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The high intrinsic penem resistance of Pseudomonas aeruginosa is due to the interplay among the outer
membrane barrier, the active efflux system MexAB-OprM, and AmpC �-lactamase. We studied the roles of two
other efflux systems, MexCD-OprJ and MexXY-OprM, in penem resistance by overexpressing each system in
an AmpC- and MexAB-OprM-deficient background and found that MexAB-OprM is the most important
among the three efflux systems for extrusion of penems from the cell interior.

Pseudomonas aeruginosa is a clinically significant pathogen
exhibiting intrinsic and acquired resistance to various antimi-
crobial agents. This resistance is attributable to the limited
permeability of the outer membrane and the extrusion of a
wide variety of antibiotics from the cell interior by a tripartite
multidrug efflux system, which is composed of membrane fu-
sion protein-type periplasmic, resistance-nodulation-cell divi-
sion-type inner-membrane, and outer-membrane efflux pro-
teins (10). Among these efflux systems, MexAB-OprM (5, 9,
19) and MexXY-OprM (1, 11, 14) contribute to both intrinsic
resistance and acquired resistance, while MexCD-OprJ (20)
and MexEF-OprN (8) contribute only to acquired resistance in
P. aeruginosa. Recently, Masuda et al. (12) reported the sub-
strate specificities of MexAB-OprM, MexXY-OprM, and
MexCD-OprJ. Although most antimicrobial agents are sub-
strates of all three efflux systems, these systems have slight but
significant differences in substrate specificities to �-lactams.
MexAB-OprM extrudes the broadest variety of �-lactams, in-
cluding penicillins, cephems, and meropenem-type carbapen-
ems. MexXY-OprM and MexCD-OprJ extrude most penicil-
lins but not carbenicillin, sulbenicillin, various cephems, and
many carbapenems. Penem antibiotics display potent activities
against a variety of gram-positive and gram-negative bacteria
but not against P. aeruginosa (2, 3, 4, 13, 15, 16, 17, 21, 24).
Studies with mutants that overproduce or lack MexAB-OprM
demonstrated that this efflux system extrudes penem antibiot-
ics (18). However, it is unclear whether MexXY-OprM and
MexCD-OprJ extrude penem antibiotics.

We compared the susceptibilities of a series of previously
described isogenic AmpC-lacking mutants, each of which con-
stitutively overexpressed an individual efflux pump (12, 18)
(Table 1). We used AmpC-lacking P. aeruginosa mutants be-
cause the presence of chromosomal AmpC �-lactamase makes
it difficult to interpret data on the MICs of �-lactams, including
penems, due to the interplay between �-lactamase and the
efflux system(s). The MICs of various penems, norfloxacin, and

tetracycline for the mutants were determined by the twofold
agar dilution method (23) with L agar with an inoculum of 104

cells. These results are shown in Table 2. Although the sus-
ceptibilities of the mutant KG5002, which lacked MexAB-
OprM, MexCD-OprJ, and MexXY-OprM, to all penems test-
ed were reduced by the overexpression of MexAB-OprM,
MexCD-OprJ, or MexXY-OprM, as were those to norfloxacin
and tetracycline, the degree of reduction resulting from the
overexpression of MexAB-OprM (128- to 4,096-fold reduction
compared to the results for KG5002) was remarkably higher
than that resulting from the overexpression of MexCD-OprJ
(2- to 64-fold reduction compared to the results for KG5002)
or MexXY-OprM (4- to 16-fold reduction compared to the
results for KG5002). These results suggest that all of the efflux
systems tested extrude penems, that MexAB-OprM pumps out
penems more effectively than it pumps out norfloxacin and
tetracycline, and that the extrusion potency of MexAB-OprM
for penems is higher than those of MexCD-OprJ and MexXY-
OprM.

Four faropenem- and ritipenem-resistant mutants were
spontaneously isolated from KG2504 (18), which has all three
efflux system operons, on L agar (1.0% [wt/vol] tryptone, 0.5%
[wt/vol] yeast extract, 0.5% [wt/vol] NaCl, and 1.5% [wt/vol]
agar) plates containing twice the MIC of faropenem or riti-
penem, respectively, per milliliter for these strains, and they
were examined for their susceptibilities to penems, norfloxacin,
and tetracycline and for the expression of efflux systems by
immunoblot assay with antibodies (7) against a component
of MexAB-OprM, antibodies (6) against a component of
MexCD-OprJ, the antibody (11) against the periplasmic com-
ponent, MexX, of MexXY-OprM, and the antibody (8) against
the outer membrane component, OprN, of MexEF-OprN. All
of the tested mutants showed identical resistance profiles and
expression of efflux systems, and the resistance profiles and
expression in KG2504F1, one of the isolated mutants, are
shown in Table 2 and Fig. 1, respectively. KG2504F1 exhibited
a resistance profile nearly identical to that of the strain over-
expressing MexAB-OprM, KG5004 (Table 2). Immunoblot
analysis of KG2504F1 revealed overexpression of MexA,
MexB (data not shown), and OprM and undetectable expres-
sion of MexC, MexD (data not shown), OprJ, MexX, and
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OprN (data not shown) (Fig. 1, lane 2), indicating that it
overexpressed only MexAB-OprM among the tested efflux sys-
tems. Similarly, four faropenem- and ritipenem-resistant mu-
tants isolated in the same manner from the MexAB-deficient
mutant, KG2505, showed identical phenotypes. The resistance
profiles and expression in KG2505F1, one of the isolated mu-
tants, are shown in Table 2 and Fig. 1, respectively. KG2505F1
showed a resistance profile nearly identical to that of the
MexCD-OprJ hyperexpression strain, KG5008 (Table 2). Im-
munoblot analysis of KG2505F1 revealed overexpression of
MexC, MexD (data not shown), and OprJ, very slight expres-
sion of OprM, and undetectable expression of MexA, MexB
(data not shown), MexX, and OprN (data not shown) (Fig. 1,
lane 4), indicating that it overexpressed only MexCD-OprJ
among the tested efflux systems. These results show that
MexAB-OprM is more effective in extruding penems than are
the other tested efflux systems.

MexXY expression, which is suppressed in wild-type strains
such as PAO1 grown in ordinary nutrient media, is transiently

derepressed from its suppression by the addition of antimicro-
bial agents such as tetracycline, erythromycin, and gentamicin
(1, 11; T. Murata and N. Gotoh, unpublished data). To inves-
tigate whether penems induce MexXY expression, cells of mu-
tants KG2504, KG2504F1, KG2505, and KG2505F1 were in-
cubated and analyzed by immunoblot analysis as described
previously (11). MexXY expression was not detected in cells
that had been incubated with various concentrations (one-
fourth the MIC to the MIC) of faropenem and ritipenem (data
not shown). Thus, it was confirmed that MexXY has a trivial
contribution to penem resistance, which is in accordance with
the low resistance in cells overexpressing MexXY-OprM (Ta-
ble 2).

Sequence data from the P. aeruginosa genome project
have led researchers to predict the existence of at least six
unidentified species of MexAB-OprM homologous resis-
tance-nodulation-cell division (RND) family systems, in ad-
dition to the four efflux systems of P. aeruginosa PAO1
previously identified (22). Outer-membrane efflux proteins
such as OprM and OprJ cooperatively function not only with
native inner-membrane complexes such as MexAB and
MexCD, respectively, but also with non-native inner-mem-
brane complexes such as MexAB (for OprJ) (25), MexCD
(for OprM) (6), and MexXY (for OprM) (11) as chimeric
systems, indicating that the penem resistance observed in
this study may be affected by the functional association of
OprM and OprJ expressed in the tested strains with un-
known efflux proteins. In order to investigate this possibility,
we constructed a mexD::�Sm mutant, KG2505F1�D, from
KG2505F1 by homologous recombination using the
pKMJ075 plasmid carrying mexD::�Sm as described previ-
ously (6) and transformed KG5002 with an OprM expres-
sion plasmid, pKMM128 (6). Undetectable expression of
MexD and overexpression of OprM, respectively, were con-
firmed in the two mutants by immunoblot analysis as de-
scribed above (data not shown). The susceptibility of
KG5002 to penems, norfloxacin, and tetracycline was not
affected by the overexpression of OprM (data not shown).
However, upon deletion of MexD, the susceptibilities of
KG2505F1 to all penems tested increased to the same levels
as those of KG5002, which lacks MexAB-OprM, MexCD-
OprJ, and MexXY-OprM (Table 2), in spite of the low level

TABLE 1. Relevant bacterial strains and plasmids
used in this study

P. aeruginosa
strain or
plasmid

Descriptiona Source or
reference

Strains
KG2259 nfxB �mexRAB-oprM 7
KG5002 �mexXY ampC::�Sm �mexRAB-oprM 12
KG5004 ampC::�Sm �mexXY, formerly N116 12
KG5008 ampC::�Sm �mexXY, formerly N119 12
KG5011 nalB �mexAB, formerly N126 12
KG5006 ampC::�Sm MexXY overexpressing,

formerly N133
12

KG2504 ampC::�Sm 18
KG2504F1 nalB ampC::�Sm This study
KG2505 ampC::�Sm mexA::�Sm 18
KG2505F1 nfxB ampC::�Sm mexA::�Sm This study
KG2505F1�D nfxB ampC::�Sm mexA::�Sm mexD::�Sm This study

Plasmids
pKMJ075 pMT5059 with mexD::�Sm and Mob

cassette; Cbr, Cmr, Smr
6

pKMM128 pKMM002 derivative with oprM 6

a Abbreviations: Cbr, carbenicillin resistant; Cmr, chloramphenicol resistant;
Smr, streptomycin resistant.

TABLE 2. Susceptibilities of isogenic mutants of P. aeruginosa PAO to penems and other antimicrobial agents

Strain
Phenotypea MIC (�g/ml) ofb:

AB XY CD M J Faropenem Ritipenem AMA3176 Sulopenem Sch29482 Sch34343 Norfloxacin Tetracycline

PAO1 � � � � � 512 128 128 32 256 128 0.5 8
KG5002 � � � � � 1 2 1 0.125 0.5 1 0.063 1
KG5004 �� � � �� � 4,096 256 1,024 64 2,048 1,024 2 32
KG5006 � �� � �� � 4 8 8 0.5 8 8 2 16
KG5008 � � �� � �� 16 4 64 2 32 32 16 32
KG2504 � � � � � 256 32 ND 8 256 ND 0.5 8
KG2504F1 �� � � �� � 2,048 128 ND 64 1,024 ND 2 32
KG2505 � � � � � 1 2 1 0.125 1 1 0.25 2
KG2505F1 � � �� S �� 16 4 ND 2 16 ND 8 16
KG2505F1�D � � � S � 1 2 ND 0.125 1 ND 0.25 2

a AB, MexAB; XY, MexXY; CD, MexCD; M, OprM; J, OprJ; �, wild-type-level expression; ��, overexpression; �, undetectable expression; S, lower, although
significant, level of expression than the wild-type level.

b Expression of the efflux systems was determined by immunoblot analysis using an antibody specific to a component of each efflux system as described in the text.
ND, not done.
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of production of OprM in KG2505F1�D (Fig. 1, lane 5).
This suggests that although we do not know whether an
efflux system other than MexAB-OprM, MexCD-OprJ, and
MexXY-OprM that is encoded on the P. aeruginosa chro-
mosome contributes to penem resistance, no efflux system
that functions cooperatively with OprM and OprJ is ex-
pressed. In contrast, loss of MexD did not increase the
susceptibilities of KG2505F1 to tetracycline and norfloxacin
to the levels of those of KG5002, although both of these
agents are substrates for MexCD-OprJ (Table 2). This was
probably due not to expression of an unknown efflux system
but rather to the induced expression of MexXY in
KG2505F1�D by tetracycline or norfloxacin, as reported
previously (11).

Thus, we conclude that among the tested efflux systems,
MexAB-OprM functions primarily and effectively in the ex-
trusion of penem antibiotics in P. aeruginosa and that

MexCD-OprJ is the compensatory system for penem efflux.
Moreover, the potency of MexXY-OprM in the extrusion of
penems is trivial. Penem antibiotics may not be able to be
used for the treatment of P. aeruginosa infections because of
the highly intrinsic resistance of this bacterium to these
agents (18). However, overexpression of MexAB-OprM in
strain KG5002, which lacks MexAB-OprM, MexCD-OprJ,
and MexXY-OprM, causes increases of more than 1,000-
fold in the MICs of faropenem, AMA3176, Sh29482, and
Sch34343, whereas overexpression of MexCD-OprJ or
MexXY-OprM did not cause comparable increases. This
shows that these agents are useful tools for investigating the
molecular mechanisms of extrusion by the efflux system,
such as the substrate recognition mechanism. In fact, by
using faropenem, we recently succeeded in isolating and
characterizing genes encoding a substrate specificity-altered
MexD mutant (N. Gotoh and T. Satou, unpublished data).

FIG. 1. Detection of MexA, OprM, MexX, MexC, and OprJ by immunoblot analysis with the appropriate antibodies. Lane 1, KG2504; lane 2,
KG2504F1; lane 3, KG2505; lane 4, KG2505F1; lane 5, KG2505F1�D; lane 6, positive controls (KG5004 for MexA and OprM, KG5006 for MexX,
and KG5008 for MexC and OprJ).
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