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Gram-negative bacterial pathogens have an outer membrane that
restricts entry of molecules into the cell. Water-filled protein chan-
nels in the outer membrane, so-called porins, facilitate nutrient
uptake and are thought to enable antibiotic entry. Here, we de-
termined the role of porins in a major pathogen, Pseudomonas
aeruginosa, by constructing a strain lacking all 40 identifiable por-
ins and 15 strains carrying only a single unique type of porin and
characterizing these strains with NMR metabolomics and antimi-
crobial susceptibility assays. In contrast to common assumptions,
all porins were dispensable for Pseudomonas growth in rich me-
dium and consumption of diverse hydrophilic nutrients. However,
preferred nutrients with two or more carboxylate groups such as
succinate and citrate permeated poorly in the absence of porins.
Porins provided efficient translocation pathways for these nutri-
ents with broad and overlapping substrate selectivity while effi-
ciently excluding all tested antibiotics except carbapenems, which
partially entered through OprD. Porin-independent permeation of
antibiotics through the outer-membrane lipid bilayer was ham-
pered by carboxylate groups, consistent with our nutrient data.
Together, these results challenge common assumptions about the
role of porins by demonstrating porin-independent permeation of
the outer-membrane lipid bilayer as a major pathway for nutrient
and drug entry into the bacterial cell.

membrane transport | bacterial outer membrane | lipid bilayer |
diffusion | antimicrobial resistance

ntimicrobial resistance is a major worldwide threat to hu-

man health. The World Health Organization has classified
Enterobacteriaceae, Pseudomonas aeruginosa, and Acinetobacter
baumannii as the most concerning pathogens (“critical priority”)
(1). All three pathogens are Gram-negative bacteria with the char-
acteristic inner and outer membranes. The outer membrane is
a stringent permeability barrier that restricts the entry of most
molecules and therefore presents a major challenge for the de-
velopment of urgently needed novel antibiotics (2-5).

The outer membrane consists of an asymmetric lipid bilayer
with lipopolysaccharide (LPS) in the outer leaflet and phos-
pholipids in the inner leaflet and various outer-membrane pro-
teins that are embedded in, or attached to, the lipid bilayer. LPS
contains negatively charged phosphate and carboxylate groups
that are cross-linked by divalent Mg®* and Ca** cations, resulting
in stable clusters of LPS molecules that reduce the permeation
of small molecules by 10- to 100-fold compared to phospholipid
bilayers (6). Some outer membrane proteins form water-filled
channels (so-called porins) that facilitate translocation of mole-
cules through the outer membrane (4, 5). Enterobacteriaceae
have general “unspecific” porins that permit the entry of mole-
cules with a size of up to 600 Da. By contrast, P. aeruginosa and
A. baumannii have a large set of “specific” porins that permit the
entry of only few molecules with sizes below 200 Da. In addition,
all three pathogens have porins with mainly structural roles in
stabilizing the link between outer membrane and the underlying
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peptidoglycan layer (OmpA and OprF). It has been proposed
that a small fraction of these structural porin molecules form
large unspecific pores that permit entry of larger molecules at
low rates (7), but this model remains controversial.

Antimicrobials and nutrients can penetrate the outer membrane
by two different pathways, through the lipid bilayer or through
porins. Hydrophobic molecules might predominantly use the lipid
pathway, while hydrophilic molecules might prefer porins. However,
the quantitative relevance of each pathway for outer-membrane
permeability remains unknown (3, 8, 9). Even slow permeation
pathways that mediate concentration-equilibration times in the
order of minutes (instead of seconds) can yield relevant intracellular
drug concentrations in bacteria with generation times of more than
20 min, unless drug-efflux pumps and/or hydrolases diminish drug
levels (2).

Translocation pathways and their selectivity for specific physi-
cochemical properties of molecules are crucial for the rational
improvement of drug entry into Gram-negative bacteria. The
important contribution of large cation-selective porins such as
OmpF and OmpC for outer-membrane translocation into Enter-
obacteriaceae enabled the establishment of rules for medicinal
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chemistry to improve whole-cell activities of antimicrobials against
these bacteria (10-12). These porins have been extensively stud-
ied, and in particular OmpF has a major impact on susceptibility
to various B-lactam antibiotics (13). However, an Escherichia coli
AompC AompF double mutant retains substantial susceptibility to
diverse other antibiotics (9), suggesting alternative translocation
pathways.

For P. aeruginosa, physicochemical parameters favoring trans-
location have been more difficult to identify (10, 14, 15). Both
P. aeruginosa and A. baumannii have lower outer-membrane
permeability than Enterobacteriaceae for hydrophilic molecules
because they lack unspecific porins (16), making antimicrobial
development particularly difficult for these critical pathogens.
Specific porins might facilitate antibiotic entry into P. aeruginosa
(17), but clear evidence for standard assay conditions is only
available for penetration of carbapenems through OprD (18).
Functional studies of individual porins in P. aeruginosa are hampered
by the large diversity of specific porins that are thought to each enable
uptake of a few nutrients (19). Phenotypes of inactivating one
particular porin might be masked by the numerous remaining
other porins. To circumvent these issues, individual porins have
been purified and reconstituted in artificial membranes, or expressed
in E. coli, to determine their substrate specificity. However, the
results might not reflect porin functions in their native context
because their channel properties differ depending on the lipid
environment (20, 21).

In this study, we overcame these difficulties using extensive
mutagenesis. In contrast to previous assumptions, we show that
wild-type P. aeruginosa PA14 and a PA14 A40 mutant that lacks
all identifiable 40 porin genes have indistinguishable susceptibility
to diverse antibiotics. Moreover, the A40 strain grew normally on
rich media, and nutrient consumption assays revealed substantial
porin-independent uptake of diverse hydrophilic nutrients. Bringing
back individual porins accelerated uptake of some neutral/zwitterionic
molecules and was essential for efficient consumption of negatively
charged carboxylate-containing compounds. Instead of narrow
substrate specificity, porins actually had broad overlapping substrate
selectivity. These results demonstrate an unexpected but effi-
cient porin-independent translocation pathway through the outer-
membrane lipid bilayer for diverse hydrophilic compounds and all
antipseudomonal antibiotics. A detailed understanding of this pathway
will facilitate the development of novel antibiotics.

Results

The “General” Porin OprF Has Limited Relevance for Translocation of
Antimicrobials. OprF is one of the most abundant proteins in the
P. aeruginosa outer membrane (4). Based on experiments with
OprF reconstituted in liposomes, a minor open-channel con-
former of OprF has been proposed to be the major entry path-
way for various hydrophilic molecules including many antibiotics
(7) (Fig. 14). To test this idea in the native context of intact P.
aeruginosa cells, we constructed mutants of the virulent clinical
isolate P. aeruginosa UCBPP-PA14 (22) that lacked oprF or
expressed chromosomal oprF variants with truncated C termini
(oprF K188* and oprF V315*; the amino acid numbers include
the 24 amino acids of the signal peptide that are cleaved off during
maturation) (23). These mutants would be partially (oprF V315*)
or completely (oprF K188*) incapable of enlarging the N-terminal
eight-strand p-barrel by incorporating further p-strands from the
usually globular peptidoglycan-binding C-terminal domain (7).
The AoprF mutant would also be unable to form dimers with fused
B-barrels (24). All three P. aeruginosa mutants had wild-type fit-
ness in rich culture media, as expected (23).

If the large-channel conformer of OprF is indeed the major
entry route for antibiotics as proposed, all three mutants should
be less susceptible to antimicrobials. However, minimal inhibi-
tory concentrations (MIC) and inhibition zones in disk diffusion
tests (antibiograms) for diverse antibiotics (Fig. 1B) showed only
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minor differences between wild type and mutants that were
mostly within the accuracy of the respective assays (twofold for
MIC values and 2 mm for inhibition zones). Piperacilin showed
fourfold higher MIC against oprF mutants, but this was incon-
sistent with unaltered inhibition zones. A minor impact of oprF
mutations on susceptibility to p-lactam antibiotics has previously
been reported (13). Tetracycline had increased activity against
oprF mutants in both assays, suggesting potential indirect effects
of dysfunctional OprF increasing sensitivity to this translational
inhibitor, but not to aminoglycosides. The overall limited impact
of OprF on antimicrobial susceptibility was not a result of in-
creased outer-membrane permeability compensating for reduced
entry through OprF in the mutants, because azithromycin and
rifampin, which are sensitive indicators for outer-membrane bar-
rier function in Pseudomonas (25, 26), remained poorly active in
all three mutants. Together, these data indicate a limited role of
OprF in antimicrobial translocation across the outer membrane.

“Substrate-Specific” Porins Have Limited Impact on Antimicrobial
Translocation. In addition to OprF, P. aeruginosa encodes doz-
ens of “substrate-specific” porins that might mediate antibiotic
uptake (19). One of these porins, OprD (also called OccD1),
facilitates translocation of carbapenems (18), and OpdP/OccD3
might also contribute to this under special circumstances (27). In
addition, OpdH/OccKS5 and OprE/OccK8 have been implicated
in translocation of the cephalosporin ceftazidime (28, 29), whereas
OprO and OprP can transport fosmidomycin in vitro (30). To
determine the relevance of these and other porins for the trans-
location of diverse antimicrobials in intact bacteria, we constructed
a series of porin deletion mutants. We generated clean gene de-
letions to minimize potential polar effects on the expression of
downstream genes. Initial characterization showed unaltered sus-
ceptibilities (with the exception of the known OprD-carbapenem
link) in agreement with previous “resistome” data (27, 31-34). To
test the possibility that phenotypes of single porin mutants were
buffered by other porins, we mined the PA14 genome and iden-
tified a total of 40 porin candidates (SI Appendix, Table S1).
Several combinations of porin deletions still resulted in unaltered
antibiotic susceptibilities.

Eventually, we generated a strain, PA14 A40, that lacks all 40
porin genes as verified by whole-genome sequencing. During the
construction this strain acquired nine secondary mutations in-
cluding the loss of a duplicate transfer RNA-Asp gene and two
nonsynonymous mutations in protein-encoding genes. None of the
affected genes had a known association with outer-membrane per-
meability or antimicrobial susceptibility (32-34) (SI Appendix, Sup-
plementary Information Text and Table S2). PA14 A40 grew at rates
comparable to the wild type in rich culture media and showed
wild-type susceptibility to diverse antimicrobials under standard
assay conditions (Fig. 1B). The only clear change was a moder-
ately reduced susceptibility (i.e., higher MIC values and smaller
inhibition zones) to the carbapenems meropenem and imipe-
nem, which could be explained almost entirely by the well-known
role of OprD/OccD1.

Together, these data demonstrate that the 40 porins are not
the major entry pathway for antibiotics under standard conditions.
We cannot exclude that induction of certain porins with low ex-
pression levels in standard Mueller—Hinton medium might permit
antimicrobial entry under nonstandard conditions (27, 28). How-
ever, mass spectrometry—based proteome analysis revealed that
P. aeruginosa porin abundance in Mueller—-Hinton broth closely
mimics porin patterns as observed in two different rodent infec-
tion models (Fig. 1C), suggesting that standard assays comprise all
clinically relevant porins.

Diverging Requirements of “Specific” Porins for Nutrient Uptake. The

PA14 A40 strain grew normally on rich media and on minimal media
containing 10 mM acetamide or arginine as the sole carbon/energy
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Fig. 1. Porin involvement in P. aeruginosa antimicrobial susceptibility. (A) Model of OprF with a large majority of two-domain conformer with a narrow
outer-membrane B-barrel and a C-terminal domain linking the outer membrane with peptidoglycan and a minority of one-domain conformer with a large
pore. (B) MIC (Upper) and antibiograms (Lower) of wild-type P. aeruginosa UCBPP-PA14 and various porin mutants. Means and SD of three experiments are
shown. (C) Porin abundance in clinical P. aeruginosa strains in vitro and in UCBPP-PA14 in two rodent pneumonia models as determined by targeted

proteomics.

source but poorly on minimal media containing the otherwise pre-
ferred carbon/energy sources (35) glutamate or succinate (Fig. 24
and SI Appendix, Fig. S14), indicating a key role of porins for
efficient uptake of some but not all nutrients. To test this idea, we
mixed 16 chemically diverse carbon/energy sources (organic acids,
amino acids, and glucose) that are known to be utilized by PA14
(36) at concentrations of 100 pM and quantified their consumption
by PA14 wild type and PA14 A40 using NMR spectroscopy (37)
(Fig. 2B and SI Appendix, Figs. S1B and S2). We used comparatively
low nutrient concentrations to reduce interference by other po-
tentially rate-limiting steps in nutrient utilization (i.e., transport
across the inner membrane and catabolism) (38) and to minimize
the contribution of inefficient unspecific translocation pathways
(31). To enable consistent growth of PA14 A40 (and PA14), we
also included 10 mM acetamide, which was readily consumed by
both strains (Fig. 2 4, C, and D and SI Appendix, Fig. S14). We
preadapted the strains to this medium to ensure proper induction
of respective utilization pathways and to minimize lag phases that
occurred after switching media with different nutrients.
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P. aeruginosa wild type consumed all 16 components within a
few hours with the typical pseudomonal preference for succinate,
glutamine, proline, and asparagine (35) (Fig. 2 C and D). The
porin-free strain PA14 A40 consumed small (alanine) and posi-
tively charged (histidine and arginine) nutrients at 80 to 100%
of the wild-type rates (Fig. 2E). Although some porins such as
OprD/OccD1 and closely related paralogs can permit translocation
of arginine (20), they were obviously not required for wild-type
arginine consumption rates (31). By contrast, all nutrients that
had two or more carboxylate groups (aconitate, aspartate, citrate,
glutamate, and succinate) showed marked porin dependency (PA14
A40 had <20% of wild-type consumption rates). Other compounds
had intermediate porin dependency (asparagine, glycine, glucose,
glutamine, proline, pyruvate, and tyrosine), indicating that the
porin-free outer membrane was partially permeable for these
compounds, but porins facilitated translocation.

Together, these data showed that the outer membrane of P.
aeruginosa permitted entry of hydrophilic/amphiphilic compounds
with substantial rates, even in the absence of all 40 identifiable

PNAS | 30of8
https://doi.org/10.1073/pnas.2107644118

MICROBIOLOGY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107644118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107644118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107644118/-/DCSupplemental
https://doi.org/10.1073/pnas.2107644118

Downloaded from https://www.pnas.org by BIOZENTRUM A (#716545) on March 3, 2022 from |P address 131.152.96.105.

>

1.04© PA14
A 40 p %
£ e oS
T 05 5) ! C
£
3
2 ,
o . P
3 Q
0.0
2 o @ &
@Q\Q '@6\\6 N4 ¢ oéo{b
? & N 5
C PA14
acetamide alanine arginine histidine
100 = .
50 - - -
0
tyrosine glycine glucose asparagine
100 x . .
50 - . .
S 04 - S .
,§ pyruvate glutamine proline glutamate
Q
£ 100
2 50
& o : :
aspartate citrate aconitate succinate

100 .
50 - - X
0 - P
0123012301230123
cell density [108 CFU ml-1]

B

== BM2 medium
== PA14 5h
A40 5h

4.0 35 3.0 25 2.0 1.5
S(*H) [ppm]
D A40
acetamide alanine arginine histidine
100 9
o 7‘\\ F\ F\‘ \
0 T T T T T T T T T T T T T T
tyrosine glycine glucose asparagine
100
s 7\\ 7\\ ?‘.\ 7‘.\\
E Tt
,§ pyruvate glutamine proline glutamate
Q
100 . B
§ R .
2 50 . R
S N
© 0 T T T 1 T T T T T T T T T T T
aspartate citrate aconitate succinate
100 Jr— St JE——— ——
504 = - . R
0 T T T T T T T T T T

0123012301230123
cell density [108 CFU ml-"]

| 0h 3h @ 5h *_ datapoints selected for linear regression —— linear regression with 95% Cl
E _ xo
T3
3 PA14 N
o
- A40 (3
n
@
k]
3
®
s 1
E
0
Q@ @ @ ) o @ ¢ @ . @ @ @ @ @ @
\‘5\\\0 (§\\Q o}\é}(\ @e\(\ \*0\0 \\3(’06 @Q\Q > fb@\(\ ﬂ(}\(\ (D&q} 'Zf{\q} ('}\& oé\\q} é}(\[b
N R @
@ & N ) S d %Qro N @0 N &Q\ g (o\»o

Fig. 2. Porin dependency of P. aeruginosa nutrient uptake. (A) Growth rates of P. aeruginosa PA14 wild-type and porin-free PA14 A40 in BM2 minimal media
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NMR spectroscopy. Each dot represents individual data for 1 of 21 independent cultures. Uptake rates for individual nutrients based on data shown in C and

D. Means and SDs are shown.

porins. This includes the preferred carbon sources alanine and
arginine but also other amino acids and glucose that are acces-
sible for P. aeruginosa in millimolar concentrations in the lung of
cystic fibrosis (CF) and non-CF patients (39, 40). This compound
uptake was not caused by general membrane leakage/permeabilization
in the absence of porins because small molecules with two or more
carboxylate groups (such as succinate) were effectively excluded.

Complex Substrate Selectivity of Individual Porins. To determine the
contribution of individual porins to nutrient uptake, we expressed
single porin genes in the porin-free PA14 A40 background. For all
constructs we used the same P,p,,p promoter on low-copy plasmids
to minimize interference by specific porin-induction patterns (28).
This strategy enabled determination of nutrient translocation
through a single porin in the native membrane context without
interference by other porins. We focused on 13 porins that we
detected in various rodent infection models and in diverse clinical
isolates grown under standard conditions for clinical microbiology
(Mueller-Hinton broth) (Fig. 1C). This set included all nine porins
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detected in the lung of CF patients (41). For comparison, we in-
cluded also the two porins Opdl/OccD5 and OpdL/OccK4 that
were poorly expressed under all these conditions (“cryptic” porins).

FadL and Tsx had no impact on consumption of any of the tested
nutrients (Fig. 3 A and B and SI Appendix, Fig. S3), consistent with
their proposed selectivity for fatty acids and nucleosides, respec-
tively, which were not included in our nutrient mix. OprG had no
detectable impact on nutrient consumption, arguing against an
important role for uptake of small amino acids including glycine
and alanine (42) under native conditions, consistent with its nar-
row channel consisting of eight p-strands (19). OprB enabled wild-
type consumption rates specifically for glucose, as expected (38).
The remaining porins enabled consumption of 3 to 11 different
nutrients at near wild-type levels. Importantly, no porin except
for OprB enabled consumption of glucose, indicating no general
membrane leakage as a result of forced porin expression.

Each of the other porins had a distinct substrate spectrum, while
at the same time each nutrient was able to translocate through
several different porins. The tricarboxylates, citrate and aconitate,
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entered almost exclusively through just two porins, Opdl/OccDS  Recent electrophysiology data for OprE/OccK8 also question a
and OprQ/OccD6, but hardly through the previously postulated  simple dichotomy for substrates between the two subfamilies (29).
OpdH/OccKS3, consistent with negative electrophysiology data (28).  Unsupervised clustering for transport capabilities observed in this
The aromatic amino acid tyrosine translocated mainly through OpdP/  study yielded incomplete separation of the two subfamilies and no
OccD3 and OpdQ/OccK6, and partially through OpdI/OccDS.  signature substrates for either subfamily (Fig. 3B). Furthermore,
The previously implicated OpdT/OccD4 was not among our set of  the clustering did not conform with overall sequence similarity
expressed porins. Glutamate translocated efficiently through several ~— within each subfamily (19) (e.g., the sequence of OccD1 is closer
porins of both the OpdK/OccK and OprD/OccD families (OprE/  to OccD3 and OccD6 than to OccD2, which is, however, more
OccK8, OprQ/OccD6, OpdI/OccDS, OpdQ/OccK6, and OpdH/  similar in terms of substrates).
OccK5) and partially through OprD/OccD1 and OprO. Results Finally, chemically similar substrates did cluster together (tri-
for OprE/OccK8 were consistent with recent liposome swelling  carboxylates citrate/aconitate; small negatively charged acids succi-
assays (29). Succinate also translocated through members of both  nate/pyruvate; negatively charged amino acids glutamate/aspartate)
porin subfamilies (OpdH/OccKS5, Opdl/OccD5, OprE/OccKS8, and  although the zwitterionic amino acids formed two separate clusters
OprQ/OccD6). The “cryptic” porin Opdl/OccD5 had transport  tyrosine/glutamine/proline and glycine/asparagine, possibly driven
capabilities similar to the abundantly expressed and distantly by molecular size. Together, these data show that certain porins
related subfamily member OprQ/OccD6, which might explain  share substrate preferences independently of their evolutionary re-
why OpdI/OccD5 was not expressed under standard conditions.  latedness. This might facilitate identification of relevant structure—
The “cryptic” porin OpdL/OccK4 had an unusually narrow sub-  function relationships against commonly inherited channel proper-
strate spectrum with a preference for pyruvate, suggesting that it ties in future studies.
might be induced when this nutrient is available. The broad range Taken together, these data show 1) substantial porin-independent
of substrates of some porins contrasted with efficient exclusion of  translocation of certain nutrients and 2) broad porin substrate spectra
only narrow sets of nutrients (e.g., glycine-OpdP, succinate-OpdQ,  and marked overlap, but also efficient porin-specific nutrient
and proline-OprE). exclusion.

These data do not support the previously proposed distinct
substrate spectra of porin subfamilies (OprD/OccD1, positively ~ Carboxylate Groups Slow Translocation. Porin-independent translo-
charged amino acids; OpdK/OccK subfamily, net negative charge).  cation was crucial for antibiotic activity (Fig. 1 B and C). Com-
This proposal was based on observations from porins expressed in ~ pound properties that interfere with this pathway should thus be
E. coli (20) which might have affected their channel properties.  avoided in antimicrobial discovery and development. Our nutrient
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consumption data for compounds with masses below 200 Da in-
dicated that two or more carboxylate groups blocked porin-
independent translocation (Fig. 2 C and D; aconitate, citrate, and
succinate). To extend these observations, we reanalyzed recent
datasets for more than 500 antipseudomonal compounds in the
250- to 700-Da size range (14, 15). In particular, we compared
MIC values for efflux-deficient P. aeruginosa strains with intact
outer membrane barrier (P A6, lacking six major efflux systems) or
abolished barrier function because of insertion of water-filled
pores with ~2.4-nm diameter (P A6-pore). We focused on these
efflux-deficient strains to unravel the contribution of the outer
membrane translocation with minimal interference by efflux (16).
Antimicrobials such as gentamicin do not gain activity in P A6-
pore compared to P A6, suggesting that they can permeate already
the wild-type outer membrane efficiently. Large antimicrobials
such as azithromycin (758.88 Da) and erythromycin (728.38 Da)
are 128-fold more potent against P A6-pore compared to P A6,
indicating that the intact outer membrane provides an efficient
barrier for these molecules.

Previous analysis of these data has revealed molecular fragments
promoting translocation through the wild-type outer membrane
(primary and secondary amine groups, benzene rings, and tri-
fluoromethyl groups) (15). Our reanalysis showed an additional
marked negative impact of carboxylate groups on membrane
permeation (Fig. 3C). Fifty out of 53 molecules (94%) with one
carboxylate group and all six compounds with two carboxylates
were bad permeators [“class 0,” activity gain in P A6-pore greater
than fivefold; “class 1,” gain between 5- and 2.5-fold (15)], while
only 135 out of 413 molecules (33%) without carboxylates had
such bad permeation capabilities. These results indicate that car-
boxylate groups slow outer-membrane permeation. This carboxylate
penalty supports and extends our findings for porin-independent
nutrient uptake (Fig. 2 C and D).

It is important to note that the antimicrobial ceftazidime has
two carboxylate groups and is a “poor permeator” [64-fold activity
gain in P A6-pore (14)], yet it remains the first choice for treating
patients with susceptible P. aeruginosa infections (43). Poor per-
meation is thus compatible with clinical efficacy if other aspects
such as target binding and efflux avoidance are favorable (as is the
case for ceftazidime). Efficient translocation is, however, crucial
for compounds with less-favorable efflux and target-binding
properties (4, 16, 44).

Discussion

Porins with water-filled channels are commonly assumed to be
essential for efficient translocation of hydrophilic compounds
across the outer membrane of Gram-negative bacteria. Our
comprehensive deletion of all porin genes in a clinically relevant
P. aeruginosa isolate and the generation of a series of P. aeruginosa
strains that carry only one type of porin provided unique opportu-
nities for determining porin function in the native outer-membrane
environment.

We observed that the porin-free mutant PA14 A40 grew normally
on rich media and, unexpectedly, also on minimal media con-
taining a single, hydrophilic carbon/energy source. Quantification
of consumption rates using NMR spectroscopy showed porin-
independent uptake of diverse water-soluble molecules with rates
in the range of 50,000 molecules s per cell at an external con-
centration of 100 pM. However, nutrients with two or more car-
boxylate groups permeated poorly in the absence of porins. These
results indicate a remarkable permeability of the porin-free outer
membrane for many but not all hydrophilic molecules.

In addition to porins, the Bam complex (45, 46), secretins (47),
and outer-membrane channels of efflux systems (3) are thought
to transiently form large, unspecific pores in the outer membrane.
However, such large unspecific pores seem to play a limited role
for nutrient uptake by P. aeruginosa because small molecules such
as succinate and citrate permeate only slowly in the absence of
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porins. Instead, many molecules likely translocate directly through
the lipid bilayer (15, 48-52). This translocation pathway is con-
sistent with the preference for amines and effective exclusion of
carboxylates: Amines can efficiently compete with Mg** and Ca**
cations (53) that form salt bridges with phosphate and carboxylate
groups of LPS, thereby weakening the gel-like Mg”*/phosphate/
LPS core clusters and enhancing translocation [the “self-promoted
uptake” concept (48)]. By contrast, carboxylates might displace
water molecules of the inner hydration shell of Mg?*, thus
forming stable complexes (54) that link the carboxylates to the
rigid gel-like Mg?*/phosphate/LPS core clusters without weak-
ening them, thereby slowing permeation.

Although the outer-membrane lipid bilayer enabled substantial
porin-independent permeation by many hydrophilic molecules,
valuable and preferred nutrients with two or more carboxylate
groups such as succinate had low permeation rates in the absence
of porins. The large OprD/Occ family of porins may have evolved
specifically for uptake of compounds with carboxylate groups (20),
thus opening translocation pathways for these poorly permeating
but valuable nutrients. Many porins had unexpectedly broad sub-
strate spectra, which challenges the one porin—one nutrient model.
On the other hand, each porin excluded effectively individual
nutrients with high specificity, although these nutrients are readily
transported by closely related porin family members. This com-
bination of promiscuous uptake and highly specific exclusion
suggests that porin evolution was mostly shaped by selection
against the entry of toxic compounds while specific uptake of only
one nutrient was not critical. Most nutrients that could use various
porins for entry were covered by a combination of just two porins,
OprE/OccK8 and OprQ/OccD6, which are abundant in various P.
aeruginosa clinical isolates when grown in standard medium, and
in PA14 in different rodent models (Fig. 1C). Uptake of additional
substrates could be covered by substrate-induced expression of
other porins (31). This substrate overlap may also explain why
clinical isolates often down-regulate or inactivate OprD/OccD1,
resulting in diminished susceptibility to carbapenems (55). This
loss should not impair Pseudomonas nutrition because the abun-
dant porins OprE/OccK8 and OprQ/OccD6 cover the same nu-
trients as OprD/OccD1 (at least among the nutrients tested in this
study). Indeed, OprD loss in clinical isolates has no detectable
fitness costs in rodent pneumonia models (in fact, fitness is greatly
increased for unknown reasons) (56). Porin redundancy thus fa-
cilitates emergence of carbapenem resistance.

Our antimicrobial susceptibility data show that neither the
“general” porin OprF nor the “specific” porins were relevant for
translocation of diverse antimicrobials under standard conditions,
with the sole exception of previously identified partial permeation
of carbapenems through OprD. These results provide further
support for the relevance of porin-independent permeation of the
outer-membrane lipid bilayer. Recent data confirm that E. coli
lacking both major unspecific porins OmpC and OmpF show de-
creased susceptibility to several p-lactam antibiotics (9), consistent
with the role of the major porins for uptake of these drugs (13).
However, some p-lactams and diverse other antibiotics retain most
of their activity against this ompC ompF mutant (9), suggesting
efficient alternative entry pathways. This could suggest a similar
porin-independent entry pathway, but other still-remaining porins
or disturbed barrier function in the mutant could also be involved.

In conclusion, diverse hydrophilic compounds can penetrate
the P. aeruginosa outer-membrane bilayer at relevant rates in-
dependently of porins. Porins are mostly required for utilization
of valuable nutrients containing multiple carboxylate groups,
which permeate poorly through the porin-free outer membrane.
Porins provide efficient translocation pathways for these nutri-
ents but efficiently exclude antibiotics. Antibiotics thus have to
enter the cell by direct penetration of the outer-membrane lipid
bilayer, resulting in a penalty for molecules carrying carboxylate
groups. Thus, replacement of carboxylate groups (which are present
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in many current antibiotics) by isosteres (57) might be considered to
accelerate compound translocation across the P. aeruginosa outer
membrane. Future studies should further characterize this largely
neglected translocation pathway, to identify additional molecular
properties that determine translocation rates of antimicrobials.

Materials and Methods

Bacterial Strains and Growth Conditions. All P. aeruginosa mutants used in
this study are derived from the clinical isolate UCBBP-PA14 (22). In addition,
we analyzed various P. aeruginosa clinical isolates from the University Hospital
Basel strain collection. E. coli Sm10Apir was used for cloning and to conjugate
plasmids into P. aeruginosa. All bacteria were cultured at 37 °C in lysogeny
broth (LB) except for mating, for which we used P. aeruginosa grown over-
night at 42 °C. For growth assays, bacteria were grown in overnight in LB and
then overnight in basal medium 2 (BM2; http:/cmdr.ubc.ca/lbobh/method/
media-recipes/) minimal medium with 10 mM acetamide as carbon source.
After washing, the bacterial were inoculated in BM2 containing the carbon
source of choice at an initial optical density at 600 nm (ODgqo) = 0.05.

Antibiotics and Reagents. Amikacin (disulfate salt; potency 77.60%), aztreonam
(potency 92%), azithromycin (potency 92.70%), cefepime (hydrochloride,
83.82%), ciprofloxacin (potency 78.60%), colistin (sulfate salt; potency,
67.50%), gentamicin (sulfate salt, potency 67.70%), imipenem (monohydrate,
potency 93.66%), kanamycin (sulfate salt, potency 83.16%), meropenem
(trihydrate, potency 87.64%), piperacillin (sodium salt, potency 94.60%),
tetracycline (potency 100%), ticarcillin (disodium salt, potency 90.62%),
and tobramycin (potency 95.20%) were purchased from Sigma-Aldrich.
Ampicillin (disulfate salt, potency 77.60%) and carbenicillin (disodium salt,
potency 89.58%) were purchased from Roth. Ceftazidime was purchased
from European Pharmacopeia. Unless stated otherwise, all other reagents
were of analytical grade and were purchased from Sigma-Aldrich-Fluka.

Gene Deletion and Episomal Porin Expression. Strains and plasmids used in this
study are listed in S/ Appendix, Table S3. Primers are listed in S/ Appendix,
Table S4.

Knockout vectors were constructed as described (58) with the following
modifications. Seven hundred-base pair sequences of the flanking regions of
the porin gene were PCR-amplified with primers designed with Snapgene
software (GSL Biotech LLC). The fragments were gel-purified and inserted
into pEXG2 plasmid (59) by Gibson assembly (60). The assembled plasmid
was transformed into competent SM10Apir prepared with Mix & Go (Zymo
Research Corporation) and plated on LB agar containing 50 pg/mL kanamycin
and 15 pg/mL gentamicin. Sequenced-verified clones were mated for 4 h with
PA14 strains at 37 °C. Single cross-over events were selected on plates containing
15 pg/mL gentamicin and 20 pg/mL irgasan. Colonies were picked and grown in
LB for 4 h and streaked on 5% sucrose plates overnight at 30 °C. P. aeruginosa
clones were confirmed by sequencing and stored at —80 °C in LB containing 9%
dimethyl sulfoxide. Whole-genome sequencing was done as described previously
(58). Geneious Prime 2019.0.4 was used to map the reads to the P. aeruginosa
UCBPP-PA14 reference sequence NC_008463.1 and to identify variations.

A plasmid backbone for expression of individual porins was constructed
using Gibson assembly of the TrfA-OriV origin of replication from pAD6 (61),
a derivative of the low-copy-number plasmid RK2 (62), the gentamicin resis-
tance cassette and origin of transfer (oriT) from pEXG2, rpsl and rrnB termi-
nators, and the Po,p promoter amplified from PA14. A porin gene was
inserted downstream of P,,p. For electroporation of porin-expression plas-
mids, 20-mL PA14 A40 overnight cultures in LB were washed thrice with ice-
cold 0.3 M sucrose and resuspended in 100 pL cold 0.3 M sucrose. Electro-
poration was done with 1 pL plasmid solution in 2-mm cuvettes at 25 pF/400
Ohm/2.5 kV. After addition of 1 mL prewarmed LB and incubation for 1 h at
37 °C, cells were plated on LB agar containing 15 pg/mL gentamicin.

Drug Susceptibility Tests. The MIC of drugs was determined by a twofold
dilution assay in a 96-well plate according to Clinical and Laboratory Stan-
dards Institute guidelines (inoculum of ~10° colony-forming units [CFU}/mL;
reading after 20- to 24-h incubation) in cation-adjusted Mueller-Hinton
broth (63). Growth of bacteria at 37 °C was examined by visual inspection
after 20-h incubation. The MIC was defined as the lowest concentration of
an antibiotic that completely prevented visible cell growth. Drug susceptibility
was also determined with antibiogram measurements with 20 different anti-
biotics (Bio-Rad commercial disk). Overnight cultures of P. aeruginosa strains
were diluted at ODggo = 0.1 and were spread on 120- x 120-mm? MHB Il plates
and air-dried in a laminar flow and then discs containing antibiotics were
placed on the plates. Plates were incubated at 37 °C for 20 h. The diameter
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of halos surrounding the discs were measured as an indication of growth
inhibition.

Nutrient Consumption Assays. P. aeruginosa strains were grown overnight in
defined nutrient medium (BM2 containing 10 mM acetamide and 100 pM of
10 amino acids [alanine, arginine, asparagine, aspartate, glutamate, glutamine,
glycine, histidine, proline, tyrosine], glucose, cis-aconitate, citrate, succinate, and
pyruvate). Bacteria were washed and resuspended in prewarmed nutrient me-
dium at ODggp = 0.005. Cultures were incubated at 37 °C and 180 rpm and
samples were taken after 2, 3, and 5 h of growth. ODggo and CFU were deter-
mined at each time point. The remaining volumes were filtered through a
0.2-um pore filter and stored at —80 °C until NMR analysis.

NMR spectra were measured on a 600-MHz Bruker Avance Il HD NMR
spectrometer equipped with a cryogenic QCI-F probe. One-dimensional ['H]
spectra were recorded with a free induction decay size of 32,000 points and
256 transients at 298 K. Water was suppressed by excitation sculpting.
Spectra were processed using TopSpin 3.6 by applying an exponential win-
dow function with line broadening factor of 0.3 Hz and zero filling to 64,000
points prior to Fourier transformation. For each substance, an isolated signal
was chosen for analysis (S/ Appendix, Fig. S2). Peak intensities were deter-
mined by comparison with nutrient medium as reference.

Analysis of Consumption Kinetics. We assumed that during exponential
growth, r¢, the average consumption rate per bacterium of nutrient X from
the medium is constant. The consumption rate of nutrient X by the bacterial
population is thus proportional to the cell density n(t):

diX]
Tt

=—rc-n(t) = —rc-ng-et,

where ng is the density of bacteria at t = 0 and k the growth rate constant.
Integration results in the residual substance concentration at time T:

r dix]

XIm = /35

dt = [X], ~ 7 -n(T)
and the total nutrient consumption My, which depends linearly on the cell
density n(T):

Mx(T) = [X]o = [XI(T) = %W(T)-

The cell density relates to the ODggp Via a proportionality factor z:
N
n(T) =+-=2-ODepo,
Vo

where N is the number of CFU determined in a volume V; of cell culture. In
separate calibration experiments, z was determined to be 9.8 x 108 CFU-mL™"
and k was determined for each strain by exponential fitting of growth curves.
The consumption rates rc was then obtained from linear fits of data pairs
My, n(M)].

To account for differential consumption preferences (delayed uptake
characterized by 1) a lag-phase, 2) moderate uptake, and 3) fast uptake),
different subsets of data points were used for linear regression modeling (as
indicated in Fig. 1Q):

1) Data pointsatt=3and5h
2) Data pointsatt=0, 2,3, and5h
3) Data pointsatt=0, 2 and 3 h.

For calculating the uptake competence of each porin for each nutrient X,
the consumption rate of the single-porin strain for X was normalized to a
range defined by the value of the consumption rates of PA14 and A40:

kX(porin) - kX(A40) .100

uptake competence (porin)y =
kxpa1ay — kx(aa0)

Values below 0 were set to 0 and values above 100 were set to 100.

Proteomics. P. aeruginosa porins were detected by targeted proteomics using
parallel reaction monitoring on a high-resolution and accurate mass instrument
with absolute quantification using heavy-isotope-labeled reference peptides as
described previously (29). We analyzed PA14 and various clinical isolates grown
to exponential phase in cation-adjusted Mueller-Hinton broth. We also rean-
alyzed previously obtained blood or lung homogenates from mice and rats (29)
that had been obtained at 24 h postinfection by intratracheal instillation of an
agar bead containing 10’ CFU of PA14.
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Curve Fittings and Statistical Analysis. Curve fitting analyses and calculations

of

regression parameters were made with GraphPad Prism (version 4.03)

software for Windows and statistical analysis with GraphPad Instat version
3.06 for Windows.

Data Availability. All study data are included in the article and/or S/ Appendiix.
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