Chapter 16

Fluoroquinolone Resistance in Bacteria

Varsha V. Moudgal and Glenn W. Kaatz

1 Introduction

Quinolones are some of the most widely prescribed antimi-
crobial agents in the world. For example, levofloxacin sales
totaled $1.5 billion in 2005 (Johnson & Johnson Annual
Report for 2005; http://www.investor.jnj.com). A detailed
discussion of structure-activity relationships is beyond the
scope of this chapter, but these agents have undergone sev-
eral iterations, or “generations,” which have consisted of
structural modifications to improve potency and spectrum of
activity. The first-generation quinolone upon which all sub-
sequent derivatives are based is nalidixic acid (Fig. 1), which
was isolated as a by-product during chloroquine synthe-
sis (1). Nalidixic acid actually is a naphthyridone based on
the presence of a nitrogen atom at position 8, whereas quino-
lones generally have a carbon atom at this position. Second-
generation drugs, all of which have a fluorine at position 6 of
the quinolone nucleus, include norfloxacin, ciprofloxacin,
enoxacin, ofloxacin, and pefloxacin and third-generation
agents include temafloxacin, levofloxacin, trovafloxacin,
gatifloxacin, and moxifloxacin.

Many quinolones have been approved by various regulatory
agencies worldwide and some have been withdrawn after wide-
spread use revealed unforeseen toxicities. Examples of this
include temafloxacin, which was found to be associated with
hypoglycemia and hemolytic-uremic syndrome and trovafloxa-
cin, found to be associated with severe hepatotoxicity (2, 3).
Although serious adverse events following quinolone use are
relatively rare, some that have been associated with these drugs
include prolongation of the QTc interval which can predispose
to serious, life-threatening arrhythmias, rash, seizure, glucose
intolerance and, as already mentioned, hepatotoxicity (4).

Quinolones are broad-spectrum bactericidal agents active
against many Gram-positive and Gram-negative bacteria that
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target the essential bacterial enzymes DNA gyrase and DNA
topoisomerase IV (5). These enzymes are involved in DNA rep-
lication and repair and in the presence of a quinolone an
intermediate ternary complex consisting of drug, enzyme,
and a severed DNA strand is formed. These complexes block
further DNA replication leading to cell death. Mutational
alterations of the genes encoding DNA gyrase and/or topoi-
somerase IV in the so-called quinolone resistance determin-
ing region, or QRDR, and resulting in critical amino acid
substitutions reduce quinolone interaction with each enzyme.
These mutations are the basis for high-level, target-based
quinolone resistance and will be discussed in detail later in
this chapter. Another important mechanism of quinolone
resistance is overexpression of membrane-based drug efflux
pumps, which also will be discussed subsequently. Such
efflux pumps reduce the effective intracellular drug concen-
tration to either a non-inhibitory or borderline inhibitory
level, favoring the emergence of target-based mutations and
high-level resistance (6-8).

All clinically relevant bacterial species are capable of
developing resistance to quinolones, but historically problem-
atic organisms have been Staphylococcus aureus and
Pseudomonas aeruginosa. For many quinolones these organ-
isms tend to have a narrower therapeutic index than other bac-
teria in that the minimum inhibitory concentration (MIC) and
achievable serum levels are relatively close. In this situation
subtherapeutic drug levels will exist for long periods of time
during therapy, favoring the emergence of point mutations in
topoisomerase genes leading to reduced quinolone suscepti-
bility. Newer agents with increased potency against S. aureus
have helped to reduce this problem but unfortunately the
majority of methicillin-resistant S. aureus (MRSA) strains
recovered from clinical specimens in many areas of the world
are already highly quinolone resistant, mainly on the basis of
target mutations. Resistance in methicillin-susceptible
(MSSA) strains is less problematic, but can be significant in
some geographic locales. Over a 7-month period during 2005
we collected more than 200 bloodstream isolates of S. aureus
from different patients hospitalized in Detroit, Michigan. Of
these strains, 65% were MRSA and 35% were MSSA.
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Fig. 1 Structures of selected quinolones. The numbering scheme of the quinolone nucleus is given for nalidixic acid

Norfloxacin resistance (MIC = 16ug/mL) was observed in
60 and 12% of MRSA and MSSA, respectively (unpublished
data). Resistance rates for other areas may differ, but these
data illustrate the extent of the problem in S. aureus.

In this chapter we will discuss quinolone resistance in
both Gram-negative and Gram-positive bacteria. We will not
address resistance to these agents in Mycobacterium tuber-
culosis since they are not frequently used to treat infections
caused by this organism. However, many of the mechanisms
that will be discussed here have also been found to exist in
M. tuberculosis (9, 10). We will conclude with a short
discussion on the means to limit quinolone resistance and
perhaps to overcome some pre-existent resistance by use of
efflux pump inhibitors.

2 Gram-Negative Bacteria

Gram-negative bacteria are an important cause of morbidity
and mortality. The increasing antibacterial resistance observed
in many Gram-negative organisms parallels the increasing use
and abuse of antimicrobial agents, and this is certainly true
for the quinolones (11). Until 1998 it was thought that qui-
nolone resistance in Gram-negatives occurred either by way
of target alteration or active drug extrusion by membrane-
based efflux pumps. A third mechanism described more
recently involves the Qnr protein, the gene for which is plas-
mid-encoded and thus transferable (12). This mechanism of
quinolone resistance is addressed in detail elsewhere in this
volume and will only be briefly described in this chapter.
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2.1 Target-Mediated Resistance

As already mentioned, the targets of quinolones are the
essential bacterial enzymes: DNA gyrase and topoiso-
merase V. DNA gyrase, the major type II topoisomerase in
bacteria and initially described by Gellert et al. is a heterote-
tramer composed of two pairs of subunits (A and B) encoded
by the gyrA and gyrB genes, respectively (13). The GyrA
subunits bind to DNA and the GyrB subunits are ATPases.
The main function of this enzyme is to maintain negative
supercoiling via DNA strand breakage and rejoining, a func-
tion that facilitates the movement of DNA through replica-
tion and transcription complexes. Negative supercoiling is
essential for initiation of DNA replication and introduction
of supercoils depends on the binding of ATP to gyrase with
subsequent ATP hydrolysis (14). Thus, this process is sensi-
tive to changes in membrane energetics. DNA gyrase also
helps remove knots and in the bending and folding of DNA.
Following the discovery of DNA gyrase, it was ascertained
that this enzyme is a target of quinolones (15).

Kato et al. discovered DNA topoisomerase IV, a heterote-
trameric enzyme composed of two subunit pairs encoded by
the parC and parE genes (16). ParC and ParE are homolo-
gous with GyrA and GyrB, respectively, with a high degree
of amino acid conservation in the QRDR regions. The prin-
ciple function of topoisomerase IV appears to be its ability
to decatenate linked daughter chromosomes at the terminal
stages of DNA replication (17). Despite DNA gyrase and
topoisomerase IV sharing considerable amino acid sequence
similarity, they have distinct mechanisms of action. One of
the important differences seems to be that DNA gyrase
wraps DNA around itself, while topoisomerase IV does not
(18). Given the homology between DNA gyrase and topoi-
somerase [V the latter enzyme was thought to also be a qui-
nolone target, which has now been demonstrated clearly
(19, 20).

As mentioned previously, quinolones bind to DNA-DNA
gyrase and DNA-topoisomerase IV complexes and cause a
conformational change in the enzyme structure (21, 22).
They also alter the enzyme-bound DNA itself (23, 24). In
the presence of quinolones the topoisomerases become
trapped on DNA and the resultant quinolone-enzyme-DNA
ternary complex forms a physical barrier at the replication
fork, inhibiting further DNA replication which results in cell
death (25).

In Gram-negative bacteria the primary target for most
quinolones is DNA gyrase, with topoisomerase IV being a
secondary target (19, 26). In contrast, in most Gram-positive
bacteria and for most quinolones topoisomerase IV is the
primary target (27, 28). These differences are thought to be
due to the differential affinity of quinolones for the two
enzymes in each respective background (29). Quinolone

resistance occurs in a stepwise fashion as a result of the accu-
mulation of mutations resulting in amino acid substitutions
mainly in gyrA and parC. Less commonly, mutations occur
in gyrB and parE that can contribute to reduced quinolone
susceptibility (26, 30). Additional MIC increases are seen
when a “first-step”” mutant, having a critical amino acid sub-
stitution in the primary target, acquires a “second-step”
mutation resulting in an amino acid substitution in the sec-
ondary target enzyme. Many topoisomerase mutations in E.
coli, as well as many other Gram-negative bacteria, have been
shown to correlate with raised quinolone MICs (Table 1).
Analyses of gyrA mutants have revealed that most of the
quinolone-resistance conferring mutations cluster near the 5’
end of the gene in the QRDR region. For E. coli, this region
includes codons 67-106 and for other species the region
homologous to this (30, 31). Very near the QRDR is the
codon for the active site tyrosine (codon 122). Tyrosine-122
binds covalently to DNA when the enzyme breaks the phos-
phodiester bonds of DNA, forming a phosphotyrosine link-
age (32). Single gyrB mutants appear to be less resistant to
quinolones than single gyrA mutants. In E. coli only two gyrB
mutations have beenrecognized (Table 2). Only Asp426—Asn
confers resistance to quinolones, whereas Lys447—Glu
results in an increase in quinolone susceptibility (31).
Within topoisomerase IV, mutations in parC occur more
frequently than those in parE. As mentioned previously, topoi-
somerase IV generally is the secondary quinolone target in
E. coli and other Gram-negative organisms. gyrA-parC dou-
ble mutants exhibit a higher level of quinolone resistance than
gyrA single mutants, with the highest levels of resistance
found in the mutants with two gyrA and two parC mutations.
The reverse generally is true in Gram-positive organisms,
where the first mutations are usually seen in the topoisomerase
IV genes with the gyrase genes being the secondary targets.

Table 1 Topoisomerase amino acid substitutions associated with
reduced quinolone susceptibility in E. coli

GyrA GyrB ParC ParE
Ala51—Val Asp426—Asn  Gly78—>Asp  Leud45—His
Ala67—Ser Lys447—Glu Ser80—Arg,
Ile, Leu
Gly81—Cys, Asp Glu84—Gly,
Lys, Val
Asp82—Gly
Ser83—Leu,
Trp, Ala, Val
Ala84—Pro, Val
Asp87—Ala,
Asn, Gly,
His, Tyr, Val

GInl106—Arg, His
Data are from (30, 31)
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Table 2 Topoisomerase amino acid substitutions associated with
reduced quinolone susceptibility in S. aureus

GyrA GyrB ParC (GrlA) ParE (GrlB)
Ser84—Ala,  Asp437—Asn Lys23—Asn Pro25—His
Leu, Lys,
Val
Ser85—Pro Argd58—Glu  Val41—-Gly Ser410—Pro
Glu86— Lys, Glud77—Ala  Argd3—Cys Glu422—Asp
Gly
Glu88—Lys, Ile45—Met Asp432—Asn,
Val Gly, Val
Gly106—Asp Ala48—Thr Pro451—Gln,
Ser
Ser52—Arg Asn470—Asp
Asp69—Tyr Glu472—Lys,
Val
Gly78—Cys His478—Tyr
Ser80—Phe, Tyr
Ser81—Pro

Glu84—Ala, Gly,
Leu, Lys, Tyr, Val
His103—>Tyr
Alal16—Glu, Pro
Prol57—Leu
Alal76—Gly, Thr

Data are from (30, 31)

2.2 Decreased Outer Membrane Permeability

Quinolones must traverse the outer membrane, periplasmic
space, cell wall, and cytoplasmic membrane of Gram-negative
organisms to reach their topoisomerase targets. The porous
bacterial cell wall does not impede the diffusion of small
molecules such as quinolones and will not be considered fur-
ther. The outer membrane may provide a rather formidable
barrier, however, and in conjunction with efflux pumps (see
below) can result in significant quinolone resistance (30, 31).
Quinolones traverse this structure by two mechanisms, which
include diffusion across the lipid bilayer and passage through
pore-forming proteins called porins. Porins are protein chan-
nels that allow influx and egress of hydrophilic molecules.
All quinolones may cross the outer membrane through the
porins, but diffusion across the lipid bilayer is dependent on
the hydrophobicity of the molecule. The more hydrophobic
quinolones such as nalidixic acid are capable of traversing
the lipid bilayer, whereas the more hydrophilic compounds
such as ciprofloxacin are more dependent on porins (33, 34).
Three main porins are found in E. coli and consist of OmpF,
OmpC, and OmpA. Loss of porins by mutational inactivation
of structural genes often manifests as a decrease in quinolone
susceptibility, but this effect is significantly amplified in the
presence of drug efflux. E. coli mutants with reduced amounts
of OmpF, the most abundant porin, exhibit low-level qui-
nolone resistance (35). Other unrelated drugs such as tetracy-
clines, chloramphenicol, and some -lactams also utilize this

porin and hence OmpF-deficient mutants also demonstrate
resistance to these other agents due to decreased drug accu-
mulation (36). Chromosomal loci such as marRAB and soxRS
encode transcriptional factors that regulate OmpF expression
in E. coli (37). Overexpression of marA and soxS results in
post-transcriptional repression of OmpF and thus quinolone
resistance by increasing the expression of micF, an antisense
regulator (37, 38). More on the roles of MarA and SoxS in
quinolone resistance will be presented in the next section.
The permeability of the outer membranes of Pseudomonas
aeruginosa and Acinetobacter baumanii may account for
some of their intrinsic resistance to various antibiotics, includ-
ing quinolones. The P. aeruginosa outer membrane has very
poor permeability to hydrophilic molecules, approximately
100-fold less than that of the E. coli outer membrane (39).

2.3 Efflux-Related Resistance

Gram-negative bacteria tend to be resistant to a wider range
of antimicrobial agents compared to Gram-positive species. The
outer membrane is one reason for this in that it acts as a bar-
rier to the penetration of hydrophilic molecules. This mecha-
nism generally confers only low-level reduced susceptibility.
Membrane-based efflux pumps contribute more significantly
to innate drug insensitivity. Bacterial efflux pumps can be
divided into five families based on structural characteristics,
mechanisms of action and source of energy for the transport
process. These include primary transporters that depend on
ATP hydrolysis for drug export (ATP-binding cassette, or
ABC pumps) and secondary transporters that require an intact
proton motive force (pmf) across the cell membrane for their
function (major facilitator superfamily [MFS], resistance-
nodulation-division [RND], small multidrug resistance [SMR],
and the multidrug and toxic compound extrusion [MATE]
families) (Fig. 2). Efflux pumps may be quite specific with
respect to substrates transported, with a clinically relevant
example being the various MFS tetracycline efflux pumps
found in Gram-negative and Gram-positive bacteria (40).
Circumvention of the resistance generated by specific drug
pumps is as simple as providing alternative therapy with
agents not affected by the pump in question. Multidrug efflux
pumps, which have an apparent lack in substrate specificity,
are capable of extruding numerous structurally dissimilar
compounds, creating a multidrug resistant (MDR) phenotype,
and can pose a very formidable therapeutic challenge
(Table 3). Drug efflux can lead to subtherapeutic intracellular
concentrations of an antibiotic substrate, thereby setting up
the ideal milieu for the development of chromosomal muta-
tions that confer high-level antibiotic resistance.
Efflux-related quinolone resistance has been identified in
virtually all medically important Gram-negative organisms,
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Fig.2 Schematic illustrating the general
structural characteristics of each family of
bacterial efflux pump. The sites at which
ATP hydrolysis occurs in ABC pumps are
indicated. MATE pumps do not necessar-
ily have the large central loop that is
characteristic of members of the MFS and
some MES proteins have 14 membrane-
spanning segments. Substrate specificity
for RND pumps such as AcrB and perhaps
other pumps of this family lie in the two
large periplasmic loops. The cytoplasmic
membrane is shown in gray and the
cytoplasm and exterior/periplasm are as
indicated

Sites of ATP
hydrolysis

Small Multidrug Resistance (SMR)

Table 3 Selected bacterial multidrug efflux pumps

Pump Family Organism Selected substrates®
Gram-negative
AcrB RND E. coli FQ, BL, CM,
TCN, TI
MdfA MEFS E. coli FQ, CM, EM, TCN
MexB RND P. aeruginosa FQ, BL, CM, TCN,
TI, T™M
MexD RND P. aeruginosa FQ, CM, EM, TCN,
TI, T™M
MexF RND P. aeruginosa FQ,CM, TM
MexY RND P. aeruginosa FQ, AF, AG,
EB, EM
SmeE RND S. maltophilia FQ, CM, TCN
NorM MATE V. parahaemolyticus FQ, EB
Gram-positive
NorA MES S. aureus FQ, AF, BAC, CT,
EB, TPP
PmrA MES S. pneumoniae FQ, EB
Bmr MEFS B. subtilis FQ, AF, EB, TPP
Blt MEFS B. subtilis FQ, AF, EB, TPP
MepA MATE  S. aureus FQ, BAC, DQ, EB,
TPP, PT
LmrA ABC L. lactis FQ, AG, BL,
CM, TCN

*AF acriflavine; AG aminoglycosides; BAC benzalkonium chloride;
BL beta-lactams; CM chloramphenicol; CT cetrimide; DQ dequalinium;
EB ethidium bromide; EM erythromycin; FQ fluoroquinolones;
PT pentamidine; TCN tetracycline; 71 tigecycline; TM trimethoprim;
TPP tetraphenylphosphonium

including E. coli and P. aeruginosa (41). Pump-related
resistance to quinolones is due to the activity of multidrug
pumps; no pumps having quinolones as sole substrates have
been described. These pumps are capable of transporting

ATP-Binding Cassette (ABC)

Exterior or periplasm

cMm

Cytoplasm

Major Facilitator Superfamily (MFS)

Determinants of
substrate specificity

Resistance-nodulation-division (RND)

several antimicrobial agents and thus cross-resistance to
multiple antibiotics can be observed in their presence. It has
already been mentioned that the relatively impermeable
Gram-negative outer membrane, which limits drug entry,
works synergistically with efflux pumps capable of extrud-
ing drugs that do gain access to the cytoplasmic membrane
(30, 31). The RND-type pumps of Gram-negative organisms
are composed of three different subunits, which include the
pump protein itself, which is a transmembrane protein hav-
ing 12 membrane-spanning alpha helices or transmembrane
segments (TMS), an outer membrane pore-forming channel
or porin, and a periplasmic membrane fusion protein (MFP)
that links the other two.

The AcrB pump is the predominant quinolone efflux
system of E. coli (42). This pump is a member of the RND
family and utilizes TolC as its outer membrane channel, to
which it is associated by the AcrA MFP (43). AcrB has a
broad substrate profile including quinolones, tetracyclines,
chloramphenicol, ampicillin, nalidixic acid, rifampin and
dyes and disinfectants. The expression of acrAB, which is
transcribed as an operon, is governed by at least two global
regulatory systems, the marRAB and soxRS loci; both systems
positively regulate the production of AcrAB. Multiple anti-
biotic resistant (Mar-type) mutants of E. coli have mutations
in the marRAB operon (44). The Mar phenotype is induced
following exposure to a variety of chemicals with aromatic
rings, including salicylate. The most common location for
mutations conferring the Mar phenotype is in marR, which
encodes for the repressor of the marRAB operon. E.coli
soxRS mutants exhibit a similar resistance phenotype to marR
mutants. Increased quantities of MarA and SoxS upregulate
acrAB and down-regulate the production of the OmpF porin
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channel. These changes lead to multiple antibiotic resistance
by these synergistic mechanisms.

The crystal structure of AcrB in the presence and absence
of substrates was recently solved (45). These data indicate that
the pump acquires substrates from the outer leaflet of the cyto-
plasmic membrane; however, acquisition of substrate from the
cytoplasm may also occur. Substrate specificity of AcrB seems
to lie in its large periplasmic loops (Fig. 2) (46).

In P. aeruginosa the main multidrug efflux system (includ-
ing quinolones) is the mexAB-oprM operon, which encodes
proteins homologous to AcrAB-TolC in E. coli. mexCD-oprJ,
mexEF-oprN, and mexXY-oprM are three additional multidrug
resistance operons found in P. aeruginosa. Each of these oper-
ons encodes for a set of three proteins similar in structure and
function to MexAB-OprM and all are RND type efflux pumps.
Like AcrAB-TolC, the most striking characteristic of these
pump systems is their broad substrate specificity. The substrate
profile for MexAB-OprM includes quinolones, chlorampheni-
col, nalidixic acid, trimethoprim, tetracyclines (including tige-
cycline), dyes, disinfectants and organic solvents (Table 3).
Most wild-type strains of P. aeruginosa express MexAB-
OprM constitutively, which contributes to the intrinsic multi-
drug resistant nature of this organism (47). Overexpression of
efflux pumps due to chromosomal mutations in the promoter
region of the pump genes or in the gene encoding the regulator
for pump gene expression can cause clinically relevant resis-
tance to antimicrobial agent substrates. There are a number of
laboratories actively searching for compounds capable of
efflux pump inhibition, which could restore clinically relevant
activity of substrate antibiotics.

Multidrug efflux pumps having quinolones as substrates
have been identified in many other Gram-negative bac-
teria. Examples include the SmeDEF RND pump system
of Stenotrophomonas maltophilia, the NorM and BexA
MATE pumps of Vibrio parahaemolyticus and Bacteroides
thetaiotaomicron, respectively, and the VceAB MFS pump
of V. cholerae (48-51) (Table 3). Overexpression of these
pumps in either their natural or a heterologous background
results in increased MICs for a variety of quinolones.

2.4 Plasmid-Mediated Quinolone Resistance

In 1998 Martinez-Martinez et al. reported quinolone resis-
tance to be expressed in the presence of pMG252, a plasmid
belonging to incompatibility group IncC (12). This plasmid
mediates low-level quinolone resistance (to both nalidixic acid
and more modern quinolones) and has a broad host range.
Subsequently, the gene responsible for quinolone resistance
was identified and named gnr (52). Qnr “protects” both DNA
gyrase and topoisomerase IV from quinolone inhibition (52—
54). Prevalence studies have revealed that among quinolone-

resistant strains of E. coli recovered in Shanghai, China, 7.7%
contained the gnrA gene (55). In the United States, gnrA was
present in 11.1% of quinolone-resistant Klebsiella pneumo-
niae strains but not in any of the tested E. coli strains (56).
Further investigation led to the discovery that gnrA was pres-
ent in clinical strains of Enterobacter spp. (57). Thus, the
gnrA gene is widely distributed and contributes to quinolone
resistance in Enterobacteriaceae. More recently, a new gnrA-
related gene called gnrB was discovered in a strain of K. pneu-
moniae that had less than 40% amino acid sequence identity
with gnrA (58). Although gnr confers relatively low-level qui-
nolone resistance, its presence may facilitate selection of other
quinolone mutations leading to high-level resistance. Further
discussion of this novel quinolone resistance mechanism can
be found elsewhere in this volume.

2.5 Enzymatic Modification of Quinolones

Being synthetic substances, the occurrence of natural degra-
dation systems in bacteria seemed unlikely. However, fungi
capable of degrading ciprofloxacin and the veterinary
fluoroquinolone enrofloxacin have been identified (59, 60).
Recently, a plasmid-associated gene recovered from a clini-
cal E. coli strain was found to encode an aminoglycoside
acetyltransferase that could also acetylate selected fluoroqui-
nolones and compromise their antimicrobial activity (61).
The effect of acetylation was relatively small, as exemplified
by expressing the gene in question (aac[6']-Ib-cr) from a
plasmid in an E. coli background. Norfloxacin and ciproflox-
acin MICs were increased fourfold, whereas those of levo-
floxacin and gemifloxacin were unaffected. The MIC
increases were not clinically significant, but the existence of
a plasmid-based and naturally occurring enzyme capable of
modifying quinolones is worrisome as widespread dissemi-
nation is possible. The combination of this resistance mecha-
nism with others causing borderline MIC increases, such as
efflux pumps or single QRDR mutations, may result in a
clinically relevant fully resistant organism.

3 Gram-Positive Bacteria

Fewer quinolone resistance mechanisms are found in Gram-
positive bacteria than those identified in Gram-negatives. The
lack of an outer membrane results in no permeability issues
beyond those posed by the cytoplasmic membrane and no
Qnr-like proteins or quinolone-modifying enzymes have been
identified in this group of organisms. The mechanisms of qui-
nolone resistance that have been recognized include target-
based mutations and drug efflux. Studies done in vitro provide
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evidence that inhibition of efflux pumps reduces the emer-
gence of topoisomerase mutations in both S. aureus and
Streptococcus pneumoniae, suggesting that efflux pumps play
a critical role in the evolution of high-level quinolone resis-
tance (6, 7).

3.1 Target-Mediated Resistance

Similar to the situation in Gram-negative bacteria, mutations
in the QRDR regions of mainly gyrA and parC (griA in
S. aureus) resulting in amino acid substitutions is the main
mechanism of quinolone resistance in Gram-positive bacte-
ria. In general, GrlA is the primary quinolone target in Gram-
positives and single amino acid substitutions in this enzyme
can result in clinically relevant resistance (62). Accumulation
of QRDR mutations first in parC and then in gyrA typically
results in very high MICs. Topoisomerase amino acid substi-
tutions correlating with quinolone resistance in S. aureus are
presented in Table 2.

3.2 Efflux-Related Resistance

Examination of genome data available for Enterococcus
faecalis, S. aureus, S. epidermidis, and Streptococcus pneu-
moniae reveals coding regions for several putative drug
transport  proteins  (http://www.membranetransport.org).
Many of these proteins are homologous with known multi-
drug transporters for which quinolones are substrates. Several
of the most extensively studied Gram-positive drug pumps
will be discussed in this section.

NorA is a chromosomally encoded 12 TMS S. aureus
multidrug pump having broad substrate specificity that
includes antiseptic compounds as well as quinolones (63). As
are all MFS pumps, its activity is dependent on the pmf (64).
Knockout mutations have revealed that NorA contributes to
quinolone susceptibility in wild-type strains in that elimina-
tion of the gene results in MIC reductions for norfloxacin and
ciprofloxacin (65, 66). Overexpression of norA, either by
way of a regulatory mutation or expression from a multicopy
plasmid in the laboratory, results in modest MIC increases
for selected quinolones as well as many other structurally
unrelated drugs, mainly hydrophobic cations (67, 68).

Theunderstanding of norA regulationisincomplete. Recent
work has identified the MgrA protein, which apparently binds
upstream of norA repressing its expression (69, 70). MgrA is
not a specific regulator of norA expression but rather is a
global regulator that, in addition to affecting norA transcrip-
tion, also affects the transcription of other pump-encoding
genes (including norB and norC; see below), autolytic regu-

lators, murein hydrolases and virulence factors such as alpha
toxin, coagulase and nuclease (70-73).

NorB and NorC are two 14 TMS MFS multidrug trans-
porters that are quite similar to each other on the basis of
70% amino acid sequence homology (74, 75). The substrate
profile of NorB includes a variety of quinolones (norfloxa-
cin, ciprofloxacin, sparfloxacin, moxifloxacin, gemifloxacin,
garenoxacin, and premafloxacin), tetraphenylphosphonium
bromide, cetrimide, and ethidium bromide, many of which
also are substrates for NorA. NorC seems capable of efflux-
ing a similar set of quinolone substrates with the exception of
gemifloxacin. Further studies will be required to elucidate
the reason(s) for this difference, but it may be related to dif-
ferences in substrate binding sites. Transcriptional profiling
experiments have shown that MgrA represses the expression
of norC, but augments that of norB (73).

A novel S. aureus 14 TMS MFS multidrug efflux pump,
MdeA, was recently described (76). When overexpressed in
S. aureus MdeA confers resistance to an intriguing array of
substrates including norfloxacin, ethidium bromide, ben-
zalkonium chloride, virginiamycin, novobiocin, fusidic acid
and augments EtBr efflux (76, 77). Expression of mdeA in
wild-type strains is low, but spontaneous mutants having
increased transcription are selectable in vitro. These mutants,
which have reduced susceptibility to MdeA substrates, were
found to have mutations in the mdeA promoter but further
details regarding the regulation of mdeA expression are not
available.

Although not considered a human pathogen, several mul-
tidrug transporters of Bacillus subtilis have been extensively
studied and have contributed greatly to our knowledge of the
regulation and function of MFS proteins. Bmr is a 12 TMS
MEFS MDR transporter having 44% amino acid identity with
NorA and a similar substrate profile (78, 79). The expression
of bmr is regulated by the binding to its promoter of BmrR,
a transcriptional activator protein encoded by a gene imme-
diately downstream from bmr (80). The crystal structure
BmrR in the presence and absence of substrates has been
solved and has revealed that Bmr substrates bind to BmrR
via hydrophobic and electrostatic interactions, which in turn
facilitate BmrR binding to the bmr promoter and induction
of bmr transcription (81).

BIt is a second 12 TMS MFS MDR transporter of
B. subtilis that has a similar substrate profile to those of NorA
and Bmr (82). The expression of bit is enhanced in a similar
manner to that of bmr by the binding of the transcriptional
activator BltR (encoded by bltR, found immediately upstream
of blf) to the blt promoter. This binding is thought to be
improved by the interaction of substrates with BItR, although
the specific activator substrates have not been identified.
Interestingly, bit is not expressed in wild-type cells.

In addition to the specific regulators of bmr and blt tran-
scription just described, the expression of these genes also is
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affected by MtaN, a global transcriptional regulator that inter-
acts with the bmr and blt promoters stimulating their tran-
scription (83). MtaN consists of the N-terminal 109 residues
of a larger protein, Mta (257 residues); the intact parent
protein does not activate bmr or blt transcription. It is hypoth-
esized that upon interacting with an inducer (as yet unidenti-
fied), the N- and C-terminal domains of Mta are functionally
separated allowing it to function as a transcriptional
activator.

Bmr3 is a 14 TMS MDR pump that confers reduced sus-
ceptibility to only select quinolones and puromycin when
overexpressed (84). The bmr3 gene is likely poorly expressed
and does not contribute to intrinsic drug resistance because
when it is disrupted the norfloxacin MIC is unchanged from
that of a parent strain.

PmrA is an MFS transporter found in S. pneumoniae (85).
Disruption of pmrA results in increased quinolone suscepti-
bility and reduced efflux of ethidium bromide, indicating
that at least some quinolones are substrates for this pump and
that it is a multidrug transporter. The contribution of PmrA to
quinolone susceptibility in clinical strains is uncertain as
overexpression does not necessarily result in any change in
quinolone susceptibility (86).

EmeA is a NorA homologue identified by probing the
Enterococcus faecalis V583 genome data (87). It is a multi-
drug pump that can transport norfloxacin and ethidium bro-
mide and when deleted susceptibility to acriflavine and
ciprofloxacin increases, suggesting that these compounds
also are substrates. The contribution of EmeA to intrinsic
quinolone susceptibility in clinical isolates of E. faecalis is
unknown.

The MATE family of efflux proteins is the most recently
described and the least well characterized. MATE pumps
function for the most part by an unusual sodium ion:drug
antiport mechanism and have been found mainly in Gram-
negative bacteria, with two examples also reported in Gram-
positives (88-91). MATE family proteins are similar in size
to MFS transporters and are typically arranged into 12 TMSs,
but they have no sequence similarity to any MFS proteins
(Fig. 2). Substrates can be variable between different MATE
pumps but can include cationic dyes, aminoglycosides, anti-
cancer agents, and quinolones. Gene inactivation studies
have demonstrated that MATE pump genes can be expressed
at sufficient levels to affect MICs for pump substrates in
wild-type cells and along with other pumps and alternative
resistance mechanisms can contribute to reduced susceptibil-
ity to clinically relevant drugs such as FQs (50).

The regulation of MATE pump expression is not well
understood. The MepA pump of S. aureus is repressed by
MepR, a MarR-like protein encoded immediately upstream
of mepA (90, 92). MepA substrates appear to bind to MepR,
reducing its binding to the mepA promoter resulting in aug-
mented mepA expression. MepR also is autoregulatory in that

it represses the expression of its own gene. However, relief of
mepR repression in the presence of MepA substrates is much
less than that observed for mepA. The mechanism(s) of this
apparent paradox are yet to be worked out, but the end result
is significant relief of mepA and relative maintenance of
mepR repression, leading to increased MepA protein unim-
peded by MepR when the need for detoxification exists.

Lactococcus lactis is generally not considered a human
pathogen but is extensively used in the dairy industry.
However, like the study of multidrug pumps in B. subtilis, the
study of such pumps in L. lactis has added significantly to our
knowledge of how these pumps work. At least one true infec-
tion with L. lactis has been described making drug pumps of
this organism that are capable of effluxing quinolones, in
combination with other quinolone resistance mechanisms,
potentially relevant clinically (93). At this time the only pump
capable of transporting quinolones in L. lactis is LmrA, which
is unique among bacterial efflux pumps capable of transport-
ing quinolones in that it is an ABC transporter homologous
with the human multidrug transporter P-glycoprotein (94). In
addition to transporting quinolones it also is capable of efflux-
ing chemotherapeutic agents such as daunorubicin.

4 Means to Limit or Overcome Quinolone
Resistance

As mentioned previously, quinolones are among the most
commonly prescribed antimicrobial agents. It is not infre-
quent that they are used inappropriately, with an example
being the prescription of levofloxacin for viral upper respira-
tory tract infections. Education of primary care physicians
regarding the seriousness of the antimicrobial agent resis-
tance problem in general, and that of quinolones in particu-
lar, and encouraging them to not succumb to pressure to
prescribe antimicrobial treatment for infections that are most
likely viral in nature will help to reduce selective pressure.
The dissemination of well-conceived guidelines for the
proper use of these drugs and the institution of formulary
restrictions are other methods by which inappropriate qui-
nolone use might be reduced.

Once resistance to a particular antimicrobial agent reaches
a critical prevalence, the utility of that drug becomes severely
compromised. Most often, alternative therapy will be
prescribed. Much work has been done on the development of
compounds that block multidrug efflux pumps of both Gram-
negative and -positive organisms, many of which have qui-
nolones as substrates (efflux pump inhibitors, or EPIs) (95).
Increased efflux often is the first step along the pathway
towards high-level quinolone resistance and inhibition of
this process may prevent such mutants from appearing. In
addition, if efflux is the only mechanism of quinolone resis-
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tance the combination of such a drug with EPI may result in
the recovery of clinically useful activity of that drug. It has
been shown in vitro that target-based resistance mutations
occur much less frequently when an EPI is present in addi-
tion to the quinolone (6, 7, 96). Recently, an IND was filed to
study the combination of an EPI (MP-601,205) with a qui-
nolone for therapy of pulmonary infections in patients with
cystic fibrosis. This will be the first clinical trial involving an
EPI and its results are anxiously awaited.
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