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Fig. 1. Proposed domain structure of Escherichia coli

DNA gyrase. The gyrase proteins are represented as
linear blocks, with the positions of various amino acids
shown. Quinolone-resistance mutations are indicated
at positions 67, 83, and 106 of the GyrA protein and
426 and 447 of the GyrB protein. The active tyrosine
site is also shown at position 122 of the GyrA protein.
Adapted from reference 15.

Table 1. Properties of Escherichia coli DNA gyrase and Escherichia coli DNA topoisomerase IV
E. coli

DNA gyrase DNA topoisomerase [V

. gyrA (48) parC (65)

Gene (min)

gyrB (83) parE (65)

. GyrA (875 aa, 97 kDa) ParC (752 aa, 84 kDa)
Subunit

GyrB (804 aa, 90 kDa)

ParE (630 aa, 70 kDa)

Homology (%)

GyrA : ParC (36)
GyrB : ParE (49)

. Tetramer Tetramer
Subunit structurre ) ) ) )
(GyrA)* - (GyrB)* (ParC)* - (ParE)*
Supercoiling Decatenation
Reactions Decatenation Relaxation

Relaxation
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Table 2. Quinolone resistance mutations in GyrA and ParC (GrlA) subunits
GyrA ParC (GrlA)
Organism -
amino acid change reference amino acid change reference
E. coli Ala-67—Ser 9, 25-33 Gly-78—Cys 87,
Gly-81—Cys, Asp Ser-80—Arg, lle 89-91
Ser—-83—Ala, lle, Leu, Phe, Glu-84—Gly, Lys
Trp, Tyr, Val
Ala-84—Pro
Asp-87—Ala, Asn, Gly, His,
N Lys. Thr, Tyr, Phe,
Ser, Val
GIn-106—Arg, His
E. faecalis Ser-83—Arg, Asn, lle 34-36 Ser-80—Arg, lle 35
Glu-87—Gly Glu-84—Ala
H. influenzae Ser—84—Leu, Tyr 37 Ser-84—lle 37
Asp-88—Asn, Tyr Glu-88—Lys
K pneumoniae Ser-83—Phe, Tyr 38, 39 Ser—-80—Arg, lle 39
Asp-87—Ala, Asn, Gly Glu-84—Gly, Lys
N. gonorrhoeae Ala-75—Ser 40-44 Gly-85—Cys 41, 85,92, 93
Ser-91—Phe, Tyr Asp-86—Asn
Asp-95—Asn, Gly Ser—87—lle
Ser-88—Pro
Glu-91—Gly
Arg-116—Leu
P. aeruginosa Thr-83—lle 45, 46 Ser—-80—Leu 94
Asp-87—Asn, Gly, His, Tyr Glu-84—Lys
S. pneumoniae Ser—84—Phe, Tyr 47,48 Ser-79—Phe, Tyr 47,48
Glu-88—Lys Ser-80—Tyr
Asp-83—Gly
Asp-84—His
S. aureus Asp-73—Gly 49-54 Ser-80—Phe, Tyr 49,717,178, 95, 96

Ser-84—Ala, Leu, Phe, Val
Ser-85—Pro
Glu-88—Gly, Lys

Ser-81—Pro
Glu-84—Lys
Ala-116—Glu, Pro

Abbreviations of amino acids: Ala: alanine, Cys: cystein, Asp: aspartic acid, Glu: glutamic acid, Phe: phenylalanine, Gly: glycine, His:

histidine, lle: isoleucine, Lys: lysine, Leu: leucine, Met: methionine, Asn: asparagine, Pro: proline, Glu: glutamine, Arg: arginine, Ser:

serine, Thr: threonine, Val: valine, Trp: tryptophan, Tyr: tyrosine
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Fig. 2. Alignment of the quinolone-resistance-determining regions of GyrA and ParC (GrlA) and a
comparison of mutation sites responsible for quinolone resistance. The major mutation sites are
numbered on either the top or bottom of the wild—type amino acid sequences of GyrA and ParC in
Escherichia coli. Identical and conserved amino acids aligned with all sixteen QRDR sequences

are represented in the GyrA group and ParC group by stars (%) and dots ( - ),

associated with quinolone—resistance are indicate by squares ().

Table 3.  Quinolone resistance mutations in GyrB and ParE (GrlB/) subunits

respectively. Sites

GyrB ParE (GrIB!)
Organism -
amino acid change reference amino acid change reference
E. coli Asp-426—Asn 10 Leu-445—His 98
Lys—447—Glu
N. gonorrhoeae Asp-419—Asn 58,59
S. pneumoniae Glu-475—Lys 60 Asp-435—Asn 60. 101
Pro-454—Ser
S. typhimurium Ser—464—Tyr 61
S. aureus Asp-437—Asn 54,62 Asp-432—Val 62, 96
Arg-458—Gin Arg—-470—Asp
Pro-456—Ser
"~ 426 447 464
E. coli DISAGGSAKQGRNRKNQA I LPLKIGK | -~LNVEKARFDKMLSS
(3yrB S. pneumoniae DSAGGSAKSGRNREFQAILPIRGKI--LNVEKASMDKILAN
L& aureus DISAGGSTKSGRDSRTQA | LPILRIGK | -~LNVEKARLDRILNN )
~ Jookdokok -k K Yok ke ook <% . T
S. aureus DISAGGSAKLGRDRKFQAILPLRIGKV--INTEKARLED I FKN
E;aﬁg S. pneumoniae DISAGGSAKQGRDRKFQA I LPILRGKFTVINTAKAKMAD I LKN
( r ) E. coli DSAGGSAKQARDREYQA IMPLKGK I --LINTWEVSSDEVLAS
420 445 458 _/

Fig. 3. Alignment of the amino acid sequences of GyrB and ParE (GrlB) and a comparison of mutation
sites responsible for quinolone—resistance.
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Fig. 4. A hypothetical molecular model for the catalytic
reaction of yeast DNA topoisomerase [I. This figure
shows the T—segment transport step into the central
hole according to the two—gate model. The B’ and A’
subfragments of the yeast DNA topoisomerase Il
correspond significantly with the C—terminal 47 kDa
domain of GyrB and the N-terminal 59 kDa domain of
GyrA, respectively. The active tyrosine site is
indicated by @ Adapted from reference 68.
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Table 4. Increase in quinolone susceptibility of quinolone-resistant gyrA mutants of Staphylococcus aureus
RN 4220 caused by eliminating the plasmid carring the mutated grlA gene
Chromosome Plasmid MIC (pg/mL)
S. aureus
gyrd griA SPFX NFLX CPFX
RN 4220 Wild type no gene 0.1 0.78 0.39
RN 4220/pRK 3 Wild type S80F,E84K 0.2 6.25 1.56
RN 4220-G 1/pRK 3 S84L S80F,E84K 12.5 100 50
RN 4220-G 2/pRK 3 S84L,S8P S80F,E84K 100 100 50
RN 4220/pUB 110 Wild type no gene 0.1 0.78 0.39
RN 4220-G 1/pUB 110 S84L no gene 0.1 0.78 0.39
RN 4220-G 2/pUB 110 S84L,S8P no gene 0.1 0.78 0.39

S 84 L, Ser-84—Leu: S 85 P, Ser-85—Pro: S 80 F, Ser-80—Phe: E 84 K, Glu-84—Lys

SPFX: sparfloxacin, NFLX: norfloxacin, CPFX: ciprofloxacin

First-step and second—step gyrA mutants of RN 4220 with pRK 3 carrying the mutated grlA gene (S 80 F and E 84 K). RN 4220-G 1/pRK
3, and RN 4220-G 2/pRK 3 were transformed with pUB 110, a plasmid that lacks the grlA gene and is incompatible with pRK 3. All
transformants became as quinolone-susceptible as the transformant of the parent strain, RN 4220/pUB 110.
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Table 5. Quinolone susceptibllity of quinolone-resistant mutant of Staphylococcus aureus RN 4220
and inhibitory activity of quinolones on DNA gyrase and DNA topoisomerase [V
MIL kug/mL IC: (ug/mL) .
Quinolone - e Ratio’ - — Ratio’
RN 1220’ RN 4220 T1° RN4220-G1° Gyrase’ TopolV*
ENX 0.78 6.25 0.78 8 300 50 6
NFLX 0.78 12.5 0.78 16 75 12.5 6
CPFX 0.39 1.56 0.39 4 25 9.4 3
LVFX 0.2 0.39 0.2 2 12.5 6.25 2
SPFX 0.1 0.2 0.2 1 12.5 12.5 1
NDFX 0.025 0.025 0.1 0.25 6.25 25 0.25

ENX: enoxacin, NFLX: norfloxacin, CPFX: ciprofloxacin, LVFX: levofloxacin, SPFX: sparfloxacin, NDFX: nedifloxacin

" wild-type strain

“GrlA (Ser-80—Phe) mutant of RN 4220

'GyrA (Ser-84—Leu) mutant of RN 4220

' MIC against RN 4220-T 1/MIC against RN 4220-G 1
" inhibition on supercoiling activity

“inhibition on decatenation activity

"1C., against DNA gyrase,/IC., against DNA topoisomeraselVdecatenation
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Fig. 5. Schematic model of the cell envelope showing the major outer membrane uptake systems
and the multidrug efflux systems. Adapted from reference 100.
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Quinolone resistance is induced by mutations on target enzymes such as DNA gyrase (gyrase) and DNA
topoisomeraselV (topolV), and by mutations that prevent drug accumulation due to changes in outer
membrane permeability and/or activation of the efflux pump. Mutations in the quinolone resistance—
determining region (QRDR) of the gyrA gene, which encodes A subunits of gyrase, and in the parC gene,
which encodes A subunits of topolV, usually cause resistance specifically to quinolones. In Escherichia
coli, the hotspots most favored for causing high—level resistance to quinolones are at serine-83 and aspartic
acid-87 of GyrA, and at serine-80 and glutamic acid—84 of ParC. Mutations in both gyrA and parC are
common in clinical isolates highly resistant to quinolones. Mutations in the gyrB gene, which encodes B
subunits of gyrase, and in the parE gene, which encodes B subunits of topolV, are rare in clinical isolates
but important to understanding the molecular mechanism of quinolone resistance. This mechanism in topo
IVmay be similar to that in gyrase; sites and amino acid changes in quinolone-resistant topolV mutations
are similar to those of quinilone-resistant gyrase mutations in most cases. Quinolones have 2 target
enzymes, i.e., gyrase and topolV, and the more sensitive enzyme determines the quinolone susceptibility
of organisms. The primary target of most quinolones appears to be topolVin gram—positive bacteria and has
been described as a secondary target in gram-negative bacteria, but primarily in Streptococcus
pneumoniae, sparfloxacin targets gyrase. Thus, whether topolVor gyrase is the primary quinolone target
depends on both the organisms and the compound tested. Another mechanism of resistance, the expression
of efflux—pump systems, 1is attracting much attention in current antibiotic resistance research. Quinolone
efflux of appears to be the major cause of decreased drug accumulation; for Staphylococcus aureus, the
efflux pump involved in norfloxacin resistance is NorA, and for Streptococcus pneumoniae, PmrA.
Pseudomonas aeruginosa possesses at least 4 different efflux pumps—MexAB-OprM, MexCD-Oprd,
MexEF-OprN, and MexXY-OprM systems—whose activation produces an antibiotic multiresistant
phenotype. The genetic landscape of quinolone resistance is more complicated than previously thought, but
a new feature in this approach is the availability of the nearly complete genome sequences of major humam
pathogens.



