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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 β-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 α-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 lpxT expression. Consistently, 

growth was fully abrogated when LpxT was depleted in ΔPA4011 ΔuppP 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 lspA 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. 
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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 β-barrel proteins involved in 

nutrient transport, signal transduction, and the biogenesis and homeostasis of the membrane itself (1). 

 

 

 

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 β-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. β-barrel proteins, commonly referred 

to as OM proteins (OMPs), are integral components of the OM. They consist of 8-26 antiparallel β-

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 Mg²⁺ and Ca²⁺. 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 (GlcN) 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-α-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). 

 

 

 

Figure 2. Schematic representation of the core structural components of LPS P: phosphate group; Kdo: 3-deoxy-α-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 Ca²⁺ and Mg²⁺, 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 (GlcNAc) 

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-GlcNAc, generating UDP-3-O-(3-OH-acyl)-GlcNAc (17). This intermediate is then irreversibly 

deacetylated by the zinc-dependent enzyme LpxC to form UDP-3-O-(acyl)-GlcN, 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-GlcN-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). 

 

 

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 WaaL 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 β-jellyroll (17). LptF and LptG interact 

with each other through their TM1 and TM5 helices, forming an outward facing V-shaped 

hydrophobic cavity that spans the IM and protrudes slightly into the periplasm (17). The LptB2FG 

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-TM5 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 β-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 β-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 β-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 β-barrel (13). 
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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). 

 

 

 

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 β-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 β-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 β-barrel assembly pathway (15). 
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Figure 6. Model of β-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 

β-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 

β-barrel, allowing capture of the OMP C-terminus by the N-terminal β-strand of BamA. The substrate 

then enters the BamA β-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-II), 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).  

 

 

 

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

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 LolCD₂E 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 LolCD₂E, 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 (ClsA/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 β-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 MlaFEDB, 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 β-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 mlaA 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 PldA, 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 

yhdP inactivation suppressed mlaA*-induced lysis, likely by slowing GPL flow to the OM. This 

hypothesis was supported by the observation that the double mutant ΔyhdP mlaA* showed a reduced 

anterograde GPL flux, confirming that YhdP contributes to GPL transport across the periplasm. 

However, the viability of ΔyhdP cells indicates that YhdP is not essential, suggesting redundancy in 

GPL transport pathways (44). 



CHAPTER 1. INTRODUCTION 

18 

 

 

 

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 β-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 ΔtamB ΔyhdP 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 PldA fully suppressed the lysis phenotype of 

the ΔtamB ΔyhdP 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 ΔtamB ΔydbH 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 Å 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, 

ydbH is 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 β-strand periplasmic 

domain of YnbE multimers positioned near the OM. Deletion of ynbE in a ΔtamB ΔyhdP 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 Å 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 α-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 GlcNAc 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 



CHAPTER 1. INTRODUCTION 

20 

 

composed of L-alanyl-γ-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: 

(i) UDP-GlcNAc is produced from fructose-6-phosphate by the Glm enzymes; (ii) UDP-MurNAc is 

derived from UDP-GlcNAc 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 α-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-MurNAc-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 GlcNAc moiety 

from UDP-GlcNAc 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 GlcNAc to produce Lipid II, 

which is flipped to the outer side of the cytoplasmic membrane by MurJ. 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).  

 

 

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.  

 

 

 

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 

(Δvca0040) 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 Ca2+-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 Δvca0040 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 dedA 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 ΔyngC ΔykoX 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-β-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 off-

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 β-lactams, currently the most 

widely used antibacterial agents for treating infectious diseases (81). β-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 β-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 β-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–β-

lactamase-producing staphylococci, and certain anaerobic species, while showing limited activity 

against most Gram-negative bacteria, due to permeability barriers and β-lactamase-mediated 

hydrolysis (81). Indeed, the vulnerability of penicillin G to enzymatic degradation by β-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 β-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 β-lactamase-producing organisms, including 

extended-spectrum β-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 β-lactam antibiotics, derived from the natural compound 

cephalosporin C, originally isolated from Cephalosporium acremonium (85), later renamed 

Acremonium chrysogenum. Their bicyclic β-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–β-lactamase-

producing enteric species. Later generations of cephalosporins with “expanded-spectrum” (e.g., 

cefotaxime, ceftriaxone, ceftazidime, and cefepime) exhibited increased stability against common β-

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 β-lactams. Structurally, they consist of a classic β-

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 β-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-β-lactamases) which can efficiently hydrolyze carbapenems and severely 

compromise their efficacy (81, 84). 



CHAPTER 1. INTRODUCTION 

28 

 

Monobactams, clinically represented by aztreonam, differ structurally from penicillins and 

cephalosporins because they contain a single β-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 β-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-β-lactamases, there 

remains interest in combining aztreonam with β-lactamase inhibitors (or other β-lactams) to treat 

infections caused by bacteria expressing multiple β-lactamases (81, 84).  

Building on the therapeutic potential of β-lactam antibiotics, β-lactamase inhibitors were developed 

to counteract one of the major resistance mechanisms which limits their efficacy, i.e. enzymatic 

degradation by β-lactamases. These molecules, including clavulanic acid, sulbactam, and tazobactam, 

resemble the β-lactam core of penicillins but possess little intrinsic antibacterial activity. By forming 

a stable complex with β-lactamases, they prevent the hydrolysis of co-administered β-lactam 

antibiotics, allowing these drugs to reach their targets. Widely used in combination therapies, such as 

amoxicillin-clavulanate or piperacillin-tazobactam, β-lactamase inhibitors have significantly 

expanded the clinical utility of older β-lactams, providing an effective strategy against both Gram-

positive and Gram-negative β-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-α-γ-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 Mg2+ and Ca2+, 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 eptA/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 A. baumannii, where loss-of-function mutations in lipid A 

biosynthesis genes (lpxA/lpxC/lpxD) 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 β-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 II 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 Ca²⁺-

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 β-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 β-barrel OMPs into the OM. The macrocyclic 

β-hairpin peptidomimetic JB-96 was proposed to interfere with β-barrel assembly, as it disrupts OM 

integrity, rapidly depletes OM β-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 β-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-I 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. 

 



CHAPTER 1. INTRODUCTION 

33 

 

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 PAO1, 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 β-lactam antibiotics exhibiting antipseudomonal activity is limited, they remain 

commonly prescribed as the primary treatment for P. aeruginosa infections. Non-carbapenem β-

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 β-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 IV, essential enzymes for DNA synthesis in bacteria (168). 

In addition to β-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 β-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 β-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). 
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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, β-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. 
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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 I 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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CHAPTER 4. Structure-function relationship of the Pseudomonas aeruginosa 

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 α-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 α-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-e70227-s001.pdf 
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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=Z39.88-

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

https://journals.asm.org/doi/10.1128/mbio.02408-25?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%20%200pubmed#supplementary-materials
https://journals.asm.org/doi/10.1128/mbio.02408-25?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%20%200pubmed#supplementary-materials
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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 lpxT gene expression. Accordingly, growth was 

completely inhibited upon LpxT depletion in ΔPA4011 ΔuppP 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 β-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 MurJ (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 μg/mL; tetracycline, 12.5 μg/mL (50-100 μg/mL); 

carbenicillin (500 μg/mL); nalidixic acid, 15 μg/mL; chloramphenicol, 30 μg/mL (375 μg/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 pDM4 derivatives (Table S2) were transferred into P. aeruginosa by conjugation, and 

the transconjugants were selected on plates containing 15 μg/mL nalidixic acid and 375 μg/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_RV of 

each gene (Table S3). Each deletion was further confirmed by DNA sequencing. 

To generate the lpxT conditional mutant, the coding sequence of lpxT was PCR amplified, 

directionally cloned into the mini-CTX1 derivative pJM253 (16) downstream of the rhaSR Prha 

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 µg/mL 

nalidixic acid and 100 µg/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 rhaSR Prha::lpxT construct into the chromosome. Then, in-frame deletion 

of the endogenous copy of lpxT was obtained by recombination and sucrose-based counterselection, 

as described above, using the pDM4ΔlpxT 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 pMEPA4011DedA 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 PAO1, 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-DpnI (KLD) enzyme mix and 

used to transform E. coli DH5αF' competent cells. The clones carrying the PA4011H323A or 

PA4011H371A 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 PA4011H323A and PA4011H371A alleles 

were then excised from pBS and subcloned into pME6032 downstream of the IPTG-inducible 

promoter, yielding pMEPA4011H323A and pMEPA4011H371A (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 µg/mL fosmidomycin. Cultures were aliquoted in flat-bottom 96-well microtiter plates (200 µL per 

well in the presence of EDTA, 100 µL 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 (OD600) 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 OD600 = 1. Serial ten-fold dilutions were prepared in saline solution and 5-µL 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 

https://pseudomonas.com/
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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.a 

Query PAO1 homolog 

(PA number) 

Annotation Alignment 

length (aa) 

Identity 

(%) 

E-value 

E. coli UppP 

(AAC76093.1) 

PA1959 Bacitracin resistance 

protein 

253 51.38 0 

E. coli PgpB 

(AAC74360.1) 

PA4011 Hypothetical protein 113 31.86 1.6×e-7 

E. coli YbjG 

(AAC73928.1) 

PA4011 Hypothetical protein 133 33.08 5.3×e-6 

E. coli LpxT 

(AAC75235.2) 

PA5194 Hypothetical protein 

(LpxT) 

196 29.59 1.2×e-14 

PA1959 

(PA UppP) 

PA1959 Bacitracin resistance 

protein 

277 100.00 0 

PA4011_PAP2 

domain (aa 226-437) 

PA4011 Hypothetical protein 212 100.00 0 

a Identified by BLASTP analysis with an E-value cutoff of 1×e-4 (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 ΔPA4011 mutant and tested the 

resulting mutants for fosmidomycin sensitivity. While the single mutants ΔPA4011 and ΔuppP 

behaved similarly to the wild-type strain, the double mutant ΔPA4011 ΔuppP showed increased 

fosmidomycin sensitivity, being unable to grow in the presence of 4 µg/mL fosmidomycin (Figure 

1A), corresponding to 0.5×MIC 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 ΔPA4011 (Figure 1B). In contrast, deletion of uppP alone did not affect this 

phenotype (Figures 1B and S1). 

The increased sensitivity of ΔPA4011 ΔuppP 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. 

 

 

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 µg/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 ΔPA4011 ΔuppP, 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 PA4011H371A did not promote the growth of the double mutant at 

any IPTG concentration, while expression of PA4011H323A 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 PA4011H371A 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 ΔPA4011 ΔuppP. 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 (PA4011DedA) 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 PA4011DedA 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 PA4011PAP2 and the mutant variants PA4011H323A and 

PA4011H371A; 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 

PAO1 and the isogenic double mutant ΔPA4011 ΔuppP 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 (PA4011H323A and PA4011H371A, respectively), or the 

PA4011 DedA or PAP2-like domains alone (PA4011DedA 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 ΔPA4011 ΔuppP 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 lpxT gene from the double mutant ΔPA4011 ΔuppP. 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 lpxT gene from the wild-type strain or from single mutants lacking 

PA4011 or uppP (Table S1). Interestingly, the P. aeruginosa lpxT (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 ΔPA4011 ΔuppP at 25°C, when LpxT is expected to be expressed at low levels. 

Under these conditions, the growth of the double mutant ΔPA4011 ΔuppP was severely impaired, 

whereas the mutants lacking PA4011 or uppP, alone or in combination with the deletion of lpxT, all 

grew as the wild-type strain (Figure 3A). To confirm this preliminary observation, we generated a 

rhamnose-dependent lpxT conditional mutant in the ΔPA4011 ΔuppP 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. 

 

 

Figure 3. (A) Growth curves of P. aeruginosa PAO1 and isogenic single or double deletion mutants 

in PA4011, uppP and lpxT 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 

ΔPA4011 ΔuppP rhaSR Prha lpxT ΔlpxT (Δ3C) 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 lpxT 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 ΔuppP ΔybjG ΔpgpB 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 
 

  

S17.1λpir thi pro hsdR hsdM+ recA RP4-2-Tc::Mu-

Km::Tn7λpir, GmR 

Simon et al., 1983 a 

DH5αF' recA1 endA1 hsdR17 supE44 thi-1 gyrA96 relA1 

Δ(lacZYA-argF)U169[φ80 dlacZΔM15], NalR 

Liss, 1987 a 

P. aeruginosa 
 

  

PAO1 (ATCC15692) Reference isolate, wild type American Type 

Culture Collection 

ΔPA4011 PAO1 derivative with an in-frame deletion of the 

PA4011 coding sequence 

Sposato et al., 2026 

ΔuppP PAO1 derivative with an in-frame deletion of the 

uppP (PA1959) coding sequence 

This work 

ΔlpxT PAO1 derivative with an in-frame deletion of the 

lpxT (PA5194) coding sequence 

This work 

ΔPA4011 ΔuppP ΔPA4011 derivative with an in-frame deletion of 

the uppP coding sequence 

This work 

ΔPA4011 ΔlpxT ΔPA4011 derivative with an in-frame deletion of 

the lpxT coding sequence 

This work 

ΔuppP ΔlpxT ΔuppP derivative with an in-frame deletion of the 

lpxT coding sequence 

This work 

ΔPA4011 ΔuppP 

rhaSRPrha::lpxT ΔlpxT 

ΔPA4011 ΔuppP with a rhamnose inducible copy 

of the lpxT coding sequence inserted into the 

chromosomal attB site and an in-frame deletion of 

the endogenous copy 

This work 

a References not included in the main text: 

Simon R, Priefer U, Pühler 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 II Cloning and sequencing vector; ColE1 replicon; ApR Stratagene 

pDM4 Suicide vector used for deletion mutagenesis in P. 

aeruginosa; sacB, oriR6K; CmR 

Milton et al., 1996 

pJM253 mini-CTX1 derivative carrying rhaRS-PrhaBAD, TcR Meisner and Goldberg, 

2016 

pFLP2 Plasmid for site specific FLP-mediated recombination; 

sacB, ApR/CbR 

Hoang et al., 1998 

pME6032 IPTG-inducible expression vector; lacIQ, TcR Heeb et al., 2002 

pDM4ΔlpxT pDM4 derivative for the in-frame deletion of the 

PA2752 coding sequence 

This work 

pJM253lpxT pJM253 derivative carrying the coding sequence of 

lpxT downstream of rhaSRPrha regulatory element 

This work 

pBSPA4011 pBS derivative carrying the PA4011 coding sequence 

used for site-directed mutagenesis 

This work 

pMEPA4011 pME6032 derivative carrying the PA4011 coding 

sequence downstream of the IPTG-inducible promoter 

Sposato et al., 2026 

pMEPA4011DedA pME6032 derivative carrying the sequence encoding 

the DedA-like domain of PA4011, approximatively 

corresponding to residues 1-765, downstream of the 

IPTG-inducible promoter 

This work 

pMEPA4011PAP2 pME6032 derivative carrying the sequence encoding 

the PAP2-like domain of PA4011, approximatively 

corresponding to residues 676-1314, downstream of 

the IPTG-inducible promoter 

This work 

pMEPA4011H323A pME6032 derivative carrying the PA4011H323A allele 

downstream of the IPTG-inducible promote 

This work 

pMEPA4011H371A pME6032 derivative carrying the PA4011H371A allele 

downstream of the IPTG-inducible promoter 

This work 
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Table S3. Primers used in this studya. 

Primer Sequence (5’-3’) 
Restriction 

siteb 

Application 

uppP_mut_UP_FW  

uppP _mut_UP_RV  

uppP _mut_DOWN_FW  

uppP _mut_DOWN_RV  

ccgctcgaGTCCACTGCCACCAGCCA 

cgggaTCCACCACTCCATGTTTCTC 

cgggaTCCACCTGATCGACTGGAG 

gctctAGAGGATCAGCAGGACCAG 

XhoI 

BamHI 

BamHI 

XbaI 

Generation of 

pDM4ΔuppP 

lpxT_mut_UP_FW  

lpxT _mut_UP_RV  

lpxT _mut_DOWN_FW  

lpxT _mut_DOWN_RV 

acgcgtcgACGGTGAGGGTCAGCACG 

cgggatCCATTGCCAGGCCGCTTG 

cgggaTCCGCGACTCGGCCTGAG 

gctctAGACGAACCTAGCGGCTGT  

SalI 

BamHI 

BamHI 

XbaI 

Generation of 

pDM4ΔlpxT 

lpxT_pJM253_FW 

lpxT_pJM253_RV 

ggactagtGCGCCGATAGGGGGAAAC 

cccaagcttGGCCGAGCAAGAAGCAGC 

HindIII 

EcoRI 

Generation of 

pJM253lpxT 

PA4011_pME6032_FW 

PA4011_pME6032_RV 

cggaattCAATGAGTCTCGACAGCTTC 

cccctcGAGCGCCAACCCTCACAG 

EcoRI 

XhoI 

Generation of 

pBSPA4011 

PA4011_DedA_pME_RV cccctcgagtcaGAGCCGGGTGACCACCAC XhoI 

Generation of 

pMEPA4011DedA 

(coupled with 

PA4011_pME6032_FW) 

PA4011_PAP2_pME_FW  cggaattcatgCTCCAGGACCTCGACCAG EcoRI 

Generation of 

pMEPA4011PAP2 

(coupled with 

pA4011_pME6032_RV) 

PA4011_H323A_FWc 

PA4011_H323A_RVc 

gcgAGCTCGGCGTCCTTCGCC 

TCCGCTGGGGAAGCTGAAG 
 Generation of 

pMEPA4011H323A 

PA4011_H371A_FWc 

PA4011_H371A_RVc 

gcgTGGCCGTCGGACATCGTC 

CACGCCAAGGTAGACCCG 
 Generation of 

pMEPA4011H371A 

H323A_check_FW 

PA4011_pME6032_RV  

AGCTTCCCCAGCGGAgcg 

cccctcGAGCGCCAACCCTCACAG 
 

PCR screening of 

PA4011H323A amino acid 

substitution 

PA4011_RT_FW 

H371A_check_RV 

GCGGTATCCTCCTGCTGAC 

ATGTCCGACGGCCAcgc 
 

PCR screening of 

PA4011H371A amino acid 

substitution 

M13_FW 

M13_RV 

GTTTTCCCAGTCACGAC 

AACAGCTATGACCATG 
 

DNA sequencing from 

pBS  

Prha_FW TCCTGTCAGTAACGAGAAGG  
DNA sequencing from 

pJM253  

pME6032_FW 

pME6032_RV 

GCTCTCGGGTAACATCAAG 

CGGTTCTGGCAAATATTCTG 
 

DNA sequencing from 

pME6032 

a 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. 
c 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 

µL per well for panel A or 100 µL 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 ΔPA4011 ΔuppP 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 (PA4011H323A and 

PA4011H371A, respectively), or the PA4011 DedA or PAP2-like domains alone (PA4011DedA 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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Figure S3. Growth curves of the rhamnose-dependent conditional mutant ΔPA4011 ΔuppP rhaSR 

Prha lpxT ΔlpxT 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 dedA 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 dedA 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 β-barrel 

proteins and lipoproteins. While the transport and assembly of LPS, β-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 α-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 β-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 α-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 dedA 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 dedA 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 

 

 

Figure 1. Growth curves of four P. aeruginosa triple mutants in the essential asmA-like genes tamB, 

yhdP, ydbH, and epaF in different combinations (parental strains) and the corresponding isogenic 

mutants in the dedA 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 (OD600) 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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CHAPTER 9. CONCLUDING REMARKS  

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 α-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 ΔPA4029 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 ΔPA4011 background increased 

sensitivity to EDTA and fosmidomycin and caused growth arrest at 25°C, a condition under which 

lpxT expression is strongly reduced. Moreover, depletion of LpxT by conditional mutagenesis 

completely abolished growth of the ΔPA4011 ΔuppP 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 lspA 

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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APPENDIX. Manuscripts I co-authored that are not directly related to the main 

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 15th, 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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