmetry of the OM through chemical or genetic inhi-
bition of LPS transport (Douglass et al., 2022; Ruiz
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et al., 2021; Sposato et al., 2024). Very recently, Coo-
per and collaborators provided the first evidence that
one of these proteins, E. coli YhdP, interacts in vivo
with phosphate-containing molecules, likely GPLs
(Cooper et al., 2025).

Bacterial AsmA-like proteins are characterized by an
N-terminal transmembrane o-helix (TMH), which
anchors them to the IM, and a large soluble domain pre-
dicted to span into the periplasm, which contains a
Chorein-N domain followed by an AsmA-like domain of
variable length (Kumar & Ruiz, 2023; Levine, 2019).
These proteins share structural similarity with eukaryotic
proteins, such as Vps13 and Atg2, that mediate lipid
transfer between organelles (Kumar and Ruiz 2023;
Lees & Reinisch, 2020; Levine, 2019; Melia &
Reinisch, 2022), suggesting a conserved role in inter-
membrane lipid transport. Structural predictions from
AlphaFold indicate that AsmA-like proteins form
extended, tube-like structures consisting of stacked
B-strands, which create a continuous hydrophobic
groove along the long axis (Cooper et al., 2025;
Douglass et al, 2022; Ruiz et al, 2021; Sposato
et al., 2024). Such a groove is reminiscent of that formed
by the B-jellyroll domains of Lpt proteins in the peri-
plasm, which accommodate LPS during transport from
the IM to the OM (Dong et al., 2017; Hicks & Jia, 2018),
supporting the hypothesis that AsmA-like proteins may
work as protein bridges for GPL translocation across the
periplasm.

While a single AsmA-like protein associated with
GPL transfer is sufficient to support bacterial growth,
highlighting redundant functions, in both E. coli and
P. aeruginosa, the absence of YhdP causes more rele-
vant defects in OM integrity as compared to the lack of
other AsmA-like proteins (Ruiz et al., 2021; Sposato
et al., 2024). YhdP is the only AsmA-like protein whose
length seems sufficient to span the periplasm (Cooper
et al., 2025; Ruiz et al., 2021; Sposato et al., 2024), and
molecular dynamics simulations suggested that its
C-terminus may interact with the OM, thus supporting its
possible envelope spanning nature (Cooper et al., 2025).
In contrast, other AsmA-like proteins are predicted to be
either too twisted (TamB) or too short (YdbH and
PA4735) to cross the entire periplasmic space (Kumar &
Ruiz, 2023; Ruiz et al., 2021; Sposato et al., 2024).
Accordingly, TamB interacts with the OM B-barrel protein
TamA (Selkrig et al., 2015), and this interaction was
found to be required for the function of TamB in maintain-
ing OM homeostasis in both E. coli and P. aeruginosa
(Ruiz et al., 2021, Sposato et al., 2024). Recently, it has
also been shown that the E. coli protein YdbH forms a
functional complex with the OM lipoprotein YnbE, which
extends the continuous hydrophobic groove of YdbH and
is important for its functionality (Kumar et al., 2024).

Using P. aeruginosa AsmA-like proteins as a model
system, in this study we aimed to elucidate the structural/
biochemical features of YhdP that account for its appar-
ently higher efficiency in supporting OM functionality and,
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FIGURE 1 (a) Schematic representation of the Pseudomonas aeruginosa AsmA-like proteins that are essential but redundant for growth

and OM integrity. (b) Predicted 3D structure of P. aeruginosa YhdP. (c) Putative TMHs in P. aeruginosa YhdP predicted by TMHMM 2.0.

(d) Schematic representation of the P. aeruginosa YhdP variants lacking the C-terminal domain (YhdP-trunc) or only the C-terminal hydrophobic
residues (YhdPACHR). (e) Superimposition of the predicted structures of the C-terminal domain of P. aeruginosa YhdP and the variant YhdP-
trunc (upper panel) or YhdPACHR (lower panel). (f) Growth curves of the wild-type strain P. aeruginosa PAO1 (WT) and the rhamnose-
dependent conditional mutant AtamB AyhdP AydbH rhaSR-P ;.gap::tamB APA4735 (A4C) carrying the empty plasmid pME6032 (pME) or its
derivatives for IPTG-inducible expression of YdbH, YhdP-trunc, or YhdPACHR, cultured in Mueller Hinton broth (MH) supplemented with 125 uM
IPTG. Growth curves of the same strains at different IPTG concentrations are shown in Figure S2. (g) Growth curves of PAO1 (WT) and the
isogenic mutants AtamB AydbH, AtamB AyhdP AydbH, and AtamB AydbH yhdPACHR cultured in MH. (h) Plating efficiency of the same strains
described in panel G on MH agar plates supplemented or not with 0.25% SDS and 0.25 mM EDTA (SDS + EDTA) or 100 pg/mL vancomycin
(Van). Data in panels f—g are the mean (tstandard deviation) of three independent experiments. Images in panel H are representative of three
independent experiments. IM, inner membrane; OM, outer membrane; PG, peptidoglycan.

presumably, GPL transport or insertion into the OM. By
generating and expressing mutant YhdP variants and
YdbH-YhdP fusion proteins, we demonstrated that two
hydrophobic a-helices in the C-terminal region of YhdP
are crucial for its function. Moreover, the YhdP
C-terminal domain can confer to YdbH higher activity
and the ability to function independently of its OM protein
partner YnbE, provided that the fusion protein is long
enough to potentially span the periplasmic space.

2 | RESULTS AND DISCUSSION

21 | Hydrophobic a-helices at the
C-terminus are crucial for P. aeruginosa
YhdP function

Alpha-fold structural prediction suggested the presence
of two putative a-helices in the C-terminal region of
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P. aeruginosa YhdP (Figure 1b). These a-helices con-
tain several hydrophobic residues and are indeed pre-
dicted as a possible TMH by the transmembrane
prediction software TMHMM 2.0, spanning residues
1220-1239 (Figure 1c). Similar C-terminal hydrophobic
regions are not present in any other P. aeruginosa
AsmA-like protein (data not shown), suggesting that
this may represent a unique feature of YhdP. Notably,
analogous C-terminal hydrophobic o-helices were
recently identified in the YhdP ortholog of E. coli and
shown to be required for its function (Cooper
etal., 2025).

To confirm that such C-terminal region is also
important for the P. aeruginosa YhdP protein, we gen-
erated plasmid constructs to express two YhdP vari-
ants lacking either the entire C-terminal region (residues
1220-1276) or only the two predicted a-helices (residues
1216-1241). These variants were named YhdP-trunc
and YhdPACHR (C-terminal hydrophobic residues),
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respectively (Figure 1d; Table S1). Structural predictions
suggested that these deletions are unlikely to disrupt the
overall folding of the YhdP tubular domain (Figure 1e).
To assess their structural stability and confirm that they
retain proper folding and domain organization, we per-
formed extensive coarse-grained molecular dynamics
simulations (Joshi & Deshmukh, 2021), comparing their
trajectories to those of the wild-type protein (Figure S1).
Structural stability was evaluated using three key met-
rics: (i) the radius of gyration, to monitor global compact-
ness and folding consistency; (ii) the fraction of native
contacts (Best et al., 2013), to assess preservation of the
native tertiary structure; (iii) the level of frustration, as a
measure of the energetic conflict in the folded proteins
(Onuchic et al., 1997; Vannimenus & Toulouse, 1977).
All three metrics indicated that the studied proteins
remained structurally stable throughout the simulations.
Radius of gyration values remained consistent over time,
showing no significant fluctuations. The fraction of native
contacts remained high (Q > 0.9) for all models, confirm-
ing retention of overall structural integrity. Analysis of
local frustration revealed comparable energetic profiles
between the chimeric variants and the wild-type protein,
with no increase in destabilizing interactions (Figure S1).
Together, these results suggest that the chimeric pro-
teins are intrinsically stable, supporting the accuracy of
the modeled structures and their potential to maintain
native-like functional behavior.

These YhdP variants were expressed in the
P. aeruginosa conditional mutant AtamB AyhdP AydbH
rhaSR-P,,.pap::tamB APA4735 (Sposato et al., 2024),
which lacks yhdP, ydbH, and PA4735, and expresses
tamB from a rhamnose-inducible promoter. As
expected, ectopic expression of wild-type YhdP
restored the growth of the conditional mutant to wild-
type levels in the absence of rhamnose (Figure 1f),
confirming that YhdP alone is sufficient to efficiently
support P. aeruginosa growth (Sposato et al., 2024). In
contrast, expression of YhdP-trunc had no effect on the
growth profile of the conditional mutant, while expres-
sion of YhdPACHR partially promoted the growth of the
conditional mutant; however, it did not allow to reach
the levels of the wild-type control strain (Figure 1f).

In order to assess the growth-promoting effect of
YhdPACHR when expressed at physiological levels,
we compared the growth profile of the triple mutant
AtamB AyhdP AydbH to that of the double mutant
AtamB AydbH carrying a mutated yhdP allele for
expression of the YhdPACHR variant. The double
mutant expressing YhdPACHR exhibited minimal
growth improvement compared to the triple mutant
lacking YhdP (Figure 1g). Moreover, both the absence
of YhdP and the expression of YhdPACHR in TamB-
and YdbH-deficient cells caused extreme sensitivity to
agents that disrupt the membranes (SDS and EDTA) or
to an antibiotic that is poorly active against Gram-
negative cells with an intact OM (vancomycin)
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(Figure 1h), indicating that YndPACHR is not able to
restore OM integrity of cells lacking essential AsmA-like
proteins.

Overall, these results demonstrate that the
C-terminal hydrophobic a-helices of P. aeruginosa YhdP
are crucial for its function, in line with what was previ-
ously reported for E. coli YhdP (Cooper et al., 2025).

2.2 | Fusion with YhdP C-terminal
region enhances YdbH activity

Molecular dynamics simulations with the E. coli YhdP
protein suggested that its C-terminus may interact with
the OM and that the C-terminal hydrophobic helices
can insert into the inner leaflet of the bilayer (Cooper
et al., 2025). Based on this prediction, one could
hypothesize that the role of the C-terminal hydrophobic
region could be to anchor YhdP to the OM and/or facili-
tate GPL insertion into the membrane by creating a
local perturbation of the inner leaflet. We therefore won-
dered whether the C-terminal domain of YhdP could
provide new functional properties to other AsmA-like
proteins and possibly enhance their activity. To this
aim, we generated two constructs that express the first
808 residues of YdbH (out of 855) fused to either the
YhdP C-terminal domain only (residues 1161-1276) or
a longer YhdP C-terminal region (residues 933-1276),
resulting in the fusion proteins YdbH-YhdP_short and
YdbH-YhdP_long, respectively (Figure 2a,b). The
length of YdbH-YhdP_short and YdbH-YhdP_long is
comparable to that of YdbH or YhdP, respectively
(Table S1). YdbH was chosen for the generation of
fusion proteins since its absence has the least impact
on OM integrity among AsmA-like proteins likely
involved in GPL transport (Ruiz et al., 2021; Sposato
et al., 2024), suggesting that it may be less active than
other AsmA-like proteins, at least under the conditions
tested in previous studies. Moreover, the structure of
the AsmA-like domain of YdbH enabled the fusion
of the regions of interest of YhdP in a way that pre-
serves a continuity between heterologous (-sheets and
maintains the integrity of the hydrophobic groove,
according to structural predictions (Figure 2c). Based
on the results of molecular dynamics simulations, the
two fusion proteins are not expected to experience
unfolding or significant alteration in stability or domain
organization (Figure S3). Indeed, the radius of gyration
and the fraction of native contacts were constant during
the simulation time. Also, the number of residues with
minimal frustration was much higher than that of highly
frustrated residues, suggesting overall stability of the
hybrid proteins. Furthermore, the residues close to
the fusion point (—10 < 808 < +10 residues) were clas-
sified as minimally or neutrally frustrated (Figure S3).
To verify their in vivo activity, growth kinetics and
vancomycin resistance, used as a proxy for OM
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FIGURE 2 (a)Schematic representation of the recombinant fusion proteins YdbH-YhdP_short and YdbH-YhdP_long. (b) Predicted 3D
g

structure of Pseudomonas aeruginosa YhdP, YdbH-YhdP_short, and YdbH-YhdP_long. (c) Superimposition of the predicted structures of YdbH-
YhdP_short (blue) and YdbH-YhdP_long (purple). The inset highlights the fusion region between YdbH and YhdP domains. (d) Growth curves of
P. aeruginosa PAO1 (WT) and the conditional mutant AtamB AyhdP AydbH rhaSR-P magap::tamB APA4735 (A4C) carrying the empty plasmid
pME6032 (pME) or its derivatives for IPTG-inducible expression of YhdP, YdbH, YdbH-YhdP_short, or YdbH-YhdP_long, cultured in MH
supplemented with 16 pM IPTG. Growth curves of the same strains at different IPTG concentrations are shown in Figure S4. (e) Vancomycin
MIC for the conditional mutant A4C expressing YhdP, YdbH, or YdbH-YhdP_long, cultured in MH supplemented with 16 uM IPTG. The WT
strain carrying the empty plasmid was used as positive control. (f) NPN-mediated fluorescence of WT and triple mutant AtamB AyhdP AydbH
(A3) cells carrying pME or its derivatives for expression of YhdP, YdbH, or YdbH-YhdP_long, cultured in MH supplemented with 16 uM IPTG. 4
Data in panels d and f are the mean (tstandard deviation) of three independent experiments. The asterisks indicate the statistically significant
differences between strains of interest (**p < 0.01; ***p < 0.001; ns, not significant) (ANOVA). Values in panel E represent the mode of at least
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three independent experiments. IM, inner membrane; OM, outer membrane; PG, peptidoglycan.

integrity, were compared in the rhamnose-dependent
conditional mutant AtamB AyhdP AydbH rhaSR-P,,.
pap::famB APA4735 alternatively expressing the fusion
proteins YdbH-YhdP_short or YdbH-YhdP_long, or the
wild-type proteins YhdP or YdbH from the same back-
bone plasmid. As shown in Figure 2d, YdbH-YhdP_-
short did not restore growth in the absence of
rhamnose, while YdbH-YhdP_long promoted growth at
levels comparable to the wild-type protein YhdP. More-
over, both YhdP and YdbH-YhdP_long appeared more
efficient than YdbH in growth promotion (Figure 2d),
suggesting that the fusion with the YhdP C-terminal
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domain enhanced the ability of YdbH to carry out the
essential function exerted by AsmA-like proteins, plau-
sibly the transport of GPLs to the OM. This was
confirmed by vancomycin minimum inhibitory concen-
tration (MIC) assay, which revealed that the expression
of YdbH-YhdP_long conferred fourfold higher vanco-
mycin resistance than wild-type YdbH, even if it was
not able to restore resistance at the level of the wild-
type strain or the YhdP expressing conditional mutant
(Figure 2e). The lack of functional complementation by
YdbH-YhdP_short is consistent with structural predic-
tions suggesting that it cannot span the periplasmic
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space. Nonetheless, since we were unable to evaluate
the expression levels of the different constructs, the
possibility that reduced expression or stability in vivo
may have contributed to this outcome cannot be
excluded.

To further investigate the effect of fusion proteins on
OM integrity, the different proteins were expressed in
the triple mutant AtamB AyhdP AydbH and an N-phe-
nyl-1-naphthylamine (NPN) permeability assay was
performed. NPN is a hydrophobic probe commonly
used to measure OM destabilization, as its fluores-
cence strongly increases upon binding to membrane
lipids (Kwon et al., 2019; Sposato et al., 2024). The tri-
ple mutant was used for this assay because it carries
the PA4735 gene and can therefore grow even without
ectopically expressed proteins, thus allowing OM integ-
rity to be assessed relative to the empty plasmid con-
trol. Expression of YhdP and YdbH-YhdP_long
completely restored OM integrity in the AtamB AyhdP
AydbH mutant, as NPN fluorescence was comparable
to that of the wild-type strain (Figure 2f). Although YdbH
expression significantly reduced NPN permeability with
respect to the empty plasmid control, the OM of YdbH-
expressing cells was still about 10-fold more permeable
than that of cells expressing YdbH-YhdP_long
(Figure 2f). This result confirmed that YdbH-
YhdP_long is more efficient than the wild-type protein
YdbH in maintaining OM integrity. Notably, no signifi-
cant difference was observed in this assay between
cells expressing YhdP or YdbH-YhdP_long, in contrast
to what was previously noted for vancomycin resis-
tance in the conditional mutant (Figure 2e). This is likely
due to the presence of PA4735 in the triple mutant,
which could compensate for the slightly lower activity of
YdbH-YhdP_long compared to YhdP.

2.3 | Fusion with YhdP C-terminal
region makes YdbH independent of its
protein partner YnbE

Recently, the OM lipoprotein YnbE was found to be
required for YdbH activity in E. coli, by interacting with
the last B strand of YdbH and extending its hydrophobic
groove (Kumar et al., 2024). We hypothesized that fus-
ing YdbH to the C-terminal domain of YhdP could
enable YdbH to function independently of YnbE. To
prove this hypothesis, we first verified whether YnbE is
also crucial for YdbH functionality in P. aeruginosa. The
YnbE orthologue of P. aeruginosa PAO1 is encoded by
the PA5306 gene, adjacent to ydbH (PA5307), and
shares 49.1% identity with E. coli YnbE. Thus, we
deleted PA5306 in the double mutant AtamB AyhdP
and compared the growth profile of the resulting strain
(AtamB AyhdP AynbE) to that of the triple mutant
AtamB AyhdP AydbH. If ynbE is essential for YdbH
functionality also in P. aeruginosa, then the absence of
YnbE should impair growth and OM integrity to a similar
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extent as the absence of YdbH. As expected, the dele-
tion of ynbE in cells lacking TamB and YhdP caused
marked growth defects and increased SDS/EDTA and
vancomycin sensitivity (Figure 3a,b), suggestive of rele-
vant OM destabilization. However, ydbH deletion had
more severe effects on growth and OM integrity than
ynbE deletion, leading to the hypothesis that YdbH may
retain some residual activity in YnbE-deficient cells.
Notably, ynbE deletion in the wild-type strain did not
affect growth and OM functionality (Figure 3a,b). This
implies that YnbE function is specifically required in
cells that strongly rely on YdbH for growth, as previ-
ously observed in E. coli (Kumar et al., 2024). Overall,
this preliminary experiment confirmed that YdbH needs
YnbE for its function also in P. aeruginosa.

Then, we ectopically expressed the fusion protein
YdbH-YhdP_long in the triple mutant AtamB AyhdP
AynbE to verify whether it was able to promote growth
also in YnbE-deficient cells. YdbH-YhdP_long fully
restored the growth of AtamB AyhdP AynbE cells to
wild-type levels (Figure 3c), indicating that this fusion
protein does not require YnbE to accomplish its essen-
tial function. In contrast, the expression of YdbH-
YhdP_short in the same mutant was unable to promote
growth (Figure 3c), further suggesting that this fusion
protein is inactive.

Remarkably, also ectopic expression of wild-type
YdbH failed to support growth of the mutant AtamB
AyhdP AynbE, which already expresses YdbH at phys-
iological levels from the chromosomal gene (Figure 3c).
This result was unexpected, as deletion experiments
suggested that YdbH likely retains some activity in the
absence of YnbE (Figure 3a,b), leading us to assume
that YdbH overexpression could have provided some
benefit. The lack of any growth promoting effect upon
YdbH overexpression might be explained by the
involvement of additional OM partner(s) beyond YnbE,
which may be already saturated by the YdbH levels
expressed by the chromosomal gene. This hypothesis
would align with structural predictions indicating that
the YdbH-YnbE complex is still too short to bridge the
entire periplasm (Kumar et al., 2024). At present,
the only AsmA-like protein for which an integral OM
partner that could assist GPL insertion into the OM has
been identified is TamB (Kumar & Ruiz, 2023; Ruiz
et al., 2021; Sposato et al., 2024), which interacts with
TamA, a B-barrel protein of the Omp85 family (Selkrig
et al., 2015). Although recently proposed to participate
in GPL insertion into the OM (Douglass et al., 2022; Rai
et al., 2024; Ruiz et al., 2021; Sposato et al., 2024), the
TamB-TamA complex was originally implicated in the
assembly of a subset of OM B-barrel proteins
(Stubenrauch & Lithgow, 2019), and its possible dual
role in protein and/or GPL transport remains under
debate (Goh et al., 2024; Wang et al., 2024). We have
previously shown that tamA deletion has no effect on
P. aeruginosa growth, suggesting that TamA is not
required for the activity of all essential AsmA-like
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FIGURE 3 (a) Growth curves of the wild-type strain Pseudomonas aeruginosa PAO1 (WT) and the isogenic mutants AynbE, AtamB AyhdP,
AtamB AyhdP AydbH, and AtamB AyhdP AynbE, cultured in MH. (b) Plating efficiency of the same strains described in panel A on MH agar
plates supplemented or not with 0.25% SDS and 0.25 mM EDTA (SDS + EDTA) or 10 pg/mL vancomycin (Van). (c) Growth curves of the WT
strain and the triple mutant AtamB AyhdP AynbE carrying the empty plasmid pME6032 (pME) or its derivatives for IPTG-inducible expression of
YdbH, YdbH-YhdP_long, or YdbH-YhdP_short, cultured in MH supplemented with 16 uM IPTG. Growth curves of the same strains at different
IPTG concentrations are shown in Figure S5. (d) Growth curves of the WT strain and the triple mutants AtamB AyhdP AydbH and AtamA AyhdP
AydbH carrying the empty plasmid pME or its derivatives for IPTG-inducible expression of YdbH or YdbH-YhdP_long, cultured in MH
supplemented with 16 pM IPTG. Growth curves of the same strains at different IPTG concentrations are shown in Figure S6. Data in panels a, c,
and d are the mean (+standard deviation) of three independent experiments. Images in panel B are representative of three independent
experiments.

proteins (Sposato et al., 2024). However, this evidence  the protein ability to promote growth and support OM
does not rule out a possible contribution of TamA in biogenesis compared to the YdbH native protein
YdbH function, as YdbH inactivation per se has negligi- (Figure 2). Based on molecular dynamics simulations,
ble effects on growth and OM integrity (Sposato Cooper et al. proposed that the C-terminal hydrophobic
et al., 2024). To conclusively determine whether TamA  helices of E. coli YhdP insert into the periplasmic leaflet
contributes to GPL insertion mediated by YdbH, here  of the OM (Cooper et al., 2025). However, it remains
we ectopically expressed YdbH, and the fusion protein unclear whether these helices could promote GPL
YdbH-YhdP_long as control, in the triple mutant AtamA insertion into the membrane, possibly through perturba-
AyhdP AydbH, which lacks TamA and displays tion of the GPL leaflet continuity, or if this process
severely compromised growth due to the simultaneous requires a yet-unidentified YhdP OM partner.
inactivation of TamB and absence of YhdP and YdbH We reasoned that initial insights to address this
(Figure 3d) (Sposato et al, 2024). Notably, issue could be gained by examining protein behavior in
YdbH expression fully restored the growth of the mutant  a heterologous host. Indeed, the YhdP orthologues
even in the absence of TamA, and the same result was  from E. coli and P. aeruginosa share very low amino
obtained with YdbH-YhdP_long (Figure 3d). Such acid identity (Sposato et al., 2024), with only 26.7%
results rule out that TamA is required for YdbH function identity in the final 90 residues including the hydropho-
and, thus, that it may represent an additional compo- bic C-terminal region. This is suggestive of poor con-
nent of the YhdP-YnbE complex. servation of putative interacting residues and,
consequently, of only weak or inefficient interaction
between the P. aeruginosa protein and potential
24 | YhdP and YdbH fused to the YhdP non-native partners in E. coli (Lewis et al., 2012;
C-terminal region function in a Mika & Rost, 2006). We therefore ectopically
heterologous host expressed all P. aeruginosa protein variants investi-
gated in this study in the E. coli mutant AtamB AyhdP,
Our data demonstrated that fusing YdbH to the  which is characterized by impaired growth and hyper-
C-terminal region of YhdP bypasses the requirement  sensitivity to vancomycin (Figure 4, Figure S7), indica-
for YdbH protein partner(s) (Figure 3) and enhances tive of OM integrity defects (Ruiz et al., 2021).
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FIGURE 4

(a) Maximum growth yields and (b) vancomycin MIC for the Escherichia coli wild-type strain MG1655 (WT) and the isogenic

mutant AtamB AyhdP carrying the empty plasmid pME6032 (pME) or its derivatives for IPTG-inducible expression of the Pseudomonas
aeruginosa proteins YdbH, YhdP, or their variants YhdP-trunc, YhdPACHR, YdbH-YhdP_long, or YdbH-YhdP_short, cultured in MH
supplemented with an optimal concentration of IPTG (depending on the strain, see Figure S7 for details). Values in panel a are expressed as
percentages with respect to the maximum growth yields of WT pME and correspond to the mean (+standard deviation) of three independent
experiments. Growth curves of the same strains at different IPTG concentrations are shown in Figure S7. Values in panel b represent the mode

of at least three independent experiments.

Interestingly, both P. aeruginosa YhdP and the fusion
protein YdbH-YhdP_long restored growth and vanco-
mycin resistance to (almost) wild-type levels, while all
other proteins did not display any rescue effect
(Figure 4, Figure S7). The inability of P. aeruginosa
YdbH to complement the E. coli mutant can be attrib-
uted either to inefficient interaction with the E. coli
YdbH partner(s), as YdbH orthologues also share very
low homology (24.4% identity over only one sixth of the
proteins) (Sposato et al., 2024), or to the fact that
AtamB AyhdP cells express the endogenous YdbH
protein, which might saturate YnbE and thereby render
the P. aeruginosa orthologue inactive. Either way,
these results further confirm that the C-terminal region
of YhdP confers new functions to YdbH, including the
ability to work in the heterologous host E. coli. While
this interspecies complementation assay supports the
hypothesis that the YhdP C-terminal region may have
intrinsic properties that allow OM interaction and GPL
insertion, this remains to be confirmed through bio-
chemical and biophysical analyses.

3 | CONCLUSIONS

In this study we demonstrated that the C-terminal
hydrophobic a-helices of P. aeruginosa YhdP are cru-
cial for its function in maintaining OM integrity, likely by
enabling membrane interaction and/or facilitating GPL
insertion. This aligns with what was recently reported
for the E. coli orthologue (Cooper et al., 2025), suggest-
ing that this structural and functional feature of YhdP
may be conserved across different species. In addition,
we found that also in P. aeruginosa the function of
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YdbH relies on the OM lipoprotein YnbE, recently iden-
tified as a YdbH protein partner in E. coli (Kumar
et al., 2024). Most importantly, not only does the dele-
tion of the C-terminal hydrophobic region impair YhdP
functionality, but its fusion to YdbH also enhances
YdbH activity and makes it independent of its OM part-
ner YnbE, provided that the fusion protein is long
enough to span the entire periplasmic space. Further-
more, both P. aeruginosa YhdP and the fusion protein
YdbH-YhdP_long proved to be active in the heterolo-
gous host E. coli, reinforcing the notion that
the C-terminal hydrophobic region of YhdP may pos-
sess intrinsic, transferable properties that support the
essential function played by AsmA-like proteins in
Gram-negative bacteria. Overall, these results are con-
sistent with a model in which the hydrophobic
C-terminus of YhdP facilitates interaction with the OM,
possibly enabling GPL delivery in the absence of addi-
tional protein partners. The presence of this hydropho-
bic C-terminal region, along with the protein length
compatible with a transmembrane periplasmic bridge
(Cooper et al., 2025; Kumar & Ruiz, 2023), could there-
fore explain the more prominent role of YhdP in main-
taining OM homeostasis compared to other AsmA-like
proteins (Douglass et al.,, 2022; Ruiz et al., 2021;
Sposato et al., 2024). However, structural and biophysi-
cal studies will be needed to confirm this hypothesis
and dissect the molecular basis of GPL insertion into
the OM mediated by YhdP and other AsmA-like
proteins.

Our findings also offer insights into the modularity
and mechanistic versatility of AsmA-like proteins, as evi-
denced by the finding that the expression of the YdbH-
YhdP_long fusion protein essentially phenocopied the
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wild-type protein YhdP, both in P. aeruginosa and in the
heterologous host E. coli. Recently, Rai and colleagues
reported genetic evidence suggesting that different
AsmA-like proteins may have different GPL substrate
transport preferences (Rai et al., 2024), presumably due
to the N-terminal regions that interact with the
IM. However, we observed that the expression of YhdP
or YdbH-YhdP_long alone can restore wild-type levels
of growth and OM integrity in a mutant deficient in all
other essential AsmA-like proteins. While this result
does not exclude the possibility of different substrate
preferences, it implies that a single protein, either YhdP
or YdbH fused to the C-terminal YhdP domain, is suffi-
cient to supply the OM with all GPL species required for
normal membrane functionality. This suggests that at
least some AsmA-like proteins may be rather promiscu-
ous, accommodating and transporting different GPL
types. In vitro binding assays with purified proteins will
be crucial not only to validate this hypothesis but also to
uncover the molecular determinants of substrate speci-
ficity in this fascinating class of bacterial transport
proteins.

4 |

4.1 | Bacterial strains, plasmids, and
growth conditions

MATERIALS AND METHODS

Strains and plasmids used in this study are listed in
Tables S2 and S3, respectively. Bacteria were routinely
cultured in Lysogeny broth, Lennox formulation (LB) for
genetic manipulation. Mueller Hinton broth (MH) was
used for plate efficiency, growth, MIC, and permeability
assays. When required, antibiotics were added at the
following concentrations for E. coli (the concentrations
used for P. aeruginosa are shown in brackets): ampicil-
lin, 100 pg/mL; tetracycline, 10 pg/mL (25-100 pg/mL);
nalidixic acid, 15 pg/mL; chloramphenicol, 30 pg/mL
(375 pg/mL).

42 |
strains

Generation of plasmids and mutant

To obtain the constructs for the in-frame deletion of a
78-bp region in the yhdP coding sequence encoding the
C-terminal hydrophobic residues (aa 1216-1241) of
YhdP, two DNA fragments of approximately 500 bp
each, encompassing the upstream (1) and downstream
(1) regions of the yhdP CHR coding sequence, were
PCR-amplified, directionally cloned into pBluescript Il KS
(pBS; Table S3), and verified by DNA sequencing. Then,
the 1| fragment was excised from pBS and sub-cloned
into the sacB-based suicide vector pDM4 (Milton
et al.,, 1996). The resulting construct pDM4yhdPCHRT |
was transferred into the P. aeruginosa mutant AtamB
AydbH by conjugation, and transconjugants were
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selected on LB agar plates containing 15 pg/mL nalidixic
acid and 375 pg/mL chloramphenicol. The deletion
mutant was obtained by homologous recombination and
sucrose-based selection as previously described
(Lo Sciuto et al., 2022), and verified by PCR and DNA
sequencing.

The same strategy was employed to obtain deletion
mutants in the ynbE (PA5306) gene, by generating the
construct pDM4ynbET| (Table S3), introducing it into
the P. aeruginosa strains PAO1 and AtamB AyhdP,
and selecting the ynbE deletion mutants as described
above.

To generate the plasmid pMEyhdP-trunc, the cod-
ing sequence of yhdP corresponding to residues 1-
1219 was amplified by PCR, using the genomic DNA of
the PAO1 as the template. To generate the plasmid
pMEyhdPACHR, the entire coding sequence of the
yhdPACHR allele was amplified by PCR, using
the genomic DNA of the AtamB AydbH yhdPACHR
mutant as the template. The amplicons were individu-
ally cloned into the shuttle vector pME6032 (Heeb
et al., 2002), under the control of an IPTG-inducible
promoter, and verified by DNA sequencing.

For the construction of the plasmids for the expres-
sion of the YdbH-YhdP fusion proteins, the DNA region
encoding the residues 1-808 of YdbH was amplified by
PCR from the genomic DNA of PAO1 and cloned into
pBS, yielding pBSydbH,.gog (Table S3). Then, two DNA
regions encoding either the residues 1161-1276 or the
residues 933-1276 of YhdP were PCR-amplified from
the genomic DNA of PAO1 and individually cloned into
pBSydbH,_ggs, resulting in pBSydbH-yhdP_short and
pBSydbH yhdP_long, respectively (Table S3), which
were verified by DNA sequencing. Finally, the DNA frag-
ments ydbH-yhdP_short and pBSydbH yhdP_long were
excised from the pBS derivatives and subcloned into
pMEG6032 under the control of the IPTG-inducible pro-
moter, yielding pMEydbH-yhdP_short and pMEydbH
yhdP_long, respectively (Table S3).

All primers and restriction enzymes used for PCR
and cloning are listed in Table S4.

43 |
assays

Plating efficiency and growth

For plating efficiency assays, bacterial strains were cul-
tured in MH, supplemented with 0.01% rhamnose for
the conditional mutants, harvested by centrifugation,
and resuspended in sterile saline solution at
ODggo = 1. Serial 10-fold dilutions were prepared and
5 pL aliquots of selected dilutions were spotted onto
MH agar plates supplemented or not with either 0.25%
SDS and 0.25 mM EDTA or vancomycin at 100 or
10 pg/mL, as indicated.

For planktonic growth assays, bacterial strains were
precultured in MH, supplemented with 0.01% rhamnose
for the conditional mutants, and then refreshed 1:1000

SAN Woy PAPLO[Us0 ‘01 ‘$TOT “X96869F |

g
3
3
H
3
B
)
g
g
2
2z
H
g
5
g

5
8
¢
&
=
g
2
=
g
g

Sk

g
g
H



CHAPTER 4. Structure-function relationship of the Pseudomonas aeruginosa AsmA-like proteins YhdP and YdbH
involved in outer membrane biogenesis

SPOSATO ET AL.

10 of 12 PR
e | WiLE Y48 &y
in MH in the absence or presence of rhamnose or IPTG
at the indicated concentrations. Bacterial cultures were
incubated in 96-well microtiter plates (200 puL in each
well) at 37°C in a Tecan Spark 10 M microtiter plate
reader, and growth was measured over time as the
optical density at 600 nm (ODggp) of the bacterial cul-
tures. Maximum growth yields were determined by cal-
culating the ratio of the maximum ODgyo values,
expressed as a percentage relative to the control strain,
as indicated in the figure legends.

4.4 | Membrane permeability assays
Bacterial strains were cultured in MH, and exponential
phase cells were harvested by centrifugation and
resuspended in 5 mM HEPES (pH 7.2) at ODggo = 3.
Equal volumes (150 pL) of HEPES solution, containing
or not 20 uM NPN, and bacterial suspensions were
mixed, and 100 pL of each sample was aliquoted on a
black flat bottom 96-well plate. ODgo and fluorescence
(excitation at 350 nm and emission at 420 nm) were
measured in a Tecan Spark 10 M microtiter plate
reader after a 2-min incubation at room temperature,
subtracted of the background values of samples with-
out NPN, and normalized to the ODggg of the cell sus-
pension (Cervoni et al., 2021).

4.5 | MIC assays

The MIC of vancomycin was determined through the
broth microdilution method. Strains carrying pME6032
or its derivatives were precultured in MH, supplemen-
ted with tetracycline at 10 or 25 pg/mL (for E. coli and
P. aeruginosa, respectively) and 0.01% rhamnose for
the P. aeruginosa conditional mutants, and refreshed at
ca. 5 x 10° cells/mL in MH in the presence of the indi-
cated IPTG concentrations and increasing concentra-
tions of vancomycin. MIC was recorded after 24 h
at 37°C.

4.6 | Bioinformatic analyses and
molecular dynamics simulations

TMHSs were predicted using the online tool TMHMM 2.0
(https://services.healthtech.dtu.dk/services/TMHMM-2.

0/) (Krogh et al.,, 2001). The predicted structures of
YhdP (PA4476) and YdbH (PA5307) were downloaded
from AlphaFold (Q9HVU5 YhdP 9828 atoms; Q9HTP7
YdbH 6579 atoms). Classical molecular dynamics sim-
ulations of 500 ns were performed to relax the systems;
then the last frame was used as the initial structure for
the following molecular dynamics simulations. The
models were built with Maestro Schrodinger

&3

(Schrodinger Release 2023—4: Maestro, Schrddinger,
LLC, New York, NY, 2023), then translated into coarse
grain using the martinize script (de Jong et al., 2013)
and embedded in a membrane bilayer simulating the
IM  composed of 70% of 1-palmitoyl-2-oleoyl-
phosphatidylethanolamine (POPE) and 30% of
1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC).
The insane.py script (Wassenaar et al., 2015) was
used to create a membrane environment around these
structures. YhdP and YdbH-YhdP_long were modeled
with the inner leaflet of the OM at the C-terminus and
the outer leaflet of the IM at the N-terminus; all the other
studied proteins were modeled only with the outer leaf-
let of the IM. All simulations were performed within a
charge neutralized system with the addition of ions cor-
responding to a 0.15 M NaCl solution. The models fea-
tured around 3 hundred thousand atoms including
water and ions. All molecular dynamics simulations
were performed using GROMACS 2024.1 (Abraham
et al., 2015). Martini v3.0 (Souza et al., 2021) was used
as the force field with an elastic network. The system
was minimized using a steep integrator with a maxi-
mum number of 500,000 steps to perform. An npt equil-
ibration of 5,000,000 nsteps was performed after
minimization, with constant temperature of 300 K using
a velocity rescale thermostat; also, the pressure was
held at 1 bar by using a Berensen barostat with a relax-
ation time of 4 ps. Then all systems were subjected to
simulations for 1 ps each and replicated three times
to ensure reproducibility. The simulations were con-
verted into all-atomistic simulations using the cg2all
script (Heo & Feig, 2024) to gain insights into the struc-
tural differences induced by the chimeric modifications
and to obtain all atomistic structure for the frustrat-
ometer analysis. MDAnalysis was used for the calcula-
tion of the radius of gyration and the fraction of native
contacts (Michaud-Agrawal et al., 2011). Graphs were
generated with Matplotlib (Hunter, 2007) and pictures
were created with the PyMOL Molecular Graphics Sys-
tem, Version 2.0 (Schrddinger, LLC). The Frustrat-
ometeR package was used to calculate the frustration
of the protein structures during the simulations (Rausch
et al, 2021). This method of measuring frustration
assumes that the residues are not only changed in
identity but also displaced in position. A local frustration
index is defined as the Z-score (0.78) of the free energy
of parts of the native structure with respect to the distri-
bution of the energy of rearranged decoys. If a native
pair of interacting residues has an energy that lies in
the most favorable end of the distribution (>0.78), the
interaction is labeled as minimally frustrated; if the
energy of the residues pair lies in the most unfavorable
end of the distribution (<—1), the interaction is labeled
as highly frustrated; if the energy of the residues pair
lies in the range between 0.78 and —1, it is labeled as
neutral (Ferreiro et al., 2018).
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CHAPTER 5. The Pseudomonas aeruginosa DedA protein PA4029 is an

undecaprenyl phosphate flippase important for polymyxin resistance

PREFACE

Peptidoglycan is an essential component of the bacterial cell envelope, providing structural support
and protection against osmotic lysis. Its biosynthesis is a complex, multistep process, in which the
lipid carrier Und-P (also named C55-P) plays a crucial role by transporting cell wall precursors across
the cytoplasmic (inner) membrane. The C55-P pool is maintained by de novo synthesis or through a
recycling pathway in which the C55-P(P), generated at the periplasmic leaflet of the cytoplasmic
membrane after peptidoglycan monomer polymerization, is dephosphorylated and then flipped back
to the cytoplasmic side of the membrane. However, the molecular players responsible for this process
remained largely undefined until recent studies implicated DedA family proteins and DUF368-
domain proteins as C55-P flippases in the Gram-negative bacterium V. cholerae and the Gram-
positive bacteria B. subtilis and S. aureus.

In this study, we investigated the functional role of the six DedA proteins of P. aeruginosa. Through
an integrated approach combining deletion mutagenesis, phenotypic assays, and biochemical
analyses, we demonstrated that one of them, i.e. PA4029, is critical for C55-P recycling. Deletion of
PA4029 sensitized cells to fosmidomycin, which inhibits C55-P de novo synthesis, and impaired the
ability of P. aeruginosa to develop L-Ara4N-mediated colistin resistance, indicating defects in lipid
carrier recycling and downstream cell envelope modification. Native mass spectrometry revealed that
PA4029 binds C55-P with high specificity and affinity, and that this interaction can be disrupted by
the C55-P-targeting antibiotic amphomycin. Genomic analyses showed that some Pseudomonas
species lack a PA4029 ortholog but have a DUF368-family protein. When ectopically expressed in
PA4029-deficient P. aeruginosa mutants, the DUF368 protein from Pseudomonas stutzeri can
functionally compensate for the loss of PA4029, restoring both fosmidomycin resistance and the
ability to acquire colistin resistance, suggesting divergent strategies for C55-P recycling across the
Pseudomonas genus. Altogether, this work identified PA4029 as the main DedA protein involved in
C55-P recycling in P. aeruginosa and revealed an evolutionary divergence within the Pseudomonas
genus whereby a DUF368 protein can likely substitute for PA4029 as the main C55-P flippase in
certain species.

This work has been published in mBio in 2026. The Supplementary material has not been included
in this chapter, but is available at

https://journals.asm.org/doi/10.1128/mbio.02408-25%url_ver=7239.88-

2003 &rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%20%200pubmed#supplementary-materials
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polymyxin resistance

Davide Sposato,' Yi Wang,? Xinye Zhang,? Ludovica Rossi,' Stefania De Chiara,® Flaviana Di Lorenzo,>* Livia Leoni,' Giordano
Rampioni,"* Paolo Visca,** Jani Bolla,? Francesco Imperi**®

AUTHOR AFFILIATIONS See affiliation list on p. 14.

ABSTRACT Undecaprenyl phosphate (C55-P) is a critical lipid carrier required for the
transport of cell envelope precursors across the cytoplasmic membrane in bacteria.
Recent studies have identified proteins of the DedA family and DUF368 domain family
as C55-P flippases in both Gram-positive and Gram-negative organisms. However, their
roles remain undefined in many clinically relevant pathogens. Here, we screened for
DedA and DUF368 proteins in Pseudomonas aeruginosa and assessed their functional
importance. We show that PA4029, a DedA family membrane protein, is involved in
C55-P recycling. Deletion of PA4029 sensitizes cells to fosmidomycin and limits the
emergence of spontaneous colistin-resistant mutants. Using native mass spectrome-
try, we demonstrate that PA4029 binds C55-P with high affinity and selectivity over
membrane phospholipids, and that this interaction is disrupted by the C55-P targeting
antibiotic amphomycin. We also show that a DUF368 protein, found in some Pseudo-
monas species lacking PA4029 orthologs, can functionally substitute for PA4029 in P.
aeruginosa, suggesting divergent strategies for C55-P recycling in this genus. Together,
these findings position PA4029 within the conserved DedA-mediated lipid carrier
pathway and highlight its importance for cell envelope homeostasis and antibiotic
resistance in P. aeruginosa.

IMPORTANCE Bacteria use lipid carrier undecaprenyl phosphate (C55-P) to build and
maintain their cell envelope, which is necessary for survival and is the target of many
antibiotics. Recent studies have implicated DedA family proteins in C55-P transport,
but how these proteins function in important pathogens like Pseudomonas aeruginosa
remains uncharacterized. In this work, we uncover a specific DedA protein, PA4029, and
show its involvement in C55-P recycling and importance for bacteria’s ability to develop
resistance to the last-resort antibiotic colistin. These findings extend the relevance of

DedA-mediated lipid transport to one of the most dreaded human pathogens. Eltor A WL Yo Case Wenrerm Fesane

University School of Medicine, Cleveland, Ohio, USA
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he bacterial cell wall is a defining feature of most prokaryotic organisms and plays

a crucial role in maintaining cellular integrity, shape, and viability. The cell wall
allows bacteria to withstand internal turgor pressure and provides protection against
environmental stressors. The structural rigidity of the cell wall is largely attributed Received 5 August 2025
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The biosynthesis of peptidoglycan is a complex process that involves (i) synthesis
of precursors in the cytoplasm, (i) membrane-associated steps where precursors are
assembled onto a lipid carrier, and (iii) polymerization and crosslinking of precursors
on the outer side of the cytoplasmic membrane (CM) (2). A critical component of the
membrane-associated steps is undecaprenyl phosphate (C55-P), a long-chain polyisopre-
noid lipid that serves as the carrier for peptidoglycan monomers (4). The disaccharide-
pentapeptide precursor is assembled and linked to C55-P to form the so-called lipid II,
which is flipped to the outer leaflet of the CM by the membrane protein MurJ (5) and
finally polymerized into the peptidoglycan meshwork by transglycosylase and transpep-
tidase enzymes (6). Monomer release generates C55-PP, which is dephosphorylated to
C55-P and flipped to the inner leaflet of the CM to complete the cycle (7). Besides
peptidoglycan precursors, C55-P also mediates the transport of monomers for other
glycopolymers, such as O-antigens, teichoic acids, and extracellular polysaccharides, as
well as sugars used in the glycosylation of lipid A of lipopolysaccharides or surface
proteins (8). These processes depend on specific transporters that flip C55-P-(oligo)sac-
charide intermediates toward the outer leaflet of the CM (9-11).

Given its central role in the biosynthesis of peptidoglycan and other cell envelope
structures, C55-P(P) is an essential resource that must be efficiently recycled. Therefore, it
is not surprising that some antibiotics exert their activity by sequestering intermediates
of the lipid Il cycle, such as lipid Il (nisin), C55-PP (bacitracin), or C55-P (amphomycin) (12,
13). These are, however, only active against Gram-positive bacteria, as their size prevents
diffusion across the outer membrane of Gram-negatives (12). Moreover, several enzymes
involved in C55-P metabolism have been investigated as targets for novel antibacterial
drugs, such as the C55-P synthase UppS (14), C55-PP phosphatase BacA/UppP (15), and
lipid Il flippase MurJ (16).

While the transporter of lipid Il was identified more than a decade ago (5, 17),
the retrograde flipping of C55-P across the CM remained elusive for years. Recently,
two independent studies provided compelling evidence that proteins belonging to the
DedA and DUF368 families are responsible for flipping back C55-P in representatives
of both Gram-negative (Vibrio cholerae) and Gram-positive bacteria (Bacillus subtilis
and Staphylococcus aureus) (18, 19). DedA proteins are highly conserved and nearly
ubiquitous across bacteria (20), while DUF368 proteins are present in less than 30% of
bacterial species (18). Most bacteria have multiple DedA proteins (e.g., eight in Escheri-
chia coli and six in B. subtilis), but only some of them exhibit C55-P flippase activity or
are important for cell viability (19-22), implying that DedA proteins can also perform
additional functions. For instance, some bacterial DedA proteins resemble eukaryotic
phospholipid scramblases (20) and, accordingly, the DedA protein PetA of B. subtilis
functions as a phosphatidylethanolamine (PE) transporter (23). Moreover, some DedA
proteins have been implicated in resistance to cationic compounds and/or polymyxins
in various bacteria (24-28), although the underlying molecular mechanisms remained
unclear.

In this study, we investigated the DedA proteins of the Gram-negative human
pathogen Pseudomonas aeruginosa, where their functions have not yet been explored.
By integrating genetic, phenotypic, biochemical, and biophysical assays, we provide
evidence supporting PA4029 as the main P. aeruginosa DedA protein involved in flipping
back C55-P, as its inactivation results in defects consistent with impaired C55-P recy-
cling, and the purified protein specifically binds C55-P. Notably, the lack of PA4029
compromises colistin resistance and limits the emergence of spontaneous colistin-resist-
ant mutants. While PA4029 is conserved across most Pseudomonas species, certain
pseudomonads instead have a DUF368 protein which can functionally replace PA4029
in P. aeruginosa, suggesting divergent evolutionary paths for C55-P flippases within the
Pseudomonas genus.
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RESULTS
P. aeruginosa has six DedA proteins

To perform a phylogenetic analysis of the bacterial DedA proteins, Todor et al. recently
searched for DedA homologs in the proteomes derived from 6,000 bacterial genomes,
by using the PF09335.14 motif characteristic of DedA family proteins as the query. This
led to the identification of more than 16,000 bacterial DedA proteins, five of which were
identified in P. aeruginosa (20). BLAST analysis revealed that these proteins correspond to
the genes/proteins PA1209, PA4011, PA4029, PA5244, and PA5517 in the reference strain
P. aeruginosa PAOT, all described as hypothetical proteins in the Pseudomonas Genome
Database (https://pseudomonas.com/). Notably, one of these proteins (PA5517) is not
annotated as a member of the PF09335 family (https://pseudomonas.com/) (Table 1).

To verify whether other DedA-like proteins are present in P. aeruginosa, we performed
a BLAST analysis to search the proteome of P. aeruginosa PAO1 for additional homologs
of (i) the eight DedA proteins of E. coli (22), (ii) the five DedA proteins identified in P.
aeruginosa by Todor et al. (20), and (iii) DedA proteins recently demonstrated to function
as lipid flippases in other bacteria (18, 19, 23). The results of this analysis, reported in
Table S1, revealed that another member of the DedA family is present in P. aeruginosa
PAO1 (PA2752) (Table 1). Orthologs of the six P. aeruginosa PAO1 dedA-like genes are well
conserved in almost all P aeruginosa strains, while other Pseudomonas species mainly
harbor orthologs of PA2752, PA4011, PA4029, and PA5244, with PA1209 and PA5517
being present in only a few species (Table 1; Table S2).

The putative 3D structure and transmembrane helices (TMHs) of the P. aeruginosa
DedA proteins are shown in Fig. S1. PA2752, PA4029, PA5244, and PA5517 only con-
tain the DedA-like domain, whilst PA1209 and PA4011 are predicted to be bifunc-
tional proteins with an N-terminal DedA-like domain and a C-terminal rhodanese-like
(PF00581) or PAP2-like (PFO1569) domain, respectively (Table 1 and Fig. S1). Bacterial
rhodaneses catalyze sulfur transfer reactions and are generally involved in cyanide
detoxification and/or sulfur metabolism (29). The PAP2 family contains both soluble and
integral membrane proteins, including nonspecific acid phosphatases, lipid phospha-
tases, and other uncharacterized enzymes. Some bacterial membrane PAP2 proteins
have been reported to play a role in the metabolism of glycerophospholipids, C55-P, or
lipopolysaccharides (8, 30).

TABLE 1 DedA-like proteins identified in P. aeruginosa

P. aeruginosa PAO1 Pfam P. aerugil Pseud genomes

DedA-like protein genomes with (other than

(aa)” ortholog® P. aeruginosa) with
ortholog®

PA1209 (311) PF09335 and PF00581 297/297 (100%) 10/236 (4.2%)

PA2752 (147) PF09335 297/297 (100%) 209/236 (88.6%)

PA4011 (437) PF09335 and PF01569 296/297 (99.7%)" 235/236 (99.6%)

PA4029 (221) PF09335 297/297 (100%) 201/236 (85.2%)

PA5244 (196) PF09335 297/297 (100%) 179/236 (75.8%)

PA5517 (194) = 294/297 (99%)° 4/236 (1.7%)

“According to the results of Todor et al. (20) and BLASTP analysis (see Table S1).

“Putative orthologs were retrieved from 297 genomes according to the Pseudomonas Ortholog Groups of the
Pseudomonas Genome Database (https://pseudomonas.com) and individually checked.

‘Putative orthologs were retrieved from 236 genomes according to the Pseudomonas Ortholog Groups of the
Pseudomonas Genome Database (https://pseudomonas.com/).

“The ortholog of the P. aeruginosa strain MRW44.1 (A542_RS0128425) is annotated as a pseudogene.

“The orthologs of the P. aeruginosa strains BWHPSA037 (Q042_RS13290) and AZPAE15065 (NT81_RS08910) are
annotated as pseudogenes, while the ortholog appears to be absent from the strain PA7.
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FIG 1 Effect of DedA proteins on P. aeruginosa growth and cell envelope integrity. (a) Growth curves of P. aeruginosa PAO1
(WT) and isogenic mutants in dedA-like genes cultured in MH. (b) Permeability to Pl, measured as relative fluorescence
units (RFU) normalized to the ODggg of the bacterial suspension, of WT and dedA mutants. (c) Sensitivity to the lytic effect
of different concentrations of SDS (0%-5%), measured as a decrease in cell suspension turbidity (ODggg), of WT and dedA
mutants. (d) Antibiotic sensitivity profile of WT and dedA mutants determined through the Kirby-Bauer disk diffusion test on
MH agar plates. GM, gentamycin; SM, streptomycin; NN, tobramycin; ERY, erythromycin; RIF, rifampicin; CIP, ciprofloxacin; NB,
novobiocin; IPM, imipenem; AZT, aztreonam; COL, colistin. Values are the mean (+standard deviation) of three independent
experiments. No statistically significant differences were observed between the WT and each deletion mutant (P > 0.05;
one-way analysis of variance [ANOVA], Kruskal-Wallis test).

Individual DedA deletions do not compromise growth or cell envelope
integrity

To investigate the role of DedA proteins in P. geruginosa, we generated six deletion
mutants in the reference strain PAO1, each lacking one dedA gene. These mutants were
preliminarily tested for the ability to grow in a rich medium. As shown in Fig. 1a, the
growth curves of the mutants were comparable to that of the parental strain, implying
that individual DedA proteins are not required for P. aeruginosa cell viability and growth.

To assess whether the absence of DedA proteins might affect cell envelope func-
tionality in P. aeruginosa, we first measured the uptake of propidium iodide (PI). This
fluorescent probe is commonly used to assess membrane integrity, as it only enters cells
with damaged membranes and its fluorescence increases upon binding to DNA (31,
32). None of the dedA mutants showed any increase in fluorescence with respect to the
parental strain (Fig. 1b), ruling out relevant defects in the membrane permeability barrier.
Then, we evaluated the sensitivity of the mutants to the lytic effect of the detergent
SDS, as an indicator of cell envelope damage (33, 34). Also in this case, deletion of any
individual dedA gene did not result in increased susceptibility to SDS (Fig. 1c). Finally,
to further verify the functionality of the cell envelope as a permeability barrier, we also
performed a Kirby-Bauer disk diffusion assay to assess the resistance profile of dedA
mutants to 10 antibiotics belonging to different classes and having different mechanisms
of action. Once again, no differences were observed between dedA mutants and the
parental strain (Fig. 1d), indicating that the absence of each individual DedA protein does
not promote antibiotic entry and, thus, confirming that the permeability barrier of the
cell envelope is not compromised. Overall, these assays rule out that individual DedA
proteins are essential for cell viability and cell envelope integrity in P. aeruginosa.
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PA4029 is likely involved in undecaprenyl phosphate recycling

Some DedA proteins have been proposed to act as flippases in the recycling of C55-P
in V. cholerae, B. subtilis, and S. aureus (18, 19). To verify whether any P. aeruginosa
DedA protein might perform a similar function, we evaluated the sensitivity of dedA
mutants to the antibiotic fosmidomycin, which inhibits the 1-deoxy-D-xylulose-5-phos-
phate reductoisomerase enzyme that produces isopentenyl diphosphate, a precursor
of C55-P in the de novo synthesis pathway (8, 35). Previous studies in E. coli showed
that mutants impaired in C55-P recycling are more susceptible to fosmidomycin (36),
confirming that fosmidomycin sensitivity can be used as a proxy to assess defects in
C55-P recycling in Gram-negative bacteria. As shown in Fig. 2a, the mutant lacking
PA4029 displayed a fourfold decrease in fosmidomycin MIC with respect to the parental
strain, while the deletion of the other dedA genes did not affect fosmidomycin suscepti-
bility. Complementation of the APA4029 mutant through ectopic expression of PA4029
restored fosmidomycin resistance to the levels of the parental strain carrying the empty
plasmid (Fig. 2b), confirming that the increase in fosmidomycin sensitivity was specifi-
cally caused by the lack of PA4029. This result points to PA4029 as the main DedA protein
involved in C55-P recycling in P. aeruginosa.

Since C55-P is also used as a carrier for flipping aminoarabinose (L-Ara4N) across the
CM (9), whose addition to lipid A is responsible for colistin resistance in P. aeruginosa
(37-39), we hypothesized that defects in C55-P recycling could compromise the ability
to acquire colistin resistance. No differences were observed in colistin MIC between the
six dedA mutants and the parental strain (1 pg/mL for all strains). This was, however,
expected, as the lipid A of colistin-sensitive P. aeruginosa isolates (including PAO1) is not
modified with L-Ara4N (40) and, accordingly, mutants defective in L-Ara4N biosynthesis
show the same colistin MIC as their colistin-sensitive parental strains (37). Thus, we
performed a mutant selection assay on agar plates supplemented with colistin (10x
MIC) to assess whether the lack of DedA proteins can affect the emergence of colistin
resistance, which in P. aeruginosa is generally associated with mutations, inducing lipid A
aminoarabinosylation (38, 39). Notably, the APA4029 and APA4011 mutants displayed
a frequency of colistin-resistant spontaneous mutants significantly lower than the
parental strain, comparable to the L-Ara4N-deficient mutant AarnBCA used as a control
(Fig. 2¢) (37). In contrast, no significant differences were observed between the other
dedA mutants and PAO1 (Fig. 2c). Complementation assays confirmed that the ectopic
expression of PA4029 or PA4011 in the corresponding mutants effectively restored their
ability to evolve colistin resistance (Fig. 2c). To verify whether the reduced ability of the
APA4029 and APA4011 mutants to develop colistin resistance was specifically due to
impaired lipid A aminoarabinosylation, we individually deleted the PA4011 or PA4029
gene in a recombinant strain (PAO1 PrpsA:arn) which has higher colistin resistance
because of constitutive expression of the arn operon and the consequent lipid A
modification with L-Ara4N (40). Remarkably, deletion of PA4029 in PAO1 PrpsA:arn
resensitized this strain to colistin, restoring susceptibility comparable to the wild-type
strain PAO1 (Fig. 2d), and reduced the aminoarabinosylated lipid A species to undetecta-
ble levels (Fig. S2). Conversely, PA4011 deletion had no effect on colistin resistance in
the recombinant strain (Fig. 2d). Again, ectopic expression of PA4029 restored colistin
resistance to the level of PAO1 PrpsA:arn carrying the empty vector (Fig. 2e). Although
indirect, these results further support the hypothesis that PA4029 is involved in the
flipping of C55-P during the recycling process.

In contrast, the function of PA4011 remains elusive. As discussed above, its absence
impaired the acquisition of colistin resistance but did not affect the colistin resistance
level conferred by lipid A aminoarabinosylation. Notably, the deletion of PA4011 in
the APA4029 mutant did not exacerbate fosmidomycin sensitivity (Fig. 2a), and plasmid-
mediated overexpression of PA4011 in PA4029-deficient cells failed to rescue the defects
associated with PA4029 deficiency (Fig. 2b and e). Altogether, this body of evidence
strongly suggests that the two proteins fulfill distinct roles in P. aeruginosa, implying that
PA4011 is likely not involved in the flip-back of C55-P.
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FIG 2 Role of PA4029 in C55-P recycling in vivo. (a) Fosmidomycin (FC) MIC for P. aeruginosa PAO1 (WT), the single mutants in dedA-like genes, and the double
mutant APA4011 APA4029. (b) FC MIC for the WT and APA4029 strains carrying the empty plasmid pME6032 (pME) or its derivatives for ectopic expression
of PA4011 or PA4029. (c) Frequency of colistin-resistant spontaneous mutants for the WT strain and dedA mutants (left panel), and the mutants APA4011 and
APA4029 ectopically expressing PA4011 or PA4029 (right panel). The AarnBCA mutant (left panel) and the strains carrying the empty plasmid pME (right panel)
were used as controls. Each symbol corresponds to an individual experiment. Crossed symbols correspond to half the limit of detection of the individual
experiment in which no colonies appeared on selective plates. (d) Colistin (COL) MIC for the WT, the recombinant strain PrpsA:arn, and its APA4011 and APA4029
isogenic deletion mutants. (e) Colistin MIC for the recombinant strain PrpsA::arn and its deletion mutants APA4011 and APA4029 carrying the empty plasmid pME
or its derivatives for ectopic expression of PA4011 or PA4029. Values in panels a, b, ¢, and d are the mode of at least three independent experiments. Asterisks in
panel c indicate a statistically significant difference with respect to WT or WT pME (*P < 0.05, **P < 0.01, *** P < 0.001; ANOVA, Kruskal-Wallis test).

Purified PA4029 binds C55-P

To investigate whether PA4029 interacts directly with C55-P, we purified P. aeruginosa
PA4029. The protein was then analyzed by native mass spectrometry (MS) in a buf-
fer containing 200 mM ammonium acetate (pH 7.0) and 0.05% LDAO. The resulting
spectrum revealed two main charge state distributions corresponding to monomeric
(25,477.93 £ 0.1 Da) and dimeric (50,958.21 + 0.23 Da) forms of PA4029 (Fig. S3). Notably,
the observed monomeric mass was ~27 Da higher than the theoretical sequence mass
(25,451.12 Da), a difference consistent with formylation of the N-terminal methionine, a
modification also observed in other bacterial DedA proteins, such as UptA from B. subtilis
1).

To determine whether C55-P binds to PA4029, we conducted binding experiments
by incubating 5 pM PA4029 with increasing concentrations of C55-P (0-20 uM) and
recording native MS data. Mass spectra revealed peaks for PA4029 in both its apo
form and C55-P-bound form (Fig. 3). We observed that C55-P binds both monomeric
and dimeric PA4029 (Fig. S4), with a higher affinity for dimeric PA4029, consistent with
previous findings on UptA (41). The apparently lower level of C55-P binding to the
monomer is likely due, at least partly, to the loss of bound lipid during the collisional
activation needed to dissociate the detergent micelles. Overall, the dimeric data align
with the trends seen in the monomer. Next, we deconvoluted the spectra to determine
the mean relative intensities of C55-P-bound and unbound forms of PA4029 at all
concentration points. The data showed that the intensity of the PA4029:C55-P complex
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FIG 3 Binding of C55-P to PA4029. Native mass spectra of purified PA4029 (5 uM) with (top spec-
trum) and without (bottom spectrum) C55-P (5 puM). The data reveal adduct peaks corresponding to
C55-P binding to PA4029 (blue series), with their intensity increasing as the C55-P concentration rises.
Quantification of this data is displayed in the inset. Data are expressed as mean + standard deviation
(SD) of three independent replicates. Ribbon diagram is the model structure of PA4029 predicted by
AlphaFold, colored by pLDDT (orange, 0-50; yellow, 50-70; cyan, 70-90; and blue, 90-100).

increases as a function of C55-P concentration (Fig. 3). These results suggest a concentra-
tion-dependent interaction, further confirming that PA4029 binds to C55-P.

Amphomycin disrupts the PA4029:C55-P complex

To further confirm whether the interaction observed above is specific, we have focused
on lipopeptide antibiotics that target cell wall synthesis. A recent study on B. subtilis
UptA established a methodology to assess the effects of lipopeptide antibiotics on C55-P
binding to DedA proteins and found that C55-P targeting antibiotics, such as ampho-
mycin, bind to UptA and induce dissociation of the UptA:C55-P complex (41). To test
whether amphomycin has a similar effect on the PA4029:C55-P complex, we performed
binding studies with amphomycin. As a control, we included vancomycin, a glycopeptide
antibiotic that targets lipid Il but not C55-P. We recorded spectra for solutions containing
5 UM PA4029 and 10 pM C55-P, then equilibrated with 10 pM of each antibacterial
compound. In the presence of amphomycin, the mass spectrum showed distinct peaks
corresponding to amphomycin-PA4029 binding and a significant reduction in the peak
intensity of the PA4029:C55-P complex (Fig. 4). In contrast, vancomycin had no apprecia-
ble effect on the C55-P complex. These results indicate that amphomycin destabilizes
the ternary complex, most likely by sequestering C55-P or impairing binding through
competitive binding effects or conformational effects.
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FIG4 Amphomycin disrupts PA4029:C55-P interaction. Spectra of PA4029 with C55-P (bottom spectrum), C55-P and amphomycin (middle spectrum), and C55-P
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not significant).

PA4029 preferentially binds C55-P over phospholipids

Recent studies have highlighted the role of some DedA family transporters in phospholi-
pid translocation (23). To determine whether PA4029 recognizes phospholipids and to
evaluate their potential role in influencing C55-P interaction, we examined the binding of
PA4029 to phosphatidylglycerol (PG) and PE. We obtained mass spectra of solutions with
5 pM PA4029 incubated with 10 pM PE (16:0-18:1) and 10 puM PG (16:0-18:1). In both
cases, the spectra displayed peaks corresponding to PA4029 in both apo and lipid-bound
forms (Fig. 5a and Fig. S5). We detected the formation of 1:1 and 1:2 protein-lipid
complexes, with the mean relative intensity of the PA4029:PE complex exceeding that of
the PA4029:PG complex (Fig. 5a), indicating that PA4029 interacts more favorably with PE
than PG.

We also examined the relative affinity of C55-P binding compared to PE and PG
(Fig. S5 and Fig. 5b). To achieve this, we recorded the spectra of 5 pM PA4029 in the
presence of 10 uM C55-P, 10 pM PE, and 10 uM PG. We observed the formation of
ternary complexes, indicating that the binding sites for C55-P and phospholipids are
distinct. More importantly, we noted that the intensity of the PA4029:C55-P complex was
significantly higher than that of the phospholipid-bound species (Fig. 5b). This supports
the hypothesis that PA4029 binds more strongly to C55-P than to phospholipids, further
suggesting its likely physiological role in recognizing and potentially recycling C55-P.

Distribution of putative Pseudomonas undecaprenyl phosphate flippases

Our in vivo results pointed out PA4029 as the primary DedA protein responsible for C55-P
flip-back in P. aeruginosa, and in vitro data confirmed the capability of PA4029 to bind
C55-P. However, while this protein is conserved in all P. aeruginosa strains analyzed in
this study (Table 1), the search for orthologous genes in other Pseudomonas species
revealed some species that lack PA4029 orthologs (Table 1; Table S2). In V. cholerae,
B. subtilis, and S. aureus, proteins containing the DUF368 domain were also found to
be involved in C55-P transport across the CM (18, 19). While DUF368 proteins were
not identified in P. aeruginosa (Table S1; https://pseudomonas.com/), BLAST analysis
revealed a homolog of the V. cholerae and S. aureus DUF368 proteins (VCA0040 and
SAOUHSC_00846, respectively) in Pseudomonas stutzeri ATCC 17588 (Table S3), which
was used as an example of a Pseudomonas strain lacking a PA4029 ortholog (Table S2).
Interestingly, orthologs of the P. stutzeri ATCC 17588 DUF368 protein (PSTAB_1476) were
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FIG5 Phospholipid binding to PA4029 and its effect on C55-P binding. (a) Spectra of PA4029 in the presence of equal quantities of POPE and POPG. The relative
intensity of lipid binding is higher in the case of PE than PG (insert). Data are expressed as mean + standard deviation (SD) of three independent replicates.
Statistical significance was assessed using multiple t-tests, two-sided and unpaired (*P = 0.02). (b) Deconvoluted spectrum of PA4029 with equal quantities of
C55-P, POPE, and POPG. The bar charts (in inset) show the quantification of the amount of lipid binding and suggest that the amount of PA4029:C55-P binding is
significantly higher than PA4029:POPE and PA4029:POPG. Additionally, ternary complexes are observed. Data are expressed as mean + standard deviation (SD) of

three independent replicates. Statistical significance was assessed using multiple t-tests, two-sided and unpaired (**P = 0.0041 and ***P = 0.0002).

identified in 33 out of 35 of the Pseudomonas strains without PA4029 orthologs, but
only in 3 out of 201 strains carrying PA4029 orthologs (Table S2 and Fig. 6a), indicating
that PA4029 orthologs and DUF368 proteins are mutually exclusive in Pseudomonas.
This pattern suggests that the two proteins may serve a similar function, making the
presence of both in the same strain redundant or unnecessary. To verify whether the
DUF368 protein identified in some Pseudomonas species is involved in C55-P recycling,
we ectopically expressed the ortholog of P. stutzeri KC (ATCC 55595) in P. aeruginosa cells
lacking PA4029 and verified whether it can rescue the defects associated with impaired
C55-P recycling. Notably, expression of the DUF368 protein restored both fosmidomycin
resistance in cells lacking PA4029 (Fig. 6b) and the ability to acquire colistin resistance
through lipid A aminoarabinosylation in the PAO1 PrpsA::arn APA4029 recombinant strain
(Fig. 6¢), at levels identical to those obtained upon ectopic expression of PA4029 (Fig. 2e).

DISCUSSION

Our study explores the role of DedA-family proteins in P. aeruginosa. Using bioinformat-
ics, we screened for DedA family and DUF368 domain family members and characterized
them functionally. We discovered that individual deletions of each DedA family member
did not compromise cell growth and cell envelope integrity but that PA4029 is probably
the major protein involved in C55-P recycling. Deleting PA4029 made cells more sensitive
to fosmidomycin and made them less likely to acquire mutations conferring colistin
resistance. These phenotypes are consistent with defects in C55-P recycling and suggest
that PA4029 plays a role in this process. Notably, while this work was under revision,
a manuscript was published reporting that PA4029 deletion causes accumulation of
peptidoglycan precursors in the cytoplasm (42), consistent with the proposed role of
PA4029 in C55-P recycling.

Native MS confirms that PA4029 binds C55-P directly, in a concentration-dependent
manner. The complex is disrupted by C55-P targeting antibiotic amphomycin but not by
vancomycin. This is consistent with recent biochemical work with B. subtilis UptA (41). We
also tested whether PA4029 binds other phospholipids (PE or PG). Although the protein
formed complexes with both, C55-P binding was clearly favored in mixed-lipid assays,
supporting the idea that PA4029 is not a general phospholipid transporter, but instead
has a distinct affinity for C55-P. Unlike some other DedA proteins that may act as lipid
scramblases or contribute to membrane homeostasis, PA4029 appears specific for C55-P.

In P. aeruginosa, colistin resistance is usually linked to the addition of L-Ara4N to
lipid A, a process that requires C55-P as a lipid carrier for precursor transport. When
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of P. stutzeri KC (pMEDUF368). (c) Colistin (COL) MIC of the WT, the recombinant strain PrpsA:arn, and its APA4029 mutant carrying the empty plasmid pME or its

derivative pMEDUF368. Values in panels b and c are the mode of at least three independent experiments.

C55-P recycling is disrupted, the absence of PA4029 likely reduces precursor flux, and
the supply of lipid-linked intermediates becomes limited, which likely prevents L-Ara4N
lipid A modification in favor of essential processes requiring C55-P, such as cell wall
biogenesis (Fig. 7). This would explain why APA4029 mutants show impaired emergence
of colistin-resistant mutants and why PA4029 loss reverses colistin resistance and inhibits
lipid A aminoarabinosylation under constitutive arn gene expression. Notably, defects in
lipid A aminoarabinosylation were observed in Burkholderia thailandensis and Klebsiella
pneumoniae mutants lacking specific DedA family proteins (26, 28), providing support to
this hypothesis.

PA4011, another DedA homolog harboring a PAP2-like domain, displays a partial
phenotype, as its absence reduces colistin resistance emergence but does not affect
colistin MIC under constitutive arn expression. While functional overlap is possible, the
inability of ectopically expressed PA4011 to compensate for PA4029 absence, along with
the fact that PA4011 deletion does not worsen the defects caused by PA4029 deficiency,
strongly suggests PA4011 plays a distinct or accessory role, perhaps in phosphoregula-
tion or membrane lipid remodeling (43).

Interestingly, most Pseudomonas species lacking PA4029 possess a DUF368-family
protein, and ectopic expression of one such DUF368 homolog from P. stutzeri fully
rescues defects in fosmidomycin and colistin resistance in PA4029-deficient P. aeruginosa
strains. This mutual distribution and functional complementation support the proposal
that DedA and DUF368 proteins provide alternative solutions for C55-P flipping in
the Pseudomonas genus. Future work should focus on direct reconstitution of flipping
activity in vitro, high-resolution structural studies of PA4029:C55-P binding, and probing
how DUF368 proteins fulfill this role in other Pseudomonas species.

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth media

Strains and plasmids used in this work are listed in Tables S4 and S5, respectively.
Bacteria were routinely cultured in Lysogeny broth, Lennox formulation (LB) for genetic
manipulation, while growth and antibiotic susceptibility assays were performed in
Mueller-Hinton broth (MH) and/or cation-adjusted MH (CAMH), as indicated.
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aminoarabinosylation, thus impairing colistin resistance acquisition. GIcNAc, N-acetylglucosamine; MurNAc, N-acetylmuramic acid; LPS, lipopolysaccharide; PG,

peptidoglycan; PBPs, penicillin binding proteins; OM, outer membrane.

Generation of plasmids and mutants

To obtain the constructs for the generation of P. aeruginosa deletion mutants, two
DNA fragments of approximately 500 bp encompassing the upstream and downstream
regions of each gene of interest were amplified by PCR, directionally cloned into
pBluescript Il (pBS), and verified by DNA sequencing. Primers and restriction enzymes
used for PCR and cloning or DNA sequencing are listed in Table S6. Then, the DNA
fragment encompassing the upstream and downstream regions of each gene was
excised from pBS and sub-cloned into the sacB-based suicide vector pDM4 (44). The
resulting pDM4 derivatives (Table S5) were transferred into P. aeruginosa by conjugation,
and the transconjugants were selected on plates containing 15 pg/mL nalidixic acid and
375 pg/mL chloramphenicol. Deletion mutations were obtained by recombination and
sucrose-based selection as previously described (45), identified by PCR with the primer
pairs UP_FW and DOWN_RYV of each gene (Table S6), and confirmed by DNA sequencing.

The complementing plasmids pMEPA4011 and pMEPA4029 (Table S4) were generated
by individually cloning the PCR-amplified coding sequence of PA4011 or PA4029 into
the shuttle vector pME6032, downstream of the IPTG-inducible promoter (46). The
plasmid pMEDUF368ps was generated by cloning the coding sequence of the gene
CXK92_RS12370, encoding the DUF368 protein of P. stutzeri KC, into pME6032 down-
stream of the IPTG-inducible promoter. All inserts were verified by DNA sequencing.
Primers and restriction enzymes used for PCR and cloning or DNA sequencing are listed
in Table S6.

Growth assay

Strains were precultured in MH, containing 50 pg/mL tetracycline in the case of strains
carrying pME6032 or its derivatives, until late exponential phase and then refreshed
1:1,000 in fresh MH medium, supplemented with 30 uM IPTG for strains carrying
PMEG6032 or its derivatives. Cultures were aliquoted in flat 96-well microtiter plates (200
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ML in each well) and growth was measured as the optical density at 600 nm (ODgqg) of
the bacterial cultures every 30 min in a Tecan Spark 10M microtiter plate reader.

Membrane permeability assay

Exponential phase cells cultured in MH were harvested by centrifugation and resuspen-
ded in 5 mM HEPES (pH 7.2) at ODggg = 3. Equal volumes (150 pL) of bacterial suspen-
sions and HEPES solution containing or not Pl (40 pg/mL) were mixed, and 100 pL of
each sample was aliquoted on a black flat-bottom 96-well plate. ODgqq and fluorescence
were measured in a Tecan Spark 10M microtiter plate reader (excitation at 580 nm and
emission at 620 nm) after 2 min at room temperature, subtracted from the background
values of samples without Pl, and normalized to the ODgq( of the cell suspension (47).

Detergent sensitivity assay

Sensitivity to the lytic effect of SDS was assessed by determining the turbidity (ODggo)
of bacterial cell suspensions in saline after 5-min incubation at room temperature in the
presence of increasing concentrations of SDS (0%-5%, wt/vol) (33).

Antibiotic sensitivity assay

The resistance profile of bacterial strains to several antibiotics was assessed by the disc
diffusion test. Strains were cultured in MH until late exponential phase, centrifuged,
resuspended at a theoretical ODggp = 0.08 in sterile saline solution, and swabbed onto
MH agar plates. Disks containing rifampicin (30 pg) (Liofilchem), ciprofloxacin (5 pg),
colistin (10 pg), aztreonam (30 pg), streptomycin (10 pg), gentamycin (10 pg), imipenem
(10 pg), novobiocin (30 pg), tobramycin (10 pg), and erythromycin (15 pg) (Becton
Dickinson) were placed on the agar surface before incubation of plates. The diameters of
the growth inhibition halos were measured after 24 h of incubation at 37°C.

MIC assays

The MIC of antibiotics was determined through the broth microdilution method. P
aeruginosa strains were precultured in MH for fosmidomycin MIC assay or CAMH for
colistin MIC assay and then refreshed in the same medium at ca. 5 x 10° cells/mL in
the presence of increasing concentrations of each antibiotic. MIC was defined as the
lowest antibiotic concentration for which no visible growth was observed after 24 h of
incubation at 37°C under static conditions.

Frequency of colistin-resistant mutants

To evaluate the frequency of emergence of colistin-resistant spontaneous mutants,
strains were cultured in MH at 37°C until the late exponential phase, harvested by
centrifugation, and resuspended in sterile saline solution at a theoretical ODggp = 1.
Serial 10-fold dilutions in saline were prepared and spotted onto LB agar plates to
measure the number of colony-forming units (CFUs). Mutants were selected by plating
200 pL aliquots of the ODggg = 1 suspensions onto MH agar plates supplemented with
10 pg/mL colistin (and 0.031 mM IPTG for strains carrying pME6032 or its derivatives)
and incubated at 37°C for 72 h. Frequency of colistin-resistant spontaneous mutants was
calculated as the ratio between the number of colonies that appeared on MH agar plates
supplemented with colistin and the total number of CFUs plated.

Protein expression and purification

A codon-optimized version of P. aeruginosa PA4029 (Integrated DNA Technologies) was
inserted into Ndel and Nhel restriction sites (by In-Fusion HD cloning kit, Takara BioTM)
of a modified pET15b vector that adds a TEV-GFP-6xHis tag at the end of the protein
(41) and verified by sequencing. The resulting plasmid was inserted into E. coli C43
(DE3) cells (Lucigen) by transformation. For large-scale protein expression, 10 mL of
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overnight culture was transferred into 1 L of LB containing 100 pg/mL ampicillin, and
cells were allowed to grow at 37°C until the ODggq reached 0.6-0.8, after which the
temperature was lowered to 18°C, and the expression was induced with 0.5 mM IPTG for
16 h. Cells were harvested by centrifugation, pellets were resuspended in resuspension
buffer (20 mM Tris-HCl, pH 8.0, 200 mM Nacl, 10% glycerol) and lysed immediately or N,
flash-frozen and stored at —80°C until required.

Cells were thawed on ice and resuspended in a buffer (20 mM Tris-HCI, pH 8.0, 200
mM NaCl, 10% glycerol) containing lysozyme and protease-inhibitor cocktail tablets and
then lysed using sonication (total processing time = 10 min, pulse-on:pulse-off = 3:6,
amplitude = 65 with a Mili-tip). Non-lysed cells and debris were pelleted by centrifuga-
tion at 20,000 x g for 20 min at 4°C, and the clarified lysate was retained. The membrane
fraction (supernatant) was then pelleted by ultracentrifugation at 160,000 x g for 1 h at
4°C and resuspended in a buffer containing 20 mM Tris-HCI (pH 8.0), 200 mM Nacl, 20%
glycerol. Membrane aliquots were solubilized immediately or flash-frozen and stored at
—80°C. The membrane was thawed and made up to a volume of 25 mL with resuspension
buffer and solubilized by incubation with 2% DDM for 1 h at 4°C. The solubilized fraction
was centrifuged at 20,000 x g for 20 min at 4°C to remove non-solubilized aggregates.
The supernatant containing the membrane proteins was loaded onto a 5-mL HisTrap
nickel nitriloacetic acid (Ni-NTA) agarose resin column pre-equilibrated in a buffer (20
mM Tris-HCl, pH 8.0, 200 mM NaCl, 10% glycerol, 0.03% DDM, 20 mM imidazole). Ni-NTA
beads were taken out into a Falcon tube and placed on a rotor for 1 h at 4°C. After
binding of the His-tagged protein, the mixture was loaded back to the column and
washed with 100 mL buffer (20 mM Tris-HCI, pH 8.0, 200 mM NaCl, 10% glycerol, 0.03%
DDM, 20 mM imidazole), and then with 50 mL of another buffer (20 mM Tris-HCl,
pH 8.0, 200 mM NacCl, 10% glycerol, 0.03% DDM, 80 mM imidazole). PA4029-GFP was
eluted from the column with elution buffer (20 mM Tris-HCl, pH 8.0, 200 mM NacCl, 10%
glycerol, 0.03% DDM, 200 mM imidazole). To remove imidazole and to cleave the GFP
fusion, the eluted protein was mixed with TEV proteases and dialyzed against dialysis
buffer (20 mM Tris-HCI, pH 8.0, 200 mM NaCl, 10% glycerol, 0.03% DDM) at 4°C for
20 h. The digested mixture was subsequently incubated with 3 mL of Ni-NTA agarose
resin to remove His-tagged GFP and TEV protease. Tag-free PA4029 was collected as
the flowthrough, concentrated using a SartoriusTM Vivaspin centrifugal concentrator
with a nominal molecular weight cut-off of 50 kDa, and finally purified by size-exclusion
chromatography (SEC) using a 24-mL Superdex 200 Increase column. The SEC buffer was
20 mM Tris-HCl, pH 8.0, 200 Mm NaCl, 0.03% DDM. After SEC purification, PA4029 was
concentrated to 200 pM, aliquoted (50 pM each), flash-frozen in N,, and stored at —80°C
until required. Concentration was measured using a Nanodrop UV spectrophotometer at
280 nm.

Native MS

Protein was buffer exchanged into 200 mM ammonium acetate (pH 7.0) and 0.05%
LDAO using BioSpin-6 (BIORAD) columns. About 3 pL protein sample was introduced
directly into the mass spectrometer, Q-Exactive UHMR (Thermo Fisher Scientific, Bremen,
Germany), using a gold-coated borosilicate capillary (prepared in-house, originally from
Harvard Apparatus). The instrument settings were as follows: capillary voltage 1.2
kV, S-lens RF 100%, quadrupole selection from 1,000 to 20,000 m/z range, collisional
activation in the HCD cell 120 V, trapping gas pressure setting 7.5, temperature 200°C,
and resolution of the instrument was set to 12,500. The noise level was set at 3 rather
than the default value of 4.64. No in-source dissociation was applied. Data were exported
for processing using the Qual browser of Xcalibur 4.2 (Thermo Scientific), and spec-
tral deconvolution was performed using UniDec software packages. Relative binding
affinities were obtained from deconvoluted spectra by dividing the intensity of ligand-
bound protein peaks by the sum of the intensities of ligand-bound and ligand-free
protein peaks.
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Lipid A analysis by matrix-assisted laser desorption/ionization-time of flight

Matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) MS spectra were
acquired in resolution mode and negative ion polarity on a Waters SYNAPT XS mass
spectrometer (Waters, Manchester, UK) equipped with an 8 kDa quadrupole and a MALDI
source. Lipid A was extracted as previously described (48) from dried bacterial pellets
obtained from early stationary phase bacterial cultures in MH, and then dissolved in
chloroform/methanol (50:50, vol:vol), while the matrix solution was 2,4,6-trihydroxyace-
tophenone (Sigma Aldrich) dissolved in methanol/0.1% trifluoroacetic acid/acetonitrile
(7:2:1, vol:vol:vol) at concentration of 75 mg/mL. A volume of 0.5 pL of the sample and
0.5 pL of the matrix solution were applied to the MALDI plate and allowed to air dry
at room temperature. Spots were randomly but evenly sampled, and experiments were
executed in triplicate.

Bioinformatic analyses

TMHs were predicted using DeepTMHMM (https://dtu.biolib.com/DeepTMHMM) (49).
Predicted 3D structures were retrieved from the AlphaFold database (https://alpha-
fold.ebi.ac.uk/) (50). Homologous proteins were identified using BLASTP searches in
the Pseudomonas Genome Database (https://pseudomonas.com/) and the amino acid
sequence of proteins of interest as the query. Orthologs within the Pseudomonas
genus were identified using the Ortholog Group Members function of the Pseudomonas
Genome Database (51).

Statistics

Statistical analysis was performed with the software GraphPad Instat, using the one-way
analysis of variance (ANOVA), followed by the Kruskal-Wallis multiple comparisons test.
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CHAPTER 6. The Pseudomonas aeruginosa DedA protein PA4011 functions as a
C55-PP phosphatase via a PAP2-like domain

PREFACE

During its recycling process, C55-PP must be dephosphorylated before being flipped back to the
cytoplasmic side of the cytoplasmic membrane. In the previous work on DedA proteins, we have
identified PA4029 as the main flippase of C55-P in P. aeruginosa. However, loss of another DedA
protein (i.e., PA4011) also affected relevant phenotypes, such as growth in the presence of the cation-
chelating agent EDTA and acquisition of colistin resistance, even if in a manner independent of lipid
A aminoarabinosylation (see chapter 5). Notably, besides the DedA domain, PA4011 also contains a
PAP2-like domain which is found in the E. coli phosphatases YbjG, PgpB, and LpxT. These proteins,
together with UppP, are involved in C55-PP dephosphorylation.

In this chapter, through the generation of double deletion mutants and a triple conditional mutant in
PA4011 and the genes encoding the homologs of the E. coli phosphatases UppP and LpxT, we
provided preliminary evidence suggesting that the DedA protein PA4011 contributes to C55-P(P)
recycling by acting as a C55-PP phosphatase. Deletion of uppP in the PA4011 mutant increased
sensitivity to the cation-chelating agent EDTA and to the antibiotic fosmidomycin, and caused growth
arrest at 25°C, a temperature which strongly reduces /pxT gene expression. Accordingly, growth was
completely inhibited upon LpxT depletion in APA4011 AuppP cells. Moreover, by generating
PA4011 variants with amino acid substitutions in putative catalytic residues and constructs
individually expressing only the DedA or PAP2-like domain, we demonstrated that PA4011 activity
mainly relies on its phosphatase domain. Overall, these findings highlighted a previously
unrecognized role of PA4011 in the C55-P(P) recycling pathway of P. aeruginosa, likely mediated
by the phosphatase activity of its PAP2-like domain.

The following text represents a draft of the manuscript describing our genetic and phenotypic
findings, which will be complemented by the biochemical analyses carried out by our collaborator

Prof. Jani Bolla (University of Oxford, UK).
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INTRODUCTION

The bacterial cell wall is a hallmark of almost all prokaryotic organisms and is essential for preserving
cell integrity, morphology, and survival. By counteracting internal turgor pressure, the cell wall
enables bacteria to resist mechanical stress and persist in diverse environmental conditions. Its
mechanical strength primarily derives from peptidoglycan, a three-dimensional polymer composed
of repeating N-acetylglucosamine and N-acetylmuramic acid units that are interconnected by short
peptide cross-links (1, 2). Due to its essential role in cell wall homeostasis, peptidoglycan biosynthesis
represents a major target for numerous clinically important antibiotics, including [-lactams,
glycopeptides, and fosfomycin (3). Peptidoglycan biosynthesis is a highly coordinated, multistep
process that spans multiple cellular compartments. The initial stages occur in the cytoplasm, where a
disaccharide-pentapeptide precursor (the glycan pentapeptide) is synthesized on the membrane-
associated lipid carrier undecaprenyl phosphate (C55-P), forming the so-called Lipid II (2, 4). This
intermediate is translocated to the outer leaflet of the cytoplasmic membrane by the flippase MurlJ (5)
and subsequently the precursor is inserted into the growing peptidoglycan network through the
coordinated action of transglycosylase and transpeptidase enzymes, which polymerize the
disaccharide moiety and cross-link the resulting glycan chains through peptide bonds, respectively
(6). Notably, C55-P is also responsible for the translocation across the cytoplasmic membrane of
monomers for other glycopolymers, such as teichoic acids, O-antigens, and exopolysaccharides, as
well as sugars for glycosylation of lipopolysaccharides or surface proteins (7).

After monomer polymerization, the lipid carrier is released as undecaprenyl pyrophosphate (C55-
PP), which needs to be subsequently dephosphorylated back to C55-P by dedicated phosphatases. In
Escherichia coli this process is mediated by the undecaprenyl pyrophosphate phosphatase UppP and
the PAP2-like domain-containing proteins PgpB and YbjG (7). E. coli has another PAP2 phosphatase,
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named LpxT, that can dephosphorylate C55-PP (8), transferring the phosphate group to the lipid A
moiety of lipopolysaccharide (9). However, this enzyme does not appear to contribute significantly
to C55-P recycling, as the loss or depletion of the three phosphatases UppP, PgpB, and YbjG is lethal
in E. coli (7, 8).

Once dephosphorylated, C55-P is flipped back to the inner leaflet of the cytoplasmic membrane to
sustain successive rounds of cell wall biosynthesis (10). Recent studies demonstrated that this process
is mediated by C55-P flippases belonging to the DedA protein family or having a DUF368 domain
(11, 12). Notably, we recently showed that, among the six DedA proteins encoded by the
Pseudomonas aeruginosa genome, only one (PA4029) plays a major role as C55-P flippase, while
the function of the other five remains unknown (13). However, the loss of the DedA protein PA4011
was found to affect relevant phenotypes, such as acquisition of colistin resistance and growth in the
presence of the cation-chelating agent EDTA. Notably, besides the DedA domain, PA4011 also
contains a PAP2-like domain (13). In this study, we provide genetic evidence indicating that P.
aeruginosa PA4011 participates in C55-P(P) recycling by acting as a C55-PP phosphatase thanks to
its PAP2-like domain.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth media. Strains and plasmids used in this work are listed in
Tables S1 and S2, respectively. Bacteria were routinely cultured in Lysogeny broth, Lennox
formulation (LB) for genetic manipulation, while growth assays were performed in Mueller-Hinton
broth (MH) supplemented with IPTG or rhamnose at the indicated concentration when appropriate.
Antibiotics were used at the following concentrations for E. coli (the concentrations used for P.
aeruginosa are shown in brackets): ampicillin, 100 pg/mL; tetracycline, 12.5 pg/mL (50-100 pg/mL);
carbenicillin (500 pg/mL); nalidixic acid, 15 pg/mL; chloramphenicol, 30 pg/mL (375 pg/mL).
Generation of plasmids and mutants. Primers and restriction enzymes used for PCR, cloning, and
DNA sequencing are listed in Table S3. To obtain the constructs for the generation of P. aeruginosa
deletion mutants, two DNA fragments of approximately 500 bp, encompassing the upstream and
downstream regions of each gene of interest, were amplified by PCR using the genomic DNA of the
wild-type strain PAO1 as the template, directionally cloned into pBluescript II (pBS), and verified by
DNA sequencing. Then, the DNA fragment encompassing the upstream and downstream regions of
each gene was excised from pBS and sub-cloned into the sacB-based suicide plasmid pDM4 (14).
The resulting pPDM4 derivatives (Table S2) were transferred into P. aeruginosa by conjugation, and

the transconjugants were selected on plates containing 15 pg/mL nalidixic acid and 375 pg/mL
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chloramphenicol. Gene deletions were obtained by recombination and sucrose-based selection as
previously described (15) and identified by PCR with the primer pairs UP_FW and DOWN_RYV of
each gene (Table S3). Each deletion was further confirmed by DNA sequencing.

To generate the /pxT conditional mutant, the coding sequence of /px7T was PCR amplified,
directionally cloned into the mini-CTX1 derivative pJM253 (16) downstream of the 72aSR Pra
regulatory element, and verified by DNA sequencing. The resulting plasmid was introduced into P.
aeruginosa by conjugation and transconjugants were selected on LB agar plates containing 15 pg/mL
nalidixic acid and 100 pg/mL tetracycline. The plasmid backbone was removed using the sacB-based
suicide vector pFLP2 (17) as previously described (15) and pFLP2 was cured by plating onto LB agar
plates supplemented with 10% sucrose. Carbenicillin-sensitive clones were analyzed by colony PCR
to verify the insertion of the 72aSR Pma::[pxT construct into the chromosome. Then, in-frame deletion
of the endogenous copy of /pxT was obtained by recombination and sucrose-based counterselection,
as described above, using the pDM4AlpxT construct (Table S2) and culturing bacteria under
permissive conditions (i.e., in the presence of 0.04% rhamnose). The deletion was verified by PCR
and DNA sequencing.

To generate the pMEPA401 1peqa and pMEPA4011pap2 plasmids (Table S2), the sequences encoding
the DedA-like domain or the PAP2-like domain of PA4011, corresponding to residues 1-255 and
226-437, respectively, were amplified by PCR from PAO1. Amplicons were then individually cloned
into the shuttle vector pME6032 (18), under the control of an IPTG-inducible promoter, and verified
by DNA sequencing.

Site-specific mutagenesis was performed using the Q5® Site-Directed Mutagenesis Kit (New England
Biolabs). To this aim, the coding sequence of PA4011 was PCR amplified from PAOI, cloned into
pBS, and verified by DNA sequencing. The resulting plasmid, named pBSPA4011, was PCR
amplified using the primer pairs PA4011 H323A FW/PA4011 H323A RV  and
PA4011 H371A_FW/PA4011 H371A RV (Table S3), to introduce each codon substitution of
interest. The PCR products were then treated with the Kinase-Ligase-Dpnl (KLD) enzyme mix and

used to transform E. coli DH5aF' competent cells. The clones carrying the PA4011M3234

or
PA4011"171A4  alleles  were  identified by PCR  using the  primer  pairs
H323A check FW/PA4011 pME6032 RV or PA4011 pME6032 FW/H371A check RV (Table
S3), respectively, and confirmed by DNA sequencing. The PA401113%4 and PA40117!A alleles
were then excised from pBS and subcloned into pME6032 downstream of the IPTG-inducible
promoter, yielding pMEPA40113234 and pMEPA401 113714 (Table S2).

Planktonic growth and plating efficiency and assays. For planktonic growth assays, bacteria were

precultured in MH, supplemented with 0.04% rhamnose for the conditional mutant, until late
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exponential phase and then refreshed 1:1,000 in fresh medium, supplemented or not with increasing
concentrations of rhamnose or IPTG, when indicated, in the presence or not of 0.125 mM EDTA or
4 png/mL fosmidomycin. Cultures were aliquoted in flat-bottom 96-well microtiter plates (200 pL per
well in the presence of EDTA, 100 uL per well in the presence of fosmidomycin) and plates were
incubated at 25°C or 37°C in a Tecan Spark 10M microtiter plate reader. Growth was measured as
the optical density at 600 nm (ODsoo) of the bacterial cultures. The area under the growth curve (AUC)
was calculated using the GraphPad Prism software and the trapezoidal method.

For plating efficiency assays, bacterial strains were precultured in MH, supplemented with 0.04%
rhamnose for the conditional mutant, harvested by centrifugation, and resuspended in sterile saline
solution at ODgoo = 1. Serial ten-fold dilutions were prepared in saline solution and 5-uL aliquots of
selected dilutions were spotted onto MH agar plates in the presence or not of 0.04% rhamnose. Plates
were incubated at 37°C for 48 h.

Bioinformatic and statistical analyses. Homologues proteins were identified using BLASTP

searches in the Pseudomonas Genome Database (https://pseudomonas.com) and the amino acid

sequence of proteins of interest as the query. Alignments were generated with the software MEGA
(https://megasoftware.net/).
Statistical analysis was performed with the GraphPad Prism software, using the One-Way Analysis

of Variance (ANOVA) followed by Tukey’s multiple comparisons test.

RESULTS AND DISCUSSION

PA4011 likely contributes to C55-P(P) recycling

In the attempt to confirm the possible function of DedA proteins as C55-P flippases in P. aeruginosa,
we recently investigated the effect of the loss of each of the six DedA proteins of this bacterium. This
analysis led to the identification of PA4029 as the main C55-P flippase, while the role of the other
five proteins remained unclear (13). Notably, one of these proteins (PA4011) has an N-terminal DedA
domain fused to a C-terminal PAP2-like domain, which is also present in phosphatases involved in
C55-PP dephosphorylation (7, 8). While bifunctional DedA-PAP2 proteins account for
approximately 2% of the DedA proteins identified in bacteria (11, 12, 19), none of them has yet been
experimentally investigated.

We previously observed that PA4011 inactivation does not affect P. aeruginosa growth in rich media
and does not increase susceptibility to fosmidomycin (13), an antibiotic which inhibits C55-P de novo
synthesis (20) and is more effective against mutants impaired in C55-P(P) recycling (13, 21). This
evidence implies that, even if PA4011 is involved in C55-PP dephosphorylation, this function is likely
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carried out by redundant proteins, as is the case in E. coli (7, 8). Thus, we performed a BLAST
analysis to search the proteome of P. aeruginosa PAO1 for homologs of the C55-PP phosphatases of
E. coli, namely UppP, PgpB, and YbjG. The P. aeruginosa ortholog of E. coli LpxT was already
described and confirmed to function as a lipid A kinase (22). This analysis revealed that P. aeruginosa
has an ortholog of E. coli UppP (PA1959, hereafter renamed UppP) and that the PAP2-like domain
of PA4011 is the only homolog of both PgpB and YbjG (Table 1). To rule out the presence of other
potential C55-PP phosphatases, we also searched for homologs of P. aeruginosa UppP and the
PA4011 PAP2-like domain; however, no further hits were identified (Table 1).

Table 1. Homologs of E. coli C55-PP phosphatases in P. aeruginosa PAO1.2

Query PAO1 homolog Annotation Alignment | Identity | E-value
(PA number) length (aa) | (%)

E. coli UppP PA1959 Bacitracin resistance | 253 51.38 0

(AAC76093.1) protein

E. coli PgpB PA4011 Hypothetical protein | 113 31.86 1.6xe”’

(AAC74360.1)

E. coli YbjG PA4011 Hypothetical protein | 133 33.08 5.3xe*®

(AAC73928.1)

E. coli LpxT PA5194 Hypothetical protein | 196 29.59 1.2xe

(AAC75235.2) (LpxT)

PA1959 PA1959 Bacitracin resistance | 277 100.00 0

(PA UppP) protein

PA4011 PAP2 PA4011 Hypothetical protein | 212 100.00 0

domain (aa 226-437)

* Identified by BLASTP analysis with an E-value cutoff of 1xe* (default value for BLASTP analysis in the
Pseudomonas Genome Database).

With the aim of assessing whether PA4011 could contribute to C55-PP dephosphorylation, we deleted
the uppP ortholog (PA1959) in the wild-type strain PAO1 and in the APA4011 mutant and tested the
resulting mutants for fosmidomycin sensitivity. While the single mutants APA4011 and AuppP
behaved similarly to the wild-type strain, the double mutant APA4011 AuppP showed increased
fosmidomycin sensitivity, being unable to grow in the presence of 4 pg/mL fosmidomycin (Figure
1A), corresponding to 0.5xMIC for the wild-type strain and single mutants (Figure S1). Notably, the
double mutant also exhibited increased sensitivity to the cation-chelating agent EDTA with respect
to the single mutant APA4011 (Figure 1B). In contrast, deletion of uppP alone did not affect this
phenotype (Figures 1B and S1).

The increased sensitivity of APA4011 AuppP cells to fosmidomycin, compared with wild-type or
single mutant cells, suggests that PA4011 and UppP might contribute redundantly to C55
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dephosphorylation in P. aeruginosa. On the other hand, the mechanism by which PA4011, alone or

together with UppP, influences EDTA resistance remains unclear at this stage.
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Figure 1. Growth yields, measured as area under the growth curves (AUC), of P. aeruginosa PAO1
and isogenic single or double deletion mutants in PA4011 and uppP genes cultured at 37°C in MH in
the presence of (A) 4 ug/mL fosmidomycin and (B) 0.125 mM EDTA. Values are the mean (+
standard deviation) of three independent experiments. Asterisks indicate a statistically significant
difference (***P < 0.001; ANOVA). The corresponding growth curves are shown in Figure S1.

The PAP2-like domain is responsible for PA4011 activity and can work independently of the
DedA domain

To confirm the role of the PAP2-like domain of PA4011, we investigated whether the inactivation of
its predicted catalytic activity can affect protein function. To this aim, we first aligned the amino acid
sequence of the PA4011 PAP2-like domain to the amino acid sequence of E. coli PgpB, a PAP2 C55-
PP phosphatase which has been largely characterized through biochemical, structural, and
mutagenesis studies (23-25). Then, we decided to mutagenize two conserved residues, H371
(corresponding to H207 in E. coli PgpB), which has been demonstrated to be strictly essential for
PgpB catalytic activity (23-25), and H323 (corresponding to H163 in E. coli PgpB), which has been
proposed to be required for dephosphorylation of phosphatidylglycerol phosphate but not C55-P (25).
Mutant alleles were generated by site-directed, alanine substitution mutagenesis and ectopically
expressed in the double mutant APA4011 AuppP, as well as in the wild-type strain as a control, from
an IPTG-inducible promoter. Growth assays in the presence of 0.125 mM EDTA were used to assess
protein functionality. Expression of PA401113714 did not promote the growth of the double mutant at
any IPTG concentration, while expression of PA401113%34 efficiently restored EDTA resistance to

levels comparable to mutant cells expressing the wild-type protein PA4011 (Figure 2A). This result
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confirms that the catalytic activity of the PAP2 domain is crucial for PA4011 function, and suggests
that, in line with what was previously reported for E. coli PgpB, the H323 residue might be
dispensable for the C55-PP phosphatase activity of PA4011. Notably, this assay also revealed that
PA4011 overexpression induced by high IPTG concentrations has an inhibitory effect on the growth
of the double mutant and, to a lesser extent, of the wild-type strain (Figure 2A). The inhibitory effect
of PA4011 overexpression was also observed in the absence of EDTA (Figure 2B). Interestingly, the
inactive mutant variant PA4011™7!2 retained some toxicity in the double mutant, but not in the wild-
type strain (Figure 2B).

We also attempted to investigate whether the DedA domain of PA4011 is required for its putative
C55-PP phosphatase activity, by ectopically expressing the PA4011 PAP2-like domain alone
(PA4011pap2) in the double mutant APA4011 AuppP. Remarkably, expression of PA4011pap2
completely restored the growth of the mutant in the presence of EDTA (Figure 2A), without showing
any toxicity even at the highest IPTG concentrations tested, both in the double mutant and in the wild-
type strain (Figure 2B). This result clearly shows that the PAP2-like domain of PA4011 does not
require the DedA domain to complement the lack of PA4011 and UppP. As expected, expression of
the DedA domain alone (PA4011peda) had no detectable effect under the conditions tested (Figure 2).
Based on these results, one might speculate that PA4011 toxicity could be associated with the
presence of its DedA domain fused to a functional PAP2-like domain. However, it is important to
note that we did not verify whether PA4011peqa is actually expressed and correctly folded in the
cytoplasmic membrane; therefore, any hypothesis on its possible toxicity remains too speculative at
present. In principle, the same holds true for PA4011pap> and the mutant variants PA40113234 and
PA4011™714; however, in these cases, ectopic expression resulted in a detectable phenotype (i.e.
restoration of EDTA resistance and/or toxicity), strongly suggesting that these proteins are expressed

and possibly, at least in part, properly localized and folded.
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Figure 2. (A) Growth yields, measured as area under the growth curves (AUC), of P. aeruginosa
PAOL and the isogenic double mutant APA4011 AuppP carrying the empty vector pME6032 (EV)
or its derivatives for IPTG-inducible expression of the wild-type protein PA4011, its variants with
the H323A or H371A amino acid substitutions (PA401113234 and PA4011™371A  respectively), or the
PA4011 DedA or PAP2-like domains alone (PA4011P%4 and PA4011PAP2 respectively) cultured at
37°C in MH in the presence of 0.125 mM EDTA and increasing concentrations of IPTG. (B) AUC
of the same strains described in panel A cultured at 37°C in MH in the presence of increasing
concentrations of IPTG. Values are the mean (+ standard deviation) of three independent experiments.
The corresponding growth curves are shown in Figure S2.

PA4011, UppP, and LpxT are essential but redundant in P. aeruginosa

Since the dephosphorylation of C55-PP is expected to be an essential process in bacteria (7), the
capability of the double mutant APA4011 AuppP to grow at levels comparable to the wild-type strain
(Figures S1 and S2) implies that other C55-PP phosphatases are present in P. aeruginosa. Homology
search showed that this bacterium has another PAP2 protein, PA5194, potentially involved in C55-
PP dephosphorylation (Table 1). This protein was characterized in the P. aeruginosa strain PA14 and
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confirmed to represent the ortholog of E. coli LpxT (22), which transfers a phosphate group from
C55-PP to the 1-phosphate group of lipid A (9). Even if the C55-PP phosphatase activity of E. coli
LpxT has been clearly demonstrated, LpxT expression and/or activity was reported to be insufficient
to sustain C55-P(P) recycling in an E. coli mutant concomitantly lacking UppP, PgpP, and YbjG (7,
8).

To verify if P. aeruginosa LpxT is involved in C55-PP dephosphorylation, we attempted to delete
the /pxT gene from the double mutant APA4011 AuppP. However, all our attempts were unsuccessful,
as the transconjugants always reverted to the parental genotype during the selection procedures. In
contrast, we were able to delete the /pxT gene from the wild-type strain or from single mutants lacking
PA4011 or uppP (Table S1). Interestingly, the P. aeruginosa IpxT (PA5194) gene was reported to be
repressed at 25°C and induced at higher temperatures (>37°C), due to the presence of a molecular
thermosensor (26). This gave us the opportunity to preliminary verify whether LpxT may be
responsible for sustaining the growth of PA4011- and UppP-deficient cells, by assessing the growth
of the double mutant APA4011 AuppP at 25°C, when LpxT is expected to be expressed at low levels.
Under these conditions, the growth of the double mutant APA4011 AuppP was severely impaired,
whereas the mutants lacking PA4011 or uppP, alone or in combination with the deletion of /pxT, all
grew as the wild-type strain (Figure 3A). To confirm this preliminary observation, we generated a
rhamnose-dependent /pxT conditional mutant in the APA4011 AuppP background (Table S1). This
mutant showed no or very poor growth unless rhamnose was added to the culture medium (Figures
3B-C), and its growth was promoted by rhamnose in a dose dependent manner (Figure S3). This result
demonstrates that LpxT is responsible for the growth of P. aeruginosa cells lacking PA4011 and
UppP, strongly suggesting that LpxT plays a relevant role in C55-P(P) recycling in P. aeruginosa.
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Figure 3. (A) Growth curves of P. aeruginosa PAO1 and isogenic single or double deletion mutants
in PA4011, uppP and [pxT genes in different combinations, cultured at 25°C in MH. (B) Growth
curves of the wild-type strain P. aeruginosa PAO1 and the rhamnose-dependent conditional mutant
APA4011 AuppP rhaSR P IpxT AlpxT (A3C) cultured at 37°C in MH supplemented or not with
0.04% rhamnose (+ rha). (C) Plating efficiency of the same strains described in panel B on MH agar
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plates supplemented or not with 0.04 % rhamnose, after 24 or 48 h of incubation at 37°C. Values in
panels A and B are the mean (+ standard deviation) of three independent experiments. Images in
panel C are representative of three independent experiments.

Notably, it has been reported that the activity of the P. aeruginosa LpxT enzyme is inhibited under
low-magnesium conditions (22). This evidence could justify the increased EDTA susceptibility of
cells lacking PA4011 and/or UppP (Figures 1B and 2A). Indeed, by chelating divalent cations, EDTA
could reduce the availability of magnesium required for LpxT activity, ultimately depleting cells of
the residual C55-PP phosphatase activity mediated by LpxT. We are currently assessing the
susceptibility to EDTA of the different double mutants shown in Figure 3 to verify this hypothesis.

Finally, it is interesting to note that expression of the E. coli [pxT gene has also been shown to be
subjected to thermoregulation (27). However, while P. aeruginosa LpxT expression is repressed at
low temperatures (26), E. coli LpxT levels significantly decrease upon a temperature upshift from 28
to 37 or 42°C (27). Since early studies investigating the essentiality of the different C55-PP
phosphatases in E. coli used a thermosensitive conditional triple mutant AuppP AybjG ApgpB in
which the expression of uppP was impaired at 42°C (8), it is plausible that the contribution of LpxT
to C55-P(P) recycling in E. coli may have been underestimated due to its very low expression at the

restrictive temperature (i.e., 42°C).

CONCLUDING REMARKS

In this study, we used a genetic approach to investigate the function of the PA4011 protein in P.
aeruginosa, a representative of a group of DedA proteins which are fused to a PAP2-like domain
predicted to have phosphatase activity (19, 21, 22). Our results strongly suggest that the PAP2-like
domain of PA4011 contributes to C55-PP dephosphorylation during the C55-P(P) recycling process,
together with the orthologs of E. coli UppP (PA1959) and LpxT (PA5194) proteins. We are currently
collaborating with Prof. Jani Bolla (University of Oxford, UK) to purify PA4011 and validate its C55-
PP phosphatase activity. If biochemical evidence confirms this function, PA4011 would represent the
first DedA-PAP2 protein to be experimentally characterized.

Intriguingly, the role of the DedA domain of PA4011 remains unclear. We observed that the PAP2-
like domain exerts its function even without the DedA domain, suggesting that this domain is not
only dispensable for enzymatic activity, but also for proper folding of the PAP2-like domain in the
cytoplasmic membrane. However, while ectopic (over)expression of wild-type (full length) PA4011

is quite toxic, the PAP2-like domain alone is not. Even if this result should be interpreted with caution,
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as we did not compare the expression levels, subcellular localization, and stability of the wild-type

proteins and PAP2-like domain alone, this evidence suggests that the DedA domain of PA4011 is not

simply an evolutionary relic, but may instead exert some biological effect in P. aeruginosa cells.

Further studies are required to investigate this issue.
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Table S1. Strains used in this study.

Strain Genotype and/or relevant characteristics Source/reference
E. coli
S17.1\pir thi pro hsdR hsdM" recA RP4-2-Tc::Mu- Simon et al., 1983 °
Km::Tn7Apir, Gm®
DH5aF' recAl endAl hsdR17 supE44 thi-1 gyrA96 relAl Liss, 1987*

A(lacZYA-argF)U169[¢80 dlacZAM15], Nal?

P. aeruginosa

PAO1 (ATCC15692) Reference isolate, wild type American Type
Culture Collection
APA4011 PAOI1 derivative with an in-frame deletion of the Sposato et al., 2026
PA4011 coding sequence
AuppP PAOI derivative with an in-frame deletion of the This work
uppP (PA1959) coding sequence
AlpxT PAOI derivative with an in-frame deletion of the This work
IpxT (PA5194) coding sequence
APA4011 AuppP APA4011 derivative with an in-frame deletion of ~ This work
the uppP coding sequence
APA4011 AlpxT APA4011 derivative with an in-frame deletion of =~ This work
the IpxT coding sequence
AuppP AlpxT AuppP derivative with an in-frame deletion of the =~ This work
IpxT coding sequence
APA4011 AuppP APA4011 AuppP with a rthamnose inducible copy =~ This work
rhaSRPwa::IpxT AlpxT of the /pxT coding sequence inserted into the

chromosomal a#tB site and an in-frame deletion of
the endogenous copy
2 References not included in the main text:
Simon R, Priefer U, Piihler A. A Broad Host Range Mobilization System for In Vivo Genetic Engineering: Transposon
Mutagenesis in Gram Negative Bacteria. Nat Biotechnol 1983; 1:784-791. doi.org/10.1038/nbt1183-784.
Liss, L. New M13 host: DH5 F' competent cells. Focus. 1987; 9-13.
Miroux B, Walker JE. Over-production of proteins in Escherichia coli: mutant hosts that allow synthesis of some
membrane proteins and globular proteins at high levels. J Mol Biol. 1996; 260:289-98. doi: 10.1006/jmbi.1996.0399.
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Table S2. Plasmids used in this study.

Plasmid Relevant characteristics Source or reference
pBluescript 11 Cloning and sequencing vector; ColE1 replicon; Ap? Stratagene
pDM4 Suicide vector used for deletion mutagenesis in P, Milton et al., 1996
aeruginosa; sacB, oriR6K; Cm®
pIM253 mini-CTX1 derivative carrying rhaRS-PrhaBAD, TcR | Meisner and Goldberg,
2016
pFLP2 Plasmid for site specific FLP-mediated recombination; | Hoang ef al., 1998
sacB, Ap?/CbR
pME6032 IPTG-inducible expression vector; lacI?, Tck Heeb et al., 2002
pDM4AlpxT pDM4 derivative for the in-frame deletion of the This work
PA2752 coding sequence
pIM253IpxT pIM253 derivative carrying the coding sequence of This work
IpxT downstream of rhaSRP,4, regulatory element
pBSPA4011 pBS derivative carrying the PA4011 coding sequence This work
used for site-directed mutagenesis
pPMEPA4011 pMEG6032 derivative carrying the PA4011 coding Sposato et al., 2026
sequence downstream of the IPTG-inducible promoter
PMEPA401 1pega PMEG6032 derivative carrying the sequence encoding This work
the DedA-like domain of PA4011, approximatively
corresponding to residues 1-765, downstream of the
IPTG-inducible promoter
PMEPA401 1pap: PMEG6032 derivative carrying the sequence encoding This work
the PAP2-like domain of PA4011, approximatively
corresponding to residues 676-1314, downstream of
the IPTG-inducible promoter
PMEPA401 13234 pME6032 derivative carrying the PA401113234 allele This work
downstream of the [IPTG-inducible promote
pMEPA40111371A pMEG6032 derivative carrying the PA40111714 allele This work

downstream of the IPTG-inducible promoter
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Table S3. Primers used in this study?®.

Restriction Application

Primer Sequence (5°-3°) siteP

uppP_mut UP_FW ccgetcgaGTCCACTGCCACCAGCCA Xhol

uppP _mut UP_RV cgggaTCCACCACTCCATGTTTCTC BamHI Generation of

uppP _mut DOWN FW  cgggaTCCACCTGATCGACTGGAG BamHI pDM4AuppP

uppP _mut DOWN RV gctctAGAGGATCAGCAGGACCAG Xbal

IpxT mut UP_FW acgcgtcgACGGTGAGGGTCAGCACG Sall

IpxT _mut_ UP_RV cgggatCCATTGCCAGGCCGCTTG BamHI Generation of

IpxT _mut DOWN FW cgggaTCCGCGACTCGGCCTGAG BamHI pDM4AIpxT

IpxT _mut DOWN RV gctct AGACGAACCTAGCGGCTGT Xbal

IpxT pIM253 FW ggactagtGCGCCGATAGGGGGAAAC HindIII Generation of

IpxT pIM253 RV cccaagcttGGCCGAGCAAGAAGCAGC EcoRI pIM253IpxT

PA4011 pME6032 FW cggaattCAATGAGTCTCGACAGCTTC EcoRI Generation of

PA4011 pME6032 RV ccectcGAGCGCCAACCCTCACAG Xhol pBSPA4011
Generation of
PMEPA401 1peaa

PA4011 DedA pME RV  cccctegagtcaGAGCCGGGTGACCACCAC  Xhol (coupled with
PA4011 pME6032 FW)
Generation of

PA4011 PAP2 pME FW cggaattcatgCTCCAGGACCTCGACCAG  EcoRI PMEPA40L Lpa:

(coupled with
pA4011_pME6032_RV)

PA4011_H323A_FWe
PA4011_H323A RV®

gcgAGCTCGGCGTCCTTCGCC
TCCGCTGGGGAAGCTGAAG

Generation of
PMEPA4(] 113234

PA4011_H371A_FWe
PA4011_H371A RV®

gcgTGGCCGTCGGACATCGTC
CACGCCAAGGTAGACCCG

Generation of
PMEPA40] 113714

H323A check FW
PA4011 pME6032 RV

AGCTTCCCCAGCGGAgcg
cccctcGAGCGCCAACCCTCACAG

PCR screening of
PA4011%323A amino acid
substitution

PA4011 RT FW GCGGTATCCTCCTGCTGAC giljoslclrﬁfﬂffn‘iifno reid
H371A check RV ATGTCCGACGGCCAcge L
- - substitution

M13 FW GTTTTCCCAGTCACGAC DNA sequencing from
M13 RV AACAGCTATGACCATG pBS
Prha FW TCCTGTCAGTAACGAGAAGG DNA sequencing from

-~ pIM253
PMEG6032 FW GCTCTCGGGTAACATCAAG DNA sequencing from
pME6032_RV CGGTTCTGGCAAATATTCTG pME6032

2 Unless otherwise stated, the genomic DNA of P. aeruginosa PAO1 was used as the template for preparative PCRs for
cloning.

b The restriction site used for cloning is underlined in the primer sequence.

¢ The plasmid pBSPA4011 (Table S2) was used as the template for PCR.
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Figure S1. Growth curves of P. aeruginosa PAO1 and isogenic single or double deletion mutants in
PA4011 and uppP genes cultured at 37°C in MH in the presence of increasing concentrations of (A)
fosmidomycin (FM) or (B) EDTA. Strains were cultured in flat-bottom 96-well microtiter plates (200
nL per well for panel A or 100 pL per well for panel B). Values are the mean (+ standard deviation)
of three independent experiments.
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Figure S2. (A) Growth curves of P. aeruginosa PAO1 and the isogenic APA4011 AuppP mutant
carrying either the empty vector pME6032 (EV) or its derivatives expressing the wild-type protein
PA4011, its variants with the H323A or H371A amino acid substitutions (PA4011"324 and
PA4011171A | respectively), or the PA4011 DedA or PAP2-like domains alone (PA4011PA and
PA4011PAP2 respectively). Strains were cultured at 37°C in MH in the presence of increasing
concentrations of IPTG.
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Figure S2. (B) Growth curves of the same strains described in panel A cultured at 37°C in MH in the
presence of 0.125 mM EDTA and increasing concentrations of IPTG. Values are the mean (+ standard
deviation) of three independent experiments.
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Growth {ODgpa)

Figure S3. Growth curves of the rhamnose-dependent conditional mutant APA4011 AuppP rhaSR
Prna IpxT AlpxT cultured at 37°C in MH in the presence of increasing concentrations of rhamnose
(rha). Values are the mean (+ standard deviation) of three independent experiments.
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CHAPTER 7. Bacterial AsmA-like proteins involved in phospholipid transport

are independent of DedA family proteins

PREFACE

Based on the functional interaction between some eukaryotic homologs of DedA and AsmA-like
proteins in interorganelle lipid trafficking, it has been speculated that DedA proteins may represent
possible IM partners of bacterial AsmA-like proteins, assisting them in GPL extraction from the IM.
In this chapter we experimentally explored this hypothesis, using Pseudomonas aeruginosa as a
model and taking advantage of the multiple deletion mutants in ded4 and asmA-like genes generated
for previous studies (see chapters 3 and 5). To systematically investigate the requirement of DedA
proteins for AsmA-like protein function, I deleted each dedA gene in four triple mutants in which a
single AsmA-like protein is present and essential for growth. Growth assays revealed that the loss of
individual DedA proteins did not impair growth in any genetic background, ruling out that DedA
proteins are required for GPL transport mediated by AsmA-like proteins.

The following manuscript has been formatted as a concise short-format article (e.g., Observation,
Research Note), reflecting the specific scope of the study and the presentation of a single experimental

data set.
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ABSTRACT

The outer membrane of Gram-negative bacteria requires the transport of glycerophospholipids
(GPLs) from the cytoplasmic (inner) membrane, a process recently proposed to be mediated by
AsmA-like proteins. Although these proteins are predicted to form periplasm-spanning bridges for
GPL diffusion, the mechanisms of GPL extraction from the inner membrane remain unclear. Based
on the functional interaction between some DedA and AsmA-like homologs in eukaryotes, DedA
family proteins have been hypothesized to assist AsmA-like proteins in GPL extraction. Here, using
Pseudomonas aeruginosa as a model, we systematically investigated the requirement of DedA
proteins for AsmA-like protein function by deleting each dedA4 gene in mutants which rely on a single
AsmA-like protein for growth. Loss of individual DedA proteins did not impair growth in any genetic
background, indicating that DedA proteins are not required for anterograde GPL transport mediated

by AsmA-like-proteins.

MAIN TEXT

The outer membrane (OM) is an essential structure of Gram-negative bacteria that provides
mechanical strength and protection from large and/or hydrophobic toxic molecules, including many
antibiotics (1). The OM is an asymmetric bilayer composed of glycerophospholipids (GPLs) in the
inner leaflet and lipopolysaccharide (LPS) in the outer leaflet, which contains both integral B-barrel
proteins and lipoproteins. While the transport and assembly of LPS, B-barrel proteins, and
lipoproteins have been largely characterized (2), how GPLs are translocated from the cytoplasmic
(inner) membrane (IM) to the OM has remained elusive for decades, until recent works have provided
compelling evidence that some AsmA-like proteins (e.g., YhdP, TamB, and YdbH) may be
responsible for this process (3-8). These proteins are anchored to the IM by a single N-terminal
transmembrane o-helix (TMH) and have a large soluble domain which contains a Chorein-N domain
followed by an AsmA-like domain of variable length (9,10). Structural predictions suggest that
AsmA-like proteins form tube-like structures consisting of stacked B-strands, creating a continuous
hydrophobic groove that spans the periplasm (4-8, 11), supporting the proposal of AsmA-like proteins
working as protein bridges for GPL translocation toward the OM.

While structural predictions and experimental data strongly support the capability of the soluble
domain of AsmA-like protein to provide a means for GPL diffusion across the periplasm, the
mechanisms underlying GPL extraction from the IM and insertion into the OM are still unclear. TamB
and YdbH have OM protein partners that could assist GPL insertion into the OM (4,12), whereas

molecular dynamics predictions, site-specific mutagenesis, and chimeric protein engineering have
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shown that hydrophobic a-helices in the C-terminal domain of YhdP may facilitate interaction with
the OM and likely enable GPL delivery in the absence of protein partners (8,11). In contrast, no
experimental evidence has yet been obtained regarding GPL extraction from the IM. However, it has
been hypothesized that proteins belonging to the DedA family could represent functional partners of
AsmA-like proteins, assisting them in the extraction of GPLs from the IM (8,13). This hypothesis is
mainly based on the observation that eukaryotic homologs of DedA and AsmA-like proteins
physically interact and cooperate in interorganelle lipid trafficking from the endoplasmic reticulum
to the autophagosomal membrane (14,15). DedA proteins belong to a highly conserved family of
membrane proteins found in most bacteria and eukaryotes, generally implicated in lipid transport and
membrane homeostasis (13). Recent evidence indicates that some bacterial DedA proteins function
as proton-dependent transporters involved in flipping undecaprenyl phosphate (Und-P) or GPLs
across the cytoplasmic membrane (16-18).

To verify the functional interaction between DedA and AsmA-like proteins, we took advantage of
the availability of multiple deletion mutants in ded4 and asmA-like genes in the Gram-negative
bacterium Pseudomonas aeruginosa (6,19), to assess whether inactivation of individual DedA
proteins can affect the function of AsmA-like proteins likely responsible for GPL transport to the
OM. P. aeruginosa has four essential, but redundant, AsmA-like proteins, namely YhdP, TamB,
YdbH, and EpaF (6), and six non-essential DedA proteins (19). Two DedA proteins (PA4029 and
PA4011) were found to contribute to Und-P recycling (19; chapter 6), whereas the function of the
others is currently unknown. Notably, a recent study provided indirect evidence suggesting a possible
effect of the DedA protein PA5244 on GPL flow across the cell envelope (20).

To assess the potential role of DedA proteins in anterograde GPL transport, we deleted each dedA
gene in four P. aeruginosa triple mutants which rely on a single AsmA-like protein for growth, thus
generating 24 quadruple mutants. If any DedA protein is required for the function of one or more
AsmA-like proteins, we would expect to observe growth defects in the corresponding ded4 mutant(s)
with respect to the cognate parental triple mutant(s). Remarkably, loss of individual DedA proteins
did not decrease growth rates or yields in any genetic background (Figure 1), implying that DedA
proteins are not required for the function of any essential AsmA-like protein. This evidence strongly
suggests that DedA-mediated GPL transport does not represent the mechanism by which AsmA-like
proteins extract GPLs from the IM. While the presence of other IM proteins interacting with AsmA-
like proteins and assisting them in GPL uptake cannot be excluded, it is worth noting that molecular
dynamics predicted that YhdP is amenable to GPL extraction from model membranes (8). This
suggests that GPLs could enter the periplasmic groove of AsmA-like proteins independently of

protein partners, possibly driven by GPL concentration gradients present across the cell envelope.
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Future biochemical and biophysical studies of AsmA-like proteins will be essential to explore this

hypothesis.
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Figure 1. Growth curves of four P. aeruginosa triple mutants in the essential asmA-like genes tamB,
vhdP, ydbH, and epaF in different combinations (parental strains) and the corresponding isogenic
mutants in the ded4 genes PA1209, PA2752, PA4011, PA4029, PA5244, and PA5517. The only
essential AsmA-like protein expressed in each mutant is indicated in bold above the graph. The wild
type strain P. aeruginosa PAO1 was also included as the positive control. Bacteria were cultured in
Mueller-Hinton broth at 37°C in microtiter plates, and growth was monitored over time in a microtiter
plate reader (Tecan Spark 10M) as the optical density at 600 nm (ODeoo) of the cultures. Data are the

mean (+ standard deviation) of three independent experiments.
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CHAPTER 8. Activation of the envelope stress-responsive two-component
system AmgRS compensates for depletion of the essential lipoprotein signal

peptidase LspA in Pseudomonas aeruginosa

PREFACE

Lipoproteins are indispensable for cell envelope assembly, maintenance, and function in Gram-
negative bacteria. For this reason, several enzymes involved in their maturation have emerged as
promising antibacterial targets. Among these, the type II signal peptidase LspA catalyzes a critical
step in lipoprotein maturation and is predicted to be essential in P. aeruginosa. However, despite the
identification of potent LspA inhibitors active against other Gram-negative species, these compounds
have no or very poor activity against P. aeruginosa, leading us to question to what extent LspA is
essential in this bacterium and whether this pathogen can tolerate perturbations in lipoprotein
processing.

In this study, we investigated the role of LspA in P. aeruginosa by generating and characterizing an
arabinose-dependent conditional mutant. LspA depletion resulted in complete growth arrest,
progressive loss of viability, and severe defects in OM integrity, leading to increased susceptibility
to multiple antibiotics that are normally ineffective against this pathogen. Through the isolation and
characterization of suppressor mutants, we identified a gain-of-function mutation in amgs, encoding
the sensor kinase of the cell envelope stress-responsive two-component system AmgRS, capable of
partially restoring growth, membrane integrity, and antibiotic resistance under LspA-limiting
conditions. Functional analyses further demonstrated that this compensatory effect requires the
AmgRS-regulated inner membrane proteins HtpX and YccA, without involving restoration of
lipoprotein maturation itself.

Overall, this work confirms the essentiality of LspA in P. aeruginosa, establishes it as a promising
antibacterial target, and reveals a previously unrecognized role for the AmgRS-mediated stress
response in mitigating the consequences of defective lipoprotein biogenesis.

This work has been published in Current Research in Microbial Sciences in 2026. The
Supplementary material has not been included in this chapter, but is available at

https://ars.els-cdn.com/content/image/1-s2.0-S2666517426000209-mmc1.pdf
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ARTICLE INTFO ABSTRACT

Keywords: Bacterial lipoproteins play crucial roles in cell envelope biogenesis, signaling, transport, and virulence, making

Cell envelope the enzymes responsible for their maturation attractive targets for antibacterial drug development. Among these,

ﬂ‘l’x . the type II signal peptidase LspA is a particularly promising candidate, as several LspA inhibitors have been
ipoproteins

identified that exert potent antibacterial effects in some Gram-negative species. However, despite predictions
that LspA is essential in Pseudomonas aeruginosa, these inhibitors show poor or no activity against this Gram-
negative pathogen. To as the essentiality of P. aeruginosa LspA and its potential as a drug target, here we
generated and characterized an arabinose-dependent IspA conditional mutant. LspA depletion completely
inhibited bacterial growth, progressively reduced cell viability, and caused severe defects in outer membrane
integrity, leading to increased susceptibility to multiple antibiotics, including those that are normally inactive
against P. aeruginosa. Selection of revertant clones, whole genome sequencing, and allelic replacement muta-
genesis revealed that a gain-of-function mutation in amgS, encoding the sensor kinase of the envelope stress-
responsive two-component system AmgRS, can support growth under LspA-limiting conditions and partially
restore membrane integrity and antibiotic resistance. Functional analyses further showed that the AmgRS-
regulated inner membrane proteins HtpX and YccA are required for this compensatory effect, although the
underlying mechanism remains unclear. Together, these findings confirm the essentiality of LspA in P. aeruginosa,
establish it as a promising antibacterial target, and uncover a role for the AmgRS-mediated stress response in
mitigating the consequences of defective lipoprotein maturation.

Membrane stress
Proteases
YecA

1. Introduction

Bacterial lipoproteins are membrane-associated proteins character-
ized by an N-terminal lipid modification, which anchors them to a
membrane. Lipoproteins are predicted to be present in nearly all bac-
teria (Sutcliffe et al., 2012) and carry out a variety of functions including
cell envelope biogenesis, protein secretion, signaling, cell wall
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! Davide Sposato and Giorgia Molesini contributed equally to this work.

remodeling, antibiotic resistance, biofilm formation, and adhesion
(Braun and Hantke, 2019).

Lipoproteins are synthesized as precursors (prolipoproteins) with an
N-terminal signal peptide containing the lipobox motif, which directs
them to the Sec translocon for translocation across the cytoplasmic
membrane. Once translocated, lipoproteins undergo a series of
Hantke, 2019;

sequential enzymatic modifications (Braun and

? Present address: Cancer and Blood Discase Institute, Children's Hospital Los Angeles, Los Angeles, California, USA
3 Present address: Department of Life Science, Link Campus University, Rome, Italy

https://doi.org/10.1016/j.crmicr.2026.100565

Available online 31 January 2026

2666-5174/© 2026 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (hitp://creativecommons.org/licenses/by-

ne-nd/4.0/).

135



D. Sposato et al.

Buddelmeijer, 2015). The first step is catalyzed by the enzyme Lgt
(prolipoprotein diacylglyceryl transferase), which attaches a diac-
ylglycerol to the thiol group of the invariant cysteine residue contained
within the lipobox motif. Then, LspA (lipoprotein signal peptidase II)
cleaves the signal peptide immediately upstream of the modified
cysteine, thereby exposing the lipidated cysteine at the N-terminus of
the nascent lipoprotein. This apolipoprotein is further modified by Lnt
(apolipoprotein N-acyl transferase), which transfers a third acyl chain to
the free amino group of the N-terminal cysteine, producing a mature
triacylated lipoprotein (Braun and Hantke, 2019; Buddelmeijer, 2015).

In monoderm (Gram-positive) bacteria, lipoproteins are restricted to
the outer leaflet of the cytoplasmic membrane, with their protein
domain extending through the cell wall (Nguyen et al., 2020). In
contrast, in diderm (Gram-negative) bacteria, they can remain attached
to the periplasmic leaflet of the cytoplasmic (inner) membrane (IM) or
be sorted and transported to the outer membrane (OM) by the lipopro-
tein OM localization (Lol) system. In this system, an ABC transporter
(LolCDE) recognizes and extracts OM-targeted lipoproteins from the IM,
a periplasmic chaperone (LolA) shuttles them across the periplasmic
space, and an OM lipoprotein (LolB) assists their insertion into the
periplasmic leaflet of the OM (Okuda and Tokuda, 2011; Grabowicz,
2019). After release from the Lol system, most OM lipoproteins remain
oriented toward the periplasm, whereas a subset is flipped to the cell
surface. The pathways mediating the translocation of these
surface-exposed lipoproteins across the OM are still poorly defined and
appear to depend on both the bacterial species and the individual li-
poprotein (Konovalova and Silhavy, 2015; Wilson and Bernstein, 2016;
Cole et al., 2021). IM lipoproteins escape recognition by the Lol system
through a so-called “Lol avoidance™ signal, whose nature and mecha-
nism of action remain under discussion (Konovalova and Silhavy, 2015;
Lorenz et al., 2019).

Since lipoproteins play central roles in bacterial cell physiology, their
maturation is considered a promising target for antibacterial drug
development (Lehman et al., 2022). While Lgt and LspA are widely
conserved in Bacteria and their function is crucial for proper lipoprotein
maturation in most species (Sutcliffe et al., 2012; Nakayama et al.,
2012), Lnt is less so. Indeed, N-terminal acylation of apolipoproteins is
mediated by different enzymes in some bacterial species (Armbruster
and Meredith, 2017; Armbruster et al., 2024), and some Gram-negative
bacteria are viable even when this function is inactivated, probably
because of the presence of variants of the Lol IM complex that can also
recognize diacylated lipoproteins (LoVullo et al., 2015; Gwin et al,,
2018).

Several natural and synthetic inhibitors, such as globomycin and
myxovirescin, specifically block LspA activity, resulting in bacteriostatic
or bactericidal effects in some Gram-negative bacteria (El Arnaout and
Soulimane, 2019; Xia et al., 2020). Conversely, Gram-positive bacteria
are generally poorly sensitive to LspA inhibitors, consistent with their
ability to tolerate LspA depletion, likely because uncleaved lipoproteins
remain functional and correctly localized on the membrane surface
(Hutchings et al., 2009; Nguyen and Gotz 2016).

Notably, while LspA inhibitors have promising activity against
Enterobacteriaceae and other Gram-negative bacteria, they display poor
or no activity against Pseudomonas aeruginosa (Gerth et al., 1982; Onishi
et al., 1984; Kiho et al., 2003; Garland et al., 2020), even though one of
them (globomycin) has been proven to bind and inhibit purified
P. aeruginosa LspA (Vogeley et al., 2016). While this limited activity
could reasonably be ascribed to the poor permeability of the
P. aeruginosa OM (Breidenstein et al., 2011), it cannot be ruled out that
other molecular, genetic, or physiological factors may render this bac-
terium more tolerant to LspA inhibition. In this regard, it is worth noting
that, although IspA was predicted as an essential gene in P. aeruginosa by

CHAPTER 8. Activation of the envelope stress-responsive two-component system AmgRS compensates for depletion
of the essential lipoprotein signal peptidase LspA in Pseudomonas aeruginosa

Current Research in Microbial Sciences 10 (2026) 100565

transposon mutagenesis (Tn-seq) studies under different growth condi-
tions (Lee et al., 2015; Turner et al., 2015; Poulsen et al., 2019), a direct
assessment of the effects of LspA depletion or inactivation in
P. aeruginosa has so far been lacking. In this work, through the genera-
tion and characterization of an IspA conditional mutant, we confirm the
essentiality of LspA for P. aeruginosa growth and cell envelope integrity
and provide evidence that P. aeruginosa can withstand the detrimental
effects of LspA depletion upon activation of the membrane
stress-responsive two-component system (TCS) AmgRS.

2. Materials and methods
2.1. Bacterial strains, plasmids and growth media

Strains and plasmids used in this work are listed in Table S1 and
Table S2, respectively. Bacteria were routinely cultured in Lysogeny
broth, Lennox formulation (LB) for genetic manipulation, supplemented
with 0.5 % arabinose in the case of conditional mutants. Growth and
antibiotic susceptibility assays were performed in Mueller-Hinton broth
(MH), supplemented with arabinose at the indicated concentration
when appropriate. Antibiotics were used at the following concentrations
for Escherichia coli (the concentrations used for P. aeruginosa are shown
in brackets): ampicillin, 100 pg/mL; tetracycline, 12.5 pg/mL (50-100
pg/mL); carbenicillin (500 pg/mL); nalidixic acid, 15 pg/mL; chloram-
phenicol, 30 pg/mL (375 pg/mL).

2.2. Generation of plasmids and mutants

Primers and restriction enzymes used for PCR, cloning, and DNA
sequencing are listed in Table S3.

To obtain the constructs for the generation of P. aeruginosa deletion
mutants, two DNA fragments of approximately 500 bp, encompassing
the upstream and downstream regions of each gene of interest, were
amplified by PCR, directionally cloned into pBluescript II (pBS), and
verified by DNA sequencing. Then, the DNA fragment encompassing the
upstream and downstream regions of each gene was excised from pBS
and sub-cloned into the sacB-based suicide plasmid pDM4 (Milton et al.,
1996). The resulting pDM4 derivatives (Table S2) were transferred into
P. aeruginosa by conjugation, and the transconjugants were selected on
plates containing 15 pg/mL nalidixic acid and 375 pg/mL chloram-
phenicol. Gene deletions were obtained by recombination and
sucrose-based selection as previously described (Lo Sciuto et al., 2022)
and identified by PCR with the primer pairs UP_FW and DOWN RV of
each gene (Table S3). Each deletion was further confirmed by DNA
sequencing.

To generate the IspA conditional mutant, the coding sequence of IspA
was PCR amplified, directionally cloned into the mini-CTX1araC Py
plasmid (Lo Sciuto et al., 2014) downstream of the araC P, regulatory
element, and verified by DNA sequencing. The resulting plasmid was
introduced into P. aeruginosa by conjugation and transconjugants were
selected on LB agar plates containing 15 pg/mL nalidixic acid and 100
pg/mL tetracycline. The plasmid backbone was removed using the
sacB-based suicide vector pFLP2 (Hoang et al., 1998) as previously
described (Lo Sciuto et al., 2022) and pFLP2 was cured by plating onto
LB agar plates supplemented with 10 % sucrose. Carbenicillin-sensitive
clones were analyzed by colony PCR to verify the insertion of the araC
Parai:IspA construct into the chromosome. Then, in-frame deletion of the
endogenous copy of IspA was obtained by recombination and
sucrose-based counterselection, as described above, using the
pDM4AlspA construct (Table S2) and culturing bacteria under permis-
sive conditions (i.e., in the presence of 0.5 % arabinose). The deletion
was verified by PCR and DNA sequencing.
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To obtain the construct for amgs allelic replacement, a 569-bp DNA
fragment containing the mutation of interest was PCR amplified from
the IspA revertant mutant #4 (Table S4), directionally cloned into pBS
for DNA sequencing, and then subcloned into pDM4. Allelic replacement
was obtained by recombination and sucrose-based counterselection, as
described above. The site-specific mutant was verified by PCR and DNA
sequencing.

The plasmids pMEhtpX and pMEyccA (Table S2) were generated by
individually cloning the PCR-amplified coding sequence of htpX or yccA
into the shuttle vector pME6032 (Heeb et al., 2002), downstream of the
IPTG-inducible promoter, and inserts were verified by DNA sequencing.
Primers and restriction enzymes used for PCR and cloning or DNA
sequencing are listed in Table S3.

2.3. Growth assays

For planktonic growth assays, bacteria were precultured in MH,
supplemented with 0.5 % arabinose for the conditional mutants, until
late exponential phase and then refreshed 1:1000 in fresh MH medium,
supplemented or not with 0.5 % arabinose and/or increasing concen-
trations of fucose. Cultures were aliquoted in flat-bottom 96-well mi-
crotiter plates (200 pL in each well) and plates were incubated at 37 °C
in a Tecan Spark 10 M microtiter plate reader. Growth was measured as
the optical density at 600 nm (ODg) of the bacterial cultures.

For plating efficiency assays, bacterial strains were precultured in
MH, supplemented with 0.5 % arabinose for the conditional mutants,
harvested by centrifugation, and resuspended in sterile saline solution at
ODgoo = 1. Serial ten-fold dilutions were prepared in saline solution and
5-uL aliquots of selected dilutions were spotted onto MH agar plates in
the presence or not of 0.5 % arabinose and/or 0.5 % fucose. Plates were
incubated at 37 °C for 24 or 48 h.

To obtain LspA-depleted cells of the IspA and IspA amgS***' condi-
tional mutants, bacteria were cultured overnight in flasks in MH con-
taining 0.5 % arabinose at 37 °C, refreshed at high cell density (1:30
dilution) in MH without arabinose, cultured for 2 h, and then refreshed
again (1:3 dilution) in the same medium. At 2-h intervals, the ODggp was
measured, and aliquots of bacterial cultures were serially 10-fold diluted
in saline solution and plated on MH agar containing 0.5 % arabinose to
determine the number of colony-forming units (CFUs). Cells for mem-
brane permeability assays, sodium dodecyl sulfate (SDS) sensitivity as-
says, RNA extraction, and membrane separation (see below) were
collected when a growth defect was observed in the conditional mutants
with respect to the wild-type or parental strain (Figs. 1C and S2).

2.4. Membrane permeability assay

Exponential-phase cells cultured in MH, or LspA-depleted cells ob-
tained using the dual-refresh strategy described above, were harvested
by centrifugation and resuspended in 5 mM HEPES (pH 7.2) at ODgp =
3. Equal volumes (150 pL) of bacterial suspensions and HEPES solution
containing or not propidium iodide (PI; 40 pg/mL) or 1-N-phenylnaph-
thylamine (NPN; 20 uM) were mixed, and 100 pL of each sample were
aliquoted on a black flat-bottom 96-well microtiter plate. ODgop and
fluorescence were measured in a Tecan Spark 10 M microtiter plate
reader (excitation at 580 nm and emission at 620 nm for PI; excitation at
350 nm and emission at 420 nm for NPN) after 2 min at room temper-
ature, subtracted of the background values of samples without PI or
NPN, and normalized to the ODg of the cell suspension (Cervoni et al.,
2021).

2.5. SDS sensitivity assay

Exponential-phase cells cultured in MH or LspA-depleted cells
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obtained using the dual-refresh strategy described above were harvested
by centrifugation, and pellets were resuspended in saline solution at
ODgop = 1. One hundred-pL aliquots of bacterial suspensions were added
to the same volume of saline solution containing decreasing concen-
trations of SDS (starting from 5 %) (Lo Sciuto et al., 2018). The turbidity
(ODggp) of bacterial suspension was determined after 15 min of incu-
bation at room temperature in a Tecan Spark 10 M microtiter plate
reader.

2.6. Antibiotic sensitivity assay

The resistance profile of bacterial strains to several antibiotics was
assessed by the Kirby-Bauer disc diffusion assay. Bacteria were cultured
in MH until late exponential phase, centrifuged, resuspended at a
theoretical ODg( = 0.08 in sterile saline solution, and swabbed onto MH
agar plates, supplemented with 0.075 % arabinose for the conditional
mutants. Disks containing rifampicin (5 pg), streptomycin (10 pg),
gentamycin (10 pg), imipenem (10 pg), novobiocin (30 pg), tobramycin
(10 pg), or erythromycin (15 pg) (Becton Dickinson) were placed on the
agar surface before incubation of plates. The diameters of the growth
inhibition halos were measured after 24 and 48 h of incubation at 37 °C
(for the wild type and IspA conditional mutants, respectively).

2.7. MIC assays

The MIC of gentamycin, kanamycin, and streptomycin was deter-
mined through the broth microdilution method. Bacteria were precul-
tured in MH, supplemented with 0.5 % arabinose for the conditional
mutants, and then refreshed in the same medium at ca. 5 x 10° cells/mL
in the presence of increasing concentrations of each antibiotic. MIC was
defined as the lowest antibiotic concentration for which no visible
growth was observed after 24 h of incubation at 37 °C under static
conditions.

2.8. Frequency of revertants

To evaluate the frequency of putative revertants, the IspA, lolA, and
IptH conditional mutants were cultured in MH supplemented with 0.5 %
arabinose at 37 °C until early stationary phase, harvested by centrifu-
gation, and resuspended in sterile saline solution at ODggo = 1. Serial 10-
fold dilutions were prepared in saline and plated onto MH agar plates
supplemented with 0.5 % arabinose to measure the number of CFUs.
Revertant clones were selected by plating 50 pL aliquots of the ODgpp =
1 suspension (or of the 107! and 1072 dilutions for the IolA conditional
mutant) onto MH agar plates. Colonies obtained in the absence of
arabinose were counted after 48 h at 37 °C. Frequency of revertants was
calculated as the ratio between the number of revertants (colonies that
appeared on MH agar) and the number of total CFUs plated (colonies
that appeared on MH agar supplemented with arabinose).

2.9. Whole genome sequencing and comparative genomics

Genomic DNA was extracted with the GenElute™ Bacterial Genomic
DNA Kit (Sigma-Aldrich) and quantified using the Qubit 2.0 fluorometer
(Thermo Fisher Scientific). DNA sequencing (2 x 150 bp) was performed
by BMR genomics S.r.l., Padova, Italy, on an Illumina platform (Illu-
mina, Inc., San Diego, US). Quality control of the reads was assessed
with Fastp v0.23.2 (Chen et al, 2018), using parameters
—detect_adapter_for_pe -average qual 20 -length required 35
—qualified quality phred 20 -thread 60, and providing the raw
sequencing reads as inputs.

Pseudomonas_aeruginosa_ PAO1_107 genomic sequence and anno-
tation data were downloaded from https://pseudomonas.com/ (last
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accessed on June 18th 2023).

Haploid variant calling was performed using the Snippy v4.6.0
pipeline (https://github.com/tseemann/snippy) on a Linux kernel, with
parameters —prefix snps -report —unmapped -mapqual 50 —basequal 10
—mincov 8 —minfrac 0.7 -minqual 60 —force, and providing the polished
sequencing reads as well as the reference genome sequence and anno-
tation file (.gbk) as input files. Internally, the pipeline calls freebayes
v1.3.6 (Garrison and Marth, 2012), which is a Bayesian variant detec-
tion tool that identifies small-scale genetic polymorphisms, such as
single-nucleotide polymorphisms, indels and complex variants that are
shorter than the length of a typical short-read sequencing alignment.

Nucleotide variant results, including the constructs insertion sites,
were manually inspected using Tablet v1.21.02.08 (Milne et al., 2013).

2.10. RNA extraction and reverse transcription quantitative PCR (RT-
qPCR)

RNA was extracted from exponential-phase cells cultured in MH
supplemented with 0.5 % arabinose or from LspA-depleted cells ob-
tained using the dual-refresh strategy described above. One-ml aliquots
of bacterial cultures were mixed with 2 mL of RNA Protect Bacteria
Reagent (Qiagen), and RNA was purified using RNeasy Mini Kit (Qia-
gen). Eluted RNA samples were treated with TURBO DNase (Thermo
Fisher Scientific) and SUPERase-In (Ambion) for 1 h at 37 °C. DNase I
was removed upon RNA purification with the RNeasy Column Purifi-
cation Kit (Qiagen). For RT-qPCR, cDNA was reverse transcribed from
0.5 pg of total RNA with Prime Script RT Reagent Kit (Takara). The
cDNA was used as the template for RT-qPCR in an AriaMx Real-Time
PCR System (Agilent) using TB Green Premier EX Taq master mix
(Takara) and the primers listed in Table S3. Relative expression of each
gene with respect to the housekeeping gene rpoD was calculated using
the 2"2A% method (Livak and Schmittgen, 2001).

2.11. Membrane separation

The IM and OM were separated by sucrose gradient ultracentrifu-
gation according to published procedures (Hancock and Nikaido, 1978),
with the following modifications. A total amount of 250 mL of each
bacterial culture from late-exponential phase were harvested by
centrifugation at 4 °C and 3000 x g (in a Sorvall RC-5B Plus centrifuge)
for 30 min. LspA-depleted cells of the IspA conditional mutant were
obtained using the dual refresh strategy described above and collected
when a growth defect was observed with respect to control cultures.
Pellets were washed in 50 mL of 10 mM Tris/HCI buffer (pH 7.8) and
bacterial suspensions were harvested by centrifugations at 4 °C and
3000 x g for 20 min. Cells were resuspended in 10 mL of 10 mM
Tris/HCl buffer containing 20 % sucrose, 50 pg/mL DNAse I, 1 mM
PMSF, and 100 ug/mL lysozyme. The resuspended cells were lysed by
sonication (in a Sonics VCX130 sonicator) on ice for 15 min at 50 % of
amplitude (5" on — 10" off). The cell lysate was clarified by centrifugation
at 5000 x g for 20 min. Cell membranes were collected by centrifuging
the supernatant for 1 h at 210,000 x g (in a Beckman LE-80 ultracen-
trifuge with a SW41 Ti Swinging-Bucket Rotor). Pellets (corresponding
to the total membranes) were resuspended in 1 mL of 10 mM Tris/HCL
buffer containing 25 % sucrose and layered on top of the following su-
crose gradient: 1 mL of 70 % sucrose, 3 ml of 64 % sucrose, 3 ml of 58 %
sucrose, and 3 ml of 52 % sucrose in 30 mM Tris/HCl (pH 7.8). After
centrifugation for 18 h at 210,000 x g, two fractions corresponding to
the layers at the interfaces 0-52 % and 58-64 %, which correspond to
the IM and OM, respectively (Hancock and Nikaido, 1978), were
collected from the top of the gradient and stored at —20 °C.
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2.12. Western blot analyses

Aliquots of the membrane samples were mixed with an equal volume
of 2 x SDS-PAGE loading buffer (0.25 M Tris-HCI pH 6.8, 2 % SDS, 10 %
B-mercaptoethanol, 20 % glycerol). Five uL of SDS-PAGE samples were
loaded onto 15 % polyacrylamide gels. Gels were run, and the proteins
were transferred to nitrocellulose membranes using a Turbo-Blot semi-
dry transfer apparatus from Bio-Rad (Hercules, CA, USA). Immuno-
blotting was performed by incubating the membranes with 5 % milk for
1 h, followed by overnight incubation with anti-XcpY, anti-LptC, or anti-
LptE polyclonal rabbit antibodies (Michel et al., 1998; Lo Sciuto et al.,
2018). Subsequently, incubation with an anti-rabbit IgG
HRP-conjugated secondary antibody (Bio-Rad, Hercules, CA, USA) was
carried out for 1 h. After extensive washes, membranes were incubated
with equal amounts of ECL solutions (Bio-Rad, Hercules, CA, USA) for 1
min at room temperature. Finally, the protein bands were detected using
a ChemiDoc XRS+ system apparatus from Bio-Rad (Hercules, CA, USA).

2.13. Statistics

Statistical analysis was performed with the software GraphPad
Instat, using the unpaired t-test or the One-Way Analysis of Variance
(ANOVA) followed by Kruskal-Wallis multiple comparisons test.

3. Results
3.1. LspA is essential in P. aeruginosa

To assess the function and relevance of LspA in P. aeruginosa, we
generated a conditional mutant carrying an arabinose-inducible copy of
the IspA coding sequence integrated into a neutral chromosomal locus of
the reference strain P. aeruginosa PAO1, together with an in-frame
deletion of the native IspA gene. The resulting mutant, PAO1 araC
P.ra:IspA AlspA, was evaluated for growth in the presence or absence of
arabinose, both in liquid broth and on agar plates. In the absence of
arabinose, complete inhibition of both planktonic and colony growth
was observed (Fig. 1A-B). As expected, arabinose supplementation fully
restored growth, confirming that the growth defects specifically resulted
from LspA depletion. To further assess the impact of LspA on cell
viability, the conditional mutant was serially refreshed under non-
inducing conditions (no arabinose) to progressively decrease LspA
levels until growth arrest occurred (Fig. 1C), then plated on agar plates
containing arabinose to quantify the CFUs. This analysis revealed a slow
but steady decline in cell viability upon LspA depletion (Fig. 1C), indi-
cating that LspA is important not only for growth but also for cell sur-
vival. Overall, these results confirm the essentiality of P. aeruginosa LspA
and its potential as an antibacterial drug target.

3.2. LspA depletion compromises cell envelope integrity

LspA is expected to be responsible for the maturation of all lipo-
proteins, some of which have been reported to play crucial roles in cell
envelope biogenesis and maintenance (Remans et al., 2010; Hoang et al.,
2011; Lo Sciuto et al., 2018; Paulsson et al., 2021). Thus, we evaluated
the effect of LspA depletion on cell envelope integrity and functionality.
First, we assessed cell permeability to the fluorescent probes NPN and PI.
NPN fluorescence increases upon interaction with membrane lipids,
making it a common indicator of OM destabilization in Gram-negative
bacteria, while PI fluoresces upon binding nucleic acids and only pen-
etrates cells with compromised membranes (both OM and IM in
Gram-negatives) (Ma et al., 2020; Sposato et al., 2024). LspA-depleted
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Fig. 1. (A) Growth curves of P. aeruginosa PAO1 and the PAO1 araC P, ,::IspA AlspA conditional mutant (IspA) cultured in microtiter plates in MH, supplemented or
not with 0.5 % arabinose (+ ara). (B) Plating efficiency of the same strains described in panel A on MH agar plates supplemented or not with 0.5 % arabinose (+ ara).
(C) Depletion curves (left panel) and cell viability (right panel) of the same strains described in panel A cultured in flasks. Bacteria were cultured overnight in MH,
supplemented with 0.5 % arabinose for the IspA conditional mutant, refreshed 1:30 in MII without arabinose, and further diluted 1:3 in fresh medium after 2 h. ODgqq
and cell viability (CFU/mL) were monitored every 2 h. Values in panel A and C are the mean (= standard deviation) of three independent experiments, while images
in panel B are representative of three independent experiments.

cells, obtained as shown in Fig. 1C, displayed a 15-fold increase in NPN- is impaired in growth with respect to the wild-type strain (Figure S1),
and Pl-associated fluorescence as compared to wild-type cells, indicative suggesting that it expresses suboptimal levels of LspA. The IspA condi-
of major defects in membrane integrity and permeability barrier tional mutant cultured under this condition displayed sensitivity to
(Fig. 2A). Then, we assessed the sensitivity to the detergent SDS, which novobiocin, rifampicin, and erythromycin (Fig. 2C), antibiotics that are
generally increases in mutants defective in cell envelope stability (Lo poorly active against P. aeruginosa due to limited diffusion across the

Sciuto et al., 2014; Fernandez-Pinar et al., 2015). Again, LspA-depleted OM, and that are commonly used as indicators of OM integrity defects
cells were much more sensitive to the lytic activity of SDS than wild-type (Nikaido, 2005; Lo Sciuto et al., 2014, 2018; Wesseling et al., 2021). In
cells (Fig. 2B). Since defects in the integrity and permeability barrier of addition, the mutant also showed higher susceptibility to tobramycin

the cell envelope are expected to enhance the penetration of antibac- and imipenem (Fig. 2C). In contrast, the mutant displayed wild-type
terial compounds, we also examined the sensitivity of LspA-depleted levels of resistance to streptomycin and gentamycin (Fig. 2C), indi-
cells to several antibiotics through the Kirby-Bauer disc diffusion cating that the strong increase in sensitivity to most antibiotics is not
assay. Given that the IspA conditional mutant does not grow in the simply related to poor growth of the mutant under the culture conditions
absence of the inducer, we preliminarily determined the lowest arabi- used for the disc diffusion assay. Overall, these results align with those of
nose concentration (i.e., 0.075 %) that allows for obtaining a homoge- the NPN/PI permeability and SDS resistance assays, providing evidence
neous bacterial lawn for the conditional mutant (Figure S1). Colony that the permeability barrier of LspA-depleted cells is strongly
growth assays showed that, under this condition, the conditional mutant compromised.
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Fig. 2. (A) NPN- and PI-mediated fluorescence, measured as relative fluorescence units (RFU) normalized to the ODggg of the bacterial suspension, of P. aeruginosa
PAO1 and the PAO1 araC Py,,::lspA AlspA conditional mutant (IspA) cultured in MH using the dual-refresh culturing strategy shown in Fig. 1C. (B) Sensitivity to the
Iytic effect of SDS, measured as a decrease in cell suspension turbidity (ODgg), of the same strains described in panel A cultured in MH using the dual-refresh
culturing strategy shown in Fig. 1C. (C) Antibiotic sensitivity profile of the same strains described in panel A determined through the Kirby-Bauer disk diffusion
assay on MII agar plates, supplemented with 0.075 % arabinose for the IspA conditional mutant. Abbreviations: GM, gentamicin; NB, novobiocin; RIF, rifampicin;
ERY, erythromycin; SM, streptomycin; NN, tobramycin; IMP, imipenem. Values in all panels are the mean (& standard deviation) of three independent experiments.
The asterisks indicate a statistically significant difference with respect to PAO1 (***P< 0.001; **P< 0.01; *P< 0.05; ns, not significant; unpaired t-test).
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Fig. 3. (A) Frequency of revertant mutants of the PAO1 araC P,,::IspA AlspA (IspA), PAOL araC P,,::lolA AlolA (lolA), and PAO1 araC P,,:IptH AlptH (IptH) con-
ditional mutants. Six independent experiments were performed for each strain. The asterisks indicate statistically significant differences (***P< 0.001; ns, not
significant; ANOVA, Tukey’s multiple comparisons test). (B) Growth curves of the IspA conditional mutant and selected IspA revertant mutants (R#) in MII sup-
plemented (right panel) or not (left panel) with 0.5 % arabinose (+ ara). Values are the mean (+ standard deviation) of two independent experiments. Several clones
selected on MH agar plates (panel A) showed very poor or no growth in MH broth and were not included in the graphs.
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Fig. 4. (A) Growth curves of P. aeruginosa PAO1 and the PAO1 araC P,:IspA AlspA (IspA) and PAOL araC Po:lspA AlspA amgS™'™ (IspA amgS*) conditional
mutants in MH, supplemented or not with 0.5 % arabinose (- ara). (B) Plating efficiency of the same strains described in panel A on MH agar plates supplemented or
not with 0.5 % arabinose (+ ara). (C) Aminoglycosides resistance levels of the same strains described in panel A cultured in MI, supplemented with 0.5 % arabinose
for the conditional mutants, measured as minimum inhibitory concentration (MIC) of gentamicin (GM), kanamycin (KM), and streptomycin (SM). (D) Relative
expression levels of the AmgRS-regulated genes hipX and yccA in the IspA amgS* conditional mutant with respect to the IspA conditional mutant. RNA was extracted
from strains cultured in MH supplemented with 0.5 % arabinose. (E) NPN- and PI-mediated fluorescence, measured as relative fluorescence units (RFU) normalized to
the ODgqq of the bacterial suspension, of the same strains described in panel A cultured using the dual-refresh culturing strategy shown in Figure 2. (F) Sensitivity to
the lytic effect of SDS, measured as a decrease in cell suspension turbidity (ODggp), of the same strains described in panel A cultured in MII using the dual-refresh
culturing strategy shown in Figure S2. (G) Antibiotic sensitivity profile of the same strains described in panel A, determined through the Kirby-Bauer disk diffusion
assay on MH agar plates, supplemented with 0.075 % arabinose for the conditional mutants. Abbreviations: GM, gentamicin; NB, novobiocin; RIF, rifampicin; ERY,
erythromycin; SM, streptomycin; NN, tobramycin; IMP, imipenem. (H) Western blot analysis of purified IM and OM fractions, extracted from the strains described in
panel A and cultured as shown in Figure $2, with antibodies against the OM lipoprotein LptE or the IM proteins LptC and XcpY. Uncropped western blot images are
provided in Figure S5. Values in panel C are the mode from three independent experiments. Images in panels B and I1 are representative of at least three experiments.
All the other values are the mean (+ standard deviation) of three (panels A, E-G) or two (panel D) independent experiments. The asterisks indicate statistically
significant differences (***P< 0.001; **P< 0.01; *P< 0.05; ns, not significant; ANOVA, Tukey’s multiple comparisons test).
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3.3. AmgRS induction mitigates the effects of LspA depletion

An important aspect to consider in the evaluation of an essential
protein as a possible drug target is the likelihood of emergence of bac-
terial subpopulations or mutants able to tolerate the depletion or inac-
tivation of the essential protein of interest. So, we aimed to investigate
the frequency of putative revertants (i.e., cells that regain the ability to
grow in the absence of the inducer) by plating cell suspensions of the
IspA conditional mutant, previously cultured under permissive condi-
tions, on agar plates without arabinose. To take into account the impact
of the genetic element araC P,;, on the emergence of revertants, we
included two other arabinose-dependent conditional mutants of
P. aeruginosa in which the lipoprotein transport gene lolA or the LPS
transport gene [ptH is under the control of the same arabinose-dependent
regulatory element (Fernandez-Pinar et al., 2015). The frequency of
revertants was lower for the IspA conditional mutant (about 4 x 107%) as
compared to the two control strains (7 x 10°° for the IolA conditional
mutant and 3 x 10”7 for the IptH conditional mutant) (Fig. 3A). The high
variability in the frequencies of revertants obtained for the three con-
ditional mutants strongly suggests that the results are only marginally
affected by the regulatory element araC P,,, which is identical in all
mutants (Table S1) (Fernandez-Pinar et al., 2015).

To confirm the capability of the IspA revertant clones to grow under
non-inducing conditions, they were cultured in MH broth supplemented
or not with arabinose. Several clones did not grow in liquid medium
(data not shown), suggesting that they have non-inheritable adaptation
(s) and/or that the phenotype is very unstable. In contrast, some clones
(R6, R8, and R16) grew in liquid medium without arabinose; however,
their growth was markedly delayed with respect to the parental strain (i.
e., the IspA conditional mutant) cultured in the presence of arabinose
and was not promoted by arabinose (Fig. 3B). Of note, the clone R4 grew
much better than the others, and its growth was restored to almost
parental levels by arabinose supplementation (Fig. 3B). Whole genome
sequencing and haploid variant calling revealed that clones character-
ized by delayed and arabinose-independent growth carried mutations in
the upstream region of PA3686 (adenylate kinase Adk), while clone R4
harbored a missense mutation in the amgS (PA5199) coding sequence,
causing a proline to histidine substitution at residue 381 (Table S4). The
amgS gene encodes the sensor kinase of the TCS AmgRS, which controls
P. aeruginosa response to membrane stress and is involved in amino-
glycoside resistance (Lee et al., 2009; Lau et al., 2013).

To assess whether the mutation identified in amgS was sufficient to
sustain P. aeruginosa growth when LspA levels are limiting, we replaced
the wild-type amgS allele with the mutated one (amgS"**')) in the IspA
conditional mutant. Notably, the resulting strain was able to grow in the
absence of arabinose (Fig. 4A-B). We therefore focused our attention on
this mutant to gain insight into how P. aeruginosa can adapt to LspA-
limiting levels.

First, we sought to determine whether the P381H substitution acti-
vates or inactivates the TCS AmgRS, which is important for amino-
glycoside resistance and whose regulon has been characterized (Lee
et al., 2009). Notably, the IspA conditional mutant expressing the
Amgsmm H variant showed less sensitivity to different aminoglycosides
and increased expression of two genes (htpX and yccA) whose tran-
scription is positively regulated by AmgRS (Lee et al., 2009), as deter-
mined by MIC assays and RT-qPCR, respectively (Fig. 4C-D). The assays
were performed by culturing bacteria in the presence of arabinose, to
avoid any indirect effect related to LspA depletion. These results indicate
that the P381H substitution activates the AmgRS system, leading to the
induction of AmgRS-regulated genes.

Then, we verified the effect of AmgRS induction on the cell envelope
integrity of LspA-depleted cells, by comparing NPN and PI permeability,
as well as SDS and antibiotic sensitivity, between the wild-type strain
and IspA conditional mutants carrying or not the amgSPsa“'l allele,
cultured in the presence of limiting concentrations of arabinose. AmgRS
activation caused by the P381H substitution was found to attenuate the
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permeability barrier defects of LspA-depleted cells (Fig. 4E) and restore
SDS and antibiotic resistance in the IspA conditional mutant to almost
wild-type levels (Fig. 4F-G). The amgspg81H allele did not significantly
affect cell envelope integrity or resistance to non-aminoglycoside anti-
biotics when bacteria were cultured in the presence of arabinose
(Figure S3), confirming that its effects are specific to LspA-depleted
cells. Overall, these findings suggest that gain-of-function mutations in
the AmgRS system can partially rescue growth and cell envelope
integrity defects caused by LspA depletion.

Notably, the rescue effect of AmgS1J381H does not appear to depend
on AmgRS-induced expression of IspA in the arabinose-dependent con-
ditional mutant. Indeed, as shown in Figure S4, the basal levels of the
IspA mRNA were not increased in the IspA amgsmsm conditional mutant
as compared to the IspA conditional mutant under non-inducing condi-
tions (no arabinose). Moreover, the growth of the IspA amgSP381H mutant
was not affected by fucose, which, in contrast, efficiently inhibited
arabinose-mediated growth promotion in the IspA mutant, in line with
its ability to prevent AraC-mediated transcriptional induction (Schleif,
2010). Overall, these findings rule out the possibility that AmgRS can
induce IspA expression, either directly or through enhanced induction of
AraC. This is in line with the observation that the subcellular localiza-
tion of the OM lipoprotein LptE, used as a proxy for testing the func-
tionality of the lipoprotein maturation pathway, was still largely
defective in IspA amgS™!!! cells, as shown by membrane separation
experiments and western blot analysis (Fig. 4H). Moreover, compared to
LspA-replete cells, both IspA and IspA amgS™®" cells grown without
arabinose showed a relevant proportion of IM proteins (i.e., LptC and
XcpY) in the OM fraction (Fig. 4H). This denotes poor membrane sep-
aration, which often occurs in mutants exhibiting some degree of cell
envelope instability (Lo Sciuto et al., 2018; Mychack et al., 2019; El
Rayes et al., 2021). Overall, these data suggest that the amgspssm allele
supports the growth of LspA-depleted cells without directly restoring
lipoprotein maturation.

3.4. Growth of LspA-depleted cells relies on the AmgRS-regulated
membrane proteins htpXand yccA

In the attempt to elucidate the mechanism by which AmgRS restores
growth and partially rescues cell envelope functionality of LspA-
depleted cells, we searched the literature to identify AmgRS-regulated
genes that could potentially contribute to alleviating the detrimental
effects of defective lipoprotein maturation. In E. coli, genetic inactiva-
tion or chemical inhibition of lipoprotein maturation enzymes leads to
the accumulation of pro/apolipoproteins in the IM (Hussain et al., 1980;
Mychack and Janakiraman, 2021; Diao et al., 2021; Legood et al., 2022).
Interestingly, a similar effect is observed upon aminoglycoside treat-
ment. Indeed, these antibiotics interfere with translation and increase
the frequency of ribosome misreading, leading to the release of aberrant
and misfolded proteins that can compromise the cytoplasmic membrane
barrier (Davis et al., 1986; Davis, 1987; Lau et al., 2015). It has been
shown that the role of AmgRS in aminoglycoside resistance is mainly
due to the activity of three IM proteins (HtpX, YccA, and PA5528),
whose expression is increased upon AmgRS activation (Lee et al., 2009;
Hinz et al., 2011; Lau et al., 2015) (Fig. 5A). Although none of these
proteins have been characterized in P. aeruginosa, the E. coli orthologs of
htpX and yccA encode an IM protease and a modulator of the
IM-anchored protease FtsH, respectively (I(ihara et al., 1998; Sakoh
et al., 2005). HtpX and FtsH play major roles in the proteolytic quality
control of E. coli membrane proteins (Akiyama, 2009). In contrast, the
role of PA5528 cannot be predicted, as it is annotated as a hypothetical
protein with unknown function (https://pseudomonas.com).

To verify if HtpX, YccA, and PA5528 contribute to AmgRS-mediated
rescue of LspA-depleted P. aeruginosa cells, we generated single, double,
and triple deletion mutants in the corresponding genes in the IspA
amgSPBMH conditional mutant (Table S1), and assessed their ability to
grow in the presence or absence of arabinose. All the single mutants and
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Fig. 5. (A) Schematic representation of the AmgRS signaling pathway in P. aeruginosa and its role in membrane stress adaptation and aminoglycoside resistance. (B)
Plating efficiency of the conditional mutant PAO1 araC P,.::IspA AlspA (parental strain) and its derivatives carrying single or multiple deletions in the hipX, yccA,
and/or PA5528 genes on MH agar plates supplemented or not with 0.5 % arabinose (+ ara). Images in panel B are representative of three experiments. (C) Growth
curves of the same strains described in panel B cultured in MII with or without 0.5 % arabinose (+ ara). Values are the mean (+ standard deviation) of three in-

dependent experiments.

the double mutants AhtpX APA5528 and AyccA APA5528 did not show
relevant growth differences with respect to the parental strain IspA
amgs"** ™M both in solid and liquid medium (Fig. 5B-C). In contrast, the
growth of the double mutant AhtpX AyccA and of the triple mutant was
abrogated in the absence of arabinose. Arabinose restored the growth of
these mutants to levels comparable to the parental strain (Fig. 5B-C),
indicating that the growth defects associated with the loss of both HtpX
and YccA are specific to LspA-depleted cells. This result highlights HtpX
and YccA as essential players of AmgRS-mediated rescue of LspA-
depleted cells, leading us to speculate that these IM proteins somehow
counteract the damage caused by impaired lipoprotein maturation in
P. aeruginosa. However, ectopic overexpression of HtpX or YccA in the
IspA conditional mutant was not able to restore growth under non-
inducing conditions (Figure S6). This finding indicates that AmgRS-
mediated induction of htpX and yccA gene expression is not sufficient
to sustain the growth of LspA-depleted P. aeruginosa cells, implying that
additional AmgRS-regulated factors are likely to contribute to this
adaptive response.

4. Discussion

The experimental validation of gene essentiality and the investiga-
tion of the effects of the depletion or inactivation of essential proteins
are critical for the selection of suitable targets for the rational design of
antibacterial drugs (Hogan and Cardona, 2022). In this work, we
focused on the lipoprotein-specific signal peptidase LspA, which was
predicted to be essential in P. aeruginosa based on transposon random
mutagenesis studies (Lee et al., 2015; Turner et al., 2015; Poulsen et al.,
2019) and represents the target of both natural and synthetic antibac-
terials, which, however, are basically ineffective against P. aeruginosa
(Gerth et al., 1982; Onishi et al., 1984; Kiho et al., 2003;
2020).

Here, we demonstrated that LspA depletion in P. aeruginosa causes
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growth arrest, loss of cell viability, and severe defects in cell envelope
integrity (Figs. 1 and 2), confirming the essentiality of this protein and
its suitability as a target for the development of anti-P. aeruginosa
compounds. A genetic screen for suppressor mutations able to restore
the growth of LspA-depleted P. aeruginosa cells showed that the fre-
quency at which these mutations occur is lower as compared to muta-
tions supporting the growth of isogenic cells depleted of other essential
proteins involved in either lipoprotein or LPS transport to the OM
(Fig. 3). This suggests that off-target mutations that can compensate for
growth-limiting levels (or activity) of LspA are rare in P. aeruginosa,
further pointing out LspA as a promising antibacterial drug target.

The characterization of suppressor mutants revealed that activation
of the TCS AmgRS can partly restore growth and cell envelope func-
tionality in LspA-depleted cells (Fig. 4), and that this rescue effect is
apparently related to increased expression of two membrane proteins
(HtpX and YccA) likely involved in proteolytic control of membrane
proteins (Fig. 5). It is important to emphasize, however, that this finding
does not imply that LspA is dispensable for P. aeruginosa growth. Indeed,
all our attempts to delete IspA from a strain with a constitutively active
AmgRS system (PAO1 amgSPleH) failed, indicating that AmgRS acti-
vation can support the growth of LspA-depleted cells but cannot over-
come the essentiality of this protein. This is indirectly corroborated by
membrane fractionation experiments showing that a representative OM
protein is still partially localized in the OM in LspA-depleted cells
(Fig. 4), suggesting that LspA depletion in the conditional mutant does
not completely abrogate LspA activity.

AmgRS was originally identified for its role in intrinsic amino-
glycoside resistance in P. aeruginosa (Lee et al., 2009; Lau et al., 2013).
AmgRS controls the expression of dozens of genes, primarily involved in
proteolysis and membrane transport, and has been proposed to play a
role in the adaptive response to membrane stress, such as that caused by
aminoglycoside-induced translational misreading (Lee et al., 2009). So,
it is tempting to speculate that its activation in LspA-depleted cells
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alleviates the damage caused by impaired lipoprotein processing and
transport, rather than rescuing the defect in lipoprotein maturation it-
self. This hypothesis aligns with the observation that P. aeruginosa does
not tolerate complete loss of LspA, even when AmgRS is induced.
Interestingly, AmgRS-mediated aminoglycoside resistance requires
three AmgRS-regulated IM proteins, a protease (HtpX), a modulator of
FtsH activity (YccA), and a protein with unknown function (PA5528), as
AmgRS was found to no longer confer aminoglycoside resistance in a
P. aeruginosa triple mutant lacking these proteins (Hinz et al., 2011). In
addition, HtpX and PA5528 are also necessary for AmgRS-mediated
induction of the MexXY efflux pump, even if the underlying mecha-
nism has not been elucidated (Lau et al., 2015). Overall, this body of
evidence aligns with our finding that the concomitant loss of HtpX and
YccA abolishes the growth-rescue effect of AmgRS activation in
LspA-depleted cells (Fig. 5). Therefore, it can be argued that these
membrane proteins contribute significantly to the stress response
mediated by AmgRS. However, it remains unclear whether they directly
mitigate the negative effects caused by LspA depletion or are somehow
required to support the impact of AmgRS hyperactivation in
LspA-depleted cells. The protease HtpX has been extensively charac-
terized in E. coli (Sakoh et al., 2005; Yoshitani et al., 2019), but its
physiological role and substrate specificity have not been investigated in
P. aeruginosa. The possible function of YccA is even more elusive. Based
on the observation that YccA is a substrate of the IM protease FtsH in
E. coli, and that the expression of an FtsH-insensitive YccA variant can
hamper FtsH proteolytic activity (Kihara et al., 1998), this protein has
been proposed to function as an FtsH inhibitor (van Stelten et al., 2009).
However, how YccA actually modulates FtsH in E. coli has not been
clarified, and whether this putative function is conserved in P. aeruginosa
is yet to be determined. Given this lack of information, any hypothesis
about the mechanisms by which HtpX and YccA could make LspA
depletion more tolerable for P. aeruginosa cells would be purely tentative
without a thorough investigation of their biochemical activity and
physiological role in this bacterium. Nevertheless, it is tempting to
speculate that their activity might mitigate the detrimental effects of
pro-/apolipoprotein accumulation in the IM resulting from impaired
lipoprotein maturation (Hussain et al., 1980; Mychack and Janakira-
man, 2021; Diao et al., 2021; Legood et al., 2022). It is also noteworthy
that, while HtpX or YccA are required for AmgRS-mediated rescue of
LspA-depleted cells, we observed that their overexpression alone is not
sufficient to support the growth of these cells, strongly suggesting that
other AmgRS-regulated genes are involved. Further studies will be
needed to clarify the mechanism underlying the rescue effect mediated
by HtpX and YccA in LspA-depleted P. aeruginosa cells and to identify the
additional contributing factors.

5. Conclusion

Overall, this work experimentally confirms that LspA represents a
promising target for novel anti-P. aeruginosa agents, as LspA is strictly
essential for growth, and off-target mutations capable of compensating
for growth-limiting levels of LspA appear to be comparatively rare.
Moreover, LspA depletion causes severe defects in cell envelope integ-
rity and increases antibiotic susceptibility, making LspA inhibition a
valuable strategy also for the development of antibiotic adjuvants.
However, activation of a TCS involved in membrane stress response
(AmgRS) can alleviate the damage caused by LspA depletion in
P. aeruginosa. This observation is consistent with previous studies
showing that the TCSs CpxAR and BfmRS protect E. coli and Acineto-
bacter baumannii, respectively, from defects in OM lipoprotein biogen-
esis and/or transport (Grabowicz and Silhavy, 2017; May et al., 2019;
Marotta et al., 2025). Even if these three TCSs are not orthologs, they
have partially overlapping regulons and control envelope stress-related
functions (Lee et al., 2009; Marotta et al., 2025). Thus, our finding
further strengthens the link between envelope stress-responsive TCSs
and lipoprotein maturation defects in Gram-negative bacteria, and
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further highlights the importance of considering this aspect when
evaluating the efficacy of antibacterials targeting lipoprotein matura-
tion or transport.
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In this thesis novel insights into the molecular mechanisms involved in the assembly and the
maintenance of the Gram-negative cell envelope were offered, thereby contributing to a better
understanding of its structure and function.

First, a systematic investigation of AsmA-like proteins in the Gram-negative bacterium P. aeruginosa
was provided, which revealed the presence of four essential members of this protein family. Three of
these are homologous to the previously characterized E. coli proteins (i.e. TamB, YhdP and YdbH),
and are functionally conserved in P. aeruginosa, as well as their relative contribution to GPL
anterograde transport and OM homeostasis, with YhdP playing a more critical role than TamB and
YdbH. Notably, we also identified an additional AsmA-like protein absent in E. coli, which we named
EpaF, that is involved in the same functional pathway as the other essential AsmA-like proteins,
thereby expanding the AsmA-likeprotein network involved in OM homeostasis. Through the
generation of YhdP structural variants and YdbH-YhdP hybrid proteins, we showed that the C-
terminal hydrophobic a-helices of YhdP are essential for its function in maintaining OM integrity,
likely by mediating membrane interaction and/or facilitating GPL insertion into the OM. We
demonstrated that the function of P. aeruginosa YdbH depends on the OM lipoprotein YnbE, but this
requirement can be bypassed by the fusion of YdbH with the C-terminal hydrophobic region of YhdP,
provided the fusion protein is long enough to span the periplasmic space. Notably, both P. aeruginosa
YhdP and the long YdbH-YhdP fusion remain active in the heterologous host E. coli, supporting the
idea that the C-terminal hydrophobic region of YhdP carries intrinsic, transferable properties crucial
for AsmA-like protein function in Gram-negative bacteria. The combination of this hydrophobic
region and the overall protein length compatible with a trans-periplasmic bridge likely underlies the
dominant role of YhdP in maintaining OM homeostasis relative to other AsmA-like proteins. Overall,
our findings are consistent with a model in which the hydrophobic C-terminus of YhdP promotes
interaction with the OM, potentially enabling GPL delivery in the absence of additional protein
partners. Despite the progress achieved in this thesis in defining the role of AsmA-like proteins in
OM homeostasis, key mechanistic aspects of their function remain unresolved, including the
biological significance of AsmA-like protein redundancy. Multiple members of this family coexist
within the same organism and contribute to a shared functional pathway, yet with unequal importance.
This redundancy may provide robustness to OM biogenesis, ensuring continuity of phospholipid
transport under dynamic environmental conditions, although different AsmA-like proteins may be
specialized for distinct physiological contexts or substrates. One intriguing possibility is that this
diversification reflects lipid species-specificity. Gram-negative bacteria produce heterogeneous

phospholipid populations that vary in headgroup composition and acyl chain properties, and it is
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conceivable that individual AsmA-like proteins preferentially bind or transport specific GPL species,
thereby fine-tuning OM composition and asymmetry. If so, what appears as redundancy may in fact
represent functional specialization embedded within a shared transport framework. Future studies
addressing lipid-binding specificity and structural determinants of substrate selection will be crucial
to distinguish between true redundancy and species-specific specialization within the AsmA-like
protein family. In addition to the essential AsmA-like proteins, the P. aeruginosa genome encodes
other AsmA-like proteins whose roles remain unclear. Based on the assays performed in our studies,
these proteins do not appear to play a major role in OM biogenesis or homeostasis under the
conditions tested, although their divergence and conservation suggest they may fulfill context-
dependent or yet unidentified functions. Finally, it is still unclear how GPLs are extracted from IM
and loaded onto these proteins prior to transport toward the OM. Whether AsmA-like proteins directly
extract phospholipids from the OM bilayer, receive them from yet unidentified accessory factors, or
interact with dedicated lipid-donating complexes remains to be determined. Clarifying how GPLs are
initially captured and subsequently delivered across the periplasm represents a central challenge for
understanding this transport pathway. It has been proposed that proteins belonging to the DedA family
proteins may act as functional partners of AsmA-like proteins, assisting in the extraction of GPLs
from the IM. This hypothesis largely stems from evidence that eukaryotic homologs of DedA and
AsmA-like proteins physically interact and cooperate in inter-organelle lipid trafficking, particularly
during lipid transfer from the endoplasmic reticulum to the autophagosomal membrane. However,
our observation that deletion of individual DedA proteins did not affect the growth of P. aeruginosa
mutant strains whose viability depends on a single essential AsmA-like protein challenges this
hypothesis, suggesting that DedA-mediated GPL transport is unlikely to represent the mechanism by
which bacterial AsmA-like proteins extract GPLs from the IM. While the involvement of other IM
proteins interacting with AsmA-like proteins and assisting in GPL uptake cannot be excluded, it is
worth noting that molecular dynamics simulations predict YhdP to be capable of extracting GPLs
from model membranes. This observation supports the idea that GPLs may enter the periplasmic
groove of AsmA-like proteins independently of protein partners, potentially driven by GPL
concentration gradients across the cell envelope. Future biochemical and biophysical studies will be
required to clarify this aspect.

Our further studies on DedA family proteins led to the identification of two key players in Und-P
recycling in P. aeruginosa, namely PA4029 and PA4011. On one hand, we observed that deletion of
PA4029 increased sensitivity to the Und-P de novo synthesis-targeting antibiotic fosmidomycin and
reduced P. aeruginosa ability to develop colistin resistance. In P. aeruginosa colistin resistance is

usually linked to the addition of L-Ara4N to lipid A, which requires Und-P as lipid carrier for the
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transport of the precursor. In this context, absence of PA4029 may reduce precursor flux, limiting the
supply of lipid-linked intermediates, thus preventing L-Ara4N lipid A modification in favor of
essential processes that require Und-P, such as peptidoglycan biosynthesis, thereby explaining the
observed reduced capacity of evolve colistin resistance of APA4029 cells. In addition, biochemical
analyses confirmed that PA4029 binds Und-P in a concentration-dependent manner, and that this
interaction can be disrupted by the Und-P-targeting antibiotic amphomycin. Moreover, binding to
Und-P was clearly favored in mixed-lipid assays with other phospholipids, supporting the hypothesis
that PA4029 is not a general lipid transporter but has high specificity for Und-P. Taken together, these
findings place PA4029 within the DedA-mediated Und-P recycling pathway and underscore its
importance for cell envelope homeostasis. Future work should focus on the direct in vitro
reconstitution of flipping activity, as well as on high-resolution structural studies of PA4029 in
complex with C55-P. On the other hand, PA4011 appears to play a key role in Und-P recycling by
functioning as an Und-PP phosphatase. In addition to a DedA domain, PA4011 contains a PAP2-like
domain homologous to those of the E. coli phosphatases YbjG, PgpB, and LpxT, which are known
to participate in Und-PP dephosphorylation, together with UppP. Consistent with this functional
relationship, deletion of the P. aeruginosa uppP ortholog in the APA4011 background increased
sensitivity to EDTA and fosmidomycin and caused growth arrest at 25°C, a condition under which
IpxT expression is strongly reduced. Moreover, depletion of LpxT by conditional mutagenesis
completely abolished growth of the APA4011 AuppP strain. These genetic interactions indicate that
PA4011, UppP, and LpxT contribute to a shared essential function, most likely the dephosphorylation
of Und-PP, and that loss of multiple components of this pathway critically compromises Und-P
availability. Finally, structure-function analyses based on PA4011 variants carrying amino acid
substitutions in putative catalytic residues, as well as constructs expressing either the DedA or the
PAP2-like domain alone, confirmed that PA4011 activity primarily relies on its phosphatase domain
and suggested that it is independent of the DedA domain.

While our genetic and physiological data strongly support a role for PA4011 in Und-PP
dephosphorylation, definitive confirmation of this function will require in vitro biochemical assays
directly demonstrating its catalytic activity toward Und-PP. Moreover, the specific contribution of
the DedA domain to PA4011 function remains unclear. Our results show that the PAP2-like domain
retains its function even in the absence of the DedA domain, indicating that the latter is not essential
for enzymatic activity or for proper folding of the PAP2-like domain in the inner membrane. Notably,
overexpression of the wild-type PA4011 is highly toxic, whereas the PAP2-like domain is not.
Although this result should be interpreted with caution, it may indicate that the DedA domain of

PA4011 is unlikely to be a mere evolutionary remnant but may instead have a biological function in
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P. aeruginosa cells. Similarly, the physiological roles of other DedA family proteins remain
unresolved, as their deletion did not result in detectable phenotypes under the conditions tested,
suggesting that these proteins may have context-dependent or distinct functions unrelated to Und-
P(P) recycling.

Finally, we identified the lipoprotein signal peptidase LspA as an essential and promising
antibacterial target in P. aeruginosa. Depletion of LspA caused growth arrest, loss of viability, and
severe defects in cell envelope integrity, confirming its suitability for anti-P. aeruginosa drug
development. We observed that mutations compensating for growth-limiting levels of LspA arise at
a lower frequency than for other essential envelope-related proteins, indicating limited potential for
resistance through off-target mutations. However, we uncovered that activation of the envelope
stress-responsive two-component system AmgRS partially alleviates the defects caused by LspA
depletion, yet it remains insufficient to bypass LspA essentiality, as complete deletion of IspA
remained lethal. These findings suggest that AmgRS mitigates envelope stress resulting from
impaired lipoprotein maturation rather than restoring lipoprotein processing itself.

This finding aligns with previous studies indicating that the TCSs CpxAR and BfmRS help protect
E. coli and A. baumannii, respectively, from defects in OM lipoprotein biogenesis or transport.
Although these three TCSs are not direct orthologs, they share partially overlapping regulons and
govern functions related to envelope stress. Consequently, our results reinforce the connection
between envelope stress-responsive TCSs and lipoprotein maturation defects in Gram-negative
bacteria, emphasizing the critical need to account for this factor when assessing the effectiveness of

antibacterials targeting lipoprotein maturation or transport.
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topic of my PhD thesis

During my PhD, I also worked on a side project aimed at characterizing the P. aeruginosa apaH gene, which
resulted in a publication in which I am a co-first author (“The diadenosine tetraphosphate hydrolase ApaH
contributes to Pseudomonas aeruginosa pathogenicity”, published in PLoS Pathogens in 2024). ApaH encodes
a hydrolase of diadenosine tetraphosphate (Ap4A), a compound with a still poorly understood role in bacteria.
While Ap4A production generally increases under stress conditions, its classification as either a second
messenger or a damage metabolite remains debated. In this study, we demonstrated that the absence of ApaH,
which leads to intracellular accumulation of Ap4A, impaired P. aeruginosa growth under iron-depleted
conditions and caused a decrease in the production of various virulence factors, both in laboratory and clinical
strains. Most importantly, apaH deletion reduced the bacterium’s ability to cause infection in different models,
including a murine pulmonary infection model. Taken together, these results highlighted ApaH as a promising
target for the development of anti-virulence compounds.

Finally, during the last months of my PhD, I also participated in a collaboration with the group of Prof. Federica
Briani (Department of Biosciences, University of Milan) for a study aimed at investigating the adsorbtion
mechanisms of the P. aeruginosa bacteriophage DEV, leading to the identification of the essential OMP LptD
as the phage secondary receptor (“Pseudomonas aeruginosa DEV phage exploits the essential LptD outer
membrane protein as receptor for adsorption”, accepted for publication in mBio on December 15%, 2025). My
contribution to this work consisted in the generation of P. aeruginosa mutants expressing LptD variants lacking
specific extracellular loops. These mutants were instrumental for confirming the interaction interface between
LptD and the phage receptor-binding proteins and assessing the effects of LptD alterations on phage adsorption
efficiency.

Both these works are provided in this Appendix.
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Abstract

The opportunistic bacterial pathogen Pseudomonas aeruginosa causes a wide range of
infections that are difficult to treat, largely because of the spread of antibiotic-resistant iso-
lates. Antivirulence therapy, /.e. the use of drugs that inhibit the expression or activity of viru-
lence factors, is currently considered an attractive strategy to reduce P. aeruginosa
pathogenicity and complement antibiotic treatments. Because of the multifactorial nature of
P. aeruginosa virulence and the broad arsenal of virulence factors this bacterium can pro-
duce, the regulatory networks that control the expression of multiple virulence traits have
been extensively explored as potential targets for antivirulence drug development. The intra-
cellular signaling molecule diadenosine tetraphosphate (Ap4A) has been reported to control
stress resistance and virulence-related traits in some bacteria, but its role has not been
investigated in P. aeruginosa so far. To fill this gap, we generated a mutant of the reference
strain P. aeruginosa PAO1 that lacks the Ap4A-hydrolysing enzyme ApaH and, conse-
quently, accumulates high intracellular levels of Ap4A. Phenotypic and transcriptomic analy-
ses revealed that the lack of ApaH causes a drastic reduction in the expression of several
virulence factors, including extracellular proteases, elastases, siderophores, and quorum
sensing signal molecules. Accordingly, infection assays in plant and animal models demon-
strated that ApaH-deficient cells are significantly impaired in infectivity and persistence in
different hosts, including mice. Finally, deletion of apaHin P. aeruginosa clinical isolates
demonstrated that the positive effect of ApaH on the production of virulence-related traits
and on infectivity is conserved in P. aeruginosa. This study provides the first evidence that
the Ap4A-hydrolysing enzyme ApaH is important for P. aeruginosa virulence, highlighting
this protein as a novel potential target for antivirulence therapies against P. aeruginosa.
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Author summary

Novel therapeutic interventions are urgently needed to address the threat of antimicrobial
resistance. Inhibition of the virulence potential of bacterial pathogens, the so called anti-
virulence approach, is an alternative or complementary strategy to standard antibiotic-
based therapies. The identification of suitable targets is essential to promote and advance
antivirulence drug discovery programs. By combining in vitro analyses and in vivo infec-
tion assays, we demonstrated that the enzyme ApaH, which is responsible for the degrada-
tion of the intracellular signaling molecule diadenosine tetraphosphate, contributes to the
virulence of the important human pathogen Pseudomonas aeruginosa. Indeed, loss of
ApaH drastically reduces the production of several virulence factors in both laboratory
and clinical isolates, and impairs P. aeruginosa ability to cause infection in plant, insect
and rodent models. These results, together with the absence of ApaH homologues in
mammals, make ApaH a promising target for the development of anti-P. aeruginosa anti-
virulence drugs.

Introduction

Pseudomonas aeruginosa is a Gram-negative bacterium widely studied for its pathogenic
nature, particularly in the context of opportunistic infections in hospitalized, immunocompro-
mised and cystic fibrosis (CF) individuals [1]. A recent study associated P. aeruginosa with
more than 500,000 deaths in 2019 globally [2]. The bacterium is well known for its metabolic
plasticity, capability to thrive in many different environments, large arsenal of virulence fac-
tors, and resistance to multiple antibiotics [3-5]. The latter is due to inherent low membrane
permeability and expression of several efflux pumps, as well as to the ability to readily acquire
new resistance determinants via mutations or horizontal gene transfer [6,7].

Successfully thriving in diverse environments requires complex regulatory networks that
help bacterial cells perceive the environment and adapt their behavior. P. aeruginosa has a
large genome (6.3 Mb for the reference strain PAO1), 10% of which is dedicated to regulatory
networks, reflecting its high versatility and the wide range of environments and hosts it can
inhabit [8]. The contribution of quorum sensing (QS) systems, two-component systems, and
nucleotide-based second messengers to P. aeruginosa stress response, metabolic versatility,
switch from planktonic to biofilm lifestyle, and virulence gene regulation has been extensively
investigated [3,9-11]. Concerning the roles of nucleotide-based second messengers in P. aeru-
ginosa, the stringent response alarmone guanosine tetraphosphate (ppGpp) promotes survival
under nutrient starvation and antibiotic tolerance [12], cyclic di-GMP (c-di-GMP) is the pri-
mary intracellular signal that controls biofilm development [13], while cyclic AMP triggers vir-
ulence gene expression in response to surface sensing [14]. Notably, to date the role of another
widely distributed nucleotide-based second messenger, i.e diadenosine tetraphosphate
(Ap4A), has not been explored in this bacterium.

Ap4A (or Ap3A) has been found in all kingdoms of life and consists of two adenosines
linked by a polyphosphate chain containing four (or three) phosphates [15,16]. Ap4A is pri-
marily generated as a side product of aminoacyl-tRNA synthetase activity [17] and its levels
increase in response to several types of stress [18]. Ap4A intracellular homeostasis relies on the
activity of Ap4A-hydrolyzing enzymes, such as the diadenosine tetraphosphatase ApaH or
members of the versatile family of Nudix hydrolases [18-20]. ApaH appears to play a promi-
nent role in Ap4A homeostasis in Gram-negative bacteria [18,21]. Since its discovery decades
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ago, there has been debate about the function of Ap4A, leading to the alternative hypotheses
that Ap4A may be either a damage metabolite or an intracellular signaling molecule [18,22].

Several studies have demonstrated that Ap4A has pleiotropic effects in bacteria. In the
model organism Escherichia coli, Ap4A has been found to affect the timing of cell division
[23], repress motility [24], increase sensitivity to heat and oxidative stress [25], and reduce tol-
erance to aminoglycoside antibiotics [26,27]. Regarding other bacteria, Ap4A has a negative
impact on sporulation in Myxococcus xanthus [28], reduces oxidative stress resistance in Heli-
cobacter pylori [29], and limits invasion of mammalian cells by Salmonella enterica [21], while
it promotes biofilm formation in Pseudomonas fluorescens [30].

By combining genetic, transcriptomic, and phenotypic in vitro analyses with in vivo infec-
tion assays, in this study we demonstrate that ApaH inactivation in P. aeruginosa leads to
intracellular accumulation of Ap4A and drastically reduces virulence gene expression and
pathogenicity. This work paves the way for the investigation of regulatory mechanisms under-
lying Ap4A-mediated control of P. aeruginosa virulence and for the exploitation of ApaH as a
novel potential target for antivirulence drug discovery.

Results and discussion

Effect of Ap4A accumulation on P. aeruginosa growth and biofilm
formation

In order to verify the influence of Ap4A in P. aeruginosa physiology, we generated a clean
apaH deletion mutant in the reference strain PAO1. Growth assays in the rich medium Lysog-
eny broth (LB) showed that the apaH mutant has slightly reduced growth rates (doubling time
of 37 and 40 minutes for the wild type and mutant, respectively) and anticipates the entry into
the stationary phase, reaching cell densities 2.3-fold lower than the wild type strain (Fig 1A).
Mass spectrometry analysis showed that Ap4A levels in cell extracts are 25-fold higher in the
apaH mutant with respect to the wild type strain (Fig 1B). The ectopic expression of apaH
from the pMEapaH plasmid in the apaH mutant restored both growth and Ap4A intracellular
concentration at wild type levels (Figs 1A, 1B and S1). It was reported that Ap4A promotes
biofilm formation in P. fluorescens, in line with the increase in c-di-GMP intracellular levels
observed in ApaH-deficient P. fluorescens cells [30]. We therefore investigated the impact of
ApA4 on biofilm formation in P. aeruginosa. Surprisingly, we did not observe any difference
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Fig 1. (A) Growth curves and (B) intracellular Ap4A levels of the wild type strain P. aeruginosa PAO1 and the isogenic deletion mutant AapaH,
carrying or not the pMEapaH plasmid, cultured in flasks at 37°C in LB, supplemented with 100 uM IPTG in the case of AapaH pMEapaH. The control
strains with the empty plasmid pME6032 are shown in S1 Fig. (C) Biofilm formation of PAO1 and AapaH in LB in 96-well polystyrene microtiter plates
after 24-h incubation at 37°C. (D) Intracellular c-di-GMP levels of PAO1 and AapaH cultured in LB at 37°C. Cells for Ap4A and c-di-GMP
quantification were collected after 12 h of growth. Values are the mean (+ standard deviation) of at least three independent experiments. Asterisks
indicate a statistically significant difference (P < 0.001) with respect to PAO1 (ANOVA).

https://doi.org/10.1371/journal.ppat.1012486.9001
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in either biofilm formation or c-di-GMP intracellular levels between wild type and AapaH
cells (Fig 1C and 1D). Overall, these experiments demonstrate that the lack of ApaH causes a
marked increase in the Ap4A intracellular levels also in P. aeruginosa and that Ap4A accumu-
lation has a negative impact on planktonic growth in this bacterium. In contrast, increased
Ap4A levels do not appear to affect biofilm formation or c-di-GMP homeostasis in P. aerugi-
nosa, suggesting that the cellular pathways affected by Ap4A may differ significantly also
between closely related species. Notably, a slight 20% decrease in the ADP levels was observed
in the AapaH mutant with respect to the wild type, while ATP levels were comparable between
the two strains (52 Fig). The effect of ApaH depletion on ADP levels seems to be specific, as no
differences were observed in GDP and GTP levels (S2 Fig). This result is in line with the activ-
ity of ApaH as a symmetric diadenosine tetraphosphatase which cleaves Ap4A in two ADP
molecules [19,20], and also suggests that Ap4A accumulation has a minor impact on the
energy status of the cells.

Ap4A does not affect P. aeruginosa susceptibility to antibiotics

Previous works showed that apaH inactivation in P. aeruginosa (i) slightly induces the expres-
sion of the colistin resistance gene eptA, without however affecting colistin resistance [31], and
(ii) makes P. aeruginosa cells harboring an aminoglycoside resistance plasmid more suscepti-
ble to killing by millimolar concentrations of kanamycin [26]. To verify whether Ap4A hasa
general effect on antibiotic resistance in P. aeruginosa, the resistance profile of PAO1 and
AapaH cells was compared through the Kirby-Bauer disc diffusion assay. As shown in Fig 2A,
apaH inactivation and, thus, Ap4A accumulation does not increase sensitivity to any of the
antibiotics tested, including clinically relevant antibiotics used to treat P. aeruginosa infections
(i.e., ciprofloxacin, imipenem, tobramycin, gentamycin) or antibiotics that are only active
against P. aeruginosa mutants with defects in cell envelope integrity (i.e., novobiocin, erythro-
mycin, rifampicin) [32]. It was previously reported that Ap4A can enhance the bactericidal
activity of aminoglycoside antibiotics in E. coli and, likely, other bacteria [26]. Therefore, we
performed time-kill assays for two aminoglycosides, namely kanamycin and gentamicin.
ApaH-deficient cells showed a slightly delayed killing by kanamycin with respect to wild type
cells, while the susceptibility of the wild type and AapaH strains to gentamycin killing was
comparable (Fig 2B). Overall, these results argue against a relevant contribution of Ap4A in
intrinsic antibiotic resistance in P. aeruginosa. The discrepancy between our and previous
results [26] regarding kanamycin sensitivity is possibly due to the different genetic back-
grounds and experimental conditions, as we used the wild type strain PAO1, while Ji and coau-
thors used PAOL1 carrying an aminoglycoside resistance plasmid challenged with a very high
kanamycin concentration (1,000 ug/mL) [26].

ApaH inactivation widely affects P. aeruginosa gene expression

To investigate the possible role of Ap4A in P. aeruginosa physiology, we compared the tran-
scriptional profiles of wild type and AapaH cells cultured to mid-exponential phase in LB by
means of RNA sequencing (RNA-seq). Following statistical validation of the dataset, 1,280 dif-
ferentially regulated genes (DEGs) with a fold change (FC) > + 2.0 and an adjusted P

value < 0.05 were identified (S1 Table), corresponding to 22.3% of the PAO1 genome (https://
pseudomonas.com) [33]. Of these, 799 were downregulated in ApaH-deficient cells (S1 Table).
This indicates that the rise in the Ap4A intracellular level caused by apaH deletion has a huge
impact on the P. aeruginosa transcriptome, with most of the DEGs being repressed by Ap4A
(62.4%). By applying more stringent thresholds (i.e., FC > + 3.0 or > + 4.0) the number of
DEGs drops to 477 and 267, respectively (S1 Table), highlighting that Ap4A has only a
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Fig 2. (A) Inhibition halos of streptomycin (Sm), gentamicin (Gm), tobramycin (NN), ciprofloxacin (Cip), imipenem
(Imp), erythromycin (Ery), novobiocin (NB), or rifampicin (Rif) for P. aeruginosa PAO1 and the AapaH mutant in the
Kirby-Bauer disc diffusion assay. (B) Time-kill curves of PAO1 and AapaH in the presence of kanamycin (Km) at 32
and 64 ug/mL or Gm at 0.5 and 1 pg/mL, corresponding to 1x and 2xMIC for both strains. Values are the mean (+
standard deviation) of at least three independent assays.

https://doi.org/10.1371/journal.ppat.1012486.9002
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moderate effect on the transcription of most DEGs. Considering that apaH deletion slightly affects
growth (Fig 1A), it is likely that some of these DEGs are affected indirectly due to changes in the
physiological and/or metabolic status of the cells upon AP4A intracellular accumulation.

According to PseudoCAP annotations (https://pseudomonas.com), most of the highly
affected DEGs (FC > + 4.0) are involved in virulence factors production, stress response, and
translation (Fig 3). In particular, many genes important for P. aeruginosa pathogenicity were
downregulated in ApaH-deficient cells, including those encoding extracellular proteases (i.e.,
AprA, LasA, LasB, and protease IV), pyocyanin biosynthetic enzymes, type IV pili, the adhesin
LecA, and enzymes responsible for the synthesis of the pgs QS signal molecules (PQS and
HHQ) (S1 Table). Moreover, genes involved in iron uptake (e.g., those responsible for the syn-
thesis and transport of the two siderophores pyoverdine and pyochelin) were downregulated,
while those involved in iron storage (e.g., bacterioferritin genes) were upregulated in the apaH
mutant relative to PAO1 (S1 Table), suggesting that ApaH deficiency and/or Ap4A accumula-
tion dysregulate intracellular iron homeostasis. Among DEGs involved in translation, it is
worth noting that almost all genes encoding ribosomal proteins were downregulated in the
apaH mutant (S1 Table), suggesting that Ap4A might have a negative impact on protein trans-
lation. In this view, it is surprising that ApaH-proficient and -deficient cells showed compara-
ble susceptibility to inhibitors of protein synthesis, such as the aminoglycosides gentamicin,
kanamycin, streptomycin, and tobramycin (Fig 2). While most DEGs were downregulated in
the apaH mutant (53 upregulated vs 214 downregulated genes at the FC > + 4.0 threshold),
energy metabolism was the only functional category for which the number of up- and downre-
gulated DEGs was comparable (Fig 3 and S1 Table), suggesting that intracellular Ap4A accu-
mulation may induce some metabolic shifts in P. aeruginosa.

ApaH inactivation suppresses P. aeruginosa virulence traits and reduces
heat tolerance

The RNA-seq analysis highlighted a relevant downregulation of many virulence genes in the
apaH deletion mutant. We attempted to validate the transcriptomic data by comparing the
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Fig 3. Functional analysis of differentially expressed genes (DEGs). Number (left panel) and relative percentage (right panel) of
downregulated and upregulated genes (red and green bars, respectively) in the apaH mutant compared to PAO1 in the PseudoCAP
functional categories listed on the left. Only DEGs with a fold change > + 4 were considered (S1 Table).

https://doi.org/10.1371/journal.ppat.1012486.9003
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production of selected virulence factors between the wild type and AapaH strains. The produc-
tion of proteases, elastase and pgs signal molecules was almost completely abrogated in ApaH-
deficient compared to wild type cells (Fig 4A-4C). To confirm that the effect of apaH deletion
on the pgs QS system was specific, we also quantified the QS signal molecules of the las and rhl
QS systems, whose synthase genes (i.e., lasI and rhlI) were not identified among DEGs by
RNA-seq (S1 Tables). No significant differences were observed in las and rhl signal production
between wild type and AapaH cells (S3 Fig).

As discussed above, many genes involved in iron metabolism were dysregulated in ApaH-
deficient cells. Accordingly, the apaH mutant was strongly impaired in growth in an iron-poor
minimal medium (CAA), unless an excess of iron was exogenously provided (Fig 4D). This
result suggests that the growth defect of the apaH mutant in CAA is primarily due to its inabil-
ity to efficiently acquire and/or use iron. The production of the siderophore pyoverdine was
indeed significantly reduced in cells lacking ApaH (Fig 4E), providing further phenotypic vali-
dation of RNA-seq data. Interestingly, increasing concentrations of iron promoted growth in a
similar way in the AapaH and parental strains (S4 Fig). This implies that, although probably
defective in iron acquisition, ApaH-deficient cells are still able to sense and utilize iron for cell
metabolism. Notably, since the QS signal molecule PQS can bind iron and influence iron
uptake (reviewed in 34), it cannot be excluded that the reduced production of PQS could at
least in part account for the dysregulated iron metabolism observed in P. aeruginosa cells lack-
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Fig 4. (A) Protease activity, (B) elastase activity, and (C) PQS/HHQ levels, normalized to cell density (ODggy), in the
supernatants of P. aeruginosa PAO1 and the apaH mutant, carrying or not the pMEapaH plasmid, cultured at 37°C in LB,
supplemented with 100 puM IPTG in the case of AapaH pMEapaH. (D) Growth curves and (E) pyoverdine levels,
normalized to cell density (ODgqg), of the same strains cultured at 37°C in the iron-poor medium CAA, supplemented with
50 uM FeCl; when indicated (+ Fe), and 100 uM IPTG in the case of AapaH pMEapaH. Values are the mean (+ standard
deviation) of at least three independent assays. Asterisks indicate a statistically significant difference (P < 0.001) with
respect to PAO1 (ANOVA). The control strains with the empty plasmid pME6032 are shown in S6 Fig.

https://doi.org/10.1371/journal.ppat.1012486.9004
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RNA-seq analysis also revealed that many genes encoding chaperones and other heat shock
proteins are downregulated in ApaH-deficient P. aeruginosa cells (S1 Table and Fig 3).
Accordingly, we found that these cells are more sensitive to heat shock than wild type cells (S5
Fig), as previously observed in E. coli [25]. In contrast, while Ap4A accumulation was reported
to increase susceptibility to oxidative stress in some bacteria [25,29], we did not observe dysre-
gulation of the main oxidative stress response genes (S1 Table) or decrease in resistance to
hydrogen peroxide or the superoxide-generating agent paraquat in the P. aeruginosa apaH
mutant (S2 Table), further confirming that the effects of Ap4A may vary among different bac-
terial species.

As expected, the production of virulence factors and pgs signal molecules, as well as the
ability to thrive under iron-depleted conditions and to tolerate heat shock, was restored to
wild type levels by ectopic expression of apaH in AapaH cells (Figs 4, S5 and S6), confirming
that the defective phenotypes were due to ApaH deficiency and/or Ap4A intracellular
accumulation.

ApaH inactivation reduces P. aeruginosa pathogenicity in different
infection models

Since ApaH is required for full expression of several P. aeruginosa virulence genes in vitro, this
enzyme could represent a novel target to reduce P. aeruginosa pathogenicity. To test this
hypothesis, we assessed the pathogenicity of ApaH-deficient cells in well-established plant and
animal models, including lettuce leaves [35], Galleria mellonella insect larvae [36], and a
mouse model of pulmonary infection [37].

In the lettuce leaf infection assay, the wild type strain caused severe rot (black coloration) of
the entire midrib, while the AapaH strain induced some signs of tissue damage only at the inoc-
ulation site. Moreover, determination of colony forming units (CFUs) in infected midribs
showed a 2-log reduction of bacterial load for the apaH mutant compared to the wild type strain
(Fig 5A), indicative of impaired growth and/or persistence of ApaH-deficient cells in planta.

The apaH mutant also showed reduced infectivity in G. mellonella larvae, with a lethal dose
90% (LDgj) almost 5-fold higher than that of the wild type strain (Fig 5B). Accordingly, when
the same (lethal) dose was injected, lethality was significantly delayed in larvae infected with
ApaH-deficient cells with respect to those infected with wild type cells (S7 Fig).

Finally, the AapaH mutant was much less virulent than the wild type in a mouse model of
acute lung infection, as 80% of mice infected with the mutant survived and fully recovered,
while 100% of those infected with the wild type strain died (Fig 5C). This result prompted us
to investigate the capability of AapaH mutant cells to persist in and spread from mice lungs.
To this aim, mice were intra-tracheally infected and sacrificed 24 h post infection. Wild type
infected mice showed high bacterial loads in the lungs and also in the spleen, indicative of effi-
cient bacterial dissemination in the bloodstream. In contrast, mice infected with the apaH
mutant showed lower persistence in the lungs and poor systemic dissemination (Fig 5D). No
differences were observed in the number of leukocytes in bronchoalveolar lavage fluids
between wild type- and AapaH-infected mice, including neutrophils (that are first responder
immune cells following acute infections), macrophages (that have key roles in pathogen recog-
nition), and total lymphocytes (that are mediators of cellular adaptive immunity during infec-
tions) (Fig 5E). This suggests that the immune system efficiently recognizes ApaH-deficient
cells and that wild type cells better escape the host inflammatory response, reaching higher cell
densities in the lungs and better disseminating in secondary organs like the spleen.

In conclusion, these in vivo assays demonstrate that the lack of ApaH severely impairs P.
aeruginosa PAOL1 persistence and infectivity in various infection models.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012486  August 19, 2024 8/22
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Fig 5. (A) Pathogenicity of P. aeruginosa PAO1 and the apaH mutant in the lettuce leaf virulence assay. Bacterial viable cells (CFUs) per mg of lettuce
midribs at three days post injection are shown. Two independent experiments were performed, each with five biological replicates. A representative
picture of the infected midribs is shown for each strain. (B) Dose-dependent survival curves of G. mellonella larvae infected with different doses of
PAOLI or AapaH cells. Lethal dose 90% (LDgo) and R values are shown in the figure. (C) Survival of mice (n = 5 per group) challenged with
intratracheal injection of 107 CFUs of PAO1 or AapaH. (D) Total bacterial CFU in lungs or spleen from mice (n = 5 per group) intra-tracheally
infected with 107 CFU of PAO1 or AapaH and sacrificed within 24 h of infection (see Materials and methods for details). (E) Count of total leukocytes,
polymorphonuclear neutrophils (PMN), macrophages, and lymphocytes in BALF from the mice described in panel D. Asterisks indicate statistically
significant differences (*P < 0.05, *** P < 0.001) with respect to PAO1 (Mann-Whitney test for data in panels A, D, and E; Mantel-Cox test for data in

panel C).
https://doi.org/10.1371/journal.ppat.1012486.g005

To further evaluate the impact of Ap4A levels and ApaH activity on virulence, we wondered
whether ApaH overexpression and the consequent reduction in Ap4A levels (S1 Fig) could
affect the virulence of the wild type strain PAOL. In line with the results of the phenotypic
assays (S6 Fig), ApaH overexpression resulted in a minor increase in the mRNA levels of some
virulence genes previously identified as DEGs by RNA-seq, and did not affect infectivity in let-
tuce leaves (S8 Fig). In contrast, ApaH-overexpressing PAO1 cells appeared more virulent
than the corresponding empty-plasmid controls in the G. mellonella infection model (S8 Fig).
While these results show an inverse correlation between Ap4A intracellular levels and P. aeru-
ginosa virulence, they also demonstrate that the negative effect caused by Ap4A accumulation
on virulence is much more pronounced than the positive effect caused by Ap4A reduction.
This highlights the importance of P. aeruginosa ApaH in maintaining the intracellular concen-
tration of Ap4A below levels that would be detrimental to virulence gene expression, thus cor-
roborating ApaH as a potential target for antivirulence therapy against P. aeruginosa.

The impact of ApaH on virulence is conserved in P. aeruginosa clinical
isolates

P. aeruginosa strains are extremely diverse at the genetic level [38], and versatility across strains
was also observed in the regulatory networks that control metabolism, stress response, and vir-
ulence [39-41]. Therefore, we decided to verify whether the ApaH-mediated control of viru-
lence traits is conserved in P. aeruginosa strains other than PAOI.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012486  August 19, 2024 9/22
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Fig 6. (A) Protease and (B) elastase activity, normalized to cell density (ODgqy), in the supernatants of P. aeruginosa PA14 and the
indicated P. aeruginosa clinical isolates (WT) or the cognate apaH deletion mutants (AapaH) cultured at 37°C in LB. (C) Maximum
growth yields and (D) pyoverdine levels normalized to cell density (ODgqo), of the same strains cultured at 37°C in the iron-poor
medium CAA. Pyoverdine levels were not measured for BG80 AapaH as this mutant did not grow in CAA (see panel C). Values are the
mean (+ standard deviation) of three independent assays. Asterisks indicate statistically significant differences between each AapaH
mutant and the corresponding parental strain (* P < 0.05, ** P < 0.01, *** P < 0.001; unpaired f test).

https://doi.org/10.1371/journal.ppat.1012486.g006

To this aim, we first generated an apaH deletion mutant in P. aeruginosa PA14, another
widely used reference strain that is distantly related to PAO1 [42,43]. Phenotypic assays con-
firmed that ApaH is important for virulence gene expression and adaptation to iron deficiency
also in PA14. Indeed, the PA14 apaH mutant mirrored the behavior of the PAO1 apaH
mutant, being significantly impaired in protease, elastase and siderophore production, as well
as in the ability to grow under iron-depleted conditions (Fig 6).

Then, we attempted to generate a small collection of apaH deletion mutants from P. aerugi-
nosa clinical isolates. Although we started with ten isolates, we obtained apaH mutants only for
five of them (S3 Table), including strains isolated from CF lungs (i.e., TR1, BG29, and BG80)
[44,45] and strains from bloodstream infections (i.e., C1 and SP13) [46,47]. Notably, the
remaining isolates were not genetically intractable, as transconjugants with the suicide plasmid
integrated into the chromosome were obtained for all clinical strains. Thus, the difficulty in
deleting apaH suggests that, in some P. aeruginosa strains, the intracellular accumulation of
Ap4A might be highly detrimental to cell growth and/or viability. However, this hypothesis has
not been experimentally investigated in this study. Expression of virulence factors was highly
variable among clinical isolates, as two and four of them produced almost undetectable levels of
proteases and elastase, respectively, under the conditions tested (Fig 6A and 6B). Nonetheless,
apaH inactivation significantly reduced protease and elastase production in the isolates that
released quantifiable amounts of these virulence factors (Fig 6A and 6B). Moreover, growth in
an iron-depleted medium was significantly impaired for all apaH mutants, although at different
extents (Fig 6C). This growth defect could be almost completely abolished by exogenous iron
supplementation (S9 Fig). Finally, all apaH mutants but BG29AapaH showed lower pyoverdine
production with respect to the corresponding parental strain (Fig 6D).

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012486  August 19, 2024 10/22
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Fig 7. (A) Pathogenicity of P. aeruginosa PA14 and the indicated P. aeruginosa clinical isolates (WT) or the cognate apaH
deletion mutants (AapaH) in the lettuce leaf virulence assay. Bacterial viable cells (CFUs) per mg of lettuce midribs at
three days post injection are shown. Five biological replicates for each strain were analyzed. A representative picture of the
infected midribs is shown for each strain. (B) Reduction in infectivity, calculated as the ratio between the lethal dose 90%
(LDyo) of the AapaH mutant and the LDy, of the corresponding wild type strain, observed for apaH mutants of P.
aeruginosa PA14 and the indicated P. aeruginosa clinical isolates in G. mellonella larvae. The dose-dependent survival
curves used to calculate the LDog values and the corresponding R? values are shown in $10 Fig.

https://doi.org/10.1371/journal.ppat.1012486.g007

Finally, we used the lettuce and G. mellonella infection models to confirm that ApaH is
important for pathogenicity also in PA14 and clinical isolates. As shown in Fig 7A, apaH dele-
tion significantly impaired infectivity in lettuce leaves in all but two isolates. Interestingly,
these two isolates (TR1 and SP13) showed poor ability to proliferate and cause damage in let-
tuce leaves, at levels comparable to the AapaH mutants of the other strains (Fig 7A), suggesting
that the modest effect of ApaH may be due to poor virulence of these two strains in the lettuce
model of infection. All the AapaH mutants also resulted less virulent than the parental strains
in G. mellonella larvae, although great variability was observed among isolates, as the increase
in the LDy, values with respect to the corresponding parental strains ranged between 1.4 fold
for TR1 AapaH and 30 fold for BG29 AapaH (Figs 7B and S10).

Although the number of clinical isolates analyzed in this study is small, overall these analy-
ses indicate that the positive effect of ApaH on P. aeruginosa virulence is not restricted to labo-
ratory-adapted strains.

Conclusions

Although first discovered more than 50 years ago, the physiological role of Ap4A remains elu-
sive [20]. The role of Ap4A in bacteria has been studied mainly by generating mutant strains
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defective in Ap4A-degrading enzyme(s), which accumulate Ap4A at high intracellular levels.
This approach highlighted pleiotropic and variable effects caused by Ap4A accumulation in
different bacteria, including loss of motility, higher heat and oxidative stress sensitivity, lower
antibiotic tolerance, reduced invasiveness in mammalian cells, and/or enhanced biofilm-form-
ing capability [24-30]. Here, we showed that the lack of the diadenosine tetraphosphatase
ApaH strongly reduces the infectivity of the difficult-to-treat pathogen P. aeruginosa in differ-
ent infection models, in line with the downregulation of many virulence genes observed in
vitro. In contrast, no relevant effect of ApaH was observed on biofilm formation, oxidative
stress and antibiotic resistance in P. aeruginosa. We also provided evidence that the impor-
tance of ApaH for virulence gene expression may be conserved in clinical isolates, although
our analysis was limited to a small number of strains.

The mechanisms by which Ap4A exert its effects in bacterial cells are still elusive. Proteomic
studies with Ap4A-derived probes identified several putative Ap4A targets in E. coli, including
chaperones, stress response proteins, and core metabolic enzymes [25,48,49]. Recently, the
interaction of Ap4A with inosine-5'-monophosphate dehydrogenase (IMPDH), a key enzyme
for nucleotide biosynthesis, has been thoroughly characterized in Bacillus subtilis [50]. Thus, it
is plausible that Ap4A can regulate at least some phenotypes by binding to specific protein
partners. On the other hand, it has been recently demonstrated that Ap4A can be incorporated
by E. coli RNA polymerase into nascent transcripts as a protective 5’-cap that increases RNA
stability [51,52], and that specific promoter features can affect the efficiency of RNA capping
[53]. This finding raises the possibility that the phenotypes observed for mutants lacking the
ApaH enzyme might not only result from Ap4A-mediated control of protein effectors, but
also from altered RNA lifetimes and consequent modulation of gene expression. The evidence
that ApaH plays an important role in P. aeruginosa virulence gene regulation will hopefully
drive future biochemical and genetic studies to investigate the molecular mechanisms underly-
ing ApaH-mediated control of gene expression in this bacterium.

The spread of drug resistance in bacterial pathogens has pushed the researchers toward
searching for antibiotic alternatives, including compounds with antivirulence activity [54,55].
This work provides the first direct evidence that ApaH inactivation could be a suitable strategy
to inhibit bacterial pathogenicity in vivo. Notably, phosphatases distantly related to bacterial
ApaH enzymes, termed ApaH-like phosphatases (ALPHs), have been identified in some
eukaryotes but not in Vertebrata [56,57], implying that specific ApaH inhibitors should not
affect Ap4A homeostasis in human cells. Early studies developed and tested substrate analogue
inhibitors of E. coli ApaH, mainly to characterize the biochemical properties of the enzyme
[58]. These studies, combined with the structural-functional characterization of P. aeruginosa
ApaH, could pave the way for the design of ApaH inhibitors to be tested and developed as anti-
virulence drugs to treat P. aeruginosa infections.

Materials and methods
Ethics statement

Animal protocol was approved by the Italian Ministry of Health (Approval # 855) according to
the Italian legislative decree 26/2014.

Bacterial strains, plasmids, and growth conditions

The strains and plasmids used in this study are listed in S3 Table. Bacteria were routinely cul-
tured in LB (Lennox formulation) for genetic manipulation. For specific assays, LB, Mueller-
Hinton (MH), Tryptic Soy Broth (TSB), or Casamino acids (CAA) medium (0.5% Casamino
acids, 0.4 mM MgCl,) [59] were used, as indicated in the text. When required, antibiotics were
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added at the following concentration for E. coli (the concentrations used for P. aeruginosa are
shown in brackets): ampicillin, 100 pg/mL; tetracycline, 12.5 ug/mL (50-100 pg/mL); carbeni-
cillin (500 pug/mL); nalidixic acid, 15 ug/mL; chloramphenicol, 30 pg/mL (375-650 pg/mL).
When specified, growth media were supplemented with isopropyl p-p-1-thiogalactopyrano-
side (IPTG) or FeCl; at the indicated concentrations.

Generation of mutants

The apaH deletion mutants were generated using the previously described suicide plasmid
pDM4AapaH, which contains the upstream and downstream regions of the apaH coding
sequence cloned adjacent to each other [31]. The plasmid pDM4AapaH was transferred into P.
aeruginosa strains by conjugation, and transconjugants were selected on LB agar plates containing
15 pg/mL nalidixic acid and 375 ug/mL chloramphenicol. For some clinical strains, chloramphen-
icol concentration was increased up to 650 ug/mL. Deletion mutants were obtained by homolo-
gous recombination and sucrose-based selection as previously described [60], screened by colony
PCR using the primer pair apaHT_FW/apaH|_RV [31], and confirmed by DNA sequencing.

Growth assays

Planktonic growth assays were performed either in flasks or in microtiter plates, as indicated.
Bacterial strains were precultured in LB and then refreshed 1:1,000 in LB or CAA. Bacterial
cultures were incubated in flasks at 37°C and 200 rpm or aliquoted in the wells of 96-well
microtiter plates (200 pL in each well) and incubated at 37°C in a Spark 10M microtiter plate
reader (Tecan). Growth was measured over time as the optical density at 600 nm (ODsgq0) of
the bacterial cultures.

Biofilm assay

Biofilm formation was assessed through the microtiter dish biofilm assay [61], with minor modifi-
cations. Briefly, bacterial cells cultured overnight in LB were inoculated in the same medium at
ODyggp = 0.002 and aliquoted in 96-well polystyrene microtiter plates (200 uL per well). Five repli-
cate wells for each strain were used in each experiment. After 24-h incubation at 37°C under static
conditions, the ODgjy of the bacterial cultures was measured in a Spark 10M microtiter plate
reader (Tecan). Then, planktonic cells were removed, wells were washed four times with distilled
water, and attached cells were stained with 0.1% crystal violet for 15 min. After four washes with
water, biofilm-bound dye was eluted with 30% acetic acid for 15 min and the ODss, was measured
in a Spark 10M microtiter plate reader (Tecan). For each well, the ODss, value was divided by the
ODgq of the bacterial culture to normalize biofilm formation to planktonic growth.

MIC assays

Antibiotic, H,0, and paraquat MICs were determined through the broth microdilution
method. Strains were precultured in MH and then refreshed at ca. 5x10° cells/mL in the same
medium supplemented with increasing concentrations of each antibiotic/compound in
96-well microtiter plates. MIC was visually recorded after 24-h incubation at 37°C. At least
three independent experiments were performed for each strain/antibiotic.

Kirby-Bauer disc diffusion assay

Bacterial cell suspensions in saline were normalized at 0.5 McFarland Standard and swabbed
onto MH agar plates. Discs containing gentamicin (10 pg), streptomycin (10 pg), tobramycin
(10 pg), ciprofloxacin (5 pg), erythromycin (15 pg), novobiocin (30 pg), rifampicin (5 pg), or
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imipenem (10 pg) (Becton Dickinson) were placed on the surface of the inoculated plates, and
growth inhibition halo diameters were measured after 24-h incubation at 37°C.

Time-kill assays

Late-exponential phase bacterial cultures in MH were diluted in the same medium at ca. 5x10°
CFU/mL in the presence of gentamicin or kanamycin concentrations corresponding to 1x or
2xMIC. Bacterial cultures were incubated at 37°C with vigorous shaking (200 rpm) and, at dif-
ferent time points, serial dilutions were prepared in saline and plated on MH agar plates for
CFU counting.

Quantification of intracellular nucleotide levels

Cells for Ap4A, c-di-GMP, ATP, ADP, GTP, and GDP quantification were collected after 12 h
of growth in LB at 37°C. Both extraction and quantification of Ap4A and c-di-GMP by liquid
chromatography coupled with tandem mass spectrometry were performed as previously
described [62,63]. ATP, ADP, GTP and GDP were extracted with the same protocol used for
Ap4A and quantified under the same chromatographic conditions [62]. Mass spectrometric
detection was performed in positive jonization mode, with mass transitions as follows: ATP
m/z: 508 — 136; ADP m/z: 428 — 136; GTP m/z: 524 — 152; GDP 444 — 152. The amounts
of Ap4A, c-di-GMP, ATP, ADP, GTP, and GDP were normalized to the cellular protein con-
tent of the corresponding cell extracts determined using the DC protein assay kit (Bio-Rad)
and bovine serum albumin as the standard.

RNA extraction, RNA-seq and RT-qPCR

Total RNA was extracted from three independent biological replicates for each sample. Bacteria
were cultured in LB at 37°C until mid-exponential growth phase. One-mL aliquots of bacterial
cultures were mixed with 2 mL of RNA Protect Bacteria Reagent (Qiagen), and RNA was puri-
fied using RNeasy Mini Kit (Qiagen). Eluted RNA samples were treated with TURBO DNase
(Thermo Fisher Scientific) and SUPERase-In (Ambion) for 1 h at 37°C. DNase I was removed
upon RNA purification with the RNeasy Column Purification Kit (Qiagen). RNA-seq was per-
formed at GENEWIZ (Azenta Life Sciences, Leipzig, Germany). RNA quantification and quality
assessment, rRNA depletion, library preparation, sequencing, and statistical analysis of the data
were performed as previously described [64]. The Wald test was used to generate P values and
log2 fold changes that were converted to FCs. Only DEGs with an adjusted P value < 0.05 were
considered statistically significant (S1 Table). RNA-seq data have been deposited in the NCBI
Gene Expression Omnibus database [65] and are accessible through GEO Series accession num-
ber GSE255863 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE255863).

For quantitative reverse transcription PCR (RT-qPCR), cDNA was reverse transcribed
from 0.5 pg of total RNA with Prime Script RT Reagent Kit (Takara). The cDNA was used as
the template for RT-qPCR in a AriaMx Real-Time PCR System (Agilent) using TB Green Pre-
mier EX Taq master mix (Takara). The primers used for RT-qPCR are listed in $4 Table. Rela-
tive expression of each gene with respect to the housekeeping gene rpoD was calculated using
the 222" method [66].

Virulence factor assays and quantification of QS signal molecules

Total protease and LasB activities were measured in cell-free supernatants, obtained from bac-
terial cultures grown for 8 hin LB, using the azocasein and elastin-Congo red assays, respec-
tively, as previously described [67].
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Pyoverdine was measured as the optical density at 405 nm (OD,y;s) of cell-free supernatants
obtained from bacterial cultures grown for 20 h in CAA, appropriately diluted in 100 mM
Tris-HCI (pH 8.0), and then normalized to the ODg of the corresponding bacterial culture
[45].

Levels of 30C,,-HSL, C,-HSL, and PQS/HHQ signal molecules were determined in cell-
free supernatants, obtained from bacterial cultures grown for 8 h in LB, using the biosensor
strains PA14-R3 [68], C4-HSL-Rep [69], and AQ-Rep [70] (S3 Table), as previously described
[64], and then normalized to the ODgq, of the corresponding bacterial culture.

Heat shock sensitivity assay

Heat sensitivity of P. aeruginosa cells was assessed as previously described [71]. Briefly, cells
were cultured in LB at 20°C until late-exponential growth phase, harvested by centrifugation,
resuspended in saline, and then incubated at 50°C. After 30, 60, 120 and 240 min of incuba-
tion, aliquots of the cell suspensions were collected, serially diluted in saline and plated on LB
agar plates for CFU counting.

Infection assays

The lettuce leaf infection assay was performed as described [34], with few modifications.
Briefly, 10 uL of bacterial cells resuspended at an ODgg of 1 in 10 mM MgSO, were inoculated
into the midribs of fresh Romaine lettuce leaves. The midribs were incubated for three days at
30°C, photographed, and ground in saline with a plastic pestle until a nearly homogenous mix-
ture was obtained. Serial ten-fold dilutions were prepared in saline and plated onto LB agar
plates for viable cell counting.

The G. mellonella infection assay was performed by injecting serial dilutions of bacterial cell
suspensions in saline into the hemolymph of G. mellonella larvae as described [35]. Eight lar-
vae were infected with each infecting dose and two independent experiments were performed.
Infected larvae were incubated at 30°C for up to three days to monitor mortality. Kaplan-
Meier curves, dose-response curves, LDy and R” values were determined using GraphPad
Prism as previously described [72].

For mouse infection assays, 10” mid-exponential cells of PAO1 or AapaH, cultured in TSB
and resuspended in Dulbecco’s phosphate buffered saline (DBPS), were intra-tracheally
injected into C57Bl6/N mice (8-12 week-old, 20-22 g, Charles River), previously anesthetized
with an intraperitoneal injection of 500 mg/kg of 2,2,2,-tribromoethanol. For assessing lethal-
ity, mice were monitored daily and sacrificed with CO, inhalation when they reached a
humane endpoint with weight loss > 20% and evidence of severe clinical disease (e.g., scruffy
coat, loss of appetite, severe inactivity, or painful posture). Determination of bacterial load in
lungs and spleen and analysis of leukocytes in bronchoalveolar lavage fluids (BALF) were car-
ried out as previously reported [36] for infected mice sacrificed with CO, inhalation at 24 h
post infection.

Statistical analysis

Statistical analyses were performed with the software GraphPad Instat, using the unpaired ¢
test, ANOVA test, Mann-Whitney test or Mantel-Cox test, as indicated in the figure legends.

Supporting information

S1 Table. DEGs between PAO1 and AapaH cells identified by RNA-seq.
(XLSX)
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$2 Table. MIC of hydrogen peroxide (H,0,) and paraquat (PQ) for P. aeruginosa PAO1
and the isogenic AapaH mutant.
(PDF)

S3 Table. Bacterial strains and plasmids used in this study.
(PDF)

S4 Table. Primers used for RT-qPCR.
(PDF)

$1 Fig. (A) Growth curves of the wild type strain P. aeruginosa PAO1 and the apaH mutant
carrying the pMEapaH plasmid or the empty plasmid pME6032, cultured at 37°C in LB sup-
plemented with 100 uM IPTG. (B) Intracellular Ap4A levels of the same strains cultured for 12
h under the conditions described in panel A. Values are the mean (+ standard deviation) of
three independent experiments. Asterisks indicate a statistically significant difference

(P < 0.01) with respect to PAO1 pME6032 (ANOVA).

(PDF)

S2 Fig. (A) Intracellular levels of ATP, ADP, GDP and GTP in P. aeruginosa PAO1 and the
apaH mutant cultured at 37°C in LB. (B) Intracellular levels of ATP, ADP, GDP and GTP in P.
aeruginosa PAO1 and the apaH mutant carrying the empty plasmid pME6032 or the plasmid
PMEapaH, cultured at 37°C in LB supplemented with 100 uM IPTG. Values are the mean (+
standard deviation) of three biological replicates. Asterisks indicate a statistically significant
difference (P < 0.05) with respect to PAO1 (panel A; unpaired ¢ test) or PAO1 pME6032
(panel B; ANOVA).

(PDF)

83 Fig. Levels of the rhl QS signal molecule C4-HSL (A) and the las QS signal molecule
30C;,-HSL (B), normalized to cell density (ODg), in the supernatants of P. aeruginosa

PAOI1 and the apaH mutant, carrying or not the empty plasmid pME6032 or the plasmid
pMEapaH, cultured at 37°C in LB, supplemented with 100 uM IPTG in the case of strains car-
rying the plasmids. Values are the mean (+ standard deviation) of three independent assays.
No statistically significant differences (P > 0.05) were observed with respect to PAO1 unpaired
t test) or PAO1 pME6032 (ANOVA).

(PDF)

S4 Fig. Growth curves of P. aeruginosa PAO1 and the apaH mutant in the iron-poor
medium CAA supplemented or not with the indicated concentrations of FeCl; in microti-
ter plates at 37°C in an automatic microtiter plate reader. Values are the mean of three tech-
nical replicates and the curves are representative of three biological replicates.

(PDF)

S5 Fig. Heat tolerance of (A) P. aeruginosa PAO1 and the apaH mutant or (B) the same
strains carrying the empty plasmid pME6032 or the plasmid pMEapaH. Cells were cultured at
20°C in LB, supplemented with 100 uM IPTG for plasmid-harboring strains, and subjected to
a heat shock at 50°C. Cell viability was monitored as CFU/mL at different time points. Values
are the mean (+ standard deviation) of at least three independent assays. Asterisks indicate a
statistically significant difference (P < 0.05) with respect to PAO1 (panel A; unpaired ¢ test) or
PAO1 pME6032 (panel B; ANOVA).

(PDF)

S6 Fig. (A) Protease activity, (B) elastase activity, and (C) PQS/HHQ levels, normalized to cell
density (ODggo), in the supernatants of P. aeruginosa PAOI and the apaH mutant, carrying

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012486  August 19, 2024 16/22

166



APPENDIX. Manuscripts I co-authored that are not directly related to the main topic of my PhD thesis

PLOS PATHOGENS

ApaH promotes Pseudomonas aeruginosa virulence

the empty plasmid pME6032 or the plasmid pMEapaH, cultured at 37°C in LB supplemented
with 100 uM IPTG. (D) Growth curves and (E) pyoverdine levels, normalized to cell density
(ODsgp)s of the same strains cultured at 37°C in the iron-poor medium CAA, supplemented
with 100 uM IPTG and 50 uM FeCl; when indicated (+ Fe). Values are the mean (+ standard
deviation) of three independent assays. Asterisks indicate a statistically significant difference
(P < 0.001) with respect to PAO1 pME6032 (ANOVA).

(PDF)

S7 Fig. Kaplan-Meier survival curves of G. mellonella larvae infected with 13.8 (+ 2.8)
PAOL1 cells or 13.9 (+ 0.2) AapaH cells. Sixteen larvae were infected with each strain in two
independent experiments. Asterisks indicate a statistically significant difference (P < 0.001)
with respect to PAO1 (Mantel-Cox test).

(PDF)

S8 Fig. (A) Relative mRNA levels of selected virulence genes (prpL, pvdD, aprA, lasA, lasB),
determined by RT-qPCR, in P. aeruginosa PAO1 carrying the empty plasmid pME6032 or the
plasmid pMEapaH, cultured in LB supplemented with 100 uM IPTG until mid-exponential
phase. Values are the mean (+ standard deviation) of three biological replicates. (B) Pathoge-
nicity in the lettuce leaf virulence assay of PAO1 pME6032 and PAO1 pMEapaH precultured
in LB supplemented with 100 uM IPTG. Bacterial viable cells (CFUs) per mg of lettuce midribs
at three days post injection are shown. Five biological replicates for each strain were analyzed.
Representative pictures of the infected midribs are shown. (C) Dose-dependent survival curves
of G. mellonella larvae infected with different doses of PAO1 pME6032 or PAO1 pMEapaH
precultured in LB supplemented with 100 uM IPTG. Lethal dose 90% (LDg,) and R* values are
shown in the figure.

(PDF)

S9 Fig. Maximum growth yields of P. aeruginosa PA14 and the indicated P. aeruginosa
clinical isolates (WT) or the cognate apaH mutants (AapaH) in CAA medium supple-
mented with 50 uM FeCl; over 24 h of growth at 37°C. Values are the mean (+ standard
deviation) of three independent assays. The asterisk indicates a statistically significant differ-
ence (P < 0.05) between the AapaH mutant and its parental strain C1 (unpaired  test).
(PDF)

$10 Fig. Dose-dependent survival curves of G. mellonella larvae infected with different
doses of the indicated wild type strains (black lines and symbols) or the corresponding
AapaH mutants (orange lines and symbols). Lethal dose 90% (LDg,) and R? values are
shown in the figure.

(PDF)

S1 Data. Raw data of all experiments.
(PDF)
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Pseudomonas aeruginosa DEV phage exploits the essential LptD
outer membrane protein as receptor for adsorption
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ABSTRACT Pseudomonas aeruginosa bacteriophage (phage) DEV is a podovirus of the
Schitoviridae family, related to the prototypical Escherichia coli phage N4. N4 uses the
novel glycan receptor (NGR) surface glycan, presumably bound by the gp66 appendages,
and the NGR transporter NfrA, recognized by the phage gp65 tail sheath, as receptors
for adsorption. In contrast, DEV relies on the O-antigen moiety of lipopolysaccharide
(LPS) as the primary receptor recognized by the gp53 long tail fibers. However, DEV can
infect deep-rough strains that lack the O-antigen moiety by using another, still unknown
receptor. Here, we provide evidence that the essential LPS transporter LptD serves as
the DEV secondary receptor and that DEV gp54 is its cognate receptor-binding protein.
gp54 is encoded within the essential gp56-gp55-gp54 operon, which also includes gp56,
the short tail fiber gene. Using cryogenic electron microscopy, AlphaFold modeling, and
genetic analysis, we show that DEV gp56, gp55, and gp54 assemble into a receptor-bind-
ing fiber (RBF) positioned laterally to a previously uncharacterized tail plug protein, gp74.
The DEV RBF is functionally equivalent to the N4 sheath protein gp65, which associates
with the tail plug gp53. Thus, DEV and N4 both use a glycan and its surface-exposing
transporter as receptors for adsorption. To our knowledge, this is the first example of
a P. aeruginosa phage using an essential outer membrane protein as a receptor, with
implications for phage therapy.

IMPORTANCE Pseudomonas aeruginosa phage DEV uses the O-antigen of lipopolysac-
charide as its primary receptor. In this study, we found that LptD, an essential and
highly conserved outer membrane protein, serves as the secondary receptor for DEV.
This interaction is mediated by a specialized receptor-binding fiber composed of the DEV
proteins gp54, gp55, and gp56. We posit that the gp56-gp55-gp54 genes form a functional
module, possibly disseminated via horizontal gene transfer among distantly related
phages, involved in tail sealing and the regulated unplugging of the tail upon interaction
with the bacterial receptor. Given the high conservation of receptor-binding proteins
among phages in the DEV Litunavirus genus, we anticipate that other members of this
genus may also use LptD as their receptor. Since Litunaviruses are actively explored for
phage therapy, insights into the interaction between DEV and its receptors could help
develop more effective and targeted phage-based treatments.
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acteriophage (phage) infection begins with the recognition of a surface-exposed Accepted 15 December 2025
bacterial molecule, the primary receptor, by a phage receptor-binding protein (RBP). ~ Published 22 January 2026
In Gram-negative bacteria, this receptor is often the lipopolysaccharide (LPS), a complex Copyright © 2026 Nieto Noblecia et al. This is an
glycolipid located in the outer leaflet of the outer membrane (OM) (1-4). The LPS open-access article distributed under the terms of
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core oligosaccharide, with low intraspecies variability; and the O-antigen, a polymer of
repeated oligosaccharide units with high intraspecies variability in composition and
repeat number (5). This configuration, where the core is capped with the O-antigen,
is termed “smooth” LPS in juxtaposition with “rough” and “deep-rough” LPS species
lacking either the O-antigen only or the O-antigen and the outermost portion of the core
oligosaccharide, respectively. Both the O-antigen and core moieties can act as receptors
for phages infecting bacterial strains with smooth or rough LPS, respectively. Addition-
ally, some LPS-binding phages possess a secondary receptor, typically an OM protein
(OMP) (2, 4). In smooth strains, the OMPs may be concealed by the LPS polysaccharide
portion extending above the OM layer; thus, the infecting phage must first interact
with the LPS to reach the secondary receptor. In contrast, in rough strains with short
LPS, secondary receptors may be exposed and accessible. The ability to recognize a
secondary receptor broadens the host spectrum of phages exploiting the O-antigen as
the primary receptor to include rough strains (6).

The utilization of two bacterial receptors belonging to different chemical classes does
not necessarily imply that the phage employs different structures to bind them. For
example, the prototypical Escherichia coli myovirus (i.e., a phage with a long contractile
tail) T4 binds both the LPS and the OmpC porin with different portions of the long tail
fibers (7-9). On the contrary, the E. coli siphovirus (i.e,, a phage with a long non-contrac-
tile tail) T5 exploits the long tail fibers to bind the O-antigen and the tailspike at the tail
tip to interact with the ferrichrome receptor FhuA (10-15).

In this work, we studied the adsorption of phage DEV to its Pseudomonas aeruginosa
host. DEV is a podovirus, that is, a phage with a short, non-contractile tail, belonging to
the Schitoviridae family like the E. coli phage N4 (16-18). DEV can propagate both in the
smooth PAO1 P. aeruginosa strain and in deep-rough galU, algC, or wapH PAO1 mutants,
but not in a wzy mutant producing an LPS species in which the core is capped with a
single O-antigen repeat (19). A DEV A53 deletion mutant lacking the gp53 tail fiber gene
does not grow in wild-type (wt) PAO1 or wzy mutant, whereas it is still able to infect the
galU, algC, or wapH deep-rough mutants (20). Based on these data, we postulated that (i)
when infecting the smooth strain PAO1, DEV attaches to the O-antigen with the gp53 tail
fibers, (i) DEV has another receptor besides the O-antigen that is recognized by a phage
RBP other than gp53, and (iii) the second phage receptor is accessible in deep-rough
mutants but not in PAOT or in the wzy mutant (20).

In this paper, we present evidence supporting LPS transporter LptD as the DEV
secondary receptor and DEV gp54 as the phage’s second RBP. The gp54 gene is part of
an essential operon that includes the gp56 gene, which encodes a short tail fiber we
previously localized at the DEV tail tip by structural analysis (20). We provide structural
evidence that DEV gp54, gp55, and gp56 form a specialized receptor-binding fiber (RBF)
complex. Surprisingly, this complex attaches laterally to a newly identified plug, gp74,
which is conserved in N4-like phages. The DEV RBF complex interacts with both the
LPS transporter LptD through gp54 and with the plug gp74 via gp56, explaining why
deletion of gp56 abolishes infectivity and causes loss of DNA from DEV virions.

RESULTS
LPS depletion stimulates DEV A53 adsorption

We explored the hypothesis that DEV, like other podoviruses, may first attach to the
O-antigen and then exploit the LPS core oligosaccharide as a secondary receptor (4, 21).
In this case, a strain that does not produce any LPS form should be non-permissive for
DEV adsorption. To test this hypothesis, we used a PAO1 derivative with the /pxA gene
under the control of the E. coli araBp promoter (22). In this mutant, transcription of /pxA
is inducible with arabinose. JpxA encodes an essential enzyme of the lipid A biosynthetic
pathway, and its depletion blocks the biosynthesis of all forms of LPS (i.e., uncapped and
capped with either the common polysaccharide antigen or the O-antigen) (23-25).

We found that in the absence of arabinose, araBp-IpxA PAO1 cultures stopped
growing after five to six divisions, and the arrested cultures were highly depleted of LPS.
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However, DEV adsorption was only slightly affected (Fig. 1A through C). Interestingly, the
gp53 tail fiber-defective mutant DEV A53, which does not adsorb to PAO1, could adsorb
to LPS-depleted PAO1 with efficiency similar to that of the wt DEV (Fig. 1B), suggesting
that the LPS is not required for DEV A53 infection.

We also tested whether DEV loses infectivity upon incubation with purified LPS, as
it was observed for E217, a phage targeting the LPS O-antigen for adsorption (26, 27).
Notably, incubation of DEV with the LPS extracted from PAO1 or from the galU mutant
did not reduce phage infectivity (Fig. 1D).

Thus, the DEV secondary receptor is not an LPS species.
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FIG 1 DEV adsorption upon LPS depletion. (A) Growth of the araBp-IpxA strain in presence or absence of 0.2% arabinose (ARA). The adsorption assay (B) and
LPS analysis (C) were executed on bacteria collected at the last time point (270 min). (B) Adsorption (ADS) efficiency of DEV (circles) and DEV A53 (triangles) in
the presence or absence of arabinose. The significance of the difference (P) estimated with one-way ANOVA and Sidak’s multiple comparisons test is reported.
(C) LPS (right panels) and proteins (left panel) extracted from cultures grown in the presence or absence of arabinose. Proteins were analyzed by SDS-PAGE and
Coomassie staining and LPS by 18% Tricine gel electrophoresis (lower panel) and 12% SDS-PAGE (upper panel) and emerald-green staining. LPS species were
recognized based on their electrophoretic profile (19). B-band, serotype-specific LPS; A-band, common antigen LPS; C+1, LPS capped with a single O-antigen
repeat; u, uncapped LPS. (D) Pre-incubation with LPS extracted from PAO1 (empty bars) inactivated E217 but not DEV. LPS extracted from the galU mutant (filled
bars) did not impair infection by either phage. Bars indicate average efficiency of plating (EOP, N = 2) with range.
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Mutations in IptD and rpoH confer DEV resistance to the PAO1 galU mutant

To identify the secondary receptor of DEV, we searched for mutations that confer
resistance to DEV in a galU defective strain, which lacks the DEV primary receptor, the
O-antigen-capped LPS (19, 25). PAO1 galU cultures were plated on plates spread with
DEV and the colonies tested for resistance to both wt DEV and gp53-defective DEV A53.
The genomes of two independent (i.e., selected from independent bacterial cultures)
galU derivatives resistant to both phages were sequenced to identify the mutation(s)
responsible for phage resistance. Both mutants retained the galU frameshift mutation
present in the parental strain (19) and had an additional mutation in either the IptD
or rpoH gene, encoding the LPS transporter LptD or the alternative sigma factor o,
respectively. Specifically, we found a 33 bp in-frame deletion (mutation IptD**) that
eliminates residues 880-890 in the 924 amino acids of LptD and a T>G substitution in
rpoH, resulting in the replacement of the conserved valine at position 164 with glycine
(V164G) in o". No other mutations were detected, implying that the mutations identified
in IptD or rpoH are responsible for DEV resistance in deep-rough galU strains (Table 1; Fig.
2A and B).

Since LptD is located in the OM, whereas ¢" is a cytoplasmic protein, we focused on
LptD as a potential secondary receptor for DEV. To confirm that the mutation in [ptD
was responsible for the DEV-resistant phenotype of the galU [ptD*** mutant, we checked
DEV plating efficiency on galU |ptD*** carrying the pLptD plasmid, which expresses the
wt LptD protein. Both wt DEV and DEV A53 were able to grow in the complemented
galU IptD***/pLptD strain (Fig. 2C), confirming that the IptD*** mutation is responsible for
DEV resistance. We then tested DEV growth in the galU IptD*** strain expressing wt GalU
from the pGalU plasmid to assess whether the JptD"*** mutation caused DEV resistance
only in the absence of GalU or also in its presence. DEV was able to form plaques on
the complemented host, demonstrating that the IptD*** mutation does not block phage
growth as long as the smooth LPS can be produced. Notably, E217 and E10 phages,
which depend on the O-antigen for adsorption and do not infect the galU mutant (19,
26), were able to grow in the galU IptD***/pGalU strain (Fig. 2C), suggesting that the
IptD*** mutation does not strongly impact LPS transport. Accordingly, no significant
difference in the LPS level was observed between galU and galU IptD"*** mutants (Fig. 2B).

DEV adsorption efficiency is low in the absence of the O-antigen and
responds to LptD levels

We measured the adsorption efficiency of DEV and DEV A53 to the galU and galU IptD"*
mutants compared with PAO1. Despite DEV’s high efficiency of plating (EOP) on the galU
mutant, its adsorption to this strain was significantly reduced (from over 80% for PAO1
to 10%-15% for the galU mutant), similar to the adsorption to the DEV-resistant galU
IptD*** mutant. Accordingly, DEV A53 showed low adsorption to all tested strains (Fig.
3A). Complementation of the galU mutation with pGalU increased DEV adsorption to
the galU IptD"* mutant, but it did not improve A53 adsorption, as expected. In contrast,
complementation of the /ptD*** mutation with pLptD similarly increased DEV and A53
adsorption to around 40%, with some fluctuations in the adsorption efficiency (Fig. 3B).

TABLE 1 Efficiency of plating of DEV and DEV A53 on PAO1 double mutants

Mutant DEV DEV A53
Average® sp* Average’ sp*
PAO1 1.0 0.03 <0.003 n.a.
galU 0.9 0.07 1.0 0.11
galU [ptD** <0.0003 na. <0.003 na.
galUrpoH 0.006 0.0005 <0.003 n.a.

“Efficiency of plating (EOP) average (N = 3), determined as the ratio between the titer on each replicate culture and
the average titer calculated on the reference strains (wt PAO1 for DEV, and PAO1 galU for DEV A53).
“n.a., not applicable.

Month XXXX Volume 0 Issue 0 10.1128/mbi0.03561-25 4

176

Downloaded from https://journals.asm.org/journal/mbio on 04 February 2026 by 193.204.167.183.



APPENDIX. Manuscripts I co-authored that are not directly related to the main topic of my PhD thesis

Research Article mBio

gallu

galU IptD
galU rpoH
galU IptD
galU rpoH

wt

galU IptD/IEV
galU IptD/pGalU

galU IptD/pLptD

FIG 2 Effect of IptD and rpoH mutations on the LPS profile and phage growth. (A and C) Tenfold serial dilutions (from left to right) of the indicated phages
were replicated on PAO1 or the PAO1 mutants indicated on the left of the panels. The plates were incubated for 16 h at 37°C. EV, empty vector. (B) LPS extracted
from cultures of PAO1 (wt) or the PAO1 mutants indicated on top of the lanes, grown at 37°C. Samples corresponding to the same total ODggo were split
and used to extract proteins as a sampling control (left panel) and LPS (right panels). Proteins and LPS were analyzed as described in the legend of Fig. 1.
B-band, serotype-specific LPS; A-band, common antigen LPS; +1, LPS capped with a single O-antigen repeat; u, uncapped LPS; tc, LPS with truncated core
oligosaccharide. The galU IptD*** mutant is indicated as galU IptD in all panels.

Therefore, without the O-antigen or the O-antigen binding protein gp53, DEV adsorption
becomes inefficient and/or unstable and depends on LptD levels.

We validated this finding by testing whether low LptD levels decreased DEV
adsorption. Since LptE depletion prevents LptD insertion into the OM, we used a PAO1
derivative with arabinose-dependent IptE expression (strain araBp-IptE) (28). The mutant
did not stop growing in the absence of arabinose, suggesting that LptE depletion
was only partially achieved (Fig. 3C). In spite of this, DEV adsorption was reduced in
araBp-IptE bacteria grown without arabinose, whereas, as expected, A53 adsorption to
this smooth strain remained low in the presence or absence of arabinose (Fig. 3C). We
then assessed whether DEV absorbed to an E. coli strain exposing P. aeruginosa LptD on
the cell surface. We used a AwaaG::kan deep-rough E. coli strain (29) expressing LptD
and LptE of P. aeruginosa from compatible plasmids. We observed that DEV adsorption
increased slightly but consistently in the presence of plasmids expressing P. aeruginosa
proteins compared to the empty vectors. In contrast, E217 adsorption, which requires P.
aeruginosa LPS (19, 26), remained similarly low in both strains (Fig. 3D). Overall, these
results support the hypothesis that LptD is the DEV secondary receptor.
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FIG 3 Efficiency of LptD-mediated DEV adsorption. Efficiency of adsorption to the indicated P. aeruginosa strains (A) or to the

galU IptD** double mutant carrying the indicated plasmids (B) In panel A, the galU IptD*** mutant is indicated as galU IptD.

EV, empty vector, pGM931. The symbols represent replicate samples, and the lines represent the average. P was calculated

with one-way ANOVA and Sidak’s multiple comparisons test. Only P values relative to the comparisons between PAO1 and the

mutant strains (A, ****, <0.0001; *, <0.05) or between the control galU IptD***/EV and the strains carrying the plasmids pGalU

or pLptD (B) are reported for clarity. ns, not significant. (C) Growth of the araBp-IptE strain (left panel) and adsorption efficiency

of DEV and DEV A53 (right panel) in the presence or absence of 0.2% arabinose (ARA). The adsorption assay was performed on

bacteria collected at the last time point. The significance of the difference (P) estimated with a two-tailed t-test is reported. (D)

Adsorption efficiency of DEV (circles) and E217 (diamonds) to E. coli AwaaG expressing P. aeruginosa LptD and LptE from pLptD

and pGM-IptE compatible plasmids (LptD-LptE). EVs, empty vectors. P was calculated with one-way ANOVA and Tukey post hoc
test. ¥*** <0.0001; ns, not significant.
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The gp56-55-54 operon is essential

It has been proposed that several E. coli siphoviruses of the Drexlerviridae family may
utilize LptD as their secondary receptor recognized by a RBP encoded by one of two
genes flanking a gene homologous to phage A gpJ, which encodes the distal tail fiber
located at the tail tip (21). Interestingly, the final 70% of DEV gp56 short fiber has around
30% identity to gpJ-like proteins of Drexlerviridae (Table S1). According to genomic
sequence analysis, the gp56 gene is part of an operon with gp55 and gp54, with the start
codons of gp55 and gp54 overlapping the stop codons of gp56 and gp55, respectively.
Reverse transcription-PCR (RT-PCR) analysis confirmed that the gp56, gp55, and gp54
genes are co-transcribed into a single mRNA (Fig. 4A). gp54 was identified as a structural
protein according to mass-spectrometry analysis of DEV particles, whereas the identifica-
tion of gp55 as a structural protein was uncertain (20). Both gp54 and gp55 are highly
conserved among Litunaviruses (Tables S2 and S3), and gp54 and gp55 orthologs were
reported as structural proteins of LIT1, a Litunavirus highly similar to DEV (20, 30).

To assess whether the proteins encoded by this operon, and in particular gp56,
are essential, we tested the effect of A56 deletion on DEV propagation. This deletion
removed the whole gp56 open reading frame (ORF), including a 45 bp long portion
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FIG 4 Expression and essential function of gp56-gp55-gp54 operon. (A) RT-PCR analysis of the gp56-gp55-gp54 operon transcription. The position of the a (4249),
b (4250), c (4251), d (4252) oligonucleotides used for PCR amplification is shown on the left of the panel below the arrow indicating the operon transcription
direction. gp56-gp54, gp55-gp54, and gp54 amplicons were obtained by RT-PCR with primers a-d, b-d, and c-d, respectively, on RNA extracted at different time
points after DEV infection indicated in minutes on top of the lanes. M, MW marker. (B) EOP of mutant phages calculated by replica plating of 10-fold serial
dilutions (from left to right) of phage lysates. The phages indicated above the panels were replica-plated onto PAO1 carrying the plasmids listed on the left. -,
no plasmid. The plates were incubated for 16 h at 37°C. (C) DNA release from DEV particles. gPCR analysis of phage DNA content in pellets (P) and supernatants
(SN) obtained after PEG- precipitation of phage lysates. DNANT vs DNAT, ratio between DNA amount in samples untreated (NT) vs treated (T) with DNase I.
Significance of the difference was estimated with one-way analysis of variance and Sidak’s multiple comparisons test. ns, not significant; ***, P = 0.0009.
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of the upstream 5 untranslated region (UTR) and the first seven codons of gp55. The
mutant phage did not form plaques on PAO1, whereas it grew in PAO1 carrying a plasmid
with the entire gp56-gp55-gp54 operon. Conversely, plasmids carrying gp56 only or in
combination with either gp55 or gp54 did not restore DEV A56 growth (Fig. 4B). This
finding indicated that the gp56, gp55, and gp54 genes are all essential and the A56
deletion, which also involves gp55, is polar on the downstream gp54 gene. We did not
further explore this aspect, which could be due to translation coupling between gp55
and gp54 and/or premature transcription termination of the poorly translated transcript.

To confirm the conclusion that gp54 and gp55 are essential genes, we constructed
DEV A54 and A55 mutants, which carry deletions that eliminate only the gp54 or the
gp55 ORF, respectively, and tested their growth. We found that the A54 and A55 mutants
grew only if gp54 or gp55, respectively, were expressed from complementing plasmids
(Fig. 4B). This confirmed the essentiality of gp54 and gp55.

The gp56-55-54 operon controls tail closure

To assess whether the function of the proteins encoded in the gp56-gp55-gp54 operon,
and in particular of gp56, is to control tail plugging, we tested the effect of A56 deletion
on DNA leakage by phage particles. DEV and DEV A56 virions were incubated for 3 h at
37°C and pelleted by PEG-NaCl precipitation. The supernatants and pellets were analyzed
by real-time quantitative PCR (qPCR) using phage-specific oligonucleotides before and
after DNase | treatment. The enzyme can degrade phage DNA unpackaged or even
partially leaked from phage particles, but not the DNA fully packaged inside the phage
head. As shown in Fig. 4C, DNase | treatment significantly reduced the DNA content in
both supernatants (median DNA decrease of around 14- and 36.5-fold between treated
(T) and untreated (NT) samples of DEV and DEV A56, respectively). In contrast, the impact
of DNase | digestion on DEV DNA in the pellets was much lower (a median 2.6-fold
decrease between treated and untreated samples). These results were anticipated, as
supernatants are expected to contain unpackaged DNA, whereas pellets are enriched
with DNA packaged in phage heads. On the other hand, DEV A56 DNA in the pellet was
highly susceptible to DNase | digestion (a median 48-fold decrease between T and NT
samples), suggesting that the phage genome leaked from the virions.

To strengthen this observation, we assessed the susceptibility of DEV A56 virion DNA
to digestion with BamHlI, which recognizes 16 sites in the DEV genome. DEV A56 virions
produced in PAO1 (defective virions) or PAO1 expressing gp56-gp55-gp54 from a plasmid
(complete virions) were incubated for 6 h at 37°C with the restriction enzyme, and the
phage DNA was analyzed by Southern blotting using a DEV-specific probe (Fig. S1). We
found that the DNA from complete virions remained mostly undigested, whereas the
DNA from defective virions was completely digested. Overall, these results indicate that
gp56 controls the sealing of the phage tail.

gp54 mutations suppress DEV defective growth on the galU IptD*** mutant

We then asked whether, like in Drexlerviridae, the gp54 or gp55 genes proximal to the
gpJ-like gp56 may encode the second RBP of phage DEV. To answer this question, we
examined whether phage mutants that regained the ability to grow on the galU IptD"*
strain carried mutations in either of these genes. The rationale was that mutations
restoring infectivity are likely to occur in the gene encoding the RBP, which physically
interacts with the bacterial receptor. To increase the mutation frequency, we exposed a
DEV lysate to UV rays before infecting a liquid culture of the PAO1 permissive host. After
20 min, the infected culture was plated on the galU IptD** double mutant. The gp53-
gp54-gp55-gp56 ORFs were amplified from a plaque formed by a mutant phage able to
infect this strain (i.e., DEV g101; Fig. 5) and sequenced. Three base substitutions were
identified: one resulting in the replacement of aspartate at position 799 with asparagine
(D799N) in the gp53 protein and the others resulting in the replacement of arginine at
position 37 and threonine at position 181 with glycine and proline, respectively (R37G
and T181P mutations), in gp54. No mutations were detected in gp55 and gp56. This result
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FIG5 gp54 mutations suppress DEV defective growth on galU IptD"*’. Replica-plating of 10-fold serial dilutions (from left to right) of the phages indicated on the
left on PAO1 and PAO1 galU and galU [ptD"* (indicated as galU IptD) mutants. The plates were incubated for 16 h at 37°C.

was confirmed by whole genome sequencing of the mutant phage that showed that no
other mutations were present in the phage genome.

To strengthen this observation, we looked for mutants of DEV A53 able to grow in
galU [ptD**. We exposed a DEV A53 lysate to UV radiation and infected a liquid culture of
the galU permissive host. The infected culture was plated onto the galU [ptD"** mutant as
described previously. One plaque was isolated and tested by replica-plating on the galU
and the galU IptD** mutants, confirming the ability of this phage (i.e, DEV A53 g102)
to grow in both strains (Fig. 5). The genome of the mutant phage was sequenced and
compared with the DEV genome. Besides the Agp53 deletion, two missense mutations
were identified in gp54, resulting in amino acid substitutions at positions 85 and 186,
namely, valine to isoleucine (V85I) and asparagine to threonine (N186T). These data
support the hypothesis that gp54 is the RBP for the DEV secondary receptor.

Cryo-EM studies reveal DEV RBF complex

Our previous asymmetric reconstruction of the mature DEV virion (20) showed only
weak density at the distal tip of the tail tube, insufficient to resolve individual protein
components. Based on this observation, we initially hypothesized that the DEV short
tail fiber gp56 might function as a tail plug, analogous to the tail needles of other
podophages such as P22 (31) and Sf6 (32). However, recent structural studies of phage
N4 (33, 34) have identified the gene product 53 (gp53) as the bona fide tail plug. This
protein, encoded by a gene located downstream of the structural genes for the capsid
and tail tube (Fig. 6A), is conserved among N4-like phages, including DEV and LIT1, and
has been detected in proteomic analyses of mature virions (30).

To test the hypothesis that gp56 is not the DEV tail plug itself but may interact with
the plug to stabilize the packaged genome, we vitrified at high titer DEV A53 mutant
(20) lacking the long tail fibers (referred to as “appendages” in N4 [35]), and collected
an extensive cryogenic electron microscopy (cryo-EM) data set to directly visualize the
organization of gp54, gp55, and gp56 in the DEV tail. Applying C12 rotational averaging
yielded a 2.9 A reconstruction of the entire tail, confirming the quality of this data set
(Fig. S2A). As expected, asymmetric reconstructions of the tail apparatus from A53 virions
exhibited substantially reduced noise relative to wt particles (Fig. S2B and S3). A 2D class
average of the tail tip (Fig. 6B) revealed an elongated density positioned laterally to the
tail tube. Consistently, a low-resolution focused reconstruction of the tail tip showed this
elongated lateral density running approximately parallel to the tail tube, accompanied
by a roughly triangular density at the distal end of the tail tube (Fig. 6C). These asymmet-
ric density features are visible even at 14c contour and appear to be equally occupied
as the tail tube gp75 (Fig. S4), suggesting they are a genuine structural component of
DEV tail. We used AlphaFold3 to predict the structure of the gp56-gp55-gp54 complex,
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FIG 6 Cryo-EM analysis of DEV tails from DEV A53 virions lacking the long tail fiber. (A) Comparison of genomic organization
between N4 (top) and DEV (bottom) highlights syntenic conservation of the plug gene: gp53 in N4 and gp74 in DEV. (B)
Representative 2D class averages of the DEV tail tip obtained from low-noise micrographs of the Agp53 mutant. (C) Focused
reconstruction of the DEV tail showing the asymmetric interface formed by the tail tube (gp75), tail plug (gp74), and RBF
complex (gp56-gp55-gp54). The density, shown in gray, is computed at 8.5 A resolution (Fig. $2C) and contoured at 4c.
A higher-contour view of this map (140) is shown in Fig. S4. (D) Semitransparent representation of the density in panel C
overlaid with the model of the tail tube gp75 (magenta) and AlphaFold-predicted models of the tail plug gp74 (light blue)
and RBF complex (gp56-gp55-gp54). (E) Pseudo-atomic model of the DEV tail, comprising gp75, gp74, and the RBF complex
(gp56-gp55-gp54), illustrating the overall asymmetry.

as well as DEV gp74, the putative DEV ortholog of the N4 tail plug gp53. Strikingly, the
asymmetric elongated density observed in the focused reconstruction closely resembles
an AlphaFold3 (36) model of the DEV gp56 fiber in complex with gp55 and gp54 (Fig.
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6D), which we docked into the density and refined using rigid-body fitting. Similarly,
the density, occluding the dodecameric tail tube, aligns well with the AlphaFold model
of DEV gp74, encoded immediately downstream of the tail tube gene gp75 (Fig. 6A).
DEV gp74 exhibits a triangular architecture that caps the tail tube, forming a symme-
try-mismatched 12:1 interface (Fig. 6D), as previously observed in phage N4 (33, 34).
Visualization of the fitted atomic models suggests that gp74 establishes extensive lateral
contacts with the gp56 fiber body (Fig. 6E), explaining the loss of DNA from DEV A56
virions (Fig. 4C). In contrast, gp54 and gp55, predicted to bind the C-terminal B-helix
of gp56, form the receptor-binding moiety of RBF that remains largely disordered at
the resolution of our reconstruction (Fig. 6E). The orientation of gp56 relative to the
tail tube is nonetheless unambiguous, despite the limited resolution of the focused
reconstruction. Gp56 N-terminal trimeric knob fits precisely into the density immediately
above the tail tube tip (Fig. 6E), possibly functioning as an attachment knob. Together,
these data provide structural evidence for a previously uncharacterized gp56-gp55-gp54
assembly, which we refer to as the RBF complex.

AlphaFold3 modeling of RBF-LptD interaction

The pseudo-atomic model of the DEV RBF heterotrimer predicts that one gp54 monomer
and one gp55 monomer assemble at the tip of a gp56 homotrimer, distal to the capsid,
to form a receptor-binding moiety that positions gp54 for recognition of LptD (Fig. 6E).
In this structural model, gp56 acts as a structural adaptor between the tail tube and the
receptor-binding subunit gp54. In contrast, gp55 stabilizes gp54’s attachment to gp56,
possibly contributing to receptor interaction (Fig. 7A). Therefore, AlphaFold3 modeling
confirms the experimental observation that gp54 acts as DEV’s RBP, which is exposed to
the bacterium’s OM through a structural fiber, gp56, and a potential adaptor, gp55.

We used AlphaFold3 (36) to model the interface between the DEV RBF (gp56-gp55-
gp54) complex and its LptD receptor (Fig. 7B). This model positions gp54 directly at the
LptD surface, interacting with surface-exposed loops extending from the B-barrel (Fig.
S5) (37). Although the predicted interface between the gp54:gp55 complex and LptD has
a low confidence score (Fig. 7B) and should therefore be interpreted with caution, the
gp54 residues affected by mutations that restore DEV infectivity in the IptD*** mutant are
predicted to lie at this interface, supporting a key role in receptor recognition (Fig. 7C).
Based on AlphaFold3 predictions that LptD loop 6 (and possibly loop 3) interacts with
gp54, while loops 9 and 11 may interact with gp55 (Fig. S6), we examined the plating
efficiency of DEV and DEV A53 in [ptD mutants lacking these loops. As shown in Fig. 7D,
loops 3 and 11 were dispensable for phage growth. By contrast, both phages failed to
grow in the Aloop6 mutant and showed thermosensitive plating on the Aloop9 mutant,
consistent with impaired adsorption in the absence of loop 6 and unstable adsorption to
the loop 9 mutant at high temperature.

DISCUSSION

The adsorption phase of phage infection begins with an initial interaction with a primary
receptor, followed by a second step of irreversible binding to a secondary receptor
that triggers genome delivery. For some bacteriophages, the receptors are different
derivatives or spatially distinct domains of the same molecule, while for others, they are
separate molecular entities. The evidence presented in this work places the P. aeruginosa
DEV phage in the latter group, supporting LptD as the secondary receptor for DEV and
gp54 as the RBP recognizing it.

Specifically, we found that the IptD"** mutation renders the deep-rough galU mutant
resistant to DEV. This deletion removes 11 residues located in loop 13 and B26-strand
of LptD, altering the extracellular-facing region of the protein and potentially affecting
the lateral gate through which the LPS is transferred from LptD to the OM (37-39) (Fig.
S5). IptD mutations are known to increase OM permeability by altering its composition,
indirectly elevating phospholipid levels, and causing palmitoylation of LPS (40). This
raises the possibility that the [ptD*** mutation may indirectly inhibit DEV adsorption
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FIG 7 AlphaFold3 predictions of putative DEV receptor binding complex and phenotype of mutants
devoid of LptD loops. (A) AlphaFold3 prediction of the trimeric gp56 C-terminus (res. 273-429), one
copy of full-length gp55 and one copy of full-length gp54. Structure is colored by gene product (left)
and according to the AlphaFold3 predicted local distance difference test (pLDDT) (right). The interface
predicted template modeling (ipTM) and predicted template modeling (pTM) scores of the complex are
0.8 and 0.81, respectively. (B) AlphaFold3 prediction of receptor-binding complex with full-length LptD.
Structure is colored by gene product (left) and pLDDT (right). The ipTM and pTM of the structure are
0.35 and 0.48, respectively. (C) Residues and regions identified in this study as relevant for adsorption are
mapped in red onto the wt receptor and receptor-binding complex prediction. Residues 880-890 missing
in LptD-A33 (top left); gp54 valine 85 and asparagine 186 (V85 and N186, top right); gp54 arginine 37
(R37, bottom left); gp54 proline 181 (P181, bottom right). (D) Replica plating of tenfold serial dilutions
(from left to right) of the phages indicated on the left on PAO1 galU and galU IptD mutants lacking loop
3 (AL3), loop 6 (ALS6), loop 9 (AL9), or loop 11 (AL11). The plates were incubated for 16 h at the indicated
temperatures.
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by altering the OM. Against this hypothesis, DEV resistance is also shown by a mutant
lacking the LptD loop 6, which is far from LptD lateral gate and located at the interface
with gp54 in the Alphafold3 model. Moreover, the depletion of LpxA, which severely
impairs both growth and LPS content, actually enhanced A53 phage attachment to
PAO1, and ectopic expression of P. aeruginosa LptD and LptE in E. coli enabled DEV
adsorption to E. coli, a species distantly related to P. aeruginosa and unlikely to produce
surface molecules recognized by P. aeruginosa phages. However, the adsorption
efficiency remained modest, possibly due to inefficient targeting of P. aeruginosa LptD to
the E. coli membrane. Indeed, both wt DEV and the A53 mutant show high plating
efficiency but low adsorption efficiency on deep-rough PAOT mutants, suggesting that
without the gp53-LPS interaction, phage attachment to the secondary receptor may be
unstable and influenced by the experimental procedure used in adsorption assays.

To our knowledge, DEV is the first podovirus and the first P aeruginosa phage
proposed to use LptD as a receptor. Genetic evidence from gp54 mutations suppressing
the galU IptD* resistance to DEV supports a direct interaction between gp54 and LptD,
identifying gp54 as the RBP. gp54 is encoded in an operon with the gpJ-like short tail
fiber gp56 and gp55. In this study, we provide structural evidence that gp56 functions as
a structural module that recruits gp55 and gp54, connecting them to the tail tube while
stabilizing the tail plug, which we map to the conserved factor gp74. The asymmetry
of the gp56-gp55-gp54 complex, which we designate here as the RBF, highlights the
structural complexity of the DEV tail. The RBF represents a unique module that couples
receptor recognition to tail unplugging, while permitting evolutionary diversification of
the gp54 subunit to accommodate different hosts. The role of gp55, an essential DEV
protein, appears to be that of a structural adaptor linking the tail fiber gp56 to the
RBP gp54. Moreover, gp55 may help stabilize the interaction with the receptor. This is
supported by the thermosensitive growth of DEV in the LptD mutant lacking loop 9,
which in the Alphafold3 model is close to gp55.

We propose that DEV and potentially other podoviruses of the Schitoviridae family
employ an adsorption strategy analogous to that of bacteriophage T5 (and other
siphoviruses). These phages sequentially recognize LPS and an OMP, which serve as
primary and secondary receptors and are engaged by the lateral tail fibers and the
tail tip complex, respectively (21, 41). Specifically, DEV may initiate host recognition
through a reversible interaction between its gp53 tail fibers and the O-antigen. This step
does not inactivate the phage, consistent with the observation that purified LPS fails to
neutralize DEV. Instead, it likely stabilizes virion attachment and positions the phage near
its secondary receptor, LptD, which is normally masked by the O-antigen layer in smooth
strains (6, 42). Irreversible adsorption then occurs when the RBF complex engages LptD,
similar to how T5 binds its final receptor FhuA (41). We propose that this interaction
triggers tail-tip unplugging by destabilizing the interaction between the gp56 coiled coil
domain and the plug gp74 (Fig. 6E), allowing the release of ejection proteins and the
assembly of the DEV ejectosome (20).

Interestingly, although the Schitoviridae phages N4 and DEV utilize different host
receptors, they appear to share a common strategy in which the primary receptor is
transported by the secondary receptor. In fact, the E. coli phage N4 relies on the Novel
Glycan Receptor (NGR) surface glycan, presumably bound by 12 appendages (gp66),
and the NGR transporter NfrA, recognized by the phage gp65 tail sheath, as receptors
for infection (43-45). Similarly, N4 employs the sheath protein gp65 to stabilize the tail
plug gp53 and engage the NfrA receptor (33, 34), whereas DEV uses the RBF complex
to stabilize gp74 and interact with LptD. In both phages, receptor binding via the RBP,
gp65 in N4 and gp54 in DEV, triggers destabilization of the plug, leading to release
of the ejection proteins (46). This mechanism may enhance adsorption efficiency by
concentrating the phage close to the secondary receptor, given that both LPS and NGR
are likely densely localized near their respective transporters, LptD and NfrA (47).

The identification of LptD as a phage receptor is potentially relevant for phage
therapy, as LptD is an essential and conserved component of the OM, possibly limiting
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the emergence of phage resistance via receptor modification or loss, or creating an
evolutionary trade-off where mutations conferring phage resistance negatively impact
cell envelope integrity and, consequently, antibiotic resistance (28). Given the high
conservation of gp54 among Litunaviruses, we anticipate that other phages in this genus
might use LptD as their receptor. However, the O-antigen and outer core effectively
shield LptD, preventing phage access. Therefore, the host range of phages that use LptD
as a terminal receptor is likely constrained by their ability to recognize and bind the
primary receptor, typically the O-antigen. This initial interaction would be the principal
determinant of host susceptibility, representing a significant bottleneck in the therapeu-
tic application of LptD-targeting phages. Overcoming the barrier posed by the O-antigen
will be essential for enabling these phages to infect a broad spectrum of clinically
relevant strains.

MATERIALS AND METHODS
Bacteria, bacteriophages, and plasmids

Bacterial strains, bacteriophages, and plasmids are listed in Table S4, oligonucleotides in
Table S5. Genome coordinates refer to PAO1 (GenBank accession number NC_002516.2)
or DEV (GenBank accession no. MF490238.1). Details about the construction of plas-
mids, mutant bacterial strains, and phages are provided in Supplemental Methods.
DEV deletion mutants were constructed by CRISPR-Cas mutagenesis (20). [ptD mutants
lacking specific extracellular loops were obtained by homologous recombination and
sucrose-based selection (48). Bacterial cultures were grown in LB broth at 37°C unless
otherwise stated. The cultures were supplemented with 300 pg/mL carbenicillin or
30 pg/mL chloramphenicol for plasmid maintenance. 0.05% or 0.2% (wt/vol) arabinose
was added to induce expression from the araBp promoter when needed. Depletion
of LpxA or LptE in P. aeruginosa strains with conditional expression was achieved as
described in Supplemental Methods. E. coli cultures were maintained with 100 pg/mL
ampicillin or 30 pg/mL chloramphenicol, as appropriate.

Basic techniques of phage handling

Phage lysates were generated as described (16). Methods applied to measure phage EOP,
adsorption efficiency, and inactivation by LPS were previously described (19, 26) and are
detailed in Supplemental Methods.

Isolation of DEV-resistant galU derivatives

To isolate DEV-resistant galU mutants, 0.1 mL of two independent cultures of PAER6b at
ODggo= 1.0 was plated onto two plates spread with 5 x 10° PFU of DEV. Two bacterial
colonies were taken from different plates and streaked. Cultures of a sub-clone per each
streak were tested as indicators for DEV replica plating to confirm resistance.

Bacteria and phage genome sequencing

Bacterial genomic DNA was extracted from two DEV-resistant PAER6b derivatives with
the Genomic Purification Kit (Gentra System-Puregene). Phage DNA was extracted
from 1 mL of high titer filtered lysate (~10' PFU/mL) of DEV mutants using a modi-
fied phenol:chloroform:isoamyl alcohol method (Supplemental Methods). Bacteria and
phage DNA were sequenced on NextSeq 2000 lllumina NGS platform at the SeqCenter
(Pittsburgh, PA, USA) applying a sequencing package providing at minimum 400 (for
bacteria) or 200 (for phages) Mb of 2 x 151 bp paired reads. Variant calling against PAO1
or DEV reference genomes was performed at the SeqCenter with the breseq software,
version 0.36.1 (49). The average depth of sequencing coverage was >300 for bacterial
genomes and >3,000 for phage genomes. Besides the new mutation in either rpoH or
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IptD, the two bacterial genomes contained already known polymorphisms with respect
to the reference genomic sequence (19).

LPS analysis

LPS was extracted from 1 ODggg of exponential bacterial cultures using hot phenol
and diethyl ether and analyzed by 18% tricine SDS-PAGE and 12% Bis-Tris SDS-PAGE as
previously described (19). The gels were stained using the Pro-Q Emerald 300 staining kit
(Thermo Fisher Scientific).

Phage UV mutagenesis

Fifty microliters of phage suspension at 10° PFU/mL of DEV was irradiated with an UV
dose of 10 mJ (A = 254 nm). Ten microliters of the suspension was mixed with 140 pL
of a PAO1 culture at ODggp = 0.5 in a 96-well plate. The plate was incubated at 37°C for
120 min and centrifuged 10 min at 4,500 rcf and 4°C. The supernatant was serially diluted
and replica-plated onto the susceptible PAO1 and PAER6b hosts and the resistant PAER67
galU IptD** strain. Mutant phages forming turbid plaques were isolated on PAER67. DEV
A53 UV-mutagenesis was similarly performed (Supplemental Methods).

RT-PCR analysis of gp56-55-54 operon transcription

RNA extraction from PAO1 cultures was performed at different time points after the
infection with DEV and 2 pg of RNA was reverse-transcribed as described (20). 0.5 pL
aliquots of the 10 puL cDNA mixtures were PCR-amplified with forward primers 4249,
4250 or 4251, mapping within gp56, gp55, and gp54, respectively, and the reverse primer
4252 mapping within gp54. Mock reverse transcription reactions (i.e., without reverse
transcriptase) were PCR-amplified to check DNA contamination, which was found to be
undetectable.

DNA leakage assay from DEV A56 virions

For the DNase | sensitivity assay, two PAO1 cultures in 10 mL of LB at ODggg = 0.1 were
infected with DEV or DEV A56 with a MOI = 5 and incubated 50 min at 37°C. The infected
cultures were pelleted to eliminate uninfected bacteria and cell debris, the supernatants
filtered and the phages precipitated overnight at 4°C with 105 g/L of PEGgggo and 58 g/L
of NaCl. After centrifugation for 30 min at 20,000 x g at 4°C, the pellets were resuspended
in 1T mL of TN buffer and left 3 weeks at 4°C. Phage suspensions were then incubated
3 h at 37°C with slow shaking. The samples were PEG-precipitated as described before,
the pellets resuspended in 1T mL of TN buffer, and the DNA was ethanol-precipitated
from 0.5 mL of the supernatants and resuspended in 50 mL of water. Half of each
sample was incubated with 10 mg/L DNase | for 30 min at 37°C and for 4 min at 93°C
to inactivate the enzyme. The same volume of DNase I-treated (T) and not treated (NT)
samples was analyzed by qPCR with primers specific for DEV gp77 gene (4103-4104).
The difference in DNA content was calculated as 2N, where CqNT and CqT are
the quantification cycles for NT and T samples, respectively. BamHI sensitivity assay is
described in Supplemental Methods.

Cryo-EM analysis of DEV A53 virions and AlphaFold modeling

Vitrification and cryo-EM analysis of DEV A53 virions is detailed in Supplemental
Methods. All AlphaFold models of individual polypeptide chains and complexes were
predicted using the AlphaFold3 server (36), as detailed in the Supplemental Methods.
Mutation sites discussed in this study were then colored red to roughly localize putative
binding interfaces using ChimeraX (50).
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