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Mode of Action of Fluoroquinolones
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Abstract The mode of action of quinolones involves interactions with both DNA gyrase, the
originally recognised drug target, and topoisomerase |V, a related type Il topo-
isomerase. In a given bacterium these 2 enzymes often differ in their relative sensi-
tivities to many quinolones, and commonly DNA gyrase is more sensitive in
Gram-negative bacteria and topoisomerase 1V more sensitive in Gram-positive bac-
teria. Usually the more sensitive enzyme represents the primary drug target deter-
mined by genetic tests, but poorly understood exceptions have been documented.

The formation of the ternary complex of quinolone, DNA, and either DNA gyrase
or topoisomerase IV occurs through interactions in which quinolone binding appears
to induce changes in both DNA and the topoisomerase that occur separately from the
DNA cleavage that is the hallmark of quinolone action. X-ray crystallographic studies
of a fragment of the gyrase A subunit, as well as of yeast topoisomerase |V, which has
homology to the subunits of both DNA gyrase and topoisomerase |V, have revealed
domains that are likely to constitute quinolone binding sites, but no topoisomerase
crystal structures that include DNA and quinolone have been reported to date.

Inhibition of DNA synthesis by quinolones requires the targeted topoisomerase to
have DNA cleavage capability, and collisions of the replication fork with reversible
quinolone-DNA-topoisomerase complexes convert them to an irreversible form.
However, the molecular factors that subsequently generate DNA double-strand breaks
from the irreversible complexes and that probably initiate cell death have yet to be
defined.

Substantial new information regarding the mode ofits subunits parC and parE, andgyrA andgyrB, re-
action of fluoroquinolones has been uncovered sincepectively, with a particularly high conservation of
the time of the 5th International Symposium on Newamino acid sequences in the regions in which
Quinolones and Related Antibiotics in 1994. PartiCU-quino|one resistance mutationsgyrAandgyrBwere
larly noteworthy have been the elucidation of dual|gcalised.
d_rug targets within the baCteri_aI cell, the 3-dimen- Subsequenﬂy, purified topoisomerase IVEofeoli
sional structures of several topoisomerases, conformagyas shown to be inhibited by quinolones, although
tional changes in the target enzymes and DNA assoCipjgher concentrations were required than for inhibi-
ated with qumol_onle |nteract|o|n, and thbe role of yjon of purified DNA gyraséS! Proof of topoisomerase
grll\lzg\/me-ll_DNt,_A-qwngtone cc_>nt1_p exes as barriers 10y 45 another quinolone targietvivocame from stud-

replication and transcription. ies in which first-step quinolone resistance mutations
. were found irparC (also termedjrlA) in Staphylococ-

1. Dual Quinolone Targets cus aureu$-8land second-stepard® andparE10.11]

DNA gyrase was the first identified quinolone tar- Mmutations were shown to cause increments in quinolone
get, based on initial genetic studies with nalidixic acid- resistance in the presencegyrA mutations.
resistant mutants dEscherichia colithat had muta- For many other Gram-negative bacteria, as \iith
tions mapping in what were subsequently shown to becoli, first-step quinolone resistance mutations occur in
thegyrA-3 andgyrB? genes encoding the enzyme’s gyrA, or less commonlgyrB.*?/In contrast, for many
2 subunits. The discovery d&. coli topoisomerase Gram-positive bacteria, as witB. aureusfirst-step
IV revealed homology between the genes encodingjuinolone resistance mutations occuparC, or less
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commonlyparE. The primary drug target enzyme as quinolone under development, 8. pneumoniag®!
defined by first-step resistance mutations thus com-Mutants ofS. pneumoniaselected with clinafloxacin
monly differs between Gram-positive and Gram-neg-occur at exceedingly low frequency («8L0%°at 2-
ative bacteria. Furthermore, resistance mutations irfold MIC), and thosgyrAmutations selected in first-
the subunits of the secondary drug target enzymestep mutants result in a minimal increment in
(topoisomerase IV foE. coliand DNA gyrase foS.  clinafloxacin resistance (2-fold). Later step mutants
aureug exhibit little or no resistance phenotype ex- With mutations in bottgyrA andparC, however, ex-
cept in the presence of resistance mutations in the prihibit substantial resistance.
mary target enzym®:10.13These differences appearto ~ Thus, some quinolone structures appear to target
result from the relative sensitivities of DNA gyrase both DNA gyrase and topoisomerase IV to a similar
and topoisomerase IV to particular quinolones in adegree. Itis not yet clear if equivalent dual targeting
given organism. by a quinolone in one species predicts similar behavi-
ForE. coli, purified DNA gyrase is more sensitive OUr in other species. In at least 3 speciedlycobac-
to many quinolones than purified topoisomerase 1V, terium tuberculosisHelicobacter pylorj and Trepo-
and conversely i§. aureupurified topoisomerase IV nema pallidum- dual targeting will not be possible,
is the more sensitive of the 2 enzymi&$Thus, the Since these organisms appear to lack genes for
more sensitive enzyme generally determines the pri_top0|someragszellv, as determined by complete genome
mary drug target for a given organism. Interaction of sequencing.®-2!
a quinolone with the primary drug target thus deter-

mines cell susceptibility independently of the sensi- 92 |nteractions of Quinolones with

tivity of the secondary drug target. : .
There have, however, been at least two notable ex- Topoisomerase-DNA Complexes

ceptions to this pattern. Btreptococcus pneumoniae
a Gram-positive pathogen, sparfloxacin and clina-
floxacin select first-stegyrA mutations rather than
parC mutationg!>16lFurthermore, contrary to expec-
tations, purifiedS. pneumoniaddNA gyrase was

e oo recenl resoved crytal sl of a 58-I
; P P : . ment of GyrA23 supports the similarities in protein
explanation for the apparently anomalous behaviour,

of Sparfloxacin and clinafloxacin is unclear. It is pos- structure between the bacterial and yeast enzymes but

'blpt X II o th Itth X 't' ‘ﬂ] roos tl)pt [also identifies a different conformational state which
sibie 10 speculate that tne greater nyaropnobiCity Ofig jialy to represent a different step in the enzymatic
sparfloxacin relative to that of many other quinolones

; ) ) el D IRl DL catalytic cycle25]
might resultin alterations in its distribution to cellular For both enzymes, the positions of amino acids that

compartments and that DNA gyrase may thereby be,ect quinolone sensitivity (i.e. determine resistance
exposed to higher drug concentrationsivothanis  \hen mutant) are clustered in alpha helices near to the
topoisomerase IV. Further data are needed. active-site tyrosine, which is involved in DNA break-
The recognition of dual drug target enzymes alsogge. |n the GyrA fragment, these amino acids are lo-
has important implications for the development of re- cateq along a positively charged surface to which DNA
sistance. For resistance mutations in the primary targegnay bind based on structural modelling. Thus, this site
enzyme, the incrementin resistance may be limited bymight be hypothesised to be the region at which
the level of sensitivity of the secondary targetenzyme,quinolones bind to the enzyme-DNA complex.
which becomes the more sensitive enzyme when the' Thjs hypothesis is supported by earlier data show-
primary target is resistant. . . ing that DNA gyrase-DNA complexes reconstituted
This scheme implies that for different quinolones wjith resistant mutant GyrA protein bind quinolones
the level of resistance conferred by a mutation in theless welll2é! This potential quinolone-binding site in
primary target enzyme would decrease as the level oGyrA, however, is distant from the regions of the yeast
drug sensitivity of the secondary target approachesnzyme that correspond to the amino acids in GyrB
that of the primary target. Furthermore, it implies that involved in quinolone sensitivit#2l Thus, quinolone
concurrent dual mutations in both target enzymesresistance caused by mutationsgyrB either might
would be required for resistance resulting from targethave a mechanism different from alteration in a pri-
alteration for any quinolone that had equal potencymary drug binding site or might result from alteration
against DNA gyrase and topoisomerase IV. This limit in another quinolone binding site revealed in other
appears to be approximated with clinafloxacin, aconformations of DNA gyrase in which these regions

There has been recent additional information about
the 3-dimensional structures of the gyrase A and B
subunits and the related yeast enzyme topoisomerase
11, the domains of which have homology to GyrB (N
terminus) and GyrA (C terminu$¥-24in addition, the
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of GyrB are in proximity to the proposed site of DNA occurs in the absence of DNA strand cleavage
quinolone binding in GyrA. and is greater than that seen in the absence of
It is noteworthy that recent crystal structures of topoisomerase IV. These findings are consistent with
yeast topoisomerase Il reveal that the regions homola model in which quinolones bind in proximity to a
ogous to those of GyrA and GyrB that affect quinolone DNA binding site on topoisomerase 1V, if not to the
action may be in proximity to each other in newly DNAitself, within the topoisomerase IV drug binding
identified enzyme conformatio®] Crystal struc-  Site, thereby distorting or stabilising a distortion of
tures of complexes of a quinolone, DNA, and frag- DNAin the complex.
ments of GyrA and GyrB (or ParC and ParE) will be
neesdpee%;[f(i)cab(jigtrzleir?; E)rf]?]i?nig%une;s?g mglv\\//il)tlo require 3. Inferactions of
both DNA and topoisomerasg#,;28land thus it is the QmnoIone-Topmsomerase_—DN_A
enzyme-DNA complex that is the target of this class Complexes with DNA Replication
of drugs. Several lines of evidence indicate that inter-  Forks and RNA Polymerase
action of quinolones with a complex of DNA and a ) o . .
type Il topoisomerase affects DNA binding and DNA _ Quinolones inhibit DNA synthesis, and at higher
structure as well as topoisomerase conformation. Furfoncentrations, RNA synthesis as well. These effects
thermore, quinolone binding to the enzyme-DNA &ré mediated by the ability of quinolones to stabilise
complex can be dissociated from quinolone-inducedcOmplexes of DNA and type Il topoisomerases. Inhi-
DNA cleavage by topoisomerase. bition of DNA synthesis can occur from quinolone in-
Norfloxacin has been shown to stabilise the inter-ter‘?‘Ct'QnS[S%'th both DNA gyrase and topoisomerase
action of DNA with topoisomerase IV, and this 'V InVIvo. o .
stabilisation can occur in the absence of DNAcleavage . 11iS Process has been studiaditro with purified
and ATP29lsuggesting that quinolones can act at a ste NA replication systems. Quinolone-stabilised com-
preceding DNA strand cleavage. Ciprofloxacin has P/€XeS of DNA and topoisomerase IV are reversible
also been shown to bind to complexes of DNA and a'V/th the addition of edetic acid (EDTA). Collision of
mutant DNA gyrase that cannot carry out DNA cleav- the complex with an active DNA replication complex,

. . however, converts the complex to a form that is not
0] ,
2gfm%ni?1 i%g;obrgg;ecg%?fgmn:gggil d%ganges N the o versed by EDTASS but does not generate DNA
Tyhese conformational chanaes alter the rate c)f/A\.l_PcIeavage. This collision also blocked progression of
9 the replication fork. A mutant topoisomerase IV that

hydrolysis, and this quinolone-characteristic rate Was|o - .s DNA cleava o
. e J ge capability bound DNA but was
used to monitor the kinetics of drug binding and DNA || 1= p14'in the presence of a quinolone to block progres-

pleavagé?lehe rate of ATP hydrolysis is altered rap- g of the replication complex. Thus, complexes of
idly by ciprofloxacin, but DNA cleavage occurs ata pna quinolone, and active topoisomerase IV appear
much slower rate, allowing dissociation of the 2 5 form physical barriers to DNA replication. Al-

processes. hough the interaction between replication and

: t
Enoxacin was also shown to convert complexes ofqhgisomerase complexes converts the DNA-topo-
DNA and DNA gyrase slowly to a stable cleavable jsomerase-quinolone complex to a more stable form,

complex in the absence of ATP. Although this stable hs interaction alone appears to be insufficient to gen-
formwas detected by its ability to form DNAcleavable erate double-strand DNA breaks, which are thought to
complexes upon addition of a protein denaturant, enye necessary for the bacterial lethality produced by
oxacin binding and the ability to promote cleavage quinolones.
were reversible, indicating that irreversible strand | other cellular components, such as those mediat-
cleavage was not a requirement for complex stabilisaing an abortive DNA repair process, are involved in a
tion 331 . o second step to generate DNA cleavage, then the
Thus, quinolones appear to stabilise binding of stabilised ‘pre-cleavage’ complexes generated by the
DNAto topoisomerase complexes and to promote en-n vitro DNA replication system may provide an assay
zyme conformational changes prior to, and without afor such an activity in cell extracts. ldentification of
requirement for DNA cleavage. the molecule(s) effecting DNA cleavage by the
DNA structure itself is also altered by norfloxacin stabilised ‘pre-cleavage’ complexes might provide in-
binding to topoisomerase IV-DNA complexes, as sight into the long-elusive molecular determinants of
revealed by altered reactivity with KMnOwhich  quinolone bactericidal activity.
oxidises thymine residues that can then be cleaved by In vivo, inhibition of DNA synthesis by interaction
piperidine?® This quinolone-induced distortion of with DNA gyrase occurs rapid® but inhibition at-
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tributable to interaction with topoisomerase IV occurs 4

with some delaj?*I This difference isthoughttorelate
to differences in the localisation of DNA gyrase and
topoisomerase IV on the bacterial chromosome.
DNA gyrase is thought to be localised in front of
DNA replication forks, so that collisions occur soon

after quinolone-gyrase-DNA complexes form. Topo- 7

isomerase |V, in contrast, is proposed to be localised

behind DNA replication forks and thus does not col- s.

lide with the fork until a subsequent cycle of DNA
replication.
Only recently has it been possible to localise

topoisomerase IV and DNA gyrase within intact ¢

cells[*1 Gyrase subunits were localised to the nucle-
oid and, in contrast, ParC of topoisomerase IV exhib-
ited a bipolar localisation that was dependent on func-
tional ParE. The relationship of these localisations to

DNA replication complexes, however, has not yet 11.

been determined.
Quinolone-DNA gyrase-DNA complexes have
also been shown to block the passage of RNA poly-

merase and to lead to premature termination of tran- 12.

scription in arin vitro transcription systeriié As with

the block to DNA replication, a mutant DNA gyrase
incapable of DNA cleavage was also unable to block
transcription3°]

4. Areas for Future Investigation

Considerable progress has been made in elucidat-1%

ing the details of the way that quinolones interact with
their target enzymes and inhibit DNA synthesis.
Remaining areas for which further data are needed
include defining the site of binding of quinolones to

the DNA-topoisomerase complex, the conformation 1s.

of the enzyme in which this site is formed, and con-
formational changes in topoisomerase and DNA in-
duced by quinolone binding.

In addition, there remains a need to determine the

molecular factor(s) that generate(s) DNA double- 5,

strand break vivo after quinolone interaction with
the DNA-topoisomerase complex and the role of this
factor(s) in quinolone bactericidal activity. The rate of

recent progress provides hope that even this last needz2.

which has been the most refractory to progress, will
be met in the near future.

24,

References

1. Hane MW, Wood THEscherichia coliK-12 mutants resistant to nali-
dixic acid: genetic mapping and dominance studies. J Bacteriol 1969;
99: 238-41

2. Yoshida H, Kojima T, Yamagishi J, et al. Quinolone-resistant mutations
of the gyrA gene ofEscherichia coliMol Gen Genet 1988; 211: 1-7

3. Nakamura S, Nakamura M, Kojima T, et girAandgyrB mutations in
quinolone-resistant strains &scherichia coli Antimicrob Agents
Chemother 1989; 33: 254-5

0 Adis International Limited. All rights reserved.

10.

15.

17.

19.

23.

25.

26.

27.

Kato J, Nishimura Y, Imamura R, et al. New topoisomerase essential for
chromosome segregation i coli. Cell 1990; 63: 393-404

. Hoshino K, Kitamura A, Morrissey |, et al. Comparison of inhibition of

Escherichia colitopoisomerase IV by quinolones with DNA gyrase
inhibition. Antimicrob Agents Chemother 1994; 38: 2623-7

6. Ferrero L, Cameron B, Crouzet J. AnalysisggfA andgrlA mutations

in stepwise-selected ciprofloxacin-resistant mutantStajphylococ-
cus aureusAntimicrob Agents Chemother 1995; 39: 1554-8

Ferrero L, Cameron B, Manse B, et al. Cloning and primary structure of
Staphylococcus aureU3NA topoisomerase |V: a primary target of
fluoroquinolones. Mol Microbiol 1994; 13: 641-53

Ng EY, Trucksis M, Hooper DC. Quinolone resistance mutations in
topoisomerase |V relationship of tifigA locus and genetic evidence
that topoisomerase 1V is the primary target and DNA gyrase the sec-
ondary target of fluoroguinolones iBtaphylococcus aureu#nti-
microb Agents Chemother 1996; 40: 1881-8

Khodursky AB, Zechiedrich EL, Cozzarelli NR. Topoisomerase IV is a
target of quinolonesischerichia coliProc Natl Acad SciUSA1995;
92:11801-5

Breines DM, Ouabdesselam S, Ng EY, et al. Quinolone resistance locus
nfxD of Escherichia colis a mutant allele oparE gene encoding a
subunit of topoisomerase V. Antimicrob Agents Chemother 1997; 41:
175-9

Soussy CJ, Wolfson JS, Ng EY, et al. Limitations of plasmid comple-
mentation test for determination of quinolone resistance due to
changes in the gyrase A protein and identification of conditional
quinolone resistance locus. Antimicrob Agents Chemother 1993; 37:
2588-92

Hooper DC. Mechanisms of quinolone resistance. Drug Resistance Up-
dates 1999; 2: 38-55

13. Fournier B, Hooper DC. Mutations in topoisomerase IV and DNA gyrase

of Staphylococcus aureullovel pleiotropic effects on quinolone and
coumarin activity. Antimicrob Agents Chemother 1998; 42: 121-8

14. Blanche F, Cameron B, Bernard FX, et al. Differential behaviors of

Staphylococcus aureusand Escherichia coli type Il DNA
topoisomerases. Antimicrob Agents Chemother 1996; 40: 2714-20

Pan XS, Fisher LM. Targeting of DNA gyrase $treptococcus pneu-
moniaeby sparfloxacin: selective targeting of gyrase or topoisomerase
1V by quinolones. Antimicrob Agents Chemother 1997; 41: 471-4

Pan XS, Fisher LM. DNA gyrase and topoisomerase IV are dual targets
of clinafloxacin action inStreptococcus pneumonia&ntimicrob
Agents Chemother 1998; 42: 2810-6

Pan XS, Fisher LMStreptococcus pneumonigd@NA gyrase and
topoisomerase 1V: overexpression, purification, and differential inhi-
bition by fluoroquinolones. Antimicrob Agents Chemother 1999; 43:
1129-36

Morrissey |, George JT. The unique equipotency of sitafloxacin against
topoisomerase IV and DNA gyrase fra@treptococcus pneumoniae.
Abstract from the 6th International Symposium on New Quinolones;
1998 Nov 15-17: Denver, USA

Cole ST, Brosch R, Parkhill J, et al. Deciphering the biologigto-
bacterium tuberculosiffom the complete genome sequence. Nature
1998; 393: 537-44

Fraser CM, Norris SJ, Weinstock GM, et al. Complete genome sequence
of Treponema pallidumthe syphilis spirochete. Science 1998; 281:
375-88

1. Tomb JF, White O, Kerlavage AR, et al. The complete genome sequence

of the gastric pathogerelicobacter pylori Nature 1997; 388: 539-47

Berger JM, Gamblin SJ, Harrison SC, et al. Structure and mechanism of
DNA topoisomerase Il. Nature 1996; 379: 225-32

Cabral JH, Jackson AP, Smith CV, et al. Crystal structure of the break-
age-reunion domain of DNA gyrase. Nature 1997; 388: 903-6

Lewis RJ, Singh OM, Smith CV, et al. Crystallization of inhibitor com-
plexes of an N-terminal 24 kDa fragment of the DNA gyrase B protein.
J Mol Biol 1994; 241: 128-30

Berger JM. Type || DNA topoisomerases. Curr Opin Struct Biol 1998;
8:26-32

Willmott CJ, Maxwell A. A single point mutation in the DNA gyrase A
protein greatly reduces binding of fluoroquinolones to the gyrase-
DNA complex. Antimicrob Agents Chemother 1993; 37: 126-7

Fass D, Bogden CE, Berger JM. Quaternary changes in topoisomerase
Il may direct orthogonal movement of two DNA strands. Nat Struct
Biol 1999; 6: 322-6

Drugs 1999; 58 Suppl. 2



10

Hooper

28.

29.

30.

31

32.

33.

3

»

Shen LL, Kohlbrenner WE, Weigl D, et al. Mechanism of quinolone
inhibition of DNA gyrase. Appearance of unique norfloxacin binding
sites in enzyme-DNA complexes. J Biol Chem 1989; 264: 2973-8

Marians KJ, Hiasa H. Mechanism of quinolone acticmdrug-induced
structural perturbation of the DNA precedes strand cleavage by
topoisomerase 1V. J Biol Chem 1997; 272: 9401-9

Critchlow SE, Maxwell A. DNA cleavage is not required for the binding
of quinolone drugs to the DNA gyrase — DNA complex. Biochemistry
1996; 35: 7387-93

Kampranis SC, Maxwell A. Conformational changes in DNA gyrase re-
vealed by limited proteolysis. J Biol Chem 1998; 273: 22606-14

Kampranis SC, Maxwell A. The DNA gyrase-quinolone complex — ATP
hydrolysis and the mechanism of DNA cleavage. J Biol Chem 1998;
273:22615-26

Scheirer KE, Higgins NP. The DNA cleavage reaction of DNA gyrase —
comparison of stable ternary complexes formed with enoxacin and
CcdB protein. J Biol Chem 1997; 272: 27202-9

Khodursky AB, Cozzarelli NR. The mechanism of inhibition of

35. Hiasa H, Yousef DO, Marians KJ. DNA strand cleavage is required for
replication fork arrest by a frozen topoisomerase-quinolone-DNA
ternary complex. J Biol Chem 1996; 271: 26424-9

36. Drlica K, Engle EC, Manes SH. DNA gyrase on the bacterial chromo-
some: possibility of two levels of action. Proc Natl Acad Sci USA 1980;
77:6879-83

37. Huang WM, Libbey JL, Van der Hoeven P, et al. Bipolar localization of
Bacillus subtilistopoisomerase 1V, an enzyme required for chromo-
some segregation. Proc Natl Acad Sci USA 1998; 95: 4652-7

38. Willmott CJ, Critchlow SE, Eperon IC, et al. The complex of DNAgyrase
and quinolone drugs with DNA forms a barrier to transcription by RNA
polymerase. J Mol Biol 1994; 242: 351-63

Correspondence and reprints: David C. Hooper, M.D.,
Division of Infectious Diseases, Massachusetts General

topoisomerase IV by quinolone antibacterials. J Biol Chem 1998; 273: Hospital, 55 Fruit Street, Boston, MA 02114-2696, USA.

27668-77

0 Adis International Limited. All rights reserved.

E-mail: dhooper@partners.org

Drugs 1999; 58 Suppl. 2



	Abstract 6
	1. Dual Quinolone Targets 6
	2. Interactions of Quinolones with Topoisomerase-DNA Complexes 7
	3. Interactions of Quinolone-Topoisomerase-DNA Complexes with DNA Replication  Forks and RNA Polymerase 8
	4. Areas for Future Investigation 9
	References 9
	Correspondence and reprints 10
	E-mail 10

