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Benzoylphenylureas (BPUs) were discovered as novel type insecticides about a
half century ago; many analogs have been launched as insecticides and acari-
cides. BPUs are known to inhibit chitin synthesis in insects and other arthro-
pods, but they have no effect against microorganisms such as fungi. We de-
signed new chitin synthesis inhibitors based on the hypothesis that biomole-
cules that play important roles in cellulose and chitin biosynthesis are similar. In
the full automatic modeling system (FAMS), the cellulose synthase was selected
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as a template three-dimensional structure. Thus, we focused on the structure of
cellulose synthase inhibitor, isoxaben, to develop new chemistry. The 1,1-dieth-
ylethyl [-C(CH5)(CH,CH;),] group of isoxaben was changed to a 4-substituted 1500
phenyl group bearing Cl, Et, or Ph. These compounds significantly inhibited chi-
tin synthesis in the cultured integument of the rice stem borer Chilo suppres-
salis. The activity of the 4-ethylphenyl analog was enhanced 30-fold by adding
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piperonyl butoxide to the culture medium.

Keywords: chitin synthesis inhibitors, chitin synthase, cellulose synthase, isoxazole, Chilo suppressalis, benzoylphenylurea.

Introduction

Arthropods, such as insects, mites, and crustaceans, must molt
in order to grow. When molting, they must shed their skin con-
structed from chitin and protein and reconstruct a new one.
Chitin is the polymer of N-acetylglucosamine, which is not
synthesized in vertebrates such as mammals. Therefore, chitin
synthesis inhibitors (CSIs) are thought to be mammal-friendly
insecticides, although they may not be safe to animals in the en-
vironment such as daphnia. The body weight of certain insects
increases thousands of times during their larval stages by re-
peated molting. Therefore, they consume large quantities of food
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to grow during the larval stage, damaging agricultural crops.
To protect crops from pests, we use insecticides with different
modes of action. These are categorized by the insecticide resis-
tance action committee (IRAC),"” in whose classification system,
chitin synthesis inhibitors (CSIs) belong to Groups 10, 15, and
16. The chemical structures of representative CSIs are shown in
Fig. 1. Found in 1972,” benzoylphenylureas (BPUs), categorized
in Group 15, are the earliest CSIs registered as insecticides and
acaricides. Among them, one of the BPUs, diflubenzuron (Fig.
1), was the first launched as an agricultural insecticide, followed
by various analogs such as chlorfluazuron.”’ Two decades later,
etoxazole? and hexythiazox,s) categorized in Group 10, were de-
veloped as acaricides. Buprofezin® is also known as a CSI but is
categorized in a different IRAC group (Group 16).

Although many CSIs with various core structures have been
developed, their molecular modes of action have not been
solved yet. About a half century ago, it was reported that BPUs
inhibit chitin synthesis in vivo,” but the direct target of BPUs
was not solved for a long time.® However, a few years ago, a
mutation in the chitin synthase 1 (CHSI) gene was found in the
etoxazole-resistant Tetranychus urticae.”) A similar mutation was
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Fig. 1. Chemical structures of launched insecticides and acaricides

also detected in CHSI genes of BPU-resistant Plutella xylostel-
1a'Y and BPU-resistant Frankliniella occidentalis.'V These find-
ings suggested that the target protein of BPUs and etoxazole is
CHS]1, but the target sites of these CSIs are still unknown. There-
fore, we constructed a three-dimensional model of CHS1 to find
the binding site of BPUs. Among various protein modeling sys-
tems, we used a full automatic modeling system (FAMS; In-Sili-
co Sciences Inc.) developed by Ogata and Umeyama.'? FAMS
suggested using a bacterial cellulose synthase of Rhodobacter
sphaeroides (PDB:4HG6)'® as the template three-dimensional
(3D) structure in the comparative modeling of CHSI.

Since cellulose synthase was selected as the template 3D pro-
tein structure for CHS1 modeling, we thought that the inhibitor
of cellulose synthase can be the inhibitor of CHS1. Actually, the
similarity between chitin synthases and cellulose synthases has
been pointed out by another group.!¥ Therefore, we planned to
modify the structure of isoxaben (Fig. 2), which is the inhibi-
tor of cellulose synthase.'” In the meantime, LY131215 (Fig.
2) was reported as a chitin synthesis inhibitor.!® The structure
of LY131215 is rather different from that of BPUs but simi-
lar to that of isoxaben. In our previous study, we synthesized
LY131215 analogs with various substituents at both benzene
rings and measured their chitin synthesis inhibition against cul-
tured integument.!” Since LY131215 and isoxaben have similar
chemical structures, the 1,1-diethylethyl[-C(CH;)(CH,CH,),]
moiety of isoxaben was replaced with a substituted phenyl
moiety. In this study, we synthesized three 5-benzoylamino-
3-phenylisoxazole analogs (I0Xs) with Cl, Et, and phenyl groups
at the phenyl moiety (Fig. 2) and quantitatively measured their
chitin synthesis inhibitory activity using cultured integument of
Chilo suppressalis.'**”

Materials and methods

1. Synthesis
IOXs were synthesized from corresponding benzoic acids,
CH;CN, and NH,0H according to the conventional synthetic

route (Scheme 1). The details of synthesis are described in the
supplementary materials. Synthesized compounds were identified
by nuclear magnetic resonance (NMR) and elemental analysis.

2. Measurement of chitin synthesis

The bioassay procedure is identical to that reported previ-
ously.'®!) In brief, diapause larvae reared on an artificial diet
under sterilized conditions were used. Integuments excised
from larvae were cultured in serum-free Grace’s medium that
was prepared manually from amino acids and other essential
ingredients. The integument fragments were cultured for 24 hr
in medium containing 0.2 ymol of 20-hydroxyecdysone (H5142,
Sigma-Aldrich) and transferred to fresh medium containing test
compounds and N-acetyl-p-[1-*C]glucosamine ([*C]NAG). In
some experiments, the medium contained 20 uM of piperonyl
butoxide (PB) in addition to the two media mentioned above.
The original ["*CINAG (0.1 mCi/mL; specific activity: 55 mCi/
mmol, ARC, USA) was diluted with 70% EtOH to make 20,000~
30,000 dpm/uL, and 1 uL of [**C]NAG EtOH solution was added
to each culture well containing 1 mL medium. After culturing
the integument fragments for three days in medium containing
[MCINAG, the cultured integument fragments were transferred
to the vial for liquid scintillation counting (LSC).

Results and discussion

Three I0Xs (1-3) were synthesized from 3-(4-substituted
phenyl)isoxazole-5-amine and 3,5-dimethoxybenzoyl chloride
in about 50% yields. 3-(4-Phenyl)isoxazole-5-amine analogs
with varied substituents at the phenyl ring were constructed
from corresponding 4-substituted benzoyl chloride, acetonitrile,
and hydroxylamine in about a 10% yield.

The incorporation of ["*C]NAG to the cultured integument
was inhibited by compound 1 (4-Cl) in a concentration-depen-
dent manner, as shown in Fig. 3. For other compounds, similar
sigmoidal curves were obtained. Radioactivity incorporated into
the cultured integument fragments treated with solvent (control)

OCHj OCH3 H o NeN OCH3; o-n
O-N - -
P_H% g—rh—( )—<i%ooF2cF3 Q%—HWY
o o) S o)
OCHs OCHj, OCHj3 Y =Cl, Et, Ph
lsoxaben LY131215 I0Xs

Fig. 2. Structures of isoxaben, LY131215 and newly synthesized IOXs
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Fig. 3. Concentration-response curve for the inhibition of [*C]NAG
incorporation to the cultured integument of compound 1

and diflubenzuron (positive control) were also measured in each
experiment. Counts obtained for control and diflubenzuron
treatment were set as 100% and 0%, respectively. From each re-
sponse curve, the concentration required to give 50% inhibition,
ICs, (M), was determined by probit analysis.? The ICs, values of
three IOXs determined in this study are shown in Table 1; previ-
ously measured pICs, values for other CSIs are listed as well.

In the previous study, we showed that the activity of BPU with
4-Et (5; Table 1) substitution at the phenyl ring was enhanced 30
times by adding an inhibitor of oxidative detoxification, pipero-
nyl butoxide (PB).!® PB also showed a synergistic effect for com-
pounds with other electron-donating groups, such as OCH; and
OCH,CH;. However, compounds with electron-withdrawing
substituents, such as Cl (6=0.23, 6,=0.47) and NO, (¢=0.78,
0,=0.67), were not synergized with PB. We discussed that elec-
tron-donating groups accelerate the oxidation (hydroxylation)
of the benzene ring using quantitative structure-activity rela-
tionship (QSAR) analysis. Therefore, we measured the activity of
I0Xs under synergistic conditions with PB. As shown in Table 1,
the activity of compound 2 with Et was dramatically enhanced
by the addition of PB, but PB did not show any synergistic ef-
fect for compound 1 with Cl. These results were consistent with
those observed for the activity of BPUs. Similar synergistic ef-
fects were also observed in the previous measurement of the
chitin synthesis inhibition of N-[5-(Substituted phenyl)-1,3,4-
thiadiazol-2-yl]-benzamides.'”

The Chilo cultured integument system has also been used to
quantitatively measure the molting hormone activity.2?? Al-
though PB showed a significant synergistic effect on the chitin
synthesis inhibition of certain CSIs, it has no effect in the mea-
surement of molting hormone activity. In the molting hormonal

Table 1. Inhibition of chitin synthesis by IOXs and other CSIs in the cultured integument

Compound pICso (M)
No Core structure Y None with PB AY
1 OCHg Cl 5.83 5.83+0.27" (n=2) 0.00
H PN
2 Q—NWY Et 5.57 7.04+0.34Y (n=3) 1.47
0
3 OCHs Ph 5.40 6.43 1.03
F
4 Woow Cl9 7.69% 7.729 0.03
aranWay
5 FO o Et 6.54% 8.12% 1.58
6 OCHj, Cl 7.279 7.239 —0.04
ITi N-N
7 9-N—Qs P Y Me 5.919 7.079 1.16
o)
8 OCH, Ph 6.719 6.919 0.10

9 pICs, (PB) - pICs, (none). ¥ Mean=S.D. for two or three replications. © Diflubenzuron. ¢ From Ref. [17]. © From Ref. [16].
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activity test, integument fragments are treated with compounds

the future prospects. Pestic. Biochem. Physiol. 97, 133-139 (2010).

one day, and the cultured integuments were further cultured for 9) T. Van Leeuwen, P D?maegh_t’ E.J. Osborne, W. Dermauw, S. Gohl-
. 1 o . . ke, R. Nauen, M. Grbic, L. Tirry, H. Merzendorfer and R. M. Clark:
three days in the ["*C]NAG-containing medium without com- ) . . )

) ) ) . Population bulk segregant mapping uncovers resistance mutations
pounds. Probably, since molting hormone agonists are required and the mode of action of a chitin synthesis inhibitor in arthropods.
to trigger the chitin synthesis in a short time, the oxidative de- Proc. Natl. Acad. Sci. US.A. 109, 4407-4412 (2012).
toxication of compounds was not significant in the evaluation of 10) V. Douris, D. Steinbach, R. Panteleri, I Livadaras, J. A. Pickett, T. Van
hormone activity. Leeuwen, R. Nauen and J. Vontas: Resistance mutation conserved

In conclusion, three IOXs designed from isoxaben, an inhib- between insects and mites unravels the benzoylurea insecticide mode
itor of cellulose synthase, were newly synthesized. These new of action on chitin biosynthesis. Proc. Natl. Acad. Sci. US.A. 113,
compounds inhibited chitin synthesis in the cultured integu- 14692_1‘.1697 (2.016)" ' ' )
ment of C. suppressalis. The 50% effective concentration of the 1y Sluzukl, T'.sthIOtSl%kl’ A. :Oura&{u’ K. :}Ilfna;nd Ifl M;?akuc3: Btel;__

zoylurea resistance in western flower thrips Frankliniella occidentalis
most potent IOX compound was 0.1uM (pICs,=7.04). The ob- v . bs 7ra L
o ¢ dv is the in silico identificati fih . (Thysanoptera: Thripidae): The presence of a point mutation in chitin
jective of our study is the in si zc? 1 er}tl cat%on of the target site synthase 1. J. Pestic. Sci. 42, 93-96 (2017).
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dynamics (MD) simulations are in progress. od consisting of database searches and simulating annealing. J. Mol.
Acknowled Graph. Model. 18, 258-272, 305-306 (2000).
cknowledgements 13) J. L. W. Morgan, J. Strumillo and J. Zimmer: Crystallographic snap-
We thank Sumitomo Chemical for providing rice stem borer eggs. Thanks shot of cellulose synthesis and membrane translocation. Nature 493,
also to Dr. Katsuichiro Komatsu and Dr. Hideaki Umeyama for their kind 181-186 (2013).
support in using FAMS. We also wish to express our sincere thanks to 14) H. Merzendorfer: Insect chitin synthases: A review. . Comp. Physiol.
Messrs. Taku Nabe and Takuya Kosumi for their skillful cooperation with B 176, 1-15 (2006).
this study. This study was partly supported by KAKENHI (19K06051, 15) E Huggenberger, E. A. Jennings, P. J. Ryan and K. W. Burow: EI-107,
16K07625). a new selective herbicide for use in cereals. Proc. 1982 British Crop
Protection Conference-Weeds 1, 47-52 (1982).
Electronic supplementary materials 16) J. S. Ward: N-(1,3,4-thiadiazol-2-yl)benzamides. US Patent 4141984
The online version of this article contains supplementary materials (Syn- (1979). o ) ) ) )
thesis of compounds), which are available at https://www.jstage.jst.go.jp/ 17) Y. Nakagawa, K. Nishimura, K. Izumi, K. Kinoshita, T. Kimura, N.
browse/jpestics/. Kurihara and T. Fujita: Quantitative structure-activity relationships
of larvicidal N-[5-(substituted phenyl)-1,3,4-thiadiazol-2-yl]-benza-
References mides in the inhibition of N-acetylglucosamine incorporation into a
cultured integument system. J. Pestic. Sci. 21, 195-201 (1996).
1) T. Sparks and R. Nauen: IRAC: Mode of action classificati d in-
) p a.r s an. auen ° e,0 ac.: ton classt c'a ton and in 18) Y. Nakagawa, M. Matsutani, N. Kurihara, K. Nishimura and T. Fu-
secticide resistance management. Pestic. Biochem. Physzol. 121, 122- B L - X
128 (2015) jita: Quantitative structure-activity studies of benzoylphenylurea lar-
' . . vicides. VIIL Inhibition of N-acetylglucosamine incorporation into
2) J.J. van Daalen, J. Meltzer, R. Mulder and K. Wellinga: A selective . . . o
. o X R . the cultured integument of Chilo suppressalis Walker. Pestic. Biochem.
insecticides with a novel mode of action. Naturwissenschaften 59, .
312-313 (1972) Physiol. 43, 141-151 (1992).
B . o o 19) Y. Nakagawa, M. Matsutani, N. Kurihara, K. Nishimura and T. Fujita:
3) T. Haga, T. Toki, T. Koyanagi and R. Nishiyama: Quantitative struc- L . L
o X ! ) ] i Inhibition of N-acetylglucosamine incorporation into the cultured
ture-activity relationships of benzoyl(pyridyloxyphenyl)urea insecti- . . . . . .
. . . integument of Chilo suppressalis by diflubenzuron. Pestic. Biochem.
cides. Japanese J. Pestic. Sci. 10, 217-223 (1985) (in Japanese). .
i ) i Physiol. 42, 242-247 (1992).
4) J. Suzuki, T. Ishida, I. Shibuya and K. Toda: Development of a new . :
o ; . . 20) M. Sakuma: Probit analysis of preference data. Appl. Entomol. Zool.
acaricide, etoxazole. Japanese J. Pestic. Sci. 26, 215-223 (2001) (in
] ese) 33, 339-347 (1998).
apanese). . . 21) Y. Nakagawa, K. Nishimura, N. Oikawa, N. Kurihara and T. Ueno:
5) T. Yamada, M. Kaeriyama, N. Matsui and H. Yoneda: Development . . . .
. ) . ) Activity of ecdysone analogs in enhancing N-acetylglucosamine in-
of a new miticide, hexythiazox. Japanese J. Pestic. Sci. 12, 327-335 . . . .
. corporation into the cultured integument of Chilo suppressalis. Ste-
(1987) (in Japanese). .
. roids 60, 401-405 (1995).
6) K. Ikeda, M. Yasui, H. Kanno and S. Maekawa: Development of a . . o
22) Y. Nakagawa, Y. Soya, K. Nakai, N. Oikawa, K. Nishimura, T. Ueno, T.

new insecticide, buprofezin. Japanese J. Pestic. Sci. 11, 287-295
(1986) (in Japanese).

7) L. C. Post and W. R. Vincent: A new insecticide inhibits chitin syn-
thesis. Naturwissenschften 60, 431-432 (1973).

8) E Matsumura: Studies on the action mechanism of benzoylurea in-
secticides to inhibit the process of chitin synthesis in insects: A re-
view on the status of research activities in the past, the present and

Fujita and N. Kurihara: Quantitative structure-activity studies of in-
sect growth regulators. XI. Stimulation and inhibition of N-acetylglu-
cosamine incorporation in a cultured integument system by substi-
tuted N-tert-butyl-N,N’-dibenzoylhydrazines. Pestic. Sci. 43, 339-345
(1995).


http://dx.doi.org/10.1016/j.pestbp.2014.11.014
http://dx.doi.org/10.1016/j.pestbp.2014.11.014
http://dx.doi.org/10.1016/j.pestbp.2014.11.014
http://dx.doi.org/10.1007/BF00593360
http://dx.doi.org/10.1007/BF00593360
http://dx.doi.org/10.1007/BF00593360
http://dx.doi.org/10.1584/jpestics.10.217
http://dx.doi.org/10.1584/jpestics.10.217
http://dx.doi.org/10.1584/jpestics.10.217
http://dx.doi.org/10.1584/jpestics.26.215
http://dx.doi.org/10.1584/jpestics.26.215
http://dx.doi.org/10.1584/jpestics.26.215
http://dx.doi.org/10.1584/jpestics.12.327
http://dx.doi.org/10.1584/jpestics.12.327
http://dx.doi.org/10.1584/jpestics.12.327
http://dx.doi.org/10.1584/jpestics.11.287
http://dx.doi.org/10.1584/jpestics.11.287
http://dx.doi.org/10.1584/jpestics.11.287
http://dx.doi.org/10.1007/BF00623561
http://dx.doi.org/10.1007/BF00623561
http://dx.doi.org/10.1016/j.pestbp.2009.10.001
http://dx.doi.org/10.1016/j.pestbp.2009.10.001
http://dx.doi.org/10.1016/j.pestbp.2009.10.001
http://dx.doi.org/10.1016/j.pestbp.2009.10.001
http://dx.doi.org/10.1073/pnas.1200068109
http://dx.doi.org/10.1073/pnas.1200068109
http://dx.doi.org/10.1073/pnas.1200068109
http://dx.doi.org/10.1073/pnas.1200068109
http://dx.doi.org/10.1073/pnas.1200068109
http://dx.doi.org/10.1073/pnas.1618258113
http://dx.doi.org/10.1073/pnas.1618258113
http://dx.doi.org/10.1073/pnas.1618258113
http://dx.doi.org/10.1073/pnas.1618258113
http://dx.doi.org/10.1073/pnas.1618258113
http://dx.doi.org/10.1584/jpestics.D17-023
http://dx.doi.org/10.1584/jpestics.D17-023
http://dx.doi.org/10.1584/jpestics.D17-023
http://dx.doi.org/10.1584/jpestics.D17-023
http://dx.doi.org/10.1016/S1093-3263(00)00037-1
http://dx.doi.org/10.1016/S1093-3263(00)00037-1
http://dx.doi.org/10.1016/S1093-3263(00)00037-1
http://dx.doi.org/10.1038/nature11744
http://dx.doi.org/10.1038/nature11744
http://dx.doi.org/10.1038/nature11744
http://dx.doi.org/10.1007/s00360-005-0005-3
http://dx.doi.org/10.1007/s00360-005-0005-3
http://dx.doi.org/10.1584/jpestics.21.195
http://dx.doi.org/10.1584/jpestics.21.195
http://dx.doi.org/10.1584/jpestics.21.195
http://dx.doi.org/10.1584/jpestics.21.195
http://dx.doi.org/10.1584/jpestics.21.195
http://dx.doi.org/10.1016/0048-3575(92)90028-X
http://dx.doi.org/10.1016/0048-3575(92)90028-X
http://dx.doi.org/10.1016/0048-3575(92)90028-X
http://dx.doi.org/10.1016/0048-3575(92)90028-X
http://dx.doi.org/10.1016/0048-3575(92)90028-X
http://dx.doi.org/10.1016/0048-3575(92)90100-E
http://dx.doi.org/10.1016/0048-3575(92)90100-E
http://dx.doi.org/10.1016/0048-3575(92)90100-E
http://dx.doi.org/10.1016/0048-3575(92)90100-E
http://dx.doi.org/10.1303/aez.33.339
http://dx.doi.org/10.1303/aez.33.339
http://dx.doi.org/10.1016/0039-128X(94)00065-K
http://dx.doi.org/10.1016/0039-128X(94)00065-K
http://dx.doi.org/10.1016/0039-128X(94)00065-K
http://dx.doi.org/10.1016/0039-128X(94)00065-K
http://dx.doi.org/10.1002/ps.2780430414
http://dx.doi.org/10.1002/ps.2780430414
http://dx.doi.org/10.1002/ps.2780430414
http://dx.doi.org/10.1002/ps.2780430414
http://dx.doi.org/10.1002/ps.2780430414
http://dx.doi.org/10.1002/ps.2780430414



