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Summary

Pseudomonas aeruginosa OprD is a 420-amino-acid
protein that facilitates the uptake of basic amino
acids, imipenem and gluconate across the outer mem-
brane. OprD was the first specific porin that could be
aligned with members of the non-specific porin super-
family. Utilizing multiple alignments in conjugation
with structure predictions and amphipathicity calcula-
tions, an OprD-topology model was proposed. Sixteen
fi-strands were predicted, connected by short loops at
the periplasmic side. The eight external loops were of
variable length but tended to be much longer than the
periplasmic ones. Polymerase chain reaction (PCR)-
based site-specific mutagenesis was performed to
delete separately short stretches (4-8 amino acid resi-
dues) from each of the predicted external loops. The
mutants with deletions in the predicted external
loops L1, L2, L5, L6, L7 and L8 were tolerated in both
Escherichia coli and P. aeruginosa. The expressed
mutant proteins maintained substantial resistance to
trypsin treatment in the context of isolated outer mem-
branes. Proteins with deletions in loops L1, L5, L6, L7
and L8 reconstituted similar imipenem supersuscept-
ibility in a P. aeruginosa OprD::£) background. The
L2-deletion mutant only partially reconstituted super-
susceptibility, suggesting that loop L2 is involved in
imipenem binding. These data were generally consis-
tent with the topology model.

Introduction

The porins of Gram-negative bacteria form water-filled
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channels that permit the diffusion of hydrophilic solutes
across the outer membrane (Hancock, 1987). They can
be divided into two classes: (I) non-specific porins, which
form channels that permit the general diffusion of hydro-
philic molecules below a certain size and, therefore, are
responsible for the exclusion limit of the outer mem-
brane; and (i) substrate-specific porins, which can facili-
tate the diffusion of specific substrates by virtue of having a
specific substrate-binding site in their channel (Hancock,
1987). Pseudomonas aeruginosa outer-membrane pro-
tein, OprD, Is a specific porin for basic amino acids,
small peptides containing these amino acids and their
structural analogue, the [i-lactam antibiotic imipenem
(Trias and Nikaido, 1990a,b). Compeatition experiments
confirmed that basic amino acids and imipenem shared
common binding sites within the OprD channel (Fukuoka
et al., 1991).

To fully understand the molecular mechanism involved
in the facilitated uptake of basic amino acids and imipe-
nem, a detailed knowledge of the molecular structure of
OprD is required. Porins generally consist of transmem-
brane segments connected by turns and loops; a first
approach to structure prediction was to identify turns
(Paul and Rosenbusch, 1985). Another approach was
based on the assumption that transmembrane strands
are amphipathic, with cne face being in contact with the
hydrophobic core of the lipid and other facing the pore
lumen (Vogel and Jahnig, 1986). By combining the predic-
tion of topology with multiple alignments of a set of porin
sequences from distantly related species, Jeanteur ef al.
(1991; 1994) greatly improved the quality of these predic-
tions. The general relevance of this method was con-
firmed by the crystal structures of OmpF, PhoE and
Rhodobacter capsulatus porins (Cowan et al, 1992;
Weiss and Schulz, 1992).

For most porins, in the absence of precise crystallo-
graphic data, genetic, immunological and blochemical
approaches have been employed to test the accuracy of
predicted structures. Gene-fusion techniques using [
galactosidase, alkaline phosphatase and -lactamase as
reporter enzymes were successful in studies of the folding
of inner-membrane proteins, which contain transmem-
brane segments composed of hydrophobic residues form-
ing «-helices (Manoil and Beckwith, 1986). However, such
techniques have not proved to be suitable for the study
of outer-membrane protein topology. Another technique,
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Table 1. Homologies and identities amaong the porin superfamily.

Identities HIOMPPA ECOOMPF OPRD OPRE NMPORA NSPOR RHODO RBLASTICA
H. influenzae  E. coli F. aeruginosa  P. aeruginosa  N. meningitidis N. scca  R. capsulatus  R. blastica
P2 OmpF OpD OprE PorA1 Por

Homologies (%) M93268 M74489 2140865 P32722 X52995 X65461 P312443

HIOMPPA 21 9 8 17 15 14 15

ECOOMPF 30 15 12 16 21 18 16

OPRD 18 23 39 13 1" " 1

OPRE 15 20 51 1 1 1 10

NMPORA 27 26 22 22 47 16 13

NSPOR 26 32 21 21 58 15 13

RHODO 26 28 19 18 27 26 28

RBLASTICA 25 26 18 17 24 25 40

Aligned sequences were analysed with oistance (Devereux ef al, 1984) using a threshold of 1.0 for identities and 0.6 for homologies. Identities
between sequences are shown on the top part of the table while homologies are at the bottom. The headings at the top give, together with the
name of the alignment, the species, gene name and accession number. Accession number beginning with the letter P are from the SWISSPROT
database and others are from the GenBank/EMBL database. Where accession numbers are provided, the sequence and gene name correspond to
that entry. RBLASTICA was typed by hand from the original reference (Kreusch ef al, 1994).

linker insertion mutagenesis, involving introduction of a
short stretch of amino acids, modifies the protein in a
more subtle way. It has been successfully used to study
the topology of several Escherichia coli porins, including
LamB (Boulain et al., 1988) and PhoE (Bosch and Tom-
massen, 1887), and P. aeruginosa OprF (Wong et al,
1993), In addition, limited deletion studies have been per-
formed on loops 4 and 5 of PhoE (Agterberg et al., 1989)
and loop 3 of OmpF (Benson et al, 1988) and OmpC
(Misra and Benson, 1988). Such studies, and the above-
mentioned multiple alignments of porin sequences, suggest
that the regions that can accept the insertion or deletion of
varying lengths of amino acids are largely located in the
loop regions that interconnect the f-strands of porins.
Therefore, we have modified existing methods to develop
an efficient site-specific deletion mutagenesis technique.

In this study, we present the first OprD topology model
constructed by utilizing multiple alignment together with
the secondary structure predictions. Polymerase chain
reaction (PCR)-mediated, site-specific mutagenesis was
then employed to delete separately the predicted external
loops and to permit confirmation of the general accuracy of
the model.

Results
Prediction of the OprD topology model

In a previous paper (Jeanteur ef al., 1994), the alignments
of 30 non-specific porins from five distant families were
reported. Alignment of OprD was not considered in
detail. However, attempts to match the OprD sequence
with other P. aeruginosa porins and the E. coli porins
OmpF and TolC showed that OprD had the highest homol-
ogy to OmpF, with an alignment score, using the Needle-
man and Wunsch method (1970) of 2.6. This is close to
3.0, the minimal score required for an alignment to be
considered significant (Huang et al, 1992). Although

OprD was a specilic porin tor basic amino acids and imipe-
nem, in contrast to other members of the non-specific parin
superfamily its alignment to OmpF was almost as good as
that of OmpF to the structurally related (Cowan et al., 1992;
Weiss and Schulz, 1992) porin from A. capsulatus (Table
1). In contrast, we were unsuccessful in aligning other spe-
cific porins such as E. coli porin LamB or Tsx with mem-
bers of the porin superfamily. The detailed examination
described here demonstrates that alignment is stronger
in the predicted membrane-spanning regions and, on this
basis, OprD is the first specific porin that can be included
in the porin superfamily alignment (Fig. 1).

Sixteen [3-strands were predicted and could be aligned
to those of other members of the porin superfamily (Fig. 1).
Alignment was very clear for the N- and C-terminal f-
strands, but the homology was weaker in the middle part
of the sequence, a result similar to that reported for other
porins (Jeanteur et al, 1991). Four other segments,
according to our membrane criteria, could also be pre-
dicted as transmembrane segments but were rejected In
the alignment procedure. In addition, the placement of p-
strands 7 and 8 relied on the fact that an alternative place-
ment led to creation of a short loop 4, which when deleted
as described below, did not result in expression. The
ambiguous placement of strand 13 was resolved to mini-
mize the length of the periplasmic turn between [-strands
12 and 13 in the final model. The 16 transmembrane seg-
ments had the typical amphipathic features of porin ji-
strands in that they were composed of alternating polar
and non-polar residues exposed to the aqueous channel
and hydrophobic membrane interior, respectively (Fig. 2).
The sizes of the predicted fi-strands (9-16 residues) were
in agreement with the lengths of -strands observed for the
solved porin structures, and the ends of the these [-
strands were often composed of aromatic residues,
which may function as one of the stabilizing forces for
the [-barrel structure (Cowan et al.,, 1992),

¢ 1995 Blackwell Science Lid, Molecular Microbiplogy, 16, 931-941



Membrane topology of Pseudomonas aeruginosa OprD 935

L2 L3
" L M B @ L'Him
I‘mli o= i
F L
3 @ g E
G K “'s A
L7 ; : s
Q H
M e Tw D L F
¥ a K D Q T
¥ K 0 R SR L4
L s AL & E G EL
L G D G T P ¥
sl &l & & » A R
L Ve L v F TR v
s o G, K L K e
s w ™ v R s L R
D T ¥ R( 8, & 41 |a
E Q G I G D ¥
I G F s : Em T Y
¥ F A Ky A L ! L
G L D ) A Y A N
K T v [ ¢ A Y s
A, T G L v T R [N
g Yo F K P Y G Y
A E G w a A 6 Tose
a s "7 " T| |@ : g
D G T E E F p
s G M P D
D v E a o ™ RET™ A
A g T Ag s

G o
D M
| W
) W
LE K 1]
G “\‘I’
@ S Ny K
[, @ 1 N
LS R A Y Yaee LE
G G R G
KA F G v ¥ L beg
! |.;.t G o M G wum 2
= 3 I s F E | o
P D Y | T D A Q
N (4] F L G R
| N
T i T8 1 G K H E
R ¥ (- Raal » Fag? N w F
Y b i Q N H A Ruh
1 T D s G E Q L
N| (w o v il Y I
F s H a s N AL L
D L ‘:( Y L‘ L R )
F A s E F ¥
AL o | xSl e
L A Y L K L L
Rl D
s Yot e I Y D S
a T T'- & \';. v z 1
D L 3t v L
A A al a Y5
s g [T} & Q| |s,
A A H E w G P
K| s

Fig. 2. Proposed membrane topology of OprD. The 16 predicted transmembrane [i-sirands are boxed, and the eight external loops are labelled
as L1 to L8. The deleted amino acid residues are presented as unfilled letters.

Four periplasmic turns, T1, T4, T5 and T6, were clearly
predicted by turn propensity analysis (Fig. 1). T3 was also
detected by this analysis but less clearly. Most of these
turns were short (2-9 residues) and of about the same
length as those determined from the known structures.

Consistent with the larger number of amino acids in
OprD than in the other members of the porin super-
family, the eight external loops were often slightly longer
than the ones observed for the known porin structures.
The predicted loop 3 (S-130 to R-169) was as long or
longer than any other loops (Fig. 2). It was also the long-
est external loop observed in the crystal structures of E.
coli OmpF and PhoE, and R. capsulatus and Rhodo-
pseudomonas blastica porins, in which it folded inside
the pore forming the constriction of the pore (Cowan et
al., 1992; Weiss and Schulz, 1992; Kreusch et al., 1994).

PCR-mediated site-specific deletion mutagenesis

To test the validity of the predicted external loops, site-
specific deletion mutagenesis was performed to delete,
separately, short stretches of amino acids (4-8) from

i 1995 Blackwell Science Ltd, Molecular Microbiology, 16, 931-941

each predicted loop to see if these deletions were toler-
ated or not. With one exception, the deletions were made
around the middle of the predicted loops, as shown by
the unfilled letters in Fig. 2. The exception was loop L4,
for which the original prediction was apparently erroneous.
Early methods for site-directed mutagenesis using
single-stranded DNA gave low efficiencies of obtaining
the desired mutation. The development of PCR (Saiki et
al., 1985), however, provided a new approach (Vallette et
al, 1989), in which primers bearing the mutations are
incorporated into the PCR products. In this work, two
PCR strategies, direct extension (loops L1, L3, L6 and
L7) and overlap extension (loops L2, L4, L5 and L8),
were used. The strategies for PCR were optimized to
obtain a high rate (around 80%) ot successful mutagen-
esis. From the mutagenesis of each predicted loop, five
mutant plasmids containing the deletions were selected
and the whole PCR-amplified regions were sequenced.

Characterization of the deletion mutants

The mutant plasmids pHE1 to pHEB, corresponding to the
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Fig. 3. SDS-PAGE (A) and Western immunoblot (B) demonstrating
the expression of OprD derivatives in the outer membrane of E. colf
CE1248. The banding position of OprD is indicated by an arrow an
the right. Lane 1 contained mulecular weight markers. Lanes 2-11
contained outer membranes from CE1248 with the following
plasmids: lane 2, pMTZ19R; lane 3, pMBK19R; lane 4, pHE1! lane
5, pHEZ; lane 6, pHES; lane 7, pHE4: lane B, pHES; lane 9, pHES;
lane 10, pHE7, and lane 11, pHEB. For each lane, 20 ug outer
mambrane protein was loaded. C. The expression of OprD
derivalives in the outer membrane of F. aensginosa OprD-defective
sirain H729. The banding position of OprD is indicated by an armow
on the right. Lane 1, molecular weight marker; lane 2, H103; lane 3,
H729. Lanes 4-11 contained outer membranes from H729
containing the foliowing plasmids: lane 4, pUCP18, lane 5, pXHZ;
lane 6, pHP1; lane 7, pHP2; lane 8, pHP3; lane 9, pHP4; lane 10,
pHPS; lane 11, pHPS; lane 12, pHP7; lane 13, pHPB. For each
lane, 20 ug outer membrane protein was loaded.

deletions on the predicted loops L1 to LB, were trans-
formed into the porin-deficient E. coli strain CE 1248.
The outer membranes containing the deletion mutations
were (solated and examined by SDS-PAGE (Fig. 3A),
and on Western immunoblots using an anti-OprD polyclo-
nal antiserum (Fig. 3B). The mutant polypeptides from the
deletion mutagenesis of six predicted loops, L1, L2, L5, L8,
L7 and L8, co-fractionated with the outer membranes,
were typically heat modifiable and were expressed at simi-
lar levels compared with cells expressing wild-type OprD
(Fig. 3A, lanes 4, 5, 8-11). They also showed a slightly
increased electrophoretic mobility as compared with wild-
type OprD, consistent with the deletion of a few amino
acid residues. These results indicated that deletions of
short stretches of amino acids in these six predicted
loops did not substantially change the native conformation
of OprD, and that the consequent mutant proteins were
assembled into the outer membrane, a result suggesting
that these loops were accurately predicted. The deletion
of the predicted loop L3 caused diminished but observa-
ble expression (Fig. 3A, lane 6), as confirmed by Western
immunoblot results (Fig. 3B, lane 6), indicating that this
deletion was tolerated. However, since the deleted stretch
had four negatively charged residues (Fig. 2), which could
be important for protein folding, the deletion may have per-
turbed the OprD structure sufficiently to lead to reduced
protein production or unstable products. The deletion of
the originally predicted loop L4 did not permit stable expres-
sion of an OprD protein (Fig. 3, lane 7). The deletion may
have involved a transmembrane segment or a much less
flexible turn, which led to a modification of our first model.
To permit functional studies, the expression of these
OprD derivatives was examined in the native host P. aer-
uginosa. All of the mutant opr? genes were subcloned in
the same orientation as the /ac promoter into the shuttle
plasmid pUCP19 (Schweizer, 1991). The recombinant
plasmids, pHP1 to pHP8, corresponding to the deletions
of the predicted loops L1 to L8, respectively, were then
transformed into the P. aeruginosa OprD-defective strain
H729. Examination of plasmid-encoded [i-lactamase levels
indicated no significant difference (p>0.5) in f-lactamase
levels for any of the transtormants, suggesting that the plas-
mids were present in similar copy numbers (Table 2). SDS-
PAGE (Fig. 3C), as confirmed by Wastern-immunoblot
analysis, showed the same profile as that observed in E.
coli, with the exception of the mutant deleting eight resi-
dues of predicted loop L3, for which no expression was
observed (Fig. 3C, lane 8). This further confirmed that
six of the predicted loops were accurate. The loop L3
mutant grew much slower than the remaining mutants.

Trypsin susceptibility of the deletion variants
The above results indicated that the OprD derivatives were
{1 1995 Blackwell Sclence L\d, Molecular Microbiology, 16, 931-941
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Table 2. Antibiotic susceptibllities of P. aerugi-

nosa OprD mutant strains. MICs (ugml ")
Strain Beta-lactamase activity® imipenem meropenem gentamicin  polymyxin
H729 54406 16.0 20 20 4.0
H729(pUCP19) 166 + 15 16.0 20 1.0 4.0
H729(pXH2) 194 + 53 05 0.125 2.0 4.0
H729(pHP1) 129 + 44 1.0 0.125 1.0 40
H729(pHP2) 128 + 26 4.0 1.0 20 20
H729(pHP5) 122 + 21 1.0 0.125 1.0 4.0
H729(pHPE) 188 + 56 1.0 0.06 2.0 20
H729(pHP7) 135 + 26 0.5 0.06 20 4.0
H729(pHP8) 131 £ 35 05 0.06 20 40

a. Activity in nmol nitrocefin mg~' cells min~ .

properly located and assembled in the outer membrane. To
probe the configuration of these OprD derivatives in P.
aeruginosa, trypsin-susceptibility assays were performed.

Outer membrane proteins tend to be protease resistant
because of their possession of extensive [-structures,
with the linking surface loops tightly packed and folded in
towards the porin channel (Cowan et al.,, 1992). In our stu-
dies, trypsin treatment of the outer membrane from H729
containing wild-type OprD protein resulted in substantial
retention of the full-size OprD with a small amount of
degradation to two protected fragments of apparent mole-
cular masses of 32 kDa and 16 kDa (Fig. 4, lane 3). Similar
results were obtained for P. aeruginosa strain H729
expressing OprD derivatives with deletions in loops L7
and L8 (Fig. 4, lanes 8, 9). Derivatives with deletions in
loops L1, L2, L5 and L6 also were substantially trypsin
resistant, although one or two additional fragments of
mass 25 kDa and 40 kDa were generated by trypsin treat-
ment (Fig. 4, lanes 4—7). This agrees with the proposal
that deletions of these predicted loops could cause local
modifications of OprD configuration, leading to the expo-
sure of certain trypsin-susceptible sites. Nevertheless,
these data are generally consistent with the correct folding
of the OprD derivatives. Increasing the amounts of trypsin
and/or incubation time resulted in the generation of more
fragments for both wild-type and mutant OprD.

Functional studies

To further confirm that the conformations of OprD deriva-
tives were not extensively changed with respect to native
OprD and to see if any of the deletions influenced the func-
tion of OprD as a channe! for imipenem and the related car-
bapenem antibiotic meropenem, MICs were assessed for
those two antibiotics in the OprD-defective strain H729
background. As previously demonstrated (Huang and
Hancock, 1993), strain H729 expressing excess OprD
from plasmid pXH2 had an MIC that was 16-32-fold
lower than those observed for strain H729 and H729 carry-
ing the vector pUCP19 (Table 2). Similarly, there was a

i 1995 Blackwell Science Lid, Molecular Microbiology, 16, 931-941

16—-32-fold reduction in MIC for strain H729 expressing
the mutant OprDs with deletions in loops L1, L5, L6, L7
or L8. In contrast, the loop L2 deletion expressed from
plasmid pHP2 resulted in only a 2-4-fold reduction in
MIC to imipenem and meropenem (Table 2, Fig. 5). Con-
trol antibiotics gentamicin and polymyxin demonstrated
no significant difference in MIC for any of the strains
studied (note that a twofold difference in MIC is con-
sidered by convention to be within experimental variabil-
ity), indicating that the mutant proteins did not cause
gross outer-membrane distortions.

It has been previously demonstrated that lysine will com-
pete with imipenem for uptake through OprD (Fukuoka et
al., 1991; Huang and Hancock, 1993), resulting in an
increasing MIC as a function of lysine concentration. In
contrast, lysine had no significant effect on imipenem
MICs measured using the loop 2 deletion mutant OprD
strain H729(pHP2) (Fig. 5). These data suggest that
this deletion substantially influences the passage of both
imipenem and lysine through OprD.

Discussion

We have presented here a prediction for the topology of
OprD and an approach to assess the general accuracy

1 28 466 7 8D

14

Fig. 4. Western immunoblot of trypsinized outer membrane
samples of P. aeruginosa sirain H729 containing OprD derivatives,
Lane 1, molecular weight marker; lane 2, untreated wild-type OprD
control; lanes 3-89, trypsin-treated outer membranes from H729 with
the following plasmids: lane 3, pXH2; lane 4, pHP1; lane 5, pHP2;
lane B, pHP5; lane 7, pHPE; lane 8, pHP7; and lane 9, pHPS.
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MIC (ug/ml)

o-‘ L] L L L4 Ll T
0 25 50 75 100 125 150 175 200 225

Lysine (mM)

Fig. 5. Effect of varying lysine concentrations on the MICs if
imipenem for the oprD:: (2 mutant H729 complemented with the
vecior contral pUCP19 (@), the loop 2 deletion mutant plasmid
pHP2 (O) and the unahered OprD gene in plasmid pXH2 (a).

of this model. Eight OprD variants were constructed by
deleting 4-8 amino acids from each of the predicted exter-
nal loops. Six of these deletion variants were well tolerated
both in E. coliand P. aeruginosa, one was tolerated only in
E. coliand one did not give rise to protein expression in E.
coli or P. aeruginosa.

Previous studies have indicated that OprD has specific
binding sites for basic amino acids and imipenem, but no
work has been done to identify the structural character-
istics of this porin or the specific binding sites which are
involved in antibiotic and nutrient uptake through this spe-
cific channel. In the absence of crystallographic data, we
chose to attempt to predict an OprD topology model. It
mus! be stated, however, that such methods do not permit
an accurate prediction of the exact amino acids at which
jj-strands and loop regions start and finish.

The published crystal structures of the E. coli porins
OmpF and PhoE, and the A. capsulatus and R. blastica
porins, revealed trimers of identical subunits. Each mono-
mer subunit consisted of 16 anti-parallel }-strands forming
a barrel surrounding a pore. These strands are connected
by very short loops on the periplasmic face of the porin,
whereas the loops on the outside of the bacteria are of vari-
able length but in general are longer (Cowan et al., 1992,
Weiss and Schulz, 1892; Kreusch et al.,, 1994). Analysing
the structure of a family of bacterial porins by sequence
alignment and structure predictions suggested similar
structures for all bacteria porins in the porin superfamily
(Jeanteur et al, 1991). However, P. aeruginosa OprD,
like other specific porins, was considered uniikely to
align with the porin superfamily. In contrast, we demon-
strate here that a combination of multiple alignments and

prediction of amphipathic p-strands using membrane
criteria permitted a reasonable alignment between OprD
and the porin superfamily (Fig. 1). Deletion mutagenesis
subsequently provided evidence in support of our topol-
ogy model.

Porins have been subdivided into two classes: specific
porins and general porins (Hancock, 1987). R. capsulatus
porin has been classified as a general porin. However, in
the crystal structure, a solute-binding site was observed
within the pore close to the eyelet, with an unknown solute
co-crystallized in it (Weiss and Schulz, 1992). Further-
more, this porin has been reported to bind efficiently to
tetrapyrrols (Bollivar and Bauer, 1992). Therefore, the A.
capsulatus porin that had been previously assigned to
the class of general porins may actually be both specific
and non-specific, depending on the solute. Based on this
observation, Schulz (1994) first proposed that many por-
ins belong to both classes, but that the specific substrates
have been detected in only a few porins. Consistent with
this, E. coli sucrose porin ScrY had the functional charac-
teristics of both a general diffusion pore and a substrate-
specific pore (Schulein et al, 1991). We also observed
that OprD could facilitate the uptake of gluconate under
the growth rate-limiting conditions (Huang and Hancock,
1993). Competition experiments indicated no common
binding sites were shared between gluconate and basic
amino acids. One possible explanation is that OprD is a
specific porin for basic amino acids, but that it may also
function as a general porin for small substrates such as
gluconate. The alignment of OprD with the porin superfam-
ily provides strong evidence to support Schulz's proposal
about the dual nature of certain porins.

The OprD model provided a prediction of the flexible
segments (loops) of OprD. Generally speaking, insertions
or deletions in porins should be non-disruptive only if they
occur in the surface loops. Consistent with this, sequence
comparisons of porins from distant families showed that
the loop regions often varied substantially in length, in con-
trast to the highly conserved j-strands (Jeanteur ef al.,
1994). One reason is that selective pressure from the
environment, e.g. antibiotics or phages, may play a role
in forcing certain regions to evolve at a higher rate than
others. Another possible explanation is that the external
loops simply have more freedom to change without alter-
ing porin secretion, folding and function. For example,
deletions of certain PhoE cell surface-exposed regions
did not interfere with the translocation across the inner
membrane or the incorporation into the outer membrane
(Agterberg et al., 1989). Moreover, spontaneous deletions
located in the OmpF or OmpC external loops could pro-
duce OmpF or OmpC proteins which were active and
allowed the passage of large maltodextrins (Benson et
al., 1988; Misra and Benson, 1988). In contrast, the
membrane-spanning segments contribute especially to
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the conformation required for stability, folding or outer
membrane localization, since studies involving deletion
mutagenesis of PhoE, removing either the first (Bosch et
al., 1988) or the last (Bosch et al., 1989) transmembrane
segment, drastically affected or completely inhibited incor-
poration into the outer membrane,

Three criteria were used to evaluate whether the mutant
proteins folded into near-native configurations. First, the
polypeptides encoded by mutant OprD alleles in E. coli
and the native host P. aeruginosa were identified. The
high levels of expression and correct location in the outer
membrane of OprD derivatives containing deletions of
the presumed loops L1, L2 and L5 to L8 were consistent
with our model. The deletion of predicted L3 was tolerated
in E. coli but resulted in reduced expression. The same
phenomenon was observed for certain deletion mutants
of PhoE (Agterberg ef al., 1989). The L3 deletion mutant
did not direct the production of any OprD in the outer mem-
brane of P. aeruginosa. This may reflect an innate and
more efficient ability of P. aeruginosa to proteolyse
unstable products. A second criterion used to assess con-
figuration was trypsin susceptibility. All of the OprD deriva-
tives were resistant to digestion to some extent, indicating
that the deletions did not cause extensive alterations in
configuration. The third criterion was functional activity.
All of the tolerated deletion mutant OprDs could form
functional channels and did not grossly disrupt the outer
membrane, which retained its barrier properties against
polymyxin and gentamicin. Five of the deletion mutants
could reconstitute imipenem and meropenem suscepti-
bility. Only one, the loop 2 deletion mutant, had lost the
ability to reconstitute full susceptibility, suggesting a poss-
ible role for loop L2 in imipenem binding. Our data, how-
ever, do not preclude the co-involvement of loop L3,
which, in the structurally defined members of the porin
superfamily, folds into the centre of the channel to form
the 'eyelet’ region determining channel diameter and
selectivity.

Experimental procedures
Baclerial strains, plasmids and growth conditions

P. aeruginosa PAO1 strain H103 was used as the OprD-
containing wild-type strain (Woodruff and Hancock, 1988). P.
aeruginosa H729 was an oprD:: ) derivative of strain H103
created by gene replacement with a kanamycin-resistant Q
Interposon-mutated oprD gene (Huang and Hancock, 1993).
E. colf DH5x F' (F' endA1 hsdR17 (rk mi) supE44 thi-1
recA1 gyrA96 relA1 .~ ®80dlacZAM15 A(lacZYA argF)
U169) was used for primary cloning (Sambrook et al,, 1989).
E. coli CE1248 (F~ recA56 phoE proA,B phoR69 omp-B471
thr leu thi pyrF thy ilvA his lacY argG tonA rspl cod dra utr
glpR) (van der Ley et al., 1985) was a strain with mutations
preventing the production of porins OmpF, OmpC and PhoE.

Plasmid pBK19R contained the oprD gene which was
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cloned as the 2.1 kb BamHI-Kpnl fragment into pTZ19R in
the same orientation as the lac promoter (Huang et al.,
1992). Broad-host-range plasmid pUCP18 (Schweizer, 1592)
was used for the overexpression of OprD in P. aeruginosa.

Strains were routinely grown on Luria broth (LB) medium
(1.0% Bacto Tryptone, 0.5% yeast extract, 0.5% NaCl) or LB
agar containing, in addition, 2% Bacto agar. P. aeruginosa
strains were also grown on Mueller—Hinton broth. Antibiotics
were used in selective media at the following concentrations:
ampicillin for E. coli (75 ug mi ~*) (replaced by 750 pgmi ~ ! car-
benicillin for P. aeruginosa); kanamycin, 35 pgml ™~ for E. coli;
300 ugmi ™' for P. aeruginosa.

Prediction of the OprD topology model

According to Paul and Rosenbusch (1985), a turn could be
defined as a segment consisting of three or more residues
containing at least one ‘turn promoter’ and no ‘turn block-
ers’. We refined this criterion by computing a frequency
matrix of residue occurrence within short periplasmic turns,
external loops and transmembrane strands from those porins
with known structures (Cowan et al., 1992; Weiss and Schulz,
1992) and from a set of very closely related porins. Using a
linear matrix of turn frequencies, turns were predicted as seg-
ments of three residues with a ‘turn promoter' propensity that
was three times higher than the ‘turn blocker propensity.

The membrane criterion value, using a linear combination
of hydrophobicity (Cornette et al, 1987) and hydrophobic
moment (Eisenberg et al.,, 1982) , h+ <p>, was used to predict
the transmembrane segments quite precisely (Jeanteur ef al.,
1991).

Alignments of closely related sequences were performed
using the classical alignment tools available in the GCG pack-
age (Devereux et al, 1984). For distant sequences, such
tools are not very accurate, mainly because they tend to intro-
duce gaps which incur the same penalty all along the
sequence. For porins, it is clear that the loop regions are
much more variable and even very long gaps may be easily
introduced without problems. Conversely, insertion of gaps
in the transmembrane regions should be heavily penalized.
Therefore this was taken into account manually in the final
alignment predictions (Fig. 2).

In general, a j-strand was defined as a segment with a high
value for the mermbrane criterlon, no gaps, no turn predictions
and sequence conservation. In contrast, a loop was defined by
its low value of membrane criterion, the presence of gaps, turn
predictions and sequence variability.

Plasmid construction

Plasmid pMBK19R and pMBE19R were derivatives of
pBK19R and constructed as follows. Plasmid pTZ19R was
digested by Sall and Hindlll, and the consequent fragment
was blunt ended by Klenow fragment and then self-ligated to
form plasmid pMTZ19R. This procedure eliminated the restric-
tion sites Sall, Pstl, Sphl and Hindlll in the multiple cloning
site. The 2.1 kb BamHI-Kpnl fragment from pBK19R contain-
ing the oprD gene was cloned into pMTZ19R to form
pMBK19R, which was used as the template for the muta-
genesis of the predicted loops L3 to L8 of OprD. The
1.2kb BamHI-EcoRI fragment from pBK19R containing the
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N-terminal coding region of the oprD gene was cloned into
PMTZ19R to construct pMBE19R, which was used as the
lemplate for the deletion mutagenesis of predicted loops L1
and L2,

PCR-mediated site-specific deletion mutagenesis

Two strategies were used for this purpose. Strategy |, direct
extension (Vallette et al, 1988), was applied to those loop-
encoding regions with convenient restriction sites adjacent
to the desired deletion nucleotide sequence. For those loop-
encoding regions without convenient restriction sites located
near the sites of mutagenesis, strategy !, overlap extension
(Ho et al, 1989), was employed. The amplified DNA was
cleaved with the appropriate restriction enzymes and cloned
back into the parental plasmid that had been cleaved with
the same pair of restriction enzymes.

To design primers, the pcGene program was used to
minimize the chance of non-specific binding and primer—
dimer interactions. For the mutagenic primers, at least 20
nucleotides from each side of the deletion site were
included. Oligonucleotide primers were synthesized on an
Applied Biosystems Incorporated Mode 392 DNA/RNA
synthesizer. The actual primer sequences utilized are avail-
able from the authors on request. Oligonucleotides were puri-
fied by C,s SEP-PAK (Millipore Co.) according to the
manufacturer's protocol.

The PCR reaction mixture (total volume 50 ul) contained:
5ul 10 « Vent reaction buffer, 400uM each dNTPs, 10ng
DNA template, 1 uM of each primer and 2 U of Vent palymer-
ase (New England Biolab). The reactions were carried out for
20 cycles using a DNA thermal cycler (Ericomp Inc.). Each
cycle included a heat denaturation step at 94 C (1 min), fol-
lowed by annealing of the primer at 50-55'C (2 min) and pri-
mer extension at 72'C (1-1.5min). The above modification of
existing protocols resulted in a high frequency of recovered
deletion mutants. Products of PCR were analysed on 1.5-
2% agarose gels after digestion with appropriate restriction
enzymes. Small differences of 12 to 24bp were readily
observed In this system.

DNA procedures

Standard DNA techniques followed the protocols outlined by
Sambrook et al. (1989). Plasmids were transformed into P.
aeruginosa by the methods described by Olsen et al
(1982). All PCR fragments were sequenced to identify the
specific deletions and to confirm that no errors were present
in the PCR products. DNA sequencing utilized an Applied
Biosystems automated fluorescence sequencer and dye
terminator chemistry as detailed in ABI's protocols.

Characterization of the outer membrane

E. coli and P. aeruginosa outer membranes were isolated as
described by Hancock and Carey (1979). SDS-PAGE util-
ized 8-11% acrylamide gels as described by Hancock and
Carey (1979). Western immunoblotting utilized the tech-
niques of Mutharia and Hancock (1985), and anti-OprD poly-
clonal antibody was prepared and purified according to the
protocol of Siehnel et al. (1990).

Trypsinization studies

OprD variants in P. aeruginosa outer-membrane samples
were digested using trypsin (TPCK treated, Sigma) at a con-
centration of 1 mgml “1 in 10mM Tris-HCI pHB.0 at 37°C
for 1 h, Untreated samples were incubated in the same condi-
tions except that trypsin was omitted. Proteolysis was stopped
by heating at 90°C for 10min in solubilization—reduction mix
(Hancock and Carey, 1979). The trypsinized samples were
run on SDS-PAGE and analysed by Western immunoblot
with anti-OprD polyclonal antibody.
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