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Abstract Fluoroquinolone resistance is mediated by target changes (DNA gyrase and/

or topoisomerase 1V) and/or decreased intracellular accumulation. The genes
(gyrA/gyrB/parC/parEand proteins of DNAtopoisomerase 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 withigyrA andparC. Based on th&scherichia coli
co-ordinates, the hotspots most favoured for giving rise to decreased susceptibility
and/or full resistance to quinolones are at serine 83 and aspartateg§vfofand at
serine 79 and aspartate 83 foarC. Few mutations irgyrB or parE/grIB of any
bacteria have been described. Efflux of fluoroquinolones is the major cause of de-
creased accumulation of these agents;Staphylococcus aurepthe efflux pump
involved in norfloxacin resistance is NorA, and fetreptococcus pneumonjdmrA.

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 8f pneumoniaeay possess enhanced ef-
flux. This suggests that efflux may be an important mechanism of clinical resistance
in this species. IiPseudomonas aerugingsseveral efflux operons have been dem-
onstrated genetically and biochemically. These operons are encodeskiultiple
EffluX) genesmexAmexB-oprM, mexCD-Opsystem andhexEF-oprNsystem. The

E. coliefflux pump is theacrAB-tolC system. Both thmaroperon and theoxoperon

can give rise to multiple antibiotic resistance. It has been shown that mutations giving
rise to increased expression of the transcriptional activatarg\andsoxSaffect the
expression of a variety of different genes, includexgpFandacrAB. The net result

is that expression of OmpF is reduced and much less drug is able to enter the cell;
expression o&crABis increased, enhancing efflux from the cell.

From studies with many different types of bacteria action of the drug is reduced such that increased con-
and different classes of antibacterial agent, it is clearcentrations of the drug are required to achieve the same
that there are essentially 3 types of resistance mechdevel of inhibition of enzyme activity.
nism deployed by bacteria to evade the action of an Forfluoroquinolones, resistance is mediated by tar-
antibiotic. Firstly, there is prevention of access of theget changes or reduced intracellular accumulation. As
drug to the target; this can either be by reducing entryyet there has been no bacterial enzyme described in
of the drug into the cell or by enhancing the pumping the literature capable of modifying, hydrolysing or al-
of the drug out of the cell, i.e. efflux. Secondly, bacte- tering, in any way, the fluoroquinolone molecule.
ria can produce novel enzymes that inactivate or mod- Over the last decade there have been sporadic re-
ify the drug, and classic examples of these Bre ports of plasmid-mediated resistance, with early reports
lactamases or aminoglycoside-modifying enzymes.describing a mutator plasmid; when this plasmid was
Thirdly, the target site can be altered so that the interpresent, 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 - lle 5

Ser 83 - lle; Ala67 - Gly 5
A. baumanni Glu 87 Gly 4
Campylobacter fetus Asp9l - Tyr 6
C. jejuni Ala70 - Thr 7

Thr 86 - Phe, Lys 8

Asp 90 Asn 9
C. lari Thr86 - lle 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 Ala67 - Ser 12

Gly 81 — Cys, Asp 13,14

Ser 83 - Leu, Trp, Ala 13, 15-17

Ser 83 - Phe, Tyr, Val, lle 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

GIn 106 - His, Arg 12,17
Enterococcus faecalis Ser 83 - lle, 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 Ala90 - Val 28
M. smegmatis Ala90 - Val 29

Asp 94 - Gly 29
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biotic-resistant strains, not just quinolone-resistantmum inhibitory concentration (MIC) of the agent for
strains, increased. In 1997, plasmid-mediated resisthe bacterium. In laboratories investigating the mech-
tance capable of being transferred to other Entero-anisms of fluoroquinolone resistance, there is usually
bacteriaceae was described Klebsiella pneu- a combination of phenotypic and genotypic charac-
moniael] The mechanism of resistance has yet to beterisation. Phenotypically, the interactions of DNA
described and so the clinical relevance and epidemigyrase and/or topoisomerase IV with the quinolone
ology of this resistance is not known. can be investigated. For Gram-negative bacteria, the
All of the mechanisms described herein are chro-outer membrane protein profiles of resistant and sus-
mosomally mediated. There are many different geneseptible bacterial strains can be compared. The con-
and loci inEscherichia colthat can contain mutations centration of drug accumulated in the presence and
that give decreased susceptibility to quinolones, notabsence of various metabolic inhibitors is used to de-
just those encoding target proteins or decreased accuect the presence of active efflux mechanisms. For
mulation; for instance, those involved in the SOS re-bacteria where a chromosomal map is available, the
sponse or different metabolic functions, ecgp.l4 It gene involved in resistance can be mapped. Consider-
is clear that the role of many gene products, their po-able work has utilised cloned wildtymg/rA or gyrB,
tential interaction with quinolones, and how they may parCor parEand their introduction into the bacterium
or may not be involved in resistance, is still poorly of interest. Dominance of the wildtype gene over the
understood. gene containing a mutation allows screening for rever-
Quinolone resistance can be detected in manysion to susceptibility as an indication as to whether
ways; for many laboratories it is sufficient to pheno- there is a mutation igyrA or one of the other genes.
typically determine the disk sensitivity or the mini- More recently, it has become possible to clone the

Table I. Contd
Organism Amino acid substitution Reference
M. tuberculosis Gly 88 - Cys 30
Ala90 - 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 - lle 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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Table . Mutations in gyrB affecting fluoroquinolone activity cation); the current working model is that mutations
Organism Amino acid substitution _ Reference in this area affect the binding between DNA GyrAand
Escherichia coli Asp 426 - Asn 58 DNA over the ‘saddle’ and ‘hump’.
Lys 447 -Glu 58 The crystal structure of the. coliGyrB N terminal
Staphylococcus aureus Asp 437 - Asn 55 region has also been determirfedFrom an analysis
Arg 458 - Gin 55 of mutants there are also hotspots in ¢fyeB gene for
AA432 - 59 mutations that give rise to decreased susceptibility to
Pro 456 - Ser 60 quinolones. These mutations all give rise to amino acid
Streptococcus peumoniae Clu474-Lys 61 substitutions in a very small region of GyrB near to
Salmonella yphimurium Serded_Tr &2 the locus that has been shown to be cleaivevitro,

and involved in interacting with GyrA. So far, few
mutations ingyrB of any bacteria have been described
gene of interest, or use the polymerase chain reactiogompared with those igyrAandparC (see below). It
(PCR) to amplify the quinolone resistance determin-is considered that mutationgyrBis a rare contributor
ing region (QRDR) of that gene, and then apply a va-to fluoroquinolone resistance (table Il).
riety of rapid screening techniques (particularly when
examining a large number of clinical isolates) e.g. re- 2. DNA Topoisomerase IV
striction fragment length polymorphism (RFLP) or
single-stranded conformational polymorphism (SSCP), Recently, DNAtopoisomerase IV has been demon-

coupled with DNA sequencing. strated as an alternative target for quinolones. Most
fluoroquinolones preferentially interact with DNA
1. DNA Gyrase gyrase as the primary target in Gram-negative or

Gram-positive bacteria. However, ongoing research

Most work has focused on DNA gyrase, specific- suggests that some newer fluoroquinolones with ex-
ally the A subunit of the enzymé.The 3-dimensional tended spectra of activity interact equally with both
crystal structure of the N terminal portion &f coli DNA gyrase and topoisomerase [Pl As for DNA
GyrA has been publishéd.Quinolones interact with  gyrase, DNAtopoisomerase IV is a tetrameric enzyme
the enzyme to prevent DNA resealing after cleavagecomprised of 2 A subunits and 2 B subunits. The genes
by GyrA. From the 3-dimensional crystal structure, an and proteins of topoisomerase IV show great similar-
electrostatic GRASP representation can be madeity, both at the nucleotide and amino acid sequence
From analysis of this representation, Tony Maxwell level, to those of DNA gyrase. Most work on
has proposed that DNA curves around a ‘saddle’ ontopoisomerase IV has been with the enzymes from
DNA gyrase and over a ‘hump’ (A. Maxwell, personal Stre?tococcus pneumoniad Staphylococcus au-
communication). This model requires some distortion reus4.45.63Aligning the DNA sequences gfyrAand
of the DNAto allow an interaction with the active site parC of S. pneumoniaand using thé. coli co-ordi-
at tyrosine 122, the region that is responsible for thenates, it is clear that the mutation hotspotsgiyrA
DNA breakage-reunion interaction. It has been shown(serine 83 and glutamate 87) are the sam@anC
that there are hotspots (QRDR) for mutations within (serine 79 and aspartate 83) (table Ill). It has been
gyrA all focused at a locus encoding amino acids veryproposed that the interactions between fluoro-
close to tyrosine 122 in the N terminal region of GyrA. quinolones and ParC will be similar to those between
Comparing the amino acid sequences of the QRDRGyrA and fluoroquinolones (A. Maxwell personal
from different bacteria (ranging frofd. colito Pseu-  communication). Recently, Pan and Fidféhave
domonas aeruginosaMycobacterium tuberculosis shown that high level resistance $f pneumonia&o
andEnterococcus faecalisand basing the analysison clinafloxacin requires stepwise and multiple muta-
theE. colico-ordinates, the hotspots most favoured for tions in gyrA and parC, giving rise to mutants that
giving rise to decreased susceptibility and/or full re- require high fluoroquinolone MIC values for inhibi-
sistance to quinolones occur at serine 83 and aspartaten. The role of efflux in contributing to resistance in
87 (fig. 1). Other loci have also been described. How-these mutants was not examined.
ever, mutations at these sites are far less frequently Similar homology is observed between therB
observed (table 1). Using the 3-dimensional crystaland parE genes. As for mutations igyrB, similar
structure of the N terminal region of GyrA and map- hotspots have been identified parE of S. pneu-
ping the various mutations described Ercoli,ithas ~ moniae(andgriB of S. aureu¥(table IV). However, it
been shown that the majority of mutations giving rise is unclear as to exactly what role mutationsparE
to resistance occur at the dimer interface and bindingcontribute to clinical resistance, and mutations in this
site of DNA gyrase (A. Maxwell, personal communi- gene are probably as rare as thosgyrB.
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Table 1ll. Mutations in parC/griA giving rise to fluoroguinolone ent in all wildtype cells examined to date), allowing

resistance higher concentrations of quinolone to be retained
Organism Amino acid substitution _ Reference within the cell. In some resistant bacteria it has been
Acinetobacter baumannii Ser80- Leu 64 shown that the concentration of fluoroquinolone ac-

Glug4-Lys 64 cumulated is far lower than in wildtype bacteria; when
Escherichia coli Gly 78-Cys 65 an efflux inhibitor is added, the concentration of

Ser 80— Ang, lle 65-68 fluoroguinolone accumulated increases far more than

Glu84-Gly, Lys 66,67 for wildtype cells, showing that the low concentra-
Enterobacter cloacae Ser 80~ lle u tions of drug accumulated are due to enhanced efflux.
o oo :'“ zg”f'u*lyls ;13 For S. aureust has been shown that the efflux pump

nieracoceus lagcalls eron-Ang. e involved in norfloxacin resistance is Not&! It has

Glu 84 - Ala 23 . .
Hesmmophius inflverzee cor 84 1lo o also been shown that fluoroquinolone-resistant mu-

Glu 88 Lys o tantS. aureusvith enhanced efflux occur prior to mu-
Kiebsiella preumoniae Ser 80 lle, Ang 27 tations ingrlA (topoisomerase IV sub unit A) and

Glu 84— Gly, Lys 27 gyrAl™ While work in other bacterial species has
Neisseria gonorrhoeae Asp 86 Asn 34 demonstrated the presence of multiple efflux pumps,

Ser87-.lle 69 to date only NorA has been described for staphylococ-

Ser 88— Pro 34 cal fluoroquinolone efflux. However, it cannot be

Gly 85 Cys 70,71 ruled out that other pumps exist that have yet to be

Glu91-Gly 34,70 described.

Ang 116 - Leu 70,71 Recently, an efflux protein, PmrA, d§. pneu-
Pseudomonas aeruginosa  Ser 80 - Leu 72 moniaehas been reporteéf] By analysis of MIC data

Gluga-Lys 2 derived in the presence and absence of the efflux in-
Staphylococcus aureus Ser 80 Phe 5 hibitor reserpine, it has been shown that up to 50% of

z‘”z‘;ﬁ;’” ig 63, 74 ciprofloxacin-resistant clinical isolates &. pneu-

eream e moniaemay possess enhanced efflf&82These data

Glu 84 - Lys 59, 63, 74 . .

Ala 116 .. Pro, Glu 73 suggest that efflux may be animportant mechanism of
Streptococcus pneumoniae Ser 79 - Tyr, Phe 44 C“nlcal resistance in thIS SpECIES.

Asp 83-Gly 44

Asp 84 - His s 4. Altered Accumulation: Efflux by

Ser 80 - Tyr 45

Gram-Negative Bacteria

The Gram-negative cell envelope is more sophis-
3. Altered Accumulation: Efflux by hogative cels, there s a oytoplasri membrane after
Gram-Positive Bacteria 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
relatively S|mple structure com_pared with that OT cytoplasmic membrane houses most of the metabolic
Gram-negative bacteria. It consists of a Cymp'asm'?activities of the cell envelope. However, in Gram-
membrane, where many of the membrane metaboliG,egative bacteria the outer membrane contains pore-
activities and enzymes reside, followed by a smalltorming proteins that allow solutes into the cell.Fn
area through which lipoteichoic acids link the aeruginosaseveral efflux operons have been demon-
cytoplasmic membrane with a large layer of peptido- strated genetically and biochemically. These operons
glycan. From experimental work on the accumulation are encoded bynex(Multiple EffluX) genes. The most
of fluoroquinolones by bacteria, it has been shown that
m.OSt of the dl’l_.lg_ IS_ accumulated b.y cells W'_th'_” 1to2 Table IV. Mutations in parE/griB giving rise to fluoroguinolone
minutes of antibiotic exposure until an equilibrium, or  cgistance
steady-state concentration is achieV@df an efflux

The cell envelope of Gram-positive bacteria is a

. . . Organism Amino acid substitution Reference
inhibitor, such as carbonyl cyanide m-chloro- = 7m== Tou 245 Fis o
phenylhydrazone (CCCP) or reserpine, is added at thiSsyepiococcus pneumoniae ~ Asp 435 - Asn 76
equilibrium stage there is an apparent increase in the Pro 454 -, Ser 61
concentration of fluoroquinolone accumulated. This staphylococcus aureus Asp 432 Val 60
is due to inhibition of the efflux pump (which is pres- Asn 470 - Asp 59
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widely studied operon is theexAmexB-oprMperon, these will be for use in combination with fluoro-
which gives rise to resistance to ciprofloxacin, nali- quinolones or any other agent, or as stand-alone
dixic acid, tetracycline and chloramphenit&l.The  agents.

basic model comprises MexB, embedded in the

cytoplasmic membrane, as the efflux pump; the acces- 5 conclusions

Eory pr_?:]eln, I;/IexA, Iwgks Methtc_) t_heooutl\tzr mfj”.‘t'. It has been shown by several researchers (for ex-
rane. 1he outer membrane protein 1s Oprii, and ISample, Everett et al?) that to give rise to a highly

through this linked 3-protein system that drugs are ex-,,qroquinolone-resistant bacterium, multiple muta-

pelled. In wildtypeP. aeruginosathe efflux pump  {jongin several genes, includigyrA, parCand those
gives rise to the inherent resistance to many antibiotics ncoding for efflux. are required. Although it

that is associated with this species. Enhanced effluxy a5 widely predicted that high level resistant bacteria
has been associated with fluoroquinolone resistancenat are usually exquisitely susceptible to fluoro-
and resistance to other newer agents. Other effluxy,inolones wouid occur rarely, highly resistantcoli
pumps that can give rise to fluoroquinolone resistancenaye been isolated in locations where there has been
in P. aeruginosaare themexCD-Oprsystenf*and  heavy and frequent use of fluoroquinolones. With the
mexEF-oprN\system®! o continued increase in the clinical use of these agents,
In E. coli, it has been shown that there is linkage not always appropriately, bacteria will continue to re-

between the regulation of the porin proteins in the spond with multiple and novel mechanisms of resis-
outer membrane, which allow drugs and other solutesance with which to evade antimicrobial action.
to enter the bacterial cell, and the efflux pump. The
efflux pump described fdE. colithat is most likely to Ref
be involved in decreased susceptibility to fluoro- Me erences ) .
. . L . Martinez Martinez L, Pascual A, Jacoby GA. Quinolone resistance from
quinolones is t_h@Cl’AB-tO'C Syste_m, where AcrB is atransferable plasmid. Lancet 1998; 351: 797-9
the efflux proteln inthe cytoplasmlc membrane, AcrA 2. Piddock LJV. Mechanisms of resistance to fluoroguinolones: state-of-
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: : B . Vila J, Ruiz J, Goni P, et al. Mutation in tlggyrA gene of quinolone-
mar Op.erlon. and 'gheoxoperon can give rise to multi- resistant clinical isolates ohcinetobacter baumanniiAntimicrob
ple antibiotic resistance. It has been shown that muta- 5 ohgents thﬁmsomer 1095,39: 12008 ot icol
I . ; : ; . Oppegaard H, Sorum H. GyrA mutations in quinolone-resistant isolates
tions giving rise to increased expression of the tran- of the fish pathogemAeromonas salmonicidaAntimicrob Agents

scriptional activatorsmarA and soxS affect the Chemother 1994; 38: 2460-4

H i H H H 6. Taylor DE, Chau ASS. Cloning and nucleotide sequence afythkgene
expression of a Varlety of dlffer_ent genes, |nc_Iud|ng from Campylobacter fetusubsp fetus ATCC27374 and charac-
ompFandacrAB. The net result is that expression of terization of ciprofloxacin-resistant laboratory and clinical isolates.

H H Antimicrob Agents Chemother 1997; 41: 665-71
OmpF is reduced and much less druQ is able to enter 7. Wang Y, Huang WM, Taylor DE. Cloning and nucleotide sequence of the

the cell; expression o&crAB is increased, thus en- Campylobacter jejuni gyrAyene and characterization of quinolone
hancing efflux from the Ce[p7] resistance mutations. Antimicrob Agents Chemother 1993; 37: 457-63
. . i 8. Ruiz J, Goni P, Marco F, et al. Increased resistance to quinolones in
The Concept of efflux and any associated role in Campylobacter jejunigenetic analysis ofyrA gene mutations in
antibiotic resistanceis a re|ative|y new and f|0uri5hing quinolone-resistant clinical isolates. Microbiol Immunol 1998; 42:
P : 223-6
area of research. Prellmlnary evidence frBmaureus 9. Charvalos E, Peteinaki E, Spyridaki |, et al. Detection of ciprofloxacin

suggests that increased expression of NorA is the first resistance mutations iBampylobacter jejuni gyray non-radioisoto-

step in resistance. It is proposed that enhancement of P& Syigie-stanted Coromaional polymorphism and direct seqtenc:

a chromosomal regulatory network allows bacteria to 10. Deguchi T, Yasuda M, Kawamura T, et al. In-vitro antimicrobial activity

H H i H _ of HSR-903, a new fluoroquinolone against clinical isolate&leh-
SUI’VIVE.' while mutations in target gene_s can accumu siella pneumoniaeand Enterobacter cloacaevith fluoroquinolone
late. Itis already known that by enhancing the expres- resistance associated amino acid alterationg/iv andparC. J Anti-

i i i i i microb Chemother 1997; 40: 907-9
sion .Of efﬂ.UX pu.mps iIna varlety of dlfferent baCter.IaI 11. Deguchi T, Yasuda M, Nakano M, et al. Detection of mutations in the
species gives rise to a multidrug resistant (multiple gyrAandparC genes in quinolone-resistant clinical isolategatero-

ibioti i iti ile in- bacter cloacaeJ Antimicrob Chemother 1997; 40: 543-9

anthIOtIC. rESIStant) phenOtype' In addltlon, while in 12. Yoshida H, Komjima T, Yamagishi, J, et al. Quinolone-resistant muta-
creases in the MIC values of the affected agents for ™ " tions of thegyrA gene ofEscherichia coliMol Gen Genet 1988; 211:
some bacteria, such &s coli, have been modest, for 17
) . ’ ds h' h b i ! 13. Yoshida H, Bogaki M, Nakamura M, et al. Quinolone resistance-deter-

. aeruginosan . _aureus e_y ave been su |C|e_nt mining region in the DNA gyrasgyrA gene ofEscherichia coliAnti-
to allow the bacterium to withstand concentrations lecgob /;g%ntstheFmgth”ertlsaso; t34|: lféng ltation

H . Cambau E, bordon F, Collatz E, et al. NO point mutation in a

greater than the recommended breakpomt concentra- strain of Escherichia coliresistant to fluoroquinolones but not to na-

tion of many agents. lidixic acid. ﬁ\ntimicrob Agentls Chemother 1993; 37: 1247-52h
ihi ifi i i _15. Oram M, Fisher LM. 4-Quinolone resistance mutations in the DNA
Inhibitors of specmc gfflu_x prot_elns are bemg de gyrase oEscherichia coltlinical isolates identified by using the poly-
veloped, but no information is available as to whether merase chain reaction. Antimicrob Agents Chemother 1991; 35: 387-9

0 Adis International Limited. All rights reserved. Drugs 1999; 58 Suppl. 2



Fluoroquinolone Resistance

17

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Cullen Me, Wyke AW, Kuroda R, et al. Cloning and characterization of
a DNA gyrase A gene frorescherichia colithat confers clinical re-
sistance to 4-quinolones. Antimicrob Agents Chemother 1989; 33:
886-94

Hallett P, Maxwell A. Novel quinolone resistance mutations oftseh-
erichia coliDNA gyrase A protein: enzymatic analysis of the mutant
proteins. Antimicrob Agents Chemother 1991; 35: 335-40

Yonezawa M, Takahata M, Banzawa N, et al. Analysis of the NH2-ter-
minal 83rd amino-acid oEscherichia coli gyrAin quinolone-resis-
tance. Microbiol Immunol 1995; 39: 243-7

Everett MJ, Jin Y-F, Ricci V, et al. Contribution of individual mechanisms
to fluoroquinolone resistance in &scherichia colisolated from hu-
mans and animals. Antimicrob Agents Chemother 1996; 40: 2380-6

Ouabdesselam S, Hooper DC, Tankovic J, et al. Detectigyréfand
gyrB mutations in quinolone resistant clinical isolatesssicherichia
coli by sscp analysis and determination of levels of resistance con-
ferred by two different singlegyrA mutations. Antimicrob Agents
Chemother 1995; 39: 1667-70

Conrad S, Oethinger M, Kaifel K, et ayrA muations in high-level
fluoroquinolone resistant clinical isolatesB$cherichia coliJ Anti-
microb Chemother 1996; 38: 443-55

Korten V, Huang WM, Murray BE. Analysis by PCR and direct sequenc-
ing of gyrA mutations associated with fluoroquinolone resistance in
Enterococcus faecalisAntimicrob Agents Chemother 1994; 38:
2091-4

Kanematsu E, Deguchi T, Yasuda M, et al. Alterations imgthé subunit
of DNA gyrase and thearC subunit of DNA topoisomerase |V asso-
ciated with quinolone resistancefimterococcus faecalig\ntimicrob
Agents Chemother 1998; 42: 433-5

Tankovic J, Mahjoubi F, Courvalin P, et al. Development of
fluoroquinolone resistance Enterococcus faecalsnd role of muta-
tions in DNA gyrase gyrA gene. Antimicrob Agents Chemother 1996;
40: 2258-61

Georgiou M, Munoz R, Roman F, et al. Ciprofloxacin-resistant
Haemophilus influenzagtrains possess mutations in analogous posi-
tions of gyrA and parC. Antimicrob Agents Chemother 1996; 40:
1741-4

Moore RA, Beckthold B, Wong S, et al. Nucleotide sequence ajyh&
gene and characterization of ciprofloxacin-resistant mutants of
Helicobacter pylori Antimicrob Agents Chemother 1995; 39: 107-11

Deguchi T, Fukouka A, Yasuda M, et al. Alterations in the gyrA subunit
of DNA gyrase and the parC subunit of topoisomerase IV in quinolone-
resistant clinical isolates oKlebsiella pneumoniaeAntimicrob
Agents Chemother 1997; 41: 699-701

Cambau E, Sougakoff W, Jarlier V. Amplification and nucleotide se-
quence of the quinolone resistance determining region igyh&gene
of mycobacteria. FEMS Microbiol Lett 1994; 116: 49-54

Revel V, Cambau E, Jarlier V, et al. Characterization of mutations in
Mycobacterium smegmaiisvolved in resistance to fluoroquinolones.
Antimicrob Agents Chemother 1994; 38: 1991-6

Takiff HE, Salazar L, Ruerrero C, et al. Cloning and nucleotide sequence
of Mycobacterium tuberculosis gyr@ndgyrB genes and detection of
quinolone resistance mutations. Antimicrob Agents Chemother 1994;
38: 773-80

Williams KJ, Chan R, Piddock LJV. gyrA of ofloxacin-resistant clinical
isolates ofMycobacterium tuberculosi'tom Hong Kong. J Anti-
microb Chemother 1996; 37:1032-4

Deguchi T, Yasuda M, Nakano, M, et al. Rapid screening of point muta-
tions of the Neisseria gonorrhoeparC gene associated with resis-
tance to quinolones. J Clin Microbiol 1997; 35: 948-50

Deguchi T, Yasuda M, Asano M, et al. DNA gyrase mutations in
quinolone-resistant clinical isolates Nkisseria gonorrhoeadnti-
microb Agents Chemother 1995; 39: 561-3

Ison CA, Woodford PJ, Madders H, et al. Drift in susceptibilitj\Nefis-
seria gonorrhoeaéo ciprofloxacin and emergence of therapeutic fail-
ure. Antimicrob Agents Chemother 1998; 42: 2919-22

Tanaka M, Takahashi K, Saika T, et al. Development of fluoroquinolone
resistance and mutations involving gyrA and parC proteins among
Neisseria gonorrhoeaisolates in Japan. J Urol 1998; 159: 2215-9

Tanaka M, Matsumoto T, Sakumoto M, et al. Reduced clinical efficacy
of pazufloxacin against gonorrhea due to high prevalence of
quinolone-resistant isolates with tlgyrA mutation. Antimicrob
Agents Chemother 1998; 42: 579-82

Kureishi A, Diver JM, Beckthold B, et al. Cloning and nucleotide se-
quence ofPseudomonas aerugino$aNA gyrasegyrA gene from
strain PAO1 and quinolone-resistant clinical isolates. Antimicrob
Agents Chemother 1994; 38: 1944-52

0 Adis International Limited. All rights reserved.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Pumbwe L, Everett MJ, Hancock REW, et al. RolgwfA mutation and
loss of OprF in the multiple antibiotic resistance (MAR) phenotype of
Pseudomonas aerugino&:9. FEMS Microbiol Lett 1996; 143: 25-8

Rahman M, Mauf G, Levy J, et al. Detection of 4-quinolone resistance
mutations in thegyrA gene ofShigella dysenteria@ype 1 by PCR.
Antimicrob Agents Chemother 1994; 38: 2488-91

Ouabdesselam S, Tankovic J, Soussy CJ. Quinolone resistance mutations
in the gyrA gene of clinical isolates of salmonella. Microb Drug Resist
1996; 2: 299-302

Griggs DJ, Gensberg K, Piddock LJV. MutationsgprA gene of
quinolone-resistant salmonella serotypes isolated from humans and
animals. Antimicrob Agents Chemother 1996; 40: 1009-13

Yonezawa M, Takahata M, Banzawafutakuchi N, etal. DNAgyrase gyrA
mutations in quinolone-resistant clinical isolatesSiaphylococcus
haemolyticusAntimicrob Agents Chemother 1996; 40: 1065-6

Kim JH, Cho EH, Kim KS, et al. Cloning and nucleotide sequence of the
DNA gyrasegyrAgene fronSerratia marcescerand characterization
of mutations ingyrA of quinolone-resistant clinical isolates. Anti-
microb Agents Chemother 1998; 42: 190-3

Janoir C, Zeller V, Kitzis MD, et al. High-level fluoroquinolone resis-
tance inStreptococcus pneumoni@equires mutations iparC and
gyrA Antimicrob Agents Chemother 1996; 40: 2760-4

Tankovic J, Perichon B, Duval J, et al. Contribution of mutatiormgy/ih
andparC genes to fluoroquinolone resistance of mutantSwépto-
coccus pneumoniagbtained in-vivo and in-vitro. Antimicrob Agents
Chemother 1997; 40: 2505-10

Brown JC, Shanahan PMA, Jesudason MV, et al. Mutation responsible
for reduced susceptibility to 4-quinolones in clinical isolates of mul-
tiresistantSalmonella typhimuriurm India. J Antimicrob Chemother
1996; 37: 891-900

Wain J, Hoa NTT, Chinh NT, et al. Quinolone-resistsalimonella typhi
in Vietnam: molecular basis of resistance and clinical response to treat-
ment. Clin Infect Dis 1997; 25: 1404-10

Reyna F, Huesca M, Gonzalez V, et &hlmonella typhimurium gyrA
mutations associated with fluoroquinolone resistance. Antimicrob
Agents Chemother 1995; 39: 1621-3

Heisig P, Kratz B, Halle E, et al. Identification of DNA gyrase A muta-
tions in ciprofloxacin-resistant isolates 8almonella typhimurium
from men and cattle in Germany. Microb Drug Resist 1995; 1: 211-8

Wang T, Tanaka M, Sato K. DetectiongdfA andgyrAmutations in 344
Staphylococcus aureussrains. Antimicrob Agents Chemother 1998;
42: 236-40

Sreedharan S, Oram M, Jenson B, et al. DNA gyg$& mutations in
ciprofloxacin-resistant strains &taphylococcus aureuslose simi-
larity with quinolone resistance mutationskscherichia coliJ Bac-
teriol 1990; 172: 7260-2

Goswitz JJ, Willard KE, Fasching CE, et al. DetectionggfA gene
mutations associated with ciprofloxacin resistance in methicillin-re-
sistantStaphylococcus aureuanalysis by polymerase chain reaction
and automated direct DNA sequencing. Antimicrob Agents Chemother
1992; 36: 1166-9

Tokue Y, Sugano K, Saito D, et al. Detection of novel mutations in the
gyrA gene of Staphylococcus aureusy nonradioisotopic single-
stranded conformational polymorphism analysis and direct DNA se-
quencing. Antimicrob Agents Chemother 1994; 38: 428-31

Takenouchi T, Ishii C, Sugawara M, et al. Incidence of varigg#
mutants in 451Staphylococcus aureusrains isolated in Japan and
their susceptibilities to 10 fluoroquinolones. Antimicrob Agents
Chemother 1995; 39: 1414-8

Ito H, Yoshida H, Bogaki-Shonai M, et al. Quinolone resistance muta-
tions in the DNA gyras@yrA andgyrB genes ofStaphylococcus au-
reus Antimicrob Agents Chemother 1994; 38: 2014-23

Sreedharan S, Peterson LR, Fisher LM. Ciprofloxacin resistance in co-
agulase-positive and -negative staphylococci: role of mutations at ser-
ine 84 in the DNA gyrase A protein ddtaphylococcus aureuand
Staphylococcus epidermidisntimicrob Agents Chemother 1991; 35:
2151-4

Tsai FTF, Singh OMP, Skarzynski T, et al. The high-resolution crystal
structure of a 24-kDa gyrase B fragment frémcoli complexed with
one of the most potent coumarin inhibitors, clorobiocin. Proteins 1997;
28:41-52

Nakamura S, Nakamura M, Kojima T, etg@yrAandgyrB mutations in
quinolone-resistant strains @&scherichia coli Antimicrob Agents
Chemother 1989; 33: 254-5

Tanaka M, Zhang YX, Ishida H, et al. Mechanisms of 4-quinolone resis-
tance in quinolone-resistant and methicillin resistat#phylococcus
aureusisolates from Japan and China. J Med Microbiol 1995; 42:
214-9

Drugs 1999; 58 Suppl. 2



18 Piddock

60. Takahashi H, Kikuchi T, Shoji S, et al. CharacterizatiomyfA, gyrB, a subunit of topoisomerase IV. Antimicrob Agents Chemother 1997,
grlA and grIB mutations in fluoroquinolone-resistant clinical isolates 41: 175-9
of Staphylococcus aureud Antimicrob Chemother 1998; 41: 49-57 76. Perichon B, Tankovic J, Courvalin P. Characterization of a mutation in

61. Pan XS, Fisher LM. DNA gyrase and topoisomerase IV are dual targets theparEgene that confers fluoroquinolone resistancstieptococcus
of clinafloxacin action inStreptococcus pneumonia&ntimicrob pneumoniaeAntimicrob Agents Chemother 1997; 41: 1166-7
Agents Chemother 1998; 42: 2810-6 77. Piddock LJV. Mechanism of quinolone uptake into bacterial cells. J Anti-

62. Gensberg K, Jin YF, Piddock LJV. A novelyrB mutation in a microb Chemother 1991; 27: 399-403
fluoroquinolone-resistant clinical isolates®&lmonella typhimurium 78. Kaatz GW, Seo SM, Ruble CA. Efflux-mediated fluoroquinolone resis-
FEMS Microbiol Lett 1996; 137: 293 tance inStaphylococcus aureu8ntimicrob Agents Chemother 1993;

63. Ferrero L, Cameron B, Crouzet J. AnalysiggfAand GrlA mutations 37:1086-94
in stepwise selected ciprofloxacin-resistant mutant&taphylococcus 79. Roland GE, Gracheck SJ. Differential selectiogr® andgyrAmutants
aureus Antimicrob Agents Chemother 1995; 39: 1554-8 in Staphylococcus aureus clinafloxacin and ciprofloxacin as deter-

64. Vila J, Ruiz J, Goni P, et al. Quinolone-resistance mutations in the mined byHaemophilus influenzakrestriction fragment length poly-
topoisomerase I\parC gene ofAcinetobacter baumanniiJ Anti- morphism [abstract C65]. Proceedings of the 35th Interscience
microb Chemother 1997; 39: 757-62 Conference of Antimicrobial Agents and Chemotherapy; 1995; New

65. Lee S, Lee Y. Laboratory developed fluoroquinolone residacher- Orleans, Louisiana. Washington DC: American Society for Microbiol-
ichia colihas a new missense mutation in QRDPafC. J Microbiol ogy, 1995
1998; 36: 106-10 80. Gill MJ, Brenwald N, Wise R. Identification of an efflux pump gene,

66. Vila J, Ruiz J, Goni P, et al. Detection of mutationparCin quinolone- pmrA, associated with fluoroquinolone resistanceSimeptococcus
resistant clinical isolates dEscherichia coli Antimicrob Agents pneumoniaeAntimicrob Agents Chemother 1999; 43: In Press
Chemother 1996; 40: 491-3 81. Brenwald NP, Gill MJ, Wise R. Prevalence of a putative efflux mecha-

67. Heisig P. Genetic evidence for a role of parC mutations in development nism among fluoroquinolone-resistant clinical isolateSt&ptococ-
of high-level fluoroquinolone resistance Escherichia coli Anti- cus pneumoniaéAntimicrob Agents Chemother 1998; 42: 2032-5
microb Agents Chemother 1996; 40: 879-85 82. Piddock LJV, Johnson M, RicciV, et al. Activity of new fluoroquinolones

68. Kumagai Y, Kato J, Hoshino K, et al. Quinolone-resistant mutants of for fluoroquinolone-resistant pathogens of the lower respiratory tract.
Escherichia coliDNA topoisomerase I\VparC gene. Antimicrob Antimicrob Agents Chemother 1998; 42: 2956-60
Agents Chemother 1996; 40: 710-4 83. Poole K, Krebes K, McNally C, et al. Multiple antibiotic-resistance in

69. Trees DL, Sandul AL, Whittington WL, et al. Identification of novel Pseudomonas aeruginosaidence for involvement of an efflux op-
mutation patterns in thparC gene of ciprofloxacin-resistant isolates eron. J Bacteriol 1993; 175: 7363-72
of Neisseria gonorrhoeaéAntimicrob Agents Chemother 1998; 42: 84. Poole K, Gotoh N, Tsujimoto H, et al. Overexpression of the mexC-
2103-5 mexD-oprJ efflux operon in nfxB type multidrug resistant strains of

70. Deguchi T, Yasuda M, Nakano M, et al. Quinolone-resiskigisseria Pseudomonas aeruginagslol Microbiol 1996; 21: 713-24
gonorrhoeae- correlation of alterations in thgyrA subunit of DNA 85. Kohler T, MicheaHamzehpour M, Henze U, et al. Characterization of
gyrase and thearC subunit of topoisomerase 1V with antimicrobial MexE-MexF-OprN, a positively regulated multi-drug efflux system of
susceptibility profiles. Antimicrob Agents Chemother 1996; 40: Pseudomonas aeruginadeol Microbiol 1997; 23: 345-54
1020-3 86. Fralick JA. Evidence that TolC is required for functioning of the

71. Deguchi T, Yasuda M, Nakano M, et al. Uncommon occurrence of mu- Mar/AcrAB efflux pump ofEscherichia coli J Bacteriol 1996; 178:
tations in thegyrBgene associated with quinolone resistance in clinical 5803-5
isolates ofNeisseria gonorrhoeaeAntimicrob Agents Chemother 87. Okusu H, Ma D, Nikaido H. AcrAB efflux pump plays a major role in
1996; 40: 2437-8 the antibiotic resistance phenotypekscherichia colimultiple-anti-

72. Nakano M, Deguchi T, Kawamura T, et al. Mutations in gyeA and biotic-resistance (Mar) mutants. J Bacteriol 1996; 178: 306-8
parC genes in fluoroquinolone-resistant clinical isolatefeéudom-
onas aeruginosaAntimicrob Agents Chemother 1997; 41: 2289-91

73. Fournier B, Hooper DC. Effects of mutations in GrlA of topoisomerase
IV from Staphylococcus aurews quinolone and coumarin activity.

Antimicrob Agents Chemother 1998; 42: 2109-12 i . 1 ivi-

74. Yamagishi JI, Kojima T, Oyamada Y, et al. Alterations in the DNA QorrespondenFe and reprlr}ts. Dr Lgura J.V. Plddoc{(’ Dl‘,]l
topoisomerase I\grlA gene responsible for quinolone resistance in  S101 of Immunity and Infection, Medical School, University
iiéghglsococcus aureusntimicrob Agents Chemother 1996; 40:  of Birmingham, Vincent Drive, Edgbaston, Birmingham

75. Breines DM, Ouabdesselam S, Ng EY, et al. Quinolone resistance Iocu5]315 2TT, England.

nfxD of Escherichia colis a mutant allele of the parE gene encoding E-mail: 1.j.v.piddock@bham.ac.uk

0 Adis International Limited. All rights reserved.

Drugs 1999; 58 Suppl. 2



	Abstract 11
	1. DNA Gyrase 14
	2. DNA Topoisomerase IV 14
	3. Altered Accumulation: Efflux by Gram-Positive Bacteria 15
	4. Altered Accumulation: Efflux by Gram-Negative Bacteria 15
	5. Conclusions 16
	References 16
	Correspondence and reprints 18
	E-mail 18

