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PREFACE

Non-typhoidalSalmonella is the primary foodborne zoonotic agent of salnioses
in many countriesThe global impact of non-typhoid&lmonella on human health is high,
with an estimated 94 million cases and 155,000hdeatch year, of which 80 million are
believed to be foodborne (1). According to the Wddlealth Organization, in most countries
participating in the Global Foodborne InfectionsgWark, Salmonella serovar Enteritidis and
Salmonella serovar Typhimurium are the most frequently isdaserotypes ofalmonella
(2). Gastroenteritis caused Walmonella is generally a self-limited illness. However,
antimicrobials may be required to treat invasiveesaand susceptible groups such as young
children, the elderly and immunocompromised pasigf®). In general, chloramphenicol,
ampicillin, and trimethoprim-sulfamethoxazole ased to treat salmonellosis, but resistance
to these drugs has increased significantly in regears (4-6)In the case of invasive and
systemic salmonellosis in humans and animals, dpmes are the preferred drugs for
treatment.

To date, a number of quinolone antimicrobial agdrdge been synthesizedlhe
development of quinolones was alteration of thenglwine nucleus through the changes of
different substituents at the N-1, C-6, C-7, an® @esitions (Figure 1). First generation
guinolones (i.e., nalidixic acid, oxolinic acid aftidmequine) have been used less toddys
generation was excellent against aerobic and Gragative bacteria and restricted to the
treatment of uncomplicated urinary tract infectiombe second generation quinolones were
introduced when norfloxacin was synthesized by r@gld fluorine atom at position C-6,
which enlarged DNA gyrase inhibitory activity andh@anced penetration into the bacterial

cell and norfloxacin was the first of the “fluoragalones”. Other second generation



quinolones include ciprofloxacin, ofloxacin and ddlexacin. Third generation quinolones,
including gatifloxacin, sparfloxacin and pazuflongcthese agents are divided into a third
class because of their extended activity againatr@vositive organism$ourth quinolones
generation (i.e., sitafloxacin, moxifloxacin andrg#oxacin), they had potent activity against
anaerobes while maintaining the Gram positive amdnGnegative activity of the third
generation quinolones (7).

The enzyme targets for quinolones are type |l temoierases, a group of enzymes
that catalyze the interconversion of topoisomerstref DNA and whoseanhibition by
interaction with quinolones and leads to the irtfobi of replication and transcription. Type Il
topoisomerases (DNA gyrase and topoisomerase & haterotetramers of two A subunits
(encoded bgyrA in DNA gyrase oparC in topoisomerase 1V) and two B subunits (encoded
by gyrB in DNA gyrase orparE in topoisomerase 1V) (8). The major activities DNA
gyrase and topoisomerase IV and the action of dumes were shown in Figure 2 (figure
modified from previous study (9)).

The mechanisms responsible for quinolone resistaaree mainly a result of
chromosomal mutations in gene encoding target eagyNA gyrasedyrA andgyrB) and
DNA topoisomerase IVparC andparE). Mutations result in structural changes at the targe
site of the enzyme tetramer, which lead to a rediaénity for quinolone-based drugs and
consequent resistance against these agents (1Qatidvhs are commonly located within
small regions of these genes, the quinolone resistdetermining regions (QRDRS) (9, 11—
13). In Salmonella, mutations at codon 83; serine to phenylalani®3F$ and codon 87,
aspartic acid to asparagine (D87N), glycine (D8 &&}yrosine (D87Y) in subunit A of DNA
gyrase (GyrA) (Figure 3) are frequently observedl®-19). Isolates with double mutation at
both codons 83 and 87 (S83F-D87N) have previoushnbdocumented to associate with

high-level fluoroquinolones (FQs) resistance (Z®hough, the main target of quinolones is



known to be bacterial DNA gyrase, the moleculaaief quinolone-gyrase interaction are
not yet fully understood infSalmonella. Investigating the contributions of amino acid
substitutions by ann vitro assay may help gain a comprehensive understarafirtge
mechanism by which quinolones resist&imonella emerges.

This thesis consists of two Chapters. In the Chidptehave verified the inhibitory
effect of 10 quinolones with recombinant wild-typ&/T) DNA gyrases by usingn vitro
guinolones-inhibited DNA supercoiling assay andnglone-mediated DNA cleavage assay
in the presence or absence quinolones. In the €h#pto reveal the significance of amino
acid substitutions at position 83 and 873nTyphimurium, | conducted the quinolones-
inhibited DNA supercoiling assay utilizing WT angdd mutant recombinant gyrases tested

with four quinolones.
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Figure 1. Structure of the quinolone molecule usinghe accepted numbering scheme for
positions on the moleculeBasic structure of these compounds is a bicyttiecture, which
contains a ring type A 4-piridinona, combined watftomatic or heteroaromatic ring B. The
ring type A 4-piridinona is a ring with absolutecessity: an unsaturation in position 2-3, a
free acid function in position 3 and a substituamitrogen (N) in position 1. An R indicates

possible sites for structural modifications. X id Gr C-R8



DNA gyrase

Supercoiled DNA Quinolones Relaxed DNA
Catenated DNA Decatenated DNA

Sol- 18

Topoisomerase IV

Figure 2. Major activities of DNA gyrase and topoisomerase IVQuinolones block these
activities by stabilizing an enzyme-DNA complex, iahh also functions as a barrier to the

movement of other proteins such as DNA polymeraseRNA polymerase along the DNA.
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Figure 3. Amino acid substitutions found within the QRDR of GyrA in FQ-resistant S.
Typhimurium. A nucleotide sequence encoding the QRDR of WT y®himurium GyrA
was aligned with the amino acid sequence at theesponding positions indicated by the
numbers. Altered amino acids and correspondingeaticle substitutions d. Typhimurium

are shown below WT sequence and marked by a dasixed



CHAPTER |

CHARACTERIZATION OF SALMONELLA TYPHIMURIUM DNA GYRASE

AS A TARGET OF QUINOLONES

INTRODUCTION

Nowadays, resistarfalmonella are frequently encountered in most of the world an
the rates of resistance have increased remarkabla result, quinolones, especially FQs,
have become the drugs of choice for the treatmdénsewere Salmonella infections.
Accordingly, minimizing the occurrence of resistario quinolone is a public health priority,
and these drugs have been categorised by the Wiellth Organization as critically
important antimicrobials (21). To date, severalorép have described the presence of
resistance to quinolones (3-5, 22, 23).

DNA gyrases and DNA topoisomerase |V are esseatialmes for the maintenance
of chromosomal metabolism in bacteria, and DNA ggres known to be the primary target
of quinolones in salmonella€lhis is due to most amino acid substitutions cairfgr
guinolone resistance being found in DNA gyrase,rmitin topoisomerase IV (24-26). It has
been demonstrated that the quinolone-binding po@®BP) is a site enclosed by the QRDR
of both GyrA and GyrB enzymes (13, 27).

The aim of this work was to further investigate thevitro antibacterial activity of
guinolones againstalmonella DNA gyrases and to establish a more complete moidtie
WT gyrase-quinolone interaction. To that end, weeased the potency of 10 quinolones with

guinolone-inhibited DNA supercoiling assays andglone-mediated DNA cleavage assays.



MATERIALS AND METHODS

Reagents and Kkits. Ciprofloxacin (CIP), enrofloxacin (ENR), gatifloz@m (GAT),
levofloxacin (LVX), ofloxacin (OFX) and sparfloxati(SPX) were purchased from LKT
Laboratories, Inc. (St. Paul, MN, USA). Oxoliniddh¢OXO) and nalidixic acid (NAL) were
purchased from Wako Pure Chemical Industries, (Xdkyo, Japan). Moxifloxacin (MXF)
was obtained from Toronto Research Chemical Inargfito, Ontario, Canada). Sitafloxacin
(SIT) was a gift from Daiichi-Sankyo Pharmaceuticgo., Ltd. (Tokyo, Japan).
Oligonucleotide primers were synthesized by Lifechieologies (Carlsbad, CA, USA).
TaKaRa Mighty (Blunt End) Cloning Reagent Set (pW&land Ni-nitrilotriacetic acid (Ni-
NTA) protein purification kits were purchased frduife Technologies. Restriction enzymes
were obtained from New England Biolabs, Inc. (IpgwiMA, USA). Relaxed pBR322 DNA
was purchased from John Innes Enterprises Ltd.wNbr United Kingdom). Protease
inhibitor cocktail (Complete Mini, EDTA-free) wasugchased from Roche Applied Science

(Mannheim, Germany).

Bacterial strains and plasmids.S Typhimurium NBRC 13245 was purchased from NITE
Biological Resource Center (Chiba, Japarjscherichia coli strain TOP-10 (Life
Technologies) was used as the host for cloningqeaRE. coli strain BL21(DE3)/pLysS
was purchased from Merck KGaA (Darmstadt, Germamg used for protein expression.
The vector plasmid pET-20b(+) was used to consteriression plasmids for th&

Typhimurium proteins, GyrA and GyrB.

Determination of minimum inhibitory concentration (MICs). S Typhimurium NBRC

13245 was analyzed for antimicrobial resistanceepas using the broth microdilution
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method based on guidelines established by the USordé& Committee on Clinical
Laboratory Standards (NCCLS) (28). An adjusted dxéaitinoculum (18 CFU/10ul) was
added to each well of a sterile U-based microptege containing the test concentrations of
quinolones (9Qu/well). Consequently, a 5x2@FU/ml concentration from the last inoculum
was obtained in each well, and this plate was iataet for 18 hrs at 37°C. The MIC was
defined as the lowest antibiotic concentrationd thhibited visible bacterial growth after
incubation. The panel of antimicrobial agents w#R, ENR, GAT, LVX, OFX, SPX, OXO,

NAL, MXF and SIT.

Construction of WT DNA gyrase expression vectorsDNA fragments, includingyrA and
gyrB, were amplified fron&. Typhimurium NBRC 13245 DNA by polymerase chainctean
(PCR) using the primers listed in Table 1. Two gaif primers, ST1/ST2 and ST8/ST9, were
used to amplify the completgyrA and gyrB genes, respectivelyNdel restriction sites
(CATATG) were included as overlaps of the ATG iaiton codons fogyrA (ST1) andgyrB
(ST8) primers, and thxhol site (CTCGAG) was included after the stop codonthegyrA
(ST2) andgyrB (ST9) primers. PCR products corresponding to tiéekB gyrA and 2.4-kb
gyrB genes were ligated into the blunt-ended clonirgpid, transformed intB. coli TOP-
10, and plated on Luria-Bertani (LB) agar contagnampicillin (100ug/ml). ThegyrA and

gyrB cassettes were digested witdel and Xhol, ligated into pET-20b{ digested with the

same restriction endonucleases, and transformedEntoli TOP-10 to obtain GyrA and
GyrB expression plasmids. Recombinant clones welectd from the resistant colonies on

LB agar plates containing ampicillin (1Qg/ml).

Expression and purification of recombinant DNA gyrase. DNA gyrase subunits were

purified as previously described (29-32). Exprasgilasmids carrying the WgyrA and WT

11



gyrB genes ofS Typhimurium were transformed inté. coli BL21(DE3)/pLysS. GyrA and
GyrB expression was induced with the addition of mM isopropyl$-D-
thiogalactopyranoside (Wako Pure Chemical Industtied., Tokyo, Japan), followed by
further incubation at 18°C for 13 hrs. Recombin@BMA gyrase subunits in the supernatant
of the sonicatedysate (by Sonifier 250; Branson, Danbury, CT, USA) were purified by Ni-
NTA agarose resin column chromatography (Life Tedbgies Corp.). Protein fractions were
examined by sodium dodecyl sulfate-polyacrylamideedectrophoresis (SDS-PAGE). After
purification, the protein fractions were added bycgrol to yield 50% (wt/vol) and stored at -

80°C until use.

DNA supercoiling activities and inhibition by quindones.ATP-dependent and quinolone-
inhibited DNA supercoiling assays were carried asipreviously described (29—-32) with the
following modifications. The reaction mixture (tbteolume, 30ul) consisted of DNA gyrase
assay buffer (35 mM Tris-HCI pH 7.5, 24 mM KCI, 4/nMgCl,, 2 mM DTT, 1.8 mM
spermidine, 1 mM ATP, 6.5% glycerol and 0.1 mg/r8lA3, relaxed pBR322 DNA (0.39),
and GyrA and GyrB proteins (30 ng each). Reactirse run at 35°C for 20 min and
stopped by the addition of 30 of chloroform-isoamyl alcohol (24:1 mixture, viand 3ul

of 10x DNA loading dye. The total reaction mixturgere subjected to electrophoresis using
a 1% agarose gel in 0.5x Tris-borate-EDTA (TBE)féufThe gels were run for 60 min at 80
mA and stained with ethidium bromide (Qu@/ml). Supercoiling activity was evaluated by
tracing the brightness of the bands with the safwenageJ (http://rsbweb.nih.gov/ij). The
inhibitory effect of FQs on DNA gyrases was assgés$y determining the drug

concentrations required to inhibit the supercoilagivity of the enzyme by 50% (I{3) in

the absence or presence of 2-fold serial dilutionthe concentrations of 10 quinolones. To

allow direct comparisons, all incubations with DIggrase were carried out and processed in

12



parallel on the same day under identical conditigXlisenzyme assays were performed at

least three times to confirm reproducibility.

Quinolone-mediated DNA cleavage assa@duinolone-mediated DNA cleavage assays were
carried out as previously described (29-32). Supled, rather than relaxed, pBR322 DNA
was used as the substrate for cleavage assaysie@bion mixture (total volume, 3@)
contained DNA gyrase assay buffer, purified GyrAd @ayrB (30 ng each), supercoiled
pBR322 DNA (0.3ug) and 2-fold serially diluted concentrations of d@inolones. After
incubation for 20 min at 35°C, @ of 2% SDS and 3u of proteinase K (1 mg/ml) were
added to the reaction mixture. After additionaluibation for 30 min at 35°C, reactions were
stopped to allow a relaxation activity by the awmditof 3 ul of 0.5 mM EDTA, 30ul
chloroform-isoamyl alcohol (24:1 mixture, v/v) alddul of 10x DNA loading dye. The
plasmid pBR322 linearized BamHI digestion was used as a marker for cleaved DN#e
total reaction mixtures were subjected to electoopbis using 0.8% agarose gels in 0.5x
TBE buffer. The gels were run for 60 min at 80 ns#ained with ethidium bromide (0.7
ug/ml) and photographed under UV transilluminatidime extent of DNA cleavage was
quantified with the Molecular Analyst software Inedg (http://rsbweb.nih.gov/ij). The

quinolone concentrations required to induce 25%hef maximum DNA cleavage (GGS)

were determined for the 10 quinolones.

Correlation between MICs, IC_s and CC.s againstS. Typhimurium gyrases. The
relationships between the MICK;, s and CGs were converted to log1l0 and assessed by

estimating a linear regression between two compsnéime strength of this relationship was
guantified by the R coefficient and displayed giieglty by the regression line and the two

curves defining the 95% confidence interval fostlegression.
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RESULTS

Quinolone susceptibility patterns. The MICs of quinolones and fluoroquinolones were
determined agains Typhimurium NBRC 13245 (Table 2). The MICs of flaquinolones
(GAT, SPX, LVX, MXF, ENR, OFX, CIP and SIT) were -6t 512-fold lower than those of

guinolones (OXO and NAL).

Expression and purification of recombinant GyrA and GyrB proteins. Ni-NTA affinity
purification from200 ml cultures resulted in 16 and 1.6 aigoluble His-tagged 97-kDa and
89-kDa proteins, respectively, corresponding to Asyand GyrB (Figure 4). Both

recombinant gyrase subunits were obtained at higity(>95%).

DNA supercoiling activity of recombinant DNA gyrase Combinations of GyrA and GyrB
were examined for DNA supercoiling activity. A comdtion of GyrA and GyrB at 30 ng
eachin the presence of ATP was sufficient for the coaim of 100% of 0.3 ug of relaxed
plasmid pBR322 DNA to its supercoiled form and wesed forall DNA supercoiling
experiments. No subunit aloeghibited DNA supercoiling activity in the preserafel mM
ATP, and no supercoiling activity wasbserved when ATP was absent from the reaction
mixture, which indicated the lack of or low conaation of E. coli-derived DNA gyrase

subunits (Figure 5).

IC s of quinolones.The inhibitory effects of quinolones including CENR, GAT, LVX,

OFX, SPX, MXF, SIT, OXO and NAL on th& Typhimurium gyrase were elucidated by the
qguinolone-inhibited DNA supercoiling assay. A sdétrepresentative results showing the

inhibitory effect of CIP and NAL is shown in Figuée(ICsovalues were exhibited by the red

14



arrows). Each quinolone showed dose-dependentitiamipwith IC_ s ranging from 0.22 to

65.1 ug/ml (Table 2). The inhibitory effects of galones against the recombinant gyrase are

presented as (s in ascending order in Table 2. A good correlati@s found between the

ICsovalues and the corresponding MICs, as shown inréigucorrelation coefficient values,

R = 0.999).

CC,s of quinolones.To examine the effects of quinolones on the cle@vabmplex

formation by the recombinant DNA gyrases, quinolomediated DNA cleavage assays were
carried out in which supercoiled pPBR322 was incabatith recombinant GyrA and GyrB in
the presence or absence of quinolones. Figure &sshbe results of a representative

quinolone-mediated DNA cleavage assay using CIPN#hd (CC,.s were exhibited by red
arrows). Table 2 presents the Cof the ten quinolones, in which each quinolonenstu
dose-dependent inhibition, with G& ranging from 0.24 to 8.64 pg/ml (Table 2). A good
correlation was found between the C@alues and the corresponding MICs, as shown in

Figure 9 (correlation coefficient values, R = 0.R69

15



DISCUSSION

The emergence of quinolone-resist&atmonella strains is a serious global public
health concern because this class of antibactgiehts constitutes the treatment of choice in
cases of acute salmonellosis caused by multidrsigtest strainsAlthough the main target
of quinolones is known to be DNA gyrase, the mal@cdetails of quinolone-DNA gyrase
interactions have not been elucidatedsahmonella. Hence, based on previous studies (29—
32), we produced the His-tagged GyrA and GyrBsoT yphimurium and obtained a proper
amount of functionalS. Typhimurium DNA gyrase after reconstitution. Tladility of
reconstituted enzymes to convert the relaxed foBR322 plasmid DNA to the supercoiled
form allowed us to examine and compare the inhipitffects of 10 quinolones using the
guinolone-inhibited DNA supercoiling assay and glome-mediated DNA cleavage assay.
The quinolone-inhibited DNA supercoiling assay i3 astimate of catalytic inhibition,
whereasThe quinolone-mediated DNA cleavage assay exantimedalance between the
ternary complex of DNA, gyrase and drug in which NA is either cleaved or intact (33,
34).

Quinolones inhibited the DNA supercoiling activity S Typhimurium DNA gyrase
in a dose-dependent manner, as it has been redortether bacteria (35—-39). Among the
ten quinolones examined, eight fluoroquinolonesikatéd high inhibitory activity againss.

Typhimurium DNA gyrase with ICs below 1ug/ml, in contrast to two quinolones OXO and
NAL whose IG s were 4.93 and 65.4g/ml, respectively (Table 2). Similar results were

observed in the quinolone-mediated DNA cleavagayadsight fluoroquinolones exhibited

high activity to mediate DNA cleavage with G.€ below 1ug/ml, while the two quinolones

without fluorine at C-6 had lower activities (Tal##¢. Analysis of the quinolone structure-

activity relationship showed that the eight fluanowlones shared certain structural features.
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Position 1 is the part of the enzyme-DNA bindingmgdex, and has a hydrophobic
interaction with the major grove of DNA (40). A dgpropyl substituent is now considered
the most potent modification herAnother structure at this position is found in OBKd
LVX which has a fused ring between position 1 andP8sition 7 is one of the most
influential points on the molecule, and the present a five- or six-membered nitrogen
heterocycle at this position has been reportedniprave the molecule’s activity and
pharmacokinetic profile (41)The most common heterocycles employed at positi@are’/
aminopyrrolidines and piparazineBhe addition of azabicyclo to position 7 has resiilin
MXF with significant anti-Gram-positive activity drmarked lipophilicity (42).

DNA gyrase is an essential enzyme for DNA supeiragilwhich is required for DNA
replication and gene transcriptioh.domain of the N-terminal part of the A subunit@~NA
gyrase is highly conserved among prokaryotes. thtiath, the amino acid residues from the
positions 67 to 106 of the A subunit in the numbgrsystem used iB. coli was defined as
the QRDR (12), which is supposed to be the sitentgfraction between the A subunit of
gyrase and quinolones. TBeTyphimurium QRDR sequence of GyrA was compareith Wi
bacterial species (Figure 10). The results of thenaone structure-activity relationship
analysis based on tife Typhimurium WT QRDR sequence were highly concotdaith
those based on the coli WT QRDR sequence, which has a ¥#@dentical QRDR sequence

with S Typhimurium (Figure 10). As summarized in Tabld@,s of quinolones again&t

Typhimurium and E. coli (43) WT DNA gyrase were lower than those against
Mycobacterium tuberculosis (38), Streptococcus pneumoniae (44) and Mycoplasma
pneumoniae (39). This result suggested that the interaction goiinolones with S
Typhimurium andE. coli WT DNA gyrase are stronger than those from othectdrial
species. An early study by Guillemet al. (45) proposed that the amino acid residue at

position 83 in GyrA played a key role in the ingio susceptibility of DNA gyrases to

17



qguinolones in mycobacteria. In their study, tharngeresidue and alanine residue correlated
with low and high MICs, respectively. As shown iigée 10, the amino acid at position 83
in S. Typhimurium anck. coli DNA gyrase (exhibited by arrowhead) was serind|enthose

at equivalent positions in DNA gyraseMf tuberculosis, S. pneumoniae andM. pneumoniae
were alanine, serine and methionine, respectivihe findings by Guillemiret al. agree in
part with our current observation. The amino aeisidue at position 83 may be the cause of
the intrinsic susceptibility of WT DNA gyrases taliigolones inM. tuberculosis and M.
pneumonia but not inS. pneumoniae. ClastalW analysis demonstrated a strong simylanmit
the QRDR amino acid sequence QRDR of WT GyrA beytm genus (Figure 10), a
similarity that was a critical point for the widpestrum of quinolones. However, the amino
acids in the QRDR that are distinct between baaltespecies may contribute to various
intrinsic susceptibilities; nevertheless, aminada@sidues outside of QRDR also need to be
considered.

The IG s of the S Typhimurium DNA gyrase correlated strongly with G4,

confirming their ability to inhibit the growth &. Typhimurium (R = 0.999)However, the

IC.s and MICs were not proportional; for example, &hd CIP MICs were about 30-fold

higher than in the gyrase assayis nonproportionality has been noted by othd& and
presumably reflects basic differences in the ceflpeability properties and accumulation of
the different quinolones (47). In the quinolone-méed DNA cleavage assay, the effective
qguinolone concentrations were slightly differerdanfr those inhibiting supercoiling and less
correlated with those inhibitin§ Typhimurium growth (R = 0.969). The strong cortiela

between ICs and MICs observed in other bacterial species I€T@p corroborated this

notion. Although the properties of bacteria to impmyate drugs may have some influence on
MICs, the quinolone-inhibited DNA supercoiling agsan recombinantS. Typhimurium

DNA gyrase could be used as a quick test to scorags with promising antibacterial

18



activities. Quinolones with IGs below 1ug/ml can potentially be active again$t
Typhimurium. In contrast, quinolones with high|€ in the enzyme assay may not be

suitable for further evaluation as antibacterialgd. Additionally, the high similarity of the
amino acid sequences of both the A and B subuhiBNA gyrase between the quinolone-
susceptible typhoidal and non-typhoidalmonella strains enables the usage of recombinant
S Typhimurium DNA gyrase for thén vitro selection of quinolones not only agairst
Typhimurium, but also against oth&almonella species including highly pathogenic serovers,

S Typhi andS Parayphi A.
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SUMMARY

Quinolones exhibit good antibacterial activity aggtiSalmonella isolates and are
often the choice of treatment for life-threatensgmonellosis due to multi-drug resistant
strains. To assess the properties of quinoloneg)ex®rmed ann vitro assay to study the
antibacterial activities of quinolones agaiSstTyphimurium recombinant DNA gyrase. We
expressed th& Typhimurium GyrA and GyrB subunits iB. coli. GyrA and GyrB were
obtained at high purity (>95%) by Ni-NTA agarosesinecolumn chromatography as His-
tagged 97-kDa and 89-kDa proteins, respectivelyhBoibunits were shown to reconstitute
an ATP-dependent DNA supercoiling activity. |€ or CC.s demonstrated that quinolones
highly active againstS. Typhimurium DNA gyrase share a fluorine atom at C-6. The
relationships between MIC{C_ s and CC.s were assessed by estimating a linear regression
between two components. MICs measured ag&nbyphimurium NBRC 13245 correlated
better with IG s (R = 0.999) than CCs (R = 0.969). These findings suggest that the

qguinolone-inhibited DNA supercoiling assay may beuseful screening test to identify
guinolones with promising activity agairStTyphimurium. The quinolone structure-activity
relationship demonstrated here shows that C-8,Gke ring, the C-6 fluorine, and N-1

cyclopropyl substituents are desirable structweatdres in targetin§ Typhimurium gyrase.
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Table 1.0Oligonucleotide sequences of primers used for PCR

Primer . .
name Sequence (nucleotide positiofl) Comment
ST1 5'-ggcatatgagcgaccttgcgagaga-3' (1-Ridgl site Wild-type gyrA
ST2 5'-ggctcgagcetcgtcagcegtcatccge-3' (2617-2684)| site Wild-type gyrA
ST8 5'-ggcatatgtcgaattcttatgactc-3' (1-2@)el site Wild-type gyrB
ST9 5'-ggctcgagaatatcgatattcgcetgctttc-3' (2391-24dl site Wild-type gyrB

®Restriction enzyme sites are underlined
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Table 2. Structural features, minimum inhibitory concentwatiand concentration of quinolones
inhibiting S’ Typhimurium wild-type gyrase activity

. |C50 CCzs N”C
Quinolone R-1 R-6 R-7 R-8 (ug/mi) (ug/ml) (ug/mi)
SIT fluorinated cyclopropyl F pyrrolidine Cl 0.22+£0.04 0.24 +£0.050.0078
CIP cyclopropyl F piperazine H 0.25+0.05 0.31+£0.10.0078
GAT cyclopropyl F piperazine O-CH3 0.30+0.05 0.3083 0.0625
SPX cyclopropyl F piperazine F 0.42+0.04 0.69+0.10.0625
LVX bridge C1-C8 F piperazine bridge C1-C80.43 £ 0.03  0.31+£0.03 0.0625
MXF cyclopropyl F azabicyclo O-CH3 0.48+0.01 0.34.3x3 0.0625
ENR cyclopropyl F piperazine H 0.57+0.03 0.86+0.24.0625
OFX bridge C1-C8 F piperazine bridge C1-C80.69+£0.20 0.67 £0.13 0.0625
OXO ethyl H bridge C6-C7 H 493+154 3.40+0.75 05
NAL ethyl H CH3 N 65.1 +19.08 8.64 £ 0.38 4
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Table 3.1C_s (ug/ml) and MIG s (ug/ml) for different bacterial species

S. Typhimurium 2 E. coli® M. tuberculosis®  S.pneumoniae® M. pneumoniae®
Quinolone
IC5es MICs ICs5s MICs IC50s MICs ICgs MICs  ICses MICs
SIT 0.22 0.0078 2.5 0.25
CIP 0.25 0.0078 0.3 0.007 3.5 0.5 40 1-2
GAT 0.30 0.0625 3 0.12 20-40 0.25 5.71 0.125
SPX 0.42 0.0625 0.2 0.015 2 0.25
LVX 0.43 0.0625 0.29 0.015 5 0.5 80 1 47.5 0.5
MXF 0.48 0.0625 4.5 0.5 20 0.25 7.44 0.0625
ENR 0.57 0.0625
OFX 0.69 0.0625 0.35 0.03 10 1
OXO 4.93 0.5 300 32
NAL 65.1 4 50 2 1100 128
#This work

PReference 43
‘Reference 38
‘Reference 44

*Reference 39
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kDa

175

80

58

Figure 4. SDS-PAGE analysis of recombinant DNA gyise subunits ofS. Typhimurium.
His-tagged proteins were overexpressed byEawoli expression system and purified by
nickel resin chromatography. Each protein sampbpr@imately 300 ng) was loaded in a
SuperSep’Ace 5-20% gradient gel. Following electrophorepisiteins were visualized by
Quick CBB staining. Lane M, protein molecular weigharkers (sizes are indicated to the

left in kilodaltons; kDa); lane 1, WT GyrA subun&ne 2, WT GyrB subunit.
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GyrA
GyrB

ATP

+ + + +
+ + +
1

Relaxed 4+
DNA

Figure 5. WT GyrA and WT GyrB proteins of S. Typhimurium generate ATP-
dependent DNA supercoiling activity.Relaxed pBR322 DNA (0.8g) was incubated with
WT GyrA (30 ng) and WT GyrB (30 ng) in the absermmcepresence of 1 mM ATP. The
reactions were stopped, and the DNA products weparated by electrophoresis in 1%
agarose gels. DNA was stained with ethidium bromael photographed under UV
illumination. Lane 1, relaxed pBR322 DNA; lane 2, relaxed pBR322 DNA and both
recombinant WT GyrAand WT GyrB proteins; lane 3, relaxed pBR322 DNA and only WT
GyrA protein; lane 4, relaxed pBR322 DNA and WT GyrB protein; lane 5, absence of ATP. R

and SC are indicated relaxed and supercoiled pBR3ER, respectively.
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CIP (pg/ml)
0 003 006 0125 035 05 1 2 4 8

ICso= 0.25 pg/ml

NAL (ng/ml)
] 1.25 15 5 10 0 40 80 160 k]

ICso = 65.1 pg/ml

Figure 6. Inhibitory activities of CIP and NAL on the supercoiling activities of S.
Typhimurium DNA gyrase. Relaxed pBR322 DNA (0.8g) was incubated with WT GyrA
(30 ng) and WT GyrB (30 ng) in the presence ofittteicated amountsu@/ml) of CIP and
NAL. The reactions were stopped, and the DNA prtgluere analyzed by electrophoresis in
1% agarose gels. R and SC denote relaxed and supdrpBR322 DNA, respectively. kg

values were exhibited by the red arrows.
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Figure 7. Correlation between the logarithm of the MICs afrgplones and the logarithm of
corresponding concentration of quinolones inhilgitthe supercoiling activity (l§ values)

of DNA gyrases frons. Typhimurium (R = correlation coefficient value).
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Figure 8. CIP- and NAL-mediated DNA cleavage assaypy DNA gyrase of S
Typhimurium. Supercoiled pBR322 DNA (0.2g) wasincubated with WT GyrA (30 ng)
and WT GyrB (30 ng) in the presence of the indidadenounts |(g/ml) of CIP and NAL.
After the addition of SDS anprotease K, the reactions were stopped and thaurastwere
analyzed by electrophoresis in 0.8% agarose geld. Bnd SC denoteelaxed, BamHI-
linearized and supercoiled pBR322 DNA, respectivdlige red arrows identify the GE

values.
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Figure 9. Correlation between the logarithm of the MICs afrgplones and the logarithm of

corresponding concentration of quinolones inducahgavable complex formation (G§&

values) of DNA gyrases frol@ Typhimurium (R = correlation coefficient value).
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\’
Salmoneila Typhimurium 67 ARVVGDVIGKYHPHGDSAVYDTIVEMAQPFSLEYMLVDGQ 106
Escherichia coli ¢7 ARVVGDVIGKYHPHGDSAVYDTIVEMAQPFSLRYMLVDGQ 106
Mpycobacterium tuberculosis 74 ARSVAETMGNYHPHGDASIYDSLVEMAQPWSLRYPLVDGQ 113
Streptococcus. pneumonige 65 ARITGDVMGKYHPHGDSSIYEAMVEMAQOWWSYRYMLVDGH 104
Mycoplasma pneumoniage 79 ARIVGDVMSKFHPHGDMAIYDTMSEMAQDFSLRYLLIDGH 118

% * . s skt % s sk s = = E o o - % * & F S S

Figure 10. Alignment of amino acid sequences of th@RDR in GyrA for 5 bacterial
species.The GyrA QRDR extends from amino acid residues @706 in the numbering

system used fdE. coli. Arrow identifies the amino acid at position 83.
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CHAPTER Il

AMINO ACID SUBSTITUTIONS IN GYRA AFFECTS

QUINOLONE SUSCEPTIBILITY IN  SALMONELLA TYPHIMURIUM

The original paper of chapter Il had been accefaegublication by journal, however, have
not been formally published, yéience, I didn’t include the contents of chapter II.
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CONCLUSION

Quinolones have a good activity against isolateSabhonella spp. and are often the
treatment of choice in cases of life-threateninfinsaellosis due to multi-drug resistant
strains. Amino acid substitutions conferring resise to quinolones i8 Typhimurium have
generally been found within QRDRs of GyrA.

In this regard, Chapter I, based on measurementshef interaction between
quinolones and purifieds. Typhimurium WT DNA gyrase, | carried out the quioree-
inhibited DNA supercoiling assay and the quinolomediated DNA cleavage assay with 10
qguinolones for investigating the quinolone struetactivity relationship and screening the
quinolone derivatives for their arfi-Typhimurium activities. The results showed thage$C
of the S Typimurium WT DNA gyrase correlated strongly wilICs, confirming their
ability to inhibit the growth ofS Typhimurium (R = 0.999). These finding suggesitth
guinolones-inhibited DNA supercoiling assays aréicieht methods and for the rapid
investigation of the quinolone structure-activitglationship to monitor the potency of
guinolones for salmonellosis treatment.

As investigating the contributions of amino acidstitutions in GyrA by amn vitro
assay seemed to help gain a better understandinguioblones resistant mechanism,
therefore, | continued to reveal the significantamino acid substitutions at position 83 and
87 in GyrA in Chapter II, using the quinolones-inikéd DNA supercoiling assay tested with
4 different quinolones. | clarified the contributiof amino acid substitutions at position 83
and 87 of GyrA and the structural variations atdtl R8 of quinolones may influence the
interaction between DNA gyrases and drugs. Curmrestilts also suggest that SIT having
halogen atoms at R1 and R8 might be a good chordié treatment of salmonellosis caused

by CIP-resistan& Typhimurium.
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Further analysis for clarifying a direct relationshbetween these amino acid
substitutions and various structural quinoloned halp to improve appropriate quinolones

selection for treatments.
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