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Pseudomonas aeruginosa possesses at least two multiple drug efflux systems which are defined by the outer
membrane proteins OprM and OprJ. We have found that mutants overexpressing OprM were two- and
eightfold more resistant than their wild-type parent to sulfamethoxazole (SMX) and trimethoprim (TMP),
respectively. For OprJ-overproducing strains, MICs of TMP increased fourfold but those of SMX were
unchanged. Strains overexpressing OprM, but not those overexpressing OprJ, became hypersusceptible to
TMP and SMX when oprM was inactivated. The wild-type antibiotic profile could be restored in an oprM
mutant by transcomplementation with the cloned oprM gene. These results demonstrate that the mexABoprM
multidrug efflux system is mainly responsible for the intrinsic resistance of P. aeruginosa to TMP and SMX.

Trimethoprim (TMP) and the sulfonamides are synthetic
antibacterial agents that act at separate stages in the pathway
of folic acid synthesis (8). The potency of TMP and the sul-
fonamides against Pseudomonas aeruginosa is limited, with
MICs typically in the resistance range. The reason for this
intrinsic resistance is unknown, but poor affinity for the target
enzymes and low outer membrane permeability have been
suggested.

Recently, we have shown that OprM (7, 14) and OprK,
which is identical to OprJ (21), define two genetically distinct
multidrug efflux systems in P. aeruginosa (16). We discovered
that OprM- and OprJ-overexpressing strains display increased
resistance to TMP and sulfamethoxazole (SMX) and demon-
strate that the mexABoprM efflux system is mainly responsible
for the intrinsic resistance of P. aeruginosa to these antibiotics.

MATERIALS AND METHODS

Bacterial strains and plasmids. P. aeruginosa and Escherichia coli strains and
plasmids used in this study are listed in Table 1.

Chemicals and media. Carbenicillin (SmithKline Beecham Pharmaceuticals,
Worthing, Great Britain), chloramphenicol (Sigma, St. Louis, Mo.), norfloxacin
(Merck Sharp & Dohme-Chibret, Ziirich, Switzerland), pefloxacin (Bellon,
Neuilly-sur-Seine, France), TMP, and SMX (F. Hoffmann-La Roche, Basel,
Switzerland) were dissolved according to the recommendations of the manufac-
turers. Other chemicals were of analytical grade. Luria-Bertani medium was used
as a rich medium, and M9 (13) was used as a minimal salts medium.

Cloning of the oprM gene. A genomic pLAFR3-based cosmid library of strain
PAOL1 (26) was conjugally transferred from E. coli S17-1 into the oprM mutant
4098ET, which is hypersusceptible to tetracycline, chloramphenicol, quinolones,
and B-lactams. Transconjugants in which this hypersusceptible phenotype was
complemented were selected on M9 minimal medium plates supplemented with
0.05% (wt/vol) each proline and methionine, 40 mM citrate as a carbon source,
and carbenicillin (40 pg/ml), a specific substrate of the mexAB oprM efflux
system. When 18 transconjugants were tested on gradient plates containing
carbenicillin, pefloxacin, or TMP (2), it was found that the MICs of the antibi-
otics for all 18 were similar to those for wild-type strain 4098. Plasmid DNA from
one of the transconjugants was isolated and introduced into E. coli MC1061. The
cosmid isolated from E. coli was named pOMI. On the basis of the restriction
map of the oprM DNA region (18), a 7.8-kbp EcoRI fragment was cloned into
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pBR322, yielding plasmid pOMCI1. A 3.2-kbp PstI-EcoRV fragment containing
the entire oprM coding region was inserted into the broad-host-range vector
pMMB208 cleaved with PstI and Smal, yielding plasmid pOMF6. This plasmid
and the corresponding cloning vector pMMB208 were introduced separately into
the oprM mutant. Transformants were selected on Luria-Bertani medium con-
taining 60 pg of chloramphenicol per ml.

MIC determination. Susceptibility to antimicrobial agents was assayed in
Mueller-Hinton broth by the microdilution method (25).

Dihydrofolate reductase (DHFR) activity. Cell extracts of P. aeruginosa 4098,
4098T, and 4098E were prepared from 100-ml overnight cultures. The cells were
centrifuged and resuspended in 2 ml of 100 mM Tris (pH 8.0) containing 2 mM
EDTA, 1 M sucrose, and 0.1 mg of lysozyme per ml; 4 ml of ice-cold water was
added, and the cell suspension was slightly agitated on ice for 20 min. The
suspension was sonicated three times for 20 s each at 70 W in a Branson
sonicator, MgCl, was added to a 5 mM final concentration, and the membrane
fraction was removed by centrifugation at 200,000 X g for 1 h at 4°C.

DHEFR activity was measured as described by Bacanari and Joyner (1) in 25
mM potassium glutamate buffer with 1 mM dithiothreitol (pH 7.4) at 25°C, in the
presence of 10 uM NADPH and 4 pM dihydrofolate. The enzyme and cofactor
were premixed in a volume of 0.9 ml and incubated at 25°C for 2 min. Subse-
quently, 100 wl of substrate dilution was added and cofactor oxidation was
monitored at 340 nm in a Kontron 340 spectrophotometer. Enzyme activities
were calculated by using a molar extinction coefficient of 12.3 X 10° cm ™! for the
reaction (1).

The 50% inhibitory concentration of TMP was determined in a protein frac-
tion enriched in DHFR obtained by precipitation of the cell extract with 30 to
80% ammonium sulfate, adsorption on methotrexate agarose, and then elution
with a 100 mM potassium borate buffer (pH 9.0) containing 2 mM EDTA, 2 mM
dithiothreitol, and 5 mM folate. The partially purified enzyme preparation was
extensively dialyzed against a solution containing 10 mM Tris (pH 8.0), 1 mM
EDTA, and 2 mM dithiothreitol. The 50% inhibitory concentration of TMP was
determined as described above, the inhibitor being added to the substrate dilu-
tion. The residual enzyme activity was measured as a function of inhibitor
concentration, and the 50% inhibitory concentration was determined by inter-
polation.

Outer membrane preparations and Western blotting (immunoblotting).
Outer membranes were prepared from exponentially grown cells in Luria-Ber-
tani medium as described previously (16). Outer membrane proteins were ana-
lyzed by electrophoresis with a Protean II slab electrophoresis cell (Bio-Rad
Laboratories, Richmond, Calif.) and either stained with Coomassie blue solution
or electrotransferred onto nitrocellulose membranes. After being blocked with
10% skim milk, the membranes were hybridized with the murine monoclonal
immunoglobulin M antibody TM002 directed against OprM and were developed
with peroxidase conjugated to an anti-mouse antibody.

RESULTS AND DISCUSSION

MICs. Relative to that of the wild-type strain, resistance to
TMP, but not to SMX, increased eightfold in the OprM-over-
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid

Relevant characteristics®

Source or reference

Strains
E. coli
MC1061 F~ araD139 A(ara-leu)7696 galE15 galK16 A(lac)X74 rpsL thi
S17-1 thi pro hsdR recA chr::RP4-2

P. aeruginosa

Laboratory collection
24

PAO1 Wild type Laboratory collection
PAO4098 FP~ met-9020 pro-9024 blaP9208 10
PAO4098T PAO4098 oprM::Q0Hg 16
PAO4098E MDR mutant overproducing OprM; selected on ciprofloxacin and cefsulodin 10
PAO4098ET PAOA4098E oprM::Q0Hg 16
PAOITETR MDR mutant overexpressing OprM; selected on tetracycline 16
PAOITETRT PAOITETR oprM::Q)Hg 16
PAO10OCRO03 MDR mutant overproducing OprM; selected on ofloxacin and cefsulodin 15
PAO1OCRO3T  PAO1OCRO3 oprM::Q)Hg 16
PAOIERYR MDR mutant overproducing OprJ; selected on erythromycin 16
PAOIERYRT  PAOI1ERYR oprM:Q)Hg 16
PAO10ORO1 MDR mutant overproducing OprJ; selected on ofloxacin 15
PAO10OROIT PAO10ORO1 oprM::Q)Hg 16
K372 PAO6609 derivative deficient in production of pyoverdin, pyochelin, and the ferripyochelin 23
receptor
K385 MDR mutant of K372 overproducing OprlJ; selected on dipyridyl 22
K385T K385 oprM::Q)Hg 16
Plasmids
pLAFR3 Cosmid vector harboring genomic library; Tc" 5
pMMB208 Broad-host-range expression vector; Cm" 17
pOM1 oprM-containing pLAFR3-based cosmid; Tc" This study
pOMC1 7.8-kbp EcoRI fragment of pOM1 harboring oprM inserted into EcoRI-cleaved pBR322; Ap” This study
pOMF6 3.2-kbp PstI-EcoRV fragment of pPOMCI harboring oprM inserted into PstI-Smal-cleaved This study

pMMB208; Cm’

“ Hg, mercury; Tc, tetracycline; Cm, chloramphenicol; Ap, ampicillin.

expressing strains and fourfold in the OprJ-overexpressing
strains (Table 2). While OprM-deficient derivatives of wild-
type strains and of OprM-overexpressing strains were 25-fold
more susceptible to TMP and SMX than were wild-type
strains, the resistance to these antibiotics was not affected in
OprM-deficient derivatives of the OprJ-overexpressing strains
(Table 2).

TABLE 2. MICs for P. aeruginosa MDR and oprM mutant strains®

MIC (pg/ml)
Strain Relevant phenotype
TMP SMX NOR

PAO1 wt 100 125 0.25
4098 wt 100 125 0.25
TETR OprM™ 800 250 2
OCRO03 OprM™ 1,600 250 2
4098E OprM™ 800 250 2
TETRT OprM™ 4 4 0.03
OCRO3T OprM ™ 4 8 0.015
4098ET OprM™ 4 4 0.03
ERYR OprJ™* 400 125 4
ORO1 OprJ™* 400 125 4
K385 OprJ™* 400 250 4
ERYRT OprJ* OprM ™ 400 125 8
ORO1T OprJ* OprM ™~ 400 125 4
K385T OprJ* OprM ™ 400 200 4
4098T OprM™ 4 8 0.06
4098T(pOMF6) OprM™ 100 125 0.25
4098T(pMMB208) OprM™ 8 15 0.06

“ Abbreviations: wt, wild type; NOR, norfloxacin.

Determination of DHFR activity. In wild-type strain 4098,
the oprM mutant 4098T, and the OprM overproducer 4098E,
the mean specific activities of DHFR * standard errors of the
means were 4.7 = 1.2,3.1 = 1.0, and 1.9 £ 0.6 pmol/min/mg of
protein, respectively, and the mean TMP concentrations which
reduced the enzyme activity in vitro to 50% were 0.041 =+
0.004, 0.046 *+ 0.005, and 0.042 = 0.004 pnM, respectively.

Complementation analysis. We next cloned a DNA frag-
ment containing the oprM gene of P. aeruginosa as described in
Materials and Methods and used this clone, designated
pOMF6, to complement OprM-deficient strain 4098T. A pro-
tein expressed from this construct hybridized with a monoclo-
nal OprM antibody and showed an electrophoretic mobility
identical to that of the chromosomally expressed OprM pro-
tein in the wild-type strain. The protein levels obtained with
plasmid pOMF6 were comparable to those of the wild type but
were lower than those of the multidrug-resistant (MDR) strain
(data not shown). The cloned oprM gene restored wild-type
levels of resistance to TMP and SMX as well as to norfloxacin,
which was included as an additional control (Table 2).

Recently (16) we have classified six MDR strains of P.
aeruginosa into two groups on the basis of genetic and pheno-
typic characterization. Members of the first group, strains
4098E, OCRO03, and TETR, overexpressed the outer mem-
brane protein OprM, resulting in increased resistance to quin-
olones, tetracycline, chloramphenicol, and B-lactams. The sec-
ond group was composed of the OprK-overexpressing strains
K385 and ERYR and the OprJ-overexpressing strain ORO1.
As suggested previously (16), OprK and OprJ are the same
protein (21). This group was characterized by increased resis-
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tance to quinolones, tetracycline, chloramphenicol, and eryth-
romycin.

We show here that the broad-specificity efflux system en-
coded by the mex4BoprM operon (11, 22) plays a major role in
the intrinsic resistance of P. aeruginosa to both TMP and SMX.
This can be concluded from the following observations: (i)
mutants deficient in the outer membrane protein OprM were
hypersusceptible; (ii) transcomplementation with the cloned
oprM gene restored the wild-type antibiotic phenotype; and
(iii) the expression and affinity of DHFR, the target enzyme of
TMP, for the wild-type strain were comparable to those for the
OprM-overproducing and OprM-deficient strains. Interest-
ingly, both TMP and SMX were also substrates of the multi-
drug efflux system encoded by the mexCDoprJ operon (21),
since mutation of the oprM gene in OprJ-overexpressing
strains did not affect their resistance phenotype.

P. aeruginosa mutants overexpressing efflux operons have
been selected by various agents, including quinolones, tetracy-
cline, erythromycin, and the iron chelator dipyridyl (Table 1).
We have also generated mutants of PAO1 by selection for
resistance to TMP (unpublished results). Interestingly, these
mutants did not show an MDR profile, suggesting that TMP
does not preferentially select an MDR phenotype in P. aerugi-
nosa.

Efflux-mediated resistance to TMP might also be relevant in
other bacterial species. Recently, George et al. (6) cloned a
DNA fragment from Klebsiella pneumoniae containing the
ramA locus, which is involved in multiple antibiotic resistance.
A susceptible E. coli laboratory strain harboring the ramA gene
showed increased resistance to nine structurally unrelated an-
tibiotics, including tetracycline, chloramphenicol, norfloxacin,
puromycin, and TMP. RamA shows weak homology to MarA
(4), a transcriptional activator also involved in regulation of the
multidrug efflux operon acrAB of E. coli (20). However, in a K.
pneumoniae ramA mutant and in an E. coli mar mutant, the
levels of the major porin OmpF were significantly decreased,
suggesting that reduced antibiotic influx might contribute to
TMP resistance in these organisms.

More recently, Burns et al. (3) have identified in Burkhold-
eria cepacia an outer membrane protein gene, OpcM, which
has significant homology to OprM of P. aeruginosa. A strain
from which the DNA region comprising opcM has been de-
leted was hypersusceptible to TMP, chloramphenicol, and cip-
rofloxacin.

These findings support the current hypothesis that antibiotic
efflux (9, 12, 19) plays a major role in the MDR phenotype of
a number of clinically relevant bacterial pathogens.
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