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A major feature of the MexAB-OprM multidrug efflux pump which distinguishes it from the MexCD-OprJ
and MexEF-OprN multidrug efflux systems in Pseudomonas aeruginosa is its ability to export a wide variety of
B-lactam antibiotics. Given the periplasmic location of their targets it is feasible that (3-lactams exit the cell
via the outer membrane OprM without interaction with MexA and MexB, though the latter appear to be
necessary for OprM function. To test this, chimeric MexAB-OprJ and MexCD-OprM efflux pumps were
reconstituted in AmexCD AoprM and AmexAB Aopr] strains, respectively, and the influence of the exchange of
outer membrane components on substrate (i.e., B-lactam) specificity was assessed. Both chimeric pumps were
active in antibiotic efflux, as evidenced by their contributions to resistance to a variety of antimicrobial agents,
although there was no change in resistance profiles relative to the native pumps, indicating that OprM is not
the determining factor for the B-lactam specificity of MexAB-OprM. Thus, one or both of inner membrane-
associated proteins MexA and MexB are responsible for drug recognition, including recognition of 3-lactams.

Pseudomonas aeruginosa is an opportunistic human patho-
gen characterized by an innate resistance to a variety of anti-
microbial agents. Previously attributed to a highly imperme-
able outer membrane (27), this so-called intrinsic multidrug
resistance is now known to result from the synergy between
broadly specific drug efflux pumps and a low degree of outer
membrane permeability (22). One such efflux system, a tripar-
tite pump encoded by the mexAB-oprM operon (10, 31, 32),
exports a range of antibiotics, including tetracycline, chloram-
phenicol, quinolones, novobiocin, macrolides, trimethoprim,
and B-lactams (10, 15, 20, 32). The B-lactam antibiotics are
somewhat unique among these efflux substrates in that their
cellular targets are within the periplasm. It is possible, there-
fore, that these agents are not exported via MexAB-OprM but
rather that the efflux pump or the nalB mutation associated
with MexAB-OprM overexpression (see below) or both some-
how influence other B-lactam resistance determinants within P.
aeruginosa. Still, recent data demonstrating MexAB-OprM-
dependent expression of B-lactam resistance in Escherichia coli
(38) support a role for the efflux system in the export of this
class of compounds.

Expressed constitutively in wild-type cells where it contrib-
utes to intrinsic drug resistance (5, 20, 32), the mexAB-oprM
operon is hyperexpressed in nalB mutants (33), which are thus
resistant to elevated levels of substrate antibiotics (10, 15, 20,
32). Homologous efflux systems encoded by the mexCD-opr]
(30) and mexEF-oprN (16) operons have also been described.
Apparently not expressed during growth under normal labo-
ratory conditions, these systems are expressed in nfxB (30) and
nfxC (16) multidrug-resistant mutants, respectively. nfxB
strains are resistant to chloramphenicol, tetracycline, quino-
lones, macrolides, and “fourth-generation” cephalosporins
such as cefepime and cefpirome but display hypersusceptibility
to most B-lactam antibiotics (11). nfxC strains exhibit resis-
tance to chloramphenicol, trimethoprim, quinolones, and car-
bapenems, including imipenem, although resistance to the lat-
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ter results from the loss of porin protein OprD in these
mutants and not from overexpression of MexEF-OprN (8, 16).
These tripartite efflux pumps consist of an inner membrane
component (MexB, MexD, or MexF) which functions as a
resistance-nodulation-division (RND) family H" antiport ex-
porter (26, 34), an outer membrane, presumably a channel-
forming component (OprM, OprJ, or OprN) (22, 28), and a
so-called membrane fusion protein predicted to link the mem-
brane-associated efflux components (MexA, MexC, or MexE)
(22, 28).

Most of the antibiotics which are exported via MexAB-
OprM act within the cytoplasm and are thus expected to access
the pump at the cytoplasmic face of the inner membrane.
B-Lactams, by virtue of the periplasmic nature of their targets,
must, however, interact differently with pump components.
Possibilities include interaction with inner membrane constit-
uents at the periplasmic face of the cytoplasmic membrane or
within the cytoplasmic membrane itself (22) or export via the
outer membrane OprM alone. The observation that mexA4B-
oprM but not oprM alone promoted B-lactam resistance in E.
coli (38) suggested that OprM was insufficient for B-lactam
efflux. Still, it was possible that OprM was the sole route by
which B-lactams exited the cell but that the operation of this
protein was dependent upon the activity of and/or its associa-
tion with the other components of this efflux system.

In an effort to determine if the outer membrane OprM
protein was the determining factor for B-lactam recognition
and efflux and thus for B-lactam resistance attributed to
MexAB-OprM, chimeric pumps were constructed whereby the
outer membrane constituents of the MexAB-OprM and
MexCD-OprJ pumps were switched and the influence on sub-
strate specificity was assessed.

Bacterial strains and plasmids. The bacterial strains and
plasmids used in this study are listed in Table 1. NfxB-type
strains were selected from AmexAB-oprM derivative K1121 by
plating on Luria-Bertani (LB) agar (see below) containing 0.2
pg of ciprofloxacin per ml. Hyperexpression of MexCD-OprJ
was confirmed in one of these (K1131) by using antisera spe-
cific to MexD (Fig. 1C, lane 5) and OprJ (Fig. 1D, lane 5).
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TABLE 1. Bacterial strains and plasmids

J. BACTERIOL.

Strain or Description® Source or reference
plasmid
E. coli
DH5a endA hsdR17 supE44 thi-1 recAl gyrA relAl A(lacZYA-argF)U169 deoR [$80 dlacA 1
(lacZ)M15]
S17-1 thi pro hsdR recA Tra™ 37
MM294 supE44 N~ 1fbD1 spoT thi-1 endAI hsdR17 pro 25
GM2163 ara-14 leuB6 thi-1 fhuA31 lacY tsx-78 galK2 galT22 supE44 hisG4 rpsL136 xyl-5 mtl-1 New England Biolabs
dam-13::Tn9 dem-6 mcrB1 hsdR2 mcrA
KZM120 AacrAB::kan 21
P. aeruginosa
ML5087 ilv-220 thr-9001 leu-9001 met-9011 pur-67 aphA 29
K1114 ML5087 AmexCD-opr] This study
K1126 K1114 nalB This study
K1127 K1126 AoprM This study
K1121 ML5087 AmexAB-oprM This study
K1131 K1121 nfxB This study
K1132 K1131 Aopr] This study
PAO6609 met-9011 amiE200 rpsL pvd-9 12
K880 PAO6609 mexB::()Hg Q. Zhao
Plasmids
pMMB206 Broad-host-range cloning vector; lacl plac MCS Cm* 24
pRK415 Broad-host-range cloning vector; plac MCS Tc' 14
pVLT31 Broad-host-range expression vector; lacl plac MCS Tc" 4
pRK2013 Broad-host-range helper vector; Tra® Km" 6
pK18mobsacB Gene replacement vector derived from plasmid pK18; Mob™ sacB Km" 36
pBR322 ColE1-derived cloning vector; Tc" Ap* 35
PAK1900 E. coli-P. aeruginosa shuttle cloning vector; Ap" Cb* R. Sharp; this department
pPV20 pAK1900::mexAB-oprM; mexAB-oprM in the opposite orientation to plac 31
pKMJ002 PAK1900::mexCD-opr] 30
pRSP14 pPV20::AmexAB-oprM; carries a 4,104-bp deletion from codon 172 of mexA to codon This study
104 of oprM
pRSP21 pK18mobsacB::AmexAB-oprM This study
pRSP0O2 pBR322::mexCD-opr] This study
pRSPO3 pRSP02::AmexCD-oprJ; carries a 4,462-bp deletion from codon 218 of mexC to codon This study
263 of oprJ
pRSPO5 pK18mobsacB::AmexCD-opr] This study
pRSPO1 pAK1900::mexAB-oprM; mexAB-oprM in the same orientation as plac 38
pXZL01 pBR322 derivative carrying a deletion of the 0.77-kb Sall-Aval fragment This study
pXZL02 pXZL1::0prM This study
pXZL03 pXZL2::AoprM; carries a 517-bp deletion in oprM This study
pXZL04 pK18mobsacB::AoprM This study
pRSP06 pRK415::0pr] 38
pRSP24 pK18mobsacB::opr] This study
pRSP27 pK18mobsacB::Aoprl; carries a 660-bp deletion in opr/ This study
pRSPO8 pRK415::0prM 38
pKPM-2 pVLT31::oprM 39
pT7-7 pBR322 derivative carrying an MCS downstream of a strong phage T7 gene 10 S. Tabor
promoter and a ribosome-binding site; Ap"
pKPJ-1 pT7-7::0pr] This study
pKPJ-2 pVLT31::0pr] This study
pRSP19 pRK415::mexAB 38
pRSP35 pRK415::mexB This study
pRSP25 pRK415::mexCD 38
pRSP37 pRK415::mexD This study
pRSP38 pRK415::mexC This study
pRSP39 pMMB206::mexC This study
pQZ05 pMMB206::0prM Q. Zhao

“ Km", kanamycin resistant; Tc", tetracycline resistant; Cm", chloramphenicol resistant; Ap®, ampicillin resistant; Cb", carbenicillin resistant; MCS, multiple cloning

site; plac, lac promoter.

Similarly, NalB-type strains were selected from AmexCD-oprJ
derivative K1114 by plating on LB agar containing 0.2 pg of
ciprofloxacin and 8 wg of cefoperazone per ml. Hyperexpres-
sion of MexAB-OprM was confirmed in one of these (K1126)
with antisera specific to MexB (Fig. 1A, lane 4) and OprM

(Fig. 1B, lane 4). For the construction of pKPJ-1, the opr/ gene
was amplified from pKMJ003 with Vent DNA polymerase
(New England Biolabs) and primers oprJ-1 (5'-AGCTCATA
TGCGCAAACCTGCTTTCG-3"), which carries an embedded
Ndel site at the ATG start codon of the opr/ gene, and oprJ-2
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A
1 23 456 7 8 9 1011 12 13

B
- = = =1
1 2 3 45 6 7 8 9 10 11 12 13

C
. -
1 2 3 45 6 78 9 1011 12 13

D

- . .- «n

1 23 45 6 7 8 9 101112 13

FIG. 1. Western immunoblots of bacterial cell envelopes (10 pg of protein)
developed with antibodies raised against MexB (A), OprM (B), MexD (C), and
OprJ (D). Lane 1, ML50871; lane 2, K1114 (AmexCD-opr]); lane 3, K1121
(AmexAB-oprM); lane 4, K1126 (AmexCD-oprJ nalB); lane 5, K1131 (AmexAB-
oprM nfxB); lane 6, K1127 (AmexCD-opr] nalB AoprM); lane 7, K1132 (AmexAB-
oprM nfxB Aopr]); lane 8, K1127 harboring pRK415 (AmexCD-opr] nalB AoprM
plus pRK415); lane 9, K1127 harboring pRSP06 (AmexCD-opr] nalB AoprM plus
pRK415::0prJ); lane 10, K1127 harboring pRSP08 (AmexCD-opr] nalB AoprM
plus pRK415::0prM); lane 11, K1132 harboring pVLT31 (AmexAB-oprM nfxB
AoprJ plus pVLT31); lane 12, K1132 harboring pKPJ-2 (AmexAB-oprM nfxB
Aopr] plus pVLT31::0pr]); lane 13, K1132 harboring pKPM-2 (AmexAB-oprM
nfxB Aopr] plus pVLT31::0prM). In the above lane descriptions, the relevant
efflux phenotype or genes expressed are indicated in parenthesis.

(5"~ AGCTAAGCTTTCAACTCCTGCCGCCTCGATG-3"),
which anneals downstream of oprJ and carries an embedded
HindIII site. PCR mixtures (100 pl) contained 20 ng of
pKMJ003, a 1 uM concentration of each primer, a 200 pM
concentration of each dNTP, 4 mM MgSO,, 5% (vol/vol) di-
methyl sulfoxide, and 1 U of Vent polymerase in a 1X reaction
buffer. Mixtures were heated at 94°C for 2 min before being
subjected to 25 cycles of 94°C for 1 min, 55°C for 1 min, and
72°C for 1.5 min; this was followed by 10 min at 72°C. The ca.
1.4-kb oprJ-containing PCR product was subsequently purified
with the Qiaquick PCR purification kit (Qiagen), digested with
Ndel and HindIll, and cloned into Ndel-HindIll-restricted
pT7-7 to yield pKPJ-1. Plasmid pKPJ-2 was constructed by
cloning a ca. 1.4-kb Xbal-HindIII fragment carrying oprJ from
pKPJ-1 into pVLT31. Digestion of plasmids with Xbal neces-
sitated their being prepared first in a dam strain of E. coli (e.g.,
GM2163). The mexB gene was cloned into pRK415 on a 4.5-kb
EcoRI fragment from pRSP19 to yield pRSP35. Similarly, the
mexD gene was isolated on a 5-kb SnaBI-BamHI fragment
from pRSP25 and cloned into pRK415, following restriction of
the latter vector with HindlIIl, end filling with the Klenow
fragment, and subsequent restriction with BamHI, to yield
pRSP37. Finally, the mexC gene was cloned first into pRK415
on a 5-kb BamHI-Sacl fragment from pRSP25 (yielding
pRSP38) and then into pMMB206 on a 4-kb BamHI-PstI frag-
ment from pRSP38 (yielding pRSP39).

In constructing strain K1121, deletion of the mexAB-oprM
genes was first carried out on the cloned genes and the deletion
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was subsequently introduced into the chromosome of P. aerugi-
nosa ML5087 by a previously defined gene replacement ap-
proach (36). Several Sacll sites are present within the mexAB-
oprM insert present in plasmid pPV20, including one in mexA4,
one in oprM, and one downstream of oprM in a region not
previously sequenced, but none are present in the vector
(pAK1900) portion of pPV20. Following digestion of pPV20
with Sacll, a 6.9-kb fragment encompassing all of pAK1900 as
well as insert sequences to the Sacll site at the 5" end of mexA
at one end of the fragment and to the Sacll site 3’ of oprM at
the other and a 2-kb fragment encompassing the region from
the Sacll site in oprM to the Sacll site 3’ of this gene were
recovered and ligated. A recombinant carrying the 2-kb oprM
Sacll fragment in the same orientation as for the original
pPV20 vector was identified by restriction mapping and desig-
nated pRSP14. This vector carried a 4,104-bp deletion of
mexAB-oprM, from the Sacll site in mexA to the Sacll site in
oprM (i.e., from codon 172 of mexA to codon 104 of oprM). The
deletion was subsequently recovered on a ca. 4-kb HindIII
fragment and cloned into HindIII-restricted pK18mobsacB to
yield pRSP21. Following transformation of E. coli S17-1,
pRSP21 was mobilized into P. aeruginosa ML5087 via conju-
gation (31), and transconjugants carrying a copy of pRSP14 in
the chromosome were selected on LB agar containing 50 pg of
kanamycin per ml. Subsequent streaking of transconjugants
onto LB agar containing 10% (wt/vol) sucrose yielded isolated
colonies which had lost pK18mobsacB sequences (kanamycin
sensitive) and which carried either an unaltered wild-type copy
of mexAB-oprM or the mexAB-oprM deletion. Those carrying a
deletion of mexAB-oprM were identified by PCR. Briefly, chro-
mosomal DNA isolated as described previously (1) was ampli-
fied with Tag DNA polymerase (Life Technologies, Inc.) and
primers ABM-1 (5'-CAGCAGCTCTACCAGATCGAC-3'),
which anneals 284 bp downstream of the mexA initiation
codon, and ABM-2 (5'-GTGTCCTTGGTCAGCTGCAAC-
3"), which anneals 844 bp upstream of the oprM stop codon.
Reaction mixtures (100 pl), including 2.5 U of Taq DNA poly-
merase, a 0.5 pM concentration of each primer, a 0.2 mM
concentration of each dNTP, 2 mM MgCl,, 10% (vol/vol)
dimethyl sulfoxide, 100 ng of genomic DNA, and 1X PCR
buffer (Life Technologies), were heated for 1 min at 94°C,
followed by 35 cycles of 1 min at 94°C, 1 min at 56°C, and 5 min
at 72°C; this was followed by 10 min at 72°C. PCR products
were resolved on agarose gels, and strains carrying the appro-
priately-sized deletion were screened for loss of MexB and
OprM in cell envelopes with specific antisera (9, 38) and for
supersusceptibility to antibiotics. Procedures for the isolation
of cell envelopes, sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, and immunoblotting have been described pre-
viously (38). The susceptibilities of bacterial strains to antimi-
crobial agents were tested by inoculating 1 ml of LB broth
containing serial twofold dilutions of each antimicrobial agent
with 10° organisms as described previously (20).

The deletion of mexCD-oprJ in strain K1114 was carried out
by a strategy similar to the one described above. Briefly, the
majority of the mexCD-oprJ operon was recovered on a 5.8-kb
SspI-Nhel fragment from pKMJ002 and cloned into EcoRV-
Nhel-restricted pBR322, yielding vector pRSP02. Following
the digestion of pRSP02 with Sacll and the recovery of a ca.
5.7-kb fragment carrying pBR322 sequences as well as the 5’
region of mexC and the 3’ region of oprJ, vector recirculariza-
tion (ligation) yielded vector pRSP03, which carried a 4,462-bp
deletion in the mexCD-oprJ operon that extended from the
218th codon in mexC to the 263rd codon in oprJ. This deletion
was then recovered on a ca. 1-kb BamHI-HindIII fragment and
cloned into pK18mobsacB to yield pRSP05. This vector was
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TABLE 2. Antibiotic susceptibilities of P. aeruginosa strains expressing a chimeric MexAB-OprJ efflux system*
Relevant Pump MIC* (pg/ml) of:
Strain b Plasmid® components

genotype expressed’ CAR  CPZ CEF CPR TAX TAZ CIP NOR CAM NOV AZI ERY CV
ML5087  Wild type — ABM 64 8 2 2 16 202 05 128 128 256 128 ND#
K1114 ACDJ — ABM 64 4 1-2 2 16 202 05 128 128 512 128 ND
K1126 ACDIJ nalB — ABM** 512 32 4 4 64 4 0.8 2 512 512 256 512 64
K1127 ACDJ nalB AM  — AB" 05 05 013 006 1 0.5 0.013 0.06 2 8§ 16 8 <8
K1127 ACDJ nalB AM  pRK415 AB*"™ 05 025 013 013 025 05 0.006 0.03 2 8§ 32 8 <8
K1127 ACDJ nalB AM  pRSP08 AB**/M**" 256 16 2 1 32 2 04 2 256 256 128 256 32
K1127 ACDJ nalB AM  pRSP06 AB**/J*"* 256 16 025 025 8 05 02 05 256 256 256 256 16

“ The susceptibilities of the indicated strains carrying the indicated plasmids were assessed as described in the text.

> ACDJ, AmexCD-oprJ; AM, AoprM.

“ pRK415, vector control; pRSP08, pRK415::0prM; pRSP06, pRK415::0prJ; —, no plasmid.

4 As assessed with Western immunoblots (Fig. 1). A, MexA; B, MexB; M, OprM; J, OprJ; **, hyperexpression. /M** and /J** indicate plasmid-determined
hyperexpression.

¢ CAR, carbenicillin; CPZ, cefoperazone; CEF, cefepime; CPR, cefpirome; TAX, cefotaxime; TAZ, ceftazadime; CIP, ciprofloxacin; NOR, norfloxacin; CAM,
chloramphenicol; NOV, novobiocin; AZI, azithromycin; ERY, erythromycin; CV, crystal violet.

f Carbenicillin, cefoperazone, ceftazidime, ciprofloxacin, norfloxacin, novobiocin, and chloramphenicol were purchased from Sigma Chemical Co., St. Louis, Mo.
Crystal violet was purchased from ICN Pharmaceuticals Canada Ltd. Cefepime was provided by Bristol-Meyers Squibb. Azithromycin was a gift from Pfizer. Cefpirome

(Roussel Uclaf) and ceftazidime (Glaxo) were also gifts. Erythromycin (Abbott) was purchased from the pharmacy of the Kingston General Hospital.

& ND, not determined.

then introduced into E. coli S17-1 and used to construct a
mexCD-oprJ deletion derivative of P. aeruginosa ML5087 as
described above. The presence of a deletion was confirmed by
PCR exactly as described above with primers CDJ-1 (5'-AGC
CAGCAGGACTTCGATACC-3"), which anneals 429 bp
downstream of the mexC start codon, and CDJ-2 (5'-AAGAT
CGGCAGCGTCAACGTC-3'), which anneals 409 bp up-
stream of the opr/ stop codon.

To delete oprM in derivatives of ML5087, a pK18mobsacB
vector carrying an oprM deletion was constructed and used as
described above. Briefly, the oprM gene of pRSP01 was cloned
on a 3-kb Sphl fragment into a pBR322 derivative, pXZLO01,
which carries a 0.77-kb deletion of the Sall-Aval region of the
vector. Digestion of this vector, designated pXZL02, with Sall
and Xhol released a 517-bp fragment from within the oprM
coding region. Purification of the plasmid without this frag-
ment and subsequent religation generated vector pXZLO03,
which carried a 517-bp deletion in oprM. This deletion was
recovered on a 2.5-kb Sphl fragment and cloned into Sphl-
restricted pK18mobsacB to yield pXZL04. The vector was mo-
bilized into P. aeruginosa from E. coli S17-1 as described above,
and oprM deletions were confirmed with antiserum specific to
OprM.

The approach outlined above was used to construct an oprJ
deletion strain. Initially, the oprJ gene was recovered from
pRSP06 on a 2.5-kb EcoRI-Nhel fragment and cloned into
EcoRI-Xbal-restricted pK18mobsacB. Digestion of this vector,
designated pRSP24, with EcoRV released a 0.7-kb fragment
from within the coding region of oprJ. Purification of the vector
without this fragment and subsequent religation generated vec-
tor pRSP27, which carried the oprJ gene with a 0.7-kb internal
deletion. Again, mobilization of pRSP27 into a P. aeruginosa
nfxB strain as described above allowed selection of opr/ dele-
tion derivatives which were confirmed with an antiserum spe-
cific to OprJ (13).

Introduction of plasmids pRK415, pMMB206, and pVLT31
and their derivatives into P. aeruginosa required a triparental
mating procedure employing helper vector pRK2013. Briefly,
100 wl of overnight cultures of plasmid-containing E. coli
DH5«a, pRK2013-containing E. coli MM294, and ML5087 de-
rivatives of P. aeruginosa were pelleted together in a microcen-
trifuge tube, resuspended in 25 wl of L broth and spotted onto
the center of an L agar plate. Following incubation overnight

at 37°C, bacteria were resuspended in 1 ml of L broth and
appropriate dilutions were plated on L agar containing 25 pg
of chloramphenicol (for matings involving pVLT31, pVLT31,
and pRK415 derivatives), 1 g of imipenem (for matings in-
volving pRK415), or 25 pg of tetracycline (for matings involv-
ing pMMB206 and its derivatives) per ml to counterselect the
E. coli and either 16 pg of chloramphenicol (for pMMB206
and its derivatives) or 10 (for pRK415 and its derivatives) to 25
(for pVLT31 and its derivatives) pg of tetracycline per ml to
select plasmid-bearing transconjugants. Plasmid DNA was pre-
pared from P. aeruginosa recipients by the miniprep procedure
to confirm successful plasmid transfer. Plasmid preparation,
restriction endonuclease digestions, ligations, end filling with
the Klenow fragment of DNA polymerase I, transformations,
and agarose gel electrophoresis were performed as described
in Sambrook et al. (35) or as outlined in reference 38.
Construction and activity of a chimeric MexAB-OprJ efflux
system. In an effort to ascertain whether the outer membrane
components, particularly OprM, define the ability of the P.
aeruginosa multidrug efflux pumps to accommodate B-lactams,
a strain hyperexpressing the MexAB, but not the OprM, com-
ponents of the MexAB-OprM efflux system was constructed
and examined for reconstitution of efflux activity, particularly
of B-lactams, in the presence of the cloned oprM and opr]
genes. Initially, the MexCD-OprJ system was removed from
ML5087 to offset any possible contribution of this system to
resistance and efflux in the final construct. As expected, elim-
ination of MexCD-OprJ (strain K1114) had no effect on resis-
tance (Table 2), consistent with previous reports that the
operon is not expressed in wild-type cells (Fig. 1C and D, lane
1) (23). Although MexAB-OprM is expressed in wild-type cells
(Fig. 1A and B, lane 1) (9, 33), it was reasoned that the
overexpression of efflux components may be necessary to as-
sess the operation of chimeric pumps, which may be less effi-
cient in the efflux process. Thus, a nalB derivative of K1114
(designated K1126) which displayed the characteristic resis-
tance profile (Table 2) and hyperexpression of components of
the MexAB-OprM system was selected (Fig. 1A and B, lane 4).
To replace OprM with a plasmid-encoded Opr], it was first
necessary to delete the oprM gene from K1126 (confirmed in
Fig. 1B, lane 6), yielding a strain (K1127) which hyperex-
pressed only MexAB (Fig. 1A, lane 6) and which, as expected,
was antibiotic supersusceptible (Table 2). K1127 was also hy-
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TABLE 3. Antibiotic susceptibilities of P. aeruginosa strains expressing a chimeric MexCD-OprM efflux system
Strai Relevant It Pump MIC (pg/ml)? of:
train o Plasmid components

genotype expressed® CAR CPZ CEF CPR TAX TAZ CIP NOR CAM NOV AZI ERY CV
ML5087  Wild type — ABM 64 8§ 2 2 16 2 02 05 128 128 256 128 ND*
K1121 AABM — — 1 1 013 013 1 05 01 025 32 16 32 64 ND
K1131 AABM nfxB — CDJ* ™ 05 2 8 16 16 1 1.6 1 128 64 512 >1,024 o4
K1132 AABM nfxB Al — CD*+ 05 05 025 025 05 05 005 025 16 8 64 64 <8
K1132 AABM nfxB AJ pVLT31 CD** 05 05 013 013 025 05 005 025 16 8§ 64 64 <8
K1132 AABM nfxB Al pKPJ-2 CD**/J*"* 05 1 4 8 4 1 1.6 05 64 32 512 1,024 64
K1132 AABM nfxB AJ pKPM-2 CD**/M*" 05 05 1 2 05 025 04 1 32 8 256 512 32

“ AABM, AmexAB-oprM; AJ, Aoprl.

® pVLT31, vector control; pKPJ-2, pVLT31::0prJ; pKPM-2, pVLT31::0prM; —, no plasmid.
¢ As assessed with Western immunoblots (Fig. 1). C, MexC; D, MexD; —, none of the MexCD-OprJ or MexAB-OprM components expressed. Other symbols and

abbreviations are as defined in footnote d to Table 2.
¢ Abbreviations are as defined in footnote e to Table 2.
¢ ND, not determined.

persensitive to crystal violet, demonstrating that MexAB-
OprM accommodates dyes as well as antibiotics. Restoration
of antibiotic (and dye) resistance in K1127 could then be used
to assess the functionality of a MexAB-OprJ efflux pump. In-
troduction of the pRK415 vector alone failed to enhance
OprM production (Fig. 1B, lane 8) or the antibiotic and dye
resistance of this strain (Table 2), while reintroduction of oprM
on vector pRSP08 (Fig. 1B, lane 10) or pKPM-2 (data not
shown) restored OprM production (Fig. 1) and resistance to all
agents (Table 2). Although the levels of OprM present in
K1127 harboring pRSP08 were comparable to that seen in
nalB strain K1126 (Fig. 1B; compare lanes 10 and 4), resistance
levels were typically twofold lower in K1127 harboring pRSP08
(Table 2). Introduction of oprJ vector pRSP06 into K1127
facilitated OprJ expression in this strain (Fig. 1D, lane 9) and
increased resistance to most agents, with some exceptions, to
levels achieved with OprM (Table 2). Most importantly, the
MexAB-OprJ pump accommodated B-lactams, such as carben-
icillin and cefoperazone, which are not substrates for MexCD-
OprJ but which are substrates for MexAB-OprM (Table 2).
Thus, replacement of OprM with OprJ did not alter the sub-
strate specificity of the MexAB pump, and OprM is not the
determining factor for the B-lactam specificity of this pump.
Construction and activity of a chimeric MexCD-OprM efflux
system. To provide independent confirmation that OprM does
not determine the B-lactam specificity of the efflux pumps
associated with it and to determine if OprM was able to func-
tion with MexCD in mediating antibiotic resistance, a strain
hyperexpressing the MexCD components was constructed
from a strain ultimately lacking MexA, MexB, OprM, and
OprJ and the ability of the plasmid-borne oprM gene to recon-
stitute resistance was assessed. Initially, the mexAB-oprM genes
were deleted (strain designated K1121) (Fig. 1A and B, lane 3)
since they provide substantial antibiotic resistance in wild-type
cells (Table 3, compare ML5087 and K1121), and MexCD-
OprJ-overexpressing nfxB strain K1131 (Fig. 1C and D, lane 5)
was selected. As expected, K1121 was antibiotic supersuscep-
tible due to the loss of MexAB-OprM and K1131 displayed a
resistance profile typical of NfxB-type multidrug-resistant P.
aeruginosa (Table 3) (30). To exchange Opr] for OprM, the
oprJ gene was deleted from K1131 (yielding K1132) (Fig. 1D,
lane 7), rendering K1132 antibiotic (and crystal violet) super-
susceptible (Table 3) and providing a screen for the activity of
OprM with MexCD (i.e., restored resistance). The introduc-
tion of pRK415 (data not shown) or pVLT31 failed to alter the
antibiotic or dye supersusceptibility of K1132, although rein-
troduction of oprJ on pRSP06 (data not shown) or pKPJ-2

restored OprJ production (Fig. 1D, lane 12) and antibiotic and
dye resistance (Table 3). Initial attempts at introducing oprM
on pRK415-derived plasmid pRSPO0S8 failed, despite repeated
attempts. Apparently, the high-level OprM expression afforded
by this vector was not accommodated by P. aeruginosa strains
not also hyperexpressing MexAB. Indeed, this vector was
readily introduced into nalB AoprM strains of P. aeruginosa
(data not shown). Thus, oprM was introduced into K1132 on
lower-copy-number vector pKPM-2. The resultant strain ex-
pressed OprM (Fig. 1B, lane 13) and was antibiotic and dye
resistant (Table 3). Again, resistance afforded by OprM (i.e.,
MexCD-OprM) was specific to those agents to which resis-
tance was afforded by MexCD-OprJ (Table 3), indicating that
the outer membrane protein, though necessary, is not a deter-
mining factor for the substrate specificity of the P. aeruginosa
multidrug efflux pumps. In all instances, OprM was less effec-
tive at restoring resistance, indicating that the MexCD-OprM
pump was less efficient than the native MexCD-OprJ pump.
This could be because Opr] more readily associates with
MexCD to form a functional efflux system than does OprM or
because a MexCD-OprJ pump is simply more efficient than a
MexCD-OprM pump. Again, neither the MexCD-OprJ (in
strain K1132 harboring pKPJ-2) nor the MexCD-OprM (in
strain K1132 harboring pKPM-2) reconstituted pumps pro-
vided resistance equivalent to that observed for the original
nfxB mutant, K1131, despite the fact that levels of OprJ, for
example, produced by K1131 were comparable to those pro-
duced by K1132 harboring pKPJ-2 (Fig. 1D; compare lanes 12
and 5).

Conclusions and comments. These data indicate that drugs
with cytoplasmic as well as periplasmic targets must interact
with the inner membrane-associated (e.g., MexAB) compo-
nents of the multidrug efflux pumps and that these components
are thus responsible for defining the specificities of these
pumps for all substrates, B-lactams included. Moreover, they
indicate that these components are able to recognize and ac-
quire substrates present on either side of the inner membrane.
This could be accomplished by having distinct binding sites for
the various substrates on, for example, integral membrane
pump component MexB, with most of the binding sites occur-
ring on the cytoplasmic face of the protein and those for
B-lactams occurring on the periplasmic face. Alternatively, as
proposed elsewhere, substrate antibiotics may first partially
partition into the inner membrane bilayer, from whence they
are “vacuumed” by the inner membrane efflux components
(e.g., MexB) (22). As such, a common, membrane-spanning
domain or domains might be expected to function in the rec-
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ognition of all substrates. MexB, the major integral inner mem-
brane efflux component of the MexAB-OprM pump, undoubt-
edly defines the substrate specificity for the majority of
substrates, most of which act within the cytoplasm, since it is
the only pump component with access to the cytoplasm. As
such, it is the leading candidate for determining B-lactam spec-
ificity as well. Still, we cannot rule out the possibility that
B-lactams represent a unique substrate and that their recogni-
tion is a function of inner-membrane-associated periplasmic
linker component MexA, which certainly would have access to
these agents.

The observation that OprJ functions in association with
MexCD as well as MexAB and that OprM similarly functions
with either MexAB or MexCD indicates that there is a sub-
stantial amount of flexibility as regards “recognition” of the
outer membrane efflux component by the other components of
these pumps. Given current models of the organization of
pump components in the cell envelope, this suggests that linker
proteins MexA and MexC are capable of interacting, in a
functional way, with either OprM or OprJ. Such flexibility in
the outer membrane component was previously demonstrated
for E. coli, where the mexCD genes alone promoted resistance
to antimicrobial agents in a AacrAB strain; the resistance was
dependent, however, on TolC, the outer membrane counter-
part of the AcrAB efflux system (7).

To determine if MexB was the efflux component responsible
for the B-lactam specificity of the MexAB-OprM efflux system,
attempts were made to construct chimeric pumps in which the
MexB and MexD components were exchanged. Cloning of the
mexD (pRSP37) and oprM (pQZO05) genes in mexB::QHg P.
aeruginosa strain K880 (MexA ™" MexB~ OprM™) in an effort
to reconstitute a MexAD-OprM efflux system failed to provide
resistance to any antibiotic (data not shown). Similarly, intro-
duction of the mexC and mexB genes into E. coli KZM120 on
separate but compatible vectors (pRSP39 and pRSP35), in an
effort to reconstitute a MexCB-TolC efflux system, failed to
provide any drug resistance, even though introduction of the
mexC and mexD genes into KZM120 on two plasmids (pRSP39
and pRSP37) did provide resistance to those agents for which
resistance was previously provided by mexCD vector pRSP25
(data not shown). It is unclear, however, whether failure to
reconstitute efflux activity upon exchange of the integral inner
membrane MexB and MexD components results from failure
to assemble an active efflux system or simply from lack of stable
expression of efflux components. In any case, the fact that
MexB and MexD were readily produced and active when co-
expressed with MexA and MexC, respectively, regardless of the
outer membrane component, suggests that the activity and/or
stability of MexB and MexD may depend upon association with
cognate linker proteins MexA and MexC. Thus, it appears that
the flexibility permitted as regards the outer membrane com-
ponents of these tripartite efflux systems and their interaction
with the linker proteins may not apply to the integral inner
membrane components and their interaction with the linker
proteins.

Construction and characterization of chimeric efflux/export
systems has been studied previously (2) with components of
the Erwinia chrysanthemi metalloprotease exporter (encoded
by the prtDEF genes [17]) and the Serratia marcescens HasA
heme acquisition protein exporter (encoded by the hasDEF
genes [3, 19]). The PrtDEF and HasDEF efflux components
are highly homologous and are composed of an integral cyto-
plasmic membrane component (PrtD, HasD), a membrane
fusion or linker protein (PrtE, HasE), and an outer membrane
protein (PrtF, HasF). HasF is a homolog of the E. coli TolC
protein (3), and, indeed, TolC (as well as PrtF) was able to
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functionally reconstitute an active export system with the
HasDE components (18). The ability of outer membrane pro-
tein PrtF to work in conjunction with PrtDE or HasDE is
reminiscent of what was found in the present study and further
demonstrates the flexibility of these tripartite efflux/export sys-
tems in terms of the outer membrane constituents. Still, TolC
was unable to work with PrtDE, indicating that this protein, at
least, exhibits some specificity in terms of its probable interac-
tion with linker protein HasE (2). It is not yet clear, however,
whether the HasF protein can only interact with HasDE. This
“specificity” of TolC is also reflected in a recent study where
the protein was shown to function and, presumably, interact
with the MexCD efflux components but not the MexAB com-
ponents (38). Interestingly, integral cytoplasmic membrane
proteins PrtD and HasD worked equally well with either PrtEF
or HasE-TolC in reconstituting export (2), in contrast to what
was shown by data presented here, which demonstrates the
specific requirement of integral membrane proteins MexB and
MexD for their native linkers, MexA and MexC, respectively,
for the operation of the corresponding efflux systems.
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