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95%Cl1 95% Confidence interval

Asp87Asn Amino acid substitution from aspartic acid at position 87 to asparagine
Asp87Gly Amino acid substitution from aspartic acid at position 87 to glycine
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ATP Adenosine triphosphate

BSA Bovine serum albumin

CLSI The Clinical and Laboratory Standards Institute

DNA Deoxyribonucleic acid
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GyrA DNA gyrase subunit A
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His-tag Hexa-histidine tag

ICso Half maximal inhibitory concentration

IPTG Isopropyl-p-D-thiogalactopyranoside

LB Luria-Bertani
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PREFACE

Nontyphoidal Salmonella is an important causative pathogen of foodborne diseases. WHO

estimated that diseases caused by 31 foodborne hazards and nontyphoidal Salmonella infection were

among the greatest threats to human health 2. Salmonella enterica is the main gastroenteritis- and

invasive nontyphoidal Sa/monella infection-causing bacterial species. In addition, this bacterial

species has more than 2,500 serovars and, among them, Salmonella enterica subsp. enterica serovar

Typhimurium and Salmonella enterica subsp. enterica serovar Enteritidis are two of the major

foodborne infection- causing serovars 2¥. In general, antibiotics do not expedite gastroenteritis

resolution, prolong the excretion of the organism, and are not recommended in cases without

complications. However, elders, infants and people with immunocompromised conditions require

treatment with antibiotics to prevent increased mortality. Chloramphenicol, ampicillin and

trimethoprim-sulfamethoxazole were formerly used in the treatment of severe gastroenteric cases,

particularly in treating susceptible patients such as the elderly and infants 7. However, an increasing

rate of resistance to these antibiotics in nontyphoidal Salmonella has been reported in many

countries for the last two decades '3, The emergence of antimicrobial resistant bacteria has been

attributed to the misuse and overuse of antibiotics 3. In the veterinary field, a large amount of

antibiotics is used in sub-therapeutic doses for the growth promotion during animal production along

with timely exposure period, creating an ideal environment for selecting bacteria which have genes



that are prone to resistance °). The outright overuse of antibiotics may accelerate the emergence of

antimicrobial resistant nontyphoidal Sa/monella because the prevalent reservoir of nontyphoidal

Salmonella is the intestinal tract of a wide range of animals, for instance cattle and poultry 2%,

Therefore, the interdisciplinary research between veterinary and human medicine under the concept

of “One Health” is essential to address the growing threat of food borne disease caused by

antimicrobial resistant nontyphoidal Sa/monella.

Quinolones are known to be effective against nontyphoidal Salmonella which are resistant

to multiple drugs used in treatment currently 3%. Quinolones are synthetic antibacterial drugs used to

treat bacterial infections, with nalidixic acid considered the first-generation synthetic quinolone?.

Initially, nalidixic acid was only effective against Gram-negative bacteria and thus its antibacterial

spectrum was narrow. However, the antibacterial activity of nalidixic acid was drastically improved

by the addition of a fluorine atom at the position C6 of the quinolone ring #» '), Quinolones

fluorinated at the position C6 with an improved spectrum are especially known as fluoroquinolones

4., Ciprofloxacin is a representative fluoroquinolone categorized as second-generation quinolone %)

In general, ciprofloxacin is safe for eukaryotes, with high treatment efficacy and a wide antibacterial

spectrum. Therefore, ciprofloxacin is a clinically useful antimicrobial drug that has been selected by

WHO as an essential medicament 2. Moreover, fourth-generation fluoroquinolones (e.g.

sitafloxacin) was developed by substituting groups at N1, C7 and C8 positions of the basic structure



(Figure 1) *®. They have broad-spectrum potent antibacterial activity. Consequently,

fluoroquinolones are regarded as one of the most clinically important antibiotics.

However, clinical isolates of nontyphoidal Sa/monella resistant to quinolones have

emerged and spread rapidly 723344 Hence, previously treatable infectious diseases caused by

nontyphoidal Salmonella nowadays are becoming fatal to people with low immunity due to the

unavailability of effective antibacterial drugs. Resistance to quinolones is typically caused by

bacterial mutation due to amino acid substitutions in DNA gyrase, the target enzyme of quinolone

3. DNA gyrase consists of two GyrA and two GyrB subunits *V. The function of DNA gyrase is to

introduce negative supercoils into the DNA to relieve the accumulation of twisted bacterial DNA

prior to enzymic translocation ®. Therefore, this enzyme is essential for DNA replication and

transcription. Quinolones bind to DNA gyrases and inhibit enzymic activity, resulting in a

bactericidal effect. However, quinolones cannot bind to DNA gyrases when a specific mutation has

occurred on the binding site of DNA gyrases because this mutation first alters the structure of the

target enzyme and subsequently the binding affinity of fluoroquinolones to this enzyme, resulting in

quinolone resistance . These mutations have been clustered in a region of the gene product

between amino acids 67 and 122, so this region is called QRDR 2. In particular, amino acid

substitutions at position 83 and 87 in GyrA has been frequently detected in quinolone resistant

nontyphoidal Salmonella #7-®. Amino acids at these positions are considered to be strongly



involved in the binding to quinolones *>%. Therefore, it is critical to find quinolones showing high

affinity to DNA gyrases with amino acid substitutions at positions 83 and 87.

In my PhD study, inhibitory effects of two newly developed fluoroquinolones, DC-159a and

WQ-3810, on DNA gyrase were evaluated. There was no report regarding the antibacterial activity of

these fluoroquinolones against quinolone resistant nontyphoidal Sa/monella. This thesis is composed

of the two chapters and conclusion. In Chapter I, the inhibitory effect of DC-159a against the activity

of S. Typhimurium was evaluated. In Chapter 11, the inhibitory effect of another novel fluoroquinolone,

WQ-3810, on DNA gyrase was investigated. By summarizing these two results, this study will

contribute to investigation of the promising therapeutic agents against quinolone resistant

nontyphoidal Salmonella.



Adding a fluorine Essential for gyrase binding
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Figure 1. Basic structures of quinolone (modified M. Andersson et al., 2003. and R. Schaumann, et al.,

2007.)



CHAPTER

Inhibitory effect of DC-159a on DNA gyrase

Introduction

DC-159a is a newly developed fluoroquinolone. Many studies have reported its high
antibacterial activity. The first report which was published in 2008 by Hoshino et al. showed MIC of
DC-159a was lower against MSSA and quinolone susceptible MRSA than ciprofloxacin 2¥. In
particular, DC-159a exerted the highest antibacterial activity against quinolone resistant MRSA
compared with ciprofloxacin and the other clinically available quinolones, which DC-159a can be an
effective agent against quinolones resistant bacteria. However, for Escherichia coli and Salmonella
spp., MIC of DC-159a was higher than ciprofloxacin. DC-159a showed very different antibacterial
activity for many pathogens. In another study published in the same year by Clark et al., DC-159a
yielded lower MIC against quinolone susceptible and resistant Streptococcus pneumoniae than the
other quinolone '9. In the study. MIC of DC-159a against quinolone resistant strains did not depend
on the number or type of mutations in QRDR. Thus, DC-159a might have a strong inhibitory activity
on mutant DNA gyrase in quinolone resistant bacteria. Direct inhibitory effect of DC-159a on DNA
gyrase was investigated by two groups, Okumura et al and Yamaguchi et al 3 %), They evaluated

direct inhibitory effects of DC-159a on DNA gyrase of Streptococcus pneumoniae and Mycobacterium



leprae. In the results, DC-159a inhibited DNA gyrase activity as much as or more than clinically

available quinolones. Moreover, DC-159a showed a strong inhibitory effect on mutant DNA gyrase

containing amino acid substitution on GyrA in the study by Yamaguchi et al. Therefore, DC-159a can

be expected to have a potent inhibitory effect regardless of amino acid substitutions in DNA gyrase of

S. Typhimurium.

No study of DC-159a has yet been made on quinolone resistant Salmonella. Given that high

inhibitory effect on DNA gyrase with amino acid substitutions on GyrA is demonstrated, the high

antibacterial activity of DC-159a is expected as a therapeutic agent for foodborne disease caused by

quinolone resistant nontyphoidal Salmonella. In this chapter, the inhibitory effect of DC-159a against

quinolone resistant DNA gyrase were evaluated and also the antibacterial activity of DC-159a against

quinolone resistant nontyphoidal Sa/monella was estimated.



Materials and methods

Quinolone used in this chapter

DC-159a was kindly provided by Daiichi-Sankyo Co., Ltd. (Tokyo, Japan). Ciprofloxacin

and nalidixic acid were used as comparators in this study. Those were purchased form LKT

Laboratories, Inc. (St Paul, MN) and Wako Pure Chemical Industries, Ltd. (Osaka, Japan), respectively.

Chemical structures of each quinolone were shown in Figure 2.
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Ciprofloxacin Nalidixic acid

Figure 2. Chemical structures of quinolones used in this chapter
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Recombinant DNA gyrases

Recombinant DNA gyrase was obtained as separate subunits, GyrA and GyrB. Seven

subunits in total were produced in this study. Expression plasmids, including the coding regions of

GyrA and GyrB of S. Typhimurium, were previously constructed 3?. Mutations Ser83Phe, Asp87Asn,

Asp87Gly, Asp87Tyr, and Ser83Phe-Asp87Asn were introduced into QRDR. The plasmids were then

introduced into Escherichia coli BL21(DE3) (Merck KGaA, Darmstadt, Germany), and protein

expression was induced in the bacterial cells. A colony of transformed E. coli was inoculated into

Luria-Bertani broth with ampicillin (1 pg/ml) and incubated at 37 [ /C until the optical density value

reached 0.60. Protein expression was induced by adding 1 mM IPTG, purchased from Wako Pure

Chemical Industries, Ltd. The incubation period of recombinant E. coli carrying the GyrA expression

plasmid was 40 hr, and the temperature after adding IPTG was 16 °C. Separately, recombinant E. coli

carrying GyrB was incubated for 13 hr at 18 °C. Harvested E. coli was centrifuged, and then sonicated

at a 30% duty cycle with 10 cycles of 40 sec on and 40 sec off (Sonifier 250; Branson, Danbury, CT)

to release the expressed protein. The recombinant DNA gyrase subunits were then purified by Ni-NTA

agarose column chromatography and dialyzed against DNA gyrase dilution buffer (50 mM Tris-HCI,

pH 7.5; 100 mM KCL, 2 mM DTT, 1 mM EDTA). To avoid denaturation, glycerol was added to the

obtained protein. Finally, the mixture was stored in small aliquots at -80 °C until further use. SDS-

PAGE was used to assess the purity of proteins.
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Evaluation of quinolone concentration to inhibit the enzyme activity of DNA gyrase

DNA gyrase introduces negative supercoils into bacterial DNA as described in Preface. The

supercoiling activity of the purified DNA gyrases was detected using agarose gel electrophoresis.

Relaxed pBR322 (302.4 ng) and DNA gyrases (GyrA: 30.6 ng, GyrB: 28.3 ng) were incubated at 35

°C in a gyrase assay solution [35 mM Tris-HCI, 6 mM MgCl;, 1.8 mM spermidine, 24 mM KCI, 5

mM DTT, 0.36 mg/ml of BSA and 6.5% glycerol (w/v)]. This reaction mixture contained serially

diluted concentrations of quinolones. After 40-min incubation, the reaction was stopped by adding 8

ul of a stop solution (5% SDS, 25% glycerol and 0.25 mg/ml of bromophenol blue) . Next, 10 ul of

the reaction mixture was loaded onto 1% agarose gel in 0.5XxTBE buffer for electrophoresis for two

hours at 40 mA. The supercoiling activity of DNA gyrases can be easily distinguished and separated

by gel electrophoresis because gyrases introduce negative supercoils into relaxed DNA, and

supercoiled DNA is more compact than relaxed DNA 28)-31), After electrophoresis, the agarose gel was

stained with 0.5 pug/ml of ethidium bromide. The presence of supercoiled DNA was confirmed under

UV light. The amount of supercoiled DNA was measured by the intensity of its band using digital

image processing software ImageJ (http://rsbweb.nih.gov/ij). All assays were run in triplicate to

eliminate experimental bias and to confirm reproducibility.

The concentration of each quinolone required to reduce by 50% DNA gyrase activity (ICso)
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was used as the baseline to assess their inhibitory effect. Intensity of the supercoiled DNA band of a

quinolone-free sample was defined as 100% control. Data of the decreasing DNA band intensity

caused by incremental quinolone concentration was fitted to a four-parameter log-logistic model. 1Cso

was estimated using a model for dose-response3¥: 52, In addition to the calculation of the parameters

of the model and the estimation of 1Csp, the 95% confidence interval of ICso was also estimated. All

analyses were conducted using statistical software R version 3.2.5 and the add-on package “drc”

version 3.0.

Antimicrobial susceptibility testing

MIC was measured by broth microdilution method. Antibacterial activity of DC-159a was

tested using two strains of nontyphoidal Salmonella, S. Typhimurium NBRC 13245 and S. Enteritidis

NBRC 3313, according to CLSI recommended procedures 1. Bacterial suspension of each strain was

transferred to a 96-well tray containing serially diluted quinolones and incubated overnight at 37 °C.

MIC was defined as the lowest concentration of quinolone that completely inhibits bacterial growth

in the well. This examination was run in triplicate for each strain.

Estimation of MICs against S. Typhimurium and S. Enteritidis carrying mutant DNA gyrase

Based on the data from a previous study of S. Typhimurium DNA gyrase, it was estimated

14



that there was a correlation between the different quinolones 2% 3D, Moreover, as DC-159a showed the

same logarithmic correlation between the ICso and the corresponding MIC, it was possible to estimate

the MICs of DC-159a against mutant strains with single- or double-mutant DNA gyrases from the

results of the supercoiling inhibitory assay. Regression lines were calculated based on log(ICso) and

log(MIC) of the three quinolones against WTs using S. Typhimurium and S. Enteritidis in a separate

manner. Next, log(MIC) was calculated from the regression coefficient and log(ICso), and the

estimated MIC was determined by converting the variable log(MIC) from logarithm to integer.
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Results

ICs0s of DC-159a and other quinolones

Inhibitory effects of DC-159a and the other quinolones were evaluated using purified DNA

gyrases. The recombinant subunits were successfully prepared with high purity, which was confirmed

by SDS-PAGE. (Figure 2) Electrophoretic patterns of supercoiling activity attenuated by ICsos of

quinolones are shown in Figure 3. Inhibition activity of DC-159a against WT and mutant DNA gyrases

of S. Typhimurium was estimated by the ICso, and compared with that of ciprofloxacin and nalidixic

acid. Dose-dependent inhibition activity of every quinolone within the 0.25 — 600 pg/ml range was

confirmed. The inhibitory effects of tested quinolones are shown in Figure 4. The ICsos of each

quinolone are summarized in Table 1. The ICsos of DC-159a and ciprofloxacin against WT DNA

gyrases were 0.32 pg/ml (95% CI: 0.25 — 0.40 pg/ml) and 0.25 mg/mL (95% CI: 0.19 — 0.32 pg/ml),

respectively. There was no significant difference between them. However, DC-159a showed more

potent activity against mutant DNA gyrases than did ciprofloxacin. Furthermore, the ICsos of DC-159a

against mutant DNA gyrases were significantly different from those of ciprofloxacin. The biggest

differences between the ICsos of DC-159a and ciprofloxacin were observed in double mutant DNA

gyrases. For example, the ICso of DC-159a against the DNA gyrase bearing double mutation

Ser83Phe-Asp87Asn was less than 1/55 that of ciprofloxacin. Moreover, while the ICso of DC-159a

against double mutant DNA gyrases showed a 27.5-fold increase in comparison with that against WT

DNA gyrase, the ICsp of ciprofloxacin against double-mutant DNA gyrase showed a 1,920-fold
16



increase when compared with that against WT. In contrast, the concentration of nalidixic acid required

to achieve supercoiling inhibition activity against every WT and mutant DNA gyrase was much higher

than those of DC-159a and ciprofloxacin.
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Figure 2. SDS-PAGE analysis of purified DNA gyrase subunits.

Table 1. ICsos of quinolones against WT and mutant DNA gyrases.

IC50 (ng/ml)
Quinolone Ser83Phe-
WT Ser83Phe Asp87Asn Asp87Gly Asp87Tyr
Asp87Asn
0.32 1.0 1.4 1.2 1.2 8.8
DC-159a
(0.25-0.40) (0.94-1.1) (1.2-1.6) (1.0-1.4) (0.92-1.4) (7.4-10)
0.25 3.6 3.9 2.6 3.6 480
Ciprofloxacin
(0.19-0.32) (3.3-4.0) (3.1-47) (22-29) (2.8-4.5) (420 —530)
28 450 440 370 530 600
Nalidixic acid
(14 -42) (370 — 540) (330 — 540) (270 — 460) (410 - 650) (450 — 750)

Note: The range in brackets is the 95% confidence interval.
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Figure 3. Supercoiling inhibitory activity of quinolones. Asterisks (*) indicate the band of supercoiled

DNA.
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MICs of DC-159a and other quinolones

To examine and compare the bactericidal effect of DC-159a with that of ciprofloxacin and

nalidixic acid, MICs against S. Typhimurium and S. Enteritidis standard strains were measured. The

results of antimicrobial susceptibility testing are shown in Table 2. MICs of DC-159a against these

two strains were different, with the growth inhibitory activity of DC-159a being higher than that of

nalidixic acid but lower than that of ciprofloxacin.

Estimated MICs of quinolones

Based on the above results of ICso and MIC, MICs of DC-159a, ciprofloxacin, and nalidixic

acid against Salmonella carrying mutant DNA gyrase were estimated. The estimates were summarized

in Table 3. The increase of estimated MIC was confirmed from the MIC for type strains of S.

Typhimurium and S. Enteritidis. According to the CLSI standard, breakpoints of ciprofloxacin for

Salmonella spp. are classified as: < 0.06 pg/ml, susceptible; 0.12 — 0.5 pg/ml, intermediate; > 1.0

ug/ml, resistant'. For strains with single mutant DNA gyrases, the MIC of ciprofloxacin was

estimated to be in the range of 0.33 to 0.60 ug/ml in this study, which all strains were classified as an

intermediate. The estimated MIC against strains carrying double mutant DNA gyrase were 70.0 and

85.4 pg/ml. These are much higher than the breakpoint of resistance. In nalidixic acid, all estimates

are more than 50 pg/ml. On the other hand, the MIC of DC-159a for single mutant strains was less

20



than half that of ciprofloxacin in spite of higher observed MIC for type stains than ciprofloxacin.
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Table 2. MICs for S. Typhimurium and S. Enteritidis

MIC (pg/ml)
Quinolones
S. Typhimurium S. Enteritidis
DC-159a 0.13 0.06
Ciprofloxacin 0.016 0.016
Nalidixic acid 4.0 4.0

Table 3. Estimated MICs for S. Typhimurium and S. Enteritidis

Estimated MIC (pg/ml)

Quinolone Serovar Ser83Phe-
Ser83Phe Asp87Asn Asp87Gly Asp87Tyr

Asp87Asn
S. Typhimurium 0.16 0.22 0.19 0.19 1.34
DC-159a
S. Enteritidis 0.12 0.17 0.14 0.14 1.20
) ) S. Typhimurium 0.55 0.60 0.40 0.55 70.02
Ciprofloxacin o
S. Enteritidis 0.46 0.50 0.33 0.46 85.4
S. Typhimurium 65.7 64.2 54.1 77.2 87.3
Nalidixic acid
S. Enteritidis 79.7 77.8 64.7 94.9 108

22



Discussion

The emergence of nontyphoidal Salmonella infections caused by quinolone resistant

pathogens has become one of the most significant public health concerns worldwide. DC-159a is a

newer fluoroquinolone that has already been shown to have potent activity against various

microorganisms including some with amino acid substitutions in DNA gyrases '3 24-63)_ In this

chapter, I evaluated the potential bactericidal effect of DC-159a against S. Typhimurium by (1)

measuring its ICso and MIC, and (2) comparing its antibacterial activity with that of ciprofloxacin

and nalidixic acid.

ICsos of every investigated quinolone against mutant DNA gyrases were higher than those

against WT DNA gyrases. Consequently, observed ICsos against double-mutant DNA gyrases were

higher than those against single-mutant DNA gyrases. Amino acids at position 83 and 87 have

previously been described as being strongly related to the binding of quinolones to DNA gyrase 4>

3. Therefore, the binding affinities of ciprofloxacin and nalidixic acid were expected to drastically

decrease due to ICso differences between WT and mutant DNA gyrases. Nonetheless, the binding

affinity of DC-159a was maintained even when amino acids were substituted. Thus, of all

quinolones tested by the supercoiling inhibitory assay, DC-159a showed the most potent inhibitory

activity against mutant DNA gyrases of S. Typhimurium, especially double-mutant DNA gyrases.

As described above, it is well known that fluorination at C6 of the quinolone ring improves

the antibacterial activity. In addition to fluorination at C6, the structure of ciprofloxacin at positions
23



N1 and C7 is different from that of nalidixic acid. N1 belongs to the enzyme—DNA complex, and a

cyclopropyl at position N1 in ciprofloxacin is currently considered the most optimal substituent for

the formation of an enzyme-DNA binding complex #3). Position C7 is believed to directly interact

with the DNA gyrase, and a bulky side chain at C7 plays an important role in the prolongation of

half-lives and the direct interaction with DNA gyrase 7. Likely due to these mechanisms, the

inhibitory activity of ciprofloxacin against DNA gyrases was greater than that of nalidixic acid, and

its observed ICso lower than that of nalidixic acid. In contrast, DC-159a possesses a 3-

aminopyrrolidine substituent at C7 >¥. Apart from DC-159a, sitafloxacin is the only quinolone that

presents a similar structure at C7 ©-3%. A previous study reported that the inhibitory activity against

mutant DNA gyrases of S. Typhimurium showed by sitafloxacin was relatively stronger than that of

ciprofloxacin. Since the ICso values showed by DC-159a against Mycobacterium leprae DNA

gyrases are similar to those shown by sitafloxacin, a substituent at C7 in DC-159a can be considered

a key factor for maintaining a strong affinity to mutant DNA gyrases .

Our results from the supercoiling inhibitory assay were in agreement with previous

antimicrobial susceptibility testing against clinical isolates 2 4%- 0 For example, in our

supercoiling inhibitory assay, the ICso of ciprofloxacin against double-mutant DNA gyrases was

greater than that against WT DNA gyrases. This result is in concordance with previous work

reporting an association between double mutation in GyrA and a high level of resistance in clinical
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isolates. In addition, regardless of the mutation in GyrA, a concentration of nalidixic acid higher than

that of ciprofloxacin was required to inhibit the activity of DNA gyrases. Nonetheless, the detected

ICsos of ciprofloxacin were significantly lower than those of nalidixic acid. These results were also

in agreement with previous studies, as it was reported that the MIC of nalidixic acid against clinical

isolates of S. Typhimurium was higher than that of ciprofloxacin '2>4?, MIC values are considered to

be strongly related to ICsos 29> 3D, The ICsos of DC-159a were lower than those of ciprofloxacin;

hence, low MICs of DC-159a against ciprofloxacin resistant Sa/monella strains were also expected.

In the antimicrobial susceptibility testing, MICs of DC-159a against S. Typhimurium and

S. Enteritidis were 0.13 and 0.06, respectively (Table 2). According to NCBI databases, S.

Typhimurium and S. Enteritidis have the same amino acid sequences in GyrA, and this sequence was

determined to be a WT. Thus, the susceptibility of their DNA gyrase against quinolones was

presumed to be the same. These results suggested that the rate of DC-159a accumulation was

different between S. Typhimurium and S. Enteritidis. In the data from MIC estimation, although it

was considered that DC-159a permeability and/or accumulation were lower than those of

ciprofloxacin, the MIC of DC-159a was lower than that of ciprofloxacin. Interestingly, the MIC of

DC-159a against strains with double-mutant DNA gyrases was less than 1/50 that of ciprofloxacin.

Salmonella isolates carrying double-mutant DNA gyrases showed a higher level of quinolone

resistance than those with a single mutant. It was also estimated that MICs of DC-159a against each
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mutant strain were much lower than those of nalidixic acid. Therefore, it was clear that DC-159a

showed potential to be used as an effective therapeutic agent against salmonellosis caused by

quinolone resistant bacteria.

Quinolones exhibit dose-dependent bactericidal effects 37. Thus, the maximum

concentration of a drug that a living organism can tolerate (Cmax) must be considered. The Cpax of

DC-159a in murine models has previously been reported V- ). Based on those findings, the Cinax

values of DC-159a were similar to those of ofloxacin in serum of male juvenile rats receiving a

single oral administration. In a separate study >, the Cmax of ofloxacin in a healthy human male was

examined. The recommended oral dosage of ofloxacin is 200 — 400mg twice daily 2. When a 200

mg tablet of ofloxacin was administered, the Cmax was 1.74 mg/ml > It is therefore expected that if

a similar amount of DC-159a (200 mg) was administered to human, the Cnax would be close to 1.74

mg/ml. This DC-159a concentration would suffice to exert a bactericidal effect because the MIC of

DC- 159a was estimated to be 1.34 mg/ml at most (Table 3). Moreover, since fluoroquinolones are

absorbed from the intestine ¥, the concentration of fluoroquinolone in the intestinal tract would be

higher than it would be in serum. Based on this evidence, it is believed that DC-159a could exert a

potent bactericidal effect against nontyphoidal Salmonella in the intestinal tract even at a lower dose.

Since quinolones are dose-dependent antibiotics, usually high doses of quinolones exert

excellent therapeutic effects 3¥. However, as the adverse effects are also dose dependent 4V, a
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quinolone with fewer adverse effects was required. It is believed that the bactericidal activity and the

adverse effects are strongly related to the structure of quinolones as well. In addition to the

aforementioned structure—activity relationship of quinolones, a substituent at position C8 has been

found to be responsible for adverse effects - 41). Nonetheless, the substituent at C8 in DC-159a is a

methoxy moiety, and C8-methoxy quinolones have been reported to have less adverse effects such as

low phototoxicity 3*»49. Therefore, a high dose of DC-159a should be readily available, and the

antimicrobial activity against quinolone resistant S. Typhimurium and S. Enteritidis sufficient.
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Conclusion

This study demonstrated that DC-159a has two advantages over ciprofloxacin and

nalidixic acid: (1) it is more effective at inhibiting the activity of DNA gyrases with reported

mutations in QRDR, especially double mutant DNA gyrases, and (2) it shows a potent antimicrobial

activity at lower doses against quinolone resistant S. Typhimurium and S. Enteritidis. In addition, it

will cause less adverse effects even if administered at high doses. It can be concluded that DC-159a

is a promising antibiotic candidate that is safe and with potent in vitro activity for treating infectious

human diseases such as those caused by quinolone resistant nontyphoidal Salmonella.
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Chapter 11

Inhibitory effect of WQ-3810 on DNA gyrase

Introduction

WQ-3810 is a newer fluoroquinolone than DC-159a, so a few studies have reported the
antibacterial activity of WQ-3810. However, its potent antimicrobial activity has been shown against
some microorganisms. In the previous study 27, WQ-3810 exerted higher antibacterial activity
against clinical isolates of E. coli and Acinetobacter baumannii containing amino acid substitutions
on GyrA than other fluoroquinolones including ciprofloxacin. WQ-3810 is characterized by a very
different structure from DC-159a and ciprofloxacin. In particular, WQ-3810 has unique substituents
at the N1 and C7 positions. N1 and C7 substituents of quinolone are thought to be involved in
binding affinity to DNA gyrase. Thus, it was expected that WQ-3810 would exert different inhibitory
effects on DNA gyrases with amino acid substitution at position 83 and 87 in GyrA from DC-159a
and other quinolones. Therefore, the objective of the present study was to assess the inhibitory effect
of WQ-3810 on S. Typhimurium DNA gyrase with amino acid substitutions that putatively cause
quinolone resistance. In addition, the antibacterial activity of WQ-3810 against nontyphoidal

Salmonella was estimated.
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Materials and methods

Quinolones

WQ-3810 was kindly provided by Wakunaga Pharmaceutical Co., Ltd. The chemical

structure of WQ-3810 was shown in Figure 4. Other comparators were same with Chapter 1.

Recombinant DNA gyrases

The inhibitory effect of WQ-3810 was evaluated against recombinant WT and mutant

DNA gyrases used in Chapter I.

Supercoiling inhibitory assay

Inhibitory effect of WQ-3810 was evaluated by ICso.

Antimicrobial susceptibility testing for nontyphoidal Salmonella

MICs of WQ-3810 for S. Typhimurium and S. Enteritidis were measured by same

procedure with Chapter 1. All experiments were performed in triplicate. the MICs of WQ-3810

against the strains carrying mutant DNA gyrases were also estimated and compared with the results

in Chapter L.
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Figure 4. Structure of WQ-3810 and other quinolones used in this chapter
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Results

ICsos of WQ-3810

ICsos of WQ-3810 were estimated using the purified DNA gyrases. Electrophoretic

patterns of enzymic activity attenuated by ICsos of WQ-3810 are shown in Figure 5 with the results

of ciprofloxacin and nalidixic acid in Chapter I. ICsos are summarized in Table 4. Although no

significant differences were found between the ICsos of WQ-3810 [0.31 pg/ml; 95% CI: 0.24 — 0.37

pg/ml] and ciprofloxacin (0.25 pg/ml; 95%CI: 0.19 — 0.32 pg/mL) against WT DNA gyrases, they

were markedly lower than that of nalidixic acid (28 pg/ml; 95%CI: 14 — 42 pg/ml). Moreover, ICsos

of WQ-3810 against every single mutant DNA gyrase were lower than those of ciprofloxacin and

nalidixic acid. ICso of WQ-3810 against double mutant DNA gyrase was significantly greater than

that against WT and single mutant DNA gyrases as same with ciprofloxacin and nalidixic acid.

Nonetheless, compared with those of ciprofloxacin and nalidixic acid, ICses of WQ-3810 against

double mutant DNA gyrases were considerably lower. The ICso of WQ- 3810 against double mutant

DNA gyrase was 45-fold greater that that against WT DNA gyrases, it was less than 1/45 that of

ciprofloxacin. In the present study, when taking into consideration the position of the amino acid

substitution, ICses of WQ-3810 against mutant DNA gyrases with an amino acid substitution at

position 87 were lower than those against DNA gyrases with an amino acid substitution at position

83. Moreover, while the ICso of WQ-3810 against DNA gyrase with Ser83Phe was 1.6 pg/ml

(95%CI: 1.4 — 1.9 pg/ml), those against DNA gyrases with amino acid substitutions at position 87
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were no greater than 0.92 pg/ml (95%CI: 0.72 — 1.1 pg/ml).
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WT Ser83Phe

WQ-3810 (pg/ml) WQ-3810 (pg/ml)
0.04 0.08 0.16 0.32 063 125 2. 0.16 032 063 125 25 5

Ciprofloxacin (pg/ml) Ciprofloxacin (pg/ml)
0.04 0.08 0.16 0.32 0.63 1.25 0.32 063 125 25 5 10

Nalidix acid (pg/ml) Nalidix acid (pg/ml)
125 25 5 10 20 40 10 20 40 80 160 320 640 1280 2560

Asp87Asn Asp87Gly
WQ-3810 (ug/mi) WQ-3810 (ug/mi)
0 004 008 016 032 063 125 25 50 10 0.04 0.08 0.16 0.32 0.63 1.25

*

Ciprofloxacin (pg/ml)
063 125 25 5 10 20

Ciprofloxacin (pg/ml)
016 032 063 125 25 S

*
*

Nalidixic acid (pg/ml) Nalidixic acid (pg/ml)
0 20 40 80 160 320 640 1280 2560 5120 20 40 80 160 320 640 1280 2560 5120

Asp87Tyr Ser83Phe-Asp87Asn
WQ-3810 (ug/mi) WQ-3810 (uo/ml)
0 004 008 016 032 063 125 25 50 10 063 125 25 5 10 20 40 80

+*

Ciprofloxacin (pg/ml)
0 016 032 063 125 25 5 10 20 40

Ciprofloxacin (pg/ml)
20 40 80 160 320 640 1280 2560 5120

Nalidixic acid (pg/ml) Nalidix acid (pg/ml)
0 20 40 80 160 320 640 128 256 512 40 80 160 320 640 1280 2560 5120 10240

Figure 5. Inhibitory activity of WQ-3810 compared with that of ciprofloxacin and nalidixic acid.

Asterisks (*) indicate the band of supercoiled DNA

34



Table 4. ICsos of WQ-3810 against WT and mutant DNA gyrases

IC50 (ng/ml)
Quinolones Ser83Phe-
WT Ser83Phe Asp87Asn Asp87Gly Asp87Tyr
Asp87Asn
0.31 1.6 0.67 0.65 0.92 14
WQ-3810
(0.24-0.37) (14-19) (052-082) (0.56-0.73)  (0.72-1.1) (10 -18)
) . 0.25 3.6 3.9 2.6 3.6 480
Ciprofloxacin
(0.19-0.32) (3.3-4.0) (31-47) (2.2-2.9) (2.8-45) (420 — 530)
S 28 450 440 370 530 600
Nalidixic acid
(14 — 42) (370-540) (330 —540) (270 — 460) (410 — 650) (450 — 750)

Note: The range in brackets is the 95% confidence interval.
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MICs of WQ-3810

MICs measured by the antimicrobial susceptibility testing are summarized in Table 5. WQ-

3810 had different MICs against S. Typhimurium and S. Enteritidis. While the antibacterial activity

of WQ-3810 was higher than that of nalidixic acid, it was lower than that of ciprofloxacin. Estimated

MICs are summarized in Table 6.
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Table 5. MICs of WQ-3810 against S. Typhimurium and S. Enteritidis

MIC (ug/ml)

Quinolones ) . .y
S. Typhimurium S. Enteritidis
WQ-3810 0.13 0.06
Ciprofloxacin 0.016 0.016
Nalidixic acid 4.0 4.0

Table 6. Estimated MICs of WQ-3810.

Estimated MIC (ug/ml)

Quinolone Serovar Ser83Phe-
Ser83Phe Asp87Asn  Asp87Gly Asp87Tyr
Asp87Asn
WQ-3810 S. Typhimurium 0.25 0.11 0.10 0.14 2.11
S. Enteritidis 0.20 0.08 0.08 0.11 1.96
) ) S. Typhimurium 0.55 0.60 0.40 0.55 70.02
Ciprofloxacin o
S. Enteritidis 0.46 0.50 0.33 0.46 85.4
S. Typhimurium 65.7 64.2 54.1 77.2 87.3
Nalidixic acid
S. Enteritidis 79.7 77.8 64.7 94.9 108

Note: Estimates of ciprofloxacin and nalidixic acid are same in Chapter I
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Discussion

In the supercoiling activity assay, WQ-3810 exerted a higher inhibitory effect on mutant

DNA gyrases with quinolone resistance-conferring amino acid substitutions than did ciprofloxacin

and nalidixic acid. It is worth noting that the inhibitory effect of WQ-3810 differed depending on the

position of the amino acid substitution in DNA gyrases. Indeed, WQ-3810 showed a high affinity to

DNA gyrases with the amino acid at position 87 regardless of the occurrence of an amino acid

substitution. This finding seems to indicate that binding of WQ-3810 to DNA gyrases is more

dependent on the amino acid at position 83 than at position 87. WQ-3810 possesses unique

substituents in its chemical structure at N1 and C7, and these substituents have been proposed to

contribute to the affinity to DNA gyrases 3%-30. Previous work proposed a model of a quinolone-

binding pocket in DNA gyrases 2". In that model, ciprofloxacin is positioned in the binding pocket

between GyrA and GyrB. The substituent at N1 interacts with residues in GyrA and the substituent at

C7 interacts with residues in GyrB, including serine at position 83 and aspartic acid at position 87. In

the model, a change of substituent at N1 of the quinolone ring causes different binding affinity to

amino acids at positions 83 and 87 in GyrA. In the case of WQ-3810, it possesses a 2-amino-6-tert-

butylamino-3,5-difluoropyridin moiety at position N1, whereas ciprofloxacin has a cyclopropyl

moiety at the same position. Hence, the substituent of WQ-3810 at N1 is structurally larger than that

of ciprofloxacin. In addition, it is likely that the substituent at N1 in WQ-3810 is closer to the amino

acid at position 83 than the substituent of ciprofloxacin. These unique characteristics likely help
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WQ-3810 develop stronger interaction and affinity to DNA gyrases.

The substituent at C7 of the quinolone ring is thought to be critical for potent antimicrobial

activity 9> 2D, In the present work, when compared with ciprofloxacin and nalidixic acid, WQ-3810

showed lower ICsgs. In the aforementioned model, C7 is bound to GyrB and thus, it can be inferred

that ICso s are likely affected by C7. Based on this, ICsos of quinolones against double mutant DNA

gyrases estimated in the present study were likely influenced by the binding force to substituents at

C7 in GyrB. Quinolone resistant nontyphoidal Salmonella with amino acid substitutions in GyrB is

much rarer than those with amino acid substitutions in GyrA'#-4-49)_This might be because of the

fatal effect of amino acid substitutions in GyrB on bacterial survival. Assuming that the proportion

of GyrB in binding of WQ-3810 to DNA gyrase is large, it can be expected that WQ-3810 is less

likely to produce quinolone resistant Salmonella than other quinolones. Although no universally

accepted explanation for this phenomenon is available to date, the results of the present study will

likely contribute to the under- standing of the relationship between the structure and the antibacterial

activity of quinolones.

Comparing to the ICso of DC-159a in Chapter 1, it is obvious that WQ-3810 exhibit a

higher inhibitory effect on DNA gyrase with amino acid substitutions at position 87 than with that at

position 83 in GyrA. Though there was no difference between the 1Cso of WQ-3810 and DC-159a

against WT DNA gyrase, the ICso for mutant DNA gyrase was different between WQ-3810 and DC-
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159a. While DC-159a showed high inhibitory effect on regardless of amino acid substitution on

DNA gyrase, WQ-3810 showed higher inhibitory effect on DNA gyrase with amino acid substitution

at position 87 than DC-159a. The substituent at N1 in WQ-3810 might be playing an important role

in this phenomenon. Detailed analysis of structure-activity relationship in our future study may lead

to a practical idea of designing novel fluoroquinolones effective for quinolone resistant Sal/monella

due to occurrence of mutations in gyr4.

While its inhibiting concentration depended on the amino acid substitution, it was

demonstrated that WQ-3810 could inhibit the activity of DNA gyrases at a lower concentration than

the other quinolones. However, to exert a bactericidal effect, a quinolone has to be taken up by the

bacterial cell and accumulate intracellularly until reaching the concentration required to inhibit DNA

gyrase activity. This is observed when uptake is suppressed, and bacteria readily show quinolone

resistance afterward 7. Considering that there was no difference between the ICsos of WQ-3810 and

ciprofloxacin against WT DNA gyrases, the potential reason for the MIC of WQ-3810 being higher

than that of ciprofloxacin is that WQ-3810 is less permeable and easier to be excreted than

ciprofloxacin. Thus, it can be argued that in terms of permeability and accumulation, WQ-3810 is an

inferior drug compared with ciprofloxacin. Nonetheless, since its ICsos were very low, it would be

expected that MICs of WQ-3810 against strains with mutant DNA gyrases would be lower than

those of ciprofloxacin. In particular, a strong antimicrobial effect would be expected against strains
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with amino acid substitutions at position 87. Therefore, permeability and accumulation rate should

be also important factors to consider when evaluating the antibacterial activity of WQ-3810.

While the estimated range of MICs of WQ-3810 against strains having DNA gyrases with

Ser83Phe was 0.20 — 0.25 pg/ml, its range of MICs for strains having amino acid mutations at

position 87 in GyrA was 0.08 — 0.14 pg/ml, which was very low. In a past epidemiological study, the

number of nontyphoidal Sa/monella strains containing amino acid substitutions at position 87 was

greater than that with amino acid substitutions at position 83. In light of this, WQ-3810, with a

higher antibacterial activity than ciprofloxacin and a higher antimicrobial activity against strains

with amino acid substitutions at position 87, will be an effective quinolone antibacterial drug.
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Conclusion

To summarize Chapter II, it was demonstrated that WQ-3810, which has a unique structure

at positions N1 and C7, exerted a higher inhibitory effect on DNA gyrases with amino acid

substitutions at position 87 in GyrA than did ciprofloxacin and nalidixic acid. It was shown that WQ-

3810 was expected to exhibit effective antibacterial activity against nontyphoidal Sa/monella even if

they are resistant to quinolone. Furthermore, although further studies are required for the structure

activity relationship of quinolones, the results obtained in this study were important findings for

development of new quinolones which are particularly effective for quinolone resistant bacteria.
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CONCLUSION

There is an urgent need to find a new treatment for food poisoning caused by quinolone

resistant nontyphoidal Sa/monella. Quinolone is the exceptional antibiotic which has an excellent

oral bioavailability and broad-spectrum with superior safety profiles. Thus, quinolone resistance

causes significant clinical impact. Although there are multiple mechanisms of quinolone resistance,

amino acid substitution which occur rapidly in GyrA during the quinolone treatment is the most

significant factor for causing quinolone resistance. A new quinolone that effectively inhibits DNA

gyrase with amino acid substitutions is needed. In this study, inhibitory effects of two newly

developed quinolones were evaluated against DNA gyrase of quinolone resistant S. Typhimurium.

First, the inhibitory effect of DC-159a on DNA gyrase of S. Typhimurium was

demonstrated in Chapter I. Comparing to ciprofloxacin and nalidixic acid, DC-159a showed high

inhibition activity on the mutant DNA gyrases. The antibacterial activity was expected to be

outstanding against quinolone resistant nontyphoidal Salmonella possessing frequently reported

mutations on DNA gyrase. Therefore, DC-159a can be expected to be effective even against high-

level quinolone resistant S. Typhimurium which have a double mutant DNA gyrase.

Next, the inhibitory effect of WQ-3810 was evaluated in Chapter II. The results showed

WQ-3810 had a higher inhibitory effect on mutant DNA gyrase than ciprofloxacin and also the

unique residues at position N1 and C7 seems to have greatly increased the inhibitory effect on the
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activity of DNA gyrase of quinolone resistant S. Typhimurium. In particular, WQ-3810 showed

stronger inhibitory activity against DNA gyrase with amino acid substitution at position 87, which

was an important finding for the structure-activity relationship of quinolone and a new therapy

procedure proposed to select more effective quinolone antibiotics depending on the amino acid

substitution on GyrA.

Both DC-159a and WQ-3810 showed excellent inhibitory activities on mutant DNA

gyrase, and the promising antibacterial activities for quinolone resistant nontyphoidal Salmonella

were proved in this study. Although the relationship between chemical structure of quinolone and

inhibitory effect is not fully understood, the outcomes of this study can contribute the development

of new quinolone and countermeasure for quinolone resistant nontyphoidal Salmonella.
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MXEE

HF 7 A NV EXTREIREXCEBONE ITRE SN TR, IBNEMIE>THREN
T A U Ce MO S5, AR O G BT 9,400 7 A FECEHUTAY 15.5 T ANLHEE
SNTRY, ARMEA LIFFICRERMBETHL, FFTF 7 AP LEXTEEIL 2,500 FEEELL L
DOIMFFERIZHI SN CTRY ., ZDOH T Salmonella Typhimurium (38 P3O JF IR FEE L THERSS
E CHEICRESN TS, TRETHERLL T e Ror/nT A7 o =a— LB 53 ME A
SITELD, ZhoOHAEMBEIZK L Tt Z R TV ERTEN L 00> T, ¥/
FZNSDIEFM MY NV ERTEITH L TR THLAHESN TS, Lol ImE T+
AP VR T SR IME A I CH 03RS BA TV,

X AT E ORI B D SRR A PLE T 52 CRAENERZ R THEER TH D, 2h
FTITRRFE SN/ n NTBEOIE Th X / nU RBEART D | Z OIS L E S 58T
PLHANI N LB L OB E R AT RS TE, ¥ /0 ORISR Thh DNA Yy AL—2A
I%. DNA #EHRBHAAIFIZ DNA O ARSI N2 2L THIE OB DNA IZAEU-ivhg
fR T D&% T 5%, fE O DNA HEIZ KD ERWEERD 1 D ThD, DNA Vv L—AL
GyrA BE O GyrB @ 2 DY 7 2=vh 2 NSRRI E&REZEERL TRY, ¥ /2032 nb0
W7 2=y M ENTZEALICAE ST HZET DNA Ux AL —ADREZTEEEZAE S5, 207
B, X/ BEES T DEALEL O DNA DX AL —A BIZT B E RS ETLZE TR a it

WHTZHIND, KR GyrA ZHECT 2 83 F H OBV BILUN 87 & H DT ANTXRDMIDO T
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JIRIZEHRSILTZ DNA Vv AL —A&H 0% /0 it LB R T EN L EESLTRY, Zhb

DT IEED DNA V¥ AL —AREX /ar OFERIZEBEINC) DD D EE Z BN TS, T FRE

HixGde DNA Ur AL —A KL ThHEWEBERIEELEERAZL X /ar 23 a it E o

HIENCSHBLLE S TUNVD,

AW TITHR X /a2 ThDH DC-159a 725N WQ-3810 @ S. Typhimurium ¢ DNA A

L — R T B E AR L ETE M A B DL, 3 a U it FETF 7 2 L 32T J8 B 12 LD Rk

QUEDTRIFRIEL L TO rTREMEZ R L 72,

BT, B S RS C Lo TR SN2 DC-159a DR IEVELEMEH B L OPIH

WEMEDRERAZFT >7-, DC-1592 1T N FETICHOBEREIZ KL TEEFEOX /a2 Xob Em W HiE

PHEFBS N TNDZENBF /a THHIETF 7 AWV L ERT B IR L THRIERI TH L Z L]

FFSNDLD TH Tz, KGEE WA 2 7GR BLRIZE ST S, Typhimurium 23

H92% DNA PrAL—AD GyrA IO GyrB Z1EH L7z, GyrA 173/ BRE faz & F22\ 0 B4

BNZMA T, 83 FHHLLIL 87 FHOT I/ FBE L & T AR GyrA, BV 7O

T

\ZT R BRE A S T AR GyrA ZEH LT, M2 DNA 2 v AL —RIZ%f 9% DC-

159a OEEEMZS FaraXH v BT U7 A R L UT-fE 5 73R a &t eZs

HI DNA VAL —Z LT DC-159a I3t s WO L ETEMEZ R LT, $£72. S. Typhimurium 4%

UERRI O D/ N B EE 1T a7 U HFFE L MERRL ., 257 DNA 2% A
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L — Rk ARETEM O S DC-159a 13 7 a7t kb o ittt IEF 7 24

IVERTBEICIRITHL ATREMEHASLN a0 T,

BT, KRR S I Lo TR &N WQ-3810 & Ll SRR D 71 TRt L=,

WQ-3810 |EHTR D DC-159a B L EDMDF /s &35 /a BED 1 AL KON T SLOALE DA

PEIE N RES RARDEIELFF D, M2 DNA P AL — 2% JH U7 B RS MEH BRI Tk

>7T, WQ-3810 |34 DNA V¥ AL —A LT 7 araxt o BRI 7 AR LD

BB ETE 2R T ZENRPBNIT o7z, EHIZ DC-159a D ERIZ L~ T, GyrA @ 87 HH D

MBS T TR E#Z G e R 5 DNA Vv AL —RAIX L TR OB ETE M2 789 28D iR

STz, ZOZENS X MMEE RO TR R E RO E L TRV RS /o Rt

PRI L LU ORI TE L ATRENEICINZ T &/ m o ORE LI FTEME OB & 5328

1272 Rz 15T,

DC-159a 3L WQ-3810 (E3F /e it S. Typhimurium @ DNA 2% A L —A I L CREFFD

F/ar J0bmOEERTIEME L ETE AR, F/a MEIETF 7 A Ve X2 T B I K DG

FENZGT U T RN TAIRIE L 22D W REME DN @ W ZE AR TR Ko TG L2 o7, SHIT, b

DHFTRIE /v 3 DB IE EARTTE TRIE SRR TR ML EE 5., e/ /a0

PAFEZRL TN/ M MEHET 7 APED VR T R RN LD S O 2 R B eI RIEDHESLIZH
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