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Abstract

Pseudomonas aeruginosa OprF is the major porin of the organism and allows very slow,
nonspecific diffusion of solutes. The low permeability of this porin channel is a major factor that
enhances other types of resistance mechanisms, and that often creates strong multidrug resistance
in this nosocomial pathogen. We have earlier showed that the low permeability is due to the fact
that OprF folds into two conformers: a majority two-domain closed-channel conformer containing
the N-terminal transmembrane p-barrel and the C-terminal periplasmic, globular domain, and a
minority one-domain open-channel conformer comprising only <5 % of the protein population.
Our analysis of the bifurcate folding pathway by using site-directed mutagenesis showed that
slowing down of the folding of two-domain conformer increases the fraction of open, one-domain
conformer. Use of mutants of the outer membrane protein assembly machinery showed that the
absence of the Skp chaperone led to increased proportion of the open conformers. Since many
environmental pathogens causing nosocomial infections appear to have OmpA/OprF homologs as
the major porin, efforts to understand the low permeability of these “slow porins” are important in
our fight against these organisms.
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A gram-negative bacterium, Pseudomonas aeruginosa, is one of the most important
opportunistic human pathogens and is responsible for a large fraction of serious nosocomial
infections including bacteremia [1]. Even the wild-type strains of this organism show a high
level of intrinsic resistance to many commonly used antibiotics, such as common B-lactams,
tetracyclines, and chloramphenicol. This is because antibiotics must penetrate into the
bacterial cell usually through the water-filled porin channels in the outer membrane
permeability barrier, and the OprF porin of this organism shows a permeability at least two
orders of magnitude lower than the porins of other common gram-negative bacteria, such as
Escherichia coli[2]. In addition, most antibiotics, even when they successfully penetrate
through the porin channel, are efficiently pumped out by the RND (Resistance-Nodulation-
Division) family efflux transporters [3, 4]. Thus P. aeruginosa strains can become, with a
few alterations, resistant to the small number of antibiotics that normally work for this
organism (fluoroquinolones, aminoglycosides, and carbapenems), producing so-called pan-
resistant strains [5, 6]. In view of all this, we need to understand why the OprF porin of this
organism shows such low permeability, the topic of this minireview.
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Only a small fraction of OprF contains open channels

From the time of initial discovery of OprF as a porin [7], OprF was known to produce
channels of wider diameter than the channels of classical £. coli porins such as OmpF or
OmpC, which is barely permeable to trisaccharides [8]. OprF is abundant in the outer
membrane. Yet the permeability of the P. aeruginosa outer membrane is exceedingly low.
This apparent paradox produced papers offering clever “solutions,” some of which claimed
that OprF is not a porin, or that it is not the major porin of this organism. However, OprF
was proven to be the major porin in two ways. First, the group of R. E. W. Hancock showed,
in intact cells, that OprF was responsible for the permeation of oligosaccharides [9]. At
about the same time, one of us showed, by careful purification of pore-forming proteins, that
OprF was indeed the major porin of this organism [10]. But it was still unclear why this
abundant porin protein with its large channel diameter produced such low permeability both
in vitro and in intact cells.

An OprF homolog, OmpA of E. coli, was always thought to fold as a two-domain protein,
its N-terminal half folding into an eight-stranded p-barrel spanning the outer membrane
bilayer and the C-terminal half folding into a globular domain located in the periplasm [11]
(Fig. 1, left). Indeed, the crystal structures are known for the N-terminal p-barrel of OmpA
[12] and for the globular domain of a homolog [13]. When OprF was isolated without the
use of denaturing detergent, the CD spectrum of the protein showed the presence of both (-
strands as well as a-helices [14]. Furthermore, OprF was easily cleaved by trypsin in the
middle of the molecule. These data suggest the two-domain, “OmpA-like” conformation for
OprF, but do not explain how large channels could exist in such a protein.

On the other hand, the presence of large channels in OprF seemed to favor p-barrel
structures containing many p-strands, suggesting an OmpF-like, one-domain structure (Fig.
1, right). Indeed such a structure was favored by the results showing that antigenic epitopes
in the C-terminal portion of OprF were exposed on cell surface [15]. However, this
hypothesis does not fit with the CD spectrum data mentioned above, nor does it explain why
the permeability of OprF channel is so low.

Our 1994 study [16] on the permeability of the OmpA protein solved this longstanding
paradox. We reconstituted purified OmpA protein into unilamellar liposomes containing 0.3
M urea, and then centrifuged these liposomes through an isotonic gradient containing
different proportions of sucrose and urea. If any of the OmpA channel were open in the
liposome, intravesicular urea was exchanged by sucrose, and the vesicles sedimented to the
bottom. But if none of the channels was open, the lighter vesicles containing urea remained
on top. By incorporating only a few OmpA molecules per vesicle, we could conclude, by
using the Poisson statistics, that only 2—-3% of OmpA contained open channels. Importantly,
the open or closed nature of the channel was a stable property of the molecule, so that
extraction of OmpA molecules from the vesicles floating at the top and re-insertion of them
into new liposomes produced totally closed vesicles. It must be mentioned that our
conclusion brought a sort of “paradigm shift” to the field. Earlier, workers were obsessed
with the old paradigm that each protein folds into one final conformation which is most
stable in terms of energy, but our study showed that for OmpA there are apparently two
stable, final conformations.

Because OprF is a member of the OmpA family of proteins, we thought that a similar
explanation may apply to the low permeability of OprF. Indeed, application of a similar
procedure showed that again only a small fraction (this time estimated to be 5 % of the OprF
molecules) contains large, open channels [17]. The presence of these two conformers
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explains not only the low permeability of unfractionated OprF but also all of the seemingly
paradoxical data on the conformation of this protein, as described below.

Conformation of the Closed Conformers of OprF

The closed majority conformers appear to have the two-domain conformation that has long
been assumed for the homologous OmpA protein, that is, the N-terminal half folding as an
eight-stranded p-barrel located in the outer membrane, and the C-terminal half folding as a
globular domain located in the periplasm. By introducing the cleavage site for a Tobbaco
Etch Virus protease in the middle of the molecule, we could split this majority conformer
into two halves. The N-terminal domain was indeed composed of all B-structure according
to the CD spectrum, whereas the C-terminal domain contained both a- and p-structures. The
N-terminal domain was also produced by deleting the promoter-distal half of the gene. This
domain was completely inactive in forming pores, even when very small molecules such as
glycine was used in the liposome swelling assay [18].

One obvious question about this majority conformer of OprF is its biological function. If we
believe that OprF is the major porin of P. aeruginosa, it makes no sense to fold more than
90% of the protein into a non-functional conformation. The same problem exists, even more
acutely, for £. coli OmpA, because the porin function of OmpA is not needed for the
organism that produces OmpF and OmpC porins that are far more efficient. The answer was
supplied by the observation that the C-terminal domain of OmpA (and also OprF) contains
sequences that are predicted to interact with peptidoglycan [19, 20]. The interaction with a
peptidoglycan fragment was verified by a computer docking program [13], and experimental
binding to the peptidoglycan was shown with an OmpA family protein from
Acidithiobacillus ferrooxidans [21]. Thus a major function for both OmpA and OprF is to
serve as a linker between the outer membrane and the peptidoglycan, and this role is critical
in P. aeruginosa, which lacks the Braun lipoprotein performing a similar role in £. coli. In
fact, the deletion of OprF produces an unstable outer membrane and aberrant cell
morphology [22], a phenotype previously observed for £. co/i mutants lacking both OmpA
and the Braun lipoprotein [23].

Conformation of the Open Conformers of OprF

We wanted to enrich for the open conformers in the OprF population. Although the urea/
sucrose gradient centrifugation of OprF-containing liposomes allowed us to get fractions
highly enriched for the open conformer at the bottom, this method was not useful for the
further biochemical studies of this conformer because we could insert only a few OprF
molecules per vesicle in order to achieve a good separation. However, we found two ways
allowing us to get open-conformer-enriched preparations of OprF in larger amounts. First,
by fractionating OprF population by gel filtration on a high-resolution medium (Toyo Pearl
HW-50F), we found that the pore-forming specific activity was much higher in the leading
edge of the eluted OprF peak [17] (Fig. 3). SDS-PAGE showed that these fractions were
enriched in oligomers of OprF (Fig. 3). Thus the open conformers have a stronger tendency
to assemble into a metastable oligomer, and from the activity in liposome swelling assay we
could estimate that the best fraction contained about 25 % open conformers. This fraction
showed a much stronger tendency to produce open channels also in planar bilayer assay
[18]. When the unfractionated OprF and this open-channel-enriched fraction were analyzed
by electron spray ionization mass spectrometry, both showed main peaks corresponding to
35,241 and 35,242 m/e units. This is important because recently it was reported, for £. coli
OmpA, that covalent addition of oligo-3-hydroxybutyrate strongly affects the folding of this
protein. With OprF, there is no evidence of such covalent modification of the protein.
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The other method for enriching for open conformer is based on the predicted folding model.
The eight-stranded B-barrel structure of the N-terminal domain in the closed, two-domain
conformer contains an essentially closed central channel, which cannot allow the permeation
of organic compounds. In order to allow the passage of fairly large solutes, the open
conformer must contain many more B-strands, if it folds as a p-barrel as in most outer
membrane proteins. Thus the open conformer is expected to fold as a single domain,
containing perhaps more than 14 B-strands. According to this folding model (Fig. 1, right),
the residue A312 will be exposed on cell surface in the open conformer, but in the closed
two-domain conformer will be buried in the periplasm as a part of the C-terminal globular
domain. Thus the A312 residue was mutated into cysteine, and it was labeled in intact cells
briefly with a cleavable biotinylation agent biotin-HPDP. The outer membrane was then
solubilized, and the biotinylated OprF was isolated by using an avidin affinity column. This
fraction was shown to have ten times higher pore-forming activity in comparison with the
bulk, unfractionated OprF [17], suggesting that our folding model is essentially correct.

Interestingly, OprF protein was often thought to fold as a single domain conformer before
these studies of ours. For example, some monoclonal anti-OprF antibodies were shown to
react with sequences in the C-terminal domain [24], and even more importantly, a 4-residue
malarial epitope inserted in the C-terminal half (e.g. at position 310) was shown to react
with the specific monoclonal antibody in intact cells [15]. Such findings seemed to prove the
surface exposure of C-terminal half residues, expected for a one-domain folding model of
OprF. However, our knowledge that a minority of OprF folds as a one-domain conformer
makes these results understandable. In fact, because such residues are exposed on cell
surface only in a minority fraction of OprF populations, their reactivity with antibody should
be rather weak. Indeed, they were shown to react much more weakly than the residues in the
N-terminal domain, which are exposed in both the majority and minority conformers [15].

How are the divergent folding pathways regulated? Studies relying on
spontaneous or random mutations

Because the open-channel conformer of OprF is stable and is apparently produced by a
divergent folding pathway, we thought it important to find ways to influence this pathway so
that the fraction of this conformer becomes increased, making this difficult-to-treat pathogen
more susceptible to antimicrobial agents. As we know little about the folding pathway, we
thought that the best approach would be to do a random mutagenesis and select for mutants
producing more permeable OprF porin.

To select for such mutants, we chose raffinose, a trisaccharide, as the nutrient because it was
shown to diffuse through OprF channel [9], and because other nutrients could be transported
by other specific porins that are abundant in this organism [25]. Mutants in which more
OprF molecules fold into the open channel conformers are expected to grow faster in a
minimal medium containing raffinose as the sole carbon source, and we tried to select for
such strains in a chemostat. This effort, however, was not successful because the growth rate
competition in chemostat did not work owing to the very strong tendency of P. aeruginosato
form biofilms. Even the use of mutants deficient in Psl polysaccharide [26], thought to play
an essential role in biofilm formation, did not improve the situation significantly.

In the next stage of our effort, we abandoned the intact cell approach and tried to use the in
vitro ribosomal display technology [27]. Here we used the trypsin resistance of the single-
domain open conformer [17] as a method of selection. However, OprF proteins made in
vitro apparently could not fold properly in the absence of the outer membrane bilayer and
the factors needed for the assembly of outer membrane proteins, and we could not make the
selection to work.
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Because of the failure of the random mutagenesis approach, we decided to carry out site-
directed mutagenesis on selected residues of OprF as well as to use known mutants of outer
membrane assembly pathway [28]. The site-directed approach obviously depends on making
correct guesses on residues playing important roles in the folding pathway, and we must
have missed some critical residues. Nevertheless, it generated interesting data [29].

As the experimental system, we chose to use an £. colihost, because so much is known in
this organism concerning the folding of periplasmic and outer membrane proteins [28]. The
OprF protein was expressed from a medium copy number vector, with a hexahistidine tag
usually attached to the N-terminus of the mature sequence. It was purified by using the
hexahistidine tag, and its pore-forming activity was assayed by the standard liposome
swelling assay [29].

We first examined the effect of disulfide bond formation on folding (Fig. 4). This is because
disulfide bond formation generally has a strong influence on the protein folding pathway
[30] and because the four Cys residues in OprF are located right after the N-terminal -
barrel domain and are expected to exert a strong influence on the folding of the rest of the
molecule, that is, whether it would fold as a continuation of p-barrel or as a separate
globular domain. When OprF was expressed in an £. coli mutant deficient in the periplasmic
disulfide oxidoreductase DsbA [31], the pore-forming activity of OprF was not visibly
changed. However, growth of this mutant in a medium containing 5 mM dithiothreitol
increased about three times the activity of OprF expressed in this mutant [29], suggesting
that the prevention of disulfide bond formation increases the formation of one-domain,
open-channel conformer, as expected. Similarly, conversion of all four cysteines of OprF
into serine by site-directed mutagenesis increased the pore-forming activity by a factor of
2.4 [29](CS[Cys-into-Ser] in Fig. 5). This is not due to changes in the pore size, which
remained identical with that of the wild-type OprF.

The N-terminal domain of OprF ends with the sequence GVGFNFqgq (where the number in
subscript shows the residue number) (Fig. 4), and this corresponds to the C-terminal p-barrel
sorting sequence recognized by the outer membrane protein assembly factor YaeT (BamA),
G(M/LIV)*(YIF)(Q/N)F (where * indicates any amino acid), for £. coli[32]. The C-terminal
F160 is thought to play an especially important role in this recognition [33]. When we
changed F160 into various other amino acids, F1601 mutation was especially effective in
increasing the pore-forming activity (Fig. 5). It is unclear why substitution with other amino
acids did not have similar effect.

We noted that the C-terminal half of OprF contains two segments that might act as the p-
barrel termination signal: FDF2,, and ADF41 (Fig. 4). However, these sequences are
unlikely to be efficient, because the central position in this tripeptide sequence is never
occupied by an acidic residue in the real g-barrel termination signals [32]. D240N mutation
did not change the activity of OprF. However, the D221N mutation increased the pore-
forming activity twofold, presumably by creating a p-barrel termination signal closer to the
C-terminus of the protein, which could compete with the termination signal at position 160.
The combination of this mutation with F1601 mutation and the elimination of cysteine
residues created the highest specific activity OprF mutant as shown in Fig. 5. Finally, we
tried to create a B-barrel termination signal at the very end of the OprF sequence, by
changing AEA325 sequence into FQF. However, there was no change in the pore-forming
activity in this mutant.
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Other effective modifications of OprF sequence were found by accident. Kyg4, which is only
a few residues away from the barrel termination signal at position 160 in the middle of the
protein, turned out to be important because changing it to Gly, Cys, or Glu increased the
pore-forming activity about twofold. Another fortuitous finding was that the insertion of the
IEGRENLYFQS sequence, containing cleavage sites for factor X and Tobacco Etch Virus
protease, at the C-terminus of OprF increased the pore-forming activity more than twofold.
Changing the Tyr-Phe in this sequence into Ala-Ala abolished this effect, and thus the
original sequence seems likely to act as a -barrel termination sequence (Fig. 6). In any
case, these accidental discoveries emphasize the shortcoming of the site-directed
mutagenesis approach: because we know so little about the folding process of these proteins
we are bound to overlook some residues that are important in this process.

Finally we examined the folding of OprF in mutants deficient in the known components of
the outer membrane protein assembly pathway. The results were not always easy to
interpret, because defects in such factors, even when they are not lethal, tend to produce
shock responses. However, deletion of the periplasmic chaperone Skp appeared to increase
the pore-forming activity of no-cysteine mutant of OprF. This is interesting because Skp,
which has a cup-like shape [34], is thought to bind the N-terminal domain of OmpA [35]
while the C-terminal half of OmpA is folded into its native globular shape outside the cavity
of Skp [36, 37]. Perhaps the absence of Skp prevents the early folding of the C-terminal half
of OprF into an independent domain, and thus favors the formation of one-domain, open-
channel conformer. If this interpretation is correct, our past effort, concentrating on
preventing the formation of N-terminal eight-stranded B-barrel, might not have been the best
strategy. For encouraging the formation of one-domain conformers, it might possibly be
more important to prevent the early assembly of the globular C-terminal domain, and this
could be one of our future strategies.

Although we have been successful in altering the folding paths of OprF in £. coli, there is no
guarantee that its folding in P. aeruginosa, probably with a different set of periplasmic
proteins, will follow the same pattern. Thus we expressed OprF from a plasmid in a gpr~
deficient mutant of P. aeruginosa, and measured the pore-forming activity of purified OprF
by liposome swelling. We found that the product of wild-type gprF gene had about fivefold
higher pore-forming activity when expressed in the presence of 5 mM dithiothreitol.
Furthermore in the absence of dithiothreitol, the “cysteineless” mutant OprF, expressed in ~.
aeruginosa, was more than sixfold active in pore formation than the wild-type OprF (E.
Sugawara and H. Nikaido, unpublished results). These results give us confidence that our
findings are valid, at least in outlines, in £. aeruginosa as well as in £. coli.

Comparison with OmpA

Because E. coli OmpA and P. aeruginosa OprF are the best studied members of this protein
family, it would be useful to compare their behaviors. Both serve, in their majority
conformation, as a physical linker between the peptidoglycan and the outer membrane, as
mentioned above. Both contain minority conformers that produce open channels [16, 17].
The closed conformer of OmpA was reported to become converted to the open conformer in
planar bilayers by temperatures as low as 42 °C [38]. We have tried to see a similar
temperature-induced transition in OprF, reconstituted into liposomes, but have not so far
observed any indication of such changes, and in our hands both the open and closed
conformers appear to be quite stable. We note, in the OmpA study [38], that the protein was
extracted with the denaturing detergent lithium dodecylsulfate. Under such conditions, the
C-terminal half becomes completely denatured, as we have shown by using the CD
spectrum [14]. The addition of this preparation to a planar bilayer leads to the insertion of
the N-terminal B-barrel into the bilayer, but the C-terminal half most likely remains in the
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denatured state. Perhaps this structure is more easily converted into an open-channel, single-
domain conformer, because the C-terminal half has not been stabilized by folding into a
globular domain. Even if the C-terminal domain were correctly folded, the transition would
have little biological significance, because in intact cells, the C-terminal domain would be
bound strongly to the underlying peptidoglycan [19, 20], and would not easily become
detached to participate in the formation of the single-domain conformer.

In any case, comparison of OmpA and OprF sequences reveal that the several residues after
the end of the B-barrel domain are quite similar but then OprF contains an approximately 30-
residue sequence, with all of the four Cys residues, which does not exist in OmpA. Thus it
may not be surprising to find that the folding pathways of these two proteins are
significantly different.

Other organisms that use OprF homologs as the major porin

The results we have obtained with P. aeruginosa have a wider relevance, because there are
very large numbers of organism that appear to use OprF homologs as the major porin.
Because most early studies on porins were done with £. coli and salmonella, we were led to
believe that a typical Gram-negative bacterium would contain highly permeable, always
open porin channels exemplified by OmpF and OmpC. However, these are organisms that
live in a highly specialized ecological niche, the upper intestinal tract of higher animals.
Much more numerous species of Gram-negative organisms live in the “environment,”
typically in soil, where they are constantly exposed to antimicrobial compounds produced by
competing microorganisms. For them, the highly permeable, always open channels of
OmpF/C-like porins would be suicidal. Thus such organisms live with porins with extremely
low permeability, and the ubiquitous OmpA family proteins most often seems to play the
role of the major porin.

This is certainly true of organisms belonging to the genus Pseudomonas. Interestingly,
growth temperature affected the ion conductivity of OprF from psychrotrophic 2.
fluorescens strains, the protein from organism cultured at 28 °C showing much higher
single-channel conductivity than that from that grown at 8 °C [39]. If the former is enriched
for a single domain conformer, one would expect increased resistance to trypsin digestion,
which tends to cut first in the “linker” region between the domains in the two-domain
conformer. Indeed this was what was observed.

One species that are becoming an important nosocomial pathogen is Acinetobacter baumanii
[40], where high-level resistance to a number of antibiotics is often encountered. Although
not much is known about the porins in this species [41], the outer membrane of the related
species A. calcoaceticus was shown, upon reconstitution into proteoliposomes, to produce
permeability that is about two orders of magnitude lower than that of £. coli outer
membrane [42]. We have shown by gene knockouts that the OmpA homolog in A. baumanii
is the major porin in this species, and that this protein produces a very low permeability
similar to P. aeruginosa OprF (E. Sugawara and H. Nikaido, unpublished results). Since the
low outer membrane permeability amplifies the resistance-elevating capacity of multidrug
efflux pumps [43], this is another protein that warrants close studies in view of the clinical
importance of the organism.
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Fig. 1.
The models of OmpA/OprF proteins, after [44]. The open (minority) conformer, which folds
as a single-domain protein, has a tendency to exist as loose oligomers (see below, Fig. 3B).
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Fig. 2.

Separation of Open and Closed Conformers of £. co/i OmpA. A. Principles of separation.
The isoosmotic gradient contains higher concentrations of urea (+) at the top, and higher
concentration of sucrose (¢) at the bottom. When unilamellar vesicles containing only a few
molecules of OmpA, made in 0.3 M urea, are centrifuged through this gradient, those
containing only closed conformers will remain on top, but those containing open
conformer(s) will sediment because the influx of sucrose will make the vesicles heavier. B.
The experimental result obtained by Sugawara and Nikaido in 1994 [16]. This figure is after
that published in [44].
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Fig. 3.

Enrichment for Open Conformers of OprF by High Resolution Gel Filtration. A. The OprF
protein extracted by using a non-ionic detergent was fractionated on a 1 x 90 cm column of
Toyo-Pearl HW-50F in the presence of 0.1 % dodecyl f-D-maltoside. Protein concentrations
(squares) are in Apgg. The specific pore-forming activity was determined by proteoliposome
swelling rate in isotonic L-arabinose and is shown in triangles (in units of AOD400/min/10
g protein). Closed circles show the total pore-forming activity (AOD400/min/10 p.l
fraction). Note that in these latter two curves, the values of AOD400 are expressed in
milliabsorbance units. B. Portions of each fraction were separated by SDS-PAGE. When the
samples were not heat-denatured at 100 °C, fraction 1 is seen to contain oligomers of OprF
(arrows), which collapse to monomers upon heat denaturation (not shown). From [17].
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Design of the site-directed mutagenesis experiments. The OprF protein is shown in its

majority (two-domain) conformation. Residues thought to be important in affecting the
folding pathway are shown in red, and the changes shown to increase permeability are

indicated in green. From [29].
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Fig. 5.

Specific pore-forming activity (determined by proteoliposome swelling using L-arabinose as
the permeating solute) of some mutant OprF proteins. “CS” denotes the conversion of all
four Cys in the native protein into Ser residues. From [29].
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Fig. 6.

Specific pore-forming activity of OprF proteins containing TEV-Factor x cleavage sequence
at its C-terminus. “IEGR-ENLYFQS” and its variants denote the TEV cleavage site added to
the C-terminus. From [29].
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