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Earlier studies proved that Pseudomonas aeruginosa OprD is a specific porin for basic amino acids and
imipenem. It was also considered to function as a nonspecific porin that allowed the size-dependent uptake of
monosaccharides and facilitation of the uptake of quinolone and other antibiotics. In the present study, we
utilized P. aeruginosa strains with genetically defined levels of OprD to characterize the in vivo substrate
selectivity of this porin. An oprD::fQ interposon mutant was constructed by gene replacement utilizing an in
vitro mutagenized cloned oprD gene. In addition, OprD was overexpressed from the lac promoter by cloning the
oprD gene into the broad-host-range plasmid pUCP19. To test the substrate selectivity, strains were grown in
minimal medium with limiting concentrations of the carbon sources glucose, gluconate, or pyruvate. In
minimal medium with 0.5 mM gluconate, the growth rates of the parent strain H103 and its oprD::fQ mutant
H729 were only 60 and 20%, respectively, of that of the OprD-overexpressing strain H103(pXH2). In contrast,
no significant differences were observed in the growth rates of these three strains on glucose or pyruvate,
indicating that OprD selectively facilitated the transport of gluconate. To determine the role of OprD in
antibiotic uptake, nine strains representing different levels of OprD and OprF were used to determine the
MICs of different antibiotics. The results clearly demonstrated that OprD could be utilized by imipenem and
meropenem but that, even when substantially overexpressed, it could not be significantly utilized by other
P-lactams, quinolones, or aminoglycosides. In addition, competition experiments confirmed that imipenem had
common binding sites with basic amino acids in the OprD channel, but not with gluconate or glucose.

A gram-negative bacterial cell is surrounded by an outer
membrane, which plays an important role as a permeability
barrier for many solutes (20). Certain proteins in the outer
membrane, known as porins, form aqueous channels which
allow the nonspecific diffusion of small hydrophilic molecules
(19, 21). The outer membrane of Pseudomonas aeruginosa is
notorious for its low permeability relative to that of most other
gram-negative bacteria, including Escherichia coli (1, 40). To
compensate for this low permeability and to permit the uptake
of essential nutrients available at low concentrations in the
environment, certain substrate-specific transport systems are
present in the P. aeruginosa outer membrane. For example,
OprP allows the facilitated permeation of phosphate (4), OprB
(formerly called protein D1) has a binding site for glucose (13,
34), iron-repressible outer membrane proteins (IROMP) per-
mit uptake of Fe3+-siderophore complexes when produced
under the conditions of iron deprivation (35), and OprD
(formerly called protein D2) (12, 14) facilitates the diffusion of
basic amino acids and small peptides containing these amino
acids (32). These channels may be utilized by compounds
which are structural analogs of the natural substrate. One
example involves OprD, which can also serve as a specific
channel for imipenem, which has a structure resembling that of
basic amino acids (32).
Imipenem is a low-molecular-weight broad-spectrum car-

bapenem antibiotic with high potency against P. aeruginosa
(36). However, during clinical therapy of P. aeruginosa, imi-
penem-resistant isolates arise at a significant rate (22). The
major cause of resistance is loss of a specific outer membrane
protein, OprD (5-7, 15). Interestingly, OprD mutants are not
cross resistant to other classes of ,B-lactam antibiotics. Instead,
resistance is limited to the zwitterionic carbapenem antibiotics

* Corresponding author.

such as meropenem and panipenem (12, 31, 33). Nevertheless,
it was suggested that OprD had significant nonspecific perme-
ability to monosaccharides (and disaccharides) and was gener-
ally involved as a porin for antibiotic (13-lactam) uptake (24, 33,
38, 39).

Fluoroquinolones have recently emerged as one of the most
effective classes of antibiotics. In P. aeruginosa, the outer
membrane has been proposed to act as a significant perme-
ability barrier to the antimicrobial activity of fluoroquinolone
antibiotics (2, 8). Some, but not all, fluoroquinolone-resistant
mutants are cross resistant to imipenem and lack OprD. For
example, Michea-Hamzehpour et al. demonstrated that de-
creased fluoroquinolone susceptibility was associated with a
decrease or loss of OprD and proposed that OprD can catalyze
the facilitated diffusion of fluoroquinolone as it does for
imipenem (16, 17).
To further investigate the substrate selectivity of the OprD

channel, a series of isogenic mutants expressing different levels
of OprD were constructed in this study. This has permitted the
demonstration that OprD can be significantly utilized by
imipenem, meropenem, and gluconate, but not by other anti-
biotics, including fluoroquinolones, or by glucose or pyruvate.
In addition, competition experiments confirmed that imi-
penem shared common binding sites with basic amino acids in
the OprD channel, but not with gluconate or glucose.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. P.
aeruginosa PAO1 H103 was used as the OprD-containing
wild-type strain (37). P. aeruginosa H636 was an oprF::fl
derivative of strain H103 created by gene replacement with an
fl fragment-mutated oprF gene (37). P. aeruginosa H729 was
an OprD-defective (oprD::fQ) interposon mutant created in
this study. E. coli DH5ao F' [F' endAl hsdRJ7 (rK MK+)
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supE44 thi-1 recAl gyrA96 relA1 A - 480dlacZAM15 A(lacZYA
argF) U169] was used for primary cloning (37). E. coli S17-1
(30), which contains a mutated RP1 plasmid integrated into
the chromosome, was utilized for biparental mating of plas-
mids from E. coli to P. aeruginosa. E. coli CE1248 (F- recA-56
phoEproABphoR-69 ompB-471 thr leu thi pyrF thy ilvA his lacY
argG tonA rspL cod dra utr glpR) (29) was a strain with
mutations preventing the production of porins OmpF, OmpC,
and PhoE. E. coli CE1248(pBK19R) contained the oprD gene
which was cloned as the 2.1-kb BamHI-KpnI fragment into
pTZ19R in the same orientation as the lac promoter (14).

Plasmid pUCP19 (27) was used as the vector for the
overexpression of OprD in P. aeruginosa. It is a broad-host-
range plasmid which can be maintained in both E. coli and P.
aeruginosa. For making the OprD-defective mutant, plasmids
pNOT19, pMOB3, and pUC4KAPA were used (28). pNOT19
is derived from pUC19 with the unique NdeI site changed to a
NotI site. pMOB3 contains the MOB3 cassette as a 5.8-kb NotI
fragment which is composed of a portable oriT, the sacB gene
from Bacillus subtilis as a counterselectable marker, and a
chloramphenicol resistance gene allowing positive selection of
both the oriT and the sacB genes. The plasmid pUC4KAPA,
obtained from Pharmacia, contained a 1.3-kb fragment which
was derived from Tn9OW, which encoded the enzyme aminogly-
coside phosphotransferase (conferring kanamycin resistance),
and was flanked by symmetrical restriction enzyme recognition
sites.

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. For experiments
involving growth on specific carbon sources, P. aeruginosa
strains were grown on BM2 minimal medium (18). VBMM
medium (28) is VB medium containing 0.3% trisodium citrate
as a carbon source and is selective for P. aeruginosa, since E.
coli cannot utilize citrate. Antibiotics were used in selective
media at the following concentrations: ampicillin, 75 ,ug/ml
(for E. coli; replaced by 500 jig of carbenicillin per ml for P.
aeruginosa); chloramphenicol, 25 jig/ml; kanamycin, 35 jig/ml
(for E. coli) and 300 jig/ml (for P. aeruginosa); streptomycin,
500 ,ug/ml (for P. aeruginosa).

Construction of pXH1 for making an OprD-defective mu-
tant in P. aeruginosa. A kanamycin resistance (Kmr)-conferring
fl fragment from pUC4KAPA was isolated as the 1.3-kb Sall
fragment and cloned into the XhoI site on the oprD gene,
yielding pBK19R::fQ, which left 0.6 and 0.7 kb, respectively, of
chromosomal DNA sequence on either side of the Kmr
cassette. Then, the 3.6-kb BamHI-KpnI fragment containing
the oprD::fQ insert was cloned into the similarly cleaved
pNOT19. Subsequently, the MOB3 cassette was isolated as a
5.8-kb NotI fragment from pMOB3 and inserted into the
unique Notl site on pNOT19 with oprD::fIKMr to generate
plasmid pXH1 (-12 kb) (Fig. 1A).

Overexpression of the oprD gene in P. aeruginosa. To
overexpress OprD, the 2.1-kb BamHI-KpnI fragment from
pBK19R containing the oprD gene was cloned into pUCP19 to
form the plasmid pXH2, so that the direction of expression of
the oprD gene was in the same orientation as the lac promoter
(Fig. 1B). It was then transformed into E. coli S17-1 and
mobilized back into P. aeruginosa H103, H636, and H729.
DNA procedure. All DNA techniques followed the protocols

outlined by Sambrook et al. (23). Plasmids were transferred
from E. coli to P. aeruginosa by biparental mating. Successful
transfers were monitored by evaluating antibiotic resistance
and with a quick-lysis plasmid preparation.
Growth experiments. For growth experiments, each strain

was grown to mid-exponential phase on minimal medium with

A Cm

Ap

E. coli
ori

OprD::Km

FIG. 1. (A) Diagram of plasmid pXH1 utilized for allele replace-
ment mutagenesis. The more lightly shaded arrow between the BamHI
and KpnI restriction sites represents the P. aeruginosa oprD gene
coding region, whereas the black thick bar in the middle represents the
1.3-kb kanamycin resistance fl interposon that was used to interrupt
the oprD gene. The fragment between the two NotI sites is the 5.8-kb
MOB3 cassette. The orientations of the oprD gene and ampicillin
resistance marker are indicated. Abbreviations: Ap, ampicillin resis-
tance gene; Km, kanamycin resistance fl interposon; Cm, chloram-
phenicol resistance gene; E. coli ori, E. coli-specific origin of replica-
tion; oriT, origin of transfer. (B) Diagram of plasmid pXH2 utilized for
the overexpression of the oprD gene. The dark shaded arrow between
the BamHI and KpnI restriction sites represents the P. aeruginosa oprD
gene coding region. The orientations of the ampicillin resistance gene,
the oprD gene, the origin of replication, and the lac promoter are
indicated. The 1.8-kb stabilizing fragment is for the maintenance of the
plasmid in P. aeruginosa. Abbreviations: Ap, ampicillin resistance
gene; Ori, origin of replication for E. coli; Plac, lac promoter; SF,
stabilizing fragment.

the specific carbon source glucose, gluconate, or pyruvate.
Then, the strains were subcultured 1:50 into prewarmed fresh
media containing the indicated levels of saccharides and were
grown with shaking at 37°C. Samples (1 ml each) were taken at
regular intervals for measurements of the optical density at 600
nm. Growth rates (,u [expressed in 1/hours]) were calculated by
the equation ,u = ln 2/g, where g was the apparent doubling
(generation) time which was determined from semilogarithmic
plotting of the growth curve. Each experiment was repeated
three times independently.
MIC determinations. To determine MICs, each strain was

grown overnight in Mueller-Hinton medium. Mueller-Hinton
or other medium agar plates containing serial twofold dilutions
of appropriate antimicrobial agents were inoculated with 103
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cells in a 10-pul volume. MICs were determined at least three
times and were assessed after 18 h of incubation at 37°C. The
MICs were recorded as the lowest antibiotic concentrations at
which cell growth was inhibited. The influence of basic amino
acids and gluconate on imipenem susceptibilities of P. aerugi-
nosa strains was determined by using BM2 minimal medium
(18) containing a 20 mM carbon source (glucose or succinate)
supplemented with a basic amino acid or glucose or gluconate.

RESULTS

Construction of a defined OprD-defective mutant in P.
aeruginosa. Our previous data indicated that two gene regions
were involved in the expression of the oprD gene. One turned
out to be the oprD structural gene, and the other region (the
opdE gene) might encode a protein influencing the expression
of OprD (14). In keeping with this hypothesis, the cloned oprD
gene in E. coli was expressed poorly from its own promoter
(14) and the level of OprD observed in the outer membrane of
P. aeruginosa was influenced by both the growth medium and
the carbon source (13). All of the OprD-defective mutants of
P. aeruginosa studied to date were genetically undefined, and
many were from clinical sources. Therefore, to permit study of
the substrate selectivity of OprD, it was necessary to make a
defined OprD-lacking mutant so that we could exclude the
potential artifacts of leaky or secondary mutations and strain
backgrounds.
The improved method described by Schweizer for allele

replacement (28) was utilized to replace the wild-type oprD
gene in strain H103 with an oprD::fl interposon-mutated gene.
Southern hybridization of chromosomal DNA with a 32p_
labelled oprD gene probe confirmed that in strain H729, the
oprD chromosomal gene was interrupted by a 1.3-kb Sall
fragment containing the Km-fl interposon (Fig. 2). In the
Southern blot, a 4.5-kb band was present in both the mutant
and parent strains (Fig. 2), which indicated that there might be
another gene with high homology to the oprD gene in P.
aeruginosa. Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) of the outer membrane proteins of
H729 confirmed the lack of OprD (Fig. 3, lanes 8 and 9).

Overexpression of the oprD gene in P. aeruginosa. To
overexpress the oprD gene in P. aeruginosa, the oprD gene was
subcloned into plasmid pUCP19 to form plasmid pXH2, so
that the direction of expression of the oprD gene was in the
same orientation as the lac promoter. pXH2 was then mobi-
lized back into P. aeruginosa wild-type strain H103 and the
OprF::Q mutant strain H636. Since P. aeruginosa does not have
the lac repressor gene, isopropyl-13-D-thiogalactopyranoside
(IPTG) was not added to the medium. SDS-PAGE of the outer
membrane proteins demonstrated that in strain H103(pXH2),
OprD was expressed to a level almost equivalent to that of P.
aeruginosa major outer membrane protein OprF (Fig. 3, lane
4), and in H636(pXH2) OprD appeared to be the prominent
outer membrane protein (Fig. 3, lane 7).

Plasmid pXH2 was also transferred into the OprD-defective
strain H729. The results indicated that the loss of OprD could
be complemented and that the oprD gene was also overex-
pressed in H729(pXH2) (Fig. 3, lane 10).

Function of OprD in sugar transport. Specific porins, with
the exception of the sucrose porin of E. coli (26), are generally
poorly permeable to nonspecific substrates. OprD was consid-
ered to be a nonspecific pore which allowed the size-dependent
uptake of small hydrophilic molecules such as monosacchar-
ides (33, 38, 39). To investigate the role of OprD in sugar
transport, the above-described set of isogenic strains express-
ing different levels of OprD were used. Control experiments

A
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F- 1.1 Kb -
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B
EcoRI XIhol
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l--4 2.4 Kb
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2.4_--
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FIG. 2. Genomic Southern hybridization illustrating the interrup-
tion of the oprD gene (shaded bar) with a kanamycin resistance Q1
interposon (black bar). The physical maps of the wild-type (A) and the
mutant (B) oprD gene region are shown. Genomic DNAs were
digested to completion (C) with Sall and were hybridized to the
32P-labelled 0.3-kb SalI-EcoRI fragment diagrammed in panel A.
Lanes: 1, H729; 2, H103. The molecular sizes of the fragments (in
kilobases) are indicated on the left.

demonstrated very similar rates of growth for all three strains
on LB (growth rate, 1.26 doublings per h for all three strains)
and Mueller-Hinton broth (growth rate, 1.10 to 1.23 doublings
per h). Therefore, strains were grown in the BM2 minimal
medium with either glucose, gluconate, or pyruvate as carbon
sources, at concentrations varying from 0.5 to 10 mM. Growth
curves were constructed for each sugar at each concentration
and were utilized to calculate growth rates. We reasoned that
if OprD could facilitate the transport of a certain sugar at the
growth rate-limiting concentrations, different growth rates
depending on the oprD gene expression level would be ob-
served.

For gluconate, at a concentration of 0.5 mM, the growth
rates of wild-type strain H103 and OprD-defective strain H729
were only 60 and 20%, respectively, of that of OprD-overex-
pressing strain H103(pXH1), and these differences were sta-
tistically significant (P < 0.05 by Student's t test) (Fig. 4A).
These data were thus consistent with outer membrane perme-
ation being the rate-limiting step for growth on gluconate and
further suggested OprD was the major porin involved in
gluconate passage across the outer membrane under growth-
limiting conditions.
As the initial concentration of gluconate in the medium was

increased, the growth rates for H103 and H729 increased,

'U.W-M-17-MR7.7-77
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FIG. 3. SDS-polyacrylamide gel electrophoretograms demonstrat-
ing overexpression and mutagenesis of the oprD gene. The band-
ing position of OprD is indicated by an arrow on the right. Lanes:
1, molecular marker; 2, strain H103; 3, H103(pUCP19); 4, H103
(pXH2); 5, H636; 6, H636(pUCP19); 7, H636(pXH2); 8, H729; 9,
H729(pUCP19); 10, H729(pXH2). For each lane, 20 ,ug of outer
membrane proteins was added.

whereas the growth rate of the OprD-overexpressing strain
H103(pXH2) remained stable. The growth rates of the three
strains converged with increasing saccharide concentrations
and eventually became not significantly different at 10 mM
gluconate. This result indicated that outer membrane perme-
ation through OprD ceased to become rate limiting at high
saccharide concentrations, at which other porins could substi-
tute for OprD (Fig. 4A).
To further exclude the possibility that the low growth rate of

the OprD-defective strain H729 resulted from metabolic dis-
turbances due to the mutation, another carbon source, glucose,

A B

was used as a control. At a glucose concentration of 0.5 mM,
the growth rates for H103 and H729 were 110 and 90% that of
H103(pXH2), which were not significantly different (P > 0.5).
As the glucose concentration was increased, the growth rates
for all three strains increased but remained very close for the
three strains (Fig. 4B). These results were reasonable since, as

previously demonstrated, in the presence of glucose P. aerugi-
nosa strains induce a specific porin, OprB. The OprB levels in
all three strains were found to be the same, approximately
fivefold lower than the level of OprD in strain H103(pXH2).
These results indicated that loss or overexpression of OprD did
not affect the normal growth of the cell.

Since growth in pyruvate leads to higher expression levels of
OprD in P. aeruginosa (13), it was questioned whether OprD
could also allow the specific passage of pyruvate. The results
showed no significant difference in the growth rates of P.
aeruginosa H103(pXH2), H103, and H729 at pyruvate concen-

trations of from 1 to 10 mM (Fig. 4C), indicating that OprD
was not able to function as the predominant channel for the
transport of pyruvate.

Antibiotic susceptibility. To reexamine the role of OprD in
quinolone uptake and also to confirm, in genetically defined
strains, that it is a specific pore for imipenem, MICs were

determined by the agar dilution procedure in Mueller-Hinton
medium (Table 1). Nine strains which represented different
expression levels of the oprD and oprF gene were utilized. The
rationale behind this experiment was that, if OprD could act as

channel for certain antibiotics, the overexpression of this porin
would increase susceptibility, whereas the lack of the porin
would decrease susceptibility to these antibiotics; otherwise,
the amount of OprD would not influence antibiotic suscepti-
bility.
Two carbapenems were used (imipenem and meropenem);

the MICs for wild-type strain H103 were 4.0 and 0.5 jig/ml,
respectively. The OprD-overexpressing strain H103(pXH2)
showed the lowest MICs, 0.5 to 1.0 .Lg/ml (imipenem) and 0.06
to 0.12 [Lg/ml (meropenem), which were four- to eightfold
lower than the MICs for H103. In contrast, the OprD-defective
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FIG. 4. Influence of substrate concentrations on the growth rates of H103 (circles), its OprD-overexpressing strain H103(pXH2) (squares), and
the OprD-defective strain H729 (diamonds). (A) Gluconate; (B) glucose; (C) pyruvate. Datum points are average results from three experiments,
with variation of .10% between experiments.
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TABLE 1. Influence of OprD expression level on antibiotic susceptibilities of P. aeruginosa strains

Level of' MIC (iig/ml)h
Strain

OprD OprF IMIP MERO CTX CFP CIP FLER GM

H103 + + + + 4.0 0.50 4.0 1.0 0.12 0.50 2.0
H103(pUCP19) + + + + 4.0 0.50 8.0 4.0 0.12 0.50 2.0
H103(pXH2) +++ +++ 1.0 0.06 4.0 4.0 0.12 0.50 2.0
H729 - ++ 16.0 2.0 8.0 2.0 0.12 0.50 4.0
H729(pUCP19) - ++ 16.0 2.0 4.0 4.0 0.12 0.50 2.0
H729(pXH2) + + + + + + 0.5 0.06 8.0 4.0 0.12 0.50 4.0
H636 + - 4.0 0.50 8.0 2.0 0.06 0.50 2.0
H636(pUCP19) + - 4.0 0.50 8.0 4.0 0.06 0.50 2.0
H636(pXH2) +++ - 1.0 0.12 8.0 4.0 0.06 0.50 2.0

Levels of different outer membrane proteins as observed in control experiments such as that shown in Fig. 3.
"Abbreviations: IMIP, imipenem; MERO, meropenem; CTX, cefotaxime; CFP, cefpirome; CIP, ciprofloxacin; FLER, fleroxacin; GM, gentamicin. All MICs were

determined three times on Mueller-Hinton medium.

strain H729 showed the highest MICs, 16 and 2.0 pg/ml for
imipenem and meropenem, respectively, which were fourfold
higher than the MICs for H103 (Table 1). The overexpression
of OprD from plasmid pXH2 in the OprD-defective strain
H729 restored susceptibility to levels equivalent to those
observed in H103(pXH2). In contrast, the loss by mutation of
OprF did not influence the MICs of carbapenems, indicating
that OprF did not function as a major uptake route for
carbapenems (Table 1).
Other ,B-lactams (cefotaxime and cefpirome), quinolones

(ciprofloxacin and fleroxacin), and an aminoglycoside (gen-
tamicin) did not show significant differences in MICs, regard-
less of the expression levels of OprD (Table 1). (note that the
two- to fourfold increase in susceptibility to cefotaxime and
cefpirome of strains containing plasmid pUCP19 or pXH2 was

due to the plasmid-encoded ,B-lactamase). The additional
absence of OprF had little effect on antibiotic resistance. These
results indicated that OprD did not significantly facilitate the
passage of these antibiotics across the outer membrane.
We also examined the influence of OprD expression on the

antibiotic susceptibility of E. coli. The oprD gene was overex-

pressed to high levels in E. coli CE1248(pBK19R), a strain with
mutations preventing the production of porins OmpF, OmpC,
and PhoE. However, even in this background, the MICs of the
carbapenems were much lower than those for P. aeruginosa
strains, and overexpression of OprD had no effect, presumably
because of the higher intrinsic outer membrane permeability of
E. coli.

Competition experiments. Since OprD can facilitate the
permeation of basic amino acids (23, 30) and the results
described above suggested a role in uptake of gluconate and
zwitterionic carbapenems, competition experiments were per-
formed as described by Fukuoka et al. (11) to determine
whether common sites were shared by these substrates. The

susceptibilities of the isogenic variants to imipenem were

determined by using BM2 medium supplemented with basic
amino acids or gluconate and were compared with the results
obtained with unsupplemented BM2 glucose or succinate,
respectively (Table 2). The MICs for H103 and H103(pXH2)
were increased 8- to 16-fold and 4- to 8-fold, respectively, by
the addition of 50 mM basic amino acids. However, only a

twofold effect was observed for the OprD-deficient mutant
H729. Such a change in MIC is usually considered not signif-
icant. In addition, the effect of L-lysine concentrations in BM2
glucose medium on the susceptibilities of the isogenic variants
to imipenem was determined. Figure 5 showed that the MICs
for H103 and H103(pXH2) increased as the concentration of
L-lysine increased, until they reached the same level as the
OprD-deficient mutant H729. In contrast, the susceptibility of
the OprD-defective strain H729 was not significantly influ-
enced by the addition of basic amino acids. These results
suggested that imipenem and basic amino acids shared the
common binding sites in the OprD channel.
The same competition experiments were also performed

with gluconate or glucose at concentrations of 20, 50, 100, and
150 mM. In contrast to the results for the basic amino acids,
the susceptibilities of H103 and H103(pXH2) were not affected
by the presence of gluconate or glucose (the twofold increase
in the presence of gluconate was also observed for the negative
control H729), indicating that no common OprD-binding sites
were involved for gluconate and imipenem.

DISCUSSION

In this paper, we report the construction of a set of
genetically defined strains which were utilized to define the in
vivo substrate profile of porin OprD. Previous studies with
intact cells and model membrane systems have indicated a role

TABLE 2. Effects of basic amino acids and gluconate on imipenem susceptibilities of
P. aeruginosa strains expressing different levels of OprD

MIC (p.g/ml) in the following media':
Strain OleprelBM2D BM2b + 50 BM2h + 50 BM2b + 50 BM2' BM2' + 20-150 BM2' + 20-150

mM L-lysine mM L-arginine mM L-histidine mM gluconate mM glucose

H729 - 4.0 8.0 8.0 8.0 4.0 8.0 4.0
H103 + 0.5 4.0 8.0 8.0 1.0 2.0 1.0
H103(pXH2) +++ 0.25 1.0 4.0 4.0 0.5 1.0 0.5

" All MICs were measured three times.
b Gluconate was used as the carbon source in BM2.
' Glucose was used as the carbon source in BM2.
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FIG. 5. Effects of L-lysine concentration in BM2 glucose medium

on the susceptibilities of H103 (open circles), its OprD-overexpressing
strain H103(pXH2) (triangles), and the OprD-defective strain H729
(filled circles) to imipenem.

for uptake of basic amino acids (32) and the zwitteronic
carbapenems, including imipenem and meropenem (33). Con-
sistent with these analyses, competition experiments (Table 2)
confirmed (11) that common binding sites were involved.
However, the utilization of defined OprD-deficient and OprD-
overexpressing strains in the present study permitted reexam-

ination of the role of OprD in the uptake of carbon sources

and other antibiotics.
Previous work demonstrated that OprF was the major porin

for uptake of di-, tri-, and tetrasaccharides (3). However, OprF
levels did not influence growth on gluconate. Consistent with
this, it was demonstrated here that OprD was the major porin
for gluconate in that its absence (in strain H729 oprD::Q) led
to a nearly threefold decrease in growth rate on 0.5 to 1.0 mM
gluconate (compared with the parent strain H103), whereas its
overexpression resulted in a 70% increase in growth rate (Fig.
4A). As expected for an outer membrane diffusion-limited
process, these differences disappeared at high concentrations,
at which concentrations other porins including OprF might be
expected to function adequately. In addition, no significant
differences in the rates of growth on glucose, pyruvate, or rich
media were observed regardless of the concentration or OprD
expression levels (Fig. 4), indicating that the results for glu-
conate were not due to metabolic disturbances caused by the
loss or overexpression of OprD. The result obtained for
glucose does not indicate that OprD is unable to permit the
passage of glucose, since these studies were performed in
strains capable of being induced for the glucose porin OprB.
However, given the approximately fivefold-higher level of
OprD than OprB in strain H103(pXH2) grown on glucose, it
seems likely that OprD has at best a minor role in glucose
uptake, as confirmed in part by the data in Table 2. To see

whether gluconate might be an analog of basic amino acids and
imipenem, we compared their three-dimensional structures by
using the computer program HyperChem. Except for the

common carboxyl group, gluconate was not structurally related
to the basic amino acids or imipenem. This was also confirmed
by competition experiments, which suggested that common
binding sites were not involved in imipenem and gluconate
passage through OprD. Therefore, to explain how the OprD
channel might facilitate the transport of gluconate, we suggest
three possibilities. Firstly, since both basic amino acids and
imipenem contain carboxyl groups and since the only differ-
ence between gluconate and glucose is that the former has a
carboxyl group, the carboxyl group might function in directing
the molecules to the channel and in binding to sites within the
channel. Secondly, there might be two functional domains in
the OprD channel, one for the binding of basic amino acids
and the other one for gluconate. Thirdly, given the low outer
membrane permeability of P. aeruginosa, gluconate may pass
through the channel in a nonspecific fashion. This last sugges-
tion would make the OprD channel analogous to the sucrose
porin which has the properties of both substrate-specific and
general porins (9, 25, 26). However, the exact mechanism of
gluconate uptake through the OprD channel will be deter-
mined only by further studies.
OprD is only moderately expressed in wild-type strains like

H103 in most growth media (Fig. 3). Nevertheless, this level of
expression is sufficient to enhance uptake of imipenem and
meropenem, since the OprD-deficient mutant H729 was four-
fold more resistant to these antibiotics than the parent strain
H103. However, the level of OprD in strain H103 was insuffi-
cient to permit maximal uptake, and the outer membrane
permeability of imipenem and meropenem was still rate lim-
iting, since overexpression of OprD led to enhanced suscepti-
bility to both antibiotics. The MICs of imipenem for different
clinical isolates have been reported in the literature to vary
from 0.5 to 4.0 ,ug/ml for apparently susceptible isolates to
between 8.0 and 32 ,ug/ml for posttherapy-resistant isolates. It
is not possible to directly compare these literature studies with
the investigation reported here, since these clinical strains had
different genetic backgrounds and since different techniques
and media were used. Also, it is known that there are at least
one regulatory locus (opdE) (14) and one poorly understood
multiple-antibiotic resistance locus (nfxC) (10) that can influ-
ence oprD expression and imipenem susceptibility. Further-
more, the potential for obtaining double mutants when utiliz-
ing clinical strains or when selecting directly with antibiotics
has been described previously (41). This indicates the impor-
tance of utilizing truly isogenic strains obtained without direct
antibiotic selection. Other authors have also suggested a role
for OprD in uptake of quinolones (16, 17) or other antibiotics
(24) in P. aeruginosa. These conclusions are based in part on
poorly defined clinical or experimental animal isolates or on in
vitro model liposome swelling experiments that have been
criticized on other grounds (3, 31, 33). We consider in vivo
experiments utilizing genetically defined isogenic variants to be
more definitive. If OprD were to be involved in the uptake of
quinolones and other antibiotics, one would expect that the
substantial overexpression of OprD in H103(pXH2) and
H729(pXH2) would increase the normal low outer membrane
permeability of P. aeruginosa and thus decrease the MICs of
these antibiotics. In contrast, no significant alteration in sus-
ceptibility was observed. Therefore, we conclude that OprD is
not capable of being utilized by antibiotics other than the
zwitterionic carbapenems. The strains reported here will pro-
vide the basis for studies of structure function relationships in
OprD.
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