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Mechanisms of resistance to fluoroquinolones

A. RATTAN

ABSTRACT
Fluoroquinolones have some of the properties of an 'ideal' anti-
microbial agent. Because of their potent broad spectrum activity
and absence of transferable mechanism of resistance or inactivat-
ing enzymes, it was hoped that clinical resistance to this useful
group of drugs would not occur. However, over the years, due
to intense selective pressure and relative lack of potency of the
available quinolones against some strains, bacteria have evolved
at least two mechanisms of resistance: (i) alteration of molecular
targets, and (il) reduction of drug accumulation. DNA gyrase and
topoisomerase IV are the two molecular. targets of f1uoro-
quinolones. Mutations in specified regions (quinolone resistance-
determining region) in genes coding for the gyrase and/or topo-
isomerase leads to clinical resistance. An efflux pump effective in
pumping out hydrophilic quinolones has been described. Newer
f1uoroquinolones which recognize both molecular targets and
have improved pharmacokinetic properties offer hope of higher
potency, thereby reducing the probability of development of
resistance.
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INTRODUCTION
The introduction of fluoroquinolones into medical practice 15
years ago raised great expectations. The fluoroquinolones soon
came to be regarded as being as close as possible to the 'ideal'
antimicrobial agent, since they possessed a broad spectrum of
antibacterial activity, induced low frequency of spontaneous
single-step mutations, had excellent oral absorption and good
tissue distribution, achieved excellent interstitial fluid levels and
adequate penetration into macrophages and were free from any
serious toxic side-effects.'

Though it is well documented that development of resistance
usually follows the introduction of a new drug, with regards to
human pathogens belonging to the family Enterobacteriaceae,
fluoroquinolones were initially regarded as being an exception to
the rule because of their high intrinsic activity, lack of transferable
resistance, difficulty in selecting clinically resistant mutants and
the lack of enzymatic activity, which was able to inactivate the
drugs.'

The emergence of high-level resistant strains from susceptible
species such as Escherichia coli or Salmonella typhimurium,
therefore, came as a surprise. The prevalence of resistance to these
drugs has increased steadily around the globe and two basic
mechanisms of resistance have been identified subsequently?
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1. Alteration of the molecular target of the action of fluoroquino-
lones, and

2. Mechanisms reducing drug accumulation in the cells.

ALTERATION OF THE TARGET
Fluoroquinolones target bacterial topoisomerases. These enzymes
are found in all cells. They alter the topological state of DNA. To
date, four topoisomerases have been identified inE. coli and other
bacteria. Fluoroquinolones are not inhibitors of either topoiso-
merase I or III but have a high affinity for DNA gyrase and topo-
isomerase IV. Gyrases control DNA supercoiling and relieve
topological stress arising from the translocation of transcription
and replication complexes along the DNA. Topoisomerase IV is
a decatenating enzyme that resolves interlinked daughter chromo-
somes following DNA replication. Since both enzymes are re-
quired for cell growth and division, it is not surprising that
fluoroquinolones are bactericidal. However, fluoroquinolones do
not simply eliminate topoisomerase function and trapping of
gyrase and topoisomerase IV on DNA, but also release double-
stranded DNA breaks which prove lethal for the organism.'

DNA gyrase introduces negative supercoils into DNA. It
consists of2 subunits that form an A2B2complex, consisting of the
active form of the enzyme. The protein binds to the DNA as a
tetramer, in which two A and two B subunits wrap DNA into a
positive supercoil. Then one region of the duplex DNA is passed
through another via DNA breakage and rejoining. Binding of ATP
to gyrase drives the supercoiling reaction, with ATP hydrolysis
serving to reset the enzyme for a second round of catalysis
(Fig. 1). In the absence of ATP, gyrase removes negative super-
coils from the DNA. The two subunits of gyrase are encoded by
gyr A and gyr B genes (Table 1).4

Like DNA gyrase, topoisomerase IV is composed of four
subunits, two each of par C and par E gene product (par for
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FIG. 1 Interruption of gyrase action by fluoroquinolones: (a) DNA
gyrase and DNA before strand passage, (b) opening of the DNA
gate, fluoroquinolones trap gyrase at this stage, (c) strand
passage, (d) DNA gyrase and DNA after strand passage. The
reaction is shown as reversible because gyrase can introduce
and remove negative supercoils from DNA. The
fluoroquinolones block both reactions.'
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TABLE1. Properties of E. coli DNA gyrase"

Properties Gyr B subunitGyr A subunit

Gene
Molecular weight (Da)

Major role

gyr A (2625 bp)
96 756 (874 a.a.)

gyr B (2412 bp)
89 762 (803 a.a.)

Breakage and reunion ATPase activity
of DNA

partition). The product of nearby par F may facilitate DNA-
dependent membrane binding oftopoisomerase IV. Unlike DNA
gyrase, topoisomerase IV does not wrap DNA around itself. This
seems to be the principal difference between the two enzymes,
since removal of a portion of gyrase A protein converts gyrase into
an enzyme that has a strong decatenating activity, much like
topoisomerase IV.3

Gyrase and toposiomerase IV from both S. aureus and E. coli,
when purified and studied for sensitivity to fluoroquinolones,
revealed that the supercoiling activity of S. aureus gyrase was at
least 500-fold less sensitive to ciprofloxacin than that of E. coli
gyrase and at least six-fold less sensitive than in the decatenating
activity of S. aureus topoisomerase IV. These data suggested that
topoisomerase IV is the primary target of ciprofloxacin in S.
aureus. The decatenating activity of topoisomerase IV from S.
aureus was only half as sensitive as that from E. coli, indicating
that the difference between gyrase molecules accounted for most
of the difference in ciprofloxacin susceptibility of these two
organisms. 3

MODE OF ACTION
Bacterial DNA is maintained in a negatively supercoiled state by
DNA gyrase, an ATP-dependent type II DNA topoisomerase.
Gyrase is essential for cell viability, and is implicated in a range
of DNA transactions, including DNA replication and recombina-
tion, and is central to gene expression. Gyrase catalyses DNA
supercoiling by an interesting and unusual mechanism. It passes
a duplex DNA segment through a transient double-stranded DNA
break made within a 120 to 150 bp loop of DNA wrapped on the
surface of the tetrameric AzB2 gyrase complex (Fig. 1).

The effect of quinolones on gyrase is to disrupt the DNA
breakage-reunion reaction, thus inhibiting DNA supercoiling. If
a reaction between gyrase, DNA and a quinolone drug is termi-
nated by the addition of sodium dodecyl sulphate, the DNA is
broken in both strands and the gyr A subunits of the enzyme are
attached to 5' phosphates at the break site via tyrosine 122, the
active site tyrosine. The ability of quinolones to stabilize this so-
called 'cleavable complex' between gyrase and DNA seems to be
central to their bactericidal effects. Topoisomerase IV is able to
decatenate DNA before the completion of a round of replication,
whereas gyrase seems to decatenate only after the round is
finished.

Mutation in anyone of these targets might be sufficient for
acquisition of quinolone resistance. However, studies have shown
that highly resistant clinical bacterial isolates possess more than
one mechanism for antibiotic resistance. Mutation in both gyr A
and par C is common in bacterial isolates highly resistant to
fluoroquinolones and the presence of multiple mutations contribu-
ting to fluoroquinolone resistance seems to be the rule rather than
the exception.>'

DNA sequence analysis of the gyr A genes from resistant
strains revealed that all mutations were located within a highly
conserved region, the so called 'quinolone resistance-determin-
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ing region (QRDR), which is located at the 5' terminus of gyr A
close to codon 122 coding for the active site tyrosine involved in
DNA strand breakage and rejoining. These mutations cause a
simultaneous increase in the resistance towards all quinolones,
but not to unrelated compounds. A similar QRDR region is likely
to exist in the par C gene.'

Within the gyr A subunit of E. coli, mutations of two codons,
serine 83 and aspartic acid 87, give the greatest reduction in
susceptibility. Mutation of serine 83 to a hydrophobic amino acid
generally confers more resistance than does mutation at position
87. When both sites undergo mutation, levels of resistance can be
two- to three-fold higher than when only one position mutates.

In E. coli, as gyrase is the primary target, par C-mediated
resistance is detectable only in gyr A mutants and at high fluoro-
quinolone concentrations. Topoisomerase IV mutants do not by
themselves confer resistance inE. coli. InS. aureus, topoisomerase
IV is the primary target. Thus, par C mutations confer low level
resistance, with an additional gyr A mutation increasing resis-
tance to ciprofloxacin. In S. aureus, gyrase mutation does not by
itself confer resistance. The situation is similar to that in S.
pneumoniae?

Resistance mapping in gyr B also occurs, sometimes to mod-
erately high quinolone concentration and sometimes to low con-
centration. Mutations that confer high level resistance map at
specific sites in E. coli-Asp 426 and Lys 447 of gyr B. In S.
pneumoniae, mutations arise inpar C and gyr A before they arise
in gyr B. The homologous gene for topoisomerase IV,par E, can
also display resistance mutation. 3.5

It would appear that only one mutation is needed for the
occurrence of clinically relevant resistance in species that are
inherently less susceptible to fluoroquinolones such as S. aureus,
C. jejuni and Ps. aeruginosa, whereas several mutations are
required for the development of resistance in highly susceptible
bacterial species such as E. coli and S. typhimurium. The muta-
tions can be present in different regions of the same gene or in
different genes, either encoding different topoisomerases, or
encoding the expression of multidrug efflux pumps.

REDUCTION OF QUINOLONE ACCUMMULATION
Quinolones have to pass through the bacterial cell wall to reach
their intracellular target. This includes the passage through one
membrane in the case of Gram-positive organisms and two
membranes in Gram-negative ones. Permeability of the Gram-
negative cell to fluoroquinolones is increased by 50% after
removal of the outer membrane, indicating the barrier function of
the outer membrane for fluoroquinolone penetration.

Depending upon their hydrophobicity, quinolones prefer to
cross the outer membrane, either directly through the lipid bilayer
(hydrophobic quinolones such as nalidixic acid) or through the
water-filled protein pores, the porins (hydrophilic compounds
such as ciprofloxacin, ofloxacin).

Resistance due to reduced drug accumulation involves at least
one of two different mechanisms.

1. An energy-independent, passive mechanism, which is based
on structural alterations orreduced expression of porin proteins
responsible for passage of quinolone through the outer
membrane

2. An energy-requiring, active efflux mechanism.

Impaired permeability
In E. coli, the two major porins are OMP F and OMP C, forming
pores of 1.2 nm and 1 nm width, respectively. Loss of porin by
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inactivation of the respective structural gene results in a 50%
reduction of the accumulation of hydrophilic quinolones in the
case of OMP F, but has no effect in the case of OMP C. Since OMP
F is a non-specific porin, several unrelated drugs such as tetracy-
cline, chloramphenicol and someji-lactams can also use this porin
as a site of entry into the cell. Consequently, loss of OMP F porins
causes parallel resistance to all these compounds.

Efflux of fluoroquinolones
The first evidence for efflux-mediated quinolone resistance came
from the characterization of the nor A gene product of S. aureus.
Nor A protein shares similarities with other export proteins, such
as Bmr from Bacillus subtilis or the Tet proteins mediating
tetracycline resistance. Nor A is a 42 kDa protein that spans the
cytoplasmic membrane. It can be inhibited by reserpine or
verapamil. These drugs are known to inhibit mammalian multiple
drug resistance (MDR) protein, which acts as an efflux pump.

It has been suggested that MDR pumps are probably essential
in bacterial physiology. All bacterial species may have several
regulated MDR systems encoded chromosomally, the activation
of which can produce a fluoroquinolone-resistant phenotype. In
some cases, MDR activation only produces low level fluoro-
quinolone resistance which has clinical relevance only in combi-
nation with mutations in other genes. In other cases, efflux pump
systems can produce a clinically relevant fluoroquinolone resis-
tance phenotype per se. In contrast to mutation in topoiso-
merases, which only produces resistance to fluoroquinolones,
mutation leading to the expression of efflux pumps produces a
phenotype with resistance to several structurally unrelated anti-
biotics. Activation of the efflux pump shows high level resistance
to hydrophilic fluoroquinolones but may have no effect on resis-
tance to hydrophobic compounds."

PLASMID ENCODED QUINOLONE RESISTANCE
Fluoroquinolones tend to eliminate plasmids, but a natural trans-
ferable plasmid encoding resistance to fluoroquinolones by an
unknown mechanism has recently been reported. The plasmid
was obtained from a clinical strain of K. pneumoniae and had a
wide host range. Although the level of quinolone-resistance
acquired with the plasmid was low, emergence of high level
quinolone-resistant mutants was 100-fold higher in strains carry-
ing this plasmid compared with those of the coiled type.'

CLINICAL IMPLICA nONS
Antibiotic resistance results either from the acquisition of anti-
biotic resistance genes, probably from natural antibiotic produc-
ers, or by selection of mutations in target genes by antibiotic
selection pressure. Fluoroquinolones are synthetic drugs, thus the
former mechanism is impossible. On the other hand, quinolones
are scarce in the environment, so that environmental selection of
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quinolone-resistant bacteria seems unlikely, other than from the
use of these drugs in animal husbandry and agriculture.

From a clinical perspective, the main problem with fluoro-
quinolones is the accumulation of resistant mutants by target
organisms. Characterization of clinical strains has shown that the
presence of different mechanisms of fluoroquinolone resistance
in the same isolate is common, indicating that isolates belonging
to the family Enterobacteriaceae require a combination of muta-
tions to become clinically resistant to fluoroquinolones. In spe-
cies with low intrinsic quinolone susceptibility including P.
aeruginosa, S. aureus and C. jejuni, a single-step mutation can
lead to clinical resistance. These strains can be easily selected in
vitro. 1.5

Besides the inherent antibacterial activity of the drug, its
pharmacokinetics and pharmacodynamics also determine the
success or otherwise of treatment. The area under the curve
(AUC) above the minimum inhibitory concentration (MIC), that
is, AUCIMIC (AUlC) and peak concentration (Cma)IMIC ratios
have been found to correlate with the efficacy of fluoroquinolones
(and aminoglycosides). Both these classes of antibiotics exhibit
concentration-dependent killing. For fluoroquinolones, an AUIC
of more than 125 and CrnaxlMICratio of 10 or above predicts
clinical cure. Older quinolones, which do not achieve high blood
levels or lower MIC values, can select for resistant mutants, as can
suboptimal antimicrobial exposure (AUIC <100) to even newer
agents such as levofloxacin."

CONCLUSION
The demonstration that fluoroquinolones have two molecular
targets in bacteria raises the hope that newer quinolones can be
synthesized (such as trovafloxacin, clinafloxacin) with high po-
tency simultaneously for both targets and better pharmacokinetic
properties; thus drastically reducing the probability of develop-
ment of clinically resistant strains. Since there is cross-resistance
between quinolones, prudence in using earlier-generation
quinolones such as nalidixic acid and norfloxacin must, however,
be exercised so as to prevent the selection of a resistant mutant.
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