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Abstract Fluoroquinolone resistance is mediated by target changes (DNA gyrase and/
or topoisomerase IV) and/or decreased intracellular accumulation. The genes
(gyrA/gyrB/parC/parE) and proteins of DNA topoisomerase IV show great similarity,
both at the nucleotide and amino acid sequence level to those of DNA gyrase. It
has been shown that there are hotspots, called the quinolone resistance determining
region (QRDR), for mutations withingyrA andparC. Based on theEscherichia coli
co-ordinates, the hotspots most favoured for giving rise to decreased susceptibility
and/or full resistance to quinolones are at serine 83 and aspartate 87 ofgyrA, and at
serine 79 and aspartate 83 forparC. Few mutations ingyrB or parE/grlB of any
bacteria have been described. Efflux of fluoroquinolones is the major cause of de-
creased accumulation of these agents; forStaphylococcus aureus, the efflux pump
involved in norfloxacin resistance is NorA, and forStreptococcus pneumoniae, PmrA.
By analysis of minimum inhibitory concentration (MIC) data derived in the presence
and absence of the efflux inhibitor reserpine, it has been shown that up to 50% of
ciprofloxacin-resistant clinical isolates ofS. pneumoniaemay possess enhanced ef-
flux. This suggests that efflux may be an important mechanism of clinical resistance
in this species. InPseudomonas aeruginosa, several efflux operons have been dem-
onstrated genetically and biochemically. These operons are encoded bymex(Multiple
EffluX) genes:mexAmexB-oprM, mexCD-OprJsystem andmexEF-oprNsystem. The
E. coliefflux pump is theacrAB-tolC system. Both themaroperon and thesoxoperon
can give rise to multiple antibiotic resistance. It has been shown that mutations giving
rise to increased expression of the transcriptional activatorsmarAandsoxSaffect the
expression of a variety of different genes, includingompFandacrAB. The net result
is that expression of OmpF is reduced and much less drug is able to enter the cell;
expression ofacrAB is increased, enhancing efflux from the cell.
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From studies with many different types of bacteria
and different classes of antibacterial agent, it is clear
that there are essentially 3 types of resistance mecha-
nism deployed by bacteria to evade the action of an
antibiotic. Firstly, there is prevention of access of the
drug to the target; this can either be by reducing entry
of the drug into the cell or by enhancing the pumping
of the drug out of the cell, i.e. efflux. Secondly, bacte-
ria can produce novel enzymes that inactivate or mod-
ify the drug, and classic examples of these areβ-
lactamases or aminoglycoside-modifying enzymes.
Thirdly, the target site can be altered so that the inter-

action of the drug is reduced such that increased con-
centrations of the drug are required to achieve the same
level of inhibition of enzyme activity.

For fluoroquinolones, resistance is mediated by tar-
get changes or reduced intracellular accumulation. As
yet there has been no bacterial enzyme described in
the literature capable of modifying, hydrolysing or al-
tering, in any way, the fluoroquinolone molecule.

Over the last decade there have been sporadic re-
ports of plasmid-mediated resistance, with early reports
describing a mutator plasmid; when this plasmid was
present, the frequency of resistance for selecting anti-
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Fig. 1. The quinolone resistance determining region (QRDR) of 9 bacterial species (reproduced courtesy of Springer-Verlag).

Table I. Mutations in gyrA giving rise to fluoroquinolone

Organism Amino acid substitution Reference
Acinetobacter baumanni Gly 81 → Val 4

Ser 83 → Leu 4
Aeromonas salmonicida Ser 83 → Ile 5

Ser 83 → Ile; Ala 67 → Gly 5
A. baumanni Glu 87→ Gly 4
Campylobacter fetus Asp91→Tyr 6
C. jejuni Ala 70 → Thr 7

Thr 86→Phe, Lys 8
Asp 90→Asn 9

C. lari Thr 86 → Ile 7
Asp 90 → Ala, Asn 7,9
Pro 104 → Ser Everett et al. unpublished

Enterobacter cloacae Ser 83 → Leu Everett et al. unpublished
Ser 83 → Tyr, Phe 10,11
Asp 87→His, Gly, Val, Ala, Asn 10, 11

Escherichia coli Ala 67 → Ser 12
Gly 81 → Cys, Asp 13, 14
Ser 83 → Leu, Trp, Ala 13, 15-17
Ser 83→Phe, Tyr, Val, Ile 18
Ala 84 → Pro 13
Asp 87 → Asn, Val, Thr, Gly, His 13, 15, 19, 20
Asp 87→Tyr 21
Asp 87→Ala, Phe, Ser, Lys 18
Gln 106 → His, Arg 12, 17

Enterococcus faecalis Ser 83 → Ile, Ang, Asn 22, 23
Glu 87→Gly 24

Haemophilus influenzae Ser 84→Leu, Tyr 25
Asp 88→Asn, Tyr 25

Helicobacter pylori Asn 87 → Lys 26
Ala 88 → Val 26
Asp 91 → Gly, Asn, Tyr 26
Asp 91→ Asn 26
Ala 97 → Val 26

Klebsiella pneumoniae Ser 83→Tyr, Phe 10
Asp 87→Gly, Asn, Ala 27

Mycobacterium avium Ala 90 → Val 28
M. smegmatis Ala 90 → Val 29

Asp 94 → Gly 29
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biotic-resistant strains, not just quinolone-resistant
strains, increased. In 1997, plasmid-mediated resis-
tance capable of being transferred to other Entero-
bacteriaceae was described inKlebsiella pneu-
moniae.[1] The mechanism of resistance has yet to be
described and so the clinical relevance and epidemi-
ology of this resistance is not known.

All of the mechanisms described herein are chro-
mosomally mediated. There are many different genes
and loci inEscherichia colithat can contain mutations
that give decreased susceptibility to quinolones, not
just those encoding target proteins or decreased accu-
mulation; for instance, those involved in the SOS re-
sponse or different metabolic functions, e.g.crp.[2] It
is clear that the role of many gene products, their po-
tential interaction with quinolones, and how they may
or may not be involved in resistance, is still poorly
understood.

Quinolone resistance can be detected in many
ways; for many laboratories it is sufficient to pheno-
typically determine the disk sensitivity or the mini-

mum inhibitory concentration (MIC) of the agent for
the bacterium. In laboratories investigating the mech-
anisms of fluoroquinolone resistance, there is usually
a combination of phenotypic and genotypic charac-
terisation. Phenotypically, the interactions of DNA
gyrase and/or topoisomerase IV with the quinolone
can be investigated. For Gram-negative bacteria, the
outer membrane protein profiles of resistant and sus-
ceptible bacterial strains can be compared. The con-
centration of drug accumulated in the presence and
absence of various metabolic inhibitors is used to de-
tect the presence of active efflux mechanisms. For
bacteria where a chromosomal map is available, the
gene involved in resistance can be mapped. Consider-
able work has utilised cloned wildtypegyrA or gyrB,
parCorparEand their introduction into the bacterium
of interest. Dominance of the wildtype gene over the
gene containing a mutation allows screening for rever-
sion to susceptibility as an indication as to whether
there is a mutation ingyrA or one of the other genes.
More recently, it has become possible to clone the

Table I. Contd

Organism Amino acid substitution Reference
M. tuberculosis Gly 88 → Cys 30

Ala 90 → Val 30
Ala 90→Pro 31
Ser 91 → Pro 30
Asp 94 → Asn, His, Gly, Tyr, Ala 30

Neisseria gonorrhoeae Ser 83 → Phe 32
Asp 87 → Asn 33
Ser91→Phe, Tyr 34
Asp95→Asn 34
Ser 91→Phe 35
Ala 75→Ser 36
Asp 95→Asn, Gly 36

Pseudomonas aeruginosa Thr 83 → Ile 37, 38
Asp 87 → Tyr, Asn, Gly, His 37

Shigella dysenteriae Ser 83 → Leu 39
Serratia marcescens Ser 83→Arg 43

Asp 87→Tyr 43
Streptococcus pneumoniae Ser 84→Tyr, Phe 44, 45

Glu 88→Lys 44
Salmonella enteritidis Ser 83→Phe 40, 41
S. hadar Ser 83→Phe 40, 41
S. typhi Ser 83 → Phe 46

47
S. typhimurium Ala 67 → Pro; Gly 81 →Ser 48

Gly 81 →Ser 48
Ser 83 → Phe, Tyr 41, 48
Ser 83 → Ala 49
Asp 87 →Gly, Tyr, Asn 41, 49
Ala 119 → Glu 41

Staphylococcus aureus Asp 73→Gly 50
Ser 84 → Leu, Ala, Phe 51-53
Ser 84→Val 54
Ser 85 → Pro 55
Glu 88 → Lys, Gly 50, 52, 53, 55

S. epidermidis Ser 84 → Phe 56
S. haemolyticus Ser 84→Leu 42

* Codon position based on E. coli sequence.
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gene of interest, or use the polymerase chain reaction
(PCR) to amplify the quinolone resistance determin-
ing region (QRDR) of that gene, and then apply a va-
riety of rapid screening techniques (particularly when
examining a large number of clinical isolates) e.g. re-
striction fragment length polymorphism (RFLP) or
single-stranded conformational polymorphism (SSCP),
coupled with DNA sequencing.

1. DNA Gyrase

Most work has focused on DNA gyrase, specific-
ally the A subunit of the enzyme.[2] The 3-dimensional
crystal structure of the N terminal portion ofE. coli
GyrA has been published.[3] Quinolones interact with
the enzyme to prevent DNA resealing after cleavage
by GyrA. From the 3-dimensional crystal structure, an
electrostatic GRASP representation can be made.
From analysis of this representation, Tony Maxwell
has proposed that DNA curves around a ‘saddle’ on
DNA gyrase and over a ‘hump’ (A. Maxwell, personal
communication). This model requires some distortion
of the DNA to allow an interaction with the active site
at tyrosine 122, the region that is responsible for the
DNA breakage-reunion interaction. It has been shown
that there are hotspots (QRDR) for mutations within
gyrA, all focused at a locus encoding amino acids very
close to tyrosine 122 in the N terminal region of GyrA.
Comparing the amino acid sequences of the QRDR
from different bacteria (ranging fromE. coli to Pseu-
domonas aeruginosa, Mycobacterium tuberculosis
andEnterococcus faecalis), and basing the analysis on
theE. colico-ordinates, the hotspots most favoured for
giving rise to decreased susceptibility and/or full re-
sistance to quinolones occur at serine 83 and aspartate
87 (fig. 1). Other loci have also been described. How-
ever, mutations at these sites are far less frequently
observed (table I). Using the 3-dimensional crystal
structure of the N terminal region of GyrA and map-
ping the various mutations described forE. coli, it has
been shown that the majority of mutations giving rise
to resistance occur at the dimer interface and binding
site of DNA gyrase (A. Maxwell, personal communi-

cation); the current working model is that mutations
in this area affect the binding between DNA GyrA and
DNA over the ‘saddle’ and ‘hump’.

The crystal structure of theE. coliGyrB N terminal
region has also been determined.[57] From an analysis
of mutants there are also hotspots in thegyrBgene for
mutations that give rise to decreased susceptibility to
quinolones. These mutations all give rise to amino acid
substitutions in a very small region of GyrB near to
the locus that has been shown to be cleavedin vitro,
and involved in interacting with GyrA. So far, few
mutations ingyrBof any bacteria have been described
compared with those ingyrAandparC (see below). It
is considered that mutation ingyrBis a rare contributor
to fluoroquinolone resistance (table II).

2. DNA Topoisomerase IV

Recently, DNA topoisomerase IV has been demon-
strated as an alternative target for quinolones. Most
fluoroquinolones preferentially interact with DNA
gyrase as the primary target in Gram-negative or
Gram-positive bacteria. However, ongoing research
suggests that some newer fluoroquinolones with ex-
tended spectra of activity interact equally with both
DNA gyrase and topoisomerase IV.[61] As for DNA
gyrase, DNA topoisomerase IV is a tetrameric enzyme
comprised of 2 A subunits and 2 B subunits. The genes
and proteins of topoisomerase IV show great similar-
ity, both at the nucleotide and amino acid sequence
level, to those of DNA gyrase. Most work on
topoisomerase IV has been with the enzymes from
Streptococcus pneumoniaeand Staphylococcus au-
reus.[44,45,63]Aligning the DNA sequences ofgyrAand
parC of S. pneumoniaeand using theE. coli co-ordi-
nates, it is clear that the mutation hotspots ingyrA
(serine 83 and glutamate 87) are the same inparC
(serine 79 and aspartate 83) (table III). It has been
proposed that the interactions between fluoro-
quinolones and ParC will be similar to those between
GyrA and fluoroquinolones (A. Maxwell personal
communication). Recently, Pan and Fisher[61] have
shown that high level resistance ofS. pneumoniaeto
clinafloxacin requires stepwise and multiple muta-
tions in gyrA and parC, giving rise to mutants that
require high fluoroquinolone MIC values for inhibi-
tion. The role of efflux in contributing to resistance in
these mutants was not examined.

Similar homology is observed between thegyrB
and parE genes. As for mutations ingyrB, similar
hotspots have been identified inparE of S. pneu-
moniae(andgrlB of S. aureus) (table IV). However, it
is unclear as to exactly what role mutations inparE
contribute to clinical resistance, and mutations in this
gene are probably as rare as those ingyrB.

Table II. Mutations in gyrB affecting fluoroquinolone activity

Organism Amino acid substitution Reference

Escherichia coli Asp 426→Asn 58

Lys 447→Glu 58

Staphylococcus aureus Asp 437→Asn 55

Arg 458→Gln 55

AA 432→ 59

Pro 456→Ser 60

Streptococcus pneumoniae Glu 474→Lys 61

Salmonella typhimurium Ser 464→Tyr 62

14 Piddock
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3. Altered Accumulation: Efflux by
Gram-Positive Bacteria

The cell envelope of Gram-positive bacteria is a
relatively simple structure compared with that of
Gram-negative bacteria. It consists of a cytoplasmic
membrane, where many of the membrane metabolic
activities and enzymes reside, followed by a small
area through which lipoteichoic acids link the
cytoplasmic membrane with a large layer of peptido-
glycan. From experimental work on the accumulation
of fluoroquinolones by bacteria, it has been shown that
most of the drug is accumulated by cells within 1 to 2
minutes of antibiotic exposure until an equilibrium, or
steady-state concentration is achieved.[77] If an efflux
inhibitor, such as carbonyl cyanide m-chloro-
phenylhydrazone (CCCP) or reserpine, is added at this
equilibrium stage there is an apparent increase in the
concentration of fluoroquinolone accumulated. This
is due to inhibition of the efflux pump (which is pres-

ent in all wildtype cells examined to date), allowing
higher concentrations of quinolone to be retained
within the cell. In some resistant bacteria it has been
shown that the concentration of fluoroquinolone ac-
cumulated is far lower than in wildtype bacteria; when
an efflux inhibitor is added, the concentration of
fluoroquinolone accumulated increases far more than
for wildtype cells, showing that the low concentra-
tions of drug accumulated are due to enhanced efflux.
For S. aureusit has been shown that the efflux pump
involved in norfloxacin resistance is NorA.[78] It has
also been shown that fluoroquinolone-resistant mu-
tantS. aureuswith enhanced efflux occur prior to mu-
tations in grlA (topoisomerase IV sub unit A) and
gyrA.[79] While work in other bacterial species has
demonstrated the presence of multiple efflux pumps,
to date only NorA has been described for staphylococ-
cal fluoroquinolone efflux. However, it cannot be
ruled out that other pumps exist that have yet to be
described.

Recently, an efflux protein, PmrA, ofS. pneu-
moniaehas been reported.[80] By analysis of MIC data
derived in the presence and absence of the efflux in-
hibitor reserpine, it has been shown that up to 50% of
ciprofloxacin-resistant clinical isolates ofS. pneu-
moniaemay possess enhanced efflux.[81,82]These data
suggest that efflux may be an important mechanism of
clinical resistance in this species.

4. Altered Accumulation: Efflux by
Gram-Negative Bacteria

The Gram-negative cell envelope is more sophis-
ticated than that of Gram-positive bacteria. In Gram-
negative cells, there is a cytoplasmic membrane after
which there is a periplasmic space and a thinner layer
of peptidoglycan, linked via Brauns lipoprotein to an
outer membrane. As for Gram-positive bacteria, the
cytoplasmic membrane houses most of the metabolic
activities of the cell envelope. However, in Gram-
negative bacteria the outer membrane contains pore-
forming proteins that allow solutes into the cell. InP.
aeruginosa, several efflux operons have been demon-
strated genetically and biochemically. These operons
are encoded bymex(Multiple EffluX) genes. The most

Table III. Mutations in parC/grlA giving rise to fluoroquinolone
resistance

Organism Amino acid substitution Reference

Acinetobacter baumannii Ser 80→Leu 64

Glu 84→Lys 64

Escherichia coli Gly 78→Cys 65

Ser 80→Ang, Ile 65-68

Glu 84→Gly, Lys 66, 67

Enterobacter cloacae Ser 80→Ile 11

Glu 84→Glu,Lys 11

Enterococcus faecalis Ser 80→Ang, Ile 23

Glu 84→Ala 23

Haemophilus influenzae Ser 84→Ile 25

Glu 88→Lys 25

Klebsiella pneumoniae Ser 80→Ile, Ang 27

Glu 84→Gly, Lys 27

Neisseria gonorrhoeae Asp 86→Asn 34

Ser 87→Ile 69

Ser 88→Pro 34

Gly 85→Cys 70, 71

Glu 91→Gly 34, 70

Ang 116→Leu 70, 71

Pseudomonas aeruginosa Ser 80→Leu 72

Glu 84→Lys 72

Staphylococcus aureus Ser 80→Phe 73

Ser 80→Tyr 59, 63, 74

Ser 81→Pro 50

Glu 84→Lys 59, 63, 74

Ala 116→Pro, Glu 73

Streptococcus pneumoniae Ser 79→Tyr, Phe 44

Asp 83→Gly 44

Asp 84→His 45

Ser 80→Tyr 45

Table IV. Mutations in parE/grlB giving rise to fluoroquinolone
resistance

Organism Amino acid substitution Reference

Escherichia coli Leu 445→His 75

Streptococcus pneumoniae Asp 435→Asn 76

Pro 454→Ser 61

Staphylococcus aureus Asp 432→Val 60

Asn 470→Asp 59
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widely studied operon is themexAmexB-oprMoperon,
which gives rise to resistance to ciprofloxacin, nali-
dixic acid, tetracycline and chloramphenicol.[83] The
basic model comprises MexB, embedded in the
cytoplasmic membrane, as the efflux pump; the acces-
sory protein, MexA, links MexB to the outer mem-
brane. The outer membrane protein is OprM, and it is
through this linked 3-protein system that drugs are ex-
pelled. In wildtypeP. aeruginosa, the efflux pump
gives rise to the inherent resistance to many antibiotics
that is associated with this species. Enhanced efflux
has been associated with fluoroquinolone resistance
and resistance to other newer agents. Other efflux
pumps that can give rise to fluoroquinolone resistance
in P. aeruginosaare themexCD-OprJsystem[84] and
mexEF-oprNsystem.[85]

In E. coli, it has been shown that there is linkage
between the regulation of the porin proteins in the
outer membrane, which allow drugs and other solutes
to enter the bacterial cell, and the efflux pump. The
efflux pump described forE. coli that is most likely to
be involved in decreased susceptibility to fluoro-
quinolones is theacrAB-tolCsystem, where AcrB is
the efflux protein in the cytoplasmic membrane, AcrA
is the accessory protein, and TolC is the outer mem-
brane protein.[86] It has long been known that both the
mar operon and thesoxoperon can give rise to multi-
ple antibiotic resistance. It has been shown that muta-
tions giving rise to increased expression of the tran-
scriptional activators,marA and soxS, affect the
expression of a variety of different genes, including
ompFandacrAB. The net result is that expression of
OmpF is reduced and much less drug is able to enter
the cell; expression ofacrAB is increased, thus en-
hancing efflux from the cell.[87]

The concept of efflux and any associated role in
antibiotic resistance is a relatively new and flourishing
area of research. Preliminary evidence fromS. aureus
suggests that increased expression of NorA is the first
step in resistance. It is proposed that enhancement of
a chromosomal regulatory network allows bacteria to
survive while mutations in target genes can accumu-
late. It is already known that by enhancing the expres-
sion of efflux pumps in a variety of different bacterial
species gives rise to a multidrug resistant (multiple
antibiotic resistant) phenotype. In addition, while in-
creases in the MIC values of the affected agents for
some bacteria, such asE. coli, have been modest, for
P. aeruginosaandS. aureusthey have been sufficient
to allow the bacterium to withstand concentrations
greater than the recommended breakpoint concentra-
tion of many agents.

Inhibitors of specific efflux proteins are being de-
veloped, but no information is available as to whether

these will be for use in combination with fluoro-
quinolones or any other agent, or as stand-alone
agents.

5. Conclusions
It has been shown by several researchers (for ex-

ample, Everett et al.[19]) that to give rise to a highly
fluoroquinolone-resistant bacterium, multiple muta-
tions in several genes, includinggyrA, parCand those
encoding for efflux, are required. Although it
was widely predicted that high level resistant bacteria
that are usually exquisitely susceptible to fluoro-
quinolones would occur rarely, highly resistantE. coli
have been isolated in locations where there has been
heavy and frequent use of fluoroquinolones. With the
continued increase in the clinical use of these agents,
not always appropriately, bacteria will continue to re-
spond with multiple and novel mechanisms of resis-
tance with which to evade antimicrobial action.
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