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INTRODUCTION the protein more efficient at export. In either case, the intracel-

Efflux is the pumping of a solute out of a cell. Efflux pump
genes and proteins are present in both antibiotic-susceptible
and antibiotic-resistant bacteria. Some systems can be induced
by their substrates so that an apparently susceptible strain can
overproduce a pump and become resistant. Antimicrobial re-
sistance in an efflux mutant is due to one of two mechanisms:
either (i) expression of the efflux pump protein is increased or
(ii) the protein contains an amino acid substitution(s) that makes
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lular concentration of the substrate antimicrobial is lowered and
the organism becomes less susceptible to that agent. Efflux pumps
may be specific for one substrate or may transport a range of
structurally dissimilar compounds (including antibiotics of multi-
ple classes); such pumps can be associated with multiple drug
(antibiotic) resistance (MDR). Resistance in this context does not
necessarily mean resistance to those agents that would be used to
treat an infection by a particular species, or even resistance to
clinically achievable concentrations of these drugs, and so the
clinical relevance of efflux-mediated resistance is species, drug,
and infection dependent. Genes encoding efflux pumps can be
found on the chromosome or on transmissible elements such as
plasmids (e.g., fet and gac genes); this review focuses on chromo-
somally encoded MDR efflux pumps.
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FIG. 1. Diagrammatic comparison of the five families of efflux pumps. (Courtesy of Melissa Brown; reproduced by kind permission.)

In addition to the role of enhanced efflux in antimicrobial
resistance, it has also been suggested that increased expression
of efflux pump genes may be the first step in the bacterium
becoming fully resistant (144). It is also thought that increased
efflux decreases the intracellular concentration of the antimi-
crobial, thereby allowing bacterial survival for a greater length
of time, such that bacteria containing mutations in other genes,
such as those that encode target proteins (e.g., fluoroquino-
lones and topoisomerase genes), can accumulate. More recently,
there have been several publications on different species of
bacteria, suggesting natural physiological roles of MDR efflux
pumps in addition to export of antimicrobials.

There are still many questions that must be addressed, as
genomics has revealed that efflux pumps are ubiquitous through-
out nature in all types of cells, from eukaryotic to prokaryotic.
One important question is for which species MDR efflux
pumps confer clinically relevant resistance, i.e., in which the
MIC is greater than the recommended breakpoint concentra-
tion of a drug for a particular bacterial species, and specifically
with reference to antimicrobials that are used in human or
veterinary medicine for an infection caused by that bacterium.
Which of the clinically relevant agents, then, are typically af-
fected by bacteria that overexpress MDR efflux pumps?

There have been several keynote publications in this field in
recent years describing the various classes of efflux pumps and
their substrates, structures, and functions (19, 63, 96, 155, 166,
236). This article focuses on those pumps and bacterial species
considered to be of current clinical relevance, the putative
natural roles of efflux pumps, and inhibitors.

CLASSES OF MDR EFFLUX PUMPS, GENOMICS,
AND STRUCTURAL BIOLOGY

Classes and Organization of Efflux Pump Systems

Genomics has revealed that there are many genes that en-
code putative efflux pumps of all types, of which a subset are
thought to confer MDR (196). There is also evidence that the
size of the genome is reflected in the number of pump genes

present, such that large genomes possess greater numbers of
pump genes (156, 182). Often a single organism can possess
multiple MDR efflux pumps (e.g., the Mex systems of Pseudo-
monas aeruginosa or the Acr systems of the Enterobacteria-
ceae). There are essentially five different families of efflux
pump proteins (Fig. 1); to date the important families of chro-
mosomally encoded bacterial efflux pumps, with respect to
bacterial MDR efflux, are the resistance nodulation division
(RND) family, the major facilitator superfamily (MFS), and
the staphylococcal multiresistance (SMR) and multidrug and
toxic compound extrusion (MATE) families. A role for ABC
(ATP binding cassette) MDR transporters in MDR of clini-
cally relevant bacteria has yet to be established.

The efflux pump systems of the RND family are organized as
tripartite efflux pumps. The pump in Escherichia coli and other
gram-negative bacteria has three components: a transporter
(efflux) protein in the inner membrane (e.g., AcrB), a periplas-
mic accessory protein (e.g., AcrA), and an outer membrane
protein channel (e.g., TolC) (85), either termed an outer mem-
brane protein (OMP) or outer membrane factor. AcrB cap-
tures its substrates within either the phospholipid bilayer of the
inner membrane of the bacterial cell envelope or the cytoplasm
(2) and transports them into the external medium via TolC
(42). The cooperation between AcrB and TolC is mediated by
the periplasmic protein AcrA. Comparative genomics have
revealed high degrees of homology between pump genes
(>70% identity) and amino acid sequences (>80% similarity)
of pump proteins of the RND family both within a species and
across different bacterial species, e.g., E. coli acrB/AcrB, P.
aeruginosa mexB/MexB, Campylobacter jejuni cmeB/CmeB, and
Neisseria gonorrhoeae mtrD/MtrD (Fig. 2). The genetic organi-
zations of the genes encoding these tripartite efflux systems are
also similar among different species. Typically, the genes are
organized as an operon: the regulator gene is located adjacent
to the gene encoding the periplasmic accessory protein, which
is located adjacent to the gene encoding the efflux pump pro-
tein, which is located next to that for the OMP. The membrane
fusion protein and the pump protein are usually cotranscribed.
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FIG. 2. Comparison of the genetic organization of E. coli acrRAB with S. enterica serovar Typhimurium acrRAB, C. jejuni cmeABC, and P.
aeruginosa mexAB-OprM. This diagram shows the similarities between the RND MDR efflux pump genes of different bacterial species.

For some systems and/or species, the OMP is not colocated
with the other genes, e.g., E. coli acrAB and tolC (110) and P.
aeruginosa mexXY and oprM (1). The RND pumps are proton
antiporters, using the proton gradient across the membrane to
power efflux, exchanging one H" ion for one drug molecule
(155).

In clinically important gram-positive bacteria, the two efflux
pumps that have been examined in the most detail to date are
members of the MFS: NorA of Staphylococcus aureus and
PmrA of Streptococcus pneumoniae. As with the efflux pump
(e.g., AcrB) of tripartite efflux pump systems, PmrA and NorA
both possess 12 transmembrane-spanning regions (54, 232).
Efflux is also driven by the proton motive force (PMF).

MATE MDR efflux pumps have been described for various
bacteria, including Vibrio parahaemolyticus (NorM), Vibrio
cholerae (VerM; VemA), Bacteroides thetaiotaomicron (BexA),
Haemophilus influenzae (HmrM), P. aeruginosa (PmpM), Clos-
tridium difficile (CdeA), and S. aureus (MepA). Two energy
sources have been identified for MATE efflux pumps: the PMF
and the sodium ion gradient. MATE pumps transport some of
those agents also transported by RND pumps. However, a key
distinguishing feature is that while RND pumps are tripartite,
MATE pumps are not (Fig. 1).

Although no ABC transporters that give rise to clinically
relevant MDR in human or animal pathogens have so far been
described, ABC transporters are present in the genomes of
pathogenic bacteria, and it may be predicted that at least one
will confer antimicrobial drug resistance in the same way that
P glycoprotein (PgP) confers resistance to anticancer agents. It
has already been shown that Lactococcus lactis LmrA, an ABC
transporter, confers MDR in this organism (223). ABC trans-
porters have structural characteristics that differ from RND
and MFS pump proteins, in that there are typically only six
transmembrane-spanning regions (178). There are also three
signature motifs within ABC transporter proteins; these in-
clude the Walker A, Walker B, and ABC signature motifs. In
contrast to the RND, MSF, and MATE families of transport-
ers, efflux by ABC transporters is driven by ATP hydrolysis.

To date, DNA sequencing data have not revealed significant
variation between the sequences of the efflux pump genes of
strains of the same species; however, recent work with C. jejuni
cmeB has indicated some sequence diversity (27; B. Guo, J.
Lin, D. Reynolds, and Q. Zhang, Abstr. 105th Gen. Meet. Am.
Soc. Microbiol., abstr. A-001, 2005). Sequence variations occur
throughout cmeB, but no data are available to indicate what

effect, if any, these may have on efflux. Kim et al. (82) explored
genomic data for similarities between LmrA and MexB (ex-
amples of the ABC and RND superfamilies, respectively).
They observed that there are many hydrophobic, hydrophilic,
and semipolar residues conserved in both proteins and that
these are important for structure and/or function in both fam-
ilies.

An important structural feature of efflux pump proteins is
that hydropathy plots typically reveal 12 transmembrane-span-
ning regions. Such predicted structural information from
genomic data has been useful in identifying proteins involved
in multidrug efflux.

Structural Biology

Several publications have described the crystal structures of
components of the tripartite RND multidrug efflux pumps of
gram-negative bacteria, including E. coli AcrB and TolC and P.
aeruginosa MexA, MexB, and OprM (3, 4, 59, 86, 133) (Fig. 3).

The crystal structure of TolC was resolved at 3.5-A resolu-
tion (86). The functional unit of this protein is a homotrimer
with a long channel that spans both the outer membrane and
the periplasmic space. A set of coiled helices at the end of the
tunnel were proposed to untwist and thereby open the channel.

The crystal structure of AcrB was first resolved at 3.5-A reso-
lution (133). The functional unit of AcrB is a homotrimer, with 12
membrane-spanning o helices and a large periplasmic domain.
The structure also revealed that AcrB has a “headpiece” that
opens like a funnel, thereby facilitating contact with TolC. Three
a helices form a pore to the funnel, with a central cavity located
at the bottom of the headpiece. The cavity has three “vestibules”
(small pockets made from gaps around the three protomers of
AcrB) at the side of the headpiece that lead into the periplasm. In
the transmembrane region, each protomer has 12 transmembrane
a helices. The structure suggested that substrates are transported
from the cytoplasm via the transmembrane region and also from
the periplasm via the vestibules. Substrates are then actively trans-
ported through the pore into TolC. Yu et al. (235) further sug-
gested that the binding of substrates in AcrB is due to the partial
binding of the compound to the phospholipid bilayer of the cy-
toplasmic membrane, depending on the lipophilicity and charge
of the molecule. From there, the substrate must diffuse through
the membrane toward the AcrB vestibules. It is then bound to the
wall of the central cavity and from there is pumped out with the
proton gradient (235). The structure of AcrB has since been
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FIG. 3. Model of the assembled tripartite drug efflux pump. This
possible model of an RND-class drug efflux pump is based on the
open-state model of TolC (red) forming a minimal contact interface
with the six hairpins at the apex of AcrB (green). A ring of nine MexA
molecules (blue) is modeled to form a sheath around AcrB and the
a-barrel of TolC (MexA is a close homologue of AcrA, the natural
partner of AcrB/TolC). Variants of the model might include a lower-
order oligomer of MexA (4) and more extensive interaction between
AcrB and TolC. IM, inner membrane; OM, outer membrane. (Re-
printed from reference 42 with permission from Elsevier and V.
Koronakis.)

further resolved to 2.7 A (170). Two transmembrane domains are
thought to be critical in proton translocation: TM4, which con-
tains Asp401 and Asp 402, and TM10, which contains Lys940.
Interestingly, there seems to be only one attachment between
monomers, a long loop that protrudes into the center of the
monomer in a counter-clockwise direction. Recent evidence
with AcrD suggests that RND pumps act as a “periplasmic
vacuum cleaner” and capture their substrates from the
periplasm and export them into the external medium (2).
Gerken and Misra (51) showed that it is possible to cross-
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link AcrA and TolC without the presence of AcrB and so
proposed that AcrB does not mediate or influence binding in
vivo of TolC-AcrA interactions. In experiments with mutants
lacking AcrAB, protein levels of TolC were unaffected and
receptor functions were still present. Therefore, the authors
proposed that TolC can stably insert into the outer membrane
without AcrA or AcrB and still perform receptor functions.

MexA is found in Pseudomonas aeruginosa and is homolo-
gous to AcrA in E. coli. However, AcrA functions in complex
with AcrB, whereas MexA and MexB form a homologous
system. MexA and AcrA are anchored to the inner membrane
by a single transmembrane helix, or in some cases by a lipid
modification on the N terminus of the protein. Higgins et al.
(59) have resolved the crystal structure of MexA to 3.0-A
resolution and have resolved amino acids 29 to 259 (a total of
230). MexA is 360 residues long in vivo, so part of this protein
was absent. The MexA monomer was shown to be 89 A long
and 35 A wide and to take the form of a B-barrel/lipoyl do-
main/a-helical structure, which is normally associated in other
structures with ligand binding. It was proposed that, in vivo, the
monomers form a homomonomer and make a “sheath”
around both TolC (used because at that time the crystal struc-
ture of OprM had not been solved) and AcrB. Akama et al. (4)
also proposed a similar structure for MexA, although they
resolved more of the protein, 241 residues in all, from residues
23 to 274. They also proposed the same B-barrel/lipoyl domain/
a-helical hairpin structure as did Higgins et al. (59). However,
Akama et al. (3) proposed two in vivo structures, one based
upon the sheath, or “seal,” model proposed by Higgins et al.
(59) and one based upon a threefold dimer model. As MexA
was found in the inner membrane fraction and the N terminus
is fatty acid modified, Akama et al. (4) concluded that MexA is
highly likely to be anchored to the inner membrane at least
once. They also concluded that the a-helical hairpin is directed
toward OprM/TolC and the B-barrel toward MexB/AcrB. A
domain swapping experiment was also carried out, and they
concluded that the C-terminal region of MexA/AcrA is very
important in the interaction with MexB/AcrB.

SUBSTRATES OF MDR EFFLUX PUMPS

The phenotype of an “efflux mutant” (those that phenotyp-
ically resemble mutants that overexpress an efflux pump) is
that the strain is typically MDR, i.e., resistant (less susceptible)
to antimicrobials from at least three different classes of anti-
biotics, disinfectants (biocides), dyes, and detergents. The
agents typically include a quinolone (nalidixic acid, ciprofloxa-
cin, norfloxacin), tetracycline, chloramphenicol, ethidium bro-
mide, acriflavine, sodium dodecyl sulfate (SDS), Triton X-100,
and triclosan, but the agents considered to be substrates of
each pump are slightly different depending on the pump and
bacterial species. Poole (166, 167) lists details available for
specific bacterial efflux pumps. The MICs of these substrates
for strains overexpressing an efflux pump are typically two- to
eightfold higher than those for a typical representative suscep-
tible strain of that species or an isogenic parent strain (see
Tables 1 to 8). Likewise, in those mutants in which an efflux
pump gene has been disrupted or deleted, the MICs of sub-
strates of that pump decrease, giving rise to a hypersusceptible
strain. In most cases, the increases in MICs due to overexpres-
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sion of an MDR efflux pump do not confer the same magni-
tude of increase as other mechanisms of resistance, such as
B-lactamases, aminoglycoside modifying enzymes, or topoisom-
erase substitutions.

CLINICAL RELEVANCE OF MDR EFFLUX PUMPS

MDR efflux pumps contribute to antibiotic resistance in
bacteria in several ways: (i) inherent resistance of gram-nega-
tive bacteria to an entire class of agents, (ii) inherent resistance
of some species of gram-negative bacteria to specific agents,
and (iii) resistance in clinically relevant bacteria conferred by
overexpression of an efflux pump.

Inherent Resistance of Gram-Negative Bacteria
to an Entire Class of Agents

Some agents have narrow spectra of activity, typically includ-
ing gram-positive bacteria only, such as the oxalidinone class,
e.g., linezolid, and more recently the deformylase inhibitors
(69, 103). However, it has been shown that gram-negative
bacteria in which specific efflux pump genes have been deleted
are susceptible, indicating that these agents are substrates of
the RND family of MDR efflux pumps (J. M. Buysse, W. F.
Demyan, D. S. Dunyak, D. Stapert, J. C. Hamel, and C. W.
Ford, Abstr. 36th Intersci. Conf. Antimicrob. Agents Che-
mother, abstr. C-42, p. 41, 1996; J. Clements, personal com-
munication). Chollet et al. (30) also showed that mutants lack-
ing components of the E. coli AcrAB-TolC system were more
susceptible to clarithromycin and erythromycin, but that the
ketolide telithromycin was unaffected. The modest in vitro
activity of the macrolides for Haemophilus influenzae has also
been attributed to efflux via AcrAB in this species (159, 197).
In addition, the new glycycline, tigecycline, has been shown to
be less active against P. aeruginosa and Proteus mirabilis due to
the MexXY-OprM and AcrAB-TolC efflux pumps, respectively
(37, 225). As there are now increasing numbers of MDR gram-
negative bacteria, the focus on drug development will inevita-
bly turn to extending the spectrum of activity of these agents,
with efforts to identify agents that are not substrates of efflux
pumps.

Inherent Resistance of Some Species of Gram-Negative
Bacteria to Specific Agents

P. aeruginosa is often considered to be resistant to many
antibiotics, and historically this was attributed to the low “per-
meability” of the outer membrane. However, Livermore and
Davy (104) provided evidence to refute this hypothesis and, in
1994, Li et al. (97) provided data to indicate that the resistance
to tetracycline, chloramphenicol, and some fluoroquinolones
was mediated by efflux. The previous year, Poole et al. (168)
had described an efflux operon, MexAB-OprM, in wild-type P.
aeruginosa; deletion of components of this system conferred hy-
persusceptibility to a variety of antimicrobial agents (Table 1).

The Enterobacteriaceae and other gram-negative bacteria are
also generally considered to be less susceptible to many anti-
microbials than gram-positive bacteria. Historically, this too
has been attributed to the bacterial cell envelope conferring a
“permeability barrier” (i.e., preventing uptake into the cell);
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TABLE 1. Susceptibility to antibiotics of P. aeruginosa lacking
or overexpressing an efflux pump

MIC (pg/ml)®

P. aeruginosa strain or characteristic”
CAR CIP CHL TET

CLSI recommended breakpoint concn 512 4 32 16
BSAC recommended breakpoint concn 256 8 § 2
PAOT1 (wild type) 64 012 64 16
mexAB-M::kan 0.5 0.03 2 1
MexAB-M+++ 256 025 256 64
MexAB-M+++ (strain 128)° 1287 1 256
AmexCD-opr] 0.002 1 012
AmexXY-oprM 025 512 64
mexXY-oprM+ ++ 0.5 8 32

“ +++, overexpressing mutant.

® CAR, carbenicillin; CIP, ciprofloxacin; CHL, chloramphenicol; TET, tetra-
cycline. Data extracted from Poole et al. (168), Li et al. (97), and Masuda et al.
(122).

¢ Data from Dupont et al. (39a).

 Ticarcillin.

however, it is increasingly recognized that this “barrier” is
often due to efflux pumps acting alone or in concert with
decreased expression of porins. Nonetheless, decreased trans-
port of drugs into the bacterial cell is still a factor to be
considered.

Efflux Pumps of Clinically Relevant Bacteria That Confer
MDR via Overexpression

Gram-negative bacteria. (i) Pseudomonas aeruginosa. In ad-
dition to the MexAB-OprM system, three further RND efflux
pumps have also been characterized: MexXY-OprM, MexCD-
OprJ, and MexEF-OprN (169, 208). Like the MexAB-OprM
system, MexXY-OprM is constitutively expressed in wild-type
cells and confers intrinsic MDR. However, MexCD-OprJ and
MexEF-OprN are inducible by some of their substrates. In
addition to exporting fluoroquinolones, tetracyline, chloramphen-
icol, and some B-lactams, these pumps also export ethidium bro-
mide, acriflavine, SDS, triclosan, organic solvents, and acylated
homoserine lactones involved in quorum sensing. Of these four
RND pumps, the MexAB-OprM system is most similar to the
AcrAB-TolC efflux pump of E. coli. MexA has 71% similarity
with AcrA, and MexB has 89% similarity with AcrB. OprM has
35% similarity with TolC. Comparison of the Mex pumps re-
veals that MexC is more similar to MexA than to MexE (60% and
49%, respectively); likewise MexD is more similar to MexB than
to MexF (69% and 61%, respectively). OprN has 48% similarity
with OprM. While there are some substrates exported by all four
systems, the MexXY system exports aminoglycosides as well,
whereas the MexAB-OprM system also exports certain 3-lactams,
including carbenicillin (122) (Table 1). Both MexAB-OprM and
MexCD-OprJ export cefsulodin and novobiocin. Infections by P.
aeruginosa are usually treated with ceftazidime, ciprofloxacin, imi-
penem, gentamicin, tobramycin, ticarcillin-clavulanate, or piper-
acillin-tazobactam in combination or alone. Some of these agents
are substrates of the Mex efflux pumps. However, despite the
increase in MICs when these pumps are overexpressed, for agents
such as ciprofloxacin the increase may not take the MIC above
the recommended breakpoint concentration (Table 1).

Recently, a MATE transporter, PmpM, in P. aeruginosa
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TABLE 2. Susceptibility to antibiotics of E. coli lacking
an efflux pump
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TABLE 3. Susceptibility to antimicrobial agents of S. enterica
serovar Typhimurium lacking or overexpressing an efflux pump

E. coli strain or MIC (pg/ml)” Serovar Typhimurium MIC (pg/mi)”
characteristic CIP CHL TET CO-TRIM strain or characteristic N CIP TET CHL CTB TRIC
CLSI recommended 4 32 16 4/16 CLSI recommended 32 4 16 32
breakpoint concn breakpoint concn
BSAC recommended 8 16 2 4 BSAC recommended 16 2 2 16
breakpoint concn breakpoint concn
Wild-type strain W3110 0.015 8 1 >32 SL1344 (wild type) 4 0.06 4 4 128 0.12
tolC::kan 0.0025 1 0.12 1 acrB::kan 1 0.015 2 0.5 64 0.06
acrAB::kan 0.0025 1 0.12 16 acrB+++ 32 0.5 16 16 >256 0.5
acrD::kan 0.015 8 1 >32 acrD::kan 4 0.03 4 4 >256  0.06
acrEF::kan 0.0025 1 1 >32 acrF::kan 4 0.06 4 1 256 0.12
tolC::kan 1 0.015 0.5 1 64 0.015

¢ CIP, ciprofloxacin; CHL, chloramphenicol; TET, tetracycline; CO-TRIM,
cotrimoxazole. Data extracted from Sulavik et al. (215). (Note that values have
been rounded to typical doubling dilutions for ease of comparison between
tables.)

has been described (58). PmpM transports fluoroquino-
lones, benzalkonium chloride, ethidium bromide, acrifla-
vine, and tetraphenylphosphonium chloride. This system
uses utilizes hydrogen ions, but not sodium ions, as an en-
ergy source.

(i) Escherichia coli. In E. coli, the AcrAB-TolC system is
highly homologous to the MexAB-OprM RND system in P.
aeruginosa (138). AcrA is a 397-amino-acid protein that inter-
acts with AcrB, a much larger protein, 1,048 amino acids. TolC,
a 506-amino-acid protein, is also associated with AcrA (234).
The substrate profile of the AcrAB-TolC pump includes chlor-
amphenicol, lipophilic B-lactams, fluoroquinolones, tetracycline,
rifampin, novobiocin, fusidic acid, nalidixic acid, ethidium bro-
mide, acriflavine, bile salts, short-chain fatty acids, SDS, Triton
X-100, and triclosan (46, 139, 149, 216, 230). In E. coli, acrD
and the acrEF operon also encode efflux pumps (188, 236), and
AcrD has been shown to efflux aminoglycosides (140, 188).
AcrE and AcrF are 80 and 88% similar to AcrA and AcrB,
respectively (110). While recognized as a commensal organism,
E. coli is also the most common cause of urinary tract infec-
tions, and treatment is usually with a fluoroquinolone, trimox-
azole or nitrofurantoin. Enteropathogenic E. coli and entero-
toxigenic E. coli are a common cause of diarrhea in developing
countries and for travelers to these locations, and if antimicro-
bial therapy is indicated, the same agents are often used as for
the treatment of urinary tract infections. In children and the
immunocompromised, E. coli can cause more serious infec-
tions, associated with higher morbidity and mortality. For
these patient groups, antimicrobial therapy is required; treat-
ment may be with a broad-spectrum cephalosporin (e.g., ceftri-
axone) or a fluoroquinolone. While some of these agents are
substrates of the AcrAB-TolC system, overexpression alone is
unlikely to give rise to clinical levels of resistance (Table 2).
For fluoroquinolones, a mutation(s) in a topoisomerase gene is
also unlikely to give rise to clinical levels of resistance; how-
ever, when combined with enhanced efflux, such isolates are
resistant to the breakpoint concentration of ciprofloxacin (e.g.,
see references 45, 124, 125, and 145). Of current concern is the
increasing number of isolates of E. coli expressing an extended-
spectrum B-lactamase, in particular a CTM enzyme. Infections
with such E. coli isolates are often treated with second- and
third-line agents, which are often substrates of efflux pumps;

¢ 44+, overexpressing mutant.

? NAL, nalidixic acid; CIP, ciprofloxacin; CHL, chloramphenicol; TET, tetra-
cycline; TRIC, triclosan. Data extracted from Piddock et al. (165), Eaves et al.
(40), and Buckley et al. (25).

therefore, the selective pressure on this species toward selec-
tion of highly MDR strains is increasing.

(iii) Salmonella enterica. Another area in which MDR efflux
pumps are thought to play a role is in the antibiotic resistance
of food-borne pathogens. It is well known that over the last two
decades there has been an increase in the numbers of antibi-
otic-resistant bacteria isolated, both from humans and from
animals. It is also recognized that antimicrobial-resistant or-
ganisms can spread from one ecosystem to another. Particular
concern has been expressed about antibiotic-resistant food-
borne zoonoses such as C. jejuni and various serovars of S.
enterica. For both of these species, poultry meat consumption
is a significant route of transmission of these bacteria to hu-
mans. Bacteria isolated from both animals and humans have
been shown to be cross resistant to antibiotics used both in
veterinary and human medicine. Agents used in treating infec-
tions in poultry not only include fluoroquinolones but also
B-lactams, macrolides, and tetracycline. All of these agents are
substrates for MDR efflux pumps.

S. enterica serovar Typhimurium AcrA and AcrB are very
similar to AcrA (94%) and AcrB (97%), respectively, of E. coli
(40) (Fig. 1). Mutants of S. enterica serovar Typhimurium that
lack various efflux pump genes have been constructed (15, 25,
40, 185). Mutants lacking AcrB were hypersusceptible to quin-
olones, tetracycline, chloramphenicol, bile salts, SDS, Triton-
X100, acriflavine, ethidium bromide, cetyltrimethylammonium
bromide (CTAB), and triclosan. Overexpression of AcrB has
also been associated with MDR in human clinical and veteri-
nary isolates (and laboratory mutants) of S. enterica serovar
Typhimurium (14, 56, 165). The MICs of nalidixic acid, tetra-
cycline, and chloramphenicol for an AcrB-overexpressing
strain were above the recommended breakpoint concentra-
tions (Table 3). The MIC of ciprofloxacin is usually 0.5 pg of
ciprofloxacin/ml for an AcrB-overexpressing strain, below the
CLSI (Clinical and Laboratory Standards Institute) and BSAC
(British Society of Antimicrobial Chemotherapy) recom-
mended breakpoint concentrations for this agent for this or-
ganism. However, serovars of S. enterica with mutations in gyr4
are inhibited by 0.25 g of ciprofloxacin/ml, but such strains
have been shown to fail therapy with a fluoroquinolone (130,
160, 226). There has been considerable discussion in the liter-
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TABLE 4. Susceptibility to antimicrobial agents of C. jejuni 11168
lacking or overexpressing an efflux pump
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TABLE 5. Susceptibility to antimicrobial agents of A. baumanii
lacking or overexpressing an efflux pump

b
C. jejuni strain or MIC (pg/ml)

A. baumannii strain MIC (pg/ml)

characteristic® CIP ERY AMP TET CHL TRIC or characteristic® GEN NET OFX CTX MEM TET
CLSI suggested breakpoint 4 8  32* 16  32% CLSI recommended 16 32 8 64 16 16
concn breakpoint concn
BSAC suggested breakpoint 1 16* 2% 8* BSAC recommended 2 4 16 4 2
concn breakpoint concn
Wild type 0.25 0.5 4 0.5 1 4 BM4454* 8 64 16 64
cmeB::aph 012 025 2 025 05 1 BM adeB::pAT794* <0.25 4 4 8
cmeB+++ 8 4 32 16 16 32 U10247+ 2 8 0.5 2
cmeF::aph 0.25 0.5 05 025 1 1 U11177% 16 64 2 32

¢ 44+, overexpressing mutant.

b recommended breakpoint concentration for Enterobacteriaceae (no rec-
ommended breakpoint concentrations for C. jejuni exist); CIP, ciprofloxacin;
ERY, erythromycin; AMP, ampicillin; TET, tetracycline; CHL, chlorampheni-
col; TRIC, triclosan. Data are taken from Pumbwe and Piddock (175) and
Pumbwe et al. (176).

ature that the recommended breakpoint concentration of cip-
rofloxacin should be lowered to 0.25 pg of ciprofloxacin/ml. If
this were the recommended value, then the MIC of ciprofloxa-
cin for an AcrB-overexpressing strain would be above this
concentration and so would be deemed clinically resistant.

Two other RND efflux pumps AcrD and AcrF, are present
on the S. enferica genome. Genomic analysis reveals that S.
enterica serovar Typhimurium LT2 AcrF is 88% similar to E.
coli AcrF. Furthermore, E. coli AcrB is 90% similar to S.
enterica AcrF. S. enterica serovar Typhimurium LT2 AcrD is 79
and 78% similar to S. enterica serovar Typhimurium AcrB and
AcrF, respectively (40). Deletion of acrD or acrF from S. en-
terica serovar Typhimurium had little effect on the MICs of
clinically relevant antibiotics (40). However, it was shown that
when either of these genes was deleted, AcrB expression was
increased (40); likewise, when acrB was deleted, expression of
acrD or acrF increased (40, 185). It may be that the bacterium
can compensate for the lack of AcrD or AcrF, and conse-
quently there is no effect on MICs. However, a double-knock-
out mutant lacking AcrB and AcrF was no more hypersuscep-
tible than a construct lacking AcrB alone (40). These data
suggest that the major efflux pump protein in S. enterica sero-
var Typhimurium, and probably all serovars of S. enterica, is
the AcrAB-TolC pump.

(iv) Campylobacter spp. In 2003, two teams independently
showed that CmeABC mediated efflux in C. jejuni and con-
ferred MDR (100, 175). CmeA and CmeB have some similarity
to AcrA (51%) and MexA (49%) and to AcrB (63%) and
MexB (62%), respectively, of E. coli and P. aeruginosa. Dele-
tion of cmeB revealed that the substrates of CmeABC include
ciprofloxacin and erythromycin, both common first-line agents
should antimicrobial treatment be warranted to treat a human
campylobacter infection. In addition, overexpression of CmeB
confers resistance to ciprofloxacin, ampicillin, tetracycline, and
chloramphenicol and decreased susceptibility to triclosan, bile
salts, SDS, and Triton X-100 (Table 4) (102, 177, 178). A
second efflux pump system, CmeDEF, has also been identified,
but this system does not appear to confer resistance to cipro-
floxacin or erythromycin (176).

(V) Acinetobacter baumannii. A. baumannii is a multidrug-
resistant gram-negative bacillus that is causing increasing prob-

@ * data extracted from Magnet et al. (112); ¥, data extracted from Higgins
et al. (60).

» GEN, gentamicin; NET, netilmicin; OFX, ofloxacin; CTX, cefotaxime;
MEM, meropenem; TET, tetracycline.

lems in the nosocomial setting, particularly intensive care units.
This organism is commonly MDR due to the presence of
multiple mechanisms of resistance, including chromosomally
mediated fluoroquinolone resistance (due to mutations in
gyrA) and a species-specific cephalosporinase. It can also pos-
sess plasmid- or transposon-encoded genes encoding B-lacta-
mases and aminoglycoside inactivating enzymes. In addition to
these mechanisms of resistance, an RND MDR tripartite efflux
pump, AdeABC, has been described. AdeA and AdeB have
some similarity to AcrA (55%) and MexA (58%) and to AcrB
(68%) and MexB (67%), respectively, of E. coli and P. aerugi-
nosa. When adeB was deleted in a clinical isolate, BM4454, the
organism became susceptible to gentamicin, ofloxacin, cefo-
taxime, and tetracycline (112), with MICs below the recom-
mended breakpoint concentration (Table 5). Overexpression
of AdeABC confers resistance to aminoglycosides and de-
creased susceptibility to fluoroquinolones, tetracycline, chlor-
amphenicol, erythromycin, trimethoprim, and ethidium bro-
mide (112), as well as to netilmicin and meropenem (60).
Treatment of A. baumannii infection typically includes amino-
glycosides, such as gentamicin, in combination with a B-lacta-
mase-stable B-lactam such as piperacillin or imipenem. An
alternative therapy would be another B-lactam, a fluoroquin-
olone, rifampin, or colistin, but these alternative therapies are
relatively new to the armory and have not been supported by
much clinical data. As can be seen, overexpression of the
AdeABC efflux pump reduces the therapeutic options.

(vi) Neisseria gonorrhoeae. MtrCDE mediates MDR and re-
sistance to certain antimicrobial peptides produced at host
mucosal surfaces. Compared with homologies between other
RND pump systems, MtrC has low similarity with E. coli AcrA
and P. aeruginosa MexA (47% and 49%, respectively), whereas
similarity of MtrD with E. coli AcrB and MexB is higher (67%
and 68%, respectively). MtrE corresponds to TolC. In penicil-
lin-resistant strains, it has been shown that the MtrCDE efflux
pump interacts synergistically with other mechanisms of B-lac-
tam resistance in N. gonorrhoeae, including porins (penB) and
low-affinity penicillin binding proteins (224). Increased expres-
sion of MtrCDE alone does not increase the MICs of antimi-
crobial agents sufficiently to be resistant to the recommended
breakpoint concentration (Table 6). Ciprofloxacin is an alter-
native agent for the treatment of gonorrhea, and this agent is
not a substrate of the Mtr system.
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TABLE 6. Susceptibility to antimicrobial agents of N. gonorrhoeae
lacking or overexpressing an efflux pump
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TABLE 7. Susceptibility to antimicrobial agents of S. aureus
overexpressing norA

N. gonorrhoeae strain MIC (pg/ml)” S. aureus strain MIC (pg/ml)”
or characteristic” PEN NAF CIP TET or characteristic NOR CIP NAF VANC

CLSI recommended 2 1 2 CLSI recommended 16 4 4 32

breakpoint concn breakpoint concn
BSAC recommended 4 4 16 BSAC recommended 2 8

breakpoint concn breakpoint concn
FA19 (wild type) 0.015 0.25 0.0025 0.25 SA-1199 0.5 0.5 0.5 0.5
WV30 mtrR171(+++) 0.03 1 0.0025 0.25 SA-1199B° 64 16 0.5 0.5
WV31 mtrR171 mtrD::kan 0.015 0.03 0.0025 0.25 SA-1199-3¢ 16 4 0.5 0.5

“ +++, MtrCDE-overexpressing mutant.

> PEN, penicillin; NAF, nafcillin; CIP, ciprofloxacin; TET, tetracycline. Data
extracted from Veal et al. (224); data for ciprofloxacin provided by W. Shafer
(personal communication).

(vii) Other gram-negative bacteria. Homologues of the
RND Mex and Acr efflux systems associated with MDR have
also been found in other Enterobacteriaceae, including Entero-
bacter aerogenes (171), Klebsiella spp. (125), Proteus mirabilis
(225), Serratia marcescens (91), Morganella morganii (194), H.
influenzae (197), and Helicobacter pylori (221).

MDR pumps of the MATE family have been described for
several gram-negative bacteria: V. parahaemolyticus (NorM)
(132), B. thetaiotaomicron (BexA) (129), V. cholerae (VcmA,
VerM) (65, 66), Brucella melitensis (NorMI) (21), N. gonor-
rhoeae (NorM) (189), H. influenzae (HmrM) (231), and P.
aeruginosa (PmpM) (58). The substrate profile typically in-
cludes a fluoroquinolone (norfloxacin and ciprofloxacin), DNA-
intercalating dyes, and detergents. However, the clinical rele-
vance of these systems has not been established.

Gram-positive bacteria. It has been known for over a decade
that Bacillus subtilis possesses an MDR efflux pump, Bmr,
which belongs to the MFS family of efflux pumps (134, 135).
While there is little clinical significance of this efflux pump in
human and veterinary medicine, it has been shown that the
NorA pump of S. aureus and PmrA of S. pneumoniae bear
significant similarity and identity at the DNA and amino acid
levels (55, 136). Therefore, a considerable number of analogies
have been made between the properties of Bmr and of NorA
(136) and PmrA (55).

(i) S. aureus. S. aureus NorA has been shown to have 44%
amino acid identity and 67% similarity with Bmr. Bmr and
NorA are structurally similar to the plasmid-encoded efflux
proteins TetA, TetB, and TetC, with 24 to 25% sequence
identity with these proteins (134). Overexpression of both Bmr
and NorA confers MDR to fluoroquinolones, chlorampheni-
col, antiseptics, dyes, and disinfectants (Table 7) (77, 134, 136,
137, 232). NorA is present in both methicillin-sensitive S. au-
reus (MSSA) and methicillin-resistant S. aureus (MRSA). The
agents used to treat infections by MSSA include flucloxacillin,
nafcillin, and ciprofloxacin. The agents used to treat MRSA
include ciprofloxacin (where the MRSA strain has been shown
to be susceptible), vancomycin, and linezolid (8). The MICs of
nafcillin and vancomycin are unaffected by overexpression of
NorA (G. W. Kaatz, personal communication).

Other efflux pump genes are also present on the S. aureus
genome, three of which have been investigated. Overexpres-
sion of NorB confers decreased susceptibility to fluoroquino-

“ NOR, norfloxacin; CIP, ciprofloxacin; NAF, nafcillin; VANC, vancomycin.
Data are from Kaatz and Seo (73) and Kaatz (personal communication).

b Possesses a mutation in grl4 and overexpresses norA.

¢ Inducible overexpression of norA.

lones, tetracycline, disinfectants, and dyes (218). Overexpres-
sion of Tet38 confers resistance to tetracycline only (218).
Overexpression of MepA confers resistance to fluoroquino-
lones and biocides (74). Little detailed work has been performed
on the other putative transporters, and so it remains to be seen
whether any further transporters play a role in antimicrobial
resistance in S. aureus. In addition, any clinical relevance of
these new transporters has yet to be defined.

(ii) S. pneumoniae. Over the last decade or so, considerable
effort has been expended by pharmaceutical companies to de-
velop antipneumococcal agents, so there has been considerable
focus on §. pneumoniae and the presence of efflux pump pro-
teins that could confer MDR, including to new agents. In 1999,
Gill et al. identified PmrA. This protein has 43% amino acid
similarity with NorA and 42% similarity with Bmr. These work-
ers showed that when norfloxacin resistance was transformed
from a clinical isolate into strain R6 (widely used by geneticists,
as it is highly transformable and nonencapsulated, i.e., non-
pathogenic; ~40 kb of the genome is deleted compared with
the parent strain from which it originates, and this removes the
capsule locus), the MIC of norfloxacin for R6 increased to 16
pg/ml for the construct, R6N. Gill et al. (55) also introduced
the cat gene into R6ON to construct strain R6N-cat. Insertion of
cat into pmrA gave rise to the same susceptibility to norfloxa-
cin, ciprofloxacin, ethidium bromide, and acriflavine in R6N-
cat as in R6 (Table 8). The MIC of ciprofloxacin for strain R6N
is within one doubling dilution of the recommended break

TABLE 8. Susceptibility to antimicrobial agents of S. pneumoniae
lacking or overexpressing pmrA

MIC (pg/ml)”
NOR NOR +R CIP PEN EtBr ACR

S. pneumoniae strain
or characteristic

CLSI recommended 2

breakpoint concn
BSAC recommended 4 0.12

breakpoint concn
R6 (wild type) 2 2 0.5 2 4
R6N? 16 4 2 16 16
RON::cat 2 2 0.5 2 4

“ NOR, norfloxacin; R, reserpine; CIP, ciprofloxacin; EtBr, ethidium bromide;
ACR, acriflavine. Data extracted from Gill et al. (55).
b Strain R6N overexpresses pmrA (163).
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point concentration for this agent. No data are available as to
whether overexpression of pmrA has any effect on the MIC of
penicillin or cephalosporins. These workers also investigated
the activity of fluoroquinolones for pneumococci in the pres-
ence of reserpine, an inhibitor of Bmr (see “Inhibitors of Efflux
Pumps,” below). Due to the synergistic effect of reserpine and
antimicrobial agents for B. subtilis, this agent has been widely
used in MIC studies of a variety of different antimicrobials with
S. pneumoniae as a means of identifying those isolates that
overexpress an efflux pump (e.g., see references 11, 22-24, and
164). Gill et al. (55) also demonstrated that the MIC of nor-
floxacin for strain R6N was reduced fourfold in the presence of
reserpine; they interpreted these data to indicate that reser-
pine interacted with PmrA to inhibit its efflux activity, so that
the activity of norfloxacin was potentiated. However, to date
there is no biochemical evidence showing a direct interaction
between reserpine and the PmrA protein. Piddock and John-
son (162) examined the concentration of fluoroquinolones
accumulated by strain R6N compared with strain R6. They
showed that R6N did indeed accumulate significantly lower
concentrations of norfloxacin than did R6, supporting the hy-
pothesis that PmrA transported norfloxacin. However, the ad-
dition of reserpine at the same concentration as used in MIC
studies did not significantly affect the concentration of nor-
floxacin accumulated. It may be that reserpine interacts with
another protein, hence giving the observed synergy in MIC
studies. In addition, the concentrations of 10 other fluoro-
quinolones accumulated by strain R6N were similar to those
accumulated by strain R6, suggesting that PmrA did not trans-
port these other drugs. Recently, Marrer et al. (120) identified
an ABC transporter associated with ciprofloxacin resistance.
Robertson et al. (186) showed that deletion of this transporter
conferred multidrug susceptibility.

Mycobacteria. Several efflux pumps of different classes have
been described for Mycobacterium tuberculosis and/or M. smeg-
matis (e.g., see references 10, 36, 98, 154, 204, and 205). Sev-
eral have also been shown to be involved in the transport of
several different antibiotics, including fluoroquinolones, amin-
oglycosides, tetracycline, rifampin, and possibly isoniazid and
ethambutol. However, it is unclear which of these are associ-
ated with antibiotic resistance in clinical isolates.

Evidence for Resistance in Clinical Isolates Mediated
by Enhanced Efflux

It has been questioned whether the association between
MDR and overexpression of an efflux pump (or disruption or
deletion of an efflux pump gene giving consequent hyper-mul-
tidrug susceptibility and thus the assumption that overexpres-
sion would confer MDR) is significant in the antibiotic-resis-
tant bacteria that are commonly isolated from humans and
animals. Therefore, it is important to determine the prevalence
of overexpression of efflux pump systems in clinical and veter-
inary isolates so that the clinical relevance of MDR conferred
by specific efflux pumps can be established. Overexpression has
usually been measured in two ways: (i) by measuring RNA
expression or (ii) by performing Western blotting to measure
protein expression. The latter method is more widely used, as
it is easily available. However, the use of reverse transcriptase
(RT) PCR has been questioned by some, with the suggestion
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that, as RT-PCR data does not determine protein expression,
increased levels of RNA may not be reflected by increased
protein expression. Few studies comparing the two data sets
have been performed; however, recent proteomic data for S.
enterica serovar Typhimurium efflux proteins (185) and OMPs (N.
Coldham et al., unpublished data) confirmed that RT-PCR accu-
rately predicted those proteins that were over- or underexpressed.

Ziha-Zarifi et al. (237) showed that 11 patients had MDR P.
aeruginosa that overexpressed the MexAB-OprM pump. Oh et al.
(146) showed that 17 of 20 fluoroquinolone-resistant clinical
isolates of P. aeruginosa expressed high levels of MexB, MexD,
MexF, or MexY. Hocquet et al. (62) also showed that 14 of 18
isolates overexpressed the MexAB-OprM pump. Wolter et al.
(230) showed that six of seven gentamicin-resistant isolates
overexpressed the MexXY system. These data indicate that
when resistant clinical isolates are investigated, a considerable
number overexpress one or more of the Mex pumps that have
been associated with clinically relevant levels of MDR.

In 22 of 36 fluoroquinolone-resistant isolates of E. coli, en-
hanced efflux was suggested (44). Webber and Piddock (227)
confirmed that 11 isolates overexpressed acrB. Mazzariol et al.
(123) showed that 9 of 10 clinical isolates of E. coli overexpressed
AcrA. Both cyclohexane tolerance and multiple antibiotic resis-
tance have been attributed to overproduction of the AcrAB-TolC
complex in E. coli, mediated by overexpression of a global regu-
lator (mmarA or soxS) (6, 229). It has been observed that in E. coli
there is a close correlation between organic solvent tolerance and
low-level resistance to multiple antibiotics (9). Tolerance to this
organic solvent has been used as a marker for multiple antibiotic
resistance (MAR) and used to screen clinical isolates. Randall
et al. (180) observed a similar association for different serovars of
S. enterica. Kallman et al. (80) showed that cyclohexane-tolerant
clinical isolates of E. coli were inhibited by significantly higher
MICs of cefuroxime, suggesting that efflux contributed to resis-
tance to this agent in E. coli. Schneiders et al. (201) showed that
5 of 10 organic solvent-tolerant MDR K. pneumoniae isolates
overexpressed AcrA.

In 2000, overexpression of acrB was shown in three MDR
human clinical isolates of S. enterica serovar Typhimurium
(165). Phenotypic data supported the role of overexpression as
being a primary mechanism of resistance. Efflux via AcrAB-
TolC has also been shown to be important in the MDR of
isolates of S. enterica serovar Typhimurium DT104 from cattle
(14).

Pumbwe et al. (176) examined 32 isolates of C. jejuni from
both humans and poultry that had an MDR phenotype. Nine
isolates overexpressed cmeB, and three of these also overex-
pressed cmeF. All isolates that overexpressed cmeB accumu-
lated low concentrations of ciprofloxacin, suggesting that the
overexpression of cmeB was involved in the MDR.

Recently, Higgins et al. (60) investigated an outbreak of MDR
A. baumannii in a German hospital and showed that a pretherapy
isolate, U10247, was susceptible to netilmicin and meropenem
but that a subsequent isolate, U11177, became resistant due to
overexpression of AdeABC, such that the MICs were above the
breakpoint concentrations for gentamicin and cefotaxime, both
agents that are used clinically. Two of the outbreak strains were
clones and expressed 20-fold-more adeB mRNA than a strain
obtained earlier in the outbreak (60).

Kaczmarek et al. (79) showed that four high-level, ampicil-
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lin-resistant clinical isolates of H. influenzae contained frame-
shift insertions in acrR which were associated with MDR.

Few studies have examined many clinical isolates of S. aureus
for the prevalence of overexpression of NorA; however, where
investigated it has been shown that some norfloxacin-resistant
clinical isolates overexpress nor4 (70, 77, 142). However, other
studies have found little or no relationship between overexpres-
sion of norA and fluoroquinolone resistance (147, 200). This may
be because NorA does not transport the agents investigated.
Since 1990, fluoroquinolones have been increasingly used as a
treatment for infections caused by MRSA. Many MRSA strains
then evolved to become resistant to fluoroquinolones and became
widely disseminated, such that for some countries the predomi-
nant clones of MRSA are often fluoroquinolone resistant (39).
While most of this fluoroquinolone resistance has been deemed
to be due to mutations in the genes encoding the target protein
(either griA or gyrA), overexpression of NorA may also play a role.
To date there is still no clear evidence as to the cause of the rapid
increase and clonal spread of MRSA in many hospitals in devel-
oped countries, despite the availability of the sequences of the
genomes of seven different strains of S. aureus, including three
MRSA strains; there are many hypotheses for the epidemic
spread of MRSA and problems in eradication. It may be that
overexpression of NorA, with its concomitant effect on biocide
activity, plays a role.

Piddock et al. (163) also determined the prevalence of pmrA
overexpression in clinical isolates of S. pneumoniae from sev-
eral geographically distinct areas. The isolates were divided
into four categories: (i) those isolates inhibited by =16 wg/ml
norfloxacin and for which reserpine lowered the MIC of nor-
floxacin fourfold and where the MIC suggested that these
isolates had a phenotype similar to that of strain RON; (ii)
isolates that were susceptible to norfloxacin but for which re-
serpine also lowered the MIC of norfloxacin; (iii) norfloxacin-
resistant (MIC = 16 ug/ml norfloxacin) isolates for which
reserpine had no effect; and (iv) norfloxacin-susceptible iso-
lates for which reserpine had no effect. Isolates from groups i
and iii also contained mutations in topoisomerase genes (163).
The level of expression of pmrA mRNA was measured by
Northern blotting and quantitative competitive RT-PCR, and
it was shown that there were isolates in all four groups that
overexpressed pmrA. Three isolates that were phenotypically
similar to R6N also had no detectable expression of pmrA.
These data indicate that pmrA overexpression is not exclusively
associated with MDR S. pneumoniae isolates, despite their
MIC phenotype suggesting otherwise.

Taken together, all of these studies indicate that overexpres-
sion of an efflux pump is often found in antibiotic-resistant
clinical isolates and therefore impacts the therapeutic options
available.

REGULATION OF EFFLUX PUMPS IN
CLINICAL ISOLATES

Although there have been many studies on the mechanisms
of regulation of efflux pumps in laboratory-derived mutants,
the mechanisms giving rise to increased efflux in clinical iso-
lates have been shown to fall broadly into four groups: (i)
mutations in the local repressor gene, (ii) mutations in a global
regulatory gene, (iii) mutations in the promoter region of the
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TABLE 9. Substitutions in local repressor proteins

DNA binding

Species Repressor region (aa) Mutation Reference
C. jejuni CmeR 18-64 Gly86Ala 176
E. coli AcrR 16-62 Arg45Cys 228
E. aerogenes AcrR 16-62 Codon 47 171
frameshift
N. gonorrhoeae MtrR 15-51 Gly45Asp 202
P. aeruginosa MexZ 16-62 Val48Arg 105
P. aeruginosa MexR 29-128 His107Pro 169

transporter gene, and (iv) insertion elements upstream of the
transporter gene.

Mutations in the Local Repressor Gene

Most RND MDR efflux pump genes are encoded by operons
that are under the control of the local repressor gene, which is
usually a TetR-type repressor; e.g., in E. coli, AcrA and AcrB
are cotranscribed and under the control of acrR (148). The
same is true for acr genes of other species. Mutations in acrR
derepress expression of acrB, and acrS represses acrEF (96),
giving rise to overexpression of the efflux pump. Such muta-
tions have been found in acrR genes of clinical isolates of E.
coli, S. enterica serovar Typhimurium, H. influenzae, and E.
aerogenes (79, 149, 171, 227) (Table 9). Webber, Talukder, and
Piddock (228) confirmed that a substitution of Cys for Arg45 in
AcrR of E. coli gave rise to increased expression of acrB,
concomitant MDR, and low accumulated concentrations of
ciprofloxacin in six isolates of E. coli. Expression of acrB is also
influenced by the quorum-sensing regulator SdiA (81, 179).

Mutations effecting expression of MexAB-OprM have been
described at three loci: mexR (nalB), nalC (28, 105, 169), and
nalD (206) (Table 9). Mutations identified in nfxB confer ex-
pression of mexCD-oprJ (203). Expression of mexEF-oprN is
regulated by MexT (84). Mutations in mexS (PA2491) that give
rise to overexpression of MexEF-OprN and MDR have also
been identified (207). MexL is a transcriptional repressor of
mexJK (33). Mutations in cmeR of C. jejuni (99, 176) and mtrR
of N. gonorrhoeae (203) have been described. However, regu-
lation of efflux in N. gonorrhoeae appears to be more compli-
cated, and studies with laboratory-constructed mutants re-
vealed that another gene, m#rF, is also required for high-level
MDR (46).

Comparison of the mutations in the local repressor genes of
various gram-negative species reveals that the majority of the
substitutions in the proteins occur in the predicted helix-turn-
helix motif involved in DNA binding to the target structural
gene, i.e., the efflux pump gene, such as acrB (Table 9). Large
deletions have also been observed and are predicted to render
the repressor inactive.

The AdeABC efflux pump of A. baumannii is regulated by
a two-component regulatory system encoded by AdeS and
AdeR. Inactivation of AdeS gives rise to lower aminoglycoside
MICs. Spontaneous gentamicin-resistant mutants contained
substitutions in AdeS and in AdeR; these led to constitutive
expression of the pump and MDR (115).

Expression of norA in S. aureus is via two systems, one a
two-component regulatory system, ArlRS, the other MgrA
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(NorR) (219). Recently, MgrA has been shown also to regulate
Tet38 and NorB (218). A MarR-type regulator, MepR, regu-
lates expression of MepA (74). To date, no data for clinical
isolates have been published, so it is not known what the
contributions of these mechanisms are, if any, in conferring the
overexpression of norA in clinical isolates.

Mutations in Global Regulator Genes

In E. coli, expression of acrAB is controlled by either acrR;
the MarRAB operon, including MarA, a transcriptional acti-
vator; or the SoxRS operon (5, 50, 121, 128). In E. coli and
other Enterobacteriaceae, there are porin proteins present in
the outer membrane (139). Expression of porin proteins is also
under the control of MarA and SoxS; when either of these
transcriptional activators is overexpressed, an antisense RNA,
micF (38), is produced, which in turn decreases expression of
OmpF in the outer membrane, thereby reducing influx of some
antimicrobial agents (148). These transcriptional activators
also interact with acrA4B, thereby increasing the amount of
AcrAB produced and effectively enhancing efflux (148). There
is significant homology at both the DNA and amino acid levels
of the AcrAB-TolC pumps of S. enterica and E. coli, and so it
is considered that much of the information obtained for E. coli
AcrAB-TolC is directly relevant to S. enterica (Table 10). The
marRAB and soxRS operons are also present on the genomes
of S. enterica, and these too have significant homology with
those of E. coli; thus, it is thought that regulation of efflux and
influx occurs in salmonellae as in E. coli (214).

Mutations in clinical isolates of E. coli in those genes that are
global regulators, including soxR and marR, have been de-
scribed (67, 88, 145, 227). Constitutive overexpression of soxRS
can also contribute to antibiotic resistance in clinically relevant
S. enterica isolates (87).

Rob is also a member of the same AraC/XylS family of
transcriptional regulators as MarA and SoxS (17). Overexpres-
sion of rob in E. coli produces both increased organic solvent
tolerance and low-level resistance to multiple antimicrobial
agents, due to increased expression of the AcrB-TolC system
(229).

Other species of the genus or of the family Enterobacteria-
ceae possess homologues of the AcrAB-TolC MDR efflux
pump, and so expression is also considered to be regulated as
in E. coli. However, evidence is accumulating to suggest that
the global regulator may not always be MarR or SoxR but
RamA. Overexpression of this protein has been associated
with MDR in S. enterica serovar Typhimurium, E. aerogenes,
and K. pneumoniae (29, 49, 201, 222).

There are few global regulatory genes on the genome of P.
aeruginosa, and regulation of the Mex pumps in P. aeruginosa
is considered to be due to a mutation(s) in one of the local
regulatory genes, such as mexR. Recently, however, SoxR, but
not SoxS, in P. aeruginosa has been described (153). SoxR
regulates a six-gene regulon including genes encoding putative
efflux pumps and a pump involved in quorum-sensing signal
homeostasis. Evidence that may support a global regulator in-
volved in efflux-mediated antibiotic resistance in P. aeruginosa
is provided by several studies with clinical isolates. First, an
isolate for P. aeruginosa from a chronic obstructive airways
disease patient overexpressed not only the MexAB-OprM ef-
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TABLE 10. Comparison of identities and similarities of various
efflux proteins made from pairwise alignments with
Genedoc (Karl Nicholas)

Proteins % . . % .
Identity Similarity
MexA“* AcrA? 56 71
MexB AcrB? 69 83
OprM TolC” 18 35
MexC MexA 43 60
MexC MexE 32 45
MexD MexB 49 69
MexD MexF 40 61
OprN OprM 31 48
AcrA? AcrA€ 91 94
AcrE® AcrAP 66 80
AcrF? AcrB® 77 88
AcrB? AcrB°¢ 94 97
AcrD? AcrD¢ 94 97
CmeA? MexA 29 49
CmeB MexB 41 62
CmeC OprM 25 46
CmeA AcrA” 31 51
CmeB AcrB? 41 63
CmeC TolC* 24 41
Bmr* NorA/ 44 67
Bmr PmrA# 33 42
NorA PmrA 25 47
AcrF? AcrF¢ 88 94
TolC” TolC* 89 94
AcrD¢ AcrB° 64 79
AcrD¢ AcrF¢ 64 78
AcrF¢ AcrB® 80 90
AdeA" MexA 37 58
AdeB MexB 47 67
AdeC OprM 42 61
AdeA AcrA* 38 55
AdeB AcrB? 49 68
AdeC TolC* 22 39
MtrC? MexA 26 49
MtrD MexB 49 68
MtrE OprM 42 61
MtrC AcrA* 29 47
MtrD AcrB? 49 67

“ P. aeruginosa PAO1.

> E. coli MG1655.

¢ S. enterica serovar Typhimurium LT2.

4 C. jejuni NCTC 11168.

¢ B. subtilis, GenBank accession number M33768.

I'S. aureus, GenBank accession number M97169.

& S. pneumoniae, GenBank accession number AJ007367.

" N. gonorrhoeae, GenBank accession numbers V14993, V60099, and X95635.
‘ Homology between MtrE and TolC was too low to calculate.

flux pump but also the MexEF-OprN pump and had decreased
expression of a porin protein (OprF), plus a mutation in a
topoisomerase gene (161, 173, 174). By complementing various
genes, the role of each mechanism was determined. The net
result was to yield a broadly resistant organism (Table 11). Le
Thomas et al. (93) isolated a similar mutant from a surgical
site. Llanes et al. (105) also showed that clinical isolates of P.
aeruginosa can express two efflux pumps simultaneously and
provided evidence for additional genes that regulate expres-
sion of mexAB-oprM and mexXY.

MtrA in N. gonorrhoeae is a transcriptional activator similar
to other members of the AraC/XylS family (e.g., MarA) and is
required for inducible resistance in this species (190).
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TABLE 11. Susceptibility of P. aeruginosa overexpressing two Mex
pumps and having other mechanisms that confer MDR

b
P. aeruginosa characteristic MIC (pg/ml)

or strain® CIP ENX NAL CHL TET CAR CTX
CLSI recommended 4 32 16 512 64
breakpoint concn
BSAC recommended 8 16 8 2 256 16

breakpoint concn
NCTC 10662 (wild type) 1 0.5 8§ 16 16 2 025
G48 (d1) 1 05 8§ 16 16 2 025
G49 (d18) 16 2 32 64 32 64 4

“d1, day 1 of therapy; d18, day 18 of therapy. G49 overexpresses mexAB-oprM
and mexEF-oprN, underexpresses OprF, and has a mutation in gyrA4.

b CTP, ciprofloxacin; ENX, enoxacin; NAL, nalidixic acid; CHL, chloramphen-
icol; TET, tetracycline; CAR, carbenicillin; CTX, cefotaxime. Data are from
Pumbwe et al. (173, 174). Underlining indicates the agent used to treat the
patient.

Mutations in the Promoter Region of the Gene
Encoding the Transporter

Mutations in the promoter region of norA of clinical isolates
of S. aureus have been identified (73, 78, 141-143, 147). Re-
cently, Kaatz et al. (78) showed that mutations in the +5
nucleotide of norA mRNA (flg mutations) of laboratory mu-
tants gave rise to overexpression of norA; this could be re-
versed by overexpression of mgr. A study by Schmitz et al.
(200) found that 36 of 42 norfloxacin-resistant isolates con-
tained mutations in the promoter region of norA but that none
were associated with resistance. However, it should be noted
that various other mechanisms for the regulation of expression
of norA in laboratory mutants of S. aureus, such as ArIRS and
MgrA, have been described, and these too may play a role in
clinical resistance (47, 48, 78, 218).

Insertion Sequences

The presence of insertion sequences (IS) upstream of the
genes encoding a structural component of the efflux pump or
inserted within the local repressor gene have been identified in
some clinical isolates that overexpress MDR efflux pumps.
Some IS elements have promoters or promoter sequences that
can increase expression of a downstream efflux gene. First, an
IS element was found inserted in acrR of a clinical isolate of E.
coli (227). A spontaneous laboratory mutant of E. coli has also
been selected with IS786 in acrR or IS2 upstream of acrEF
(67). An IS element inserted in mexR has also been described
for a clinical isolate of P. aeruginosa and for acrS (the putative
repressor of acrEF) of S. enterica serovar Typhimurium DT204
(20, 150). In the latter case, the mutant was selected in vitro on
high concentrations of fluoroquinolone from a veterinary iso-
late. The authors provided data to indicate that the overex-
pression of acrF was mediated solely by IS7 and IS70, and they
hypothesized that the overexpression of acrEF may be additive
to that conferred by overexpression of AcrAB. IS/ and IS70
are found on the chromosome of DT204 but not of the other
epidemic S. enterica serovar Typhimurium strain, DT104, lead-
ing the authors to postulate that the presence of these IS
elements may offer a selective advantage to DT204; they fur-
ther emphasized the importance of IS transposable elements in
the development of antimicrobial resistance.
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Although N. meningitidis also possesses MtrCDE, expression
is not regulated by MtrR or MtrA. Analysis of 12 isolates
revealed the presence of an insertion sequence (otherwise
known as a Correia element) in all isolates (191). One isolate
also contained IS/301. The authors concluded that the Mtr
efflux system of N. meningitidis was regulated by integration
host factor and posttranscriptional regulation by cleavage in
the inverted repeat of the Correia element.

MDR EFFLUX PUMPS AND DEVELOPMENT OF
ANTIBIOTIC RESISTANCE

For some antibiotics in clinical use, the clinical relevance of
overexpression of an efflux pump is that this confers MDR.
However, there is also evidence to suggest that increased ex-
pression of efflux pumps may be the first step in which a
bacterium becomes resistant to clinically relevant antimicrobi-
als. It has been shown that reserpine (see “Inhibitors of MDR
Efflux Pumps,” below) suppresses the in vitro emergence of
norfloxacin-resistant S. aureus (117) and ciprofloxacin-resistant
S. pneumoniae (116, 118). Lomovskaya et al. (106) also showed
that the efflux pump inhibitor MC-207-110 suppressed the
emergence of levofloxacin-resistant P. aeruginosa. This phe-
nomenon has been confirmed and extended for S. pneumoniae
and gemifloxacin and moxifloxacin (Garvey and Piddock, un-
published data). It was proposed that inhibition of efflux
gave rise to high intracellular concentrations, such that for
S. aureus the MICs afforded by mutations in the gene en-
coding the target topoisomerase are too low to allow sur-
vival (117).

It is also hypothesized that increased efflux of antimicrobials
decreases the intracellular concentration, such that the bacte-
rium can survive longer than may have been predicted from the
MIC for that organism. During this time and within this pop-
ulation of bacteria, spontaneous mutants that contain muta-
tions in genes encoding the target protein occur (e.g., gyrA of
E. coli). Evidence in support of this hypothesis is that deletion
of acrAB in E. coli with two mutations in gyr4 resulted in the
bacterium becoming hypersusceptible to fluoroquinolones,
suggesting that a functional AcrAB MDR efflux pump is es-
sential for resistance. Baucheron et al. (12) inactivated acrB in
MDR . enterica serovar Typhimurium DT204 (also containing
a mutation[s] in topoisomerase genes), giving rise to low MICs,
some of which were below the recommended breakpoint
concentrations for these agents and this species. Luo et al.
(108) obtained similar data when cmeB was deleted in C. jejuni
containing a substitution in GyrA. Furthermore, S. enterica
serovar Typhimurium strains that lack t0/C do not give rise to
ciprofloxacin-resistant mutants in vitro (185). S. enterica sero-
var Typhimurium lacking AcrB only gave rise to ciprofloxacin-
resistant mutants when the concentration of bacteria was high
(>10'"), and even so the frequency of mutation to resistance
was very low, at ~10"* (Randall et al., unpublished data).
Underlining the importance of the AcrAB-TolC pump in the
development of ciprofloxacin resistance in S. enterica serovar
Typhimurium, the strain lacking AcrB gave rise only to mu-
tants containing a substitution in GyrA, whereas the parent
strain containing AcrB gave rise to MDR mutants and those
with a substitution in GyrA. These data indicate that the Ac-
rAB system of E. coli and S. enterica serovar Typhimurium and
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the homologous system, CmeABC, in C. jejuni are important in
the development of resistance to fluoroquinolones and some
other agents. Use of fluoroquinolones in veterinary medicine
has been a controversial issue for some years, as there are data
to indicate that such use allows the selection of resistant bac-
teria that are transmitted to humans via the food chain. Use of
efflux pump inhibitors concomitant with the use of antimicrobials
may reduce the selection pressure, thereby allowing this valuable
class of antimicrobials to continue to be used in animals.

NATURAL ROLES OF MDR PUMPS

Bile Tolerance of Enteric Bacteria

It has long been considered that the natural physiological
role for MDR efflux pumps in bacteria is in the export of
noxious substances from the bacterial cell thereby allowing
survival in a hostile environment. Efflux pumps predate the
antibiotic era, so their natural role is unlikely to be related to
antibiotic use; i.e., antibiotics such as fluoroquinolones are
unlikely to have selected for pump evolution. The natural
environment of enteric pathogens is rich in bile salts and fatty
acids, suggesting that one of the many physiological functions
of active efflux systems is both the secretion of intracellular
metabolites and protection against a variety of substances in
this environment. It has been shown for E. coli, S. enterica
serovar Typhimurium, and C. jejuni that mutants lacking com-
ponents of the AcrAB-TolC pump or the CmeABC pump are
hypersusceptible to bile and bile salts (natural antimicrobial
substances produced in the avian and mammalian gut as an
antimicrobial defense to bacterial challenge) and that mutants
that overexpress components of these pumps are resistant to
high concentrations of bile and bile salts (16, 92, 100, 101, 111,
176, 217). Therefore, it has been suggested that the primary
function of the E. coli AcrAB-TolC and C. jejuni CmeABC
efflux pumps of these organisms is to allow enteric bacteria to
survive in the presence of bile (101, 111). Induction of the E.
coli AcrAB pump by bile salts is mediated by Rob (187), and
exposure to bile salts gives rise to MDR. Thanassi et al. (217)
showed that although the bile salts chenodeoxycholate and tau-
rocholate are transported via the E. coli AcrAB and EmrAB
pumps, their data indicated that another system also played a
role in efflux of these agents. Microarray analysis of gene ex-
pression after exposure of S. enterica serovar Typhimurium to
bile revealed that MarRAB is activated in a concentration-
dependent manner and that AcrAB was also independently
activated (172). For a recent review of the interaction of bac-
teria with bile, see Begley et al. (16).

Colonization, Invasion, and Survival in the Host

The physiological role of efflux pumps appears to be far
more complex than merely that of an antibiotic export system,
and data are emerging to suggest that RND systems in P.
aeruginosa, N. gonorrhoeae, S. enterica, and C. jejuni are im-
portant in the pathogenicity of the organism and/or survival in
their ecological niche.

Over the last 10 years there have been sporadic reports
implicating components of efflux pumps in pathogenicity.
Stone and Miller (213) showed that S. enterica serovar Enter-
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itidis f0/C Tn5 insertional mutants were avirulent for mice.
Urban et al. (220) found that the phytopathogenic fungus Mag-
naporthe grisea requires the up-regulation of specific ABC
transporters for pathogenesis. In 2002, Hirakata et al. (61)
concluded that the P. aeruginosa MexAB-OprM efflux system
exports virulence determinants that contribute to the virulence
of this organism. Jerse et al. (68) reported that a functional
MtrCDE efflux system in N. gonorrhoeae enhanced bacterial
survival in a female mouse model of genital tract infection.
These authors suggested that this was due to the bacteria being
able to survive in the presence of hydrophobic mucosal sub-
stances. Lin et al. (101) demonstrated that the efflux pump
CmeB confers resistance of C. jejuni to bile. They also sug-
gested that resistance to bile improves C. jejuni survival in vivo
in poultry and concluded that inhibition of CmeABC function
not only may be involved in antibiotic resistance but also may
prevent in vivo colonization by Campylobacter. Recently, Burse
et al. (26) reported that the phytoalexin-inducible multidrug
efflux pump AcrAB contributes to virulence in the fire blight
pathogen Erwinia amylovora. Most recently, two groups have
independently shown that the AcrAB-TolC system of S.
enterica serovar Typhimurium is important in the coloniza-
tion of chicks. Baucheron et al. (13) showed that mutant
DT104 and DT204 that lacked TolC were unable to colonize
the cecum, spleen, or liver. Buckley et al. (25) showed that S.
enterica serovar Typhimurium lacking AcrB or TolC poorly
colonized chickens and did not persist in the avian gut, whereas
mutants with disrupted acrD or acrF colonized and persisted as
well as the parent strain, SL1344. It may well be that the
reduced colonization of chicks by S. enterica serovar Typhi-
murium in which marA has been inactivated (181) is due to
decreased expression of acrB.

It has also been shown in tissue culture studies that compo-
nents of RND efflux pumps are important in the invasion,
adherence, and/or colonization of the host cell. Decreased
cellular invasion was observed with mutant P. aeruginosa
PAOI1 with inactivated mexB (61). These authors also showed
that a AmexAB-oprM double knockout of P. aeruginosa PAO1
had significantly reduced invasion in MDCK cells compared to
the parent strain. Buckley et al. (25) have also shown that a
S. enterica serovar Typhimurium mutant lacking to/C poorly
adhered to both human embryonic intestine cells (INT-407)
and mouse monocyte macrophages (RAW 264.7) and was un-
able to invade the macrophages. The acrB mutant adhered but
did not invade macrophages. Taken together, these data sug-
gest that efflux pump systems have a role in mediating adher-
ence and uptake of bacteria into target host cells as well as in
surviving noxious substances in the local environment.

Several extracellular virulence factors known to be regulated
by quorum sensing appear to be substrates for the P. aerugi-
nosa MexAB-OprM system (43, 166). It has been suggested
that the reduced virulence of P. aeruginosa strains that over-
express efflux pumps may be due to enhanced efflux of quorum-
sensing signals, thereby reducing the expression of those virulence
determinants regulated by quorum-sensing molecules. Recently,
overexpression of the MexCD-OprJ and MexEF-OprN systems
(but not MexAB-OprM or MexXY) was associated with a
reduction in the expression of genes encoding components of
type III secretion by P. aeruginosa (102).
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INHIBITORS OF MDR EFFLUX PUMPS

Most efflux pump systems, except for the ABC family, which
utilizes ATP hydrolysis, utilize the PMF as an energy source to
drive the export of substrates. Carbonyl cyanide m-chlorophenyl-
hydrazone (CCCP) and dinitrophenol (DNP) dissipate the
PMF, thereby inhibiting efflux (35). However, these compounds
are not inhibitors of efflux proteins.

Neyfakh et al. (135) showed that efflux-mediated MDR in B.
subtilis had some similarities with that of PgP of mammalian
cells, in that MDR was reversed in the presence of reserpine
and verapamil, inhibitors of PgP. Reserpine, a plant alkaloid,
interacts directly with the B. subtilis Bmr protein at amino acids
phenylalanine 143, valine 286, and phenylalanine 306 (83).
Although these amino acids are distant from each other, it is
proposed that when the protein is folded into its tertiary struc-
ture, these amino acids form part of a reserpine binding pocket
(83). It has been found that if valine 286 is replaced with
another amino acid, the affinity of reserpine is increased or
decreased. Replacement of valine 286 with the larger residue
leucine results in a fourfold reduction in sensitivity of Bmr to
reserpine. Substitution of amino acids at the other loci in Bmr
also affect reserpine sensitivity and can also result in resistance
to fluoroquinolones and other agents.

Neyfakh et al. (136) showed that reserpine inhibited NorA,
and Kaatz and Seo (72) showed that reserpine potentiated the
activity of norfloxacin for S. aureus. Alignment of PmrA with
NorA indicates that there is overall homology between the
amino acid sequences of the two proteins and that NorA con-
tains two of the three amino acids important in binding reser-
pine in Bmr. Leucine 286 is found in NorA. Unfortunately,
although reserpine has been used to treat hypertension, it
cannot be used in combination with antibiotics for the treat-
ment of staphylococcal infections, as the concentrations re-
quired to inhibit NorA are neurotoxic (117).

Based on the similarity between Bmr and the predicted
amino acid sequence of PmrA (43% amino acid similarity with
NorA and 42% similarity with Bmr), it has been assumed that
reserpine inhibits Pmr in a manner similar to that of Bmr, and
this gives rise to the synergistic effect observed in MIC studies
between many fluoroquinolones and reserpine for S. pneu-
moniae. Alignment of PmrA with NorA and Bmr indicates that
while there is overall homology between the amino acid se-
quences of the three proteins, there are differences in the
putative reserpine binding site. PmrA does not contain the
same residues as Bmr; instead, PmrA contains tyrosine 143 and
glycine 306. These amino acids may not be employed in reser-
pine binding. PmrA also contains the larger residue tryptophan
286, which may significantly reduce the sensitivity of PmrA to
reserpine. These data, coupled with the lack of effect of reser-
pine in the accumulation experiments with S. pneumoniae R6N
(162), suggest that the synergistic effect seen in the MIC ex-
periments with this strain is not due to interaction between a
reserpine binding pocket in PmrA analogous to the pocket in
Bmr (163). It would seem likely that reserpine interacts with
another target in the bacterial cell, possibly another efflux
pump protein, although the accumulation data do not support
this hypothesis.

A search for compounds that interact with efflux pump pro-
teins and can restore antimicrobial susceptibility has been on-
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going for over a decade, initially focusing on S. aureus. Hsieh
et al. (64) constructed a strain of S. aureus with norA disrupted
and used this strain to screen natural compounds for enhanced
activity compared with S. aureus with nondisrupted norA.
Among the compounds identified were berberine and palma-
tine. Stermitz et al. (211) later showed that plant extracts
contain an inhibitor of NorA (5'-MHC) that potentiates the
activity of berberine. Synthetic derivatives of 5'-MHC were
made, and structure-activity relationships were explored (57).
It was suggested that plants could provide a rich source of
MDR efflux pump inhibitors (EPIs) that could restore the
activity of MDR efflux pump substrates even to synthetic
agents such as fluoroquinolones (95). The search for natural
agents that inhibit efflux by S. aureus has continued, and sev-
eral compounds have been identified as potent inhibitors (131,
152, 209, 210, 212). Tegos and Lewis (216) determined the
activity of several antimicrobials from plants, tetracycline and
erythromycin, in the presence of two EPIs, MC207-110 (see
below) and INF271 (118), for several species of bacteria, in-
cluding P. aeruginosa, E. coli, S. enterica serovar Typhimurium,
and S. aureus. Their data indicated that plants had evolved to
produce active antimicrobials and EPIs and that these agents
could form the basis for development of agents for use in
human medicine. Markham et al. (118) screened 9,600 struc-
turally diverse synthetic molecules for the ability to enhance (at
lower concentrations than reserpine) the activity of ethidium
bromide and ciprofloxacin against two strains of S. aureus, one
of which overexpressed norA. Five putative inhibitors, includ-
ing INF271, were identified. However, none of these com-
pounds has so far entered full scale drug development; this is
due to a variety of reasons, including stability, solubility issues,
and potential toxicity. The search for compounds active against
staphylococci using NorA-overexpressing strains has continued
to focus on plant extracts and includes extracts from Hypericum
(583), Lycopus europaeus (54), Rosmarinus officinalis (151), and
Camilla sinensis (52).

Lomovskaya and colleagues screened a library of 200,000
synthetic compounds and natural product extracts for agents
that could potentiate the activity of levofloxacin against P.
aeruginosa (106, 183). From this screen, they identified MC-
207,110 (Phe-Arg-B-naphthylamide). The mode of action of
MC-207,110 as an inhibitor of the Mex pumps of P. aeruginosa
was confirmed by microbiology and accumulation and efflux
assays with a variety of different strains, including mutants with
disrupted mex genes (107). However, despite the apparent
good in vitro activity of this agent when combined with levo-
floxacin, this combination drug did not succeed to market due
to phototoxicity issues. It has also been shown that the activity
of the oxazolidonones for gram-negative bacteria can be im-
proved by the addition of MC-207,110 or analogues (J. M.
Buysse, personal communication). MC-207,110 and/or its an-
alogues also enhance the activity of some antibiotics for other
gram-negative bacteria, including the Enterobacteriaceae and
H. influenzae (J. Blais, D. Cho, K. Tangen, C. Ford, A, Lee, O.
Lomovskaya, and S. Chamberland, Prog. Abstr. 39th Intersci.
Conf. Antimicrob. Agents Chemother., abstr. 1266, page 327,
1999), B. thetaiotaomicron (129), E. coli (123, 195), E. aerogenes
(113), serovar Typhimurium (12, 41), Campylobacter spp. (114,
158), A. baumannii (A. E. Laudy, 1. Wojtal, E. Witkowska, and
B. J. Starosciak, Proc. 15th Eur. Congr. Clin. Microbiol. Infect.
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Dis., abstr. P1213, 2005), and Stenotrophomonas maltophilia
(184; Laudy et al., Proc. 15th Eur. Congr. Clin. Microbiol.
Infect. Dis.) but not SmeDEF-overexpressing strains (198).
Recently, a derivative of MC-207,110 has been used in a MIC
screen to determine the prevalence of P. aeruginosa with a
phenotype suggestive of overexpression of an efflux pump (89).

Several agents already used in human medicine, but for
conditions other than treatment of infectious diseases, have
also been shown to enhance the MICs of some antimicrobial
agents against efflux pump-overexpressing strains. These agents
and their targets include selective serotonin reuptake inhibitors
and S. aureus (75), antipsychotic drugs (thioxanthenes) that block
the postsynaptic receptors for dopamine and S. aureus (76, 90),
and drugs (phenothiazenes) used to treat a variety of mental
disorders and S. aureus (76) and M. tuberculosis (7). However, no
biochemical data confirming a direct interaction with any efflux
protein have yet been provided.

Recently, another series of synthetic molecules, the arylpipera-
zines, have been shown to inhibit efflux in E. coli (18).

To date, no efflux pump inhibitor has been licensed for use
in the treatment of bacterial infections in human or veterinary
medicine, although the search continues. To be able to per-
form rational drug development and identify effective efflux
pump inhibitors, an understanding of how a putative efflux
pump inhibitor interacts with bacterial cells should be per-
formed. With no clear indication as to the precise protein
target(s) of efflux pump inhibitors or an understanding of the
interaction with efflux pump proteins, it is difficult to see how
rational drug development in this area can proceed. Advances
in the structural biology of efflux pump proteins with and
without substrates should provide this necessary information.

Numerous articles have been published for a variety of bac-
terial species showing MIC data of antibiotics with and without
an EPI such as reserpine or MC-207,110; when such data
reveal enhancement of antibiotic activity, this has been inter-
preted to indicate the presence of an efflux pump. For some
species where there is clear biochemical and/or genetic data to
confirm the MIC data, this interpretation is valid. However,
there is also evidence that EPIs interact with more than one
MDR efflux pump within the same bacterial species, e.g., MC-
207,110 and P. aeruginosa. For those species where no direct
interaction with the protein target(s) has been demonstrated,
the use of EPIs in identifying isolates of bacteria that overex-
press efflux pumps is questionable and may give rise to mis-
leading data as to the prevalence of such strains in the clinical
environment. In addition, some MIC data may have been mis-
interpreted, as Zloh et al. (238) have performed molecular
modeling with inhibitors of MDR, suggesting that EPIs may
have affinity for substrates of MDR transporters. This affinity
may facilitate drug entry into cells, but a large inhibitor-drug
complex may be a poor substrate for the MDR efflux pump.
However, Yu et al. (233) recently determined the crystal struc-
ture of E. coli AcrB in the presence of several agents, including
Phe-Arg-B-naphthylamide, and showed that it does indeed
bind to this protein.

For articles focusing on EPIs, see the following reviews:
Lomovskaya and Watkins (107), Kaatz (71), and Marquez
(119).
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BIOCIDES

There has been considerable controversy in the literature as
to whether overexpression of MDR efflux pumps gives rise to
biocide (disinfectant) resistance; this controversy has focused
on triclosan. It is clear that when the MIC of a biocide (e.g.,
triclosan) is determined for those bacteria for which an efflux
pump has been deleted, the organism has increased suscepti-
bility to this biocide, and when the efflux pump is overex-
pressed, the MIC is increased (34, 94, 127). However, it has
been argued that MICs bear little or no relevance to biocide
use (192, 193). In addition, accurate MICs can be difficult to
obtain with some biocides; e.g., triclosan precipitates at con-
centrations of >17 mg/liter. There is also no equivalent of a
recommended breakpoint concentration for biocides.

The activity of disinfectants is determined in a variety of
ways: first, activity is typically determined in the laboratory
with bacteria growing in suspension; activity is then deter-
mined under conditions that represent practical use and sim-
ulated conditions of use, e.g., hand washing. To be able to put
a value to biocide activity, two measures have been used, the D
and E values. The D value is the time taken to reduce a
population of indicator organisms either in suspension or at-
tached to a surface (carrier test) by 90% (126). For instance,
the D value of 0.025% sodium hypochlorite at pH 7 against E.
coli is 6.1 min (126). Carrier tests are considered to be a more
appropriate measure of biocide activity; these are tests in
which the bacteria are attached to a surface, often after for-
mation of a biofilm, and are considered to be less susceptible
to antimicrobial compounds than bacteria grown in suspension
(109). Another value of biocide activity is the E (European
suspension test) value (157). This is the time taken for a bio-
cide to demonstrate a =5-logarithmic reduction in numbers of
bacteria grown in suspension when using the biocide under the
conditions of use recommended by the manufacturer. Thus far,
no D or E values under the concentration and conditions of
use recommended by the manufacturer have been published
for bacteria that overexpress efflux pumps. These values are
especially pertinent for triclosan and E. coli, where there is
good evidence to show that overexpression of AcrB, mediated
by overexpression of MarA, typically confers a twofold de-
crease in susceptibility (127). Likewise, a MIC of 32 pg of
triclosan/ml is required to inhibit S. enterica serovar Typhi-
murium strains that overexpress AcrB (25) and C. jejuni strains
that overexpress CmeB (176). It has been shown that P. aerugi-
nosa is intrinsically resistant to triclosan, due to the MexAB-
OprM efflux pump, and requires >1,000 pg of triclosan/ml for
inhibition; expression of MexCD-OprJ, MexEF-OprN, or
MexJK-OprH can also confer triclosan resistance (31, 32, 34).

It is clear that only once D and E values (or similar data) are
available will the controversy over the relevance of overexpres-
sion of MDR efflux pumps and biocide activity be resolved.
However, there is the second issue that triclosan can select
mutants that overexpress MDR efflux pumps that are resistant
to multiple antibiotics. There is the worry that such bacteria
could cause infections in humans. Again, there is controversy
as to whether the threat is real or a laboratory phenomenon
(193). Of particular concern are hospital-acquired pathogens
and food-borne pathogens, where there is widespread use of
biocides. Recently, MDR S. maltophilia was selected with tri-
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closan, and 5 of 12 mutants were shown to overexpress SmeDEF
(199).

CONCLUDING REMARKS

It is clear from the published literature that increased expres-
sion of efflux pumps increases the MICs of many antimicrobials,
biocides (disinfectants), dyes, and detergents. However, these in-
creased MICs are not always for clinically relevant antimicrobials
or even above the recommended breakpoint concentrations.
Genomics has revealed that most bacteria possess numerous
efflux pumps, but data to date indicate that only a few per
species confer resistance to agents used in clinical practice.
Clearly, the role of efflux in microbial drug resistance is both
drug and bacterial species dependent. However, a more fun-
damental role for bacterial efflux pumps may be their contri-
bution to the survival of bacteria during exposure to antimi-
crobial agents that are substrates of MDR pumps, and these
may contribute toward the survival of certain species within
their ecological niche. While no efflux pump inhibitor has yet
reached clinical practice, it is clear that this area of drug de-
velopment offers considerable promise, as it will bring back
into the antimicrobial armory several drugs that have previ-
ously been considered to be of great clinical value.
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