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PREFACE

Campylobacter is a bacterium causes intestinal infections aneéssmated to
affect 400-500 million people globally each year @1). Campylobacter jejuni is
considered one of the most important human pathodgatteria, commonly found in the
gastrointestinal tract of many bird species. Gdhemost patients infected wit@. jejuni
are not required treatment, except those with gedisrease or in immune-compromised
patients (11). Quinolones (Figure 1) belong to milia of broad-spectrum synthetic
antimicrobials, particularly ciprofloxacin, have dme used for the treatment of
Campylobacter infections in patients with invasive disease (B).3However, the
excessive use of quinolones in veterinary medidias been reported to cause an
emergence of quinolone-resista@ampylobacter (10, 22, 32). In fact, quinolone
resistance irCampylobacter from food animals is now recognized as an emergingic
health problem (11, 34). Testing for quinolone epsibility is essential to provide
guidance to physicians and veterinarians on theoppiate treatment fo€ampylobacter
infections.C. jgjuni is a slow-growing bacterium that requires microgéilic conditions
and supplemented growth media. Variations in thikue media and the incubation
conditions, namely, atmosphere, temperature, ané tf incubation, could affect the

results of antimicrobial susceptibility tests.

In bacteria, the target of quinolones are the dedesnzymes, DNA gyrase and

DNA topoisomerase |V, belonging to the bacterigletyl topoisomerase. DNA gyrase is



unique in that it catalyzes the negative supemgibf DNA and is essential for DNA
replication, transcription and recombination. Om ttontrary, topoisomerase IV has a
specialized role in chromosome segregation. Compgienome sequencing 6f jguni
revealed the lack of genes encoding topoisomeiag®,119, 31) and thus DNA gyrase
turned out to be the sole target of quinoloneSampylobacters. Quinolone inhibits DNA
supercoiling by stabilizing the complex between aggr and the cleaved DNA,
interrupting the propagation of the replicationkioiWhen the DNA was cleaved by
gyrase, the antibiotics prevent relegation of thekén strand, resulting in a quinolone-

enzyme-DNA complex that leads to inhibition of DMéplication (9, 14).

Recently, C. jguni has shown increasing resistance to quinolone, wihias
become a major concern for public health (9, 12, I&e resistance is mediated by a
point mutation in the quinolone resistance-detemmgirregion (QRDR) ofgyrA. The
amino acid substitution from Thr to lle at codon @tr86lle) have been identified
dominantly and shown to associate with high-leughglone resistance whereas other
substitutions Thr86Ala, Thr86Lys, Asp90Asn, and 9@pyr were found in minor
population (Figure 2) (11, 14, 29, 33). Becausénofeased quinolone resistanceGn
jgluni, an in vitro method that would accelerate the identification nobre potent

guinolones againg. jgjuni is needed for its treatment and effective control.

This present thesis consists of two chapters; enctiepter I, | have investigated
the interaction ofC. jgjuni DNA gyrase with a number of quinolones using relom@ant

GyrA and GyrB subunits byn vitro DNA supercoiling assay. In chapter Il, | conducted



assay same as chapter | and revealed the contnbofi amino acid substitutions at

position 86 and 90 in GyrA to quinolone resistance.
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Figure 1. Structure of the quinolone molecule, using theepted numbering scheme for

positions on the molecule.



84 8 8 87 8 89 90
GGA - BA- ACA --- GCA -~ GTT --- TAT --- GAT

Gly Asp Thr Ala Val  Tyr  Asp

ATA AAT
lle Asp
GCA TAT
Ala Asn
AAA
Lys

Figure 2. Amino acid substitutions found within the QRDR @GlrA in quinolone-

resistantC. jgjuni. The amino acid substitutions are shown belownti@eotide sequence.



CHAPTER |
Characterization of Campylobacter jeguni DNA gyrase

as the target of quinolones

Introduction

Quinolones, particularly ciprofloxacin, have long@em used as the first-line
treatment forCampylobacter infections. However, an increased resistance toofpnes
has raised public health concerns. The developwienew quinolone-based antibiotics
with high activity is critical for effective, as DNgyrase, the target of quinolones, is an
essential enzyme for bacterial growth in severathraaisms. The evaluation of antibiotic
activity againsC. jguni largely relies on drug susceptibility tests, whielquire at least 2
days to getting the results. It would be likealol@évelop ann vitro method for studying
the activity of quinolones against the DNA gyrade @ jguni. To identify potent
quinolones, | conducted the quinolone-mediated m@deng activity inhibition assay

using recombinant DNA gyrase of wild-type (W) jguni with 10 quinolones.



MATERIALS AND METHODS

Reagents
Ciprofloxacin (CIP), gatifloxacin (GAT), levofloxat (LVX), sparfloxacin

(SPX), enrofloxacin (ENR) and ofloxacin (OFX) wererchased from LKT Laboratories,
Inc. (St. Paul, MN). Oxolinic acid (OXO) and nahd acid (NAL) were purchased from
Wako Pure Chemicals Ltd. (Tokyo, Japan). Moxifldra@MXF) was obtained from
Toronto Research Chemicals Inc. (Toronto, Ontafianada). Sitafloxacin (SIT) was a
gift from Daiichi Sankyo Pharmaceutical, Co., Li{@d.okyo, Japan). Oligonucleotide
primers were synthesized by Life Technologies (&mtl, CA). A Ni-nitrolotriacetic acid
(Ni-NTA) protein purification kit was purchased froLife Technologies. Restriction
enzymes were obtained from New England BiolLabs, (lpswich, MA). Supercoiled and
relaxed pBR322 DNA were purchased from John Inngerfrises Ltd. (Norwich, United
Kingdom). A protease inhibitor cocktail (Completeinil EDTA free) was purchased

from Roche Applied Science (Mannheim, Germany).

Bacterial strains and plasmids

Escherichia coli strain TOP-10 (Life Technologies Corp., Carlsb@4d) was used
as the cloning host. The pUC1HnAcll/BAP plasmid (Takara Bio, Kyoto, Japan) was
used to clone amplified DNA fragmentB. coli strains BL-21 (DE3)/pLysS (Merck

KGaA, Darmstadt, Germany) were used for proteirresgon. Vector plasmid pET-20b



(+) (Merck KGaA) was used to construct expressi@smids forC. jguni proteins GyrA

and GyrB.

Quinolones susceptibility testing

C. jguni ATCC33560 was grown on Mueller-Hinton agar (MHAxd@ Ltd.,
Basingstoke, UK), and the minimum inhibitory conications (MICs) for this strain were
determined by a broth dilution method. Briefly, Lqi suspension was inoculated into
Mueller-Hinton broth (MHB; Oxoid Ltd.) supplementesith 5% defibrinated sheep
blood and containing 2-fold serial dilutions of theinolone. The microdilution tray was
incubated at 37 °C under microaerophilic conditi(t% CQ, 5% G, and 85% &) for
48 hours. The MIC was predetermined as the low@stentration of quinolone to cause a

complete growth inhibition.

Construction of DNA gyrase expression vectors

DNA fragments encodingyrA and gyrB were amplified by polymerase chain
reaction PCR using the primers listed in Table He Teaction mixture (25 ul) consisted
of primeSTAR GXL buffer (M§" plus); 200 uM each of dATP, dCTP, dGTP, and dTTP;
10 ng DNA fromC. jguni ATCC33560; 2.0 units of PrimeSTAR GXL DNA polymeea
(Takara Bio Inc., Kyoto, Japan); and 0.4 uM of epdmer. PCR was carried out in an
iCycle Thermal Cycler (Bio-Rad Laboratories GmbHalifornia, US) under the
following amplification conditions: pre-denaturatiat 98 °C for 2 min, 35 cycles of

denaturation at 98 °C for 10 sec, annealing atCGo@f 10 sec, extension at 72 °C for 3
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min, and a final extension step at 72 °C for 2 rmime PCR products corresponding to the
2.5-kb gyrA and 2.3-kbgyrB fragments were ligated into the pUCI1H#8icll/BAP
plasmid and introduced intd. coli ToplO competent cells, according to the
manufacturer’s instructions. Recombinant plasmidsewecovered from white colonies
and digested witiNde | and Xho |, and the obtained DNA fragments were ligated int
Nde I-Xho I-digested pET-20b and transformed iftocoli Top10. Recombinant clones
were selected from the resistant colonies on LBadani (LB) agar containing ampicillin
(100 pg/mL). The nucleotide sequences of the DNagy genes in the plasmids were
analyzed using the ABI Prism BigDye Terminator v8ytle sequencing kit (Applied
Biosystems, Foster City, CA). Cycle sequencing potsl were subsequently analyzed in
an ABI PRISM 3130x automated genetic analyzer (AggpBiosystems). The sequences
were compared with their respective wild-type seges using BioEdit software

(http://www.mbio.ncsu.edu/bioedit/bioedit.html).

Recombinant expression and purification of DNA gyrae

DNA gyrase subunits were expressed and purifigat@sously described (18, 24,
38), with modifications. Briefly, expression vecocarryingC. jguni gyrA and gyrB
were introduced tdE. coli BL 21(DE3)/pLysS. The transformants were grownLB
medium in the presence of 100 pg/mL ampicillin e tog phase. Expression of GyrA
and GyrB was induced with the addition of 1 mM isagyl B-D-thiogalactopyranoside
(IPTG) (Wako Pure Chemicals Industries Ltd.), andhfer incubation was conducted for

16 h at 18 °C. Harvestdel coli was lysed by sonication at 30% duty cycle, 10 eydf

11



40 sec on and 40 sec off using Sonifier 250 (BranBanbury, CT). After supernatants
were centrifuged (10000xg) for 30 min, recombin@MA gyrase subunits were purified
by Ni-NTA resin column chromatography and dialyzaghinst DNA gyrase dilution
buffer (50 mM Tris-HCI pH 7.5, 100 mM KCI, 2 mM DTTL mM EDTA). Protein

fractions were examined by sodium dodecyl sulfatiygrrylamide gel electrophoresis
(SDS-PAGE; Wako Pure Chemicals Industries Ltd.)hwat protein molecular weight

marker (New England Biolab).

DNA supercoiling assay and inhibition by quinolones

The DNA supercoiling activity ofC. jguni DNA gyrase was assayed by
monitoring the conversion of relaxed pBR322 to #gpercoiled form. The DNA
supercoiling activity was tested with a combinatadrpurified C. jejuni GyrA and GyrB.
The reaction mixture consisted of DNA gyrase assadfer (35 mM Tris-HCI pH 7.5, 24
mM KCI, 4 mM MgCh, 2 mM DTT, 1.8 mM spermidine, 1 mM ATP, 6.5% glyake 0.1
mg/mL of BSA), relaxed pBR322 DNA (0.3 pg) with 32aM each of GyrA and GyrB
for a total volume of 30 pl. Reactions were run30rmin at 37 °C and stopped by the
addition of 30 pl of chloroform-isoamyl alcohol (24mixture, v/v) and 3 pl of 10x DNA
loading dye. The total reaction mixtures were sciiejg to electrophoresis in 1% agarose
gel in Tris-borate-EDTA (TBE) buffer. The gels weten for 1 h at 80 mA and stained
with ethidium bromide (0.7 pg/mL). The extent opstcoiled DNA was quantified with
ImageJ software (http://rsbweb.nih.gov/ij) by comipg with the titration curve drawn

using various concentration of supercoiled pBR32R tbe same agarose gel. The

12



inhibitory effect of 10 quinolones on DNA gyrasesaassessed by determining the drug

concentrations required to inhibit the supercoi@agvity of the enzyme by 50% (463).
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RESULTS

Construction and purification of recombinant WT DNA gyrase subunits
Full-lengthgyrA andgyrB of C. jguni ATCC33560 were inserted downstream of
the T7 promoter in expression vector pET-20b (+) &xpression as His-tagged
recombinant protein, as His-tag has been previosBlywn not to interfere with the
catalytic function of GyrA and GyrB (3). The expsas of GyrA and GyrB irE. coli
BL21 (ADE3)pLysS by induction with IPTG and subsequentifijpation by Ni-NTA
resin resulted in 2.8 mg and 1.3 mg of soluble tlgged 97-kDa protein of GyrA and
87-kDa protein of GyrB, respectively, from 500 milltares. The high purity>05%) of

recombinant protein was confirmed by SDS-PAGE (Fedi).

ATP-dependent DNA supercoiling activities of WT DNAgyrase
GyrA and GyrB were examined for DNA supercoilingtiaty with relaxed

pBR322 DNA as the substrate in the presence andnabsof ATP (Figure 4). A
combination of GyrA and GyrB at 50 ng each wasisigfifit for the conversion of 0.3 pg
of relaxed plasmid pBR322 DNA to its supercoilednioand was used for all DNA
supercoiling experiments in this study. The DNAexapiling activities were observed in
the presence of ATP and both recombinant DNA gysagmiunits, which confirmed the
reconstitution of functional DNA gyrase (Figureldne 2). No subunit alone exhibited
DNA supercoiling activity (Figure 4, Lane 3 and @)d no supercoiling activity was

observed when ATP was omitted (Figure 4, Lane 5).

14



Inhibition of DNA supercoiling by quinolones

The inhibitory effect of 10 quinolones on DNA gyeawas investigated by the
guinolone-inhibited DNA supercoiling assay. Eachinglone showed a dose-dependent
inhibition and their 1Ges ranged from 0.4 (SIT) to 106.8 pg/mL (NAL), asnsoarized in
Table 2. Figure 5 showed the inhibitory activity af quinolones on the supercoiling
activities ofC. jgguni DNA gyrase. The MICs of 10 quinolones ranged f@:®078 to 4
pg/mL (Table 2). Furthermore, the sfS and the MICs correlated significantliR &

0.9943), as shown in Figure 6.
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DISCUSSION

Quinolones, a family of drugs for treatinQ. jguni infection, are used in
veterinary medicine for both prophylactic and tipenatic purposes (1, 35). However,
there is concern about the use of quinolones imalnproduction, as their use selectively
enriches quinolone-resista@ampylobacter, which can then be transmitted to humans via
the food chain (21). Consequently, CIP- and ENFRstast Campylobacter strains are
widely found in humans and animals, respectivel, 3). Hence, the development of
new quinolone-based antibiotics with higher aciiihan CIP and ENR has become
essential, as DNA gyrase, the target of quinoloises,vital enzyme required for bacterial
growth in several strains. Efforts have been madénd alternative quinolones for the
treatment ofC. jguni infections. However, the complicated culturing®fejuni has been
a serious impediment for the study of this pathogearticularly the screening of new
drugs. Studying the interaction 6f jeguni DNA gyrase with quinolones is an important
step to understand the quinolone structure-actreikgtionship and, thereby lead to select

those quinolones with good antibacterial activity.

Based on findings of previous studies (18, 38);tlgged recombinant GyrA and
GyrB of C. jguni were expressed and purified to obtain a functi@idA gyrase after
reconstitution. The reconstituted DNA gyrase alldwes to examine and compare the
inhibitory effect of 10 quinolones. The inhibitioof DNA supercoiling activities by

qguinolone was observed in a dose-dependent mamsepreviously found in other

16



bacterial DNA gyrase (6, 16, 29). In the presentt eight quinolones (SIT, CIP, LVX,
SPX, GAT, MXF, ENR, and OFX) showed a high actiatyainstC. jejuni DNA gyrase,
with ICses of 0.4 to 2.3 pg/mL, whereas the remaining twmajones, OXO and NAL,
showed a lower inhibitory activity, with K5 of 15.6 and 106.8 pg/mL, respectively
(Table 2). Similar results were observed duringghimolone-inhibited DNA supercoiling
assay with DNA gyrase from various bacterial specladeed, quinolones OXO and
NAL weakly inhibited the DNA supercoiling activiseof Mycobacterium tuberculosis
(4), M. leprae (23) andE. coli (37). The addition of a fluorine atom at R-6 was earliest
common modification in old quinolones. This singlébstitution is reported to cause an
increase in inhibitory activity of more than 10dolagainst DNA gyrase and an
improvement in MIC also up to 10-fold (2). The ams#& of the quinolone structure-
activity relationship showed that the other eighinglones shared an additional structural
feature: a substituent that consisted of threearadtoms at R-1. Both of these structures

exist in many quinolones.

In this study, SIT showed the highest inhibitoryiaty againstC. jeuni DNA
gyrase with an 1§ of 0.4 pg/mL. Analysis of the quinolone structaivity
relationship showed that SIT has a fluorinate gyapyl ring at R-1 while other
fluoroquinolones have a cyclopropyl ring or a N14g&Ige. Furthermore, the addition of
a chloride substituent at R-8 may potentially pdevan active compound. A number of
previous studies have focused on thevitro efficacy of SIT on microbes other than

campylobacters. SIT has better activity than otteailable fluoroquinolones against

17



several enterobacterial species, with CIP-resisfatentials (25). Yokoyamat al.
conducted ann vitro assay using recombinant mutant DNA gyrasesoteprae and
showed that SIT has an improved activity againsh@ane-resistanM. leprae bearing
mutant DNA gyrase (38). Furthermore, SIT showedhéig activity against the
recombinant DNA gyrase of quinolone-resistBnterococcus faecalis with alteration in
GyrA and ParC than did other tested fluoroquinotori28). SIT belongs to the4
generation of quinolones that are more effectiantBIP, 2° generation of quinolones,
againstC. jguni strains (20). Thus, SIT might be a promising cdaté for the treatment
of campylobacteriosis caused by CIP-resisténtjguni. Although SIT, now only
available in Japan, has been reported to cause gaidirointestinal disorders as an

adverse reaction, our data might encourage itéange jejuni infections (38).

A strong correlationK = 0.9943) between MICs of quinolones against {Linje
and IGs of its DNA gyrase was confirmed (Figure 6). Tigsult strongly suggested that
DNA gyrase inhibition is the major factor in quinak resistance d. jgjuni. Based on
MIC values, the quinolones were classified into saene categories as bysiGralues.
However, the IG/MIC diversity ratio ranged from 8 to 51 among dulones. This
proportional diversity between the MICs and thegéthas also been foundh coli (37),
Streptococcus pneumoniae (26), Mycoplasma pneumoniae (27), M. tuberculosis (4) and
M. leprae (23), and might be due to differences in cell-psstmg properties and
accumulation in each quinolones (17). As shownabl& 3, 1Gs of quinolones against

C. jguni andE. coli DNA gyrase were lower (37) than those agahgineumoniae (26),

18



M. pneumoniae (27), M. tuberculosis (4), andM. leprae (23). These data suggested a
stronger interaction of quinolones with jguni andE. coli DNA gyrase than with DNA
gyrase from the other 4 homogenous bacteria. Memrothe analysis of QRDR
sequences showed that coli has highly identical QRDR sequencesQojguni. In E.
coli, substitutions of several amino acids in the Giigve been shown to be important
with regard to quinolone resistance. The most featjusubstitution seen was the
replacement of serine 83. Substitution of seriner@B leucine or tryptophan has been
shown to confer a high-level quinolone resistamcbdth clinical isolates and laboratory-
derivedE. coli resistant mutants (37). The alignment of 40 an@oid sequences @.
jguni GyrA QRDR with analogous sequences frden coli, S. pneumoniae, M.
pneumoniae, M. tuberculosis, andM. leprae is shown in Figure 7, in which threonine 86
(indicated by arrow head) i€. jgjuni is analogous to amino acid 83 i coli GyrA,
while those at an equivalent position in GyrA Sfpneumoniae, M. pneumoniae, M.
tuberculosis, and M. leprae were serine, methionine, alanine, and alaningectsely.
From these results it can be inferred that aming @esidues at an equivalent position to
threonine 86 inC. jgjuni may be the cause of the increased quinolone aeskstof
mycobacterial DNA gyrase. In contra&, pneumoniae DNA gyrase with serine at the
same position showed intrinsic resistance to qom®l The amino acids in QRDR that

are distinct between bacteria species may cong&itouvarious intrinsic susceptibilities.

An early study by Hanet al. demonstrated the inhibitory activity of a

fluoroquinolone, CIP, again€l. jgguni DNA gyrase and showed the minimum effective
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concentration (MEC) as 32 pg/mL (13). The extremieigh concentration of DNA
gyrase used in their study, 300 nM, comparing tosbudy (12.5 nM) might be the cause
of the discrepancy with our result gC= 1.0 pg/mL). Further, the quality or specific
activity of the DNA gyrase used in our study migawve been much higher than that used
in theirs. These data clearly exhibited the adwgtaf the usage of recombinant DNA

gyrase with high activity as produced in our study.
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SUMMARY

C. jguni is a foodborne bacterial pathogen that is comnmodeiveloped world.
Quinolones used as the drug of choice for treatmenCampylobacter infections.
Quinolones inhibit bacterial DNA replication by thghibition of enzyme DNA gyrase.
However,C. jguni is fastidious bacteria, multiplies more slowly thasual bacteria. It
would be likeable to develop an vitro method which would accelerate progress in
identifying more potent quinolones for their adivagainstC. jguni. The interaction of
C. jguni gyrase with a panel of quinolones was investigatesihhg recombinant GyrA
and GyrB ofC. jegjuni. The combination of purified subunits exhibited ANupercoiling
activity in ATP dependent manner. Thesd@vere determined for 10 different quinolones
to range from 0.4 (SIT) to >100 pg/ml (NAL). SITasted the highest inhibitory activity
and the analysis of the quinolone structure-agtivétlationship demonstrated that the
fluorine atom at R-6 may play the most importarié for the inhibitory activity against
C. jguni gyrase. The measured concentration of quinolomdsbit 50% DNA
supercoiling correlated well with MICR(= 0.9943). The results of this study suggest
that thein vitro supercoiling inhibition assay on purifi€l jgjuni DNA gyrase is useful

and predictive technique to monitor the antibaatgrotency of quinolones.
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Table 1 Oligonucleotide sequences of primers used in PCR

Primers Sequences Comments
R-5 5'-CCCATATGGAGAATATTTTTAGCAAAG-3' (1-22),Ndel site WT gyrA
R-36 5'-GGCTCGAGTTAATGATGATGATGATGATGCAAATCTAAACCAAAGTTTTCATC-3' WT gyrA

(1455-1510)Xhol site
R-1 5-CCCATATGCAAGAAAATTACGGTGC-3' (1-25)Ndel site WT gyrB
R-47 5'-GGCTCGAGTTAATGATGATGATGATGATGCACATCCAAATGCTTTACAC-3' WT gyrB
(2177-2230) Xhol site
R-48 5'-GACTTCATCACATGATTTATGAAG-3' (101-124) WT gyrB
R-49 5'-CTTCATAAATCATGTGATGAAGTC-3' (103-126) WT gyrB
R-50 5-TCAAAAATTTGATCATCAGGC-3' (1455-1474)Bcll site WT gyrB

* Underlines denote the restriction endonucleasegamition sequences.

** Double underline denotes the coding sequencesii® hexamer.

22



Table 2. Structure features andd4£€and MIC of quinolones again€t jejuni

Drugs Substituer ICso MIC
R1 R5 R6 R7 rRg  (g/ml)  (ng/mi)
SIT Fluorinated cycloprop H F Pyrrolidine C-Cl 0.4 0.007¢
CIP Cyclopropyl H F Piperazine C-H 1.0 0.125
LVX Bridge N1-C8 H F Bridge N1-C8 C-H 1.1 0.125
SPX Cyclopropyl NH; F Piperazine C-F 1.2 0.0312
GAT Cyclopropyl H F Piperazine C-OCH; 1.4 0.125
MXF Cyclopropyl H F Azabicyclo C-OCH; 15 0.0625
ENR Cyclopropyl H F Piperazine C-OCH; 2.1 0.0625
OFX Bridge N1-C8 H F Bridge N1-C8 C-H 2.3 0.25
OXO Ethyl H Bridge C6-C7 Bridge C6-C7 C-H 15.6 1.0
NAL Ethyl H H CH; N 106.8 4.0
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Table 3. 1Cso and MIC of quinolones inhibiting various DNA gyess

Quinolone Campylobacter Escherichia Streptococcus Mycoplasma Mycobacterium Mycobacterium
jejuni pneumoniae’ pneumoniae® tuberculosi s leprae®
ICso MIC ICso MIC ICso MIC ICso MIC ICso MIC  ICs MIC'
SIT 0.4 0.0078 ND ND 2 0.005 ND ND 2.5 0.25 1 25
CIP 1.0 0.125 ND ND 96 0.2 ND ND 3.5 0.5 35 >150
LVX 11 0.125 ND ND 54 0.1 47.5 0.5 5 0.5 7 ND
SPX 1.2 0.0312 0.39 0.0125 114 0.15 ND ND 2 0.25 5 15
GAT 1.4 0.125 ND ND ND ND 571 0.125 3 0.12 2 ND
MXF 15 0.0625 ND ND ND ND 7.44 0.0625 4.5 0.5 2 150
ENR 2.1 0.0625 ND ND ND ND ND ND ND ND ND ND
OFX 2.3 0.25 ND ND 88 0.3 ND ND 10 1.0 10 150
OXO 15.6 1.0 3.13 0.39 ND ND ND ND 300 32 170 ND
NAL 106.8 4.0 50 3.13 ND ND ND ND 1100 128 300 ND

@ Data from Yoshidat al. (37)

® Data from Morrissegt al. (26)

¢ Data from Nakatargt al. (27)

9 Data from Aubryet al. (4)

® Data from Matragt al. (23)

" Data from animal experiment using mouse model (23)
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Figure 3. SDS-PAGE analysis of recombinant DNA gyrase suluriihe His-tagged
proteins were overexpressed Bycoli expression system, and purified by Ni-NTA, and
approximately 300 ng of each protein was loadedad@20% gradient polyacrylamind
gel. Following electrophoresis, proteins were sdiwith Quick CBB. Lanes: M, protein

molecular marker (sizes are indicated at the tekilodaltons; kDa); 1, GyrA; 2, GyrB

25



SC
GyrA - + - + +
GyrB - + + - +
ATP - + + + -
DNA + + + + +

Figure 4. Reconstitution of ATP-dependent DNA supercoilingh\aty. Relaxed pBR322
DNA (0.3 pg) was incubated with DNA gyrase recdnstid with GyrA (0.5 uM) and
GyrB (0.5 uM) in the presence and absence of 1 mMiINW?.AThe reactions were stopped,
and the DNA products were analysed by electropi®iasl% agarose gels. Lanes : 1,
relaxed pBR322 DNA; 2, relaxed pBR322 and both mdmoant GyrA and GyrB ; 3,
relaxed pBR322 and only GyrB; 4, relaxed pBR322 amigt GyrA; 5, absence of ATP. R

and SC, relaxed and supercoiled pBR322 DNA, regpygt
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0.080.16 0.310.62 1.25 2.5 20 pg/ml 0.08 0.16 0.31

(H) H
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0.080.16 0.310.62 1.25 2.5 10 __20 ug/ml
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0 0.080.160.310.62 1.25 25 5 10 20 pg/ml 160 320 640 1280 pg/ml

E

0.08 0.160.31 0.621.25 2.5 20 pg/ml

Figure 5. Inhibitory activity of (A) SIT, (B) GAT, (C) LVX,(D) SPX, (E) OFX, (F)
MXF, (G) CIP, (H) ENR, (I) NAL and (J) OXO on thegercoiling activities oC. jejuni
DNA gyrase. Relaxed pBR322 DNA (0.3 pg) was incabawith 50 ng of each GyrA
and GyrB with the indicated amount (in pug/ml) ofrgplones. The reactions were stopped

and the DNA products were analyzed by electropl®iasl% agarose gels.
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Figure 6. Correlation between logarithm of quinolone inhnit of C. jejuni gyrase (1Go

for DNA supercoiling) and quinolone MICs f@. jguni. R is the correlation coefficient.

SIT, sitafloxacin; GAT, gatifloxacin; MXF, moxiflacin; SPX, sparfloxacin; ENR,

enrofloxacin; CIP, ciprofloxacin; LVX, levofloxacinOFX, ofloxacin; OXO, oxolinic

acid; NAL, nalidixic acid.
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Gyr A

v

C. jejuni 70 ARl VGAVI GRYHPHGDTAVYDAL VRVAQDFSMRYPSI TGQ 109
E. coli 68 ARVVCGDVI KYHPHGDSAVYDTI VRVAQPFSLRYM.VD&) 106
S. pneunoni ae 65 AR TGDVMXKYHPHGDSSI YEAMWRVAQWASYRYMLVDGH 104
M pneunoni ae 79 ARl VGDVMSKFHPHCGDIVAI YDTMSRVAQDFSLRYLLI DGH 118
M tuberculosis 74 ARSVAETMGNYHPHGDASI YDSLVRVAQPWSLRYPLVDGQ 113
M | eprae 70 ARSVAETMGNYHPHCDASI YDTLVRVAQPWSLRYPLVDGQ 109

* * . ckkkhkkKk o ke s *kxk** k% ** . * -

Figure 7. Alignment of amino acid sequences of GyrA QRDRenfaty with the
sequences fror@. jejuni represented by dashes. The numbering system utieat i®rC.

jeiuni gyrA. An arrow head indicated the position 88dnjguni.
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CHAPTER I
Comparison of mutations in DNA gyrase genes on gquahones resistance

in Campylobacter jguni

The original paper of chapter Il had been accefgedublication by journal, however,
have not been formally published, yet. Hence, hilichclude the contents of chapter II.
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CONCLUSION

Quinolones have been used for the treatmer@. gguni infection in human and
animals. However, introduction of quinolones ineratary medicine caused increase
emergence of quinolone-resistadt jgjuni. Recently, quinolone resistance @ jguni
from food animals is now recognized as an emergnglic health problem. For
appropriate treatment, the assessment of antimarotusceptibility is essential.
However, C. jguni, the microaerophilic fastidious bacteria, presgmbblems in
antimicrobial susceptibility testing related to ggarlar cultural requirements and their
slow growth. Hence, development of &mvitro method for studying the activity of

guinolones against the DNA gyrase@fjguni seemed to be necessary.

In this regard, in Chapter I, | have succeededraaycing and purifying. jeuni
DNA gyrase, which is the sole target of quinolon8BEl showed the highest inhibitory
activity, and the analysis of the quinolone struetactivity relationship demonstrated that
a fluorine atom at R-6 might play the importanterat the inhibitory activity against.
jeluni gyrase. Moreover, the results of this chapter asiggl that then vitro supercoiling
inhibition assay may be a useful and predictivéhtiéque to monitor the antibacterial

potency of quinolones.

In Chapter I, | elucidated the contribution of amiacid substitutions in GyrA of

C. jguni DNA gyrase; Thr86lle, Thr86Ala, Thr86Lys, Asp90Asand Asp90Tyr to
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qguinolone resistance. The quinolone-inhibited scpéng assay demonstrated the
important role of these amino acid substitutionspeeially Thr86lle, in reduced
sensitivity to quinolone. In addition, my resultendbonstrated that SIT might be a

candidate for the treatment of campylobacterioaissed by CIP-resista@t jeguni.

32



ACKNOWLEDGEMENTS

I would never have been able to finish my dissiematvithout the guidance of all

following person, help from friends, and suppooinfirmy family.

First of all, I would like to express the higheasknowledgement to my supervisor,
Prof. Yasuhiko Suzuki for his intellectual guidansimulating suggestions, caring,
patience, and encouragement helped me in all timesearch. | am also indebted to my
thesis committees, Prof. Hideaki Higashi and AsstecProf. Norikazu Isoda, for their

kindness, interest, and invaluable advice to mgithe

| would like to express my gratitude to AssociatefPChie Nakajima for her
insightful advice and patient teaching. She enagmdame to not only grow as an
experimentalist and a chemist but also as an ictstruand an independent thinker.
Special thanks go to Prof. Orasa Suthienkul, wheo been the source of encouragement
and enthusiasm, not only during this thesis prdpedtalso during the three years of my
Master program. And | would like to thank Prof. #k& Tamura and Associate Prof.
Masaru Usui from Rakuno Gakuen University, who tamidy welcome me in every time

| visited their laboratory.

Particular thank goes to Ms. Yukari Fukushima, Mfiaruka Suzuki, Mrs Miki

Nakagawa, and Ms. Yayoi Kameda for their excellexghnical assistant during my

33



research. Moreover, | would like to thank Mrs. Midgoshida for her kindness and great
help me in every time, all members of Hokkaido émsity Research Center for Zoonosis

Control for their help and encouragement duringresearch and studied.

My greatest gratitude goes to my friends; Dr. l&aaj Changkaew, Dr. Janjira
Maneesan, Dr. Saruda Tiwananthagorn, Dr. Wanvisaar@boripan, Dr. Aksorn
Sangtienchai, Ms. Bongkot Soonthornsata, Mr. Nipakarnbunchob and Ms.Siriporn
Kongsoi for their sincere friendship, supportingl araluable suggestion, not only for the
research but daily life also. Moreover, | am redfignkful to Dr. Yokoyama Kazamasa,
Dr. Kim Hyun, Dr. Mieko Muramatsu, Dr. Osamu Noyobr. Makoto Kuroda, Mr.
Tomoyuki Yamaguchi, Mr. Marvin Villanuena, Dr. Yonfin Qiu, and Assistant Prof.
Keisuke Aoshima. | would never forget all the chartsl beautiful moments | shared with
all of them. They are fundamental in supporting doeing these stressful and difficult

times.

Finally, my deepest gratitude goes to my family fioeir unflagging love and

unconditional support throughout my life and myds#s. You made me live the most

unique, magic and carefree childhood that have maglerho | am now.

34



~

REFERENCES

Allos, B.M. 2001 Campylobacter jguni infection: update on emerging issues and
trends.Clin. Infect. Dis., 32:1201-1206.

Andersson, M.l., MacGowan, A,P. 2003. Developimeh the quinolones.J
Antimicrob Chemother., 51:1-11.

Aubry, A., N. Veziris, E. Cambau, C. Truffot-Ret, V. Jarlier, L.M. Fisher.
2006. Novel gyrase mutations in quinolone-resissaat -hypersusceptible clinical
isolates ofMycobacterium tuberculosis: functional analysis of mutant enzymes.
Antimicrob. Agents Chemother., 50:104-112.

Aubry, A., X.S. Pan, L.M. Fisher, V. Jarlier, Eambau. 2004Mycobacterium
tuberculosis DNA Gyrase: Interaction with quinolones and cortiela with
antimycobacterial drug activityAntimicrob. Agents Chemother., 48:1281-1288.
Bachoual, R., Ouabdesselam. S., Mory, F., Las€l, Soussy, C.J., Tankovic, J.
2001. Single or double mutational alterations gyrA associated with
fluoroquinolone rsistance irCampylobacter jguni and Campylobacter coli.
Microb Drug Resist., 7:257-61.

Blanche, F., Cameron, B., Bernard, F.X., MatanManse, B., Ferrero, L. 1996.
Differential behaviors o&taphylococcus aureus andEscherichia coli type Il DNA
topoisomeraseAntimicrob Agents Chemother., 40:2714-20.

Changkwanyeun, R., Usui, M., Kongsoi, S., Yakog, K., Kim, H., Suthienkul,

35



10.

11.

12.

13.

O., Changkaew, K., Nakajima, C., Tamura, Y., Suzi¥ki2015. Characterization
of Campylobacter jguni DNA gyrase as the target of quinolonek. Infect.
Chemother ., doi: http://dx.doi.org/10.1016/j.jiac.2015.05300

Deguchi, T., M. Yasuda, T. Kawamura, M. NakaBoOzeki, E. Kanematsu, Y.
Nishino, Y. Kawada. 1997. Improved antimicrobiatiaty of DU-6859a, a new
fluoroquinolone, against quinolone-resistariflebseilla pneumoniae and
Enterobacter cloacae isolates with alteration in GyrA and ParC proteins
Antimicrob. Agents Chemother., 41:2544-2546.

Drlica, K., X. Zhao. 1997. DNA gyrase, topoisoase 1V, and the 4-quinolones.
Microbiol. Mol. Biol. Rev., 61:377-392.

Endtz, H.P., Ruijs, G.J., van Klingeren, Bnskn, W.H., van der Reyden, T.
Mouton RP. 1991. Quinolone resistanceCampylobacter isolated from man and
poultry following the introduction of fluoroquinah@s in veterinary medicing.
Antimicrob Chemother., 27:199-208.

Engberg, J., F.M. Aarestrup, D.E. Taylor, Pri@e-Smidt, . Nachamkin. 2001.
Quinolone and macrolide resistance @ampylobacter jguni and C. coli:
resistance mechanisms and trends in human isolatesg. |nfect. Dis., 7:24-34.
Gootz, T.D., and B.A. Martin. 1991. Charactatizn of high-level quinolone
resistance iit€ampylobacter jejuni. Antimicrob. Agents Chemother., 35:840—-845.
Han, J., Y. Wang, O. Sahin, Z. Shen, B. GuoSRen, Q. Zhang. 2012. A
fluoroquinolone resistance associated mutatiogyn affects DNA supercoiling

in Campylobacter jgjuni. Front. Cell Infect. Microbiol., 2:1-10.

36



14.

15.

16.

17.

18.

19.

20.

Hawkey, P.M. 2003. Mechanism of quinolone actmd microbial responsé.
Antimicrob. Chemother., 51(Suppl):29-35.

Hayytidinen, H., P. Juntunen, T. Scott, L. Ky#ki, R. Venho, A. Laiho, S.
Junttila, Gyenesei A, Revez J, Hanninen ML. 2018edE of ciprofloxacin
exposure on DNA repair mechanisms @ampylobacter jejuni. Microbiol.,
159:2513-2523.

Hooper, D.C., Wolfson, J.S., Ng, E.Y., SwaktzN. 1987. Mechanisms of action
of and resistance to ciprofloxacitam J Med., 82:12-20.

Jarlier, V., Nikaido, H. 199Mycobacterial cell wall: structure and role in natural
resistance to antibioticEEMSMicrobiol Lett.,123:11-8.

Kim, H., C. Nakajima, K. Yokoyama, Z. Rahim,Ur.Kim, H. Oguri, Y. Suzuki.
2011. Impact of the E540V amino acid substitutionGyrB of Mycobacterium
tuberculosis on quinolone resistancéntimicrob. Agents Chemother., 55:3661-
3667.

Luo, N., O. Sahin, J. Lin, L.O. Michel, Q. Zlgar2003.In vivo selection of
Campylobacter isolates with high levels of fluoroquinolone réarxce associated
with gyrA mutation and the functions of the CmeABC efflunm. Antimicraob.
Agents Chemother., 47:390-394.

Lehtopolku, M., Hakanen, A.J., Siitonen, A.,ddinen, P., Kotilainen, P. 200k
vitro activities of 11 fluoroquinolones against 2@&mpylobacter jeguni strains
isolated from Finnish patients, with special refeeto ciprofloxacin resistancé.

Antimicrob Chemother., 56:1134-8.

37



21.

22.

23.

24,

25.

26.

Luangtongkum, T., Jeon, B. J., Han, J., PlumrRer Logue, C.M., Zhang, Q.
2009. Antibiotic resistance irCampylobacter: emergence, transmission and
persistencer-uture Microbiol., 4:189-200.

Luber, P., Wagner, J., Hahn, H., Bartelt, EOR0Antimicrobial resistance in
Campylobacter jgjuni and Campylobacter coli strains isolated in 1991 and 2001-
2002 from poultry and human in Berlin, GermaAgtimicrob Agents Chemother .,
47:3825-30.

Matrat, S., Petrella, S., Cambau, E., Sougaktsff Jarlier, V., Aubry, A. 2007.
Expression and purification of an active form of Mycobacterium leprae DNA
gyrase and its inhibition by quinolonefntimicrob Agents Chemother., 51:1643-
8.

Matrat, S., Cambu, S.E., Jarlier, V., Aubry, 2008. Are all the DNA gyrase
mutation found inMycobacterium leprae clinical strain involved in resistance to
fluoroquinoloneAntimicrob. Agents Chemother., 52:745-7.

Milatovic, D., F.J. Schmitz, S. Brisse, J. \@h A.C. Fluit. 2000.In vitro
activities of sitafloxacin (DU-6859a) and six otlirroroquinolones against 8,796
clinical bacterial isolate®ntimicrob. Agents Chemother., 44: 1102-1107.
Morrissey, ., George, J. 1999. Activities ofudroquinolones against
Sreptococcus pneumoniae type |l topoisomerases purified as recombinant

proteins.Antimicrob Agents Chemother., 43:2579-85.

38



27.

28.

29.

30.

31.

32.

Nakatani, M., Mizunaga, S., Takahata, M., Nami¥. 2012. Inhibitory activity of
garenoxacin against DNA gyrase &fycoplasma pneumoniae. J Antimicrob
Chemother., 67:1850-2.

Onodera, Y., Okuda, J., Tanaka, M., Sato, KD220nhibitory activities of
guinolones against DNA gyrase and Topoisomerasef IEnterococcus faecalis.
Antimicrob Agents Chemother., 46:1800-4.

Pan, X.S., Fisher, L.M. 1997. Targeting of DNfrase in Sreptococcus
pneumoniae by sparfloxacin: selective targeting of gyraseagoisomerase IV by
guinolonesAntimicrob Agents Chemother., 41:471-4.

Pan, X.S., G. Yague, L.M. Fisher. 2001. Quineloresistance mutation in
Sreptococcus pneumonia GyrA and ParC proteins: mechanistic insights into
qguinolone action from enzymatic analysis, intradel levels, and phenotypes of
wild-type and mutant proteindntimicrob. Agents Chemother., 45:3140-3147.
Parkhill, J., B.W. Wren, K. Mungall, J.M. KetleC. Churcher, D. Basham, T.
Chillingworth, R.M. Davies, T. Feltwell, S. Holroyd. Jagels, A.V. Karlyshev,
S. Moule, M.J. Pallen, C.W. Penn, M.A. Quail, M.Rajandream, K.M.
Rutherford, A.H.M. van Vliet, S. Whitehead, B.G. rBdl. 2000. The genome
sequence of the food-borne patho@&mpylobacter jejuni reveals hypervariable
sequenceNature., 403:665-668.

Saenz, Y., Zaraga, M., Lantero, M., Gastanavkd,, Baquero, F., Torres, C.
2000. Antibiotic resistance i@ampylobacter strains isolated from animals, foods,

and humans in Spain in 1997-1998timicrob Agents Chemother., 44:267-71.

39



33.

34.

35.

36.

37.

38.

Schedletzky, H., B. Wiedemann, P. Heisig. 1988 effect of moxifloxacin on
its target topoisomerases froEscherichia coli and Staphylococcus aureus. J.
Antimicrob. Chemother., 43, Suppl B:31-37.

Smith, K.E., Besser, J.M., Hedberg, C.W., Lednd., Bender, J.B., Wicklund,
J.H. 1999. Quinolone-resistai@ampylobacter jgjuni infections in Minnesota,
1992-1998N Engl J Med. 340:1525-32.

Ruiz-Palacios, G.M. 2007. The health burde@ahpylobacter infection and the
impact of antimicrobial resistance: playing chick€&tin Infect Dis., 44:701-3.
Ruiz, J., P. Goni, F. Marco, F. Gallardo, Brélls, T. Jimenez De Anta, J. Vila.
1998. Increased resistance to quinolonesCampylobacter jejuni: a genetic
analysis ofgyrA gene mutations in quinolone-resistant clinicalases.Microbiol.
Immunol., 42:223-226.

Yoshida, H., Bogaki, M., Nakamura, M., Nakamu& 1990. Quinolone
resistance-determining region in the DNA gyrggeA gene ofEscherichia coli.
Antimicrob Agents Chemother ., 34:1271-2.

Yokoyama, K., Kim, H., Mukai, T., Matsuoka, M\akajima, C., Suzuki, Y.
2012. Amino acid substitutions at position 95 inr&yan add fluoroquinolone

resistance tdycobacterium leprae. Antimicrob Agents Chemother., 56:697-702.

40



