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Outer Membrane Proteins 5

ROBERT E. W. HANCOCK and
ELIZABETH A. WOROBEC

1. INTRODUCTION

Pseudomonas aeruginosa is a gram-negative bacterium and as such has an
outer membrane. The general functions of the outer membrane include
size-dependent exclusion of larger molecules, permitting selective per-
meability of smaller molecules, uptake of large and small polycations,
specific facilitated uptake of certain substrates, export of excreted mole-
cules including proteins, secondary metabolites and siderophores, main-
tenance of cell shape and growth in low osmolarity medium, binding of
phages, bacteriocins, and pili during conjugation, serum resistance, and
surface binding of antibodies and complement. Most of these functions
have been described for Pseudomonas aeruginosa and result from the
properties of outer membrane functions. It has been 5 years since the
last review of the outer membrane proteins of Pseudomonas aeruginosa
(ancock et al., 1990). Because of the vast amount of data available on this
fopic, we have concentrated on the information published since the pre-
vious review, but prior to the release of the Pseudomonas aeruginosa ge-
nomic sequence (http://www.pseudomonas.com).

2. ROLE IN ANTIBIOTIC SUSCEPTIBILITY

_Itis now well established that Pseudomonas aeruginosa is intrinsically
antibiotic-resistant and that the low outer membrane permeability of this
organism contributes to this high intrinsic (background) level of resis-
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aerobactin (Liu and Shokrani, 1978) produced by enteric bacteria, fer-
rioxamine B produced by Streptomyces spp. (Cornelis et al., 1987), and
pyoverdines produced by other fluorescent pseudomonads (Hohnadel
and Meyer, 1988).

The induction of high molecular weight, iron-regulated, outer
membrane proteins by P. aeruginosa, in response to the presence of non-
pseudomonad siderophores, occurs with desferral, a derivative of fer-
rioxamine B, and ferri-enterobactin. The latter enterobactin-mediated
protein has been characterized. Poole et al. (1990), upon studying entero-
bactin-mediated iron uptake by a pyoverdine-deficient strain of P. aeru-
ginosa, identified a novel 80,000-Da outer membrane protein. Mutant
strains incapable of enterobactin-dependent iron uptake were also lack-
ing this protein, suggesting that this protein an enterobactin receptor.
The structural gene for this putative enterobactin receptor was later
cloned and characterized (Dean and Poole, 1993). The gene product was
termed PfeA for Pseudomonas ferric enterobactin receptor. The struc-
tural gene for this putative enterobactin uptake was expressed in E. coli
and was capable of complementing a mutation in the E. coli fepA gene
which encodes the E. coli FepA, enterobactin receptor protein (an
81,000-Da outer membrane protein). The pfeA gene codes for an
81,000-Da protein which has more than 60% homology to its E. coli
counterpart. The most significant homology is in regions involved in
ligand binding. In addition, and not surprisingly, the two proteins cross-
react. P. aeruginosa PfeA protein can replace FepA in E. coli, hence rein-
forcing the similarity between enterobactin-dependent uptake between
the two organisms. This suggests the existence of analogous components
in P. aeruginosa, such as periplasmic and cytoplasmic membrane pro-
teins. The identification of a TonB box at the N-terminus of PfeA and
Fur binding sites upstream of the pfeA gene also indicates the similarities
between the two systems because FepA function depends on interaction
with the TonB protein (Lundrigan and Kadner, 1986) and the expres-
sion of FepA is under control of the fur gene (Earhart, 1987). The extent
of the analogy between the two systems is currently under investigation.

The concomitant loss of pyoverdine production and decreased pro-
duction of a 90,000-Da IROMP in P. aeruginosa, led Poole et al. (1991) to
believe that this protein is a ferri-pyoverdine receptor. In addition, a
mutant strain deficient in the production of this protein shows a sub-
stantial decrease in pyoverdine-mediated iron transport. Previous to this
Cornelis et al. (1987) assigned this function to an 80-KDa IROMP. An
85-KDa protein has also been identified as a pyocin S-receptor in a
clinicalisolate of P. aeruginosa (Gensberg et al., 1992). It is likely that these
three proteins are the same. Using the above mutant strains, more re-
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awsnmA iewed in Hancock et al., 1990). It is clear that reduced outer
membrane permeability, by itself, is not sufficient to explain resistance,
because antibiotics equilibrate across even the weakly permeable outer
membrane of Pseudomonas aeruginosa in a few seconds. Thus a secondary
mechanism must exist that takes advantage of defective permeability.
For B-lactams, inducible chromosomal B-lactamase has been proposed as
such a mechanism (Bayer et al., 1987), whereas for other antibiotics,
efflux is involved (Li et al., 1994a,b; Poole et al., 1993). There is also
evidence that efflux may be involved in intrinsic (basal) resistance of
Pseudomonas aeruginosa to B-lactams, in that mexA, mexB or oprM inter-
poson mutants are supersusceptible to many B-lactams (Li et al., 1995).
However, although efflux pumps have quite loose specificity, they favor
hydrophobic (or amphipathic), weakly positively charged compounds,
whereas B-lactams are generally anionic or zwitterionic and reasonably
hydrophilic. Furthermore, B-lactams act in the periplasm and thus face
only one uptake/efflux barrier whereas the usual substrates for efflux
pumps must cross two membranous barriers. In addition, there are
considerable disparities in the extent to which susceptibility of some
B-lactams is affected by mexA or oprM deletion. Therefore in this case, it
might be necessary to exclude other possible secondary effects, e.g., on
B-lactamase levels or inducibility, penicillin binding protein levels, or
peptidoglycan biosynthesis, before one can definitively conclude that
B-lactams are subject to efflux. Nevertheless, it is clear that low outer
membrane permeability is an absolute determinant in the intrinsic antj-
biotic resistance of P. aeruginosa because specifically increasing outer
membrane permeability by cloning in a large channel porin (Loop 5
deletion mutant of OprD) increases antibiotic susceptibility to many
antibiotics by eightfold or more (Huang and Hancock, 1996).

3. IROMPs: FpvA, FptA, PfeA

Pseudomonas aeruginosa, like most bacteria, requires iron for growth.
To sequester iron from its environment, this organism produces two
iron chelators or siderophores, pyochelin and pyoveridine (Cox and
Adams, 1985), which are produced under conditions of iron limitation.
Up to seven iron-regulated outer membrane proteins have also been
identified (Cornelis et al., 1987), some of which have been classified as
receptors for the iron-bound siderophores and hence are involved in the
first step in the entry of iron into the cell. In addition to the two afore-
mentioned siderophores, P. aeruginosa can utilize siderophores synthe-
sized by other organisms, such as enterobactin (Polle et al., 1990) and

Table I. Outer Membrane Proteins of Pseudomonas aeruginosa
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cently Poole et al. (1993) reported cloning the gene for the putative
pyoverdine receptor by complementation. The product of the fpvA gene
is consistent with an 86-kDa mature protein. Sequence analyses revealed
homology to highly conserved domains found in TonB-dependent re-
ceptors, even though nothing resembling a TonB box was found. FpvA
also has regions of homology with the PupA and PupB proteins of
P. putida. PupA and PupB are IROMPs which function as receptors for
ferric pseudobactin, a siderophore which is similar to pyoverdine {(Bitter
etal., 1991). Some homology was also found with FhuE, the E. coli recep-
tor for fungal siderophores coprogen, rhodoturilic acid, and ferriox-
amine A.

. Two different IROMPs have been described as involved in fer-
ripyochelin uptake by P. aeruginosa. Originally, a 14-KDa protein, desig-
nated the ferripyochelin-binding protein (FBP) was assigned this role
(Sokol and Woods, 1985). However, Heinrichs et al. (1991) demonstrated
that a high MW protein (75,000 Da) interacts with pyochelin and sup-
ports pyochelin-mediated iron transport at nM levels of FeCls. This
group also reported that a strain deficient in this protein transports
ferripyochelin at higher ferric chloride concentrations, hence suggest-
ing a putative role of the 14,000-Da protein in a second, lower affinity
transport system. They also attributed the failure of earlier studies to
observe the 75-Kda protein to the induction of the protein in the late log
to stationary phase. The structural gene for the high-affinity ferripyo-
chelin receptor (fptA) was cloned and the expression of a 75-Kda pro-
tein (Ankenbauer, 1992) substantiated the findings of Heinrichs et al.
(1991). The mature FptA protein has a molecular mass of 76 KDa, and
sequence homology studies revealed considerable homology with FpvA
of P. aeruginosa, PupA and PupB of P. putida, and FhuE of E. coli (anken-
bauer and Quan, 1994). Like FpvA and PupB, no TonB box was identi-
fied. Pyochelin and its receptor are both regulated by the transcriptional
activator PchR which in turn is iron-regulated. The fptA gene is pre-
ceded by a sequence matching the E. coli fur-binding site, indicating the
importance of iron concentrations in the expression of this receptor.
Heinrich and Poole (1993) described a regulator PchR for both pyoche-
lin and FptA biosynthesis.

In their study of the uptake and function of an antipseudomonal
cephalosporin antibiotic, Yamano et al. (1994) found that the compound
was best transported via the ferric iron transport pathway. They also
found that the compound was best transported via the ferric iron trans-
port pathway. They also found that mutant strains resistant to this anti-
biotic lacked a 66-kDa IROMP which, as they predicted, acts as a recep-
tor for the antibiotic. E. coli IROMPS Fiu and Cir have been implicated
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in the uptake of similar antibiotics (Curtis et al., 1988; Nikaido and
Rosenberg, 1990), hence suggesting a similarity between the uptake sys-
tems and the proteins in question. No further reports have emerged
regarding the role of this 66-KDa IROMP.

4. OprC

OprC is a low copy number outer membrane protein which has
been shown by Yoshihara and Nakai (1989) to form slightly anion-selec-
tive, small diffusion pores. The purified protein runs on SDS-PAGE with
an apparent M, of 70,000. The results, however, from this study are not
without controversy because the investigators demonstrated in the same
study that the major nonselective porin OprF, of P. aeruginosa did not
exhibit porin function. In a later study, Nikaido et al. (1990) repeated the
work of Yoshihara and Nakai and found that in their hands the levels of
OprC were so low that they were not able to assess its function accurately.
OprC has also been linked to the uptake of anionic antipseudomonal -
B-lactam antibiotics, such as cefsulodin, piperacillin, and azetreonam
('Sa_take et al., 1990). However, the role of OprC in antibiotic suscep-
tibility was recently reexamined by Yoneyama et al. (1995).The oprC
oprD, and oprE genes were disrupted by gene replacement, and the re-’
sult.mg mutant strains were examined for susceptibility to a variety of
antiotics. The results demonstrated that OprC is not involved in im-
lpenem permeability nor the permeability of any of a number of anti-
pseudomonal antibiotics, including quinilones, cephalosporins, chlor-
amphenicol, and various penicillin derivatives.

Yamano et al. (1993) demonstrated that OprC levels increase four-
fold_during anaerobic growth and this increase is not caused by a con-
comitant decrease in iron concentration in the growth medium, nor
reduced growth rate in a minimal medium. It was proposed that the
increased production of this protein along with OprE aids in the growth
of P. aeruginosa by enhancing the rate of entry of essential nutrients into
the cell during oxygen stress. More recently, Nakae and collaborators
sequenced OprC and showed that it is 65% homologous with NosA of
P. stutzeri (Lee et al., 1989), an outer membrane porin required for pro-
ducing copper-containing nitrite reductase. Like NosA, it was shown
that OprC is made only anaerobically and is repressed by high Cu2+
concenn:ations in the medium. Nitrite reductase is a key element in the
anaerobic respiratory process termed denitrification. The predominant

singlg-channel conductance increments of the OprC and NosA porins
are virtually identical.
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5. OprJ

The overproduction of a 54-KDa outer membrane protein has been
reported in several mutant strains of P. aeruginosa belonging to the
Type2 (nfxB) group (Hirai et al., 1987; Legakis et al., 1989; Yoshida et al.,
1994). These strains are generally cross-resistant to quinilones, such as
norfloxacin, to newly developed cephems like cefpirome, and are hyper-
sensitive to B lactams and aminoglycosides. This protein has only been
recently been termed Opr] and its relationship to the other resistance-
correlated outer membrane proteins OprK, OprM, and OprN examined
(Masuda et al., 1995). In some strains, Opr] is repressed by salicylate in
conjunction with an increase in OprN production, suggesting some sort
of linked control mechanism, not unlike that seen with OmpC/F in
E. coli. It seems plausible to imply that Opr]J is an efflux protein al-
though no conrete information has been presented. N

Purified Opr] retains its SDS-PAGE electrophoretic mobility re-
gardless of reduction or heating. A monoclonal antibody specific for
Opr] was used in immunoblot studies (Hosaka et al., 1995) to demon-
strate that Opr] is produced by fluoroquinolone-resistant NfxB mutant
strains of P. aeruginosa but not by other types of fluoroquinolone-resis-
tant strains (NalB, NfxC). This implies that Opr] is a protein novel to
NfxB mutant strains.

6. AlgE

Mucoid strains of Pseudomonas aeruginosa produce a 54-kD protein
termed AlgE (Rehm et al., 1994). The algE gene is found as part of the
34 min alginate gene cluster and has been cloned and sequenced (Chu et
al., 1991). Purified AIgE forms a large, anion-selective channel. There-
fore it has been proposed that it functions in enhancing the excretion of
exopolysaccharide precursors out of the cell to a location where they are
assembled into the mucoid material of P. aeruginosa. The protein has

been modeled as an 18-f-strand porin, reminiscent of the Lam B porin
(Schirmer et al., 1995).

7. OprN

P. aeruginosa mutant strains possessing cross-resistance to quini-
lones, imipenem, and chloramphenicol plus a hypersensitivity to ceph-
ems, aminoglycosides, and carbenicillin overproduce a 50-kDa outer
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membrane protein, OprN (Fukuda et al., 1990, 1995). In these strains a
decrease in norfloxacin accumulation and in the rate of imipenem up-
take was noted, suggesting the presence of an efflux process. Also in
these strains, a decrease in OprD was noted, hence the reduced im-
ipenem uptake. Although it has the same apparent molecular weight as
OprM, this protein does not change SDS-PAGE mobility after heating
and is positively regulated by salicylate (Masuda et al., 1995). In conjunc-
tion with salicylate induction, increased resistance to quinolones and
carbapenems is linked to the decrease in OprD production and the
increased production of OprN. This mirrors the phenotype observed
for the OprN-overproducing Type 3 (nfxC) mutant strains. OprN levels
are also elevated when Opr] overproducing mutant strains are treated
with salicylate, suggesting that the two proteins are regulated to obtain a
constant copy number in the outer membrane. Masuda et al. (1995) have
proposed that Opr], OprM, and OprN act as independent efflux trans-
porters and that Opr] and OprN are cooperatively regulated, much like
OmpF and OmpC from the enteric bacteria.

8. OprK

Upon examining a pyoverdine-deficient strain of P. aeruginosa,
Poole et al. discovered the iron-inducible expression of OprK, a 50-kDa
outer membrane protein. The same strain is resistant to a number of
structurally diverse antimicrobial agents (e.g., ciprofloxacin, nalidixic
acid, tetracycline and chloramphenicol). It was originally though that the
oprK gene belongs to an operon (mexA-mexB-oprK) responsible for the
efflux of a variety of antibiotics and secondary metabolites (e.g., pyover-
dine). However, it was recently found that the oprK gene expresses OprM
and thus was renamed oprM (Li et al., 1995). The OprK protein derives
in fact from an nfxB mutation derepressing the opr] gene, and thus the

protein has now been renamed Opr] (Poole, K., personal communica-
tion).

9. OprM

Analysis of nalidixic acid (ralB or Type 1) multiple antibiotic-resis-
tant strains of P. aeruginosa revealed the overexprssion of a 49-KDa
protein termed OprM (Masuda and Ohya, 1995). OprM has been par-
tially characterized (Gotoh et al., 1994b) and found to be heat modifia-
ble. OprM changes molecular mass on SDS-PAGE from 50 kDa to more
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than 100 kDa upon heating before loading on gels. Strains deficient in
the production of OprM are highly susceptible to a number of antibiot-
ics, including quinilones, B-lactams, tetracycline, chloramphenicol, and
several penems (Gotoh et al., 1994a). OprM production is not influenced
by salicylate, the known synthesis suppressor of some outer membrane
proteins (Masuda et al., 1995). Initially evidence indicated that OprM
acts much like OprK in a separate, but related, efflux system that Li et al,
(1994a) call MexC-MexD-Opr]. However it was recently shown that the
product of the cloned oprK gene is identical to OprM (Li et al., 1995).
Li et al. (1995) examined the accumulation of a variety of drugs in
several mutant strains in the presence and absence of a proton iono-
phore and found that MexA-MexB-OprM forms an energy-dependent
complex capable of pumping various antibacterial agents out of Pseu-
domonas aeruginosa. MexA and MexB resemble cytoplasmic membrane
export proteins. A proposed model for efflux has the antibiotics
pumped from the cytoplasm to the external face of the cell through a
direct channel (Li et al., 1994b). MexB would form a cytoplasmic mem-
brane transporter with the lipoprotein MexA acting as a link between
the outer membrane channel, OprM (formerly OprK), and the MexB
transporter. Indeed a disruption of any of the three gene makes the
strain extremely susceptible to the effluxable antibiotics, Components
similar to OprM, MexA, and MexB have also been identified by Mor-
shed et al. (1995) using norfloxacin-resistant and nalB multiply resistant
strains of P. aeruginosa. Active efflux has been very well documented in
E. coli (Thanassi et al., 1995), and the MexA/MexB proteins have homo-
logues in many bacteria (Poole et al., 1993) Although the finding of a
similar process in P. aeruginosa is not completely unexpected, the con-
cept of efflux as a major player in intrinsic resistance provided a substan-
tial breakthrough in our thinking about how P. aeruginosa escapes killing
by multiple antibiotics.

10. OprP

OprP was first identified as an outer membrane protein induced
upon growth of P. aeruginosa in a low phosphate medium (see Hancock et
al., 1990; Siehnel et al., 1990 for most citations). A Tn501 mutant lacking
OprP was shown to be deficient in the high-affinity, phosphate-starva-
tion-inducible (PST) transport system. Detailed model membrane stud-
ies have made this one of the best characterized anion channels in na-
ture. The OprP channel was shown to contain a phosphate-binding site
with a K; of approximately 0.15uM (approximately the medium concen-
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tration of phosphate at which OprP is optimally induced). Chemical
modification studies of OprP indicated that the phosphate-binding site
contains a lysine residue. Therefore we have started to change the
lysines of OprP systematically to glutamates and glycines (Sukhan and
Hancock, 1996). A single lysine, residue-121, changed to either a gluta-
mate or a glycine residue, causes loss of the phosphate-binding site, as
Judged by model membrane studies.

To determine where lysine-121 exists, a membrane topology model
(Fig. la) was created by predicting transmembranous amphipathic
B-strands (typical of porins; Huang et al., 1995) and constructing linker
and epitope insertion mutants at various sites through the protein (uti-
lizing the observation that loop regions interconnecting B-strands can
tolerate insertion of extra amino acids, but that the B-strand regions
cannot) (Sukhan and Hancock, 1995). Interestingly, in this model,
lysine-121 is right in the middle of loop 3 which, in the porins were with
defined-three-dimensional structurs, form the narrowest (constriction)
region of the porin channel. Indeed lysine-131 of PhoE, which is substi-
tuted for glycine in the related E. coli porin OmpF (Cowan et al., 1992), is
the major contributor to the anion selectivity of PhoE and the cation
selectivity of OmpF.

OprP is coregulated with the periplasmic phosphate-binding
protein. Biochemical data suggests that these two proteins can interact
whereas genetic data suggest they collaborate in phosphate uptake. A

mathematical model of phosphate passage through the OprP channel
has been developed. i

11. OprO

OprO was first identied as an open reading frame upstream of the
OprP gene. It shares 76% identical amino acids with OprP (Siehnel et al.,
1992). Model membrane studies on the purified OprO porin, after over-
expression in E. coli, indicate that it is quite similar to OprP in that it
forms anion-specific channels with a phosphate-binding site (Hancock et
al.,, 1992). However, the OprO channel is somewhat larger and prefers
pyrophosphate over phosphate (cf. OprP for which the situation is re-
versed).

Utilizing an OprP::Tn501 mutant of P. aeruginosa, OprO expres-
sion was demonstrated after growth of this mutant under phosphate-
starvation conditions into the stationary phase (Siehnel et al., 1992). Like
the oprP gene, oprO contains an inverted repeat element overlapping this
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Pho box with homology to the cyclic AMP receptor-binding site of the
E. coli rpoH gene.
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OprB was first identified by Hancock and Carey (1980) following
the growth of P. aeruginosa in a minimal medium supplemented with
glucose as the sole carbon source. The protein was identified as a heat-
modifiable protein, whose M, changes from 30,000 to 47,000 upon heat-
ing to 100 °C before SDS-PAGE. OprB is coregulated with a periplasmic
glucose-binding protein as part of a high-affinity glucose uptake system.
Hancock and Carey (1980) originally demonstrated the porin function
of OprB by following the efflux of several carbohydrates from phospho-
lipid vesicles reconstituted with purified OprB. Using the liposome swel-
ling assay, Trias et al., (1988) characterized OprB as selective for glucose
and xylose. Further analyses of purified OprB from P. aeruginosa (Wylie
et al., 1993) and P. putida (Saravolac et al., 1991) revealed many sim-
ilarities between the two proteins, including high B-sheet content (40%),
as determined by circular dichroism, immunochemical cross-reactivity,
amino terminal sequence homology, and a glucose-binding site (K, = 380
mM for P. aeruginosa and 110 mM for P. putida). The two proteins differ
in molecular weight (P. aeruginosa OprB is 4500 Da larger) and in ion
selectivity. The P. aeruginosa OprB is anion-selective, and P. putida OprB
is cation-selective. The reason for this difference in selectivity is still
unknown.

The sequence of the cloned P. aeruginosa oprB gene revealed some
homology to the maltodextrin-selective LamB porin of E. coli (Wylie and
Worobec, 1994). Topological modeling by the prediction rules of Pay]
and Rosenbusch predicted 18 potential membrane-spanning B-strands
when placing both N-and C-termini on the periplasmic face of the mem-
brane, similar to that deduced from the crystal structue of LamB (Schir-
mer et al., 1995). As with LamB, extra membranous loops joining the
B-strands are short on the periplasmic face compared with those facing
extracellularly. Amino acid comparison between OprB and LamB re.
vealed several conserved and identical residues implicated in sugar bind-
ing to LamB. Likewise, OprB has a cluster of five tryptophan and seven
phenylalanine residues which resembles what is termed the “greasy slide”
of LamB, a region which is though to guide the diffusion of sugars. The
aromatic ring of phenylalanine and tryptophan residues contribute to
protein—sugar interactions in carbohydrate-binding proteins. The resi-
dues stack on one or both sides of the pyranoside rings of sugars, con-
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tributing to the Van der Waals contacts (Quiocho, 1989). OprB also has
two cysteine residues (C148 and C156) which are fairly rare in porin
proteins but are also found in LamB (Gerbl-Rieger et al., 1991). No
function has been attributed to these residues in LamB (Ferenci and
Stretton, 1989), and the analysis of their function in OprB is presently
underway.

Using interposon mutagenesis, P. aeruginosa strains were created
which either lacked or overexpressed OprB (Wylie and Worobec, 1995).
These strains were used to study the in vivo role of OprB in the diffusion
of glucose and other carbohydrates across the outer membrane. These
experiments demonstrated that OprB acts as a substrate-selective porin
for a variety of different sugars, including mannitol, glycerol, and fruc-
tose. Indeed, Williams et al. (1994), found the production of OprB in
conjunction with prolonged growth on glycerol. Thus, rather than act-
ing exclusively as a glucose-selective proin, OprB facilitates the diffusion
of a wide range of carbohydrates and thus has been labeled a carbohy-
drate-selective porin. _

Other members of the Pseudomonadaceae rRNA group 1 carry a gene
which hybridizes with the P. aeruginosa oprB structural gene and produce
proteins with strong homology to OprB (based on SDS-PAGE mobility,
immunochemical cross-reaction, and N-terminal sequence), when grown
on glucose or other carbohydrates, such as xylose or maltose (Wylie and
Worobec, 1994). This again reinforces the role of OprB as a general
component of carbohydrate uptake in pseudomonads.

13. OprD

OprD was first identified as a modestly expressed outer membrane
protein called D2 (Hancock and Carey, 1979). It was subsequently dem-
onstrated that mutants of P. aeruginosa, which had become specifically
resistant to a broad-spectrum B-lactam called imipenem, had lost OprD
(Quinn et al., 1986). Interestingly imipenem strongly resembles a dipep-
tide of a basic amino acid plus one other amino acid, so much so that a
renal dipeptidase inhibitor, cilastatin, must be coadministered with im-
ipenem to improve its stability in vivo (N.B: to some extent all B-lactams
mimic the D-ala-D-Ala peptide in peptidoglycan precursors). Thus it
seemed quite reasonable when Trias and Nikaido (1990a,b) demon-
strated that OprD is a specific porin that recognizes basic amino acids,
peptides containing basic amino acids, and imipenem and related car-
bapenem B-lactams (e.g., meropenem) as substrates. It was _confirmed
that these two classes of substrates bind to the same site on OprD (Trias

«
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and kaaifio, 1990b) and that high concentrations of basic amino acids
§ul?stantat1vely increase the minimal inhibitory concentration (MIC) of
imipenem and micropenem (Fukuoka et al., 1991). Competition for
binding to a common site within the OprD channel was definitively
demonstrated by model membrane studies (Huang and Hancock, 1996;
Nakae et al., 1996; Trias and Nikaido, 1990b). Overexpression of, OprD,
from the cloned gene was used to prove that the channel is quite specific
for carbapenem‘ B-lactams and does not permit passage of other
B-lactarqs or .qumolones (Huang and Hancock, 1993). This corrects
some misleading conclusions in the literature (Michea-Hamzehpour et
al., 1991). Indeed the observation of cross-resistance between imipenem
and fluoroquiinolones is more likely caused by regulatory or efflux mu-
tants (Maspda and Ohya, 1995). Nevertheless, OprD overexpression
studies indicate that gluconate can pass through this channel, possibly in
a nonspecxflc manner (Huang and Hancock, 1993).

OprD is the first specific porin that has sequence alignment with the
(generally) non-specific porin superfamily (Huang et al., 1995). This has
permitted constructing a membrane topology model (Fig. 1b). The mod-
e} was tested wi'th reasonable success by PCR-mediated site-specific dele-
tion. By studying the resultant 4-8 amino acid deletion mutants, the
'followmg‘ger‘leral conclusions were drawn: (1) loop 2 has a role in im-
tpenem binding and (2) loops 5, 7, and 8 fold in to constrict the size of
the channel and prevent high nonspecific movement of molecules
li}g‘goﬁl;gh the OprD channel (Huang et al., 1995; Huang and Hancock,

Rece;qtly Nakae and callaborators (1996) observed very weak pro-
tease activity (turnover number 10-5/sec) for OprD that is inhibitable by
imipenem. We propose that this “protease” site actually functions as a
sur.face;-bmc‘img site for basic amino acids and imipenem and is the loop
2 binding site. We further hypothesize that the binding site within the
OprD channel is actually located in loop 3 (which for the known crystal-

lized porins, both specific and nonspecific, usually forms the narrowest
constriction zone of the porin channel).

14. OprE

. OprE was first identified as a porin (Yoshihara and Nakae 1989)
with an exclusion limit of approximately a di- to trisaccharide (se’e Han-
cock et al., 1990 for an overview), but it is now clear that it differs from
outer membrane protein E described by Hancock and Carey (1979)
Yamano et al (1993) demonstrated that it is a non-heat-modifiable pro:
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tein with an overall 39% identity and 51% similarity with OprD. The
protein was induced under anaerobic conditions and the upstream re-
gion of the oprE gene contains a weak FNR box sequence and a sigma 54-
RNA polymerase-binding region. It should be noted that Pseut.iomongs
aeruginosa, although termed an “obligate” aerobe, grows anaerobically in
the presence of nitrate or arginine as terminal electron acceptors, and on
occasion may grow in this fashion in vivo. .

There is no prescribed function for this porin, although its homolo-
gy to OprD suggests that it may be a specific porin with an unknown
substrate. Yamano et al. (1993) suggested that it may be involved in the
uptake of ferrous iron because anaerobic conditions favor the reduced
form of iron and depress the synthesis of IROMPs.. Interposon mutants
lacking OprE did not change in antibiotic susceptibility, although these
studies were somewhat ambiguous because they were not done under
anaerobic conditions (Yoneyama et al., 1995).

15. E2

Protein E2, formerly E, has not been well studied. It is present in
reasonable concentrations in outer membrane samples grown under
normal condition (Hancock and Carey, 1979), but it is the most promi-
nent band in the whole cell protein gels (R. Hancock, unpl'lblishec.i), and
thus may not be a true outer membrane protein. In experiments involv-
ing progressive solubilization of outer membran'e proteins, protein E2
remained as the major detergent-insoluble protein in the r651dut?, even
after peptidoglycan digestion (Hancock et al., 1981). In some antibiotic-
resistant mutants, protein E levels were reduced (Yamano et al,
1993).

16. OprF

OprF, the most predominant outer membrane protein in P. aeru-
ginosa under most media conditions, is present at around 200,000 cop-
ies/cell. It has a major role in maintaining correct cell structure and
stability because mutants lacking OprF do not grow in a low osmolarity
medium and are significantly shorter, giving th.em. an almost rounded
morphology. These properties and sequence similarity place OprF in Fhe
OmpA superfamily (Woodruff and Hancock, 1988). The sequence sim-
ilarity to OmpA occurs entirely within the carboxy-terminal half and

extends to more distantly related proteins, including OprL (the pep-
tidolycan associated lipoprotein), pI1I of Neisserig gonorrhoeae (the serum
blocking protein), and motB of Bacillus subtilis (a non-outer membrane
protein involved in motility). Interestingly, like OmpA, OprF can be
progressively deleted down to"an N -terminal core structure of 168 amij-
no acids which it is predicted, forms an eight-stranded B-barrel where
the eighth B-strand has high homology to the 16th (C-terminal B-strand)
of members of the porin superfamily (Rawling, 1995). Deletions into this

represents both a similarity and a difference between members of the
OmpA and porin superfamilies.

Study of the above series of C-terminal deletion mutant of OprF has
demonstrated that this region of OprF has a substantial role in deter-
mining both cell shape and the ability to grow in a low osmolarity medi-
um. One explanation for these properties would be if OprF somehow
determines the pattern and rate of peptidoglycan growth. With regard
to this, OprF is noncovalently associated with the peptidoglycan, as dem-
onstrated by cofractionation after solubilization of outer membrane/
peptidoglycan complexes in SDS at moderate temperature. It shares this
property with OprL and Oprl. Any deletion of the C-terminus, even

’

The folding of OprF in the membrane has evoked some controver-
sy. First, the model for OmpaA places the C-terminus in the periplasm,
albeit using indirect evidence (Freudl et al., 1986). Second, at least one of
the members of the OmpaA superfamily is not at all an outer membrane
protein. Third, one might expect that the strong noncovalent association
of OprF with the peptidoglycan would require that a significant portion
of OprF is present in the periplasm. Fourth, only two regions in the
C-terminus are strongly predicted to be transmembranous amphipathic
B-strands as found in other outer membrane proteins. Despite this there

62, 237 to 244, and 297 0 314 (Rawling et al., 1995; seven other anti-
bodies with conformational epitopes were also mapped to larger amino
acid stretches of the C-terminus); (2) the mapping of a surface-located
protease cleavage site in a conserved region of P. fluorescens OprF to

»
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amino acids 188 to 197 (DeMot et al., 1994); 93) the demonstration that
10 amino acid malarial epitopes inserted at residues 188, 196, 213, 215,
231, 290, and 310 can be localized to the surface by immunofluorescence
(Wong et al., 1995); and (4) the creation of surface-reactive antibodies
using, amino acids 261 to 274, 305 to 318 (Hughes et al., 1995), 188 to
216, and 308 to 326 as immunogens (von Specht et al., 1995) (N.B: the
first of these is disputed; see Hughes et al., 1992 and von Specht et al.,
1995). In addition, circular dichroism spectra clearly indicate a B-strand
content of approximatley 60% (Siehnel et al., 1990), that can be accom-
modated only if one ensures that approximately 50% of the C-terminal
residues are located in -strands. Taking all of the above data together, a
membrane topology model is presented in Figure lc. One interesting
part of this model is the cysteine disulfide region in its center. This
insertion, missing in most P. fluorescens OprF sequences and in OmpaA,
has homology to a calcium-binding region in several eukaryotic proteins
(De Mot and Vandeleyden, 1994).

In addition to its structural role, OprF functions as a porin. Al-
though this was disputed for some time, there is now a consensus that
OprF is the major porin of P. aeruginosa permitting nonspecific passage
of substances larger than disaccharides (Bellido et al., 1992; Nikaido et
al., 1991) and that it contributes substantially to, but is not the sole
determinant of, the large exclusion limit and low outer membrane per-
meability of the P. aeruginosa outer membrane (Bellido et al., 1992).
These two properties of OprF and the outer membrane have led to
considerable confusion because they indicate that even minor outer
membrane proteins, or those with small channels, may contribute to the
net permeation of substrates in P. aeruginosa. This is further complicated
by efflux systems which are expected to influence net antibiotic uptake.
Thus it is not surprising that defined OprF-deficient mutants have at
most a two-to threefold increase in MIC to B-lactam antibiotics (Wood-
ruff and Hancock, 1988; Yoneyama et al., 1995). Nevertheless there is
some evidence that OprF is the major uptake route for antibiotics, in
that trained mutants selected for quinoline resistance acquire a multiple
antibiotic resistance (MAR) phenotype (i.e., cross-resistance to other an-
tibiotic classes) and OprF deficiency simultaneously (Piddock et al,
1991; Zhanel et al.,, 1994). Such MAR resistance can be reversed by
complementing with the cloned oprF gene (G. Zhanel, personal commu-
inication). MAR mutants with OprF deficiencies. can be isolated in the
clinic (Piddock et al., 1991). .

In addition to these porin functions, evidence has been presented
by comparing isogenic OprF-deficient mutants and wild-type that OprF
is the route of uptake for ironsiderophore complexes, for which no
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specific IROMP exists (Meyer, 1992), and is possibly the route of toluene
uptake (L. Li, personal communication)

17. OprG

OprG is a 25,000-Da protein which is expressed in the outer mem-
brane of P. aeruginosa under a variety of growth conditions. OprG levels
are affected by temperature, carbon sources, LPS content, the presence
of iron, and growth in the stationary phase. OprG production has been
linked to a low-affinity, iron-uptake system and to'quinilone uptake. It
was also reported that OprG levels are lowered in an OprN-overproduc-
ing, norfloxacin resistant nfxC mutant strain of P. aeruginosa, along with

the decrease of OprD and possibly Opr] (see below). No definite func-
tion has yet been attributed to OprG.

18. OprH

~_OprH is a minor outer membrane protein that becomes dramat-
ically overexpressed when cells are grown on media with low (50p.M)
Mg2+ concentrations (providing Ca2*, Sr2+ and Mn2+ are also low)
Under such conditions (and in mutant H 181 which overexpresses Oer.
In a2 normal medium), cells become cross-resistant to polymyxins, ami-
noglycosides, and EDTA. Studies with an isogenic Oer-deﬁcient’inter-
poson mutant have shown that OprH is necessary for these resistances
(Young et al., 19992). Overexpression of OprH from its cloned gene
however, does not fully replicate the resistance phenotype suggesting’
that an alteration in another outer membrane component (possibly LPS)
s required. Presumably the constitutive Oer-overexpressing mutant
H181 is actually a regulatory mutant, a suggestion consistent with clon-
ing results (Bell and Hancock, 1989). We have hypothesized that OprH
il.ctuall); repiigces divalent cations in the outer membrane, under condi-
lons of medium insufficiency, to permi ilizati
(Nicas and o s o551 Y, to permit outer membrane stabilization
OprH has 10 apparent porin activity (Young and Hancock, 1993).
Our recent studies (Rehm and Hancock, manuscript in preparation)
howevert hgve caused us to reevaluate this conclusion. Circular dichro-,
ism studies indicate that OprH contains 50% B-sheet. A model of OprH
as an eight-stranded B-barrel was created and tested using a combina-
tion of the methods utilized above for OprD and OprF. Deletion of
external loops 1 and 3 had no effect on OprH’s ability to form channels.

4
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However, an OprH mutant with a 10 amino acid deletion of loop 4
formed large channels with a single-channel conductance of 1.3 nS. An
analogous observation for the E. coli iron-regulated outer membrane
protein FepA has led to the conclusion that FepA is a gated porin (Rutz et
al., 1992), and thus we suggest the same for OprH.

19. OprL

OprL is a constitutively produced, peptidoglycan-asgociateq lipo-
protein which contains covalently bound fatty acyl chains (Mizuno,
1979, 1981). The protein runs on SDS-PAGE with an apparent MW of
20,500 Da (Hancock and Carey, 1979). Like Oprl, this protein is highly
conserved among the pseudomonads found in the rRNA group 1, as
detected by immunochemical cross-reactivity studies (Mutha}na and
Hancock, 1985). The gene has been cloned and sequenced (Lim et al.,
1995) and demonstrates good homology to members of the PAL farplly
of peptidoglycan-associated lipoproteins (and consequent C-terminal
homology to OprF). Although no direct function has been assigned to
OprL, it appears tobe involved in the structural integrity pf the P. aeru-
ginosa outer membrane (L. Ramos, personal communications).

20. Oprl

Lipoprotein I (Opr]) is a highly abundant, 8-KDa outer membrane
protein which has become an important vaccine candidate for P. aeru-
ginosa (Finke et al., 1990, 1991; Rahner et al., 1990; von Specht et al.,
1995). The oprl structural gene has been cloned and sequenced by three
groups (Cornelis et al., 1989; Duchene et al., 1989; Saint-Onge et al.,
1992) and has many similarities to its E. coli counterpart, Braun’s li-
poprotein. The mature Oprl protein has 2 molecular weight of 5,950 Da
and a single, covalently linked fatty acid. The two proteins differ in
amino acid sequence with only 30% identical residues. The majority of
identical residues are located at the signal sequence cleavage site and at
the C-terminus, which is the peptidoglycan linkage point of the E. colt
lipoprotein. Using PCR and probes derived from the P. aeruginosa oprl
gene, DeVos et al. (1993) extensively surveyed members of the Pse.udo-
mondaceae and close relatives to find that the gene could be amplified
only in members of the rRNA group I, those species considered to be
authentic pseudomonads. Much interest has been generated in using
recombinant Oprl, OprI-OprF fusion proteins, or Oprl specific mono-
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clonal antibodies as vaccine candidates for P. aeruginosa. Oprl is anti-
genically cross-reactive among all 17 known serotypes of P. aeruginosa,
according to the International Antigenic Typing Scheme (Finke et al.,
1990), and large quantities of recombinant Oprl can be rapidly purified
to homogeneity from E. coli (Toth et al., 1994). Most recently, von Specht
et al., (1995) found that a glutathione S-transferase (GST)-linked fusion

of OprF and OprlI protects immunized animals 975-fold against P. aeru-
ginosa.
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