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Summary
Pseudomonas aeruginosa OprD is a 420-aml no-acid
protein that facilitates the uptake of basic amino
acids, imipenem and giuconate across the outer membrane. OprD was the first specific porin that could be
aligned with members of the non-specific porin superfamily. Utilizing multiple alignments in conjugation
with structure predictions and amphipathicity calculations, an OprD-topology model was proposed. Sixteen
|t-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
periptasmic ones. Polymerase chain reaction (PCR)based site-specific mutagenesis was performed to
delete separately short stretches (4-8 amino acid residues) from each of the predicted external loops. The
mutants with deletions in the predicted external
loops L l , L2, L5, L6, L7 and LB 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 membranes. Proteins with deletions in loops L1, L5. LS. L7
and L8 reconstituted simitar imipenem supersusceptibility in a P. aeruginosa OprD::U background. The
L2-deletion mutant only partially reconstituted supersusceptibility, suggesting that loop L2 is involved In
imipenem binding. These data were generally consistent with the topology model.
Introduction
The porins of Gram-negative bacteria form water-filled
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channels that permit the diffusion of hydrophillc solutes
across the outer membrane (Hancock, 1987). They can
be divided into two classes: (i) non-specific porins, which
form channels thaf permit the general diffusion of hydrophilic molecules below a certain size and, therefore, are
responsible for the exclusion limit of the outer membrane; and (ii) substrate-specific porins, which can facilitate the diffusion of specific substrates by virtue of having a
specific substrate-binding site in their channel (Hancock,
1987). Pseudomonas aeruginosa outer-membrane protein, 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). Competition experiments
confirmed that basic amino acids and imipenem shared
common binding sites within the OprD channel (Fukuoka
etal., 1991).
To fully understand the molecular mechanism involved
in the facilitated uptake of basic amino acids and imipenem, a detailed knowledge of the molecular structure of
OprD is required. Porins generally consist of transmembrane 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 one face being in contact with the
hydrophobic core of the lipid and other facing the pore
lumen (Vogel and Jahnig, 1986). By combining the prediction of topology with multiple alignments of a set of porin
sequences from distantly reiated species, Jeanteur et ai
(1991; 1994) greatly improved the quality of these predictions. The general relevance of this method was confirmed by the crystal structures of OmpF, PhoE and
Rhodobacter capsulatus porins (Cowan et ai, 1992;
Weiss and Schulz. 1992).
For most porins, in fhe absence of precise crystallographic data, genetic, immunological and biochemical
approaches have been employed to test the accuracy of
predicted structures. Gene-fusion techniques using {Jgalactosidase, alkaline phosphatase and (V-lactamase as
reporter enzymes were successful in studies of the folding
of inner-membrane proteins, which contain transmembrane segments composed of hydrophobic residues forming :f-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 among the porin superfamily.
Identities
Homologies (%)
HIOMPPA
ECOOMPF
OPRD
OPRE
NMPORA
NSPOR
RHODO
RBLASTICA

HIOMPPA
ECOOMPF
H. tnfluenzae E.COli
P2
OmpF
Mg3268
M74489

21
30
18
15

27
26
26
25

OPRD
P. aeruginosa
OprD
Z14065

OPRE
P. aeruginosa
OprE
P32722

NMPORA
N. meningilidis
PorAI
X52995

9
15

8
12
39

t7
16

23

20

ae

32
SB
26

51
22
21
19
18

22
21
18
17

13
11

NSPOR
N. scca

RHODO
RBLASTICA
R. capsulatus R. btastica

For

X65461

21
11
11
47

58
27

26

24

25

P312443

1*
18
11

11
16
15

tfi
16
11
10
13
13
28

40

Aligned sequences were analysed with DISTANCE (Devereux et at., 1984] using a threshold ot 1.0 tor identities and 0 6 for homologies. Idaniities
between sequences are shown on the top part ot the table while homologies are al the bottom. The headings at Ihe top give, together with the
name ot the alignment, the species, gene name and accession number. Accession number beginning with the tetter P are from the SWtSSPROT
database and others are trom the GenBank/EMBL database. Where accession numbers are provided, the sequence and gene name correspond to
that entry- RBLASTICA was typed by hand trom the original reference {Kreusch el at., 1994).

tinker 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 e^ ai, 1986) and PhoE (Bosch and Tommassen. 1987), and P. aeruginosa OprF (Wong et ai.
1993). In addition, limited deletion studies have been performed on loops 4 and 5 of PhoE (Agterberg et al., 1989)
and loop 3 of OmpF (Benson ef ai, 1988) and OmpC
(Misra and Benson. 1988). Such studies, and the abovementioned 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 [i-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
constnjcted 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 etaL 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 coti porins
OmpF and TolC showed that OprD had the highest homology to OmpF. with an aiignment score, using the Needleman 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 ai, 1992). Although

OprD was a specific porin for basic amino acids and imipenem, in contrast to other members of the non-specific porin
superfamily its alignment to OmpF was almost as good as
that of OmpF to the stnjcturally related (Cowan efai. 1992;
Weiss and Schulz, 1992) porin from R. capsutatus (Table
1), In contrast, we were unsuccessful in aligning other specific porins such as E coli porin LamB or Tsx with members 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 i^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-termina! fistrands, but the homology was weaker in the middle part
of the sequence, a result similar to that reported for other
porins (Jeanteur et ai, 1991). Four other segments,
according to our membrane criteria, could also be predicted as transmembrane segments but were rejected in
the alignment procedure. In addition, the placement of [istrands 7 and 8 relied on the fact thaf an alternative placement 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 minimize the length of the periplasmic turn befween [l-strands
12 and 13 in the final model. The 16 transmembrane segments had the typical amphipathic features of porin pstrands in that they were composed of alternating polar
and non-polar residues exposed fo the aqueous channel
and hydrophobic membrane interior, respectiveiy (Fig. 2).
The sizes of the predicted (i-strands (9-16 residues) were
in agreement with the lengths of [1-strands observed for the
solved porin structures, and the ends of the these ^1strands were often composed of aromatic residues,
which may function as one of the stabilizing forces for
the p-barrel structure (Cowan etai. 1992).
1995 Blackwell Science Ltd, Molecular Micn^ology. 18. 931-941
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Fig. 2. Proposed membrane topology of OprD. The 16 predicted transmembrane [Vstrands are boxed, and the eighl external loops are labelled
as L1 to L8. The deleted amino acid residues are presented as unfilled letters.

Four periplasmic turns, T l , T4. T5 and T6, were ciearly
predicted by turn propensity analysis (Fig. 1). T3 was also
detected by this analysis but iess 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 superfamily, 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 longest external loop observed in the crystal structures of E.
coli OmpF and PhoE, and R. capsulatus and Rhodopseudomonas btastica porins, in which it folded inside
the pore forming the constriction of the pore (Cowan ef
at.. 1992; Weiss and Schulz. 1992; Kreusch et ai. 1994).
PCR-mediated site-specific deletion mutagenesis
To test the validity of the predicted external loops, sitespecific deletion mutagenesis was performed to delete,
separately, short stretches of amino acids (4-8) from
t99S Blackwell Science Ud. Molecular Microbkdogy, 16, 931-941

each predicted loop to see if these deletions were tolerated 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.
Eariy methods for site-directed mutagenesis using
single-stranded DNA gave low efficiencies of obtaining
the desired mutation. The development of PCR (Saiki et
ai, 1985), however, provided a new approach (Vallette et
ai, 1989), in which primers bearing the mutations are
incorporated into the PCR products. In this work, two
PCR strategies, direct extension (loops L l , 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 90%) of successful mutagenesis. 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 pHE8, corresponding to the
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Fig. 3. SDS-PAGE (A) and Weslern immunoblol (B) demonstrating
the expression ol OprD derivatives in Ihe outer membrane ol E. coll
CE1248 The banding position ot OprD is indicated by an arrow on
ttw right l^ne 1 contained mulecular weight markers. Lanes 2-11
contained outer membranes from CE1248 with Ihe loilowing
plasmtds: lane 2. pMTZ19R; tane 3, pMBK19R: lane 4. pHE1: tane
5. pHE2; lane 6, pHE3; lane 7, pHE4: lane 8, pHE5; lane 9, pHE6;
lane 10, pHE7: and lane 11, pHE8 For each lane. 20 ng outer
membrane protein was loaded C The expression o( OprD
derivatives in the outer membrane of P. aeruginosa OprD-detective
strain H729. The banding position ol OprD is indicated by an arrow
on the right. Lane 1, molecular weight marker; lane 2. H103; lane 3.
H729. Lanes 4-11 contained outer membranes Irom H729
containing the loiiowlng ptasmids; lane 4, pUCP19. lane 5. pXH2;
lane 6. pHPi; lane 7, pHP2: iane 8, pHP3: lane 9, pHP4; lane 10,
pHP5: iane 11, pHP6: lane 12, pHP7: lane 13, pHP8. For each
lane. 20 ^ig outer memtM^ne protein was loaded.

deletions on the predicted loops Ll to L8. were transformed into the por in-deficient E. coli strain CE 1248.
The outer membranes containing the deletion mutations
were isolated and examined by SDS-PAGE (Fig. 3A),
and on Western immunoblots using an anti-OprD polyclonal antiseium (Fig, 3B). The mutant polypeptides trom the
deletion mutagenesis of six predicted loops. L l , L2. L5, L6.
L7 and LB, co-fractionated with the outer membranes,
were typically heat modifiable and were expressed at similar 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 wildtype 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 observable 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 tor protein folding, Ihe deletion may have perturbed the OprD structure sufficiently to lead to reduced
protein production or unstable products. The deletion of
the originally predicted loop L4 did not permit st^le expression 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. aeruginosa. All of the mutant oprD genes were subcloned In
the same orientation as the lac promoter into the shuttle
plasmid pUCP19 (Schweizer, 1991). The recombinant
plasmids, pHPI to pHP8, corresponding to the deletions
of the predicted loops Ll to L8, respectively, were then
transformed into the P. aeruginosa OprD-defective strain
H729. Examination of plasmid-encoded IV-lactamase levels
indicated no significant difference (p>0,5) in |i-!actamase
levels tor any of the transformants. suggesting that the plasmids were present in similar copy numbers (Table 2), SDSPAGE (Fig. 3C), as confirmed by Western-immunoblot
analysis, showed the same profile as that observed in £
coli with the exception of the mutant deleting eight residues ot 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
t' 1995 Blackwell Science Ltd, Molecular Micrt^ology. 16. 931-941

Membrane topology of Pseudomonas aeaiginosa OprD 937
Table 2. Antibiottc susceptibilities ol P. aerui
nosa OprD mutant strains

MICs (H<gml ')

Strain

Beta-lactamase activity" imipenem

merc^}enenn gentamicin

H729
H729(pUCP19)
H729(pXH2)
H729(pHP1)
H729(pHP2)
H729(pHP5)
H729(pHP6)
H729(pHP7)
H729(pHP8)

5.4 ± 0.6
166± 15
194 ±53
129 ±44
128 ±26
122 ±21
188 ±56
135 ± 26
131 ± 35

2.0
2,0
0.125
0.125
1.0

16,0
16,0
0,5
1.0
4,0
1.0
1,0
0,5
0.5

0.125
0,06
0.06
006

2.0
1,0
2.0
1.0
2.0
1,0
2,0
2.0
2.0

polymyxin
4,0
4,0
4,0
4.0
2,0
4,0
2,0
4,0

40

a. Activity in nmol nitrocerin mg ' cells min

piDperly located and assembled in the outer membrane. To
probe the configuration ot 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 It-structures,
with the linking surface loops tightly packed and folded in
towards the porin channel (Cowan efai. 1992). In our studies, 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 molecular 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 L l , 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 treatment (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 exposure o( 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.

16-32-fold reduction in MIC for strain H729 expressing
the mutant OprOs with deletions in loops L l , L5. L6. L7
or LB. 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), Control antibiotics gentamicin and polymyxin demonstrated
no significant difference in MIC for any of the strains
studied (note that a twofold difference in MIC is considered by convention to be within experimental variability), indicating that the mutant proteins did not cause
gross outer-membrane distortions.
it has been previously demonstrated that lysine will compete with imipenem for uptake through OprD (Fukuoka et
ai, 1991: Huang and Hancock. 1993). resulting in an
increasing MIC as a function of lysine concentration. In
contrast, tysine 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
5 6

Functional studies
To further confirm that the conformations of OprD derivatives were not extensively changed with respect to native
OprD and to see if any of the deletions influenced the function of OprD as a channel for imipenem and the related carbapenem 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 carrying the vector pUCP19 (Table 2). Similarly, there was a
•{:- 1995 Blackwell Science Ltd, Molecular Microbiology, 16, 931 -941
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Rg. 4. Western immunoblot of trypsinized outer membrane
samples of P. aeruginosa strain H729 containing OprD derivatives.
Lane 1, molecular weight marker: lane 2, untreated wild-type OprD
control; lanes 3-9. trypsin-treated outer membranes trom H729 with
the tollowir>g plasmids: lane 3, pXH2; lane 4, pHPI: lane 5, pHP2;
lane 6, pHP5; lane 7. pHP6. lane 8. pHP7. and lane 9, pHP8.
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Lysine (mM)
Fig. 5. Effect of varying lysrne concentrations on the MICs i(
imipenem tor the oprO.il mutant H729 complemented witti the
vector control pUCPi9 (•), the loop 2 deletion mutant plasmtd
pHP2 (O) and the unaltered OprD gene in ptasmid pXH2 (A).

of this model. Eight OprD variants were constnjcted by
deleting 4 - 8 amino acids trom each of the predicted external loops. Six of these deletion variants were weli tolerated
both in E. coli and P. aeruginosa, one was tolerated only in
E CD//and 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 characteristics of this porin or the specific binding sites which are
involved in antibiotic and nutrient uptake through this specific channei. In the absence of crystallographic data, we
chose to attempt to predict an OprD topology model. It
must be stated, however, that such methods do not permit
an accurate prediction of the exact amino acids at which
P-strands and loop regions start and finish.
The published crystal structures of the E. coli porins
OmpF and PhoE, and the R. capsulatus and R. biastica
porins, revealed trimers of identical subunits. Each monomer subunit consisted of 16 anti-parallel jt-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 variable length but in general are longer (Cowan et ai. 1992;
Weiss and Schuiz. 1992; Kreusch etai, 1994). Analysing
the structure of a family of bacterial porins by sequence
alignment and structure predictions suggested similar
stnjctures for ail bacteria porins in the porin suf>erfamily
(Jeanteur ef ai, 1991). However, P. aeruginosa OprD,
like other specific porins, was considered unlikely to
align with the porin superfamily. In contrast, we demonstrate here ttiat a combination of multiple alignments and

prediction of amphipathic (t-strands using membrane
criteria permitted a reasonable alignment between OprD
and the porin superfamily (Fig. 1). Deletion mutagenesis
subsequently provided evidence in support ot our topology 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). Furthermore, this porin has been reported to bind etficiently to
tetrapyrrols (Bollivar and Bauer. 1992). Therefore, the R.
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 porins belong to both classes, but that the specific substrates
have t>een detected in only a tew porins. Consistent with
this, E. CO//sucrose porin ScrY had the functional characteristics of both a general diffusion pore and a substratespecific pore (Schulein et ai. 1991)- We also observed
that OprD could facilitate the uptake of giuconate under
the growth rate-limiting conditions {Huang and Hancock,
1993). Competition experiments indicated no common
binding sites were shared between gluccnate 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
giuconate. The alignment of OprD with the porin superfamily 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 surtace loops. Consistent with this, sequence
comparisons of porins from distant families showed that
the loop regions often varied substantially in length, in contrast to the highly conserved |l-strands (Jeanteur et ai.
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 altering 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 etai. 1989). Moreover, spontaneous deletions
located in the OmpF or OmpC external loops could produce OmpF or OmpC proteins which were active and
allowed the passage of large maltodextrins (Benson et
ai. 1988; Misra and Benson. 1988). In contrast, the
membrane-spanning segments contribute especially to
1995 Blackwell Saence Ltd. Molecular Microbioiogy, 16, 931-941
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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
ai. 1988) or the last (Bosch ef at.. 1989) transmembrane
segment, drastically affected or completely inhibited incorporation 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 L l . 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 et ai, 1989). The L3 deletion mutant
did not direct the production of any OprD in the outer membrane 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 configuration was trypsin susceptibility. Al! of the OprD derivatives 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 susceptibility. Only one, the loop 2 deletion mutant, had lost the
ability to reconstitute full susceptibility, suggesting a possible role for loop L2 in imipenem binding. Our data, however, 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

cloned as the 2.1 kb SamHI-Kpnl fragment into pTZ19R in
the same orientation as the tac promoter (Huang ef ai,
1992). Broad-host-range plasmid pUCP19 {Schweizer, 1992)
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% NaCI) 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 ng ml ^) (replaced by 750 jig m l " ' carbenicillin for P. aeoip/nosa); kanamycin. 35ngmr ' forE. coli,
300 !.ig m l " ' 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 blockers'. We refined this criterion by computing a frequency
matrix of residue occurrence within short periplasmic turns,
external loops and transmambrane strands from those porins
with known structures (Cowan etai. 1992; Weiss and Schulz.
1992) and from a set of vary closely related porins. Using a
linear matrix ot turn fraquancias, turns were predicted as segments of three residues with a 1urn promoter" propensity that
was three times higher than the 'turn blocker" propensity.
The membrane criterion value, using a linear combination
of hydrophobicity {Cornette et ai, 1987) and hydrophobic
moment (Eisenberg etat.. 1982), h + <)j>, was used to predict
the transmembrane segments quite precisely {Jaantaur etat.,
1991).
Alignments of closely related sequences ware performed
using the classical alignment tools available in the GCG package {Devereux ef a/.. 1984). For distant sequences, such
tools are not very accurata, mainly because they tend to introduce 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 transmembrana ragions should be heavily penalized.
Therefore this was taken into account manually in tha final
alignment predictions (Fig, 2),
In general, a |i-strand was defined as a segment with a high
value for the membrane criterion, 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.

Bacterial strains, ptasmids and growth conditions
P. aeruginosa PA01 strain H103 was used as the OprDcontaining wild-type strain {Woodruff and Hancock, 1988), P.
aeruginosa H729 was an oprD.:il derivative of strain H103
created by gene replacement with a kanamycin-resistant II
interposon-mutated oprD gene (Huang and Hancock, 1993).
E coti DH5a P (F endAI hsdRU (rK mj^) supE44 thi-1
recAt gyrA96 relAI /." a»80d/acZAM15 &{lacZYA argF)
U169) was used for primary cloning {Sambrook ef ai. 1989),
E. coti CE1248 (F" recA56 phoE proA.B phoR69 omp-B471
thr leu thi pyrF thy ilvA his lacY argG tonA rspL cod dra utr
gIpR) (van der Ley et ai. 1985) was a strain with mutations
preventing the production of porins OmpF, OmpC and PhoE,
Ptasmid pBK19R contained the oprD gene which was
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Plasmid construction
Plasmid pMBK19R and pMBE19R were derivatives of
pBK19R and constructed as follows. Plasmid pTZ19R was
digested by Sa/I and H/ndlll, and the consequent fragment
was blunt ended by Klenow fragment and then self-ligated to
form plasmid pMT219R. This procedure eliminated the restriction sites Sat\. Psfl, Sphl and H/ndtll in tha multiple cloning
site. The 2.1 kb SamHI-Kpnl fragment from pBK19R containing the oprD gene was cloned into pMTZ19R to form
pMBK19R. which was used as the template for the mutagenesis of the predicted loops L3 to L8 of OprD, The
1.2 kb 8amHI-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
template for the deletion mutagenesis of predicted loops L1
andL2.
PCR-medtated site-specific deletion mutagenesis
Two strategies ware used for this purpose. Strategy I, direct
extension {Vallette et ai. 1989), was applied to those loopencoding regions with convenient restriction sites adjacent
to the desired deletion nucleotide sequence. For those loopencoding regions without convenient restriction sites located
near the sites of mutagenesis. strategy II, overlap extension
(Ho ef ai, 1989). was employed. The amplified DNA was
claavad with tha appropriate restriction anzymes and cloned
back into the parental plasmid that had been claavad with
the same pair of restriction anzymes.
To dasign primars, the PCGENE program was used to
minimize the chance of non-specific binding and primerdimer interactions. For the mutagenic primers, at least 20
nucteotides from each side of the deletion site were
included Oiigonucleotide primers were synthesized on an
Applied Biosystems Incorporated Mode 392 DNA/RNA
synthasizar. The actual primar sequancas utilized are available from the authors on request. Oligonucleotides were purified by Ce SEP-PAK {Millipore Co.) according to the
manufacturer's protocol.
The PCR reaction mixture {total volume 50^0 contained:
5nl 10.' Vent reaction buffer, 400pM each dNTPs, lOng
DNA template, 1 MM of each primer and 2 U of Vent polymerase (New England Biolab). The reactions were carried out for
20 cycles using a DNA thermal cycler (Ericomp Inc.). Each
cycle included a haat denaturation step at 94 C {1 min), followed by annealing of tha primer at 50-55 C (2 min) and primar axtansion at 72 C (1 -1.5 min), Tha above modification of
existing protocols rasultad in a high frequency ot recovered
delation mutants. Products of PCR were analysed on 1.52% agarosa gats after digestion with appropriate restriction
enzymes. Small differences of 12 to 24 bp were readily
observed in this system,
DNA procedures
Standard DNA techniques followed the protocols outlined by
Sambrook ef ai (1989), Plasmids were transformed into P.
aeruginosa by the methods described by Olsen et ai
(1982). All PCR fragments were sequenced to identify tha
specific delations and to confirm that no errors were present
in tha PCR products. DNA sequencing utilizad an Applied
Biosystams automated fluorescence sequencer and dye
terminator chemistry as detailed in ABI's protocols.
Characterization of the outer membrane
E coli and P. aeruginosa outer mambranas ware isolated as
described by Hancock and Carey (1979). SDS-PAGE utilized 8-11% acrytamide gels as described by Hancock and
Carey {1979). Western immunoblotting utilized the techniques of Mutharia and Hancock (1985). and anti-OprD polyclonal antibody was prepared and purifiad according to the
protocol of Siehnel etai (1990).

Trypsinization studies
OprD variants in P. aeruginosa outer-membrane samples
were digested using trypsin {TPCK treated, Sigma) at a concentration of 1 mgml ', in 10 mf^^ Tris-HCI pH8.0 at 37 C
for 1 h. Untreated samples were incubated in the sama conditions except that trypsin was omitted- Proteolysis was stopped
by heating at 90 C tor 10 min in solubilization-reduction mix
(Hancock and Carey. 1979). The trypsinized samples ware
run on SDS-PAGE and analysed by Western immunoblot
with anti-OprD potyclonal antibody.
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