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Abstract: Pseudomonas aeruginosa is an opportunistic human pathogen characterized by an
intrinsic resistance to multiple antimicrobial agents and the ability to develop high-level (acquired)
multidrug resistance during antibiotic therapy. Much of this resistance is promoted by highly
homologous three-component efflux systems of broad substrate specificity, of which four have
been identified to date. These include MexA-MexB-OprM and MexX-MexY-OprM, which are
expressed constitutively in wild type cells and, thus, provide for intrinsic multidrug resistance, and
MexC-MexD-OprJ and MexE-MexF-OprN, whose expression so far has only been seen in acquired multidrug resistant
mutant strains. Additional homologues of these efflux systems are identifiable in the recently released genome sequence,
though their roles, if any, in antimicrobial efflux are unknown. These tripartite pumps are composed of an integral
cytoplasmic membrane drug-proton antiporter of the resistance-nodulation-cell division (RND) family of exporters, a
channel-forming outer membrane efflux protein (or outer membrane factor [OMF]) and a periplasmic membrane fusion
protein (MFP) that links the other two. In addition to a number of antimicrobials of clinical significance, these pumps also
export dyes, detergents, disinfectants, organic solvents and acylated homoserine lactones involved in quorum-sensing.
While the natural functional of these pumps remains undefined, the fact that they contribute to antimicrobial resistance in
P. aeruginosa makes them reasonable targets for therapeutic intervention.

INTRODUCTION

The current problem of resistance to multiple
antimicrobial agents (multidrug resistance) in many
important human pathogens is the direct result of the misuse
of antimicrobials over the past several decades. Indeed, the
overreliance on antimicrobial agents continues to select for
resistance in target bacteria, and to enrich for organisms that
are innately resistant. A number of resistance mechanisms
contribute to bacterial antibiotic resistance, not the least of
which are chromosomally-encoded broadly-specific antimic-
robial (so-called multidrug) efflux systems found in a variety
of Gram-positive and Gram-negative organisms [1-3].
Bacterial multidrug efflux transporters are generally grouped
into five super-families, primarily on the basis of amino acid
sequence homology. These include the major facilitator
superfamily (MFS) [4], the ATP-binding cassette (ABC)
family [5], the resistance-nodulation-division (RND) family
[6-8], the small multidrug resistance (SMR) protein family
[9] and, very recently, the multidrug and toxic compound
extrusion (MATE) family [10] (see Fig. 1). Efflux pumps
accommodating clinically relevant antimicrobials fall into
the RND or MFS groups and utilize the energy of the proton
motive force to export antibiotics from the cell [4,7,11].
RND family transporters are prevalent in Gram-negative
bacteria and typically work in conjunction with a periplasmic
membrane fusion protein (MFP) [6,12], [also called
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a periplasmic efflux protein (PEP) [13]], and an outer
membrane protein [7] [also called outer membrane efflux
protein (OMF) [13] or simply outer membrane factor
(OMF)]. This organization provides for efflux of antibiotics
across both membranes of the typical Gram-negative
organism.

THE MULTIDRUG EFFLUX SYSTEMS OF P.
AERUGINOSA

P. aeruginosa is an opportunistic human pathogen
associated with infections of individuals immuno-
compromised as a result of burns or other severe trauma,
underlying diseases, including cancer, diabetes and cystic
fibrosis, deliberate immunosuppression and major surgery
[14]. A major nosocomial pathogen, the prevalence of P.
aeruginosa in hospitals owes much to the innate resistance
of the organism to multiple antimicrobial agents, anti-
microbial use being comparatively high in these institutions.
This resistance has and continues to complicate
antipseudomonal therapy [15].

Traditionally attributed to the limited permeability of the
P. aeruginosa outer membrane [16], it is now clear that the
organism’s intrinsic multidrug resistance also owes much to
the operation of broadly specific antimicrobial efflux
systems [17]. Indeed, the contribution of limited drug influx
and active drug efflux work synergistically to manifest this
resistance, and compromising of either effectively reduces
efflux and intrinsic resistance [18,19]. Four multidrug efflux
systems have been described to date in P. aeruginosa, two of
which, MexAB-OprM and MexXY-OprM contribute to
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intrinsic multidrug resistance. The others, MexCD-OprJ and
MexEF-OprN are not expressed in wild type cells but are
hyperexpressed in and contribute to the antimicrobial
resistance of acquired multidrug resistant mutants.

The P. aeruginosa multidrug efflux systems are of the
RND-MFP-OMF type (Fig. 1) and show a high degree of
amino acid sequence conservation (Fig. 2). A number of
homologues of these systems are identifiable within the
recently completed P. aeruginosa genome sequence [20]
(Fig. 2) although their contribution, if any, to antimicrobial
resistance remains to be demonstrated. Related RND-MFP-
OMF multidrug efflux systems have also been described in
other bacteria including Escherichia coli [21,22-25],
Salmonella enterica serovar Typhimurium [26,27],
Haemophilus influenzae [28], Neisseria gonorrhoeae [29],
Burkholderia cepacia [30](Burns, J.L., Ptritzlaff, C., Barry,
J., Charron, M., Cieri, M. Abstr. 98th Gen. Meet. Amer. Soc.
Microbiol., abstr. V-108, 1998), Burkholderia pseudomallei
[31], Pseudomonas putida [32] and Stenotrophomonas
maltophilia (Zhang, L., Li, X.-Z., and Poole, K., unpub-
lished; GenBank accession number AF173226)[33].
Although these systems tend to be chromosomally-encoded,
the recent identification of an RND type efflux gene on a
plasmid [34] indicates that efflux-mediated multidrug
resistance may be plasmid-determined as well.

MexAB-OprM

The first multidrug efflux system to be described in P.
aeruginosa is encoded by the mexAB-oprM operon
(previously called mexAB-oprK) [17,35-37]. Expressed
constitutively in cells grown under standard laboratory
conditions, this system contributes to the intrinsic resistance

of the organism to a number of antimicrobials including
fluoroquinolones, β-lactams, tetracycline, macrolides,
chloramphenicol, novobiocin, trimethoprim and sulpho-
namides [38-42]. The system is also hyperexpressed in nalB
mutants displaying elevated multidrug resistance [38,40,43-
45]. Though typically selected by fluoroquinolones in vitro
and in vivo, nalB isolates have also been identified amongst
tetracycline [46-48], chloramphenicol [48] and _-lactam
[49,50] resistant strains. In addition to medically-relevant
antimicrobials, MexAB-OprM also exports a variety of dyes
and detergents [39,51], inhibitors of fatty acid biosynthesis
[52], organic solvents [53,54] and homoserine lactones
associated with quorum sensing [55,56]. The ability of
MexAB-OprM to export organic solvents is consistent with a
report of solvent tolerant mutants of P. aeruginosa
hyperexpressing MexAB-OprM [54]. There is a concern,
therefore, that non-chemotherapeutic agents can promote the
emergence of resistance to clinically relevant antimicrobials
in this organism.

The export of _-lactams by MexAB-OprM is intriguing,
if only because efflux-mediated resistance to this class of
compound is uncommon. In addition, unlike most pump
substrates, which target cytoplasmic components, these
agents have targets in the periplasm. This raises the question
whether β-lactams and non-β-lactams are recognized
differently by MexAB-OprM. The MexAB-OprM contri-
bution to β-lactam resistance is β-lactam-dependent, in some
instances playing a more important role than the AmpC β-
lactamase of P. aeruginosa [57,58]. Loss of MexAB-OprM
also compromises the β-lactam resistance of β-lactamase-
derepressed and penicillin-binding protein mutants [59],
highlighting its importance vis-a-vis the net β-lactam
resistance of these mutants. Of the β-lactams, only
carbapenems appear to be poor substrates for MexAB-OprM,

Fig. (1).  Schematic demonstrating the organization and operation of bacterial multidrug efflux pumps. OM, outer membrane, PP,
periplasmic space, CM, cytoplasmic membrane.
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Fig. (2).  Genetic organization of multidrug efflux genes of P. aeruginosa . The organization of genes encoding known and homologues of
multidrug efflux systems are indicated under headings describing the family (REG, regulatory protein; MFP, membrane fusion protein; RND,
resistance-nodulation-cell division; OMF, outer membrane factor) to which the gene products belong. Known genes are designated while
uncharacterized ORFs identified in the P. aeruginosa  genome sequence are described using the nomenclature of the Pseudomonas genome
project (http://www.pseudomonas.com/). Substrates of the various multidrug efflux systems, where known, are indicated at right. Numbers in
parentheses represent the percent amino acid identity of the indicated gene product relative to MexA (for the MFP homologues), MexB (for
the RND homologues) or OprM (for the OMF homologues). Note that ORF pa2390 actually encodes a transporter of the ABC family and that
the putative efflux operon pa2389/90/91 occurs within the pvd locus (see Fig. 4)

although MexAB-OprM-mediated resistance to meropenem
has been demonstrated [44,60,61].

Upstream of mexAB-oprM lies a gene, mexR, that
encodes a repressor of mexAB-oprM expression [38,62].
MexR is a member of a family of regulators that includes
MarR [63], the product of the first gene of the marRAB
operon (or mar locus as it is also known) in E. coli. MarR
negatively regulates marRAB expression, thereby controlling
expression of the transcriptional activator MarA and, thus,
several MarA-regulated genes associated with resistance
including the acrAB multidrug efflux operon [64]. Two
MexR binding sites have been identified within the mexR-
mexA intergenic region, overlapping promoters for mexR and

mexAB-oprM (Evans, K., Adewoye, L., and Poole, K.,
manuscript submitted). Hyperexpression of mexAB-oprM in
nalB mutants results from mutations in mexR [38] and is the
target of mutations in nalB strains [38,50,62,65,66], although
mexAB-oprM hyperexpression can also occur independent of
mutations within mexR or the promoters of mexR and mexA
[50,62]. These so-called nalC mutants [62] presumably carry
a mutation in an unidentified regulator of mexAB-oprM
expression. The observation that MexAB-OprM expression
is also growth phase regulated, independent of mexR (i.e. in
both wild type and nalB strains of P. aeruginosa) [67],
suggests that yet additional regulator(s) are involved in
controlling mexAB-oprM expression.
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MexCD-OprJ

The MexCD-OprJ multidrug efflux system [68] is not
expressed in wild type cells under typical laboratory growth
conditions [39,69] and, thus, does not contribute to the
intrinsic antibiotic resistance of the organism. Expression of
this efflux system is seen, however, in nfxB mutants where it
is responsible for the multidrug resistance of these mutants
[43,68,70]. Two classes of nfxB mutants have been
described, expressing moderate (type A) or high (type B)
levels of the efflux system, with resistance levels correlating
with efflux gene expression [71]. Hyperexpression of
mexCD-oprJ results from mutations in a gene, nfxB [72,73],
which occurs upstream of the efflux genes and encodes a
repressor of mexCD-oprJ expression)[68]. NfxB also
negatively regulates its own gene [74].

Originally identified as a determinant of fluoroquinolone
resistance [70], MexCD-OprJ accommodates a variety of
antimicrobial agents including macrolides, chloramphenicol,
novobiocin, tetracycline, trimethorpim and some β-lactams
[39,40,71,75]. Although the MexCD-OprJ export of β-
lactams was originally reported to be limited to 4th

generation cephems (e.g. cefpirome and cefepime) [68,71],
more recent studies using mutants lacking MexAB-OprM
but expressing MexCD-OprJ have confirmed the ability of
this efflux system to accommodate ordinary cephems such as
cefoperazone and ceftazidime [39,75]. MexCD-OprJ is still
distinguishable from MexAB-OprM, however, by the latter’s
inability to export additional β-lactams such as carbenicillin
and aztreonam [39,75].

An interesting feature of nfxB strains is their
hypersusceptibility to β-lactams such as carbenicillin
[39,70,75], which apparently results from the reduced
expression of MexAB-OprM in these mutants [75]. nfxB
Mutants are also hypersusceptible to aminoglycosides
[68,70], a major substrate for the MexXY-OprM multidrug
efflux system (see below). As such, this latter efflux system
may also be down regulated in nfxB mutants. The
coordinated expression of multidrug efflux systems in P.
aeruginosa implied by these results was recently confirmed
by studies assessing mexCD-oprJ and mexEF-oprN
expression in response to the presence or absence of
MexAB-OprM [76]. Li and co-workers provided evidence
for an inverse relationship between expression of MexAB-
OprM and the other two efflux systems [76]. While the
natural substrate(s) of these efflux systems are as yet
undefined, the overlap in antimicrobial substrate specificity
would suggest that any cell-associated products exported by
these systems could be accommodated by more than one
efflux system. Thus, the ability to maintain an export
competent phenotype with respect to these substrates would
not require all systems to be expressed concomitantly, just
that a basal level of efflux activity be retained.

MexEF-OprN

The MexEF-OprN system also appears to be quiescent in
wild type cells under the usual laboratory growth conditions
[77], although it is expressed in nfxC type multidrug resistant

strains [43,77,78]. Originally selected as fluoroquinolone-
resistant mutants [43,78], nfxC mutants have also been
isolated on media containing tetracycline or chloramphenicol
[48]. These mutants are resistant to fluoroquinolones,
chloramphenicol, trimethorpim and the carbapenem
imipenem [77,78]. Resistance to imipenem in nfxC strains
does not, however, result from MexEF-OprN expression [77]
but rather the concomitant decrease in outer membrane
protein OprD in these mutants [43,78]. OprD is a channel-
forming porin protein that promotes imipenem entry into P.
aeruginosa [79], and mutational loss of this protein is the
most frequent cause of imipenem-resistance [60,80]. The
hypersusceptibility of nfxC strains to β-lactams and
aminoglycosides [78] may, as suggested for nfxB mutants
which share this phenotype, result from decreased expression
of MexAB-OprM and MexXY-OprM. The hyperexpression
of MexEF-OprN in nfxC mutants is known to require the
product of the mexT gene, although this gene is not the target
of mutation in these mutants. MexT is a positive regulator of
mexEF-oprN expression [81,82] and is also responsible for
the decrease in OprD expression seen in nfxC strains [81,82].
This latter effect is manifested at the level of oprD
transcription [81,82] although posttranscriptional effects on
OprD production have also been reported [81].

MexXY-OprM

In contrast to the aforementioned efflux operons, the
recently described mexXY system [83] (also called amrAB
[84]) lacks a linked outer membrane gene [83]. This is
reminiscent of the acrAB MDR efflux operon of E. coli
whose outer membrane gene, tolC, is also located elsewhere
on the chromosome [21-23]. MexXY apparently utilizes
OprM as its outer membrane constituent [83,85]. Strains
deleted for mexXY are more susceptible to aminoglycosides,
tetracycline and erythromycin [85], indicating that this efflux
system contributes to the intrinsic resistance of P.
aeruginosa to these agents. This resistance is, however,
dependent upon induction of MexXY in wild type strains by
these agents [86]. Interestingly, the cloned genes also
promote resistance to fluoroquinolones [83,85] although this
efflux system does not contribute to intrinsic resistance to
these agents. This appears to be due to the failure of these
agents to induce MexXY expression in wild type cells, since
mutants hyperexpressing MexXY demonstrate enhanced
fluoroquinolone resistance [86]. Hyperexpression of
MexXY/AmrAB is seen in several impermeability type
aminoglycoside-resistant strains of P. aeruginosa, and
elimination of amrB (mexY) compromises this resistance,
confirming the role of AmrAB/MexXY in the amino-
glycoside resistance of these mutants [84].

A gene, mexZ (also called amrR [84]), has been identified
upstream of mexXY and apparently encodes a repressor of
mexXY/amrAB expression [84,85]. Deletion of this gene
enhances amrAB/mexXY transcription, although a ∆amrR
strain is not aminoglycoside-resistant [84], presumably
because OprM is not hyperexpressed. Aminoglycoside
resistance attributable to MexXY/AmrAB hyperexpression
in impermeability type mutants must, therefore, rely on
mutations in genes in addition to or besides amrR.
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COMPONENTS OF MULTIDRUG EFFLUX

The challenge for multidrug efflux systems in Gram-
negative bacteria such as P. aeruginosa is the need to
traverse two membranes in removing antimicrobials from the
bacterial cell. Unlike single component drug transporters
such as TetA and related tetracycline efflux transporters,
which mediate resistance merely by pumping antibiotics to
the periplasm [87], it appears that RND-MFP-OMF type
efflux systems need to deliver antimicrobials to the
extracellular milieu in order to promote resistance.
Apparently, the low Vmax of RND transporters [87] would
not permit these pumps to counter the rapid re-entry of
antimicrobials across the highly permeable cytoplasmic
membrane, should they deliver antimicrobials to the
periplasm only. Export of antimicrobials outside the cell,
however, allows these low Vmax pumps to effect meaningful
resistance, as re-entry of antimicrobials will be restricted by
the limited permeability of the outer membrane [7,87]. Thus,
the OMF and MFP components of the typical RND-MFP-
OMF pump play a crucial role in promoting the extracellular
release of antimicrobials, the former by forming a channel
through the periplasm and outer membrane [88], and the
latter by joining the RND and OMF components [89].

RND Efflux Transporters

Multidrug transporters of the RND type are predicted to
catalyze drug proton antiport across the cytoplasmic
membrane [11], although this has only been demonstrated
for the AcrB component of the AcrAB-TolC multidrug
efflux system of E. coli [90]. Still, the high degree of
homology between AcrB and the MexB, MexD, MexF and
MexY components of the P. aeruginosa efflux systems and
the observation that protonophores such as CCCP abolish
efflux-mediated resistance promoted by the P. aeruginosa
pumps suggest that these are also energized by the proton
motive force. Topological analysis of MexB [91] and MexD
[92] indicate that these integral cytoplasmic membrane
proteins possess 12 membrane-spanning helices with large
periplasmic loops of ca. 300 residues occurring between
helices 1 and 2, and 7 and 8. The exact function of these
extensive periplasmic loops is unknown although they may
promote pump assembly by interacting with the
corresponding MFP (MexA, MexC) and/or OMF (OprM,
OprJ) components. The in vivo association of MexA and
MexB has been demonstrated (Tibbo, J. and Poole, K.,
unpublished data), in agreement with recent results
demonstrating that AcrA (a MexA homologue) and AcrB (a
MexB homologue) of the E. coli AcrAB-TolC multidrug
efflux system also interact in vivo [93]. In contrast to studies
(see below) demonstrating the interchangeability of OMF
components of the various P. aeruginosa multidrug efflux
systems, exchanging the inner membrane or periplasmic
components of MexAB-OprM with their MexCD-OprJ
counterparts failed to yield functional export systems [94].
Thus, a functional complex may be restricted to cognate
inner membrane and periplasmic components, due
presumably to the specificity of MexC interaction with
MexD and MexA interaction with MexB. Still, a recent
report indicated that MexB could, in fact, replace MexD in
producing a functional MexC-MexB-OprJ chimera (Gotoh,

N., Kuwagaki, M., Murata, T., Shin, T., Takahashi, M., and
Nishino, T. Abstr. 40th Intersci. Conf. Antimicrob. Agents
Chemother. , abstr. C-440, 2000).

A number of studies have shown that the cytoplasmic
membrane components of the multidrug efflux systems are
responsible for substrate recognition [39,95,96]. Still, it
wasn’t clear whether the integral cytoplasmic membrane
RND component was solely responsible or whether the
periplasmic but cytoplasmic membrane-anchored MFP
component also played a role. The recent observation,
however, that the substrate specificity of a functional MexC-
MexB-OprJ chimera was reminiscent of MexAB-OprM
argues that MexB (i.e. the RND component) determines
substrate specificity (Gotoh, N., Kuwagaki, M., Murata, T.,
Shin, T., Takahashi, M., and Nishino, T. Abstr. 40th Intersci.
Conf. Antimicrob. Agents Chemother. , abstr. C-440, 2000).
The physicochemical basis for this broad substrate-
specificity is unknown, although there are suggestions that
substrate is accessed by the pumps at least partially from
within the cytoplasmic membrane bilayer [1,97,98]. A study
of efflux-mediated resistance to β-lactams mediated by the
AcrAB system of S. enterica sv. Typhimurium, for example,
showed a correlation between resistance and hydrophobicity
of the β-lactams [26], consistent with the need for the
antibiotics to partition within the cytoplasmic membrane to
be exported by this system. The observation, too, that the
only carbapenem antibiotic which is readily exported by
MexAB-OprM, meropenem, is also the most amphiphilic
[60] is consistent with the need for efflux substrates to enter
the cytoplasmic membrane. Finally, the fact that organic
solvents are exported by a number of RND-MFP-OMF type
efflux systems [32,99-105], including the P. aeruginosa
multidrug efflux systems [53,54] strongly favour the
membrane as being a primary site for substrate recognition
by these pumps, since solvents are lipophilic agents which
target biological membranes [106].

An enduring curiosity regarding multidrug transporters is
their ability to recognize and pump a variety of structurally
diverse compounds. Although there is as yet no data on the
mechanism of multiple substrate recognition by RND
transporters, studies of mammalian ABC type multidrug
transporter P-glycoprotein [107] and the MFS type LmrP
multidrug transporter of Lactococcus lactis  [108] reveal that
these transporters possess multiple substrate-binding sites. In
contrast, the BmrR protein, which regulates expression of the
Bmr multidrug transporter in Bacillus subtilis and binds
many of the same substrates exported by Bmr [109], has a
single flexible interaction site, where drug binding is
mediated by different sets of agent-specific electrostatic and
van der Waals interactions [110-112]. While the latter is not
a multidrug transporter, it does provide an example of how
multiple substrates can be bound at a single site. Whether
RND transporters possess a single or multiple sites, and the
nature of these site(s) remains to be elucidated.

Outer Membrane Efflux Proteins

 The OMF component of RND-MFP-OMF multidrug
efflux systems is responsible for antimicrobial export across
the outer membrane. Presumed to be channel-forming
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proteins, channel formation by OprM has recently been
demonstrated in planar lipid bilayer membranes [113]. The
related TolC OMF of the AcrAB-TolC pump, too, has been
shown to form channels in lipid bilayer membranes [114].
Still, OMFs are seemingly unrelated to the porin family of
channel-forming proteins and likely differ structurally from
these β-sheet rich proteins [13]. Indeed, the crystal structure
of the TolC channel has been solved and describes a
predominantly α-helical trimeric protein that spans both the
outer membrane (as a β-barrel) and the periplasm (as a α-
helical barrel) [88]. Despite somewhat limited homology
between TolC and OprM, OprM is predicted to be
predominantly α-helical and structurally reminiscent of TolC
[115,116], and suggestions of a porin-like OprM comprised
of 16 membrane-spanning β-strands [113] are likely
incorrect. The suggestion, too, that OprM is not the outer
membrane export channel of the MexAB-OprM pump [117]
is probably also in error. The OMF components of the RND-
MFP-OMF pumps are, thus, responsible for antimicrobial
export across both the periplasm and the outer membrane
and, as such, probably interact with the RND exporters of the
cytoplasmic membrane. In this scenario, the MFP
component promotes association of the OMF and the RND
transporter components, and is not part of the export conduit
itself (see Fig. 1).

OMFs do not appear to maintain a constant association
with the other efflux components. In contrast to the RND
and MFP components which are stably associated in vivo
(see above), evidence for OprM or TolC association with the
MexAB/AcrAB components is lacking. This makes sense
since many OMFs, including OprM [94,118] and TolC
[7,119,120] function as components of multiple export
systems and, thus, cannot be sequestered by any one system.
Possibly, the OMF component is recruited by the RND-MFP

components only when an antimicrobial substrate is actively
being pumped. TolC is, for example, also the OMF of the
HlyBD-TolC hemolysin export system and associates with
the HlyBD components (members of the ABC and MFP
families, respectively) only when hemolysin is actively being
exported. In contrast, HlyB and HlyD remain associated
independent of export activity [121]. Thus, OprM
association with MexAB or MexXY may be transient and
dependent upon the export activity of these pumps.

OprM, unlike TolC, contains an N-terminal signature
sequence for acylation (so-called lipoprotein box [122])
within which is a conserved cysteine residue, the presumed
site of acylation (Fig. 3). Recently, acylation of OprM has
been demonstrated [117] although acylation appears
somewhat dispensable as regards OprM function, and OprM
derivatives lacking the N-terminal lipid tail are active
[115,117]. While the significance of OprM acylation is
unknown, it is noteworthy that the other OMFs in P.
aeruginosa as well as a number of OprM homologues
encoded as part of three-component efflux operons (Fig. 2)
also possess N-terminal lipoprotein boxes (Fig. 3). This
conserved lipid moiety likely plays a role in the disposition
of the N-terminal amino acids of these proteins, residues that
are lacking in TolC. Whether this additional sequence in the
P. aeruginosa OMFs is uniquely important for their function
is unknown. Still, efflux-mediated multidrug resistance
attributable to MexAB-OprM and MexCD-OprJ appears to
require the product of the tonB gene (now called tonB1)
[123], a protein whose E. coli counterpart is known to
interact with certain outer membrane channel-forming
proteins [i.e. those involved in the uptake of ferric
siderophores and vitamin B12 [124,125]] at the N-terminus
[126,127]. Such interaction is energy-dependent and
promotes conformational changes in the channel-forming

Fig. (3). Multiple alignment of OprM and its OMF homologues in P. aeruginosa . Known OMFs as well as putative OMFs identified from
BLAST searches of the recently completed genome project (here designated with their PA identifier number) were aligned using
CLUSTALW. A highly conserved lipoprotein box is boxed at the N-terminus. Regions of OprM predicted to occur as outer membrane
spanning _-sheets are underlined. Several regions of high sequence conservation are obvious and deletions in two of these (boxed) were
previously shown to abrogate OprM expression or activity [115] .
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proteins necessary for ligand uptake across the outer
membrane [128]. Thus, tonB1 mutants of P. aeruginosa  are
defective in ferric-siderophore uptake [129,130]. The
observation, then, that efflux-mediated multidrug resistance
is similarly compromised in such mutants suggests that the
P. aeruginosa OMF components, too, may form TonB-
dependent channels. TonB interaction with the OMFs,
perhaps at the unique N-termini of the proteins, would in this
instance, however, promote drug export across the outer
membrane. While it is true that purified OprM forms
channels independent of TonB [113], such channels are too
small to accommodate the known antimicrobial substrates of
MexAB-OprM and, thus, TonB-promoted conformational
changes in OprM may be necessary for full channel opening
and drug extrusion across the outer membrane. Alternatively,
the tonB defect may have an indirect effect on pump activity,
unrelated to an influence on OMF channel activity, and OMF
interaction with the RND and/or MFP components may
provide the impetus for the necessary conformational
changes.

An interesting phenomenon as regards the OMFs is the
apparent flexibility of the RND-MFP-OMF pumps with
respect to the OMF component that can be used. Originally
constructed to assess the involvement of OprM in
determining the β-lactam specificity of MexAB-OprM,
MexAB-OprJ and MexCD-OprM chimeras were, for
example, active with respect to efflux-mediated resistance
[39]. This ability of OprM to replace OprJ has also been
confirmed by other researchers [95]. Similarly, OprM is able
to replace OprN in producing a functional MexEF-OprM
chimera [96]. Finally, the MexCD components are able to
function with the E. coli TolC protein [42].

Outer membrane efflux proteins are not functional in the
absence of their RND-MFP counterparts [131]. The
demonstration, then, that the cloned oprM gene was able to

promote efflux-mediated antibiotic resistance in a mexAB-
oprM deletion strains was interpreted as OprM operating as
the outer membrane component of additional antibiotic
efflux systems [118,132]. Indeed, it is now known to
function as the OMF of the MexXY-OprM efflux system
[83,85]. Intriguingly, strains lacking OprM (e.g. a ∆-mexAB-
oprM mutant) are more susceptible to fluoroquinolones and
tetracyclines than is a _ mexB_ mexXY double mutant (Table
1), arguing that OprM likely functions as the OMF of
additional, as yet unidentified drug efflux systems. In this
regard, there are a number of gene pairs in the P. aeruginosa
genome sequence encoding RND-MFP homologues that lack
a linked OMF gene (Fig. 2). One or more of these might
function with OprM in mediating the observed MexAB/
MexXY-independent, OprM-dependent resistance to fluoro-
quinolones and tetracyclines.

Examination of the P. aeruginosa  genome sequence has
also revealed a gene for an OprM homologue within the
previously described pvd locus of pyoverdine biosynthesis
and uptake [133]. Interestingly, the gene appears to form part
of a three component export operon which includes an MFP
gene and, in place of an RND exporter gene, a gene encoding
an ABC family transporter (Fig. 4). It is tempting to
speculate that this operon encodes an export system for
pyoverdine.

MFP Components

MFPs were so-named owing to the homology of their C-
termini with viral membrane fusion proteins [12]. They have
been predicted to promote the association of the OMF and
RND components of the typical RND-MFP-OMF pump [89]
although direct experimental evidence for this has yet to be
provided. A member of the MFP class of proteins, AcrA of
E. coli , has been shown to promote the close association of

Table 1. Antibiotic Susceptibility of P. aeruginosa Efflux Mutantsa

MIC (µg/ml) for strainsAntibiotic

PAO1 ∆mexB ∆mexXY ∆mexB, ∆mexXY ∆mexAB-oprM

Carbenicillin 64 1 64 1 1

Chloramphenicol 16 2 16 2 2

Erythromycin 512 512 64 32 32

Gentamicin 4 4 1 1 1

Sparfloxacin 0.5 0.25 0.25 0.125 0.031

Trovafloxacin 0.5 0.25 0.25 0.125 0.031

Clinafloxacin 0.062 0.031 0.062 0.016 0.004

Moxifloxacin 1 0.5 0.5 0.25 0.06

Tetracycline 8 8 8 1 0.5

Doxycycline 8 8 8 1 0.5

aThe susceptibility of P. aeruginosa deleted for the indicated efflux genes was determined by assessing the growth of the bacteria in media containing serial two-fold dilutions of the
indicated antibiotics. The MIC or minimum inhibitory concentration represented the lowest concentration of antibiotic that prevented visible growth of the bacteria. Note that
deletion of the mexAB-oprM genes will compromise MexAB-OprM as well as additional efflux systems that utilize OprM as the OMF component.
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adjacent membranes [90], consistent with a role in linking
the outer membrane OMF and cytoplasmic membrane RND
components. There are indications that MFPs may operate as
oligomers, with multimers of AcrA [93] and MexA (Li, X.-
Z., and Poole, K., unpublished data) observed in cross-
linking studies intended to assess AcrA/MexA interactions
with their pump counterparts.

Many, but certainly not all members of the MFP family
are lipoproteins, although all of the MFPs of the RND-MFP-
OMF multidrug efflux systems are likely acylated. The
MexA MFP is a lipoprotein although acylation of this
protein is dispensable for function [134]. Similarly, an
unacylated version of the normally acylated AcrA is also
active in drug efflux [135]. This dispensability of MexA
acylation is intriguing since MexA is a periplasmic protein
apparently anchored to the cytoplasmic membrane solely via
its lipid tail [134]. Perhaps, a cytoplasmic membrane
association is only necessary to facilitate an interaction with
the MexB component. Under conditions where an unacylated
MexA is hyperexpressed (from a multicopy plasmid-borne
gene as in [134]), sufficient MexA-MexB complexes may
form to promote a wild type level of efflux activity despite
the lack of membrane anchoring. Association of wild type
(i.e. acylated) MexA and MexB has been demonstrated using
an in vivo cross-linking approach (Tibbo, J., and Poole, K.,
unpublished data) although no studies to date have examined
MexB association with a lipid-free MexA.

CLINICAL SIGNIFICANCE OF MULTIDRUG
EFFLUX SYSTEMS

Despite their broad substrate specificity and, thus, ability
to promote resistance to multiple antimicrobial agents, the
multidrug efflux systems of P. aeruginosa are seen primarily
as determinants of resistance to fluoroquinolones [2]. Indeed,
there are numerous reports in the literature of
fluoroquinolone-resistant strains exhibiting cross-resistance
to unrelated antimicrobials [44,45,70,78,136-142], a
phenotype now attributable to hyperexpression of multidrug
efflux systems. And while target site (i.e. topoisomerase)
mutations prevail in fluoroquinolone-resistant bacteria in
general [143], in vitro-selected fluoroquinolone-resistant

strains of P. aeruginosa typically hyperexpress multidrug
efflux systems [144-147]. Perhaps most importantly,
however, multidrug resistant clinical strains of P. aeruginosa
hyperexpressing multidrug efflux systems have been
described, including nalB [50,65,141,148] (or cfxB [136]),
nfxB [65,142,144,148] and nfxC [148,149] mutants.
Hyperexpression of MexXY/AmrAB is seen in a number of
so-called impermeability type aminoglycoside-resistant
strains of P. aeruginosa, and elimination of amrB (mexY)
compromises this resistance, confirming the role of
AmrAB/MexXY in the aminoglycoside resistance of these
mutants [84]. There is even a report of a clinical P.
aeruginosa strain expressing two multidrug efflux systems
simultaneously [150]. Still, the multidrug efflux systems
appear to contribute minimally to the resistance of P.
aeruginosa in biofilms [151](de Kievet, T.R., Parkins, M.E.,
Gillis, R.J., Ceri, H., Srikumar, R., Poole, K., Iglewski, B.H.,
and Storey, D.G., manuscript submitted), a common mode of
growth of the organism in vivo. Similarly, AcrAB is not a
significant determinant of biofilm resistance to ciprofloxacin
in E. coli [152]. Intriguingly, recent evidence points to
multidrug efflux systems also contributing to the virulence of
P. aeruginosa , inasmuch as mutants lacking certain of these
systems are attenuated in animal and tissue culture models of
infection (Srikumar, R., Hirakata, Y., Yan, H., Hancock,
R.E.W., and Poole, K. Abstr. 40th Intersci. Conf. Antimicrob.
Agents Chemother., abstr. C-441, 2000). It may be, however,
that loss of these systems compromises the fitness of the
organism rather than production of a particular virulence
factor. Hyperexpression of multidrug efflux pumps in P.
aeruginosa also correlates with a decrease in virulence
(Köhler, T., Join-Lambert, O., Faurisson, F., Kocjancic-
Curty, L., Pechère, J.C., and Carbon, C. Abstr. 40th Intersci.
Conf. Antimicrob. Agents Chemother., abstr. B-22, 2000)
perhaps reflecting the negative impact such hyperexpression
has on quorum-sensing-dependent expression of several
virulence factors in this organism [55].

Given the contribution of the multidrug efflux systems to
acquired resistance to an important class of antipseudomonal
agent, the fluoroquinolones, and their importance vis-a-vis
intrinsic resistance to multiple agents, it seems logical that
they be targets for therapeutic intervention. Indeed, a variety

Fig. (4). Genetic organization of the pvd locus highlighting genes encoding a putative three-component efflux system (in black). The
Pseudomonas genome project designations are provided for each of the three ORFs, as is the family of the deduced product of these ORFs
(MFP, membrane fusion protein; ABC, ATP-binding cassette; OMF, outer membrane factor). Genes known to play a role in pyoverdine
biosynthesis are indicated in white with the appropriate gene designations. Genes encoding a putative two-component sensor (pvdR) and
extracytoplasmic function (ECF) sigma factor (pvdI) are highlighted in gray. Addition ORFs identified by the Pseudomonas genome project
are shown as striped boxes with the identifier numbers provided by the project.
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of genetic and inhibitor studies have confirmed the
usefulness of pump inactivation in increasing bacterial
susceptibility to fluoroquinolones (and other antimicrobials)
and preventing emergence of fluoroquinolone resistance.
Triple mutants of P. aeruginosa deleted for mexAB-oprM,
mexCD-oprJ and mexEF-oprN were, for example, markedly
fluoroquinolone hypersusceptible, and fluoroquinolone-
resistant derivatives of this deletion strain could not be
selected in vitro at clinically relevant fluoroquinolone
concentrations [153]. Moreover, elimination of the multidrug
efflux systems in this organism compromised resistance
mediated by target site (i.e. gyrA) mutations [153] (Poole,
K., unpublished data). This is reminiscent of E. coli where
loss of the RND-MFP-OMF type AcrAB-TolC multidrug
efflux system rendered topoisomerase mutations generally
inconsequential as regards clinical fluoroquinolone resis-
tance [154]. Recently, the first examples of inhibitors of the
Mex efflux systems of P. aeruginosa have been reported
[155]. These inhibitors potentiated the activity of a number
of antibiotics in vitro [155] and effectively reversed acquired
fluoroquinolone resistance attributable to efflux or target site
mutations (Lomovskaya, O., Hoshino, K., Ishida, H., Lee,
A., Warren, M., Galazzo, J., and Lomovskaya, O. Abstr. 39th

Intersci. Conf. Antimicrob. Agents Chemother., abstr. F-
1264, 1999).

NATURAL FUNCTION OF MULTIDRUG EFFLUX
SYSTEMS

The natural function of the multidrug efflux systems of
P. aeruginosa and, indeed, all bacteria is the subject of some
debate. In some instances a case can be made for
antimicrobials/xenobiotics being the intended substrates and,
thus, protection from these agents is the primary role for the
efflux systems [156]. The inducibility of the E. coli  AcrAB
system by toxic fatty acids [157] and the demonstrated role
of AcrAB in the export of and resistance to bile salts [158],
is consistent with a role for AcrAB in protecting the cell
from the action of these agents in the gut [157]. A protective
function is also likely attributable to the MtrCDE efflux
system of N. gonorrhoeae (an RND-MFP-OMF pump),
which provides for resistance to fecal lipids in rectal isolates
[159] and, probably, bile salts known to bathe mucous
membranes [29]. No such roles have, however, been
attributed to the multidrug efflux systems of P. aeruginosa ,
although the recent demonstration that antibiotics known to
be exported by MexXY-OprM induce expression of this
system is consistent with idea of MexXY-OprM as a
protective drug pump. Still, it is possible that exposure of the
cell to e.g. aminoglycosides stimulates production of certain
compounds by P. aeruginosa, which are themselves intended
for export via MexXY-OprM. It is worth noting, for
example, that fluoroquinolones, also substrates for MexXY-
OprM, do not induce expression of this efflux pump.
Interestingly, fluoroquinolones act on topoisomerases while
the remaining MexXY-OprM antibiotic substrates (amino-
glycosides, tetracycline and erythromycin) act on the
ribosome. Perhaps antibiotic interaction with ribosomes
stimulates changes in the cell requiring MexXY-OprM
export activity, for reasons unrelated to its ability to export
those same antimicrobials.

The suggestion has also been made that naturally-
occurring cell-associated compounds are the intended
substrates for multidrug efflux systems [156,160,161].
Certainly, cell-derived compounds have been identified as
substrates for these efflux systems, including homoserine
lactone autoinducers in P. aeruginosa (MexAB-OprM)
[55,56] and indole (a precursor of tryptophan) in E. coli
(AcrEF) (Sato, K., Shibayama, K., Horii, T., Arakawa,Y.,
and Ohta, M. Abstr. 38th Intersci. Conf. Antimicrob. Agents
Chemother., abstr. C-126, 1998), although it is far from clear
that these are the intended substrates. MexEF-OprN
expression in P. aeruginosa, for example, is associated with
a decrease in pyocyanin production [77], a phenotype also
seen in nalB strains and attributed to homoserine lactone
efflux by MexAB-OprM [55]. Thus, homoserine lactones
may be just another in a line of shared substrates for these
highly accommodating multidrug efflux systems in P.
aeruginosa.

CONCLUDING REMARKS

The physiological basis for the broad substrate specificity
of the multidrug efflux systems of P. aeruginosa and the
need for such multi-substrate capability remain to be
elucidated. While the overlap in antimicrobial substrate
specificity amongst the various multidrug efflux systems of
P. aeruginosa suggests a likely overlap vis-a-vis the
intended physiological substrate(s), this remains to be
determined, as does the identification of the intended
substrates. It has been proposed that flexibility vis-a-vis
substrate recognition may reflect a role in the export of the
byproducts of metabolism [160], the probably vast numbers
of which would preclude specific exporter systems.
Certainly, the excretion of metabolic waste is likely to be
important for overall cell health, although this is an area that
has received scant attention to date. The multiplicity of
multidrug efflux systems in P. aeruginosa may well reflect
the well-known metabolic diversity of this organism, its
many metabolic pathways necessitating, perhaps, multiple
waste excretion systems. Given the hydrophobicity/
amphipathicity of most efflux substrates identified to date,
these systems may also function to keep membranes clear of
cellular products that have improperly targeted the
cytoplasmic membrane. What is certain is that the search for
intended substrates and, thus, the elucidation of the natural
function of these efflux systems represents a major
challenge. The observation that virulence is compromised in
pump-deficient strains and the likelihood, therefore, that a
component of virulence is excreted by these pumps does,
however, provide an avenue for identifying a possible
natural substrate.

Much remains to be elucidated, including the
identification of signals responsible for naturally stimulating
efflux gene expression (vs. mutation of regulatory genes).
Indeed, this might provide additional clues as to the natural
function of specific multidrug efflux systems. The
mechanism of RND pump recognition and export of
antimicrobials is an area yet to be mined, although clues may
be found in the study of a related RND type heavy metal
exporter [162]. The structure of these tripartite pumps,
including the contribution made by the MFP components and
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the nature of OMF association with the RND-MFP
components also needs to be studied. Finally, the functional
significance of MFP and OMF acylation and the role, if any,
that TonB plays in efflux pump activity all need to be
addressed. While the conservation of these multidrug efflux
systems in a variety of clinically-significant organisms
highlights their significance as determinants of antimicrobial
resistance in bacteria, it also highlights the probable
importance of this family of exporters vis-a-vis some
hitherto undetermined housekeeping function(s).
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ADDENDUM

The identification of MexR binding sites within the
mexR-mexA intergenic region has now been published
(Evans et al. J. Bacteriol. 2001, 183, 807). A recent report
highlights the activity of a broad-spectrum inhibitor of the
multidrug efflux systems of P. aeruginosa that both reduces
fluoroquinolone resistance in efflux and target site mutants
and prevents the emergence of highly fluoroquinolone-
resistant strains in vitro (Lomovskaya et al. Antimicrob.
Agents Chemother. 2001, 45, 105). Using well-defined
efflux mutants, the export of β-lactams by MexAB-OprM,
MexCD-OprJ and MexXY-OprM was confirmed, although
MexXY-OprM was a much less effective exporter of β-
lactams than the other two, and MexAB-OprM was superior
to MexCD-OprJ as regards export of penicillins and
oxacephems (Masuda et al.  Antimicrob. Agents Chemother.
2000, 44, 3322). The role of MexCD-OprJ and MexEF-
OprN, but not MexXY-OprM in the export of and resistance
to triclosan, a fatty acid biosynthesis inhibitor with broad-
spectrum antimicrobial activity has also been reported
(Chuanchuen et al. Antimicrob. Agents Chemother. 2001,
45, 428). In vivo selection of multidrug resistant strains of P.
aeruginosa hyperexpressing MexCD-OprJ or MexEF-OprN
has been reported in an acute pneumonia rat model of
infection (Join-Lambert et al. Antimicrob. Agents
Chemother. 2001, 45, 571). The noted difficulty in selecting
MexEF-OprN-hyperexpressing nfxC mutants from certain
strains of P. aeruginosa was recently explained by the
observation that several so-called wild type strains carry
mutations in the mexT gene required for mexEF-oprN
hyperexpression (Maseda et al. FEMS Microbiol. Lett. 2000,
192, 107). Finally, the lone prokaryotic representative of an
ABC type multidrug transporter, the LmrA pump of
Lactococcus lactis, has now been shown to play a role in
resistance to clinically relevant antimicrobials (Putman et al.
Mol. Microbiol. 2000, 36, 772). It is unlikely, however, that
it has any real significance vis-a-vis antimicrobial resistance
in this organism.
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