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

IMPORTANCE Bacteria use lipid carrier undecaprenyl phosphate (C55-P) to build and
maintain their cell envelope, which is necessary for survival and is the target of many
antibiotics. Recent studies have implicated DedA family proteins in C55-P transport,
but how these proteins function in important pathogens like Pseudomonas aeruginosa
remains uncharacterized. In this work, we uncover a specific DedA protein, PA4029, and
show its involvement in C55-P recycling and importance for bacteria’s ability to develop
resistance to the last-resort antibiotic colistin. These findings extend the relevance of
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The biosynthesis of peptidoglycan is a complex process that involves (i) synthesis
of precursors in the cytoplasm, (i) membrane-associated steps where precursors are
assembled onto a lipid carrier, and (iii) polymerization and crosslinking of precursors
on the outer side of the cytoplasmic membrane (CM) (2). A critical component of the
membrane-associated steps is undecaprenyl phosphate (C55-P), a long-chain polyisopre-
noid lipid that serves as the carrier for peptidoglycan monomers (4). The disaccharide-
pentapeptide precursor is assembled and linked to C55-P to form the so-called lipid II,
which is flipped to the outer leaflet of the CM by the membrane protein MurJ (5) and
finally polymerized into the peptidoglycan meshwork by transglycosylase and transpep-
tidase enzymes (6). Monomer release generates C55-PP, which is dephosphorylated to
C55-P and flipped to the inner leaflet of the CM to complete the cycle (7). Besides
peptidoglycan precursors, C55-P also mediates the transport of monomers for other
glycopolymers, such as O-antigens, teichoic acids, and extracellular polysaccharides, as
well as sugars used in the glycosylation of lipid A of lipopolysaccharides or surface
proteins (8). These processes depend on specific transporters that flip C55-P-(oligo)sac-
charide intermediates toward the outer leaflet of the CM (9-11).

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

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

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

To perform a phylogenetic analysis of the bacterial DedA proteins, Todor et al. recently
searched for DedA homologs in the proteomes derived from 6,000 bacterial genomes,
by using the PF09335.14 motif characteristic of DedA family proteins as the query. This
led to the identification of more than 16,000 bacterial DedA proteins, five of which were
identified in P. aeruginosa (20). BLAST analysis revealed that these proteins correspond to
the genes/proteins PA1209, PA4011, PA4029, PA5244, and PA5517 in the reference strain
P. aeruginosa PAO1, all described as hypothetical proteins in the Pseudomonas Genome
Database (https://pseudomonas.com/). Notably, one of these proteins (PA5517) is not
annotated as a member of the PF09335 family (https://pseudomonas.com/) (Table 1).

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

The putative 3D structure and transmembrane helices (TMHs) of the P. aeruginosa
DedA proteins are shown in Fig. S1. PA2752, PA4029, PA5244, and PA5517 only con-
tain the DedA-like domain, whilst PA1209 and PA4011 are predicted to be bifunc-
tional proteins with an N-terminal DedA-like domain and a C-terminal rhodanese-like
(PF00581) or PAP2-like (PF01569) domain, respectively (Table 1 and Fig. S1). Bacterial
rhodaneses catalyze sulfur transfer reactions and are generally involved in cyanide
detoxification and/or sulfur metabolism (29). The PAP2 family contains both soluble and
integral membrane proteins, including nonspecific acid phosphatases, lipid phospha-
tases, and other uncharacterized enzymes. Some bacterial membrane PAP2 proteins
have been reported to play a role in the metabolism of glycerophospholipids, C55-P, or
lipopolysaccharides (8, 30).

TABLE 1 DedA-like proteins identified in P. aeruginosa

P. aeruginosa PAO1 Pfam P. aeruginosa Pseudomonas genomes
DedA-like protein genomes with (other than
(aa)” ortholog® P. aeruginosa) with
ortholog®
PA1209 (311) PF09335 and PF00581 297/297 (100%) 10/236 (4.2%)
PA2752 (147) PF09335 297/297 (100%) 209/236 (88.6%)
PA4011 (437) PF09335 and PF01569 296/297 (99.7%)" 235/236 (99.6%)
PA4029 (221) PF09335 297/297 (100%) 201/236 (85.2%)
PA5244 (196) PF09335 297/297 (100%) 179/236 (75.8%)
(

PA5517 (194)

294/297 (99%)°

4/236 (1.7%)

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

bPutative orthologs were retrieved from 297 genomes according to the Pseudomonas Ortholog Groups of the

Pseudomonas Genome Database (https://pseudomonas.com) and individually checked.

“Putative orthologs were retrieved from 236 genomes according to the Pseudomonas Ortholog Groups of the

Pseudomonas Genome Database (https://pseudomonas.com/).
“The ortholog of the P. aeruginosa strain MRW44.1 (A542_RS0128425) is annotated as a pseudogene.

The orthologs of the P. aeruginosa strains BWHPSA037 (Q042_RS13290) and AZPAE15065 (NT81_RS08910) are

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

one-way analysis of variance [ANOVA], Kruskal-Wallis test).

Individual DedA deletions do not compromise growth or cell envelope
integrity

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

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

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

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

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

Purified PA4029 binds C55-P

To investigate whether PA4029 interacts directly with C55-P, we purified P. aeruginosa
PA4029. The protein was then analyzed by native mass spectrometry (MS) in a buf-
fer containing 200 mM ammonium acetate (pH 7.0) and 0.05% LDAO. The resulting
spectrum revealed two main charge state distributions corresponding to monomeric
(25,477.93 + 0.1 Da) and dimeric (50,958.21 + 0.23 Da) forms of PA4029 (Fig. S3). Notably,
the observed monomeric mass was ~27 Da higher than the theoretical sequence mass
(25,451.12 Da), a difference consistent with formylation of the N-terminal methionine, a
modification also observed in other bacterial DedA proteins, such as UptA from B. subtilis
(41).

To determine whether C55-P binds to PA4029, we conducted binding experiments
by incubating 5 uM PA4029 with increasing concentrations of C55-P (0-20 pM) and
recording native MS data. Mass spectra revealed peaks for PA4029 in both its apo
form and C55-P-bound form (Fig. 3). We observed that C55-P binds both monomeric
and dimeric PA4029 (Fig. S4), with a higher affinity for dimeric PA4029, consistent with
previous findings on UptA (41). The apparently lower level of C55-P binding to the
monomer is likely due, at least partly, to the loss of bound lipid during the collisional
activation needed to dissociate the detergent micelles. Overall, the dimeric data align
with the trends seen in the monomer. Next, we deconvoluted the spectra to determine
the mean relative intensities of C55-P-bound and unbound forms of PA4029 at all
concentration points. The data showed that the intensity of the PA4029:C55-P complex
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FIG 3 Binding of C55-P to PA4029. Native mass spectra of purified PA4029 (5 pM) with (top spec-
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Quantification of this data is displayed in the inset. Data are expressed as mean + standard deviation
(SD) of three independent replicates. Ribbon diagram is the model structure of PA4029 predicted by
AlphaFold, colored by pLDDT (orange, 0-50; yellow, 50-70; cyan, 70-90; and blue, 90-100).

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

Amphomycin disrupts the PA4029:C55-P complex

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

PA4029 preferentially binds C55-P over phospholipids

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

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

Distribution of putative Pseudomonas undecaprenyl phosphate flippases

Our in vivo results pointed out PA4029 as the primary DedA protein responsible for C55-P
flip-back in P. aeruginosa, and in vitro data confirmed the capability of PA4029 to bind
C55-P. However, while this protein is conserved in all P. aeruginosa strains analyzed in
this study (Table 1), the search for orthologous genes in other Pseudomonas species
revealed some species that lack PA4029 orthologs (Table 1; Table S2). In V. cholerae,
B. subtilis, and S. aureus, proteins containing the DUF368 domain were also found to
be involved in C55-P transport across the CM (18, 19). While DUF368 proteins were
not identified in P. aeruginosa (Table S1; https://pseudomonas.com/), BLAST analysis
revealed a homolog of the V. cholerae and S. aureus DUF368 proteins (VCA0040 and
SAOUHSC_00846, respectively) in Pseudomonas stutzeri ATCC 17588 (Table S3), which
was used as an example of a Pseudomonas strain lacking a PA4029 ortholog (Table S2).
Interestingly, orthologs of the P. stutzeri ATCC 17588 DUF368 protein (PSTAB_1476) were
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identified in 33 out of 35 of the Pseudomonas strains without PA4029 orthologs, but
only in 3 out of 201 strains carrying PA4029 orthologs (Table S2 and Fig. 6a), indicating
that PA4029 orthologs and DUF368 proteins are mutually exclusive in Pseudomonas.
This pattern suggests that the two proteins may serve a similar function, making the
presence of both in the same strain redundant or unnecessary. To verify whether the
DUF368 protein identified in some Pseudomonas species is involved in C55-P recycling,
we ectopically expressed the ortholog of P. stutzeri KC (ATCC 55595) in P. aeruginosa cells
lacking PA4029 and verified whether it can rescue the defects associated with impaired
C55-P recycling. Notably, expression of the DUF368 protein restored both fosmidomycin
resistance in cells lacking PA4029 (Fig. 6b) and the ability to acquire colistin resistance
through lipid A aminoarabinosylation in the PAO1 PrpsA::arn APA4029 recombinant strain
(Fig. 60), at levels identical to those obtained upon ectopic expression of PA4029 (Fig. 2e).

DISCUSSION

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

Native MS confirms that PA4029 binds C55-P directly, in a concentration-dependent
manner. The complex is disrupted by the C55-P targeting antibiotic amphomycin but
not by vancomycin. This is consistent with recent biochemical work with B. subtilis UptA
(41). We also tested whether PA4029 binds other phospholipids (PE or PG). Although the
protein formed complexes with both, C55-P binding was clearly favored in mixed-lipid
assays, supporting the idea that PA4029 is not a general phospholipid transporter, but
instead has a distinct affinity for C55-P. Unlike some other DedA proteins that may act as
lipid scramblases or contribute to membrane homeostasis, PA4029 appears specific for
C55-P.
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In P. aeruginosa, colistin resistance is usually linked to the addition of L-Ara4N to
lipid A, a process that requires C55-P as a lipid carrier for precursor transport. When
C55-P recycling is disrupted, the absence of PA4029 likely reduces precursor flux, and
the supply of lipid-linked intermediates becomes limited, which likely prevents L-Ara4N
lipid A modification in favor of essential processes requiring C55-P, such as cell wall
biogenesis (Fig. 7). This would explain why APA4029 mutants show impaired emergence
of colistin-resistant mutants and why PA4029 loss reverses colistin resistance and inhibits
lipid A aminoarabinosylation under constitutive arn gene expression. Notably, defects in
lipid A aminoarabinosylation were observed in Burkholderia thailandensis and Klebsiella
pneumoniae mutants lacking specific DedA family proteins (26, 28), providing support to
this hypothesis.

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

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

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth media

Strains and plasmids used in this work are listed in Tables S4 and S5, respectively.
Bacteria were routinely cultured in Lysogeny broth, Lennox formulation (LB) for genetic
manipulation, while growth and antibiotic susceptibility assays were performed in
Mueller-Hinton broth (MH) and/or cation-adjusted MH (CAMH), as indicated.
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Generation of plasmids and mutants

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

The complementing plasmids pMEPA4011 and pMEPA4029 (Table S4) were generated
by individually cloning the PCR-amplified coding sequence of PA4011 or PA4029 into
the shuttle vector pME6032, downstream of the IPTG-inducible promoter (46). The
plasmid pMEDUF368p; was generated by cloning the coding sequence of the gene
CXK92_RS12370, encoding the DUF368 protein of P. stutzeri KC, into pME6032 down-
stream of the IPTG-inducible promoter. All inserts were verified by DNA sequencing.
Primers and restriction enzymes used for PCR and cloning or DNA sequencing are listed
in Table S6.

Growth assay

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

Membrane permeability assay

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

Detergent sensitivity assay

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

Antibiotic sensitivity assay

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

MIC assays

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

Frequency of colistin-resistant mutants

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

Protein expression and purification

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

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

Native MS

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

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

Bioinformatic analyses

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

Statistics

Statistical analysis was performed with the software GraphPad Instat, using the one-way
analysis of variance (ANOVA), followed by the Kruskal-Wallis multiple comparisons test.

ACKNOWLEDGMENTS

We are grateful to Prof. Anne-Kristin Kaster (Karlsruhe Institute of Technology, Germany)
for providing us with Pseudomonas stutzeri KC. We also acknowledge the support of
NBFC (MUR PNRR, Project CN0O0000033) and Rome Technopole (F83B822000040006).

This work was supported by the Italian Ministry of University and Research with
the grants Excellence Departments (art. 1, commi 314-337 Legge 232/2016) to the
Department of Science of the University Roma Tre, PRIN 2020 to F.l. (20208LLXE)J),
and PRIN 2022 to G.R. (20224BYR59). This research was also supported by the Royal
Society (URF\R1\211567 awarded to J.B.), the UK Research and Innovation (UKRI) Frontier
Research Guarantee Grant (EP/Y036158/1 awarded to J.B.), and the European Research
Council (ERC) under the Horizon Europe program (grant 101039841—DEBUGGING LPS to
FD.L).

AUTHOR AFFILIATIONS

'Department of Science, University Roma Tre, Rome, Italy

’Department of Biology, University of Oxford, Oxford, United Kingdom
*Department of Chemical Sciences, University of Naples Federico Il, Naples, Italy
*CEINGE-Biotecnologie Avanzate Franco Salvatore, Naples, Italy

*|RCCS Fondazione Santa Lucia, Rome, Italy

®NBFC, National Biodiversity Future Center, Palermo, Italy

AUTHOR ORCIDs

Giordano Rampioni (2 https://orcid.org/0000-0002-1735-8565
Paolo Visca & https://orcid.org/0000-0002-6128-7039

Jani R. Bolla ® http://orcid.org/0000-0003-4346-182X
Francesco Imperi 2 http://orcid.org/0000-0001-5080-5665

February 2026 Volume 17 Issue 2

mBio

10.1128/mbio.02408-25 14


https://dtu.biolib.com/DeepTMHMM
https://alphafold.ebi.ac.uk/
https://pseudomonas.com/
https://orcid.org/0000-0002-1735-8565
https://orcid.org/0000-0002-6128-7039
http://orcid.org/0000-0003-4346-182X
http://orcid.org/0000-0001-5080-5665
https://doi.org/10.1128/mbio.02408-25

Downloaded from https://journals.asm.org/journal/mbio on 12 May 2026 by 193.204.167.183.

Research Article

FUNDING

mBio

Funder

Grant(s)

Author(s)

Italian Ministry of University and

Excellence Departments

Research

Giordano Rampioni
Paolo Visca
Francesco Imperi

Italian Ministry of University and

PRIN 2020 (20208LLXEJ)

Francesco Imperi

Research

Italian Ministry of University and PRIN 2022 (20224BYR59) Giordano Rampioni
Research

Royal Society URF\R1\211567 JaniR. Bolla

UK Research and Innovation EP/Y036158/1 JaniR. Bolla

European Research Council

101039841 - DEBUGGING LPS Flaviana Di Lorenzo

AUTHOR CONTRIBUTIONS

Davide Sposato, Data curation, Investigation, Methodology, Supervision, Validation,
Visualization, Writing - original draft, Writing - review and editing | Yi Wang, Investiga-
tion, Methodology, Validation, Visualization, Writing - review and editing | Xinye Zhang,
Investigation, Methodology, Writing - review and editing | Ludovica Rossi, Data curation,
Investigation, Methodology, Visualization, Writing - original draft, Writing — review and
editing | Stefania De Chiara, Data curation, Formal analysis, Investigation, Writing -
review and editing | Flaviana Di Lorenzo, Data curation, Investigation, Methodology,
Validation, Writing - review and editing | Livia Leoni, Project administration, Resources,
Writing - review and editing | Giordano Rampioni, Data curation, Funding acquisition,
Resources, Supervision, Writing — review and editing | Paolo Visca, Funding acquisi-
tion, Project administration, Resources, Writing — review and editing | Jani R. Bolla,
Conceptualization, Data curation, Funding acquisition, Project administration, Resources,
Supervision, Writing — original draft, Writing - review and editing | Francesco Imperi,
Conceptualization, Data curation, Funding acquisition, Methodology, Project administra-
tion, Supervision, Validation, Visualization, Writing - original draft, Writing — review and
editing

DATA AVAILABILITY

The authors confirm that the data supporting the findings of this study are available in
the article and its supplemental material.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental Material (mBi002408-25-s0001.pdf). Tables S1 to S6 and Fig. S1 to S5.

REFERENCES

1.

Vollmer W, Blanot D, de Pedro MA. 2008. Peptidoglycan structure and
architecture. FEMS Microbiol Rev 32:149-167. https://doi.org/10.1111/j.1
574-6976.2007.00094.x

Garde S, Chodisetti PK, Reddy M. 2021. Peptidoglycan: structure,
synthesis, and regulation. EcoSal Plus 9:eESP-0010-2020. https://doi.org/
10.1128/ecosalplus.ESP-0010-2020

Min J, Kim B, Park Y, Son Y, Park W. 2025. Bacterial cell wall synthesis and
recycling: new antimicrobial targets and vaccine development. Crit Rev
Microbiol 51:1364-1383. https://doi.org/10.1080/1040841X.2025.25102
50

February 2026 Volume 17 Issue 2

Manat G, Roure S, Auger R, Bouhss A, Barreteau H, Mengin-Lecreulx D,
Touzé T. 2014. Deciphering the metabolism of undecaprenyl-phosphate:
the bacterial cell-wall unit carrier at the membrane frontier. Microb Drug
Resist 20:199-214. https://doi.org/10.1089/mdr.2014.0035

Kumar S, Mollo A, Kahne D, Ruiz N. 2022. The bacterial cell wall: from
lipid Il flipping to polymerization. Chem Rev 122:8884-8910. https://doi.
org/10.1021/acs.chemrev.1c00773

Egan AJF, Biboy J, van't Veer |, Breukink E, Vollmer W. 2015. Activities and
regulation of peptidoglycan synthases. Philos Trans R Soc Lond B Biol Sci
370:20150031. https://doi.org/10.1098/rstb.2015.0031

10.1128/mbio.02408-2515


http://dx.doi.org/10.13039/501100000288
http://dx.doi.org/10.13039/100014013
http://dx.doi.org/10.13039/501100000781
https://doi.org/10.1128/mbio.02408-25
https://doi.org/10.1111/j.1574-6976.2007.00094.x
https://doi.org/10.1128/ecosalplus.ESP-0010-2020
https://doi.org/10.1080/1040841X.2025.2510250
https://doi.org/10.1089/mdr.2014.0035
https://doi.org/10.1021/acs.chemrev.1c00773
https://doi.org/10.1098/rstb.2015.0031
https://doi.org/10.1128/mbio.02408-25

Downloaded from https://journals.asm.org/journal/mbio on 12 May 2026 by 193.204.167.183.

Research Article

20.

21.

22,

23.

24,

25.

February 2026 Volume 17

Kawakami N, Fujisaki S. 2018. Undecaprenyl phosphate metabolism in
Gram-negative and Gram-positive bacteria. Biosci Biotechnol Biochem
82:940-946. https://doi.org/10.1080/09168451.2017.1401915

Workman SD, Strynadka NCJ. 2020. A slippery scaffold: synthesis and
recycling of the bacterial cell wall carrier lipid. J Mol Biol 432:4964-4982.
https://doi.org/10.1016/j.jmb.2020.03.025

Yan A, Guan Z, Raetz CRH. 2007. An undecaprenyl phosphate-
aminoarabinose flippase required for polymyxin resistance in Escherichia
coli. ) Biol Chem 282:36077-36089. https://doi.org/10.1074/jbc.M706172
200

Islam ST, Lam JS. 2013. Wzx flippase-mediated membrane translocation
of sugar polymer precursors in bacteria. Environ Microbiol 15:1001-
1015. https://doi.org/10.1111/j.1462-2920.2012.02890.x

Le Bas A, Clarke BR, Teelucksingh T, Lee M, El Omari K, Giltrap AM,
McMahon SA, Liu H, Beale JH, Mykhaylyk V, Duman R, Paterson NG, Ward
PN, Harrison PJ, Weckener M, Pardon E, Steyaert J, Liu H, Quigley A, Davis
BG, Wagner A, Whitfield C, Naismith JH. 2025. Structure of WzxE the lipid
Il flippase for enterobacterial common antigen polysaccharide. Open
Biol 15:240310. https://doi.org/10.1098/rs0b.240310

Schneider T, Sahl HG. 2010. An oldie but a goodie - cell wall biosynthesis
as antibiotic target pathway. Int J Med Microbiol 300:161-169. https://do
.0rg/10.1016/j.ijmm.2009.10.005

Wood TM, Zeronian MR, Buijs N, Bertheussen K, Abedian HK, Johnson AV,
Pearce NM, Lutz M, Kemmink J, Seirsma T, Hamoen LW, Janssen BJC,
Martin NI. 2022. Mechanistic insights into the Css-P targeting lipopep-
tide antibiotics revealed by structure-activity studies and high-
resolution crystal structures. Chem Sci 13:2985-2991. https://doi.org/10.
1039/d1sc07190d

Farha MA, Czarny TL, Myers CL, Worrall LJ, French S, Conrady DG, Wang
Y, Oldfield E, Strynadka NCJ, Brown ED. 2015. Antagonism screen for
inhibitors of bacterial cell wall biogenesis uncovers an inhibitor of
undecaprenyl diphosphate synthase. Proc Natl Acad Sci USA 112:11048-
11053. https://doi.org/10.1073/pnas. 1511751112

Juki¢ M, Auger R, Folcher V, Proj M, Barreteau H, Gobec S, Touzé T. 2022.
Towards discovery of inhibitors of the undecaprenyl-pyrophosphate
phosphatase BacA by virtual high-throughput screening. Comput Struct
Biotechnol J 20:2360-2371. https://doi.org/10.1016/j.csbj.2022.05.010
Chu J, Vila-Farres X, Inoyama D, Gallardo-Macias R, Jaskowski M, Satish S,
Freundlich JS, Brady SF. 2018. Human microbiome inspired antibiotics
with improved B-lactam synergy against MDR Staphylococcus aureus.
ACS Infect Dis 4:33-38. https://doi.org/10.1021/acsinfecdis.7b00056
Sham LT, Butler EK, Lebar MD, Kahne D, Bernhardt TG, Ruiz N. 2014.
Bacterial cell wall. MurJ is the flippase of lipid-linked precursors for
peptidoglycan biogenesis. Science 345:220-222. https://doi.org/10.1126
/science.1254522

Sit B, Srisuknimit V, Bueno E, Zingl FG, Hullahalli K, Cava F, Waldor MK.
2023. Undecaprenyl phosphate translocases confer conditional
microbial fitness. Nature 613:721-728. https://doi.org/10.1038/541586-0
22-05569-1

Roney 1J, Rudner DZ. 2023. Two broadly conserved families of
polyprenyl-phosphate transporters. Nature 613:729-734. https://doi.org
/10.1038/s41586-022-05587-z

Todor H, Herrera N, Gross CA. 2023. Three bacterial DedA subfamilies
with distinct functions and phylogenetic distribution. mBio
14:20002823. https://doi.org/10.1128/mbio.00028-23

Doerrler WT, Sikdar R, Kumar S, Boughner LA. 2013. New functions for
the ancient DedA membrane protein family. J Bacteriol 195:3-11. https:/
/doi.org/10.1128/JB.01006-12

Boughner LA, Doerrler WT. 2012. Multiple deletions reveal the
essentiality of the DedA membrane protein family in Escherichia coli.
Microbiology (Reading) 158:1162-1171. https://doi.org/10.1099/mic.0.0
56325-0

Roney 1J, Rudner DZ. 2023. The DedA superfamily member PetA is
required for the transbilayer distribution of phosphatidylethanolamine
in bacterial membranes. Proc Natl Acad Sci USA 120:2301979120. https:
//doi.org/10.1073/pnas.2301979120

Kumar S, Doerrler WT. 2014. Members of the conserved DedA family are
likely membrane transporters and are required for drug resistance in
Escherichia coli. Antimicrob Agents Chemother 58:923-930. https://doi.o
rg/10.1128/AAC.02238-13

Huang L, Feng Y, Zong Z. 2019. Heterogeneous resistance to colistin in
Enterobacter cloacae complex due to a new small transmembrane
protein. J Antimicrob Chemother 74:2551-2558. https://doi.org/10.1093
/jac/dkz236

Issue 2

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

mBio

Panta PR, Kumar S, Stafford CF, Billiot CE, Douglass MV, Herrera CM, Trent
MS, Doerrler WT. 2019. A DedA family membrane protein is required for
Burkholderia thailandensis colistin resistance. Front Microbiol 10:2532. ht
tps://doi.org/10.3389/fmicb.2019.02532

Panta PR, Doerrler WT. 2021. A link between pH homeostasis and colistin
resistance in bacteria. Sci Rep 11:13230. https://doi.org/10.1038/541598-
021-92718-7

Tiwari V, Panta PR, Billiot CE, Douglass MV, Herrera CM, Trent MS,
Doerrler WT. 2021. A Klebsiella pneumoniae DedA family membrane
protein is required for colistin resistance and for virulence in wax moth
larvae. Sci Rep 11:24365. https://doi.org/10.1038/541598-021-03834-3
Cipollone R, Ascenzi P, Tomao P, Imperi F, Visca P. 2008. Enzymatic
detoxification of cyanide: clues from Pseudomonas aeruginosa
Rhodanese. J Mol Microbiol Biotechnol 15:199-211. https://doi.org/10.1
159/000121331

Ghachi ME, Howe N, Auger R, Lambion A, Guiseppi A, Delbrassine F,
Manat G, Roure S, Peslier S, Sauvage E, Vogeley L, Rengifo-Gonzalez J-C,
Charlier P, Mengin-Lecreulx D, Foglino M, Touzé T, Caffrey M, Kerff F.
2017. Crystal structure and biochemical characterization of the
transmembrane PAP2 type phosphatidylglycerol phosphate phospha-
tase from Bacillus subtilis. Cell Mol Life Sci 74:2319-2332. https://doi.org/
10.1007/s00018-017-2464-6

Ma B, Fang C, Zhang J, Wang M, Luo X, Hou Z. 2020. Contemporaneous
measurement of outer and inner membrane permeability in Gram-
negative bacteria. Bio Protoc 10:e3548. https://doi.org/10.21769/BioProt
0c.3548

Sposato D, Mercolino J, Torrini L, Sperandeo P, Lucidi M, Alegiani R,
Varone |, Molesini G, Leoni L, Rampioni G, Visca P, Imperi F. 2024.
Redundant essentiality of AsmA-like proteins in Pseudomonas
aeruginosa. mSphere 9:e0067723. https://doi.org/10.1128/msphere.0067
7-23

Ferndndez-Pifar R, Lo Sciuto A, Rossi A, Ranucci S, Bragonzi A, Imperi F.
2015. In vitro and in vivo screening for novel essential cell-envelope
proteins in Pseudomonas aeruginosa. Sci Rep 5:17593. https://doi.org/10.
1038/srep17593

Munguia J, LaRock DL, Tsunemoto H, Olson J, Cornax |, Pogliano J, Nizet
V. 2017. The Mla pathway is critical for Pseudomonas aeruginosa
resistance to outer membrane permeabilization and host innate
immune clearance. J Mol Med 95:1127-1136. https://doi.org/10.1007/s0
0109-017-1579-4

Knak T, Abdullaziz MA, H6fmann S, Alves Avelar LA, Klein S, Martin M,
Fischer M, Tanaka N, Kurz T. 2022. Over 40 years of fosmidomycin drug
research: a comprehensive review and future opportunities. Pharma-
ceuticals (Basel) 15:1553. https://doi.org/10.3390/ph15121553

Tatar LD, Marolda CL, Polischuk AN, van Leeuwen D, Valvano MA. 2007.
An  Escherichia coli undecaprenyl-pyrophosphate  phosphatase
implicated in undecaprenyl phosphate recycling. Microbiology
(Reading) 153:2518-2529. https://doi.org/10.1099/mic.0.2007/006312-0
Lo Sciuto A, Imperi F. 2018. Aminoarabinosylation of lipid A is critical for
the development of colistin resistance in Pseudomonas aeruginosa.
Antimicrob Agents Chemother 62:e01820-17. https://doi.org/10.1128/A
AC.01820-17

Jeannot K, Bolard A, Plésiat P. 2017. Resistance to polymyxins in Gram-
negative organisms. Int J Antimicrob Agents 49:526-535. https://doi.org
/10.1016/j.ijantimicag.2016.11.029

Jochumsen N, Marvig RL, Damkizer S, Jensen RL, Paulander W, Molin S,
Jelsbak L, Folkesson A. 2016. The evolution of antimicrobial peptide
resistance in Pseudomonas aeruginosa is shaped by strong epistatic
interactions. Nat Commun 7:13002. https://doi.org/10.1038/ncomms130
02

Lo Sciuto A, Cervoni M, Stefanelli R, Mancone C, Imperi F. 2020. Effect of
lipid A aminoarabinosylation on Pseudomonas aeruginosa colistin
resistance and fitness. Int J Antimicrob Agents 55:105957. https://doi.org
/10.1016/j.jantimicag.2020.105957

Oluwole AO, Kalmankar NV, Guida M, Bennett JL, Poce G, Bolla JR,
Robinson CV. 2024. Lipopeptide antibiotics disrupt interactions of
undecaprenyl phosphate with UptA. Proc Natl Acad Sci USA
121:2408315121. https://doi.org/10.1073/pnas.2408315121

Klycheva K, Gyger J, Frund M, Torrens G, Cava F, Fumeaux C. 2025.
Disruption of undecaprenyl phosphate recycling suppresses ampC beta-
lactamase induction in Pseudomonas aeruginosa. PLoS Pathog
21:21013633. https://doi.org/10.1371/journal.ppat.1013633

El Ghachi M, Howe N, Huang CY, Olieric V, Warshamanage R, Touzé T,
Weichert D, Stansfeld PJ, Wang M, Kerff F, Caffrey M. 2018. Crystal

10.1128/mbi0.02408-25 16


https://doi.org/10.1080/09168451.2017.1401915
https://doi.org/10.1016/j.jmb.2020.03.025
https://doi.org/10.1074/jbc.M706172200
https://doi.org/10.1111/j.1462-2920.2012.02890.x
https://doi.org/10.1098/rsob.240310
https://doi.org/10.1016/j.ijmm.2009.10.005
https://doi.org/10.1039/d1sc07190d
https://doi.org/10.1073/pnas.1511751112
https://doi.org/10.1016/j.csbj.2022.05.010
https://doi.org/10.1021/acsinfecdis.7b00056
https://doi.org/10.1126/science.1254522
https://doi.org/10.1038/s41586-022-05569-1
https://doi.org/10.1038/s41586-022-05587-z
https://doi.org/10.1128/mbio.00028-23
https://doi.org/10.1128/JB.01006-12
https://doi.org/10.1099/mic.0.056325-0
https://doi.org/10.1073/pnas.2301979120
https://doi.org/10.1128/AAC.02238-13
https://doi.org/10.1093/jac/dkz236
https://doi.org/10.3389/fmicb.2019.02532
https://doi.org/10.1038/s41598-021-92718-7
https://doi.org/10.1038/s41598-021-03834-3
https://doi.org/10.1159/000121331
https://doi.org/10.1007/s00018-017-2464-6
https://doi.org/10.21769/BioProtoc.3548
https://doi.org/10.1128/msphere.00677-23
https://doi.org/10.1038/srep17593
https://doi.org/10.1007/s00109-017-1579-4
https://doi.org/10.3390/ph15121553
https://doi.org/10.1099/mic.0.2007/006312-0
https://doi.org/10.1128/AAC.01820-17
https://doi.org/10.1016/j.ijantimicag.2016.11.029
https://doi.org/10.1038/ncomms13002
https://doi.org/10.1016/j.ijantimicag.2020.105957
https://doi.org/10.1073/pnas.2408315121
https://doi.org/10.1371/journal.ppat.1013633
https://doi.org/10.1128/mbio.02408-25

Downloaded from https://journals.asm.org/journal/mbio on 12 May 2026 by 193.204.167.183.

Research Article

44,

45,

46.

47.

February 2026 Volume 17

structure of undecaprenyl-pyrophosphate phosphatase and its role in
peptidoglycan biosynthesis. Nat Commun 9:1078. https://doi.org/10.103
8/s41467-018-03477-5

Milton DL, O'Toole R, Horstedt P, Wolf-Watz H. 1996. Flagellin A is
essential for the virulence of Vibrio anguillarum. J Bacteriol 178:1310-
1319. https://doi.org/10.1128/jb.178.5.1310-1319.1996

Lo Sciuto A, Spinnato MC, Pasqua M, Imperi F. 2022. Generation of stable
and unmarked conditional mutants in Pseudomonas aeruginosa.
Methods Mol Biol 2548:21-35. https://doi.org/10.1007/978-1-0716-2581
-1.2

Heeb S, Blumer C, Haas D. 2002. Regulatory RNA as mediator in GacA/
RsmA-dependent global control of exoproduct formation in Pseudomo-
nas fluorescens CHAOQ. J Bacteriol 184:1046-1056. https://doi.org/10.1128
/jb.184.4.1046-1056.2002

Cervoni M, Lo Sciuto A, Bianchini C, Mancone C, Imperi F. 2021.
Exogenous and endogenous phosphoethanolamine transferases
differently affect colistin resistance and fitness in Pseudomonas
aeruginosa Front Microbiol 12:778968. https://doi.org/10.3389/fmicb.20
21.778968

Issue 2

48.

49.

50.

51.

mBio

Pither MD, Sun M-L, Speciale |, Silipo A, Zhang Y-Z, Molinaro A, Di
Lorenzo F. 2022. Structural determination of the lipid A from the deep-
sea bacterium Zunongwangia profunda SM-A87: a small-scale approach.
Glycoconj J 39:565-578. https://doi.org/10.1007/510719-022-10076-6
Hallgren J, Tsirigos KD, Pedersen MD, Almagro Armenteros JJ, Marcatili P,
Nielsen H, Krogh A, Winther O. 2022. DeepTMHMM predicts alpha and
beta transmembrane proteins using deep neural networks. bioRxiv. http
s://doi.org/10.1101/2022.04.08.487609

Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O,
Tunyasuvunakool K, Bates R, Zidek A, Potapenko A, et al. 2021. Highly
accurate protein structure prediction with AlphaFold. Nature 596:583—
589. https://doi.org/10.1038/541586-021-03819-2

Winsor GL, Griffiths EJ, Lo R, Dhillon BK, Shay JA, Brinkman FSL. 2016.
Enhanced annotations and features for comparing thousands of
Pseudomonas genomes in the Pseudomonas genome database. Nucleic
Acids Res 44:D646-53. https://doi.org/10.1093/nar/gkv1227

10.1128/mbio.02408-2517


https://doi.org/10.1038/s41467-018-03477-5
https://doi.org/10.1128/jb.178.5.1310-1319.1996
https://doi.org/10.1007/978-1-0716-2581-1_2
https://doi.org/10.1128/jb.184.4.1046-1056.2002
https://doi.org/10.3389/fmicb.2021.778968
https://doi.org/10.1007/s10719-022-10076-6
https://doi.org/10.1101/2022.04.08.487609
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1093/nar/gkv1227
https://doi.org/10.1128/mbio.02408-25

	The Pseudomonas aeruginosa DedA protein PA4029 is an undecaprenyl phosphate flippase important for polymyxin resistance
	RESULTS
	P. aeruginosa has six DedA proteins
	Individual DedA deletions do not compromise growth or cell envelope integrity
	PA4029 is likely involved in undecaprenyl phosphate recycling
	Purified PA4029 binds C55-P
	Amphomycin disrupts the PA4029:C55-P complex
	PA4029 preferentially binds C55-P over phospholipids
	Distribution of putative Pseudomonas undecaprenyl phosphate flippases

	DISCUSSION
	MATERIALS AND METHODS
	Bacterial strains, plasmids, and growth media
	Generation of plasmids and mutants
	Growth assay
	Membrane permeability assay
	Detergent sensitivity assay
	Antibiotic sensitivity assay
	MIC assays
	Frequency of colistin-resistant mutants
	Protein expression and purification
	Native MS
	Lipid A analysis by matrix-assisted laser desorption/ionization–time of flight
	Bioinformatic analyses
	Statistics



